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The recen~ inIieres-~ in amplifiers which derive "their gain frat} 

nonlinear circui-" elemenlis such as variable capacitance ,induc-i;ance, 

and resislj~ .... '1ce componen-lis s liems chi"efly from~he developmenii of low-

loss varia,ble-capaciiiance diodes or varacliors and negaiiive reSiS-C'll1Ce I 

I diodes • 'l'here are -i;wo reasons foriihis inlierest • One reason islihe 

fa.c~ 'Ghat, such amplifiers have low noise and iihe o-ther is iJha-t i.ihe 

diodes are expec-'lied to have eX\iremely long life .TI;i-ther one of i:; hese 

properlJies is adequa-ce justifica-liion for the excitement •• • currenLly 

rumpalTt lJhroughou-jj "Ghe world concerning the exploi1ia-cion of lJhis 

new~ 'type of omplifier , but, with 

lJlul exci-cemen-c is doubled • 
i 

'two good reasons readily aprareni;, 

itwsijery seemed to irw ade -che thoughts of people vlhen 'the 

scien-liis"\is annou.l1.ccd -chis new 'type of amplifier which was called 

II 
II 
I l 
~ I 
tl ! '. I 

I 

1 

a v~rie~y of nawes , such as paral1e-i;ric Amplifier ,ReaclJance amplifi eT t I 
i - i 

and ;l'iTAV Jill ( [;bdula-lior Amnlifier by Variable Reactance ) • Some of this ! ' ''1'1 
mystery could have been avoided had the modern men known or mentioned 

"tha1i the underlying principle whereby elec'trical am-m·lific;:;riiion was 

effec-'lied was an old principle • This principle rr.ay be broadly sta-~ed 
, ! 

thus' : The energy of an oscillating sys1;em may be increased by 

s\l.pplying ener [!S ali a frequency which differs from the fun.c1<'l'TIen1ial 

frequency of the oscillator .One mechaniCal ill ustra-liion of lIhis 

principle is the simple pendulum. The child in the swing learns "Chat 

he can " purnp " up the umlJli tude of his oscillation of 1;he swing by 

lowering his cen"ter of gravil,y on "the down swing and raising it on 

"the up S\ving • He "thus pumps a-t 'twice "Che frequency of "the 'S":ling • 

Far:-uiay ,L"elde and lord Rayleigh have published observa1iions 

and c alcul,=n;ions concerning 1ihis principle • ~~uoting I,ord Rayleigh » 

i 
I 
I 
J 

I 
r 
I 
i 
~ 

I ~ Parac1cy" t •••• INi -;:;h gren:t; ingenui tJy an% success ( upon e"..{.Q.rllil1ing) 
@ s 

L~_~::-=-~f.~~:.~~~:~~~_, ~~_e .:..ur,_f_a_c_e_O_f_'f_va_"t_er __ W_h_i_C_h_O_S_C_~_·l_-l_(;""'fl_"t_8_s_v_e_T .... 7;...i_C ... :: .... -li_l.."Y-..J1 
±o • .........0 
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arrived at 1ihe conclusion experimentally 1ihai; 'there 'vyere two comple'te 

vibrations of the suppor'i; for each comple'te vibra1iion of the liquid. 

Crispations ( m~ be ) observed upon 'the surf~ce o~iquid in a laLtp 

wine glass or finger glass Vlhich Is caused "IiO vibrate in 'the usual 

manner by carrying "the moistened fin@3r round the circU!!if' erence • 

·.tUl tha"G is essential to the produC1iion of crisp,].tions is that the 

bOl~Y' of liquid ·.wi'th a ,free surface be cons'iirained to execute a 
i 

vertical vibra"liion • Faradw' s assertion tha-j; the wllVes have a period 

double that of the support has been disputed, bu'!; i"C may be verifi. ed . 

in various'.ways • n· The 'following example of 'the principle,reported 
I . . 

by; Iialdein 1859,isthowever , readily observed and understood • 

. Qtuing kgain from. Lord Rayleigh n, Perhaps the best knoy{n ex&m])le 

is. that form of Melde '9 experimen'l; in which a fine suring is 

m$..11taineJ.. intransversevibra"tion'by'connecting one of'itsextrme-
. , .' .. - .. ' 

ti~swith_avibrating:prongof a mas,sive 'tuning i'ork;-che~'direction 
. I' ." ' .- -
of·mo'tion of the ,oi'nt-of attacbment being parallel to the l·engl;h·o:£,· 

thes'tring • Under these circumstances •••• the string may' se'i;tle 

dovm into aperm~entand vigorous vibrabion whose.period·is the 
" 

. douhl'e of that o~ 'the fork ,. n Lord Rayleigh ,analyzed and expel."irnem3:l 
i . . 

with; this and other similar mechanical phenomenQ in 1887 '. This i : " " 
leads to analogous experiments with electrical cicuits • 

lJ.'heelctrical :principle is readily :Understood by c1ihe following 

simple explanation. Suppose that we have a. capacitor formed by two 

me'tal plates separabed by air • Assume that a charge e:x.ists on the 

cap'acitor .The plates will be at'trac'ced to each other because of 

equal and Op1Josite charges so that to sep!?rate the plates requires 

work • Upon separating 'the plates , sa;>; to -twice the original disilanee 

'~he capaciilance will be reduced to I I 2 i'~s original. value .The 

elc'iiros:taiiic energy ,however ,has been doubled ,since' i 1jt. is propor­

ii0Ifal,to tihe squa~ of -iJhe volbagB and direc1ily. proportional olliO 
-...-....-~ •• ~~~.... ~~In'l,; 
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-I;he- capacitance .The energy required JIiO separslie 'the pla'lies now 

appears, as ,elec~rosta'liic energy in '~he capacitor • 

NoW ,suppose(;hat~he capaci'i;or is combined wi-th an induc-t.or J\iO form 

an oscilla'liing circuit .The voltage on -lihe capaci~\iorwill reach a 

maximum value twice each cycle .• Now ,if on each half cycle,:¥he capaci­

-lianceis. decreased when the.vol'liage is maximum and increased:wh3 n th e 
, 

vol't'~ge is zero"ne'l; energy will be impar'i;ed :lio the osci,llalions since 

no, ,electrical energ/ is used 'lio restore 'the capaci.!\ior 'i;o its>.original 
',' I I 

value,whenthevol'tage· is zero • 

"Similarly ,it is apparent .lliha-I; net energy could, be 1,mparted ,to 

the 'circui'li had the induc-liance been varied in the appropria1ie phase. 
I I 

This; ~le,c'i;l:-j.'cal .l'rinciple w~ expanded to include, frequencies other 

thanlihe two--t 0.-0 ne ratio and. the resul'ting device was used ,success-
." _-4.. ". ~ 

f\llly"~~in ra.dio -1i<?leoommunicaiJion between BerJ:in and, Vi~nn prio.r. te, , , 

Worl~: War I • Nex"li came, newdev,ices. c'alled Mtagnet?-o.,a,ttlpli,~ ers ,' •. T~e 
\ >(-" i .' . . . '. . '. 

objec'tive ~lJhen was· -'Ii 0 modula:'lie acontirlh:us wave. arc ,~:rrulSIllit-'lier_ by 
I I 

,- ,'means of a nonlinear inductance or saturable' react.ance • 
'. . . -' .. 

~ .;A1exanderson,iIi the discussion ,also suggested amplifica'tiion of 

inco~4ng signals ,by cascaded siiages of up-come:rsion , reoti'fioati:0n , 
I ! 

and !¥~~conversion ,e"\ic .currently we recognize., -(;he RF version of the 
i ' 

above' device as a -type of parametric amplifier ,reactance a-nplifi.er 
: ; if' 

or, !r1AVAR ,.A1exanderson presen'i;ed curves ·to show -thai; 'nega-tive-resista 

effec-~s oould exist .Quoting again from his 1916 paper :Under some 

condi ~ions n instability and generation cif .self-exci ted oscillations 

oan axis'G. n n This is a oondi'~ion -that mus\i, be avoided for ,J\ielephone 

control ;whereasi ii may have ¥seful applications for other purposes. 11 

I n the I920 's and. 3O'sinteres-i; developed in subharmonio oscilla:tions 

in eleo"trical circui-{;scontaining a variable reactance .These 

"parametric n oscilla,;ions could exist a't any one of tin frequenci es, 

"':-:"wh,ere n, is the su'Qnarmonic fracliion ofiihe fundamenlial freq,uenq,r • ~----__ ~'~1~_7 __________________________________________________________ ~ 
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AQOlIt :."~rty~ years later. interest developed in' cap acH ance reaci;an.,.1 

ce modUhtors at microwave frequencies .The failure of reciproci&y 

in some crystal conver-tiers observ-ed in ·~he middle 1940's am the 

peculiar behavior of welded contact _ Ge diodes \".'ere interpreted -to 

mean that -~he contac"G c3paci-\jy varied yn:th bias • 

i However, in none of -I;he devices suggested or manuiac1;uxed -liill 
I . , . 

-bha1; -iiime ( 1954 ) ,was a very-low-loss variable: capacitance diode 

available and hence -the gain limited and -the noise figure was no.!!j 
\ 

especially good • 
, 

'1 In 1;954 a project was sponsored by 1ihe U. S. Signal. Corps to 

. diveloPi, semiconduc1;ordevices • A technique was found for :-n3king low­

loss uuitis .This -technique of m9king low-loss diode varac"tors or 

v~caps advanced rapidly and interest in these units began to ex-

p~d • 

. lIn- the mean-time ,Suhl discovered -I;ha-t; the variable reactance in 

-'the microwave range was obtained in ferri"Ge materials when properly 

exc~ted by a pUIIlping frequncy .He proposed using -this effec~ to 
!, -1 

obtainparametrieamplifica1iion and discussed suitable mU"Geriuls. 
. . 

; lEarly in 1958.-~he low-noise p:roperties pDedic'~ed by theory we13 
. ~ 1 . '- . 

ver1f-ied experimentally at the Bell Labortx~ories a-Ii 6000 Mc • 

lAter distributed parame-tric amplifiers were devised • This waffiI: 
; . 

followed by traveling wave parEunetric amplifi ers ,modUlatied elec-tron 

beams • A noise figure as low as 1.4 d~ was:£ obt3ined. 

! 

I 
1 
I 
1 , 

1 
i 
1 
I 

I 

I 
1 , 

The development of -~he .vacuum tube in ~Uexanderson's-~ime 1 

curtailed lihe interest in RF parame1iric "tr~ducers • :NOy{. the develop I 
J 

ment of parame"tric:tra.nsd~cers has stimUla:ted the interes-'G in vacmmll 

'liubes as parametric devices • ~j 

.. 
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General properties of Ibn-Linear· Elements 

PAGE J 

A reeotanoe m.sy be defined us a oirouit element that s'Gores am 

t:r€U1..sfars electromagnetio energy .~~f the stored energy is prodom1.nn.ntly 

:Ln the aleotl:io fiel.d, the xeaotanoe is said to be oapacitive ;:if the 

stored energy is :predominantly in the magnetio field,thereaot8.nca is 

said to be inductive .In marw applicationa,even atn:d.crowave freqv..en­

Cie~,iti is most convenient to speak in terms of voltages E:.nd cnrrru..Ttis 

rather than eleotrio or magnetio field .The various funotional. l.~e­

presentations for oapaoi tivo ,inductive. ,and rasistive aler.lOnta oxa 

given be1ew ... .1.. 

1 i1::: l: ("\1') Ca.fQ"citlve "" == J c".) Res,s~;"e \ ~:= ~ (i) Inc1lLcti.,e 

A reliotenoe is said to be linear if the partioular :ftmctiol121 ro­

lationship h£\ppens to be a l:i.neur one .E.g. : a linea'!' ot1paoitG.noe 

impJ,ies a line~ rcl2.tion between ch~ge and voltage • 
"I ~ = c". 

If. these :relations are nOt linear t the :reactanoe is suidtobe ron­

.linear~1!'o"r examplo,if the" relation between charge aild volt...'1ge 
. I:' \' .". 

happens to bet.j=q,v~the clement is said to be a. non-linear oa.pao1 tanoeo 

In tb4s casa,it is oonvenie~ to define capaoitance as the partial 
1 11 j I ~ 

de:riyO.t~:ve o;foharge viith respeot to voltage • 
c==·~ 

i.. 7)'\1" 
ff the relation botween o..ha:rge and voltage is linear, but the 

ooefficient C happens to be a function of time", the resuJ.ting oapaci­

tanoe is said to be linear t but time-varying og:;he analySis o:f· time­

varying oapaoitance oirouit is faoilitated 'by the use of the prin­

Oiple of S'U'.9orposition and other pO\7erful methods .But th-e ann.lysis 

of non-line·::t:r: :reacti va ciroui ts is not as easy 0 

Ibn-linea:r reaotianoes are oapable of oreating a t'".::ensf'er of 

power from one :frequenoy to anothex frequency 0 ;..l:his beb.avior of non­

line~_~?=~::~r1;s \Va:. studied by ;'iIa.nley and Rowe 0 
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, 1 
r-----------------------------------------------------------------------~I 

I 

The cirouit model used by L~ey and Rowe in their original 

derivation of power now relations for nonlinear reacJ"aIlces is shown 

belo~l : 
_'----....------t_------r--------r---- - - - --

c 

L----'-__ .L-____ -L-_____ .......I-_____ ~ _____ - ---

,we have two voltage generators at f:requencies tl and +2 togethm.." 

with assooiated series resistances and bandpass filters,};ll8.ccd 
I 

:c6:ross a nonlinear cap8.ci-Gor.These filters are designed to rejeot 

power at all frequenoies othe:r than their respeotive signal fraqusn-

oieB.ln addition to the two Signal generators,an infinite a:n:ay of 

: lciad resistors and bandpass fil torsa:re also oolll1eoted to the non-

11.nearce:oaoitoroThese filters are tuned to the various sum and . ... 

differenoe frequencies whioh will anse because of,thel'lO.n1inaar 
. ;!. 

reaotance oThe sign oonvention will be used that power flawing into 

t~i mrilinear oapaci tanoe is positive ( e.g. the power coming from 
, I, . . 

. the two Signal generators ), while pOV/er flovIing from the oapaoi tance 

(t the :power flowing into the load resistanoes) will be negative in 

Sign. 

As stated before,a oapacitive reactanoe may be defined as a 

ciroui t element for whioh a funotional relation between oharge ru1d 

vol tags can be Vlri iit en: <} =. f ( 11") 
-

or the inverse funotioll wiJ.l do just as well in defining capaoi tanoe· 

that is t we may BJ.SO v;.ri te '\J ::::. h ( cD 

lJ!he Ollly restriction plaoed on h(q) is that it be singJ.a-valued, 

i.o.,£:roe from hysteresis. 

----~~~~----------------------------------~---------------------------
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Ne:A.-t it is of i.t"1-licrest to investigate the timc-dependenoe of the 

oharge q in -the oircuit model shown abOVe oYiith impressed f'requcnoies 

of· and ,there \'!ill oertainJ¥ he varIations in charge across th0 

mnlinoD.r c(;~ptlo1tor a-~ frequencies t. a...l1d -tz. .In addition, bCOL1USO 01: tho 

miring aotion in -'Ghe nonlinear oapaci tor, theze will be generated 

cha;-ge variations a-i; all the possible sum and difference i'rc'lue..'"'loies 
'I 'I 

r i:::mf +n{ ,where m a'Yld n -i;Ulte on all integral. values o.As in ustb;1.1 
711'\n' , ( 2. . 

I 

circuit anD.lysis,1t is convenient here to use t..1),e exponB..!"'2tia,l :re1?resen~ 

ta:tion of sim.1.soids 'so tha-!; differentiation with respect to time xedu-

o~s It~ multiplication by dO) • However ,Since we wal here be interested 
~ , 1 

in j!!xc;>ducts involving ourrent and voltage ,we must exercise care in 
I i 

dealing wi-~h oomplex quanti ties .It will be most convenient to use 

only real quantities ,expressing -them in complex form oFor example; 
, 'Just -3(.1.)\:) . 

. . ! A C 05 UJt =- t (e + e . . 
Using: this,we can express the total charge flowing into .llihe r..onlineBr 

. '_- I ( ; 

capaoito~in ooa double Fourier Series in exponan-'6ialfo:rm II 

\°'lJ=L· L Q mn e.~(muJlt+nuJ2..-\:) 
, A'I_ oc::I n=-DO .' . * . 

CJ. mus.lli: be real,so we impose the condi-tion Q = til .We may find. 
_ mn -rn.l-n 

I Ii 

, 'the total ourrent"i n flowing tbIough the nonlinear oapaoitor by 
, , 0 

taking, ,t!e tO~a1 derivative of I with ~,espeot ~o lime. (muJl+I'1UJ~ 
o i. ~ d':1 ,~ L. I:. 'J (tTl WI + n u>~ Cit It e 7 (m Ul,+nw~t =- L L Iron e ~ 

2. 'dt' rT1=-00 n:-..... . rn m=_oon=-I>O 
.-)(-

where 1(rTlul(+hUJ~)Qm;-Imn and Imn =~T1I,-Y\ since n i " has to be real 

The voltage may bee..~pressed as a funotion -of q ,and cons.eCluentJy it 
I 

maya.lso be expressed as a i'tmotion of.mlJJ,t+nwzt ~That is ,we may 

also represent avo in a double Fourier Series t jUS"t as we did for q • 
. - - ~-~ 

tr:::= 2:. L. V"",n e'l (m W ,+n Ul2.'''' , V~.n =-v_rn,-n 3° 
m:=.-OO n=-- . 

'J!he Fourier ooefficients oan be evaluated by 'lihe usual integral: 
V. =~ J,21112

:"u- e.-~(mUJI+nw:t)-b cl(wl-t:)d(uJ2t) 4-0 
m,n 411' 0 0 

We arc after On expression involving power;therefore we 'need to 

form produots involviJ1g~,pndVm,n.As a first s-Gap tow~d this goal, 

o * let us nultiplY4 bJ-'1mQ nnd sum over m and n • 
. J rflJn 
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The double sv.m inside the integral is ra'llinisoen-t of tl1.o expression 

for qhm-ge .If we perform the following &iHerent;cdion. 

7 0 ~\q; = ~ ~ t:'\ j (m WI + " W2,)t 
-t) L L 1m Y(mn e 

o~U; m:::_cO 0::._00 

,Sinoe q is r021,we may ta.ke the complex oonjuga-'Ge of ~ ,:,Ii thout 
17{w,t) 

its value. 0<1 _ ~ ~ -}( -3(m oJ ,+ow.z)t 
gO - .. - -L L JrnQmn e 

, () (OJ/i.) m=_.,c> n=_oo 

changing; 

Simi~a:rly ·the left side of is strongly reminisoent of the J?l?oduo-l:;s 
, i, 

of OllAent and yol-'vage .Remembering that Tmn=- '1 (rnwl+ OW2.) Q mn 

'we may express the left side of 6° <i:!S 

~ '~ rf" V; ~ ~ mVm.n 1mn 
~o· L: 'L :Jm mn ron::' - L L m OJ, +n w2,. 

m=.:,OO n--- m:- oo n::.--
Hence,we n1S¥ re-write 6° in the folloVling form: 

JO~ [' . 'I [. rn Vm .. nI:rt :=. -L (2it (2rr 17 '0 9.d (Wit) d (Wzt) 
m=-~ ~"._o<> mf, + "+2. Ztr)o Jo a (<PIt) 

Now, " .Hence we oan. v:rri-te the in-tegr0.1 over J(w,t) us 

,,0 (l.~'·)V oq d(CJJ
1
t)::=.(1.1l tr dq dcw,t)= (1.(Wlt=2:TI}V(~)dq 

)~I-t.=-O CI (uJ,t.) . )w,t:o d (w\t~ )g' (w,t::.o) 
Therefore oan be· simplified even further to obta.in il-

I' ~ q .J 1 4 f r rnVrnn'Irnl" ' 
Ii :::. Q q _ . m",-"" n,.-o<' mf\+-n.f.. ~ (27CJ

tJJ2,t) 
: I:?':" . t) ) ....( 1 

j \., 0 (oJ, d (Wit wzt::: c:.onsta.fl 1'2.0 -.L (:l:c d(UJ2,t)} 1r('1)a~ 
. .. - 2,Tt ) w-zi.:. 0 q (0, lJ},tt) 

With the mathematical manipulo.tiol1 110'.'1 almos'l:; comple-'ve,it j,.s time 
I I i 

j 

to stol) at'J.d consider how the produc-'lis of current and voltage as. expressed 

~y I'l are related to the power flow in the nonlinear cupaci tor. We 
it 

know that D.ctive power is 0 b-'GBined by -'lialdng the rea.l pS'rl of 'II 
, 

Sinoe iq.lt oonsis-'Gs of such produc-'liS, the real pc.:rt of Eq.IZ
o 

Yli11 give 

us the desired information regarding powor flow in a nonlinear reao­

tanoe .L3t us brealc the surnm:ltion m in-'lio too parts ,one sUIti.'ua-'Gion from 

o -1: 0 00 t and one sununa. tiol! from 0 t 0 - po 
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"vve' can effectively Oh .. 1.11-30 -Ghe §.1J.2:l1matiol1 over -the neg2."tive values 

of D in-'lio 2. s1)J:mn.Tliion over the positive values of m by si:::r;ly re­

placing ~n ,2l11 Il'Iln by their co:nplex conjugates oHcnco 14° becomes I 
l 00 00 "* COl)<> -i'c ~ J 

15°' I. [mVmfJ 1mn - L. I m[Vmn Im,n+Vmn Imn 
rr\~ -DC> n:=:_oOm f, + nf:z - DO ~ m{\ + nf2. 

o n'l::.O l'\1~ 

of 17 is seen -GO consis"li of a q1.U1ITIi~-t;y }:,lllS its 

I 
; The rigllt side 
I ! 

CO:-.il'Jlex conjug;.~te,rlhich is cquo.l to twice -i:;ho real p~..:ct of 
o j 

CluQ.n"i:ii-G't 0 So E.-:l.o I" C::..11 be w:ri. t"~en as I 
o!~ -~ m V"," 1:. = ~ ~ m Z Re [V"'nf..J }'- ~- m P'fn f I 

\6 L L f. f L L -f r L L .,0 rn ,+n 2. I ! mh-t)<> n=-oO mT,4-°I2. m:::o n~-"" YO, + n '2. I1\~O n-::- ; 

wller~ P."nis 'lil1c ?OV;el' flo ... vi~1g a.t freQuency rYl~l+ nf2 .. Here the i 

magni"ij".J::lG~ oiV and I h:..:.ve heerl definea. so '(;}1:"\:'1> P mn= Z Re[Vmn ImnJ 

'. I, "~' 1,,0 t .... 
~l1j' D\.lo c. 0 SillCQ Cl is p c:riodic i 11 1:)0 tll 0.>1 and 0.>2 L 'wi th ;) cl"io d 

tn,G il"l"lic0~'~;.ls over "Glle r<?;.ugo 0 t027{ will be id.entically e~lujl to 

zero ,LlS 1T(~) is singl-valued 0 The desired result f'or -lihc" :;:JO\"lcZ' flov: 
I' 

in a nOl~-lil1oxr ref:.c -~dlce is "~;lerefore 

result can 'oe ob"tr'.incd involviY";~ 

, 
:relu to the parlor florl in D. non-linoD.r r e::c'li~.:"'lce to fr 0 Cl V .. Oll ci os 

i . 
L~.-:'~"lIII"..:~r~~;.or_-~-w:."~""".""~~~~""~ ___ ._._""" ________ -----.-.-______ _ 
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we will illustra-te -~he usefu1l1ess· of the ~.1unlcy-Rowe j)owcx 1:012.­

tions by a speoific example : Lo-t the signal generator a-'G t\ repre­

sent a sign3.l SOuIoG,2.nd -the geilCro.tor at t the so-cn.lled pU:1P souro-
. . 2 

COnsider -l.;:10 case where power floYI is alloi7cd at a frcCJ.uc~oy t 3 

which is tho S1Jm of f, 
I 

.!£hen , the former 0 f -Gila :.:a:t!lcy-

Rowe rcl2:l.iions :reduces 
I 

and tho latter reduces to 

P2. + P.3 =0 

12 f3 
StLncb VIC axe s1..:.pplying energy to the non-linoar re3.otrncc c.t fi'C(lUCl'! 

I ! 

ey. tl ,~ is positive .Thcn the first of -'tiue above eq1."l.c'1tions -liolls 

u~ thu'li the power ~ is neg3.tivG ;that is , ~ flol'lS from ';;110 rcac­

-tanoe cilld tiOOur resis'tive termina-iiion 8:'(i f .«113 can define a· g8,i1: 
j. 3 

\viuch is 'ii11a rn:tio of -the power delivered by ':Ghe reaC-iic'll10e &'..~ fre-

quency f3 -Go -Ghat absorb eel by the react2..tlce ati frequency t 0 

G=lL 
1~3 f I 

This gain is seen -Go be 

Tbip cJJ1..11:.tion gives the m~l,Xirr:um gnin that 0:11"'. be a-iitail10o. by s(),ch 
i • 

! , 

a d.evice • 

nO:::l-lil1co.r n:sdiL1 h.:wc been observco. to obey :';:ul.lcy-3.o':lc 

por/or 1'1.:'1,:'.\;ion8, ...... l1ich lU1fortunately do no'\; apply to 8. non-linear 

rcsis-~or i}(;cau.se they '.'lC:l'C derived for a nOl'i-lines.T induc-ti:',:rlC0 or 

sho'wn tiC be v<.:lid fQj~. ~~ mccli1;1::: 
, 

before a'D',::lic~-~-i;io:n tio -the w,eclium in nucs·tion 0 
..1.0 X ...,. 
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Methods or Analysis : 
In this section we will' -liaIte up -i.ihe oase of a nOl1linem: c~paci-l;()r 

and present a method of approaoh to -~he solu:~ion of Do circuit 

employing -i.;his oapaoi-toral-i;hough the -iiunnel diode is -llie basic 

oomponent -~o be oonsidered in our disoussion • Bu-t since bo-\jh the 

v*'flc-tor,and tunnel diode have differen-~ charac-(;eristicstthe former 

being a variable-cn:oaci-iiance diode while -ilie la-Veer exhibits an 
\ ! 

ao.lliual negative resistanoe ,-tihe inolusion of -tihe following disoussian! 

may seem irrelevant to -i.;he subjeot .Uever-I;heless bo tih -tihe -iiunnel .)1 

dipde and varactor.J as -~he variable oapaoi~lianoe diode is o:.llled, 
! I fatt Ullder -'\ihe same oategory ,namely nonlinear amplifying circuit 

oomponents J so . a discussion of the me-thods of analysis will 

1 
I 

illusiiraiie }'I..ow such problems associated wi-lih nonlinear elemen-lis 

oan; be handled • 1 

, - : ~ ; 1,1 

" The anslysis of parameliric devices often involves 1ihe analysis l 

of' nonlinear circui -lis • \~'hile -~here is, in general t no method by 

which exact solutions can be oh'tained ,various fl'p'proxirnate methods 

give resul-,;s which ~re qui-te sa"'tiisfac"'Go:ry ill most applicati ons 0 

l?~rh'aps ~lihe most Vlell-knovm method is the so':'called sl1all-nign'3.1 

apl-Jroximo:tion • In this approxima1iion,it is D_ssu.med'th:o;t -the sfgnu.l 

vol-ta,ge is small cOElpftred to the pUl;'1p vol-~a3'c Ylhich is slIpl'osed 
"-

to 'provide -the exci 1iing source for varying ~le jun.c1iion capacitance 

so as 1iO ob"'Gain "the necessary nonlinear charac"teris-~ics • In.o-Gher 

, words, the signal level is small rela1iive 1<0 'the local oscilla ~or. 

Another me-i.hod,which .... lill be shown -~o be equivalent to .t;he small­

signal approach , is ~haL of replacing 'the nonlinea.r reD.c~ance 

I \vi,th a. ~(iime-varying linear re::!c Lance • A third me thod, which fOIi;he 

- lack of a bet'ter name will be called the large signal approach, 

I is tiO exp.wd "the nonlinear chnracueris"'Gic in a 'TaYIO'r series abou:~ 
~--y~~~~~~~~-~~----.-.---.--~-----------------.-.------------------------------~ 

1 

I 
I 
, 
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a d-c pOin-\j and consider only the first few -terms. As in the small­

signal me"thod , ilie signal level need no t be res -tricted in ampli "tude. 

Small-Gi/Srial me"thod: In the analysis of parallle-t.ric devices,we are 

in"teresiied in compu"ting the mixing effects -cha't occur when voltage s 

at -two or more different frequencies are impressed on a. nonlinear 

reac;i;ance .1'\2 a simple example,let Us consider the case when -two 
) I - ,. 

volt .. :ages are present, one at u freq,uencyw:21rf , and one at a frequency 

circtq. t sees a-j; W .Once ,;his admi "t1iance is de"termined ,"che signifi­
i i 

cant' proper,;ies of the parame"tric device can be obtained by linear 

analysis. 

~he small-signal analysis applies when one RF voltage ( the 
: I 

. signal vol"tage ) is small cOrIl]lared -to ano1iher voltage ( the pump 

-voltag~ or -the local oscillat.or vol -cage . .1,,0 control l.he noJllinear 
~ ,~.~.... .' 

_capacitance ) _ • In the s"tudy of lOVl-noise amplifiers, for example, 
, -

- -~he small-signal approach is cer-r;ainly justified since_ we are 

_ _ inueres-r;ed in signal voliJages which are typically morelihan 100 db 
.- j 

-belo\~ '~he level ofiihe pump • Le-t 1iheiiwo vol'cages be 

'\1'1 :::= V, c O~ wt :1 IJz == V2, C os 2 Olt 
where' V, -« V2, • Because v,« V'l ,we can expe.nd "the charge on "the 

ca.paci'i;or in a TayloT series about tr2 and consider only ~he firs-t 

·~wo . "terms • . J~ 
- I 0 '1 (v) == 9. ('t12) + d IT' (11"2) U"/ 

For convenience,leil us define a capacitance by 

2.0 C (\.Jz) = d9, (11"2.) 
&11" 

'rhe curren~ -through me capaci-tor is given by lihe -time derivation 

I ,Of -uhe charge. . 

L.v~~'-4~1P"'i-n ...... ~ .... ' ____ __ 
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Sin9E3 CC1T2.)is periodtc with a f:bnciamental frequency of2w ,we can 

also expand it in a Fo'Urier Sel'i"es eAssvming 'that we choose our 

referencc~o make c ("'2) an eVen fu.l.1~tion ) we obliDin 
00 i 

4° C ("\1"2) == L en cos 2wnt 
n=o 

V:e ,can in'teI1're"~ 4" as a time-varying linear capaci liance in lihis 
11 

apPIoxima1:;ion ,for we see that the second term of lD::l. 3° is of Ii he 

.form it [c (t) 11" (-1:)1 

which is "\;he resul·i. ob"'tained for u linear buii 'time-varying capaci Lan-

ce '.The Cn coefficien"i;s can be ini..erpre i..ed as the magni':liudeof each 

haIWonic of this "i.ime-yarying capacii.;ance .Ths:ii is , Co gives the 

magni'tude of "i;he cons"{;a,n~ capaci"Gance , c, the magni"tiude of lihe capa-

ci tance· Varia"~iol1 at; 2w , etc • 

Using Eq. 3° and to, the curren!; componeni; ali me frequency oJ 

can be corn'Pu~ed "i,O be '. 
o " .) d [(C cos2UJt)(V,co.swt)]:::di[c,Yr co.swt1::::,_ wc,v. ,5;nUJt 
51 (lP == t I . dr. 2. ::J 2. . d " . 

From the foregoing analysis ili is seen liha.'t insofar as small-sigml 

. effects ai; lihe signal frequency are involved,a circuit containing 

a nonlinear reactance can be replaced by a liime~varying linear 

reactance. 

Large-signal ri'[ethod 

The preceding small-signal approach canno"t be used i.o predic"~ 

saliiira'tion effec"~s since IIhe signal level must; remain small relaiiiV'"~ 

"to the local oscillalior level or lihe pump • However ,if we choose 

to exp and our rela~ion for charge abou"i; a d-c point ra"~her "iih3n 

a-a poinli ,we need not resi;rlc"\jiihe magnitude of one RF voli;age 

rela"i;ive 'to ano"~her • Vie do 1.lIDr need "i;o specify ,however ,i:;ha-l;~he 

~~---" ----.. -~~-------------------------------------------------
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0.-0 excursions be rela"tively small so~ 1iha~ again only a. few terms 

in '~he Taymor series expansion vdll be necessary to adequa'tely 

represent~he circui'~ .Expanding,>he charge abou-~ a bias voltage Vo 

Her~, no res'tric'i,ion is placed on 'the magnitude of 'ilhe signal vol-Gage ,I 

rela'tive to the pump voltage. IJeJcj 

I 
The 

...... _ Y cOoS wt 
'-')- I 

currenil component due 'to 'the nonlinear mixing is 

. _ d [I C I (tr cos wt + t.J2 cos2 t.Ot)ZJ 
1- - - I I dt 2 

'rhe componen-t of this a'l; frequency OJ is 

,~ ) _ d [C/V1 V2.. cos wt] =- _ w,c/V2.. VI s',n uJt 
,:)0 1 (OJ -:-d[' Z. 2. 

Com13aring 1ihis result with 'vhai. obtained by 'i;he small-signal 

. analysis ,VIe see thai; at fTeque.nG~UJ 'the resu]:i;s are idenliical 

ifC,'Vz = C, • c/ may 'be in"terpre'(;ed as the slope of 'the capacitance 
, , I ' 

'Versus vol'cage curve and ,there~orec,~may be interpreiJedas -iihe 

ampli'i;ude oflihe capaci'tance change at, 'the local oscilla1ior fre-

quency • 

In addition to yielding informa1iion abo~u mixing effects at 

fre'luencyW ,this large signal approach also yields similar 
. 

informa"Gion at 1ihe pump frecluncy 2uJ 0 It is this addi "Gional informa-
I 

'tion,noii ob'tainable from the small-oignal appraooh ,whioh is useful 

inpredicting1iheeffeo'~sof signal voltage on the remainder of the 

circui't; • Thussa·~uratioI}. effec"ts may be considered • 

I 

I
~ 

I u 
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The behavtior of V8l."uotors or nOnlJnear capac~ liallce diodes was 

discussed previously.I-t; was shown how these devices could be utilized 

so as -to effect tra'l1Sfer of power ':,t one frequency to another freqUB!1cy 

and also how such eleme.!.1ts couJ.d be e~loyed for amplifi cation • It 

should be poin-ted ouJ~ here -tha-t varactors are not the only 10w-11oise 

device ,-~ha-'G we have -boday .Thexe is a new ty-,Pe of' semiconduc-'Gor diodo 
\ -

W1lich: ~e:rforo.s essenticlly the same job • It is -the so-called Tunnel 
I 

diode.,or Esuki diode na.llad after its discovm:er 0 we reffic.rked before 

that JGhe primaxy re8.S0n for Jlihe great interes-~ in these new devices 

Vias their 10v1-no!se :performance and compactness in size o.uthough 
j, J 

tunnel: ;diodes cannot compe-te wi-lih varao-tors in low-noise performance, 

they ar'e nevertheless very uSeful for very high frequencies .Ttmnel 

diodes easily lend iihemselves to amplification in the microwave 

region', as well as amplifica~ion in the usual high frequency range. 

'Therefore 1-1i is relevant to discuss -the fundamental p:roper-~ies of 
~ I 

tunnel; p.iodes in :order to pave the way ror further discussion on 

their uses as amplifying devices • 

Fundamen-Iially , the tunnel diode is So two-terminal semioonduo-iJj r­

devioe;t~at displays an ac negative resistance over a portion of its 
, , 

current-vol tage curve 0 Th:is phenomenon ocours if -the Jliunnel diode is 

biased ,in -i;he forward direc-tion • It is the ac negaJGive resis'~ance 

:proper-tyof '~he -~urmel diode -~ha-t is exploi-ted in a number of circui-t 

arrangements -to provide amp1ification,oscilla-tiiontswitoh~,and 

memory - funoJliions ex~ensively used in electronics • 
, 

The usefulness of -iihe -iiunnel diode is due -tolihe negative part 

of i"\is charac·teris-tic ourve. Negative resis-tanoe aCJ\is like a. souroe of 

power,like a generator,results in signal power being increased,just 

as a positive resis-tanoe resul-lis in Signal power being dissipa-iied or 

reduoed • 

I 

5 J 
i I 
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!I!he important feature of 'lihe -Gunnel ~iode 'i;b.a'~ distinguishes it from 

ordinary semiconduc-tor diodes is i-lis very high degree of doping • 

The mos"'u marked effect of heavy d~:ping of semiconduc'lior ma'~erials 

is the effect of 'the quantity of doping on ,the width of -the t--ransi'tion 

region .The heavier the doping, Jiihe narrower -the 'transition region e 

If ,the "IiWO -~ypes of semiconductor ma-i;erials conliain differen-~ amouu-l:;s 

of inipurities,-\ihepOri.iion of the 'liransi tion region ill 'the more heavily 

doped materi at. is narrower than that in 'i;he ligb. tly doped ma-lierial 0 

The reason for '~hese conili'liions is -iihat -the barrier is fonned ,by a 

given number of donor ions on one side of the baTrier and an equal 
~.,. . 

numb~ of accepJooT ions on the other side of .J!jhe barrier .,The heavier 

the 1mpuri-;"-y concentration. in -i;he semicoru1uc~lIor ma'terlaJ., ~!jhe smaller 

'the dep'th of :penet:ra-~ion on "lihaii side of -the junc-iiion J?ecess'sry to 

establish a given number of uncompensated ions • 

: Let us now consider -llie effect of heavy doping on ·the'loca'i;j,on 

of Fermi levels in bo-tih 'I;he p--i;ype and n-type, materials : 

1'\0.. = nl1mbe.- of C\ ccer10r cd:ol'T\S 

E"l = y'Q.lc:nc.e. enel"'3~ Le"el I 
Nci 

If the degree of doping is very high,then NJ '7 Nt:. ,and -the term lnN"J 

becomes negative .The result is -tiha't 'lihe'Fenni level lies above £.c:. 

for the n--~ype material • Applying -the same reasoning -to the' p--!sype 

ma1;erial we see tha~ 'iihe Fermi level lies sligh'tly below E.." • 

I 
i 

I 
I : 
: 

r't is~his charac'teris'~io of the ju..'Ylcriiion ,formed by the abovemen'jjione~ , 

p_ and n- -type ma~eria1s 'tha~(j cons-iii ~utes -lihe basis' for disoussion 
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of "t;he charac'i;eris'~ics of the tunnel diode .In ttmnel diodes ,-ilhe 

degree of doping is IO -to IOO times larger -'Ghan in usual semiconductors 

A 'disoussion of tunnel diode materials. seems appropriate a·t this pOin'Ii. 

~~st tunnel diodes studies were based around the well-known materials, 

Germanium and Silicon .Almost simultaneously with ·this work 1 however , 

. i"t was recognized "that. interme·tallic compounds offered manyat"i.;rac-t ive 
\ 

:£:ea"t~es as .liurmel diodema1ierials.This· is because t-unneling and 

tunnel diodes are not dependeiltupon '~he minority carrier· lifetime, 

which ,has never been very high. in ·the interme'bsllics ,and because 

such propr'i;ies as . low effective masses and. high mobili·ties ,\'Thich are 
~-

oharac.-~eris"jjic of many of -the interme'~a1lic compounds ,are of a'irect 

benefit to tunnel diode operation • 

Among -the various intermetallio compounds -that have -exhi'bi'ted 
-

tunneling ac~ion or from which succesfuJ. tunnel diodes have been 
, 

fabric~·ted . ,GaAs is one of "the mos"\; a'iltractive • First of all,"the wide 

energy gap of GaA.s (I.35 - I.45 eV ) makes possible·tunnel diodes 

witih 3. vol-tage swing Significantly largerlihan thoee made ofGe or S1. 

The"fueore"~ical decrease in tunneling current due to a wider band 

gap is more '~han offset by .llihe loW' effective masses of GaAs relative 

to those of Ge or Si .Also -the larger mobili·ties of oarriers in GaAs 

,again,rela"liive -~o Ge and Si , make possible a reduction in dOtoae',s 

series.resis·~ance • Finally "~he lower dielectric ,consiiant ( II. I) of 

GaAs is of some value in reducing the junction capaci'~ance • 

The general appearance of a. GaAs Jliunnel diode, v-I characteristic as 

compared 't;o 'lihose of Ge and Si is shovm in 'iihe figure below : 

~ __________ ~_-=~ ___ c __________________________________________________ ~ 
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Good eleclirical proper~ies,high resistance to radis-iiion damage, 

larger vol-~age swings,greater s-~abili-ily wi-th teTll'Oerature make GaAs 

tlmllel diodes competitive. 

Let us now briefly reviewiihe fundQmenJlial prlnoi:ple Urulerlying 

-the opera-ilion of -the -t'unnel diode • 

First ,we should note -that -~hetrt\nsi iiion region in a. tunnel diode 

:LS appreciably narrow because -libis is essential to -the discussion. 

For -the n--~ype ma-terial,-the Fenni level lies above -'\ihe bottom edge 

i . 

r 
I 
! 

of -\ih~ conduction band • At nonnal -~emperatUl.'es J those energy levels I 
sligh-lily below -~he Fenni level will be filled ,moreover there will be 

some electrons occupying energy levels above the Fermi level • There 

also exist some vacant energy levels above -i;he -Fenli level • 

Considering now ,Jlihe p-type ma-~eria~ : 'Eha Fermi -level lies a liibtle 

below the -top edge of -iihe valence band • There are some unoccupied 

energy level above -ilhe Fenni level and wi-thin -llie valence -band; 

the energy levels below the Fenni level are filled with electrons 

to a considerable eX tent; there are a few vacan-t energy levels below 

the Fexmi level • 
I 
I 

"'--.----~--.-"-~----.... -~.,.-.......... ------------------------__ -..1' 
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If a p-n juno-tion is formed by suoh highly doped semicondUC-iiors, 

tihe Fermi levels wi 11 align. This is -~he oase al; zero bias • Vie 

see from ~he following figure :ii_hat the valenoe band of the p-iype 

rna"i;erial is opposi-'\ie -the oonduoiitilon band of -iihe n--iiype ma-Gerial 

As is known ,a :poi.en~ial barrier is created a-i; the junc-~ion which 

preven-'\is or reliardsiihe passage of majori'ty carriers acrossiihe jun 

obion so -i:;ha-b an equilibrium beJliween J\ihe majority carriers and Lihe 

minori-(.-y carriers is esiiablished .But ,in~he case of the junc'tion 

under consideration now, ~he electrons in -the com uC'i;ion band of "i:ihe 

n-:.lLiype mal.i-erial have two choices : either -00 gain suffioien-~ energy 
r 

-bo- overcome -iihe poten"lIial barrier at 1ihe juncJGion and. cross in-to 

'i.he conduc-ilion band of -iihe p-type ma1ierial jor -'1.10 go -~hl.'"Ough the 

forbidden zone righ~ im,o -6he valenoe band. of 'the p--type malierialo 

The lat'ter phenomenon is known as elec"tron tunneling :which can 

ta:I;e place i:r ~Ghere is a vacant energy level in -the valence bam of' 

"'.;;he p-'i;ype material at the same enerF5'J level as -that of a free 

elec1iron in 'iihe n-'(;$.pe region .In -Chis case ,quantum mechanics 
,'!.~ 

predic1is "thai; the free electron in -bhe n-'i;ype region may appear 

a-t -iihe same enrgy level in -bhe valence band of 1ihe p-iiype region 1 
I 

on the oliherside of 'i;he pO~(ien-i;ial barrier • This 
1 

process has n01ihix18 

to do wii.h diffusion • Thusiihis tunneling effec~li forms Jlihe basis 

of operaliion of'~unl1el diodes • 

As a sligb:~ fon/ard bias is applied,the filled. levels in 

1 

the n-type ma'tierial '~ake a position opposite those vacan~ energy 

levels in 'i.;he p-iiype material , hence electrons pass from "the n-side; 

-lioiihe p-side by 'liunneling ;likewise some el.ectirons in -~he valence 

band of the p-side may :pass from -~he p-side JIiO 'the n-side , thus 

oons-li~i'iiuiing a reverse~u.nneling current • As "the forward bias is 
, 

increased more and more filled energy levels in -~he n-side come L._". '_ .",;~"""",,,--=,,-._.,..,.:,. _____________ . _______ _ 
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Opposi'~e '~hose vacan-t energy stalies i!1 -the p-side so -tihaii the :forward 

tunneling current; increases while the reverse -liunneling curren-'Ii 

decreases slightly • Ylhen all of t~he filled energy levels in -i;he n-side 

are opposii.e all -l.ihe vacarr'ti energy levels iniJhe p-side ) -t;he curren~ 

reaches a maximum • As forward bias is increased more and more , 
the filled energy levels in '~he n-side are no longer opposite all 

iihe vacant energy levels in 'lihe p-side ,so the tunneling current 

begins liO decrease • This drop in currenJ~ goes on un-iiil 'the filled 

energy levels in the n-side are opposite the forbidden zone :therefore 

tunn~ling curren-i; stops comple-tely • 

,SUperim:posedupon the 'i:;unneling current is the normal diode 

current • M-ter the Jliunneling curren-t s'GOpS ,the junction begins to 

func-'liion as an ordinary p-n pnc-Gion • 

If the tunnel diode is back-biaaed., the, nU!!loer of minqrity 

ca:criers increases due '~o additional bonds being disrupted. A:lso the 

reverse -tunneling current increases so there is a large reverse 

currenjJ • 

,A tnicaJ. characteristic of a -tunnel diode is shown below : 

1.0 

I 
mA 

1. 0 " 

V) volts " 
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p-t~pe. h-t~pe.. 

Condo "& 

-Q-

cU r rents 

COf\J.. B. 
I 

fot"b;d. B ~~§ftEffG 

M#~_ 
I 
I 
I 

-b-

-c-

Energy Level Diagrams for a Tunnel Diode 

a-Zero bias 

b-Small forward bias 

c-Larger forward bias 
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Esaki developedl/,'io e::J.1..l~dOn3 4o:r~he ;two~unneling curren~s as 

folloVls : 

- :t: co ...... v = A lEV' J. Co (£) ~ (£) rtc. ~v- [I - tv u:)1 Ptr ( c)d E 
'E:c 

-:?'7here"'" -md r:z n 1: "...,tr < L-u-~ c. 

g~ ( -~hese could be aSS1.uned i.o be aFprotima:ticly eq.ual ) ; -fc (£) and 

!v (£) are -~he Fe:n:ti-Dirac dis ~:ri'buiiion fllilcliions ,namely ,;'he 

pro~abilii.iGs~halj a quan-lj'tUr! s~atic is occupied inlihe conducl.llon and 

valence bands ,res:;?Gc~ively ; I'c.~) ana f'lT (E) n.:re~he energy level 

densi i,ies in ~he conduci"ion and valence bands ,resl'ec~ively • 

Wheni;he juncition is sligh~ly biased. posiiJively and nega~ively, 

"he observed ctu·rehi. I \v.ill be given by 

I!'romiihis equa"iol:1, i {' r. i!1~'Y be conzid.01.·ed~o be almos u cousm n~ 

in ~he small vollia.~~e l.'i:illi::;a invol"Ved, we could fairly well caloulalie 

~he I-V m.a've v;;S a cer-liain liem-pera~u:re , indica liing lihe dyna iiron-

"y-pe charao t.eris ~ic in "he f'or;'iard direc-tJion • 

------------,------------------... _---

I 
I 
I 

I 
I 
i 
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At -the very beginning of our discussion of 'i;unnel diodes, 

it was poinJtied oui; ~ha-t it; was ·the degree of doping that gave the 

tunnel diode i -ts primary irnporta:fice • In oJ.;her words, the charac'~ ris­

-~ics of ·tunnel diodes are entirely dependen.-~ upon -iihe degree of dOFllg 

Therefore i-b is :pertinen-~ here -'GO discuss -lihe effect( s) of non­

symme-t;ricaJ. doping of t'Wlnel diodes • For 'iihe final choice as -~o Jtihe 

kind of tunnel diodes in different appl~ca-iiions ,such as amplifiers, 

osc~llators,and switching circui ts ,etc... , res'Gs Upon cer-tam 

parameters of -liunnel diodes • So we will consider shortly -the effec'i; 

of such doping • 

We vvill use 'the original model emplyed by Esa1d.,and assume 

that "the tunneling probability is cons·Gan.lIi.The model will no-I; be 

res·tric-ted -;';0 equal degen-eracy energies on each side '( - of the 

junction. The model is calcula-ted for oOK • Comparison with graphical 

solutions at 300
0 Kindicates that -the resul-ting voltages derived. do 

not change by more -ilhan a few percen-j; • 

kG any given voltage ,the -iiunnel, CUIren-t It may be found by 

evalua'iiing the following integral given by Esaki 

I-t ~ A fEU- L~e (E)- -L,. (E:)] Pc (E) P-v- (E)dE 

Ec. 

• • 

where -the various -terms are defined by Esaki .At o°K. the above 

in-~egral may be expressed exactly by equatiions con-~aining transcen­

dental and quadra-tio -terms .Two degeneracy vol"tages , "dv- and. Vel c 

axe defined as 

and 

ph where £f is 'the fermi energy and E v- and S c: are "the band. edgl3s 

of the~type and n--!iype sides of the j'Wlc-~ion ,respec$ively oIt has 

causes tunnel 
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ourrent to ou·~ 0 ff • we shall ..!.:;hen define -i.;he -~unnel cut-off as 

. A degeneraoy ratio 0<. is defined as 

y dv- ~ or Ycl-v- ,/Vrlc 

D( -

PAGE 24-

The general proper-i.;ies of '~he -~unnel diode charac-'lieris·tio can be 

shown to be functions of Veo and l>( • 
The peak voltage : The posi~liion Of -\jhe peak voltnge is detie::rmined by 

.. 
~1 =0 
d \J" .I . Vp 

where 'lid is -bhe smaller of J"he two degeneracyvol-t;ages • The solution 

Resul:ting solutions -of ~(O() are given in Fig • 1 • It can be seen -'\iha-t 

in -~he limi'~ of large ex.. '-Ip -:;. ~ Veo 
1+D( 

I 

If 

I 

I 

-1--- --
I 
I 
I 

~,o ---------------

0·8 

8 

---------~--------------------------------~ 
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Maximum negative cond uc-bance G m: ~ 

The c9.ndi ilion of maximum negative conductance is 

d~T~~J =0 

r:J.. 1r v'j 

This was· shown to 0 ccux at V Q = ~ veo 
, I-H< 

Thepu:rren-~ a-(j '~he]leak negative conductance was 

T. _ A 'l n Vc~ (~)2. 
CJ- 8 l+LX 

• • 

PAGE 25 

where A and Z were defined previously • The peak current was found 

to be xela-i.;ed to It as follows: 
r. 4- ( ~ ,r ') ..• .: =- 1f"FIX-f3 < + b("~P«(I-(i) 

~ ~ < • 

It should be no'lied tha-li,although 'the voltages dexived xemain. nearly 

cons~iian:Ii wl.-(jh te.'1lpera-L-ure,-lihe currents oan ve:ry by as much as 2 to I 

between 0
0 K and room temperature. 

We ha.ve shown so far -llie:t the proper-ties of -the -i;unnel diode are 

qui:te· depe<ndent upon -the parame-ters f;(., and Veo • 

, .,iwe ,see ,from -ilie ciI'oui-i,; Eo1nt of view -~hatfgiven a constant 

\f co ,-~he impedanoe level would rise and -ilhe ourrent level fall 

at Grrt wi-lih inoreasing t<. .Both of the above :resuJ. ts indicate that 

diodes with a laxge K Tt10uld be more sui-tiable for use in amplifiers, 
J 

and conversely ,diodes with D( ~1 would be more suitable fol:' ! 
osoillators and switches .. 

Iil has also been shown -that -Ghe peak oUl'ren-li of a tunnel 

diode is also dependent ~on the -~empera-liure .The peak ourrent 

< tempexa-~ure coefficien-t may be ~osi-iiive <or nega-~iv~ depending 

ll-non o-ther fac·iiors • BOGI\Zicl UNIVERSITESi KUTUPHANESI ! 
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Our discussion has so far lleon concerned," wiJiih the -Gunnel di ode i"i;selr,. 

i-ts proper-ties ,consJlirllc-iiion etc • From now on we will enter into - / 

a discussion of circui"~ principles for "Gunnel diode applicati ons. I' 
As is always knovJIl, the basic step in the s"l;udy of GirGuit. aspects . 

is the developmen·. of an equivalent circuit .1;0 facilita~.e ·the analysisl 

of circuits .So we will first construO"t an equivalenJIi circui-ij for I 
the:L-unnel diode and ilien discuss various emplificatiion possibili ii esol 

The tUI:ll1el diode itself is represenJlied by a negative resis-iiance -R. i 
shun-lied by a capaci"tance which is -the junc"tiion capacitance • 

The series resistance Rs includes the lead resistances as well as 

the losses in -the diode .Theseries ir;tductance Ls also represen-l;s 

-the induc-i;ance introduced by parasi tic elements and leads. In -li.l1e 

ideal diode these "arasi-tic series resisJliance and iilductance shou~d 
'" 

noJIi axis-\; .Since .they cannot be done away with, they should be minimi­

zed: As an example,for the ap:plica-tion of -tunnel diodes in -'lihe 

miorowave re{Jion i-t is impor-tan"t; -tha-Ii the series imuctence of the 

diode is well below one nanohenry .There are various methods to 
. . 

minimize -this 1'~asi'~ic series induc-tan-ce .Referenges are given in 

the appendix. 

The equivalent circuit for a -~unnel diode is shown below : 

c -R 

I 
I 

- .. ------....;..----------------~ 
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we have previously pointed out 'tha.J~ i-i.; "is "the negaliive resistance 

reg~on /0£ 'the 'iiunnel diod'e charac-i.;eris'tic -'lihat is of primary 

impor'~ance • I:f -(jheiiunnel has no a-;.;.c bias applied to i-I; ,the input 

vol tage swing mayor may not extend in-co -the negative resistance region 

even if i -t does extend into 'lihe nega-~ive resistance region, the tunnel 

diode'~V'r.ill no-~ be useful as far as amplification and. oscilla-iiion are 

concerned • Ifhe diode will exhi bi-i.; a negative resis"tance during some 

por~ion of -lihe inpu'i; voltage oycle while it will have a posi'hive 

resis'tanee during some o-i.;her in~erval ,depending upon -iihe swing of -!ihe 

inpu-\j !vol'i.;age .such an operation is very muoh undesirable if the 

tunnel diode is 'lio be used ei-ther as an amplifier or an oscilla'Gor. 

Therefore a need arises for biasing the tunnel diode in the negative 

resistance region so as 'lio employ .!\ihe negative resistance. If the 

tunnel diode is -to be used for amplification purposes _the operation 

should-be limi-ted -to the nega-ilive resistance regi. on .This imposes 

a- limi J\iB. tion on the ampli -tude o:f the input sig~l • 

Af-lier recognizing -lihe need for biasing :the tunnel diode ,we will 

brieflY consider 'the biasing methods for ~~eldiodes • 

. There are -ilwo main ca-begories of d-o operation of the 'tunnel 

diode,and each is affected by the total series resistance in -~e 

circni:t • In one caJliegory, -tihe ",;1Ull1el diodeopera:tes in -the swi Jlich1ng 

mode, and in~he other category ,the i,-unnel diod,e operates as an 

osoilla-tor or amplifier • 

The second category of d-c operation bia~es the tunnel diode 

in the negs-ave resistance region, as show'll in the figure pelow : 

I 
J 
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I 
l'tlA 

10 

-5 -
v 

-D -

For d-c load line analysis ,i-~ is COIJ.'lTement to replace A by 

-iihe circui'~ shOwn in 0 • In D , a -~-ypic~ amplifier cirOJ. i'~ wi-Iih 

the 13ias -circui-b included is shown • For reasons -to be eXplained laher 

the sum of -~he d-c resis-banee of 'che coil and the bias supp.ly in D 

muSJIi be less iihan -the magnitude ofiihe nega'Give resistance of- the 

tunnel di_ode .It is-also neeessaytha-~ -iihe-i1o-iial series a-a resisJ(;anc 

be positive • 

Since we are at a stage of deve~oping an equivalen'i; 

eircui-t for -the -tunnel diode and biasing i-Ii ,1'1:; is a13propria'~ to 

add somemore 'lio this discussion. 

Mos ~ of -the equivalent; eireui-ti models such as -\jhe one we 

in 'h f (1,/. -gave 'Ii e orgoJ.Ilg pages have been small-signal types.The small 

signal operation of -tihis semiconductor device can be correctly 

charaoterized by i-lis incremerriial resis'Ganee ali a fixed bias pOitt'1i wi:'-: 
" 

associaiied resc-ave ela-:18n'!is.However, -~he large-signal depar-bures 

-~-----~------~-----,----~-------------------~ 
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from this bias poin~ which -typify bistable sw1:tvhing and relaxati on 
" 

oscillations make the model inadequa-te • So a large signal equivalen:li 

-circuit for -lihe "'~Ulmel diode is needed. Such a circuit is sho-wn below. 

This circui~ charac-~erizes bo-lih -the static and dynamio responses of -i;he 

dev-loe for all models of operaliion .The network inclosed in -\h e dashed 

box simula~es -the static V-I charao-~eristic of the -Gunnel diode • 
'. 

~he validi-iiy of -~he small-signal tunnel diode model has been ex:'~en::l 

over a large-signal range by incorporai.;ing the static -terminal 

oharac'terisliics of -i.;he device in-to 'the model shown • The lead induc":liance 
L.5 ,-the series body resistance R.> and -the barrier capaci-l.iance c... 

are a.ssumed 'GO remain cons-tau'li OVer -the operating range of iniiere st 0 

l' ~ ('\T):::: ~I (v) - 1.:J ('\7") 

::::K, (1_ I2xf'.(-k~ 'V) 1 

L a. r ~e .s; ~ n a.l 1: Ullne l diode eq.u l'VQ.lel1i: c:. irc..u ii. -

-=:<-- A 

y ('1'0 It.5) 1 

1 ----~ __ ~ __ ~ ... _-'O.-.. ... ~~ ........... __________ ....... ______________ ~~ .. 



I 
I 
I 

THESIS 
ROBERT COLLEGE GRADUATE SCHOOL 

BEBEK ,ISTANBUL 

curve A is an approxima'~ion "~o "i.;unnel diode characteris,;ic. 

Curve 13 is a broken-line approximat ion to "i;he curren"1i from "i.;he 

genera-lior • 

Curve C is analy-tic approximation to ·the current from the 1. ('\1") 

genera"tor • 

The OU"tl'u'ti from -~he i ('\.1) genera"tor is defined bY' either 

i ('\1").:= 1, ('IT) - 1'1 (-v) 

or by an analytio approximation .J~o curve B • 

. PAGE 30" 

i I ('lJ"') is defined by -lihe linear equa~ion relating 1) and t in region 1 
I 

of cru:ve A. tj is defined by -tihe linear equations relating v- and z. 

in each of lihe j linear regions ( j is I,2.3,4 ) of ourve A .The 

resistance ll., is se-L equal in value "to -~he inverse slope of region I . 

of curve A • 

The following pa:tr of equa-tions can be wri:tten on the Jliunnel 

dioq.e,circui"t shown below,wi"iih whioh all principal modes of opera-non 

such as swi"liching and. oscilla.lliing can be realized 0 

+ 
Elt) 

R'I(" LX" 

~ 1 Rs. L.s t i (-u-) 1L 

1..f"" 
C 

t 2.. 

c ?t + J:E -k [!- e~f' (- k-:z.. u-'2.)J - -i L -= P 

L d ~ + R ~L:' 1:. ("~) - u-
cit . 

R= R~+R.s 
L ;::. L>C"-r Ls 

E" (t).= O-rrL i eel V o(± a..~e. 

.---.---------......... ---------------~ 

I 
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combiningiihe ..I\iVlO above equa-i;ions produces a nonlinear differential 

equaJld.on whose solution yields '~he junccion vol-cage J V , i.e 

o!.:i~ + -z [ G,+~) -tklk""fn • ..,.~~::: 

+ w:t (I ... ~) 1r - R.I<,[ 1- el<!'( - k~ v-"')] = E (10) ",.2 

where'· w 2.= 1- .This equ.ation does not 1.end. i..'(iself JliO a. closed 
, 0 LC. 

-···1, 

form sol ui:;iol1 • I'~ ralls into lille, Class of nonlinear equa-tiions of "lihe 

. J\iype 

After some investigation a graphical soiutionfor this form was found 
" and techniques foI' iJlis a.pplication were Vlorked out .The solution 

process begins vd:fih an in-iiegra'tion of -iihe combined equa'tiian wi-~h" 

respec:t '~O lJime which yields 

... 

~ __ ,, ________ " __ M_~_~~---.-'-------------------------------------------------~~' 
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The las"t equation is conver"~ed into incremental form 
.61.1" . 
~ + F (11",.) + .5 n (+) = \-t (n At) -K. 
..1t 

where 

A f~ed value o:f At is chosen and -the angle 

PAGE 32 

i~ d~"termined • It may be necessary J\iO Jllul:tiply -I:;he equa-bion in incre- I 
men-t;al form in ord.er ·~o prodUce use:t"ul IX. '5- is correc-ired. to 

aooOmmoda"~e 'i;he departure of the abscissa-to-ordina-t;e scaling of 

F('IT) '1.S ~ from ~ one-Jlio-one numerical rela'liion "'1i0 graphical solu-

-'Gion .as 
II v-tCl(1DC + F (U-,,) = H en At} + K - Sn(i:) 

. The angle l>( is cons·tructed physicallY. on a -!iempla-te • Vertical 

lines of leng~h H(nt.t)-s (i:) +1'. are cons-tru.c·iied 'in the FC-u-) V·s t.r 
Il . 

plane as -the solution proceeds .The suocessive A1In5axe de·termined 

by' the cons·truction techni<;,u e shown in the -typical segment in the 

. figure 

the -'tirapozoidal rule to the values of 9 (V'n) and CJ C"V"n+V.This will be 

further de"Lailed • Values of 1.r as a func'bion of time such as'1r ( n ~t) 

and v[ (n+') ~tJ 

the F ('IT") 

are determined by the successive constructions in I 
]llane • Then ·the Values of <J- [ 1.1' ( n.6 tD . 

are direc"'lily obtained from '~he 9 (1J') vs 1.) ~ 

vs 1r 

and ~ [ 11 (n+ I)8t] 
plot • As 

I , 
~ 

I 
is added oniJo '~he preceding "~ot,:il value .o.t' .5 n (-c) and "lliis nevI 

i 

1 
H (n A-c)- Sn (t.) . 

is.-1:UOW!1 from t;he rela:i1ionsilip of ~t to the angle rx employed L ccns·Gruoi;ion • 
. . . 

, .. '~'.fd __ ~V'I>jW!J~:WS~~. ___ __ 
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~p"CQL COY1strUc.t;on \nc.remen'"t in -the F(1J") V.S 1r 

plQne 

When'Lhe \-!(nbt) - Sy\(-t.) line falls below "the -F (v) curve 

-'lihe construc'iiion ~evereses direc-iiion and proceeds towards the origin. 

The angle D<. may be changed~o i>ecure maximum resolution and solution 

speed • 

The disoussion ~hus. far illus-~rates l'xe1ity well -the method of 

analysis of large-signal operation of -iiheiiunnel diode .The resul.Jvs 

ob-tiained from the analysis given above agree fairly well w:i:th the 

In om' discussion of amplifiers using -iiunnel diodes as "~heir basic 

element large signal behavior is not; considered- • It is assumed -Ghat 

1ihe input signal and the d-c bias are such tha-t the device operates 

in "i;he negu1iive resis-tance region • 

,I 
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.A.mulifi ca~ionilhrough "\iunnel diodes : 

l'he "i;unnel diode has been a promiseful device for amplification 

pUl."}1oses .V!e have repeatedly indi-cated -tha"1i a nega-'liive resis'cance may 

be used for a'11plificaliion .Le"~ us now attemp~1i 'lio illus'tra-iie how a 

-Gunnel diode can be used as an amplifier • Consider a signal from a 

source ( such as a line ) at characteristio impedanoe Ro as sho\v.n in 

-the figure .If we are 'to obtain maximum power from this signal we 

must mailchiihe line to a load which is also Ro ,and any deviation 

from this will resuJ.~ in a reduc'i;ion of pO'wer .It is possible to 

inorease ~he effec-ave vru..ue of a resistance,as seen across its 

lienninuls ,by: placing a negative resistanCe in .parallel wiiih i-t; (jus·t 

as a posi~ive resistance wouJ.d redUce -the value ) Thm we may reduce 

"i;he value of the load resis'liance RL. in '\;he figure ,while still 

preseniiing a load of Ro -~o the line 9 by, placing a negative resis'Ganoe 

in parallel with RL. .lls the load presented to the line is unchanged, 

.llihe signal voltage will be unchanged .However the value ot' -the act-ual 

load resis~ance is decreased, and the current ,and therefore the 

Signal power in the load is inoreased • 

A. 
". 

Ro 
P.~n=Ro 

.s ijl\ 0. L > 
A - ~ 

Si~nct L 

~ I ~R==-Ro 
1> I-

I 
> 
~-R 

Pto= -RRL 
R\.-R 

it Rl-<R. 

11.0>0 

, II 

l_..;._........,..-...s .... u.~ •. ~o • ....;."~ __ ",..",,., ____________________ .. _~-j 
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The exam:@le discussed above illut?trates the use of tunnel diode as 

a power amplifier o!l..1y ;for the voltage across -lihe load. remains the 
.' 

same sinceiihe load presented -to._.the line is ·i;he. same in bo·th oases. 

There is ,however ,a differen-t form of circui-i; 1ihrough which voltage 

am:plifica~ion is poss'ible • 

,~, Therefore -~here are, in general, two basic 'liypes of 'l;unnel diode 

am~lifiers: -~he serles amplifier ,and the parallel amplifier. 

We will discuss both -~YFes .• 

A- Sex-ies ~;;lifier • . 
-;( In '~his 'i;ype ,-'"he load , ~~he -~unl1el diode t and the signal source 
':' .... 

are:~ll connec-i;ed in -series • Such an arrangement is shovm below : 

es C. .--J_ 
.',-

~I:f' wenegleci; the junc'~ion capaci 1iance ,we lIl?..y s-till devise ano-ther 

equivalent; circuit for the tunnel diode ,which 'illustra-iies bes-I; 

why a nega.tive resis'cance acts as a generator which aids -the ap}}lied 

voltage .For this purpose we draw upon -the Compensation Theorem whicb 

statesuha~ any resis'~ance can be replaced by a generatOr Vlhose vo.1.~ar 

is equal -~o product of . the curren-Ii through the resistance and the 

resis -liance • If we deal V1i-~h a posi'liiv'e resist?..nce,-lihis generalioT has 

i'lis polari'~y opposing 'bhe applied vol~tiage .In ~dle case of neg(':iJive 

resistance the 'Polarity is such as -to increase the applied voltage. 

This . form of eq,uivalenJ\i circuii; is also shown beloVi • 

~--~ _________ ~ ____________________________________________ ~-J 
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The equation below can be yr.rii;ten for the fonner circui-I; : 

eS=(RL-R.) i " 1= e.s 
fh- f\ 

The output voltage is equal J\iO 

-~:- e. 0 -==' i RL = e!> R-l.. 
RL.- R 

From -lihese .!lihe voltage gain is 

~ 

Likewise 'iihe po,ver g~in can be de'Germined to be 
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In the above equations we neglected- the junction capacitance .If 'the 

capa!Zi i;ance is "taken into acooun'~, "Ghe equa'Gions will hav,e to be 

m:>dified • In fac-Ii -the effective negative resistance oflihe tunnel 

diode depends upon the shuni;ing effect of -iihe capaci'liive reac'Gance 

of 'the junction Cal1o.citance • 

The above consideration loads us ~IiO suspecJu -tha-Ii '~here may be 

soine limi-t -lio -!ihe frequency of operation of the t-unnel diode. 

Let us, depic'(; Jlihe '~-unnel diode equivalent circuit. including the 

series resistance. 

-----in o----~~-~~--_~ __ ----~o 
- R 

The two-'~ e:-L'minal impedance is given by 'the expression : 

L_ ' 
~---------~---~~-------------------------------------------------------------~ 
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Foramplifica:tion R.s ~ 
R 

When the real part is zero : 

is called tI-lihe resistive cutioff frequency:" This sets a liinit 

upon. the frequency of operation • 

"B- Parallel Ampl~ier : 
. .Amplifica"tion can also be achieved by placing a -i,unnel diode in 

parallel wi'\,h a load resistor .we discussed -lihis bef'or~ • 

If ~Gh~ signal source does not have any internal impedance : then ~there 

:;is novol1iage· amplification in a parallel arrangemen-~ .If the 

signal source has an internal resistance ,the equations for voltage 
, 

and currenii gains will be modified • In '~his case -~he gain formulas 

are given below 

. Cun: en-~ gain 

Voltage gain 

Power gain 

GT - G 

\ - R\ -\-Rl- RT 

\_ R\ t 

P.,-doh.L v-es;.s-t-a.nce. il1dlAdl'ng 

-the. :;ol.lr-ce resl.si:Q..nce.. 

1\= ,tunnel ot;ode V-e!:J.sta.flCe-
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f" amp::f~l.;::e:::g~::kb::O~:~~:r:w:::p::r::::e:fd:O:~~~;::::: 
amplifier 

~-D 

The ~plifier consis-ts of single-port cavity A, containing the 

Esaki diode B ,which is coupled via an iris to a shor-ii sec'ilion of a. 

waveguide beyond cu~off C Jsepara~ix18 i'iI from the main prapagating 

waveguide D .The incident input signal and 'the reflected (and amplifi.. ed) 

ou-tpu-t~ignaJ. are separated by a low-loss circula:Gor ,which is a 

device 'which does not absorb energy bu'~ simr,ly dirccdis it; in 'the 

aesired direc'i;ion • 

- Sufficient loading must be provided to :prevent oscillaiiion 

I 
~ 

I 
when completely inser-Led in,to the cu'i;off section, ennbJ.es -me lat-Ger I 
-1;0 :propaga-Le • The dep-'lih of insertion is 'L;hus used to vary 'the eXliernal!1I 

Coupling of -the cavity • I-t can be shown that, for hi@.! gain, 'the vol-tage .. 
, 

from '~aking place • This is achieved by a dielectric Flug E ,which, 

gain-bandvr.i.d'bh produc't is given by I _ QJ 
. /G ..6.f;;'. Q., 

nfl,C-

... 
where is the ratio of the power dissipa-ted inside 'we can.-iiy 

to -Gha'~· genera.llied by the negCliiive resis-l.iance of the diode .R and '0 

.. I are the negaiiive resistance and the capaci·tance of -the diOde. G is -l:ihe 

power gain, 6.fiS the bandwid'th 0 _____ __. 
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So far amplifica~ion using -l.-wmel- diodes was discussed - ,but withou"t:; 

~ regard -~o whe-t;her or no-~ such circuits would be s-tiable .Bydefini 

"tion s-table opera"Gion is -that mode of opera-bion in which all 

ampli-tudes remain finite.If ,somehow, -the curren-t -through lihe circuiJtj 

keeps on incr easing indef'ini -tiely ,-then "the circui t is said to be 

un~table .Therefore it is essential to chQosethe para~eter values 

in 'the circui-b in such a way that the circuit coru;truc-Led will -oe 

s'table .So we recognize the need for an analysiS of sliabili-ty ; 

o-iihenvis e -trial-and error methods will be -too leng~tihy to resort to 0 

:,,: In prac-tice t .Jlihere is a varie-ty of circui-ts incorporating -lJ"unnel 

dio,des • If an a-(jtemp-t is made to analyze all of' ~lihem ,too much -time 

will be vlastied • In "\ihe Ii tera-iiure there various articles dealing wilih 

the~ siiabili\;y problem of various -types of tunnel diode amplifier • 

However ,we preferred to analyze -'\ihe basic "tunnel diode circui't for 

stabili ty ,-lihus indica"ting 'i;he me~lIhod of ap'Froach :lio such a problem. 

This basic circuit will consisii of a 'tunnel diode wi-lih i \is series 

res:Lstance and induc-tanee -lioge1Jher wi-~h eic-ternal series resis'i;'ance 

andinducGance • In the analysis we also "take int.o accoun'~ the 

_ nonlinearity in "the negaCive co.nduc1iance region. 

c 

Le-t the -tunnel diode nonlinear voltage-current eharac"texis-tic 

be re1'reseni;ed by ~(ihe relB:ilion 

-------------~~-
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Then ~he circuit equations are 

L d ira. . ' 
, dt +R 'l.~+et=E 

C. de ' d; + ¢ (e-t:) = lp,. 

Singula.r or equilibrium poin'GS, occur where simulllaneously 

£ = R i "oS + e ts , 
1.P-.s -::::. ¢ (et:s)= iTs 

PAGE 4- 0 

'Th~e singular poin'~s could ,of course ,have b,een found' by drawing 

.l\ihe' load line on the (C?t.> iT) characiierisi;ic • The inlJersec"tion of 

the~'.load line vlith the character;i.s,tic determines ths singular po'in"ts. 

In 'the neighborhood of a singularity, ,we can make the 

su'bsti'\;u"'Gions 

i It = 1 R5 + 1, 

et = et.s -to e.. 

where i and e are small changes;' subscrip!; Its"' refers 'tiO quiescent 

values" • 

Expanding fj>(et.) by Taylor series', we have 

¢ (C2.t) ==¢ (~t5) + ¢ i' (e-ts) e -t­

Neglec·t;ing 'the bigher terms 

¢(et)~ ¢ (et~)+'ae 

where 'J' =p'(ets) is '~he varia'i;ional conductance a'ii the singulari'Gy • 

Hence the circui'~ equa~ions reduce to 

.E!i = IlL [-e - R 1.'. J 
cl e ~c - ca e -\- 1. 

We know tha'(; for a differential equation 
) . 
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the charac~eristic eqution is 

A 2. ~ ( a -t- d) >-. + (a d - be) = 0 

In the present case 
) C:=. 

Therefore -ehe characteris-~ic equation is 

\ ~ ('<l I ) . 
J\. + -+- ~+~ (1-+1-):='0 

c &1- Lc. G-

and 'Ghe charact;eristic roo'lis are 

c~G-L~ 

2..LCG 

- . I [A+.fA} 
2LCG 

I 

L 

PAGE 4-1" ' .. 

,_. The na.ture of the roots depems on the four parame't;ers L, G,e ,and 

g • We can study the effect of ilhese parameters on 'the s~abili·ty by 

considering lihree -i;Y10-dimensiona'l cross sec1iions ( G,g), ,L,g) ,( c ,g) 

Of course,the }?arame-liers L,C and. G can have only posi~\iive values, 

whereas g can have 'both posi1iive and nega-tive values as determined 

by ~he characteris~ic • 

I- The (G,g) plane : 

From -iihe las'li equation ,we have 
Z 

A -= (c _ LG-g) '1. _ (2.. G-.f"j2) 

The colldi:-liion for complex roots is 

._· ___ .:....._~ __ '~~ .... r~ __ ........ ____________________ ~ _____ ..J 
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Consider -the -~wo equations 

c -'- LG- d + 2.G[LC = 0 

c _ L6-~- Z&[L'2=o 

PAGE" 4 2. 

These -l;VlO equations represent hyperbolas in the (G,g}pl<.me • These 

are Shovill by curves I and 2 in -the figure below • The g axis is an 

aSY!llPto~e for both hyperbolas • Also, the line g =2! ~ i ,is an 

asymptoiie "\;0 cu:rve I,whereas the line g ==-.zJ~ I is an asympto-~e 'to 

0<. 

-2JF ~~I ~W=k=~=====.2. 

Hence ~he region be-~ween -~he hyperbolas con'espond to "tihe region 

where the complex roo -~s of -{:ihe solution for \.12. are si "Uuated • Since 

the complex roo-lis correspond to focal 1'0in1JS, we may deduce -iihat -i;ha 

focal poimis are si-liua-i;ed in -ilie region beJliween -~he -~V10 hYl'erbolas. 

'fhese focal poin-lis are unstable if .. 



. . . . , . 

and stable if 

C-t-G-Lg>o 
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_I» 
G 

LCJ. 
c 
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The equation C + G- L ~ =- 0 represen~lis a hyperbola with -the g 

and G axes as aSY1p.pliotes ,which is shown as curve 3 in ·lihe above 

figure. 

Hance 1:i:w region belJween curves I and z.2 ,bUi.i above curve 3,' 

corresponds GO stable focal pOints and -r;ha:~ below curve 3 ',,0 uns'liable 

focal poil1~s • 

Therefore ,we h£!vG, ill region IX )~ha ~ self-exci lJa-r;ion of oscillation 

is possible since 'the oscilla-~ions increase on the divergent s}1i13l 

starting f~"'Om an un.stable focal pOint • Also , in ree;ion f3, self-

excita~ion is not possible. 

'Vlhen C -t- G- L ~ > 0 ,-the real par~ of ~he expression for 

is nega-r;~ve , so 't.ihe cireui ~ is siJable • 

Saddle pOin-tis arise if' 
5i;a.bl~ when G+<t»o ... ~ '/ ; 

G--t!J ~o . , 

·Hence " ~he :rcg;ionbeloVl '~he s-i;raigh~ line G -\; ~ = 0 corresponds 

to ·~he region of saddle pOin'lis ,ana. is a region of insiiabili Jliy • 

The co-ordina-tes of 'iihe poin(;s of intersec'i;ion of cUlWes I and 2 

are ({f J - / ~ • S ~T aigh i; ,Ii ne pass es through 

-~his poin~ • Since -elle intermedia-Ge region separa,;ing regions of 

saddle poiniis and focal points is a region of nodal Join~s • The 

regions S- dlld c ,respectively, correspond to the regions. of 

unstable anct s'i;able nodal 13oin'i;s • Thusiihe poin~1I X is a point of 

separnGion for 'iihe differen~ i;ypes~ of singu1ari'liies .' 

2- The ( C,g) Plane 

I 

\, ----------------------..-.Jl 
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Let us consider the equa-t;ion ..6.=0 . ,or 

z· ~ 

C + (G-L 'it) - 2. G- c L3 - 4 -t.. 
LC.G =tU 

This is a parabola in '~he ( C,gf'plane,passing through ( 0,_0) .This 

parabola has a ver-~ica1 'tangen'l; a1i the, origin and a horizontal t;angen't 

( G'2..L.) -G- ) .1'hus ,the focal points are si'Guated inside this 

parabola • As before the stable and unstable focal poin'~s may be sepa-

ra-l;ed by drawing the cUXlre C + L G-~ =- 0 ,which is a straight line 
I 

thxougp.~he il origin wi -eh a slope of - G L • The r egi ons. t>( 

and f3 ,respec'~ively, correspond "to '~he regions of uns'liable and 

s'i;abl~~ focal poinl;s • Thus ,self-exci ted oscilla-i:;ions are possible 

only for the negative values of g and for not too large values of C • 

The region of saddle points is obtained by dravling the line G+3=o 

llS before J 'the regio?s t , S , and E ,respec'Gively ,correspond', to 

'. 
'/-' 

and stable nodal poinis • 

c.. 

I 
I 
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3- The (Ltg) plane : 

Again ,considering 'the e'luatmon ~= 0 

c._ G-L<a + 2G-R .R=o 
c - GL~-2.Gr RR=.o 

,we have 

These t'"wo equations are -plottied in~he diagram below ,shown as cu.:rves 

I and 2 • The g and L axeS are asymp-to~eS to curve I • eurve 2 has the 

g axis as an asymlr~o~e and a horizon-~alLangenl; at (~ ) - &) • 
, G~ 

Tofind-~he reGions of uns(;able and s'table iocal points ,we draw '~he 

cU:tVe C -T G- L ~ ,which is a hyperbola wi'~h ~tihe g and L axes as 

asymptotes ,and passine "lihrough the point x ,where 'curve 2 has a' 

horizon~e~ i;angeni; • rEhe regions [>( and. f3 are the regions of 

uns'~able w..d stable focal poin'i;s .The region of saddle points is 

ob-i;ained by drawing -eho lineG-;-3 = 0 • The regions'{ , S and E. repre­

sen-t " as before , the regions of saddle poinJ.;s , uns'"Gable and SJIa ble 

nodal :points ,respec-~ively • 

~} 

I 
7 •• J 
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We may summarize -~he stabili-~y cri teriaas follows : 

PAGE +6.-· 

There is also -lihe ques"cion of resis·tive cu-toff freCluency and -I;he 

self resonan:~ frequ.ency .For stable opera:-Gion i-t; is also necessary 

-liha-Ii :the resis-Give cutoff frequency be below ·~he self resonanii 

frequency ; otherwise -the cirelli t will oscillate and vall bee.ome 

unsiJable • 

T.lle "plane" analysis given -thus far may be extended fur~her to 

inves·\iiga-~e the s-i;ability of VaT~GUS points on the ·liurmel diode 

characteristiic ,which are the iniiersection o~ a load line with the 

charac~eristto curve. 

There could be a different approach to the stability inves-liiga-

tion of a ~liUlmel diode .But -Lhe a1. sweI:S -i;ha-t are ob-tained agree wi:th 

those;we deduced in this sec"tion • So we will sta-lie one more~hing 

in co'linection with -the s-tabili ty of tunnel diode : 

< 

considering -tihe above circuit ,Td (p) the t\'IO-terminal device 

I , 

is poi.;en·tia.lly s-~able if -t:;here exists at least one finite posi-l;ive 

:real function. 2: ( f) such tha-'\i -the equa~Gion ~ (p) -t- t: cl (p)=o 

has no solutions in the closed-riglT~ half s-plane ( or the "p" plall~ ~ 
of is said -~o stabilize cd (f). No oscillations 

Re r>o .Irhen Z (p) 

ever increasing ~li-iiudes are possible in "lims case. 

we have considered -the stability of -tunnel diode_ o~ in -the 

I 

I"~ ________ ~ ____ ----------..J 
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the basic circlli'li 0 In general,depending upon 'i;he form of ,t;he ciro:vit 

'the s-liabilHiY condiliions \vi11 differ ;never~cjheless the approaoh is '~he 

same :for all tnamely ~ha-~ 'iihere are no solutions \vhose real parts 

are posi,tive • 

previously various gain formulas were derived for voltage, 

current and power gain • Consider a simple 1iUn!lel diode amplifier 

circui~ whose vol1iage gain we know ; if Vie arelio ignore "Ghe S'liabili'W! 
condiuions ,we see -Ghat; '"!ihe voliiage gain can be increased as ' • , 

large' as we ~lease by decreasing the value of 'the ex'ternal resistanre 

or by increasing lihe value of 'Lunnel diode negative resis~nceso 

as tiO make '~he difference bei.'ween "them minimum s9 Jliha't we ob'tain a 

very' large vol-cag8 gain .Bu'~ '~his is nO'i; so in prac'liice because 

at some poin (; 'lihe circui~li may becom~ 'iio'\i'i;lllly uns'iiab1e • We ga'iiher 

single 

'tunnel diode stage has an upper limit ifilie circui't stabili ·ty is 

no"ti -to be dis ~urbed • But if '~he maximum allowable gain Fer stage is 

less ,than the required over-all gain, tihen several amplifiersliages 
, 

must 'be cascaded .Le~ us 'take 'the basic circui~ bel'ow : here we assun:e 

and are such~ha'i; 'they ac't as open circuits a'~ all 

frequencies of imJeres·t ,.The equivalenii circui't is also shown • r c ~ 
e5 

R 

I 
I 

,I 

K~ ~~l 
e.s R-ll. I The vol1iage gain of this circuit is given by 

R 

Let us now conSider ul".o-ther circui't in which ~e added ano'iJlert.unnel " 

diode \7i'i.;h a differen~ negn'Uve conduC1iance • I"'lis equiv~lent cirru it 

is also shown .lJ.he inpu'~ r~sis~ance OfGhis cirrui 1; is given by 

, ___________ ,----------------1 
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we assume "~ha"i.; we ha:re -l:unnel d" . "h . 
v ~OQes W:.!.:1i requ~red negR;,;iveresis"ian~. 

-11. 

The in:pu"~ resis"iiance of "iihe circuit depic~lied above is given by 

'R' - 1"1. 1 ( R-)1.~ 
11'\= 

R-)'l..-./l., 

while., the input resis·.;ance of ~lihe former circui"~ is Ft-J"L 

If we., choose -]L, so "t;ha"i; R.\r\.::f\. ,then solving for -.i2./ 

we 0 bilnin 

The input resistance of "'Ghis circu i"~ is nov: equal to the load 

resis'~ance , 'tihus 'libis circuit may be used as the load ,resistance of 

a simil;u:- circuit • When several of such s"r;nges are cascaded the 

gain of, each will be ~ • The oVer-all g~lin of 'IiPis circuit 
, R-Jl.- .t- •.••••. 

the produc"1i of 'ilhe individual stage gains • 

The resu1'~ing circ1.liir resembles a. 'transmissiop. line made'll)? 

of nega1ii ve resis'ilance elements , and produces a gain ra"~her than a 

loss. " 

Other me'iihods of cascading "tunnel diode amplifier stages are 

available t using isola~liOrs and circulo:lior ,etc ••• 

If 't;unnel diode is to be used for a"1plification in the microwgQ"e 

range,o"iihcr coupling arrangements for cascading individual. s"iiages 

have also been devised • 

One example Vlould be Hybrid coupling. we will discuss the 

o'pera"tion of such a coupler • 
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We \vi11 describe ~he process of amplifica~io~ and coupling as below : 

equal amounts of energy arrive from the source at amplifiers No:I ani 

. 110:2 ,0 and 90 ou-~ of phase .The~-signsl is a"'1:plified in each 

amplifier and transferred back -to lihe hybrid junc"~ion .'rhe field 

f'rom amplifie; remains unchanged in phase • The fi eld from amplifier 

No:2 undergoes ano"~her 90 de.:. phase shif-~ so 1ihat it arrives a-G -~he 

source I80 deg.ou~ of phase wi-uh that from" anplifier No:I .These 

-'tiViO fields being in phase opposi"~ion cancel I and no energy is 

.Jllransmi.. ttediioiihe source from the amplifiers .The field from 

am~lifier No:I is shifted in phase by 90 de~. ;the field from 

ampli~ier No:2 does not suffer alY phase shift,since i"G had already 

undergone a 90 deg.phase shif"t 0 The resul-'" istha-t the JIIWO fields 

from "the~Vlo a11lplifiers arrive at the load in phase ,so they add. 

ine ampli fi ed signal is ·i:.hus "~ransferred to ~t.ihe load • 

A simple circuit using such an arrangemen-j; is a1so shovm • 

There are o"ther methods of cascaling "jjunnel diode a."plifiers either 

fo r use in -ilie microwave range or for use in "..;he nOrl?al HF region ; 

but ·l>..h:ey are already available in lihe Ii teraiure.so they will not be 

repea-lied .. (References will be found in -the appendix .) 

I 
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NOise Considerations : 

PAGE 71· 

, So much atten~ion has been~_focused on the noise }}erformance 

of amplifying devices of all kinds ,for instance vacuum tube amplifi.. ex, .. 

the transis<~or amplifier; amplifiers used for microYlcrve amplificaticm. 

why do we a~[;ach so much importance -i.;o noise ? This is because -lihe 

noise. level may be such -~hatiihe aC-Gual signal may be "los-~" in Jibe 

noise signal tmd it is only -~he noise signal trluil is de1iec-i;ed • we 

musL be sure ilha-~ our amplifiyin3devices do no-t; add noise by 

themselves and -i.;ha.-l; -~he noise level is considerably below iihe 

signal • 

SoUrces at- noise in tunnel diodes : .. 
Firs-~ ,Lhere is -Lhe so-called Johnson noise or the ther.naJ. noise 

generated by ilhe ohmic:.> losses in -Ghe spreading and contac-'G 

resis.-~ance of' -'lihe diode and the surrounding mcroy/ave struc-l;ure ( 

if a microwave a.mplifier is under slludy) • secondly 'there is -iJhe 

shot noise accompanying the liunneling process • ;rhe shot-noise is 
r 

very f~niliar in an ordinary vacuum -tube ,it resuliis- from chan~es in 

-~he ra-~es of amission of elec"Grons J \ihus -rihe d-c component does no-~ 
i 

remaiI?-~ConSlian-~ J bui.; ii; ShO'll8 some fluci.iuations abou-t a mean poinJIi. 

The shot noise in a i.;unnel diode is beli eyed 110 be tho resul-ii of 

carriers deflee·Ged from -(;he barrier .... [hen unlike charges of e'1_1. al 

energy levels are no-t on opposi-lie sides of the barrier •. 

In a '~unnel diode "there are -two curreni;s in ol'"!:10si -lie 

direc-tions in t.he tunneling reeion ,if bO-'lih tire assumed -to be 

uncorreln-ted ,then they boi;h conllribu'(j-e to shot noise and al-~hou& 

the net tumwling currenll is the difference between. "the two, -~unneliIE 

current, the ne-t curren-i:; com.;ribu"Ging full shot noise -is the sum of 

-ii11e t·wo • ... ' 

--------~-----------------.....j 
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r,rhe -(iVlo~unneling cu~~reniJs can be repr.esented by -the follovdng 

exp ress ions : 

'le~A lE F (c,vJJ ([")[ 1-~(E"+qv>J dE 

lUI terms in -the above equations have alre:c.~y been defined • 

PAGE f 2.-

The net elec"xon cu:-crent flowing 8crosslihe junction is -~he differenoe 

between 110 and Ii .The curren-~ I£ is caused 1jY elec-~rons -l;ulli1eli ng -­

from the condllc~ion band 01· the n-Lype ma~lieriDl in-lio -lihe valence 

band o:[~he p--tiYl'e ma-Gerial • IE is known as the Esaki current and T:: 
• 

as the Zener currerrt • 

I-Che net curren~ is given by 

I::- IE -"!z 

For calculations of lilte mean square ncise OUTl-cm, , Vie shcll assume 

that bo-Gh currents are com1ile i;ely uncorrel;3:ted .'.rhen bOijh contribu·~e , . 
to sho:~, noise as poinLed OU-l; before • The toot; al or eCluivalenii cu.rrenO& 

contribu'ting shot noise is -~he S'lU!1 of 'IE and I~ • 
-- ' 

lee;!. :::1 Iel + I Iel 

Y,re will -try to relate -~he individu21 -~unnel cOl'l:ponents ~o -~he -~ot~ 

eurrent I we note "mat the Fermi factors in the tunneling integrals 
,) -

are related as follows : 

~ (E+ "!. v) [I-'J (E)] =0 J (E) [ 1- j (E-l-(1'/)] e){"p C - f-f.) 
. 

irhis is~he key device • Since V is no-i:; an integra·tion variable, -then, 

T~ ::: II!: e~f' (- %) 
hence 

1: ' 
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\ k-r) 

T 

e~p (~\-I 
k1"J 

If ·the ~"VIO '~unnel currents exhibi'~ full sho'~ noise ,and 

if '~he noise currentsare unconela'i;ed, then the mean squnre noise 

curren~ in a frequency inte:nral ~~ is expressed as 

i 2. ::: 29. In 5>J 
The equivalen'~ diode noise current is equal -'tio~he sum of . "(;h9 t>.70 

tunnel currenii and is given by h q'l 
Tn::"1 cot 2'kT 

If'~he diode I-Y charac"teristic is . given in the "(junneling rec;>n, 

-'tihen ~he equivnlen'l; noise curren·t can be obtained from i'j; vlith 

the help oj:' 'i;h8 above equa-~ion • 

Ai; zero bias i~ is important to observe "thntiihe equa"tion 

giving the noise cu:rrent reduces correctly to '(;he expression 

forthennal or Johnson noise , -(-= 4l<. T~ "SF • 

le·t; us nov! analyze -(;he noise performance .fro:.1 "(;he 

circu~ii pOint of view • 

\ 
The amplifier used as the model is shown in "1;he figure 

I 

below!: (also sl'lQ'\l{.!1.· is the equivalent ciroui"t wi'lih noise generat;or:::) 

Co vit~ 
Ii) Tunnel 

Diode 

-------------~--------------------~ 
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is provided by me Johnson noise genera-GO:: where Ie 

is "~he ambieni:i tempel.'a"ture of the cavity • L S"tonds for "~he ~otal 

inductance (parasi "Gic and il1ten~i9.nal ) • 

. The sho·~ noise is provided by the current generator 
;,'1:: 2.eT o 8 

Le-~ us now transform all 'parallel elemen-ts into series 

equivalents .(rhe circui-t in tbis case is shown below 

L 

Series resonance in "~his circlli ~ occurs ai; 
I -, 'Z.. I 

we:> =-
Lc 

'/ 

L AnccessaT'IJ and sufficien-t; condit;ion for posi'Give gain is "lihaJ\i 
\ 

-Lhe 'real part of "Lhe to tal series resistance ,:is seen looking back 

into; ("\jhe amplifier "\jenninals , be ~tiIS±...~ nega-~ive ; or 

R 

cu-Loi'f fre'luenc;y is given by 

ffc -I 

Our'main interes"t is in nmplifier operaJiing a-t resonance,we 

evaluo:\;e -i;he elements of the above circui t for w,:::wr ~ 2he effective 

negative resistance is represented by the series resistance 

I , 
I 
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:rhe equivalen-~ circui-L at; resonance is as shovlllbelow : 

The :power gain of' the a!1Tplifier is defined asLhe 

raij 0 of the pO\'ler delivered 'Lo the load (the reflec-;';ed, povler) 

lio the povler available from '~he soure e • I'~ i 8 equ3.1'~0 
", 2-

. • c;. = 1_ R~- (He -Jl ')~ 
" , L 1<1..-t (t\c- K 'U 

Our, aim is -~o derive 'an e:;pression for the noise figuJ.1 e of -Ghe 

a.mplifier .Bu·t before going into deljails 

defini'~ions : 

le'i; us make a few , , 

frhe noi8 e figure at a specified input 'f~equency is -i;he rai;io 

of the -to-~al noise pO\ver per uni-t bundwid'th available at ~iJhe oU'\;PUG, 

to -'tJhat por(;ion of this power engendered at the inpu:t freQuency 

by ·the inpu"'jj termination at 'i;he siiandard noise 'i;empera~ure of 290 K, 

which is the room temperature • That isi;o say ,~he nOis,e figure is 

-the raao of 'l;otal noise 110wer OU'liputtO noise input' a-t '\jhe standard 
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'temperature • Therefore J 

Noise figure -:=. r = 

We will make one more defini -bion 

The effec-tive inpu'i; noise -tempera-Lure or a network is defined 

as the temFerature of _the input ~lierD1ina1;ion which results in outpu-t 

noise povler per uni t bandwid-i;h double -liha'\; which would occur if -the 

input .termina~ion were at absolu~e zero • 

r·t can be shown -liha'l; the noise figure is also given by 

o 
Ie -= effeci',ve +empe rc:~ta re) K 

let us now re-turnLo our discussion • 

\{;e" could also define '~he effec'i;ive input noise ·~e!Jlpera·ture as 

the increase in the source ljempennjure which is required "L;O keep the 

noise power ou-i;~u-t consliant if the arrrplifier,hypot,hebically were 

rendered noiseless • It is fOlUld by equ~ning -tha Ii part of i.;he tO~Gal 

From t1;le equivalent circui-t and the gain defini'~ion : 

\< 1'"e. B 

'l. 
lRi.- Rc +R/

) 

01...+ Rc. -R I) 'l. 

Solving for Ie... yields 

vlhich c an be Lrallsfor.,'led too 

2e £0 R'R.' f\ '-, 

k ( R l..- Rc +R') "2. 

i.e., 
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After having de1.;ermined the effec·tive temperature in terms of 

circui'~ :parame1;ers ,the noise figure of the 'Gunnel diode arnpli:fler 

stage can be found from -ehe eJl.--pression 

~ 

The de}!lendence of Te.. is coni;ained in -rihe fac'Gor (fr;' + I) ! G 

which decrea.ses asymp1io~liical.ly 'i;m~Jard ubity Vii ~h increasing gain 

so that high gain opera'Gion is imper a~i Ve • 

'The sho't noise con-lirioU'tion enters 'through the 'term :foR 

I t can be minit.'lized hy optimum biasing of 'lihe diode in such a 
" 

• 

way '$at -\;he product Io R is a minimum .In practice ,i't was found 

im~ractica1 to operate 'the diode for ar~ considerable dis-r:;ance 

beyond the mid-range of the negE):i:.ive resis"\jance , because the 

incni'asing value ofR ,due 1iO the curvature of the I-V curve,oore 

'i.ihan 'offsci:.s' the decrease in To. \ve 'will discuss how a minimum 

product can oe obtained for optimum performance • 

'. ,The IoR produc'\, is iriherenlily smaller for se:niconduc:\jors 

wi th small eneri:.,"Y ga.ps ( InSb ,0. 17 V ; Ge - 0.72 V ) which should 

'~herefore be preferred for lovi noise ap}!licaiiiolls .One futher poin't 

must be made : -ehe reducliion of -the 1.1;.'le conotarrt ,Re ofuunnel 

diode has a beneficial ei'fec't; on ~he noise '\jerr:F er.:.:.'i;ure of '\;he 

amplifier as can be seen from iihe expressions. 

In shor~ , RC produc'~s mus-e be small , also energy gaps mus't 

be low ,meaning small 'IoR,!?roduc'(j • 
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Having discussed how to obtain good noise performance ,or ra'llier 
. 

-(;he factors giving rise to good noise perfoTIDunce ,lei; us now atteml",t 

to describe some means ofac~ually realizing low noise figures. 

As. vIe said earlier in connec"tion wi'lih condi'dons for low noise fiGure, 

'iiheloR product mus'~ be a minimum ifiihe noise figure is to be impxO"Yed. 

So we ",rill now analyz e this case 0 

l'he noise figu.re '!lill now be expressed in terms of the s·tandard 

t;er:Jpera'~ure ,so 'the expression will be slightly differeni.; • ;\1so a 

new defini i.ion is made • This is the excess noise factor which is 

defined as the noise fac~or F minus 

····1 [G-n 
f=" .... - = -. + . G 

: ~ 

where G:} is the source conluc"Gance ati the s"t9.ndard temperai..llre 

10 ,Go is "the loss conduc\i2nce 'o' .. 11ic:o. cOH(;ribuiies therm:ll noise, 

G L is 'cne load cor1duc'~ance , and Ge, is the equivalent shot noise 

conduc\;ance of(;he diode a·t ,;he ar::bienii tempera ~ure • 

If ~(=~) is '~he nega'dve resis'i.;ance of~he diode correspoming 

to the o?era"Cir~ diode current I ,and. Gpis T;ho po':;er gain ,it follO\; :::.~ 

'~hat 

where 

Here A (F' -I) ,-che p~40duc't of 'the excess noise and a cons'G~n:~ dependir 

on gain ,is a rr:easure of the noise-and-Gain behavior of the "runnel 

. diode C3lr!:plifier • A small value of A (F-r) me2..l1S small noise fac'Gor 
I "' 

__ ~ ___ ~n.0...,1.l .... r_o,~c1iive is to s1101,'; analytically that; t;vi'Lh a given 
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I-V charac~eris·tic of a 'i;unllel diode,C1...minimum vnlue of 

PAGE 75 

exists at a urUq,ue poin-~ on the characn;erisliic • ~ino-ther aim is GO 

sugges:~ an ideal I-V charac'ceriS"Lic which can be a guide forih e 
,~, 

design of '~unnel diode a'TIp11fiers with low values of • 

The I-V c.'Y}arac"Geristic of ai.iypicol 'tunnel diode is shovm in 

-0..-

y 

~i~ 

I 
I 

I 

-b-

I' 

+ 
dQ.r I -c-
d¥I'T---~~~~--~I-------------

1 

I" r I 
I ',' I 1 

tiIt .. ~ 
Idy3 I I I - d -

;----r~--;_--~I--------------
I 

'The negative-slope portion of the curve lies' be'~\yeen VI and 

"'1.. ' where "the slopes are zero • ,\n inflecilion :point ( Vo J:ro ) 

exis·t;s between 1jhese 'GWO poin·ts • The negative-slope .portion of the 

curve can be represented 'by the func'liion 

T. - 'J. o-==~ (v- Yo) 

fuen ilis derivative wi'iih respec·t ~o V is 

, , ... _._~_."'';'_';''_""~_,,, ______________________________ J 



THESIS' 
ROBERT COllEGE GRADUATE SCHOOL PAGE 60 

BEBEK. ISTANBUL 

where ,R ,'iihe .reciprocal of 'the 9lo1'e ,is the nega,tJilve resis'tance of 

the diode • Consider firs\; "the case in which "{jhe thermal noise term 

G
n 
I R\, ani the load noise "term GL.IR\ are ignored • The IR product 

( A (F -I) 2.1<. Tie) 

is 

IR. : 
.j. (v- v 0) -rIo 

! I (" _ Vo) 

IR is maximum or a minimum at the poin't PmeV,....)I m) ,where 

d (r R) 
----- 0 d (V -Va) -

, L f (v",_v·B
tl i HVM -Y·)-I-T.3 r (Y- Y.) 

----~----------~~--------~~--------------------=o U 'lIlM- V.)] "-

since 

bypar~ -a- of "'Ghe above figure , .J- {( V,.,- Vo) i:. 0 

"i.,he laSt equU"i;ion "thus becomes 

U-'~Vm-v~ 2_ 1 ~ (IlM- Y.) + 1:0 ~ f' (v~ - Y.) 

I t follows -~hat 

, ,-.,,, )'\. 

"We have -\;o show "vhe-'Gher the IR produc"1i is a minimum • 

The second derivative of ~~he eX"'0ression foI' IR a.-Ii the 1'3oin~ Vrt\ JI tr\ - . 
is J '(Vm-Vo) ?/((Vtn-Vo)- .J (V",-Vo)+:t~l.J'I'(v",-Yo) 

- [! I (Vtn - Vo) 1 1.. 

d ~ (rf') 1 
d y'7.. j v:v .... 

1: :.I,.... 

Since ~ (v'm-Vo)+Io is always posi"liive , j-"(V.i."",,"O) is 

posii;~ve,uoo .Thus by ""Ghe g:caph of ~ 1/('-1 -Vo) , V,..;Tnust be Greater 
~~~~~~~------~--~----------~---------------------------

"----:- ____ 1111;:;:,.a 
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JlihanVo ; that is ,-(;he maximum or minimum IR produc~ occurs beyona 

"'Ghe inflection poin"\; I 0) \/0 • 

Also .f. I(Vtt\-Vo) ~o 

Jill ('1m -Yo) >0 

In fact ,for the I-V charac"Geris:t:tc 'ofi;he "tunnel diode ,i-ti 

can be 000\\'11 graphically 'that. the numermior of -~he second derivu-i;ive 

expression is always -negative ani hence~he second derivaLive is 

alY'lays.;posi -r;ive • Therefore "che absolute vaiue of IR is a minimum 

and a -minimum value of A ( F -I) does exis.11i • 

-l~ If "lihe -thermal noise term Gn \R.l and the load noise term G-1.. \Rl 

are ilicluded in "iihe priginal EOC'pression for IR ,1ihenLhe point of 

opliimum noise fac-lior "l'YIJT17\shif-Gsi:,O\'lardS -'"he ini'lec i:.ion ~oini; VOJ Xo 

,The aCl;ual minimum value or A (F-l) at this new pOint is the 

same as -iihaG ob~liained by -r;he p:l.·esen~ anciysis provided tha-~ 10 is 

re]llaced,by 

Ex:amyle 

Le'c us' assume Lhat 

where Go is ache slope' a"G ~lihe inflec Lion poin-~ • This is a crude 

9uL simple approximation for the charac licris liics of a tunnel diode. 

(See reference lis-t ) • I'G follows thai.. 
I V-Yo 

I =-6-0 c.05 -Yb 

II' = 6-0 
. v-Yo 

SIn 
Yo Vo 

'the vohiuge which yields a r.Ji mrr.um IR is 

• 

. V m = H 510- ' ( ~ •• G, J + I ~ 

L~~----------------,-,---.-.------___ .~ 
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2-
where (YoG-;lro) ..( I .Accordingly IR can be made s,,":1all 

by making (Vo)~ (G-o)~/I./· approach unity .Also ,(;he 'ninim.um IR 

produc"'\i is smallest for small values of }( (Ym.-VrJ) as C3.n be seen 

from :the expression for (IR)Yl'\''''\ ~,and'large values of~/{(Vm-Yo) .Irllis, 

of course ) requires a small value of the minimizing curren'~ 1: m 

according to 'llie equaiiion giving "the condition for minimum or 

maxirr;tl'11 Iii product • An I-V characteris'cic which has a s~eetl drop 

follo\:fed 'by a slow decay toward a very small curren~(, minimum, is, 

for example, an ideal curve liO fulfilliihese re qui reme ntiS for u low 

minin.wn IR producl:: • The addi·t.iontll advantage offered by '~he slow 

decay is that a region of wide choice of stable OIler2.l::ing points of 

low slopes is provided. 

,However , 10Vl o~erating slo,! es resu1'~ in high o.!.}er~n,ing 

nesative resis't.tu1ces, whioh can OQ realized o~ by sr'lall capacitancen 

at high 'oper8:tin,g ,'frequencies • 'rhis is probably lihe 

restriction for obtaining a low IR procluc·t for low noise amrlif'ica'iiio~: 

1 deal 1.- V 
c ha r a.cterist ic.. 

/v 

, . '. 
~ __ ~ __ ~.~~~~~~ __________________________________________ == __ • ______ w 
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Thus far VIe discussed meny aspects of tJ.'ll1nel diodes and 

-l.;urmel, diode circui'ts. 

1\.- The cODS'~ruction and proper-Gies of -L-unnel diodes 

B-J..ml'lific.s:don principlea 

C-stabili~y cri'iieria 

D-Cascadin8 

E~Noi,se performance 

Iii should addeda'i; "'lims point '~hat amplifiers are not the only 

field of application of -Gunnel diodes • In fact -iihere is a variey 

of uSes -~o which tUY'.nel diodes may be pu~ .So i-l.; is our aim -bo 
":,. 

lis-~ briefly some more, applioation of 'iiunnel diodes • 

I- Oscillators 

2-Pulseand S1'7ilichine circuits 

3- 1bduJ.aiiion ,demodulation ,he ~e:rodyne de-~ec'Gion 

5-Communica~ions 

6..rI'Ullllel diodes rna:;;- possi"bly replace voxiable capncitance diodes 

for some lo~~ noise applications • 

AI ~hough the -~unnel diode cannot comr>e'~e '.'Ii ~h v2.ria1}le 
" 

capaci tance diode 1'01.' 10\7-noise applications e:L veTlJ high 

:frequencies;new melihods of cons'iiruc'iiion J new i..echniques muke i-~ 
, V1itn 

possible to manufaciiure tUllnel diodes '[cry low noise fir;ures. 

Bu~ -the simplici-~-y of construction of -l.;lU1nel diode amplifiers 

is a point in i-~s favor • There are !!lany o-~her advantnges of -Gunnel 
, 

diodes, ,-~ha~ i i; is r.o-t possible to lis'~ all of -ijhem ., 
. 

LoW' noise figures mmi:e 1;unnel diodes eS}1ccially useful a-t 

Inicrowave i're'luencies .In fac't 'i;hese are really -'(;11e useful range 

of freQuencies • 
~ '" 

Ttumel diodes have increasingly Foor noise figures at low 
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:frequelloies • Vacuwn ·tu.be :?:1nd -t,;ransis-tor amplifiers alreo.dy give 

sa-~isfac·tory noise performance a~ lovi frequencies .80 i -t is not 

prefer:r:able -~o employ Jliunnel diodes for 10V/-frequency applic8:Gions. 

Vle werc able 'GO touch upon a limited field of '~unnel diode 

appli9a \iions tperforrrIElllce and charac-iieris~ics • H07:oYer, the rna Gerial 

included discusses '~he basic aspec-ts ofl;unnel diodes anI -GUIllel 

diode'circuits .There are many p,ossible circui'~ con.:figur~:J:i;iollS 

booth in the microwave region and low-frequency range .All of them 

ares~'pcial circui -t,s; i-t would ee meaningless '[;0 .2t cemrrl; ·~o 

" 
analyz~ all of 'them one by one; if "Ghe basic principles arc 

available for fur'lIher s-iiudy ,-Lhe sole aim of discussion is achieved. 

Our,.disoussion is by no means oomrle-te ; bu-t~' it is hoped 

'~hat oUr a-i;-'liempts a-tl;he diDoussion of basic prin,ciples vJill be 

of help]; lio a reader ~n unders'iianding the subjcct.. sil'..ce no 

oomprehensive '~ex-i; is available .Larw reforences \>vill be found in 

·the Appendix .However ) none of 'l;hem }iresen~s a compl.c'i;e picture 

of 'i;un:hel diodes and applica,aons • We hoped i.;o presen'\; a· unif'i ed 

discuss~on on ·i:;Uli."1el diodes a..l1d 'iiunr~el diode applica\;ions • It 

should be born in mind '~ha'ii~his is only an in;;roduction~o~he 

su'bj ect and 'Lha'\; i'u.r-;,;her survey has -bo be oonduc ijed if one is to 

gain a '-thorough knowledge of~his subj eo1; • 

Respeo-lifuJ.ly submi'i;-'lied 

, 
- ~ 

I 

I 

I 
L.;. ..;....._, ... ON' ......... _.;,;;...'"*"'~ ....... ..-.-=-.... __ a _______ n_:_:_:_:=:_:_.~\,I_:_o_:_' :_,' o_:_I_c q_~ _6_t1 __ ~_I_9_~_5"", __ • ___ , ___ ,.,.._1 
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