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The receni inverest in amplifieré which derive their gain from

nonlinear circuit elements such as variable capacitance ,induciance,

and resistance components siems chiefly from the developmeni of low-

loss varisble-capacitance diodes or varactors and negative resistance

diodes .There are wwo reasons for this inverest .One reason is ihe
fac@ taatv such amplifiers have low noise and the other is thai the
diodes are expecied to have exvremely long life .Bither one of these
propervies is adequate justification for the exciiemens ,..currenvly
Tumpant throughoui the world concerning:the exploitation of vhis
new%type of amplifier ,but,with two good reasons readily aprparent,
thi§ excitemenm is doubled ,

Mysvery seemed to invade the thoughts of people when the

scienvisve amiounced tvhis new type of amplifier which was called

~a varievy of nsmes ,such as Parsmetric Amplifier,Reactance amplifier,
g N

and MAVAR ( Kodulaior Amplifier by Variable Reactance ) .Some of this }

mystéryvcould have been avoided had the modern men known or mentioned
that the underlying principle whereby electrical amplification wags

effected was an old principle ,This principle may be broadly sivaied
| : '

‘.thUSft The energy of an oscillating system may be increased by

suPpiying'energy ai a frequency which differs from the fundamental
freqﬁéncy of the oscillator .One mechanical illustration of this
pfin@iple is the simple pehdulum .The child in the swing learns thav
hekcan'" pump " up the umplitude of his oscillation of the swing by
lowering his center of graviiy on the down swing and raising it on
the wp swing .He thus pumps at twice the frequency of the swing .
-Fargday,ﬁelde and lord Rayleigh have published observavions
and calculavions concerning this principle ,quoting Iord Rayleigh ®
rarady y +ss. WiTh great ingenuity ang success ( upon exemining)

the c;isyations upon vhe surface of water which oscillates vertically
: . { !

TN
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arrived at the'vconclﬁs-ion experimentally that there were two completie
vibrations of the suppori for each'coﬁplete vibration of the liquid. »
Crispations ( may be ) observed upon the surface ofyliquid in a large
- wine glass or finger glass which is caused To vibrate in the usual
mamer by carrying the moistened finger round the circunference ,
-'All that is essemtial ‘i:o' the production of crispations is that the
body of liquid with a. free surface be constrained to execuie 2
-vertlcal v1bra$10n .Parudgy's assertlon that the waves have a period »,
‘double that of vhe support has been dlspubed but iv may be verifi ed .
in'varlous ways~. " The- follow1ng example of the principle,reporied
' by Eelde in 1859,is however y Teadily observed and andersiood .
‘Quntlnh aaaln from Lord Rayleigh " Perhaps the best known examnple
<;s_that form.of_ms;deﬂsrexperiment in which a flne string is v
;m&ihtninéa in“tfansveiéelvibraﬁionﬂby"connecting-one ofﬂits*éxﬁrme~ _‘5

»:ties wimh a‘v1braming prong of a massxve tuning fork the directlon

o of movion of the p01nu of . attachmeni being parallel o the lenvth of

the Suring .Undervthe°e 01rcum3tances enae the string- muy~sett1e
aown into a’ permanent and V1gorous vibration whose nerlod is’ the
i~double of that of" the foxk o' Tord Raylelgh analyzed and- exPerimenxai
'with thls and ozher 51mllar mechunlcul phenomena in 1887 ..This

leads to analogous experiments with electrical cicults .

The elctrlcgl prlnclple is readily indersitood by the following

»simple explanatlon .Suypose that we haVe a capacitor formed by two
metal plates separgted by elr .Assume tham a charge exlsmoron the
capécitor ;The plates will be attracted to eéach other because of
equal and opposite charges so that to sepasrate the plates requires
work ,Upon separating the plates ,ssy to iwice The original distance
the capaciiance will be reduced to I / 2 iis original,valué .The
elcirostaiic energy,however,has been doubled ,since’iv is propor-

tional to the square of ihe voltage and directly proportional o




S IneSIS R
, ROBERT COLLEGE GRADUATE SCHOOL S  PAGE 3 |
BEBEK, ISTANBUL : o

the- capacitance .The energy required o separaie the plaies now

- ap-aears as elecirostabic energy in ihe cepacitor .

How suppose that the capacitor is comblned with an induc:;or o form
- an oscillai.lng-circulu .The voltgge on the capaci uor»w:.ll reach a

meccinmum valﬁe twice each c'ycle Now ,if on each half cycle,uhe capaci-
Lance 1s decreased when the, volLage is maximum and 1ncreased when the
volt.age is zero,net energy will be imparied ito the OSClllaTiOnS 81nce

no. glectrlcal energy is. ‘used ©0 restore the capac:luor to its” orinin:zl

value. when the voligge is zexo .,

fSimilarly ,1t is apparent that net energy could be imparted 'i;o

the | c:.rculu had the 1nducbance been varied in the appronn;.te phase.

! )

,Thls eleconcal ynnciple was expanded to include. frequenc:.es other

. ‘Lhan ‘ahe two~to-one ratio and the resulting devme was used success—

‘j'f‘!.il.ly in radlo telecomunicasion be‘“ween Berlin and Vienn pr:.or to

‘World War I .Nex» came. new devices. called Ifagnevic ampliﬁ exrs..The

obgeculve uhen was uO modulaue a continous wave. arc transmiti er by
P
means 01” a nonlinear inductance or samurable reactance .

Alexanderson sin 1;he discussion also sug gesf.ed ampllficauion of
-‘.incoming signals. by oascaded s\.ages of up-com:ersn.on srectification,
and‘ué-kénmrswn euc <Currently we recognize. the RF version of nhe
vvabove device as a cype of parameurlc ampllfler ,reactance ampliﬁ er
, “or IdAVAR .Alexanderson presenued curves 10 show that negative-resisia
| - ,effec 48 could exist ,Quoting agsin from his I9I6 paper :Under some
’condi{:ions " ihstabiiity ‘and ‘géneration 6f self-excited oscillations
- can exigt.," " 'I'hiS is a condition uha‘a must, be avoided for telephone

conti'ol swhereas 1t may have useful applicaiions for other purposes.®

In the T920's and 30's interest developed in subharmonic oscillations
in 'e;!.ecti'icalv circuits containing a variable reactance .These

"parameiric " oscillatvions could exist ai any one of f£/n frequend es,

where n is the ‘subhamqnicafracbion of ithe fundamenial frequeng .
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' veri:t‘led exPera.mentally at ‘che Bell I.aborahorles at 6000 i .

 beams oA no:Lse figure-us 1ow as I.4 db wass obtalned .

About thiréy .years latver,inieresi developed in capacitance reactan-}

- ce modukiors ai microwave frequencies .The failure ot reciproci vy

in ’sc')meA crystal converivers observed in the middle I940's amd the
peculiar behavior of welded ,'cont:vact'Ge diodes were interpreted to
mean that the conmbact capacity varied with bias .

; rHowoirer,in n_one of the devices suggested o:r manufactured till
ﬁiha% wime ( 1954 ) ,was a V_ery-loér~1oss variable capacitance diode

‘available and hence the gain limited and the noise figure was nob

esgeci al‘ly good ,

§ -In 1954 a projec‘o Wés spomsored by 'ch'e U.S. Signal Corps to

de velop‘ semiconductor dev:.ces A T,echnique was found for making 1ow-\
| :1oss units .Thu; technique of *naklnc low—loss diode varactors oY
'vancapo adVdnced rapldly and im.eresn in these units began to ex—

" pand .

?In the meantime ,Suhl discovered thati the vanable reactance in

’Lhe microwave range was- obnalned in i’errn.‘ce materials *vhen prope rly

exc:Lted by a pwnping frequncy .He proposed uslng this effect to

j ob'co.ln parametrlc amplificavion and discussed suitable maverizls.

“ 'iu»rly in 1908 the 1ow-no:Lse pmpertles pnedic ted by theory wer
l N .

Later dlstribm:ed paramebrlc ampl’ fiers were devised .This wasz

followed by travellng wave parcmetnc ampllfiers moddlaied electron

The development of the vacuum tube in Alexanderson's time

B

curtslled the interest in RF parametrlc transducers ,Now the develop-

ment of parametric transducers has stimulated the interest in vacwn

tubes as parametric devices .
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o ;11?195’:1 elements was studied ’oy Jdanlcy and Rowe o ' 1

general Properties of fon-Tinear Elements

A reectance may be defined as a oirocuit element that stores aml
transfers electromagnetic emergy .If the stored energy is prodominantly
',1n the eleotric :Eield,‘bhe reactance is said to be capacitive jif the |
. gtored energy is predominantly in the magnetic field,the reactance is
| said 'bo be mductlve o In many apdlz.cations even at mieroweve f‘f'eq,v.en-

, cies it is most convenient 1:0 spezk in terms of voltages and curremts
rathez' than electric or megnetic ﬁ.eld .The various functional ro-

aresematlons i’er caaao:.tz.ve,lndwtlve sang Tosistive elellonts arc
: g:.ven ‘below »

i "'-}(‘U‘) Ca?a.cl'th = 1: ; (V) RES\S'!:)VQ
[ ;63 £ (1) Indu.ctive o | |
| A rototence is seid to be linesr if the pmioular *‘motiov»] re~-
la‘bionship happens to be a 111'18:33 m.o oEofe ¢ 8 limeor G.:‘-.:.} it‘ume‘

,1@;135 o linesr relstion betweon chaxge ang voltage
RN R 9=cv

' If t;xsse rel@tions are not linear,the reactance is said to bo mor—
' lmear crbr example,if the relation betwesn chorge and Wl*"ve
hamaens to beq= qv,‘bhe clement is said to bs @ ron-linesr o2pacitance.
In this cage ,:.t is oonveniezﬁ; to defwe capacitance as the partial
deriva’alve o:s. charge with respect to voltage -
| C= __5%; |
If ’che reletion botveen charge and voltage is linear,but the

eoéfﬁclent C ha—«:pens to be o function of time,the resulting capaci-
tance is szid to be linear,but time-varying .The analysis of time-
Verying captcitance circuit is facilitated ’cy the use of the prin-
- olple of m«erposition and other nov?erful methods .But the analysis
of non-linsiy :reactive circuits is mot as easy .

Ifon-linear reactances ore capable of creb.t:mg a trangfex of

rowex from one frequency to another frequenocy,thig behevior of non— |
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The cirouit model used by “ianley and Rowe in theiz' o.c:.ga.nal
| de:clvau:.on of power Fflow relations for nonllnear reactances is shn

v belo*v :

— m— —— —

f2

| i . We ‘have two voltage generato:.s atb i’requenc:l.es {1 and %toget‘avr'
»mt‘a assoeiatod series resistances and bcandpass filters, glc.ced

'wross & nonlinear capael bor These i‘n.lters are designed to rejeet

power at all frequeno:.es other than theix v‘espectlve s:Lgnal frequen—-
| aies..[n add:z.uon ‘o the two gignal generators an infinite ar:cay of i
load :v:amstors and bandpass filters are also connected to the non-
_fl:_near canc-citor.’.nhese filters are funed to the va:rioas sum and -
o vdifi‘erenoe frequem:Les which will urise because of- 'bhe nprlineaxr

' 3;re&e1:anae olhe sign conventn.on will be used that power flewing inbe

'the morlinear capacitance is positive (. c.g, the power coming from
P

‘the Buio s:.gnal generators ),while power flowing from the ca}Pa‘i’i""g‘»@fa
~'(,Jme power flowing into the load :cesis ances) will be negative in 1

S

Sign ° | , ] . ‘ ‘ : ;

 As stased before,a capacltive reactance may be defined as a

'oircui’c element for which a functional relation between charge and 1

voltage can be written : q= -?(U) ;
or the inverse function will do just as well in deﬁ.ning capaoi‘\;anca
that is, we may also write U= N

The only restriction placed oh,h(q_) is that it be single-valued,

«

il.e.,free from hysteresis .
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Fext it is of interest to investigate the time-dependence of the
charge ¢ in the circuit model shown above ,7ith impressed frequencies
of and ,there will ceriainly he variations in charge 2cross the
ronlinedr capleitor a2t frequencies 3(‘ and ¥, .In addition,becmuso of tho

mxing action in {he nonlinear capacitor,bthere will be generated

churge variations av &ll the possible sum and difference froguencics
_i_‘ i m{Jrn]( ,7here m and n ke on all .integral values o4s in usunl i
circu::.t analygis,it is convenlezr“ here to use the exponantial re nresen-]
taﬁ on 03’:‘ ginusoids so that differentia"ion with respect to time redm.—-»%

Ao@s to multiplication by Jw JHowever,since we wnLL here be mterested

l

in produc ts involving current and voltage,we must exercise care in |
R
deullIllg with oo*:mlex quentities I+t will be most convenient to use g

’only real quantn.ties expressing them in complex form ,For ‘example,
A C oS u)t (e . - :
,Usmg th.s we can express the total charge flo";ing into the nonl:.nc

(
-canaoitor :m a double Tourier Series in exponantial form °
(1 Z. an eq(mw|T+nw )

‘ q_ muSu be real so we imposge the condi b:mn Q Q* '.’;7e nay £ind

-m,-n

" the to‘cal ourrent"i " flowing through the 1‘10111111881‘ capacitor by

- ‘tulﬂno the total derivetive of I° with respect fo Lime. s(moenet ,;

t
By 5 JETAEATURCE S e
™ A | -
where '](mu‘r\-hu’z)Q Tran and Imn =Im.n since " i " has to be veal

The volt'vge nzy be expressed as & function o*‘ q ,and consequentl; 1%
may also be expressed as & function of mwl+nw,t [that is ,we may

also Tepregent "v" in a double “ouner Series, just as we d4id for q .
U = Z E Vﬂ' n e'] (mw‘+nw1)t s an "—:-\/...):n,—n 30

m= -2 N — 09

The Pou:m.er ooef:ﬁ‘v cz.ents can be evaluated by the usual inbegral :
. J-:mj ve -q(m w,+nw,_){: 4 (k) d(@et) 4°
We are ef*cer on expression involving powerjtherefore we need to

form products involvingl 'gnd\l;nn.As & first step towoxrd ‘chis goal,
b} - A Y

. . % 7
, Vlet us mltiply 4 by]mﬁm)n and sun over n and n .
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e =z oo 00 r2n 20 wenw)t
° Q. * - J(mw .
5 g:-"o Z:-’o ‘] mn g—‘-‘ oo ;;.-10 ,Jn:‘an 4—-—{‘1}0‘ Ue - d(wli)d(wig

If we interchange the order of summation and integration,we obitain
L e 02 ame=

e S Y amima n—-—’f f Y 3 3 e Y g d sty

mz=-0° Nz m=-v0 ﬂ"‘°°
The double sum inside the integral is reminiscent of the cxpression
for charge If we perform the following dxf{eren’[tahon

oo

o ,q | J(mw +nu’2)‘t

Since q is r”ﬂl,we may take the COK‘T)]-&JL conjugate of 23 without changing
. )
its value . : * _g(mwl+nwz)t

87 *a(w"t)"— Z— Z g™ Qmn €

M=-0° N=.o00

Slmilcllf the left side of is strongly remlm.scent of the producus
of cu]rrent and voliage .Remembering that Imn._ 3(mw.+nwz)Q

we ma.y cxnress the left side of 6° as

o

Z Z qm an Van = - i mVen,n L

may4n Wy

m=>0 = _s0 m= 0 n=-o*
denee weu may re-write 6° followng form 3
° v Ry ) me_,nImn } J‘ f d
fo 'y = (Wit d(wzt)
‘ Z—:_Q‘:—:_,@ - mf, 4 af, 2T A it)
- Tow.

.denge we can Vﬂ'l ve che integral ovex A(w t) as
21 ‘Q (w,t=21)

© 211.'; ) 39. dq
" j@.’cﬂi# ?“”"5&( “rt)= wit=o d(Wit) d(u)(t)_—_—.J- (Wwit=0) v(9dd

Therefore - can be S:mellfled even fu_rthe:f”to obtain

*
i mViantmn N
L omt e | oo il (e
I A i) (UJ{Q al (u)"f.) w ‘t" constan 12° 1 (2% d (wat) "U"(g) q

_ 'fﬁswi °o - ‘q(o,uw,t)
Vll Lh the ma‘chemauical mamaulo.hon now almost complete,it is tinme

to SuO’Q ui'ld cO’loldO}." how the produc ts of current and voliage as exmessosi
by 12° g.re related to the power flow in the nonlincar copaciior.Vw
I:ao;: that aetive power is obitained by bulxll‘lg one real noxt of VI

- Since Dq.l?- sonsist is of suoh producis tm, :ceul pert of Eq.!?” will vive-
us the desired mxormaﬁlon regarding power flow in a nonlinesr reac-
“bance olet us break the summziion m invo two pafbs one smﬂm sion fI‘O.x.

o +to°° ,and one swumation from O to - &°
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oo

°§ >* ) ) I‘)"
(4_° : menImn = men Trnn ’ men mn
Z_.—oo :L—;_,,o mf, "'"‘Fz mZ_—_o ,.,Zz_,,o mf +n{z * Z mf +nf,

Reesllin -
B Tmn=T 0 Van=Vmn
we can effcctively change the gummation over the negsitive values

of 11 into & summaitlon over the positive values of m by simply re-

o
Pl"clllovnmnl Imnbv thely complex conjugates ,Hence 4 Dbocomes
oo

15° Z \ menImn OZO i m[-_'V- Imn—l‘-\/;nnlmra

1 M= -22 n=-o° mf‘ +n'F o 4 “\‘F +ﬂ‘F

‘Yx.‘ne rigat side of 5 is seen %o cons 3386 0f a quentity plus its

m= 0n71

coliplex comnjugute,which is cqual to tw ic. thie real paxt of that
quantity .50 g, 15° con be wmt ten as

n L Prma
olF § et T § nZRelVell §)nlp

= —
m’ ° ne -0 M=0 pn=-0° M=0

"1’10.:‘3'1 P Jis thae ')O‘:h,.. flowing at :roqahncy m%la\— n{lz Jilere the
‘magrl tudes 0fV and 1 have heen defined so w1t Pan= 2 RelVan Tran)

g the ovoluation of the double invemral

s

£11 ghat noy ron ains
. '-”"‘T“‘ ‘ac PO . Y . . Py S04 S W 4. t —t . PR 4 s
in' @, 12 .5inec g is perdodic in both Wb and w,t with weriod

’me integrols over e renge 0 to2m will 'l ¢ identical v exull o

ZeY0o ,'asv(g) is singl-valued ,The desired result for the nower Llow
CR A .

t;.—-
) in a non~linear rencionee is therefore

O M=~ m'¥|+ n‘g ‘ :
v ele sgme manner,2 second result can be obtained involviny

’ob, ‘ umn —
GV Z "Q,

L

|

n

fo

$ac index n instead of m .
Ao, ' n Pmn ‘
12 =0
mi 4 n-}

These lost t"'o oiu,,wors are called "::1" 3 -nowa relavions,which
! i

relate thoe power flow in @ non-lineoy renciiace to £roguoncios
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guency -FB 50 that absorbed by the reactance ai freguency fl

e will illustrate the usefulness of the 'lenlcy-Rowe power reli-
tions by 2 spoeific example : Iet the signal generator ‘—%\ repre
sent & signal source,ond the *oor as -Y— the so-called punp sourc:

COHSidGY tLae case where power flow is allowed au a frcquancy ¥3

which is the sum of { and f oThen ,the former of the .anley-
Bowe relaiions reduces to

' -Fl 'Fa
and the lavter reducss to

f—-+P =0

=0

R T3

S?ncé we are gupplying energy to the non-lincar reactance ot freguen-

Q]-% L, P is pos‘ ive ,Then the f“fst of the @bove equvations tells

. us that the poweri% is negative jthat is ,¥3 flows from the reac—

e

tance and (o our resistive termination at fa Jie can define a gain
i ;

| P X

which is the ratio of the power delivered by the reactance ay fro-

This guin is seen wo be G = {3

n—— ) - [
-3 —f
1

This equation gives the maximum gidn that can be attained by such

- Wany non-linesr media lave becn observed (o obey anlcy-lowe

1
rOWeYr reln bLOHS which unfortunately do not apply G0 2 non~linear

o

resistor hecause they were devived for a non-linear inductance ox

carteltince .Therefore, they must be shown tc be valid Zor 2 mediun

- 'i)

before pplicuaition o the medium in guestvion .

£
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Methods of Analysis
In uhlS section we will take up ithe case of 2 nonlinear cayacluor

and present & method of approach 4o the solusion of & circuit
employing this capacitor alihough the tunnel diode ig the basic
component o be considered in our discussion ,Bub since both the
varacior.and tumnel diode have aifferent characiterisiics,the former
béiég & variable-capacivance diode while the latter exhibits an
aOuual negauiVe resisiance ,the inclusion of the Tollowing discussion

may seem 1rrelevant 10 the subject .Neveriheless boith the iunnel
dipde and varactqr,aS'the'variable capacitance diode is calleé.J
fa‘\.L"TL under uhe same cailegory ,namely nonlinear amplifjing circuiy
componenss ,so a discussion of the mebhods of analysis will
.illustrabe how such problems associaited with nonlinear elementis.
caﬁgbe‘handied . |

The analysis of parametric devices ofien involves the analysis

of nonlinear circui s .Vhile there is,in general,no meibhod by
whioh exact solutions can be obtained ,Various approximate methods
© give results which are quite satisfactory in most énmlications .
L‘rerhaps the most well-known method is the so-called small-qlgnal ‘
anproy1maulon .In this approximavion,it is ass umed that the signal

volta?e is small coupared Lo the puwap voliaze which is supposed

to pIOVldL the excitving source for va:ylna the junction capac1tance

S0 as to obvain the necessary nonlinear characterlsuicS'.In;oaher
‘words ,The signal level is small relavive (o the local oscillator.
~ Another method,which will be shown 1o be eguivaleni to ithe small-
signal approach ,is hai of replacing the nonlinear reaciance
wiLh a ulmeavarylng linear rezcuance .A third metvhod,which for the
lack of a beiter name will be called the large signal approach,

is %0 expand the ronlinear characieristic in @ Taylor series about
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a d-c poiny and consider only the first few ierms .As in the small-
signal method , the signal level need noi be restricted in amplivude.,

, Smalllsignal methoq ¢ In the analysig of parsmeiric devices,we are

interesied in computing the mixing effects that occur when voliages
at two or more different frequencies are impressed on'a nonlinear
reaﬁp?nce +As a simple example,let us consider ithe case when two
volo ages &re presenu one at a frequencyc0=zﬁf,and'one at a frequegcy
2w ,One guantity of interest is the resultany curreni ab frequency'
w  for by dividing this currenv by the assumed voltage at W we
'can'obtain’an equivaleni linear admitvvance which the remainder of the
circu1u sees at W ,Once this admistance is determined ,the signifi-
cantléro§eruies of the parametric device can be obtained by linear
analy31s o
x The sma11-31gnal analysis applies When one RF voltage ( uhe
'Slgﬂﬁl volsage ) is small compared %o anocher voltage ( the pump
~voltuge or the local 0001llabor volvage o conirol nhe nonllnear
‘ \cap301punce ) . In the study of low-noise ampliflers ;or exqmble
;the‘émall-signal‘approach is cervainly justified sinpeAwe‘are
»;.inmefésted in signal voliages Which’are typically more than‘IQO db

P

'below nhe level of the pump .Let the two volvages be

T, = V, cos wt , vz;-\/zco.s.?w't

where V,<<V, ,Bécause V<<V, ,we can expand the charge on the
capacitor in a Taylor series aboug v, and consider only the first
WO terms ,
o 99 Y

y° CI(U’)——‘_-]('UQ)'F (V) v .
For comvenience,let us define a capacitance by :

2° C () = 9L ()

dv |

Phe curreni through the capaciior is given by uvhe time derivation

of the charge . | *
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L]

3° jf = ¢ () + I3 [C“’z)v""s wt]

Since C(v)is periodic with a fimdamental freguency of 2w ,we can
2lso expand it in a Fourier Series . Assuming tvhat we cho'osga our
referencc 0 make C(\rz)an even fum;tlon ,We obiain

4° C(Vg)—z Cn cos 2 rit
ve gan inverprev 4° a" a time-varying linear capacitance in this

aplsf:roximation ,for we see that the second term of . 3° ig of the
EL [ c(v (*)]

which is uhe result obtained for a linear bui vime-varying capacivan-

form

ce lThe Cn coefficienis can be inierpreied as the magniitude of each

haxjrponlc of this 'i,'ime-varying capacivance .That is , C, gives the V

magnitude of the constvant capacitvance , C, the magnitude of Tthe capa-

citance variaiion at Zw,etc .

Using Eg. 3° and 4° ,the curreng componenis at the frequency w

can be compubed 10 be Y
o (W)= c} [(C cos.Zw’t)(\/ CO«SUUJC)_-] [Cév' cosw't_]—-—_zc’_‘ sinwb

From the foregoing analysis iv is seen vhav insofar as small-sigml

i

" effects ai the signal frequency are involved,a circuit containing

a nonlinear reactance can be replaced by a time-varying linear
reactance .

- Large-signal Nethod

The preceding small-signzl approach camot be used Lo predici
saturation effects since vhe signal level musi remain small relaiive
%0 ihe local oscillavor level or vhe pump .However,if we choose
t0 expand our relaiion for charge aboui a d-c poini raivher than

a~c point ,we need noi resirict the magniitude of one RF voliage

rela"uive %0 another .We do xmk need o s;aecify,however)that the
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a-c excursions be relatively small so thai again only a few Germs
in the Taylor series expansion will be necessary o adequastely

renresenu the circuiv .Expanding ithe charge aboui a bias volbage Vo

6 q(v) =q(Ye) + 42 (vo)[v+vz]+-‘-— Uz(Vo)[%—vz]

Here no resvriciion is placed on vhe magnitude of vhe signal voliage

relative to the pump voltage .Ile%

%i{vo) =Co 'LT,:-__—_-\/‘ cos U‘)t
U : .
4
c;vz(\/)——c : ) 'U‘Z-::: Vzcoksgwt

The curreni component due to the nonlinear mixing is
; ! d‘ C (‘U— C_oswf + U?. C,Dszbo-t)_]
3 1= i
‘ dt
The componenu of this ai frequency W is |

o '(UJ)V—-— d .»C,V._\/z cos‘Wt] — ____f..‘._\_/_% V, s uJ't
371 T3t 7 2

"Compél;ing 'chis résﬁl*’a with thai obtained by the small-signal
{ai‘l_‘alysis ,We see that at frequency W the resulis are identical

if »Cl'Vé= Ci C‘/m’ay ‘be interpreied as the slope of the capaciiance.
-Versus vol'bage cuxve and 'i;héreforeC'V may be iri-terpreted as the

. ampliuude of the capacitance change at the loecal OSGllla or fre-
quency .

In additlon to yielding informavion abousb mixing effecis av
frequency ‘W ,ithis large SLpnal approach aloo yields gimilar
1nforma~c10n au the pump frequncy 2u) I“b is this addl‘clonal informa-
tion, nos obx:alnable from the .,mall»slgnal appraoch ,whlch is useful
in predicting the ‘effects of signal voliage _’_on the rempinder of the

ecircuiv .Thus saturastion effects may be considered .
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The behavdor of varactors or nonlinear capacitance diodes was

dlscussed previously,It was shown how these dewices could be utilized
so as o effect transfer of power at one frequency to another frequen J
and also how such el e"fzen‘as could bs employed for amplification ,I%
should be pointed out here thai varactors are not the only low-noise
deva.cz? bhat we hg’ﬁre today .There is a new type of semiconductor diode
vwhichwﬁerforns essentially the sme job It is the so—-ca.lled Tunnel
5.105.6101‘ Dgaki diode named after it3 discoverer ,W¥e remsrked before
that the primary reason for the greas interest in these new devices

was their low-noise performance and compaciness in size ,Although

4
i
L

twmnel ‘diodes cannot compete with varactors in low-noise performance,
‘they e:re nevertheless very useful for very high frequencices .Twmnel
diodes easily lend vhemselves to amplification in 'the microwave
region' as well as amplificavion in the usual high frequency range.
Therefé;re it is relevant to discuss the fundamental propexriies of
“funnel ?giiodes in order to pave the way for further discussion on
foheir usie{s as amplifyihg devices . | |

v ?i*undaman‘taliy ,the tunnel diode is a two-terminal semiconduciwT: 3
device ‘that displays an ac negative resigtance over a portion of iis
| cwréﬁt#-%}oltage‘ curve ,This phenomenon oceurs if “he tunnel diode is
‘biased in the forward direciion .Tt is the ac negative resistance
property of vhe vumel diode that is exploited in a number of circuit
arrangements Lo provide amplification,oscillation,switching,and
mémxy  funetions ex vensively used in ej.l.ectronies o

" The usefulness of the vunnel diode is due to the negabive pars
of i¥s charactierisiic curve.ﬂégative resigtance acts like & source of
power,like a generatér yresults in signal power being increased, jusi |
as 2 positive resistance resultis in signal power being dissipated or

-

reduced ,
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The imporlant feature of the Funnel diode that distinguishes it from -
ordinary semiconductor diodes is its very high degree of ddping .

‘,The’ most marked effect of heavy doping of semiconductor maierials
| is the effect of the quani -ty of doping on the width of the transition
region .The heavier the doping , vhe narrower the 'transi'i;ion region .
If the two Uypes of semiconducior malerials contain differeni amounis
of ilﬁguri’i;ies,~'§;he .portion of the transition region in the more heavily
dpped material is narrower than 'that in the 1lightly doped materidl »
The reason for these conditions is ihat the barrier is foimed by &
given nmnber of donor ions on one gside of the barrier and an egual
- number of accepior ions on i.he other side of {the barrier .The heavier
the impurivy concentration in the semiconducior material,ihe smaller
the depih of penelraivion on thait side of the juncivion necessary %o
establish a given number of uncompensated ioms ‘.

let us now consider the effect of heavy ‘doping on - the locaiion

of Feimi levels in boih ‘bhé p~iype and n—-Wpe. materialsg @

The Fermi 1eve1 in uhe n~-ivyre maserial is given by the expression

' kT
E-=E. -kT ln.—“(-: where N="{m——]

Ng = aumber o,f donor atoms
E c=conduction energyy level
Also the Fermi 1evel in vhe p~iype maierial is glVen by the expression

2nm, KT /2
EF=E'V +k—rlﬂ‘—:—qlq W\'\er‘% N\(—— Z%T‘l

Nq == number & a ceeptor odtoms

' Ey= valence eneryy level
If the degree of doping is very high,then N4pN. ,and the Term ln%&
becomes negaiive .The result is that the Femi level lies above Ec

for the n~type material »Aipplying the same reasoning %o 50 the p-itype

material we see that the Fermi level lies slightly below Ev o |

It is vhis characterisiic of uhe junciion -formed by tl}e abovemen'sione{

_ p- and n- type maierials thai consivitutes the basis for discuszion
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of the characieristics of the tunnel diode .In tuwnnel diodes ,¥he
degree of doping is I0 to I00 times larger than in usual semiconductorss

A discussion of tunnel diode maberials seems appropriate at this point.

Most tunnel diodex siudies were based around the well-known materiels,
i,Gérmaniumtand Silicon ,Almost simulianeously with this work,however,

) 1% was recognized thai intermetallic compounds offered many atiractive
feat@es és. junnel diode materials «Thig is because tunneling and
tunnei diodes are not dependéntlupon‘the'minority carrier lifetinme,
‘whieh hes never been very high in the ihterme*ballids ,and because
‘such Froyr wies as low effective masses and high mobilities ,which are -
characuerlsulc of many of uhe intermetallic compourds ,2re of direct
benefiy $0 tunnel diode oPeraulon . :

Am@ng the various intermetallic compounds ¥hai have exhibited
tuﬁnefing aciion or from which succesful funnel diodes have been
fabricfa'bed ,GaAs ig one of vhe mosw a‘ctra:cti\re .Firat of all,vhe wide
energy:gap of‘GaAs ( 1.35 = 1,45 eV ) makes possibleltunnel diodes
with a. vol tage swing significanily larger than thoge made of Ge or Si
The uheoreulcal decrease in tumeling current due to a wider band
gap is«more than offset by vhe low effective masses of Gahs relative
to thoéé of Ge or Si .Also the larger mobilities of carriers in GaAs’
,égain‘rela'bive w0 Ge and si , make possible & i'eduction in dicdess
series ‘resistance .Finally the lower dielectrie consiant ( II.I) of
Gals isvof some value in reducing the junctiion capacitance .

The general appearance of a Gals tunnel diode v-I characterisiic as

comparéd 40 vhose of Ge and Si is showvm in the figure belo?v :
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T mA

Ga As

\Y4 mV
.  Characierisiics of Ge ,S5i , and GaAs {unnel diodes

Good elecvrical properiies,high resistvance i;o} 'radia’ui_on aauiage,'
larger vol'tage swings,greater s"urabili‘by with temperature make Gals
_tuzmel ‘diodes competltlve . | | .1

| Let uS now briefly review ihe fund&menual g;rlnc:mle mxderlying
the operaun.on of whe uunnel diode .
First ,we should note that the tr@nsivion region in a tlinnel diode
is appreciably narrow because this isg essenulal to ohe a:.scussn.on.
For bhe n~type material,ihe Fermmi level lies above uhe bo*i,om eage
of -che conduc tion band ,At noxmal temperaiures ,uhose energy levels
slightly below the Fermi level will be f£illed ,moreover there will be§
| ‘some eélecﬁrons occupying energy levels above the Fermi level .There
also é#ist gome vacant enérgy levels above the Fermi level o
Considering now ,the p-iype maierial : The Permi level lies a 11%19
below the top edgevof the valence band ,There are some unoccupied
energy level above the Fermi level and within the valence -band;
the energy levels below the Fermi level are filled with electrons
%0 a considerable exientjihere are @ few vacant energy levels below

‘vhe Fermi level . , N
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If & p-n junciion is formed by such highly doped semiconduciors,
.the Permi levels will align ,This is the case ab zero bias .ﬁe

see from the following figure that the valence band of the p~iype
material is opposive the conduciton band of the n-itype material
AS is Xnown »@ poteniial barrier is created ai the junciion which
preven%s or retards the passage of majoriiy carriers across the june
%ion so vhat an equilibrium beitween the majoriiy carriers and ihe
minorivy carriers is eébablished +But ,in vhe case of vhe junction
under consideraiion now,ivhe electrons in the conduchion band of the
n-uype mauerial have two choices : either io gain sufficient energy
uorOVercome uhe poteniial barrier at the junction and cross into

bhe conduciion band of uhe p-iype material jor Vo go through the

forbidden gone righ. inuo the valence band of the p~iype maverial,

The 1atteriphenoménon is known as electron jumneling :which can |
'%éke place if there is a vacani energy 1eve1 in vhe valence band of.
the p=type mauerlal at the same energy 1eve1 as uhan of a free |
elecrron in uhe n-iype region .In this case ,quanxum medhanlcs

o predlcts that the free electron in the n-iype rerlon may appear

ay the same enrgy level in the valence band of the p-type region
on ‘the othér,side of the poseniial barrier ,This process has HOEhlhé
$0 do with diffusion ,Thus this tumneling effect forms ihe basis
o7 operaiion of tumel diodes . |

As a slight forward bias is applied,the = filled levels in

the n-itype material take & position opposite those vacani energy

1evels in ‘the p—~uype material ,hence electrons pass from the n-side

to the p—clde by uunnellng ;likewise some electrons in ithe valence |
band of the p-side may pass from uhe p-side to the n-31de ,LhUS |

consiitufing a reverse tunneling current .As the forward bias is

increased more and moxe filled energy levels in the n-side come
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opposiie those vacani energy states in the p-side so vhat the forwardu
tunneling curreni increases while the reverse tunneling currens
decreases slightly .%hen all of the filled energy levels in the n-side
are opposiie all vhe vacani energy levels in ihe ?-sidé',the currens
reaches a meximum ,As forwardlbias is increased more and more ,
the ?illed energy levels in the n-side are no longer 6pposite all

the #acant energy levels in the p-side ,s0 the tumnneling current
’begins TO decrease ,Thig drop in curren; goes on univil the filled
energ& 1évels in the n-side are opposite the forbidden zone ¢therefore
tunneling current stops completely .

o Superimposed upon uhe sunnellng curreni is The normal dlode
cuxreni o After the uunnellng curreni géops ,the junciion beglns to
funciion as an ordinary P-n jnciion .,
| ; If the bunnel dlode 1s back-aiased ,the nuvmber of minority
carrlers increases due %O addluional bonds being dmsru@ted Aso the
reverse-tunnellng current increases so there is a large reverse
currénﬁ .

:/;A typical characteristic of a tunnel diode is shown below :
1.0 4

mA o ’ ‘

1.0 ‘
V) voL'tS
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Bsaki develo;,aed w10 eguacions ¥or the swo ';;unneling currenss as

follows :

Lo =Af 2.0 (8 B [1-3.31] e, (M

e AL 500 @) B [ Fc0]

3

where Z_._,3nd Z.._. are she probabilicies of pensurucing vhe

gag ( these could be assumed 1o be approximavely equal ) 3L (&) and

jQv_(l—:) are vhe Perrd-Dirac digeyibuvion funciiong ,namely ,ihe

probabili:bies vhat a quentam svasc is occupied in vhe conducuvion and

vaﬂ.ence bends,Tespeclively ; AE) and £, (B) are ihe energy level

densiiies in vhe conducivion and valence bands ,respecvively .
xf’hen whe junc'uion is slighily biased posivively and negaisively,

vhe oboerved gurreni I will be given By

‘ ' dE
I,::Ic—;v" r ——-Aj [.£ (E) —'F (E)]Z FcCE)P CE)

From vhis equauioza;if Z mey be consldered o be almost consw@ns

 in he small volvage rauge involved, we could fairly well caloulaie

the I-V curve ai & cer'a;am temperaivure ,indicaving vhe dyna.ron-

uype charac.erigiic in wthe forward direcvion .
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At the very beginning of our discussion of tumel diodes,
it was poinved out vhal it was the dégrca of doping that gave the
‘r,unnéi diode its primary imporiafice .In other words,bthe characieris-
vics of wumnel diodes are entirely dependeni upon vhe degree of dopirg |
Therefore it is pertinent here to discuss the effect(s) of non-
sme'brical doping oi tupnel diodes ,For the fihal choice as wo the
kind of tumel diodes in different applicai;idns , such as aml?liﬁers,
oséilla‘cors,and switching circuiis ,etc ... , rests upon cervain
parame’ters of ‘tumnel diodes «S0 we will congider shorily tvhe effecw
of such doping . .
| o We will use ihe original model elrplyed by Esaki,and assume
thé.t the tumneling probabilit uy’ is cons Lanb.'l‘he model will not be
rest’ric‘bed. w0 equal deg enéracy energies on each side "« of the
juneuion .The model 1s calculaued for © K.(}omparison with graphical |
so‘!uvlons at 300’ K:Lnd:;.caues that the resuléing voltages derived do
not change by more 'uhan a Tew percenty . | .
A% any given voltage ,the tunnel curreni I, may be -fouhd by
evalﬁa‘ising the following integral given by Esaki :
Loa| [f@-f @] A @ P @

' whé:ce the various ~i;erms are defined by Esaki .At o°K the above
- integral may be expressed exactly by equations coniaining transcen-—
dental and quadraulc verms .Two degeneracy volisges , V., amd Vdc
are defined as ’
: __Ec
VJv— - -u-e an e
weh where Eg is the fermi energy and Ew and 5« are the band edges

of the p-type and n-iype sides of the 31mcbion ,res*aec $ively It has

been shown that a forward bia_s equal 0 V), + Vic = causes tumnel
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current wo outv off ,We shall then define uhe tunnel cut-of.f as

VCO -‘Vdv' '\"VJC

A degeﬁeracy ratio X is defined as

\_/j)j_‘ for Vdo > Vde

Vde

X = vy

ec Vde$ V.

Vdu_ .-?OY- C d—u—
The }general properiies of the tunnel diode characuveristic can be
shown %o be funciions of V., and & .

The peak voltage : The position of the peak voliage is de'i;e::min_ed by

-

iIi} =0 letiing Ve=HAW
dvly 4 | ,
where V4 is the  smaller of the two degeneracy voliages .The solution:

of cheeoub.uion defining uhe zsea:c voliage give the following 1'elatlon

o g (%= A B (- \) 4 [o<~p]+,,<(,_ z |
Ll —— i - |
>in [ G+ )-8 }—%5 k l Qex) - Q‘H"J —B [ ’

Resuliing solutions of A(X) are given in Fig . 1 .I¥ can be seen thai

in the 1limis of laxge KX NV, = b Moo
S ) \+D(

T
If,‘—-”.--—_- |
x
|
3 L Fig.1
1Q.
A %
' |
b Lo - _—
| 1 t —t t - T
X Veo V 2 4- € 8 {
_,._-p——-YCO ‘+KVC( o] .‘
{+X 1%

Variation of \/P and Vg with X and VVeo'




THESIS B |
ROBERT COLLEGE GRADUATE SCHOOL : R
"~ BEBEK,ISTANBUL PAGE 27

. unmon other faciorS .

Maximum negative conduciance G,

The condition of maximum negative conductance is
AQI* ] =0 ‘ . -
This was shown to occur at Vg =

Veo

J+
The curreni ai the peak negative conductance was

T_,A‘vaci< ! )Z'
3""“—‘?"‘""’" |+

with a resul iing peak negative conductance
) I
Z Veo ——
Gp= A2 (i
where A and 2 were defined‘ previously ,The pegk currens was found

10 be :celated %0 Tgq as follows

Z= —-—(W—&- NW)

I% should be notved that ,although the voliages derived remain nearly
conSuanu with temperaiure,the currenss can vary by as much as 2 o0 I
betwgzen 0°K and room temperature o o
We have shown 8o far thet the properiies of the Gummel diode are
qulte depemlem. ugon. the zaarameters X and Vo »
.. .We ,see , from the eircuit point of view that,given a consiant
\/Co ,ihe impedance level would rise and ihe curremi level fally
at Gm with increasing 1>< .Both of the above resulis indicate that
diodes with a large X -would be more sultable for uge in amplifiers,

and Wconv'ersely diodes with X =] would be more suitable for

. oscillators and swliches . ‘
Ib has also beer shown thab uhe peak cwrrent of a tumnel

i
diode is also dependent upon uhe uemperaume .The peak cu:crent {

tmperauure eoeff:z.cienu may be positive or negaiive depending
BOGAZG! {NIVERSITESI KUTUPHANESS
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 Qur discussion has so far heen concerned with the tumnel diode itsels,
iuS properules scons truciion etc . From now on we vﬂll enter into |
a dlscussion of circuit principles for tuunel diode applicaa. ons,
Ag is always known,the basic step in the study of eircuit aspects
is the develonmen» of an equivalens c:.rcul'k to facilitate the analysn.s
of cn'cuius .So we will first construot an equivalent circuit forx |
the ‘tunnel diode and then discuss various amplification possibiliil es.
Thé %unnel diode itself is represenied by a negative resisitance -R
shunied by a capacitance which is the junciion capacitance .

~ The Series resistance R, includes the lead resistances as well as
the :Losseé in the dicde.The series inducfance Ls; also representis

the inductance intvroduced by parasitic eiements énﬂ leads .In the
1dea1 diode these naram tic series resistance and inducivance should |
not eXle .Since nhey cammot be done away with,they shoul& be minim:.—-
zed. .As an example,for the applicamon of funnel diqdes in the
‘micréwave regiozi is is important that the series induciance of the
,dlode is well below one nanohenry .There are vara.ous mthods W

minimize this parasitic series inducuance .References are given in -

the appendlx o
The equlvalent circuit for a uunnel diode is shown below :
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We have previously po:.m:ed out that it is the negative resn.saance
' region of the tunnel diode charscterisiic  Vhabt is of primary -
imporiance .If the tumnel has no d=c bias applied to i ,’she 1npu*‘a
voltage swing may or may no’s exiend into the negative resistiance region
even if it does extend inlo the negaiive resistance region,the tunnel |
diode‘e‘;will nov be useful as far as amplification and oscillaiion are |
concerned .ihe diode will exhibit a negative resistance during seme
vpor'i;io\n of +the input voltage oycle while it will have a positvive .
resistance during some ouher ini;ervél esdepending upon the swing of the
input voliage .Such an operaiion is very much undesirable if the ‘ !
tunnelfi diode is o be used either as an emiplifier or an oscillator,
l"}}herefo:re a8 need arises for biasgsing the tunnel diode in the negative '
resistance region so as to employ the negative resistance . If trhe
tunnei diode is to be used for amplificavion purposes,ihe oPerafion
should be limited o the negative resistance reg on .This imposes
a'limi%;ation‘on the émplitude of tvhe inpﬁ."s si(rrﬁ:‘ll .

Af uer recognhizing the need for biasing the tunnel diode,we w:.ll
brn.efly cons:Lder the biasing methods for tunnel diodes .

There are two main ca'x;egones of d-0 operation of the Tunnel
‘dn.ode and each is afi’ecx:ed by nhe total series resistance in Lhe
circnli, .In one category,the tunnel diode oneraues in the svriuching
mode,and in the other category ,the tunnel diode operates as an
oscillator or amplifier . |

© The second caiegory of d-c operation blases the tunnel diode

in the negaiive resisiance region ,as shoyn in the figure below
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~ For d-c load line analysis ,it is comvemient to replace A by

 %he circuit shown in ¢ . In D ,a typical amplifier oirm it with

the ’o:.as circuiiv included is shown .For reasons io be explained 1auer

v‘.the sum of the d-—c resistance of the coil and the b:l.as supply in D
ms+t be less then the magnitude of the negative resis‘cance of-"ehe
“cunnéi diode .I% is also necessay +vhait the total seﬁ’eS‘a-c resistancd
be posivive . |

- Bince  we are at a stage of developing an equivalemns:
circuit Tor the tumnel diode and biasing it ,it is appropriate o

add somemore o this discussion ,

»

Mosi of the equivalent circuli models such &s the one we
gave‘ in the for""g’oing pages have been small-signal types.The smail
signal oPera*uién of this semiconducior device can be correcily
charé.dterized by its incremenizal resisiance ai a i’ixeé‘; blas poing Wil

associaied reaciive elements.However,the large-signal depariures
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from this bias point which typify bistable switvhing and relaxaiion
oscillatvions make the model inadequa'i;é «50 & large signal équivalerrh} |
-circuit for vhe wumnel diode is needed .Such a circuit is shown below.
I'i‘his,circui'b characierizes boih "i;‘};e static and dynamic responses of the
device fox all models of operation .The network inclosed in 'ihé dashed |
box simulaies the stabic V-I characierisiic of the 'mi_nnel diode .

lelj‘e validity of ihe small-signal tunnel diode model has been exlerde
over a large-signal range‘ by incorporaiing the static terminal |

characierisvics of the device invo the model shown ,The lead 1nduc1:snce
L ,the geries body resisiance Rs and the barrier capaciiance C

are asswned o remain constant over the operating range of inveresit o i
l
1

. Rs Ls
o AA—N T |

1\ W)—-“L(V)~1 (v)
C 7TV, -n, -:.‘K‘[ _ ex‘a( k V):]-

R |

Ld.rge .Signa\ tunnel diede equ{vqlen‘t clreult

LA I

/c-Kexloni->€ chxo < Heg:on 3

b
'
!
i

7
‘ —_—
s
Pt
A I e
o -
| | ol
,
//'/
L7
/' .
e
ol
7
s l
///'
e |
P

; . Y
- , . : V. {volts)
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Cuwrve A is an approxima‘bion 40 vunnel diode characieristic.
Curve B is a broken-line approximaiion to the current from the i(v)
generauor o

.

'Curve ¢ is analytic aﬁprox:umamon to whe current from “the i(V)
' generator ,
The output from the 1(v) generator is defined by either
) l(V)..'L (v) - .,(1,)
or by an analytic approximation to curve B
1,(v) 1is defined by the linear equaiion relating v and 1 in region1l
of curve A, ij is defined by the linear eguations relatving v~ and )
in each of the j linear regions ( j is 1,2,3,4 ) of curve A ,The
resi's‘i;ance R, is sei equal in value to the inverse slope of region I
of curve A . |
The following pair of equa"cions' can be written on the tunnel |
diode ficircui'i; shov‘m. ‘below’,wi'i;h which all principal modes of operation

such as switching and oscillating can be realized .

P

!

L

Tunnel digde circuil con’ta'ln% external Rx and L, elemerts.

cdv v Kk 1 exp (-KavY] -7 =0

dt n,
L dve 4 R 7:‘_': E(t) — v R=R4+Rs
At ’ L-::-L,‘-.{- L'S

E@) = o.p?l\ed voltage
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Combining the “wo above equations produces & nonlinear differential
equation whose solution yields the junciion voliage ,V , i.e

C!q”u- e z c"U'
‘ 'c—:l-'_i:.: +———{ (J.,_' C) -2 klkze*?("kzvz:]-;—t;

+ ow® [ (1+ %\) v Rk\["e’“?(‘ \<1v‘)ﬂ= E (£) w*

. where- wi= _"_,C .ihis equation does not lend itself io a closed

form solucion ,It £alls into the class of nonlinear equavions of the

S wype 2 4
4w v—t—;@(v),,‘f_{,a(v) h ()

at®

A:ftér:some invesisiga‘oion a graphical soluition for this form was fourd
and "bechniques for its applicaiion were worked out ,The solu'c:Lon |

p:rocess begins with an iniegraiion oi‘ ‘the combined equau:.on w1uh

respect w0 vime which yields

du v df =4 B+ K :
v ch)ij g (v)

where ’F(v)_f;_‘_}' [( +REY- zkkvexP(

3(v)= woz[ L '——~>v R K, D QXP("k V)H

_k —u)]d'u-

H(Jc) wJ £ (4) dt

K= '\n‘tesr- ation c.on.sto,n't
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The last equation is converied into incrementzl form

‘Z‘”‘+F( )4 Sa(t) =4 (nAE) —K

where  Sa(t) =j 3 [v—(t)] at

A i’lxed ‘J;alue of At is chesen and the angle A =arc fa“i—{_ |
is determined .I% may be necessary to muliiply the equatvion in incre-

mén~bél Torm in order o produce useful X ‘s,  is correcied to
ab‘co‘zﬁmcidate the deparbtwre of the sbscissa-to-ordinate scaling of

| ‘F(v)' V.S 1;— from a one-io-one numerical relation %o graphical solu— "

vlion as : ~
o A ~rtansd 4 F(vn) = H(n At K= 5Salb)

' Tﬁe, angle X 1is construciseﬂ phyéically ,dn a 'temﬁlatév «Vertical
1ines of lengih H(nat)-s,¢t) +K 2are construcied in the Fo) vis o
plane ag the soluiion proceeds The suecess:we A, sare determined
by uhe consiruction technicue shovm in uhe typical segmenu in ‘he
B figure : Sn(t) is de*uermlneé ayg er-ﬁh step of the process by applyiix,g
the urapozomal rule Ho uhe Valuns of g (vn) and Vnit)e .Lh:!S W111 be
;‘fur:ther devailed .Velues ‘of - 88 a function of nime such as v ( nAt)
and ’U‘[(n-{-l) At are detemined. by the successive consiructions in
the F(v) vs v alune .Then +the values of %[v’(nAt)J |
and % [—u- (n-t—l)At] are dn.rec:uly obtained from the 3(1r) vs U |

plot « &8 the construcition proceeds each quaniivy

Snct) {g_(f,r_l,é.@_f_uv("*'“* JA‘t

is added on to the preceding totml value .o Spt) and ihis new

$otal is subiracied Trow the nert applled H (nAt),This gives the
1en’g€h; of the vertical consiruciion line, H(n &)= Sa(s)~

AS each conétmc*ticn is made,vhe tike required for each Av, to occuxr ;
is known from the relaiionship of At to the angle X employed in the

A Y

consiructcion .
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I S it
| | | N AvtanX
: Py
Fo L-—Diy—\sf(\
l ~
H (nA‘t)"'Snc-t) i B ~
‘ N
|
: ‘ F('b’n)
{
|
V. } /
‘U-n,l Vn 1w

—@P'\CQL construction increment in the F(v) Vs VU
plane

. When the H{nat - s.@ line falls below he F(v) curve
the coéstructiqn revereses diredtion and proceeds towards the origin.
The anéle X mgy be changed to fecure maximum'resblution and solution 1
‘sPeed_.

The disoussion thus far illusirates  prevty well Ghe method of
analysié‘of large~signal operation of the tunnel diode ,The resulis
obﬁained from +the analysis given above égree fairly WBlliwithithe
actual ones .
|  In our discussion of amplifiers using tumnel diodes as their basic~ 

elemens largé signal beha#ior is noi considered .1t is assumed ‘that
the input signal and the d-c bias are such that the device operates

»

in +the negavive resisiance region .
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Amplificaiion through tunnel diodes ¢

'l‘he cunnel diode has been a promlseful device for amplification

purposeu e have repeaiedly indicated that a negative resistance may ;
be used for amplificatvion .Let us now attempv o0 illustraie how &
wunnel diode can be used as an amplifier ,Consider a signal from a
source ( such as a line ) at characieristio impedance Ro as showm in
the ;-1gure «If we are o obiain maximum power from this signal we
musis ‘maich the line to a load which is a8lso Re ,and any deviation
from this will resulix in a reduciion of power .I% is k.ossible to :
increase vhe effective value of a :resvs»ance as seen across its
‘Gezm;nals y DK plac:lng a negative resisw_;ancelz.n .-parallel wivh 1% (just
as a ?osi'isive resisiance would reduce the value ) Thuws we may reduce
the value of the load resistance R. in the figure ,while still
preseniing a load of Ro o the line ,by placing a negative resigvance |
in paréllel with R_. .As the load presehted to the line is unchanged,
t_he signal voliage will be unchanged .However the value of the actual
load resisuance is. ‘decreased,and the current ,and i;herefdre ihe

signal power in the load is increased .

‘\)\=go Vi

i .S'lgnaL » ,Ro o —> RL:RD
o o—
o A - R
» . Ro= RRL
o R¥_R
Signal Ro R %R\. § -R if T RL<R
nThe Ro>©
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The ‘example discussed above illustratés the use of tunnel diode as
& power amplifiex orly j;for the voltage across the load remazins the |
same Since he load presenied %o the line is he ‘same in both casess
‘There ig ,however ,a different form of circuit through whi ch voltage_ 
amplification is fossible B

y Thevrefbre there are,in general,two basic types of tumel diode
ampiifiers ¢ the series amplifier ,and the parallel amplifier.
We will discuss bo uh uyz«esk.

Aw Serleg m;llfie:c :

s

7 In vhis type yvhe load ,vhe vumnel diode ,and the signal source
are @ll connecied in.series .Such an arrangement is ghown below : -

_ !
- Re

JIf we'.heglec’s the junc'bion capacisance ,wé may still devise another
’equi‘s.ralem; circuii for the tumnel diode ,which illustraies bQS‘t’
'why a negeiive resistance acts as a generator which aids the applied
voli:ége For {this purpose we draw upon the Compensation Theorem which
states”cha'i; any-reéistance can be replaced by'a genera'bér vhogse voliayg
is equal o product of the curreni through the resistance and the
.'resis"!’i;ance .If we deal with a posiiive resistance,this generaior has
its polariiy opposing twhe applied volvage .In ihe case of negnuive
vresis-tance the polarity is such as %0 increase the applied voltage.

Thig form of equivaleni circuii is also shown below .
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AN A
T -
ADes - ' <
- » C> RT
+
The equaiion below can be written for the for')er circuitd
s——(RL"R> 1 t= ':iR

The output voltage is equal ‘o
Eo=1R, = _SsRL

Rw-R
I‘rom these the voltage gain is
' A - Ru
" v R.-R , _
Iikewise the ) © . power gain can be devermined to be
” ' _ R.%
@™

Inti;he above equaiions we neglected the junction capacitance .If the

cayabitance is taken into acocounty,the equations will hév‘e"co be '
modiif;j:ed .In fact the effective negavive re'sis'tancé of {the tunnel }
) diqde'de}aends upon the shumiing effect of the capacitive reactdnce
of "t';hé,junction capacitance , |

The above consideration lecads us o suspect that vhere may be

_gome limit to the frequency of operation of the tunnel diode.
vLe'c us, depict the tunnel diode equivaleni circuit including the

serles resistance .

yLe '
] .
..R ’ .

The two-—be'm.unal :uzmcdance is given by the exyressmn :
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Z=Rg — —5 - 7 -
R \+(wRC)2
.Fo' 1ificati £ R
Y ication
amp Rs |+ (WRC)
when the real part is zero ¢
| R 1
R e — ——
Rs= —ﬁc 2T RC ne

-
| (w RC)

" is called "the resistive cuboff frequency ;" This sets a limib
upon the frequency of operation .
B-—‘P'arall'el Amplifier ¢

“Amplification can also be achieved by placing & tunnel diode in
par‘,.llel wivh a load res:.snor .We discussed this befor .

CIf uhe signal source does not have any internsl impedance ,then ‘thexye -

s is. no -voluage amplification in a parallel arrangement .If the

mgnal source has an internal resistance ,the equations for vol‘uage
and current gains w111 be modified .In this case the gain formulas
. are given below ¢ |
Curreni gain —_
) T RT__-{-oqu }-e;z‘s‘{‘ance ;ncludllng
Voltage gain 1-Rr1 the source resistance

\'R}" RT R = ;h.mnel diode v-es'.hs‘t-anCE’/
Power gain 2
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we will briefly look at the microwave version of a tumel diode

ampllfler «The dlagram below shows a simple tunnel dlode microwave

-

ampllfler :
S~

&

signal Load ‘

o

Theé.mplifier consists of sgingle-porh cavi'i;y A,containing the
Esaki diode B ,which is coupled via an iris to a shori seciion of a
wavegu:Lde beyond cuiorf C ,separating it from the main prapagating ;

waveguide D .The incideni inpus signal and the reflecied (and amPliﬁedJ
ou'i;pu'i;_-signal are geparated by a low-loss cirenlaior ,Whlcﬂ‘iS'&
d'evice "}gv’kklich does not absorb energy e simply directs 1% in the
desired direction .

S - Sufficient loading must be provided ito prevent oscillaiion”
from "aaking ﬂ.acé .Mis is achieved by a dielectric plug E ,vhich,
when completely ingeried 1noo the cutoff section,ensbles the latvter
Lo nroPaﬂaue .The depth of inservion is thus us ed to vary the exvernal

coupling of the caviiy .I% can be shown that,for high gain,ihe vol‘cage
&4
Re
T RC

gain-bandwidth produci is given by -
Ve afz

A
where “q,

o thab generatved by the negaiive resisvance of the diode .R and C

is the ratio of the poweI éissipa*'ued inside the ca¥ivyy

. A
are tvhe negavive resistance and the capacitance of the diode.G is the

- power gaih,'» Atis the bandwidih . h o
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So far amplificailon using tumnel diodes was discussed p DUT Wibhouu
gnyﬁregaxd o wheiher or noi such circuits would be siable .By de:f:‘ini-,-'
tiozi gtable olaeré‘cion is vhat mode of operation in which all
amplitudes remain finite, If , Somehow, the curreniy through the cireuit
keeps on increasing indefini tely,then the circuit is said to be
unstable .Therefore it is essential to chhose the parameier values
in‘“‘the circuit in such a way that the civ'cuii; construcied will be
Suable 050 we recogmze the need for an anelysm of swvability 3
oLhenuue vrial-and error methods will be too lengthy to resori 4o .

% In practice ,there is a variety of circuisvs incorporating tunnel :
dio:deg +If an a‘btemp'h' is made to analyze 2ll of vhem ,500 much time
will be wasied o In the literaiture vhere various ariicles dealing with‘k
"'che‘..stabilizy problem of various types of tunne‘l diode amplifier .
However ,we preferred vo analyze the basic tunnel diode circuiv for ‘
stabllity,uhuo indicating the mevhod of approach io such a problem ,
Dhis basic circwit will comsisé of a tunnel diode with its series
resistance and induciance togevher wiih external series resisiance
_and inductance ,In the analysis we also take into account the

.nonlineariiy in the negative canductance region .

| ' Rs4Re=r Losl =L 1\

0N
S.
Ji

ILet the tumel diode non,.lneal volrage—currem chareciterissic

be represenied by the Iel“ulon

'7-1.:: ¢ (e‘t) ] A )
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Then the cireuii equabions are

LJ
d-t

Singular or equilibrium poinis occur where simulsianeously
E=R 1p, 4 ey
lRs = B (€ Y= 1
s 75 fs) 7'TS

"fi‘lhre singluaz' polnts could ,of course ,have been found by drawing
the load line on the (8t ) characteristic .The inhersectlon of
the:load line with the characte_:r;.suc denerm:.nes hs singular po:m‘cs, ‘

In the neighborhood of a singulari“cy_',we can.make the |
substi'i;u'tions
1 R= {Rys"" L :
Ce=Crs+ €

where i and e are smell changes ; subscript "s" refers o quiescent.

\ values o

bkpandlng ¢(et) by Tayior se:rles , We have

Bleds Blen) + B (o) et on
 Negleciing the higher terms
. Fler)= ¢ (et +3E

'Wheie %f_ys’(ets) is the variavional conductance at the singularity .

Hence the circuit equaiions reduce %o
_‘.!‘_l_: _‘_[-Ri—e} _f‘_‘_e.'_z-l— [_i—ge]
dt L dt ¢

‘ { » ¢
di_ A [ ce-Rr
de Ve -ge+1 _

We know that,for a ai fferential equauion
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dg CX+d5

df ax+by

the characteristic eqution is

A* —(a+d)\4(ad-bg =0

In the present case a=-4% | co-t b=t ,d=_R__ 1
C L ) < L GL
Therefore the characterisiic equation is
LIS
( GL))“’{—_” (H"")“o
and uhe characteristic roois are
. L 2,2 4 G* LC /2
(J‘l')"z>=—- Cc+GLQ F { [C +G Lg ZG‘LC%
Z2LcG 2Lee
= - l [A'—T— JA.]
lLcG ,
where A= _-(c+ GLg

&ﬂ f A=;C?¥G¢Lﬁf_zsic3_4(fLC

. The hature of the rootsvdewer.ds on the four parameters IL,G,C anﬁ'

g .We can study the effect of these parameters on the stability by -

, cons:Lderlng ihree two-dimensionsl cross secvions { G,g),{L,8),(C,s) .

- 0f course,tihe parameters L,C‘ and G can have only positive values,

whereas g can have both positive and negetive values as deiermined

by *uhé characteristic .

I- The (G,g) plane :

From the last equation ,we heave
= (c-LG&g) _ (26 \/T:C—')

The condiwion for complex roots is
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- Congider the two equaiions

(c-Log) (26VC) <o

c- LG+ 26yLc =0

c —Log— Z1&{Lc =90
These two eguations repreéent hyperbolas in the (G,g)plane ,These
aﬁé shovn by curves I and 2 in the figure below .The g axis is an
asymptoie for both hyperbolas .Also,the line g =2\/——f_-'__:I ,is an
asympioie to curve I,whereas the line g:zﬁzJ%?'is an asymptoie To

curve 2y \

E
u | &
X
JJ.._._‘__‘__} 2

« Hence'bhe region beiween the hyperbolas co§re5pond %0 the region

where the complex roois of the soluvion Tor lbzare situafed » Since
the complex roois correspond %o focal points,we may deduce that the
focal points are situaied in the region between the two hyperbolaes.

fhege foceal points are unstable if
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C+ GLg<«o

anxi stable it

. Lg
cC+ GL o LI a2
‘ 37 G C
The equavion C+GLg =o0 represenis & hyperbola with the g

and G axes as asyEpiotes ,which is shown as curve 3 in the above
figure .

Hence sic region bevween curves I and % 2 ,buv above curve 3,
corresponds to sgvable focal points and that below curve 3 o unstable

focal poi n-{,s .

”herefore we have,in region X ,thai self-excivavion of osc1llat10n ;

is possible s:mce the oscillaiions increase on the divergent spiml
starting from an unstable focal poini .Also ,in region A ,self-
excijé“cion is not possible .

‘»"’?men C+Gclg>oO ,ishe real pari of the expression for
is negavive ,so vhe circuii is stvable . |

Saddle poinus arise if Y 7 N

L Grgo Stable when G+¢>0
Hence,the region below the siraight llne G+ §J=o  corresponds
to uhe region of saddle poinis ,and is a region of 1nsx.ab:Ll:\.’x;y .

The co-ordinates of the points of 1 el’Ser:LOn of curves I and @

( \FE ) .-E and the straighi line passes through
this ?Oin"’u .Since the intvermediave region separating regions of
saddle poinis and focal points is a region of nodal points .The
regions 9 and € ,Tespeciively,correspond to the regiong of
unstable} and stable nodal poinis .Thus the po:int- X is a point of

f » . . \' > LR ] »
separation for the differeni uypes of singularitvies .

9~ ‘he ( Cyg) Plane
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Lev us congsider the equation A=o 0T

C2+<G—L3>2_2G—CL3_,4 Lee =0 =t

Thi.c';.is a parabola in ‘the ( C,8) plane,passing through ( O,_O) . This -
parabola has a vertical tangeni av The origin and a horizonial vangens
( GH{J -G ) .Thus ,ihe focal points are situated inside this :
parabqla .As before ihe stable and unsiable focal points may 58 591?3‘: .
rated 'by di'awing the cuxve C t+LGg =0 ,2which is 2 svraight 1line
thrdugfz} vhe g origin with a slope of -— al—[_ .The regions. &
and ,6 | ,res;;ec'ﬁively,correspond to the regions of unstiable and
stablg‘;‘focal poings , Thus ;self-excii;ed oscillations are possi‘ble
only for the ’negal';ive vaiues of g and for hot too large velues of C o |
The region of gaddle points is obtained by drawing the line G'+3=©

As before,the regions ¥ , § , and € ,respectively ,correspond to

‘the régions of sagddle poinis ,unstable - ~and stable nodal poinis o |
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3- The ( L, ) Plane :
Again considering the equatdon A = o swe have
c — G—L%—\-ZG\}C NL =0
C -6Glg—26Jc'Vi'=0

These two equaiions are ploitted in the diagram below 4shovm as cuxves |

I and-z +The g and L axes arc agympioties to curve I ,Curve 2 has the

g axis as an asympuoie and a horizonial tangens at (%7_ ) —G)

To find ‘uhe regions of unstable and stable Focal polnis ,we draw the |

curve C ‘G— L 3 ,which is a hyperbola with the g and L axes as |

asymiétotes yand passing ihrough the poini x ,where cuxrve 2 has a-

horizonial tengent ,The regions K and B are the regiors of

unsiable and siable focal points .The region of saddle poinis is

Ob'tainegl by drawing whe line G+g=o .The regionsY, § and € repre~ |

sentv ,as betore ,

nodal poin¥s ,respeciively .

the regions of saddle points ,unstable and siable

X
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Conclusion ¢

We may summarize the stabiliiy criteria as follows :

4y 1y 29
3_>G>C

-

There is élso the question of resisiive cutoff frequency and the
self resomanu frequency .For stable opersiion it is also necessary
that the resisuvive cutoff frequency be below the self resonans
frequency joiherwise the circuit will oscillate and will become »
uns "uj;ble .

The "plane” analysis given ihus far may be exiended further %o
investigate the stabllity of vargéus poinis on the tunnel diode
characteristic ywhich are the interseciion ’oi,"a load line with the .
characterlsi‘.ic curve . | | |

There could be a differeni approach to the S’Bablll iy investiga=
’t:Lon o:t a sunnel dlode .Bui ithe answers tha+t are obtained agree: wihh
those we deduced in this section .So we will siave one more ah:mg

in COI]nGColon with the stabllivy of tunnel dode ¢

?‘F) | Zy( 7
T

<

Cconsidering ithe above circuit , %d (» the m:o-‘berminal device
is potentially stable if there exists at leasy one finiue pos:L b:Lve
real functvion Z(p) such that the equation % (p) 4+ ZJ4(P) =0
has no soluiions in mhe closed-right nalf s-plane ( or the "p" plam)

Re ?20 Then Z (p) ig said o stabilize 2y (?).ﬂo oscillat 1on§ of

ever increasing amveli'i;udes axe possible in this case .

h Y

’Ve have cons:.dered the stability of Lunnel diode on]y in the
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the basic circuit o In general,depending upon the form m the cn'avn‘t
the stability conditions will @iffer jnevervheless the approach is uhe
same for all ,namely ihai there are no solutions whose real parts
are posicvive . |
Previously various gain formilas were derived for voliage,
current and power gain ,Consider a simple Tunnel diode amplifier
circ_uit whose voliage gain we know 3 if we are 4o ignore the S'i;abili'{y.;v
condivions ,we see tvhai the voliage gain can be increased as g
large as we please by decreasing the value of the external resisiance
or by increasing the value of tumnel diode negaiive resisiance so B
as uo make vhe differencé beiween them minimun so that we obiain a “
very large vol'cage gain .Bub this is not so in praciice because ‘
at some point the circuiiy may become tottally unstable .\We gaiher
uhen uha‘“ the amplification that can be obtained through & single
'Lunnel diode stage has an upper limit if the circuit stability is
not {,o be disiurbed .Bub if the maximum allowable gain per stage ig
less uhan the required over-2ll gain,shen several ampllfier suages E
lmuswbe cascaded ,Iet us tdke ithe basic circuii below : here we assumev
‘i;hat and are such that they acs as open circuiis atg all |

frequéncies of inuveres’ .The equivalenv circuit is also shovm .

f T
. | ‘
. L T D\ + . ‘ i T+
d + . L, * é o es
e Ly 2, : _ Rg g,
= E

—
—

o . _E
The voltvage gain of this cirewlt is given by K= Z*%n

'Let us nowy condider another circuiv in which we added anoiher twunnel -

N 0] 3 U - ) 3 )_
dlode viih a differeniv negavive conductance .1us equlvalenu cirairis

’ﬁhe inpuv résistance of this ozxrmn is given by

is also showm .
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We assulle vhai we have tunnel diodes with required negative resisianes.|

D,

( S
r—k“ A —MWW— »T
-5 ’ sz LZ ;z :e_s -NR, R |3
— sbb
T \ 1§

Z

The inpui resisiance of the circuit deplcied above is given by
R_n-,

‘R;,,-z

whlle the input resistance of vhe former circuit is R-rv
IT we; choooe -n, so vhat Rin=R ,then solving for -7,
we ob'ualn . ;5_(_5:31—- |
. 1= _,]‘L
gyThe input resisiance of thié cirais is‘now equal to the load
resisﬁénce ,vhus this circuiv may bé used as the load resisiance of

& similr circuit .When several of such stages are cascaded mhe voltageji
‘ R

gain df'each will be s . The over—all gain of ths circuit will begg

the préﬁuct of the individual suage alns .

_i' The resululng circuit resembles a transmissiog.line made’up,'f
of negaﬁlve re51suance elemenss ,and produces a gain rauher than a
loss o !

Other methods of cascading tumnel diode emplifier stages are

available ,uéing isolavors and circulaior ,€TCees

I£ tummel diode is to be used for awplification in the microwave |
rangé ;other coupling arrangemenis for cascading individual. sttages A
have also heen devised , v . _

One example would be Hybrid coupling ,We will discuss the o

operation of such & coupler . ) | .
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We will describe ihe process of amplificavion and coupling as below :

equal amounis of energy arrive from the source at amplifiers Fo:I am

- No:2 ,0 and 90 oui of phase ,The signal is amplified in each

amplifier and transferred back to the hybrid junciion .The field

from amplifier’ remains unchanged in phase . The field from amplifier |

No:2 underﬁoes another 90 de.. phase shifi so that it arrives at Lhe"
source I80 deg.oub of rhase with that from amplifier No:I .These

tvio figlds’ being in phase oppositvion cancel ,and no energy is
transmitied o the source from 'ﬁhe amplifiers }.The £ield from
amplifier Fo:I is shified in phase by 90 dew, jthe field from
am}gliifier No:2 does not suffer aiy phase shif'i; ,since it hed alre'aéy :
undergone a 90 deg.phase shifi .The result is that the two fields
from the wwo amplifiers arrive at the load in phase ,so they add.

The aféplified signal is thus iransferred 0 the load . ,

| S simple circult using such an arrangementi is also shown . -

”here are other me hods of cascading vunnel diode a“n'nli‘fierq elther

for use in the microwave range or for use in vhe normal HF reglon ; e =

buu mey are 2lready available in -che literatvreso ‘uhey will no% ‘oe | .

| repeav_ed .{References will be found in the appendix .)
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Toise Congideratvions :

' So much atieniion has been focused on the noise performance
of amplifying devices of 211 kinds yfor instance vacuum tube amplifiar"
the fransisvor amplifier ; amplifiers used for microwave ampllIlCaflmﬂ‘

Why do ve ayiach so much importance wo r01se ? Thig is because the
noise level may be such wvhat ithe aouual signal may be "losg" in the
noise signal and it is only +he noise signal thati is detecied oW
musi Ye sure ithat our amplifiyingdevices do not add noise by
themselves and thet the noise level is considerably below the
signéi o

Sources oFf noise in tunnel diodes

First‘,there is ihe so-called Johnson noise or the thermal noise
generated by the ohmici; losses in the spreading and contact
resisﬁénce of the diode and the surrounding microwave siructure (
if a mlcro vave amplifier 1s under study ) .Secondly there is ihe
ShOu n01se uooorpunyln the tunnelinv process .The shot-noise is
very ¢am111ar in an ordinary vacuum tube ,itv resulis from changes 1n; “
dae raies of am1831on of electrons , thus the d-c component does not, 5
\ ‘ :
*emain constvany ,bus iu shows some fluciuations about a mean poini,
The shot noise in a tunnel diode is believed o be the resuli of
carriers dellecied from ihe barrier when unlike chirges of eqial
energyvlevels are not on opposive sides of the barrier .’

In a vumel diode there are two currenis in opvosiie
direc%ions in the ‘tumneling region ,if‘bbth are assumed 0 be
uncorielated ,then they both contribute vo shot noise and &lithoug
the net tunneling currentv is the difference between.the two wumneling
- current ,vhe net»cur:ént consribucing full shot no;se.is the sum of

<!

the two .
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~ The wo vunneling currenis can be represented by the following

expressions :

"Te=A XE F e 4 @[ '-{“’fqvﬂ dE

AJ F(gv) L(E¥aY) ]:1- penfde

All terms in the above equations have alresdy been defined .
The nen elect vron current flowing across the junction is the differmnce b
bew.reen I. and I, .The currveni Ip is c'\used by elecirons tunneling
from *ahe conducvion band of the n-iype mauﬁrlf_‘l inito vhe valence |
band oi the p-uvype maverial . IE is known as th’e Esaki 'cur‘.rent and Lz
as thé Zener curreny . |

H he nev curreni is given by
‘ I=IE "'IZ | 7 o

For calculations of the mean square noise currenu ,we shzll assume
"sha%s‘hé'i‘;h currents sre compleiely uncorrelated .ithen both. conunbube “
to shcl)"b\noise as poinied ouw before .The total or equivaleni currenfb‘
cons Ilbk ting shot noise is the sum of Te and Iz .

s Teqg= 1Iel + lIzl
X"e w111 txy 10 ‘relate the individual tummel conponenscs wo bhe wotdl

currem: I ,we noie that the Fermi factors in the tunneling 1m:egrals

are related as follows ¢

e clv)[l_,e (z)] JQ(E)[ - (E_\—g\/)} exp (‘,
Thig is the key device .Since V is not an integra UiOI‘l vana‘ole then,
'IZ = Tg QKF'(— ’F’—‘:)

hence B
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1 - I | g I
Qv i v
\- - = ex -\
exP( T 3 P( k.‘\’) |

IL the wo tumnel currenis exhibiy full shou noise ,and

if the noise currentsare uncorselaied ,then the mean square noise
curzfen'i; in a frequency intexval 5-? is expressed as

’ z = 23_ In S,‘p
The eguivalenty diode noise curreni is equal o the sum of-the Hwo

tunnel curreny and is given by T,=1 coth 21—

I# the diode I-V characterisiic is- “giVén in the “tumeling regon,

then ihe equivalent noise curreni can be obitained from it with
the hely of the above equauion . o

' Ai zero bias it is important to observe that the equation
givi}ig, the noise curreni reduces correcily to the expression
for mermal or Johnson noise , 7= 4kTy 7 .

, | Iet us nov! analyze the noise performance from the
. i
Cll‘culb point of view ,

+

N The amplifier used as the model is shown in the figure
belo-gf ¢ ( also shown is bhe equivalenty cimui-t with noise generators)

SOu'ri‘rce, : Load ~% : ;
- . u Vo =4 KT Re® |
’ M1 . ’ ’

r‘v‘s’\"l —R C :l ~
® Tuanel -
Cavit{™ N Diede :
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4kT. R B

is the ambieni temperature of the cavity .I stands for ihe todal

induciance (parasivic and intenéional )
The shot noise is provided by the current generagor
=2eI.B
Lei us now itransform all parallel alemenis inio series

equivalencs .The circuit in this case is shown below :
- A,

L
AN G —0 Y'Y\
{,‘:‘=4kT¢ R B
3
| + w? R*C
Rwc
7, 2 RL
\+w R°C
QeIoBR
)+ w*R%c”

%erles regonance in this cilrculi occurs 2t

L §
I 'y l
t
o _w\/ S, W= —
,_ r ) w'lRC e Lo

A'ﬁééessary and sufficient conditvion for positive gain is thatb
e _ | > |
“the real pari of the total series resistance ,as seen 1onlng pack

into;%he amplifier terminals ,be pmskiiws negaitive § or
o ,~_5__~—->R
- 1y wRTCT

The:resistiVe cutoff freguency is given by

. i__ .
g, = Lx
7 7 2nRcC

Our' main interest is in amplifier operating at resonance,wve ’
evaluqbe the elemeniys of the above circuit for w=w,. JThe efxect1v¢4

nezative resistance is represented by the series re81sbarce

. P);GE 54— :

is provided by +he Johnson noise genérata: where T,
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The equivalent circuit at resonance is as shownbelow 3

i
]
Nr'
(]

The pover gain of the amelifier is defined as the
raﬁioqu the power delivered to the load ( ihe reflecied power)
e thé”ﬁower gvailable from the source ,I% is egual %o
Ro— (Re—R7)

Kt ( Be-K l)

.%G".—

Our~aim is ©0 dérive an expression for the noise figure of the
amplifier .But before going into devails ,leé us make a few
definitvions

The noise figure at a specified inpus frequency is whe raitio
of the total noise power per unit bandwidth available at the outpul,
to that portion of this power engendered at the input frequency
byltha inpul termination at the standard noise jemperaiure of 290 X,
whioh.is the room vemperaiure .Thad is o gay,¢he noisg figure is

the raiio of total noise power ousput o noise inpuv at the sitandard
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- semperavure ,Therefore ,

Noise figure =y¢_ _ No
- &k, B
We will make one more definition :

T,=290°K

‘The effective inpui noise temperaiure of & network is defined

as the temperaiure of +the inpui verminaiion which results in outpub

- noise power per unii bandwidih double that which would occur if the

inpui termination were at absolute zero .
I+ can be shown that the noise figure is also given by

[~}

F=14+ 1© Te = eFfec_:‘t'tve -l-e_mperat'ufe , K
290

Iet us now return wo our discussion ,
'-.‘!e_;: could also define -ché effeciive input noisé temperature &
the i'ﬁcrease in the source Temperavure which is required to keep the
noise‘,“power output constant if the amplifier,hypoihetically were
rendeied noigeless .vI‘i; is found by equaving ‘thatv part of the wotal

roise .outpui originaiing within the amplifier , N, 4o KTeGB  i.e,,

From *L‘l(ie equivalent circuit and the gain definition :

Re RL 2e I°E>RR{R1_

+
R+ Ro-R)" (Re+re-R)®

/2.'
(Re-Re+R) _ykrm

: KTeB
' (P\L‘;’ Rc 'R‘)’L

Solving for T, yields

o !
4Tc RcRe 2e o RR" R,

P N2
(R~ Rc+R) K (RL-RcaR)

Te

which can be transforaed vo

2 _ - !
\[E.-‘.H (R-C. eloR __R___
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After having determined the effective "cemperature in terms of
c:.rcuiu paramevers ,vhe noise figure of the tumel diode amplifler

stage ‘can be found from the expression

F=it+ Te
230
'"‘he dewsendence of T is contained in the factor (J—-ﬂ +’)/G

whlch decreases asymptotically voward u}uty with increasing gain
so that high gain operation is imperabive .

’"‘he shot noise contriwution enters through the term I.R .
It can be minimized by optimum bilasing of the diode in such a
way uhau the produci I,R is & minimum .In practice ,it was found
impréibticel t0 operate the diode for any congidersble dissance
beyonﬂ the mld- anc,e of the negaiive :resusxance , because ihe
increas:mg value of R ,due vo the curvature of the I-V curve ,more
than offse 6S i;he decrease in Io .We will discuss how a rainimum
produco can be obtained for o;otlmum performance ,

The T,R produci is imherenily smaller for seniconduciors
with small energy geps ( Insb ,0.I7 V ; Ge — 0.72 V ) which should
"uherefbre be preferred for low noise applicavions .One futher point
ms be made : the reduccion of the itiue congvani ,RC of wumel
diode has a beneficial effect on vhe noise tempersiure of the
ampli'fier as can be seen from vhe expressions,

'In shori , RC produci;s mﬁs*s be small ,élso‘ enerzy gaps mustd

be low ,meaning small IR product .
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Having discussed how t0 obtain good noise performance »OT rasher
the factoys giving rise to good noise nerformanoe leu us now attenz
to descrive some means of actually realizing low noise , figures.
As.we Suld earlier in conneCtlon.w1uh conditions for low noise figure,
theloR product must be a minimum if the noise figure is to be imprord.
So we will now analy=ze this case .

The noise figure will now be expressed in terms of the siandard

vemperature ,s0 the expression will be slightly different ,Also &

new definiiion is made ,This is the excess noise factor which is
defined as ihe noise factor F minus umisy ,:

Fol= |80y Sy Ge |
S ¢ G G G.2 To

Il

ﬁhere G%gis the source comluctance at the s»anda*d temperature
To 5Gh is the loss conduciance which coniribuses thermal noise,
G; ié‘theiload corduciance ,and Ge is the equivalent shot noise
conducs cance of the diode ai the ambient temﬁerature .

If R(=éﬂ is the negaiive resistuznce of the diode correspording

4

{0 the operating diode current I ,and G.is whe power gain ,it follow =
ihat

.

A(r )= (G Rl+ e |r +2T laz) »
: o , - - |
where G 2 G o -
Y€ A=( IR|GgY Too = {1+ G+ 4, &n _ _=2_ | = _°
}A(Hﬂ"r ( Ga+63 V&, ¥ C3 T

G_ _ 4‘ GSGL 4
. A
(Gh+ G'3+ Gn.— iG")

*

Here A (F-1) ,the product of the excess noise and a constani dependin
on gain ,is a measure of the noise-and-zain behavior of the tumnel

- diode amplifier , 4 small value of A(F-I) means small noise facior

LIRS

and large ypower gain Gp o

~Qur objecvive is to show analylically that with a g ven




- THESIS e
ROBERT COLLEGE GRADUATE SCHOOL X PAGE 53
BEBEK , ISTANBUL

i—V characieristic of a tanngl diode)ahminimum value of
exisits ai a unigue poini on the characterisiic . Another aim is o
suggest. an ideal I-V characieristic which can be a guide forx &ie
design of vunnel diode amplifiers wivh low values of S
The I-V characteristic of altypical tunnel diode is shown in

pars o of ihe figure below :

w
ol I Vo V2
i i !
] P,(I.)Vj .
| ' : -0~
| i
[ I ! A
1 I [
: ] l
+ i ‘ . i
. | |
1 | |
d1 ' l ' b
_— , | -~D~
av ~|L | v
\L-/' -
- L | |
I ¢
¥ N b
4eI | M —c-
avi — |
uef”1 |
_ e ‘ |
L i ]
| |
+ e |
7 ’ ' {
el . i . —d-
dy3 ' 1 [
el |
‘The negaiive-slope porvion of the curve lies beivween V, and
Vi ,whére'the slopes are zero ,:n infleciion poini ( Yo ,To )

exists between these two poinis ,The negative-slope poriion of the

curve ~can be represenied by the funciion
- I ’Ioz'y(\/-‘vo)

Then its derivative with respect o V is

ot c!l' 4 NIRVAY
I == 0)= —
dv A R
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where R ,ihe reciprocal of ihe slope ,is the negetvhve resistance of

the diode ,Consider first the case in which the thermal noise tverm

G, Rl ani the load noise term G IR|

( A (F-1) 2K T/e)

s J (v-vo) +To
‘ TV Te) e

IR = :
T v

IR is maximum or a minimum at the poing

d(z
FISEoN

are ignored .The IR product

Pea (Ym,Im) ,where

' [g (Vom —vzﬂ

since  VidVim <V,

by ?aru -a- of the above figure , :Q ((Vm-Vo) £ 0

the last equaiion vhus becomes

[’Q (:l 12 28 (g mof (Y

Iu :Eollows what

(I R>max‘ or ““\Y\. =

-P " (¥m—Ve)

g ()

we have o show whether the IR produci is a minimum ,

The second derivative of the exnression for IR at the poini Vm,Im

79' (VM“V) ‘?II(V "Vo) %4 (V’""V")"'I‘:z 7Q’“(V "V)

is i
d * (rR)
— =
dv® V=V
I:—Im

since 4 (Vm-Vo)+TIo

. positive too .Thus by

the gr

[;(w—v{}

is always posivive ,
~ 114
aph of f (\J—V,,)

g (V¥ ~Vo) is

, Vimust be greamier
m N

1
]
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than Vo ;that is ,ihe meximum or minimuwa IR produci occurs beyond
the inflection point T, Vo e

A]‘S,o; g'(v ~VY,) 4.0

’gul (Vm -\/o) >0

In fact ,for the I-V charactverisiic of the tunnel diode,it

can be shov-m‘graphically that the numeravor of the second derivagive
éxpreésion is always negative ard hence the second derivabive is
alwaysgpbsitive .Therefore the absoluie value of IR is a minimum
and a'minimm value of 4 ( P -1) does exist . |

'I.f the thermal noise term Gn Rl and the load noise term G IRl
are ilécl\i_ded in the priginal ex:gression for IR ,vhen tvhe point of
,of.tilmum noise facior Vm)‘rmshif'ts towards ihe infleceion woing Ve, Te .
The aciual minimum value or A(F-1) &b this new point is the

'same &S Ghat obuuined by vhe preseni analysis provided thai I, is

3 2
G ZkT
replac‘gd By To+ @-n—\— SRS -
Example
Let us-assume shat
. ) i ' Y —V¥Yo
T=To- Gg Vo StN ——
Vo

where G, is the slope at the inflection poini .This is a crude ‘
bui simple approximation for the characucrisuics of a tummel diode.

(see reference list ) .It follows thai

°
o
. -~ Vo
I”__ g:?- Sin v N
Vo o

the volsage which yields a mimimum IR is

Vm = ,5"n§' (-;:/: G«a + 1 Vo
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1

(IR) ., _ I Vo ~\?
h\ln = —é'; )"' <Io G' -

2

where ( V°Gj/&o < .dccordingly IR can be made small
by making (VO)Z (G,,)z /If approach unity .Also ,+vhe minimum IR
producy is smallest for small values of gf(vm-Aa) as can se seen
from whe expression for CIRJWQA
of course ,requires a small value of the minimizing curreni T m
according o the equation giving the condition for minimum or
maximum IR producs . An I-V charscterisvic which has a suveep drop

followed by a slow decay toward & very smell curreni minimum,is,

for eXamﬁle'an ideal curve wo fulfill these reguiremenos for a low

minlmum IR product .th addiiional advantage offered by the slow
decay 1s that a region of Wlde choice of stable operaving points of
low slo};«eo is prov1ded |

' - However ,low operaving slores resu] % in high oseraving

nesatlwa regiswances which can be realized only by small capacitances

v, V=V, V=V,

:,and large values of £“(Vim-Vo) .thisg, .

1

at hlgh‘epera‘ung : -~ frequencies ,This is probably che
,res’trjicf‘ion for obtaining a low IR producst for low noise amplifica'i;ion,,é
¢
IT
' | 1
I |
| | , ¥
! | | ldeal TV
I : : characteristic
i ' |
A | b pm(an:Im)l
- '
| ( | _— “
' { ] Vv
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Thus far we discussed many aépects of {tpnnel diodés and

tunnel diode circuits,
A~ The consiruction and wronerblea of tumnel diodes
B—ﬁmﬁlillcuulOﬂ principles
C~Stabilivy critveria A
D—Caécading
E-Noise pcriormance

It should addedat vhis point ihai amplifiers are no’s the oxnly
fiéld of application of tunnel diodes .In fact there is a variey
of useu %0 which uunnel diodes may be Puu eSS0 it is our aim o
}1is» bflefly some more | o applloanlon.of tumel diodes
I- Oscillaiors
E—Pulse'and SWitching circui’s
3- JOdUldLlOn demoaulamlon ,heverodyne deveciion
S—Communlcaulons |
G—Tunnel diodes nay wossibly repluce variable capacitance diodes

5

for some lowb noise apnllcatlons R

‘Aluaouoh the vunnel diode cannot compeie wish vaerisble
-Capacitance diode for 1ow~noise aprlications ei very high
frequencwes-new meihods OL conSurucnlon*‘new bechniques meke i¢
pOSolule to mamufacéure tunnel dlodeéwQZry low noise figures,
Buyg the 51mpllclqy of conscrucuion of tunnel diode emelifiers
is a point in its favor ,There are many other advanitages of tunnel
diOdeéi,uAau 1§ is nob possible o 1lisi 211 of vhem ..

 Iow noise figures make tunnel diodes especially useful ab
microwave frequencies ,In fact these are really the useful range
— of‘freguencies .

Tunnel diodes have increasingly poor noise figures at low
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frequencies ,Vacwum tube and transistor amplifiers alrendy give
savigsfactory noise'performance ay low frequencies .50 ivw is not

preferrable to employ tummel diodes for low-frequency aprlicaiions,

s

CRCLUDIN G R ATKS 3

Ve were able to Louch upon a limited field of tunnel diode

~applicaiions ,performance and characierisiics ,However,the majerial

inélu&ed discusses vhe basic aspects of tunnel diodes and wunnel
dlode circuits ,There are many noss:v.ble circuiv configuravions
hoth 1n the mlc_cowave region amd low-frequency range .41l of tThem

are sneclal cmrculus' it would be meaningless to z2tuiempt U0

analyze all of them one by one j if the basic principles arc

avallable for furtiher siudy ,the sole aim of discussion is achieved, -
Our. discussion is by no means comrleve j but - . it is hoped

that our atviempts at the diccussgion of basic princizles will be

of help % Wo a reader in undersianding the subjeci since no

commprehensive text is available ,lany refeorences will be *ounl in
uhe Anpendlx However none of ihem presenss a conm nlc ve plciure

of tunnel diodes and applicaiions . Ve ho*oed to present a unified
‘di_vscuss‘fijon on punnel diodes and tuniel diode aprlications It
should ‘be born in mind that this is only an iniroduciion o the
sﬁbject, and that furiher gurvey has o be conducved ii one is Ho

gain a ‘thorough knowledge of ithis subjeoct .

*

Resgpecufully submiivied

/ .
1, Brhan Karabekiy
Graduave EE ,I1964-I965

Roters College
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