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ABSTRACT

The junctlon currents of a tunnel diode and. the mechanism

producing them are outl-ined. Noise in el-ectronic components

is discussed. and a theoretical- noise mod.el of the tunnel

d.iode developed" The effects on this model- of the parasitic

el-ements present in a physical diod-e are calculated" Noise

measurements using two variations of the substitution method.

are performed on three General El-ectric Co. 1N2939 tunnel-

diod.es at a frequency of 30 megacycles per second. The app-

licati-on of the results to the minlmi.¡m noise figure of

tunnel diode anplifiers is discussed 
"
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CHAPÎER f

INTRONUCTION

fn l-958, Dr. I,. Esak1l*, a Japanese physicistr pub-

li-shed an account of a new phenomenon he discovered in heavily

d.oped (tol9ato^"/" 3) p-n jrrnction diodes. The effect of

this heavy doping was a V-I chargcterlstlc that exhibited a

negative d.¡marnic conducta.:rce over a rau.ge of forward blaseso

These diodes have ccme to be called. I'ti;:tnel diodes"u from

the quantr.rm mechanical tunneling process that produces their

negatlve conductan.Cêo The V-I curve for a General Electric

type 1N2939 tu¡ne1 d.iode is showl ín Figure l-o

By the quantum mechanical turrnellng processe an el-ect-

rolr. (at the speed of light), can appear to tun-neI through a

potential barrier that it doesnst have the energ¡¡ to climb"

The conditions necessary for this process to take place are

d.iscussed in Chapter II 
"

Beoause of the speed at which tr.¡¡.¡rel-1ng takes p1ace,

and because of its simple physical congtructionr the tu¡nel-

d.iod,e offers mall.y advpntages over translstors in such appli-

cations as high frequency amplifiers and oscillators. lu¡enel-

diodes are al-so used. in mi-xers. 'fn these applications a

fundamental- linitation on the usefulness of the d.iod.es is the

pmou:rt of noise it prod.ucese

xThe numeral d.enotes reference number as llsted in bibllography
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Figure I
TUT\NtrI DIODE V-I C}IARACTJRTSTIC
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The purpose of this investigation was to studyr by

theoretical- and experimental means, the amount of noise pro-

duced by tr.innel diodes at a frequency of 30 megacycles. All
experimental work was perforrned on G,E. type 1N2939 tunnel

d.iodes. This diode has a relatively low peak'current (fna)t

lchich made it easier to stabilize in the negative conductance

regJ-on. Some noise measurements had already been perforned- on

this particular t¡rye by Wiens2 , and. it was hoped. this in-

vestigation would supplement his previous work"

Noise in tu-nnel diod.es has also been investigated by

chang3, Tieman:a4, Agoord.is a:rd van Vl-iet5 u and King and
a

Sharpeu e

To obtaln a measure of the noise produced by the

trrnnel- d.iode, it was compared, with the stand-ard noise source

of a temperature l-inited vacuum diod.e" The plate current

required to produce the same amount of noise as the turrnel

di-ode under test 1s cal-Ied, its "equival-ent shot noise current""

The noise produced by a tunnel- d.iode was al-so compared to that

of a resistor exhibiting therrnal noj-se,

In Chapter II the different junction currents flowing

in a trrnnel diode and thelr producing mechanism are discussed,

In Chapter III the noise produced in electronic compon-

ents such as resÍstors, Vacuum d.iod.es and semiconductors is
outlined 

"

A theoretical- noise model for the tunnel- diode is given

in Chapter fV" The effect on this mod.el by the diodets parasit-

ic el-ements ls discussed in Chapter V"
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The two measurement methods used are outlined in
Chapter VI. In Chapter VfI the results obtained are discuss-

ed a:rd the eonclusions arrived at given.

Append.ix A gives the techniques used to measure the

diod.ers V-I curve, d¡mami-c conductance, series and spreading

resistance, jirnction capacitance and lead inductance"

Appendix 3 contains the noise figure measurement of

the receiving system used. in the noise measurements.



CHAPTER fÏ

TUNNEL D]ODE JUNCT]ON CURRENTS AND THETR M'ECHANIS1VI

The net current (f¡) flowing in a tunnel diode is com-

posed of four separate and. uncorrelated currénts. Each of

these currents plays a major role in d.eternining ïO over some

particular ran€;e of bias voltages. The currents are the Esaki

tunneling current (fn), the'Zener.tunneling current (f) ,

the excess current (I*), and the conventional- d.iode forward.

current (Ir),
The mechanism prod.ucing each of the preceeding currents

and an expression of thei-r dependence on'the bias voltage (V )

is di-scussed, in this chapter,

Esaki and Zener lunnellns Curre4ts

The mechanism producing the turureling currents is depend-

ent on the junction doping densities" This was proven by Ha117

when he obser¡'ed the change in the V-I characteristic of a p-n

junction with changing doping densities, The mlnimrm doping

density required to produce appreciable tu¡nefing is about

l-Of9atomr/" 3, At doping densi-ties as high as this, several

changes are noted 1n the energy l*U diagram of the junction.

Iirst the Feru.i level is found 1n the conduction ba.nd

on the n side and ln the valence band. on the p side" By def-

inition of the Ferri level-e an enerry state bel-ow the Ferni leve1

has a probability of at least å of being occupied. Conversely a

state above the Fernl level has a probability of at least å of
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being unoccupied. Therefore a considerable number of states

in the n slde conduction band wil-l- be fil-l-ed, wh1le an apprec-

iable number of states at the top of the p s1d.e val-ence band

wil-1 be empty" Semiconductors rwhere this occurs,are termed

ttdegeneratett.

A second result of high doping d.ensities is that the

donor and acceptor states broaden out into bands and cause

what is lo:own as "band. gap taillngrt. fhis effect causes the

band gap to narrow considerably" For, example, in ger"nanJ-um it
causes a decrease of from O"665ev for the intrinsic case to

about 0.5ev for degenenate doping.

TLre enerry band d.iagram of a degenerate p-n junction

at zero bias, showing the two effects is gi-ven in Figure 2(a).

The conditions requlred for quantum mecharrical turrnel-

ing to occur are glven as:

1" Occupied. enerry states must exlst on the sid.e from which

the el-ectrons are to tunnel 
"

2o Unoccupied states must exist at the same eTr.ergr level as

electrons in condition 1 on the side to which the el-ectrons

to tr:¡nel.

3. The height and width of the potential barrier must be

low enough so that the tunneling,probability is not negl-igibly

smal-]- o

4" Momentum must be conserî¡ed. in the procêsse

fn the enerry ba¡rit model of the ju-nction at themal-

equilibrj-um (zero bias), as shown in Tigure 2(a), these con-

ditions exlst to the strme degree on both sid.es of the Jir:rction,

the

are
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Thls gives rise to two equal but opposite turrnel-ing electron

currents. The one flowing from the conduction band on the n

sid.e to the valence band. on the p side is eal-led the Esaki

current (fr), while the one flowing in the opposite d.irect-

ion is called the Zener cument (Tz) 
"

1
Esaki- has fonTul-ateci the two currents as 3

Ewrr
rE = u.:f"G)Pc(n)zo.r(r-frr(u)R(E)dE 

.,e .ce o..o...2.r

E.vn r
rz= 

,":f¡E)Pu(E)Zvc(r-roitr))P.(e)¿n 
e e ee oecce e "o2"2

where E is the enerry variable, A is a constant depending on

the junction a'rea.e and Z"o and Zr. are the probabilities of all

electron tururel-ing from the n side conduction band to the p

é¡-Ae va1ence band and visa versa respectively. The variables

fc(E) and fv(E) are the Fermi-Dirac occupation firnctions for
the conduction and valence ba¡rd. They are given by the erpress-

ion:

f 
", 

-r(l) = c c c c c c e e c e e c 2 
"3

(r * exp.(n - uf", )(ut¡

where k is SoltzmarLs constant (t"38xto-23,loul-es/oK), I is the

temperature in d.egrees K and Et"uo i" the Ferni J-evel in the

cond.uction or valence

]-evel- d.ensities in the

band . P"{n) ana pu@) are the enerry

coniluctlon a¡rd. valence band respectÍvely"
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ff band tailing is assumed negligiWe p.(n) ana foT) are

given by:

p"(nl = B(E - Eon)å e c.c.coeo...co.'.o.....eo.....o2n4

frfU = c(Eræ - E)å.oeoee c.e eee cecooe ooeoeee eee on"o2o5

where B and. C are constants" The enerry levels U",, *U U.,

are defined, in Figure 2(a) 
"

Actual-ly the Fer"mi-Dirac probability was derived for
the case of complete random d.istribution of el-ectron velocities
and hence only applies at zero external bias. ff, however,

the field is smallr âs it is in the body of the semi-conductorsn

the tr'ermi-Di-rac statlstics can be consj-d.ered approximately

applicabl-e for low external- biases. At the abrupt jrrnction

region, the fields are very high and the statistics ca:cnot be

applied 
"

ff a slight forward bias is applied to the junctj-on,

the n sid.e of the energlr band diagrpm is elevated and there

are states in the n side whose probability of being occupied.

is l-ess than $" The result is an increase in I, and a d.ecrease

in Ir" As the forward. bias is inäreased, a point is reached

where any further lncrease 1n bias will cause the occupied

states in the n side to come opposlte the band. gap on the p

slde, maklng d.irect tu¡¡reling i-mpossible" This is lnro1v:r as the

condltlon of peak bias and. 1s shor¡nl ln Figure 2 (þ ) .
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As the bias is increased past the peak point, a point

is eventually reached where E"r, is equal to E* and no direct
tunnel-ing caTÌ take pIace. The only current flowíng at this
point shoul-d. be the conventional diode drift minus diffusion
current, which would be negligibly smal-l-" The enerry band dia-
gram for this bias cond.ition is shovm in Figure 2(c)"

At voltages up to slightly exceeding the peak point

IU and ï, are the only currents of appreciabl-e value to flow.
Hence for this range of biases the net diod.e current IO is
given by:

Ib - lE TZ oooccooooo.ooc.e.ôe.....ooe .o..e o.oto..2.6

If the tu:rneling probabil-ities Z"r. and Zu" are ass-

rrmed equalu a relationship between TU and I, can be obtained

from equations 2"I and 2.2 as given in 2"72

r'(l - fc)f.r, = rZQ - fv)fc e .o...oce .oo. o...e..o",o2n7

Using equation 2,3 a^nd. the fact that

Efo = |fp 
+ eV oceeooeoo !ooo" oooocoe e oee e e oeooeo o"o"ZuB

where V is the applled voltage, gives:

fc(I - frr) = fv(r - fo)ery.(ev/ur) c,e e e ecoe eeo"n..o2"9
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Combining equations 2.9¡ 2.7¡ and 2.6 gives:

1

I¡ = Ib(l elçp.(-eVr/tf))-- .c... e ....c....e ..e oo.2.LO

'r

IZ

Curves of I, and I, versus bias voltage are given in Tigure 3,,

Excess Current

Erperimentally the current in the valley region i-s

found to be considerably greater than the sum of the two dir-
ect tr.r¡¡.el-ing currents ( f, and T 7) , and the conventional- diod.e

current If . This additional current is tenned the rrexcess

currenttt, Ixo

Considerabl-e research has been done on the mechanism of

I-. It has been d.iscovered. erperimentallyg that the excessx
current exhibits much -bhe sâme dependence on pressurer temp-

erature and. doping concentrations as the tr¡¡:reling currents doo

fi'rom this it is assumed that some kind of a tunnel-ing process

must be invol-ved. Since direct tu¡neling is impossible at the

biases considered, an indirect tunneling process by way of

localized energy states in the band gap is considered to be

the mechanism of ïx, This theory has been confírmed.lo by de-

liberately changing the imperfeetion content of the, crystal by

radiation damage or dopi-ng" A theory that el-ectrons coul-d.

tunnel di-rectly, losing energy 1n the process through photon

emission, has not been proven and is generally discOl¡nted.B'9,
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Figure 2(d) shows thecondition producing the excess

cument. The main sources of the band gap states arei

1" Band edge tailing in degenerate semiconductors"

2. Donor or acceptor chemical impurities which become

clustered due to high doping levels.

3" Unwanted chemical elements present.

4. Crystal defects guckr ag slipped planes, missing atoms,

or dislocated" atoms.

The basic lndirect turrneling path is thought to be

that given by a b c in Figure 2(d). the el-ectrons from the

conduction band. fall- into an avail-abl-e state in the band gap

(U), from which they tunnel into an tlnoccupied state in the

valence band " 0n the basis of this mechani-sm, the following

expression for the excess current is giv"rr8:.

f* = N*P* oe cccoe ocooccccoooooooe oee oe ccooece oooo2oL2

where A is a constant, N* is the density of occupied.

gap states above the top of the n side valence ba¡rd.

is the pertinent tu¡neling probability.
The approximate I* for a G.E. 1N2939 diod.e 1s

Tigure 3. /

Conventional Di-ode Forward Current

If the bias voltage is increased beyond the valley
pointu the potential barrj-er is reduced sufficiently so that the

ba:ed.

and. Px

shown in
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diffusion current of a conventional- diode becomes appreciable

and. takes over" The net forward current If is equal to the

diffusion minus drift current anrd. is given by:

ff = T"(erp . eY/kT - 1) ..... c... o c. o... o. '.. c.. ..2.I3

where I= is the drift current. The approximate It for a 1N2939

tunnel diode i-s shor,ru:e 1n tr'igure 3.

Reverse Current

If the d.iode is reverse biased, the energy band d.ia-

gram ls as shown in Figure Z(e), The fill-ed states in the p

side are now opposite empty states in the n side and. the

Zener current increases without bound. until the Jrrnction

overheats and burns out. This gi-ves the diode a high d¡mamic

conductance in the reverse bias region"
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Figure 3 TUNNEI DTODE JUNCTION CURRENTS



CHAPTER ]TT

NOISE ]N ELECTRONIC COMPONENTS

Electrical noise 1s defined as any spurious or un-

desired disturbance whlch tende to obscure a desired signal.

The amou¡.t of noise prod.uced 1n any el-ectronic component sets

a fu¡rdamental l-init on its usefulness in any commu:rications

circuit "

E]ectrical nolse can be dlvided into two broad cat-

agori-es, 1) noise of an ellminable character and 2) fluctuat-
ion noise. The former is also cal-led man-made and i-ncludes

noise d.ue to poor contactso equlpment vibration, ignition
radiation, etc. By proper shleldlng, relocation of equipment

or use of filtering circuits, this type of noise can be com-

pletely eliminated or at least minimized" The second. type of

noise 1s due to spontaneous fluctuations which occur through-

out all physical quantlties due to their noncontinuouse gran-

ular atomic nature.

tr'luctuatlon noise produced in resistorsr vacuum tubest

and. semlcond.uctors will be discussed in this chapter"

T NOISE TN RESTSTORS

Two types of fluctuatíon noise are prod.uced' in resist-
ors" They are cal-J-ed. thernal- end contact noise.

The:mal Nolse

All conductors contain a 1arge number of free electrons
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and. bound. ions, At any temperature above absolute zero, the

el-ectrons have freedom of movement while the ions vibrate
about their average position. Collisions between the electron
and, ions impart a completely random motion to the electrons"
This gives rj-se to a random fl-uctuati-ng current" Over a long
period. of time the net current will be zero" Instantaneous

arnplitude of thts current will have a Gaussian d.lstribution
about zero" The current variations give rlse to minute volt-
age fluctuations whlch can be detected by sensitive measuring

clrcuits. This type of noj-se is cal-Ied. rrthemal noise't be-

cause of its f,emperature dependence.

Thermal noise was first studied experimentally by

Joh¡.sonl1 Ln 1927. His work was confirrned theoretically by

Ho Nyqulstl2. Ihey showed. that the mean square thernal- noise
-ovoltage vfi* generated by an impedance Z 1s given by:

-)
tit = 4kTRB o e . e . e e o e c e e e o o o o e o o o c ee e o e e e o c e e e e o o, o3o1

where k is BoltznannL consteirf,, T is the impedance temperature

in degrees Kelvin, R is the reslstlve component of Z in.ohms,

and. B is the noise band.width of the measuring d.evice,

Thermal noise present ln a resistor R ean be represent-
ed by either a voltage generator 1n series with R, or by a
current generator 1n shu:rt with .R as shown in Tigurê 4 o
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-2
vnt

4KTRB

Ç=1
H

No ise-
les s

-2vntî ilr= 4krGB

Figure 4 REPRTSENTATION OF RES]STOR T}il]RIVIAI }TO]SE

The noise voltages or currents from different resist-
ors are consldered u¡rcorrelateil and. must be added as meaJL

square quantities" fhe therrnal noise produced by a passive

network can be found by finding the equivalent impedance of

the network and then applying equation 3.1" Another method

woulcL be to apply equation 3"1 to each impedance and then com-

bine the resulting current or yoltage generatorso

Themal- noise has a const'ant spectrum up to very high

frequenclesu and so it is termed "white noiserr, Actual-ly its
spectrum cannot be constar.t for al-l frequencies or the avail-
able noise pov/er woul-d. be lnflnite. At higher frequencles the

kT ln equation 3.1 is replaced by k:l/(e4t.hf/trÎ - 1)' where h

No isy Noiseless
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1s Plan-clds,constant (A,63 x ro-34 joule-seconcls) and f is the

frequency considered" At room tenperature the correction is
negligible below 1000 megacyclesn

Noise Sandwidth

The noise bandwid,th of a device with transfer fu:rction

H( jr) ls defined as the width of an ideal bandpass f1lter
transfer functlon which has a;n absolute value of the maximum

value of H(j,¡), a¡ad delivers the same power from a white nolse

source, Stated mathematically the definitlon 1s given bye

2
oI oce ce c coe eoooe e ee e c coeee ooee e oa3o2

æ

Jjn,,.,, I

o

l-

7
m

where {, i" defined 1n Figure 5 "

A
m

I
t

3
'rl

lJi

T'IGURE 5 EQUIVAT,ENT NOISE BAI{DIYIDTH
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Contact Noise

Carbon composition resistors consj-st of a large num-

ber of very small- conductj-ng particles in more or l-ess loose

contact" This causes minute changes in resistance whích pro-

d.uce noise i-n the resistor in excess of thernal noise" This

excess noise is cal-led. contact noise, It has been investigat-

ed by Christenson and Pea""orrl3, and was fou!.d to exhibit a

I/f spectrrrm. Contact nolse is negliglble at 1 megacycle ln
comparison to thermal noise.

TI NOTSE IN VACUUM D]ODES

The two important types of fl-uctuation noise in vacuum

tubes are shot nolse and flicker noise"

Shot Noise

Shot noise is conmonly defined as the .spontaneous

fluctuations in the plate current. of'a vacuum diode due to

the ranclom emission of discrete el-ectric charges (electrons)

from a hot cathode. The nåme shot noise is derived. from the

resemblance of this el-ectron frow to a stream of shot. Shot

noise is not confined. to vacuum tubes but occurs wherever this
combination of d-iscreteness and. random emission are found..

Shot noise j-n vacui.m d.lodes was first lnvestigated by

Schottky. He d.erived the formula for the mean square shot

noise current of a temperature linited vacuum d.iode asg
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e o . . e o o o o o . c ø. a e c.. a c c e e a . e a e o . c o a o e o 9 a a3 a3

where I is the average plate current and" B the noise band-

width of the measuring device.

At frequencies approaching the eleetron transi-t time

there is a reduction in the shot noise of a vacuum diode. Tn"\

accurate formula for high frequencies is given by van der

zietr4a, as B

2eIB

l- - ,'z'/t8
9 g o e e e o e g 9 e c o e c c e c c o e e a o e e c e g g 9, "3 "4

where tr) 1s the angular frequency, and t the transit time in
seconds. The correcti-on is negligible bel-ow 1OO negacycles

for most diodes"

If a vacuum d.iod.e i-s operated j-n its temperature limit-
ed region its imped.ance is infinite and the shot noise pro-

duceil may be represented by an ldeal- current generator. Ihe

equivalent nolse circuit of such.a diod.e is given in Figure 6o

R1

Temperature l-imlted
vacuum d.iode

tTigure 6 REPRESENTATION

. Equivalent shot noise
current generator

OF VACUUM DTODE SHOT NOISE

.¿
a ns
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_Flipke.r Ng_ise

At low frequencies the noise produced by vacuum diodes

1s considerably more than that glven by equation 3"3. This

excess noise is termed. 'rfl-icker noi-se" o like the excess cott-

tact noise in resistors, it also has a t/f spectrum. At fre-
quencies above about 10 kilocycles it becomes negligible com-

pared to the shot rro1""15""

The exact mecha¡ism produclng fl-ieker noise j-s still-
not completely understood.. ft is thought that changes in
emission from rel-atlvely large areas of the cathode pnd regist-
ance between the cathode base metal and oxj-d.e coating are

responsible.

Use of Temperature l,imited Vacuum Diode as a Noise Generator

From the preceding discussion it is obvi-ous that a

vacuum d-iode could be usedl as a callbrated noise sonrce" In

ord.er that equation 3.3 applies, the foll-owitlg precautions

must be taken¡

f . The d.iod.e noise should. not be used below 10 kilocycles

or above 1OO megacycles,

2" The d.iode must be operated in its temperature l-imited.

region. t

3 " The plate and f il-ament supplies shoul-d be f il-tered to
prevent any external- signal from enterj-ng into the circuit "

4" A variable filament supply must bê used to vary the plate

current and. hence the noise output e ,.
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A Sylvania type 5722 noise díod.e was used as a noise

source for all noise measurements performed" This d.iode is
constrrrcted so that translt time effects are negligible be-

low 500 megacycl-es"

The complete circuit for the 30 megacycle noise gen-

erator is given in Figure 'l 
"

the combination of chokes and capacitators in the

plate and fila,irrent supply cj-rcuj-ts prevented any stray 3O

megacylce signal from entering via those sourceso

The lambda regulated power supply used as a fifament

supply gave a continuously variabl-e output of 0 to 5 Fmperes

at 0 to 30 volts"
The l_0o0 ohm load reslstor gave temperature l-inited.

operation ^with l-50 volts on the pl-ate c

__qh.*qitg ___l
9r
f----o

5722
No lse
Ðiode

rt,

vf
0-54
0-30v

Rt Output
t_K

¡-Þ+ 
150 volts d"c'

TI'L1, L3 r 14

C,lCZrC3rC4rCj'C6 = l-000 Pf

= 15 l"lh

I

)
tt
I

L
Iô-

OF

MiJ-llammeter

C]RCUÏT DIAGRAIVI NOTSE GENERATORFigure 7
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The meter used to read the plate current had ranges

from 0.1 to l0 mllliamperese

, Two factors which could. reduce the noj-se po$/er output

of a diod.e are its output capacltance Co ancl lead inductance

I, The correction d.ue to these factors to I1" is çt-tzrco - I)-2 .

For a 5722 (Co g Zpf , I g 10 nh) the correctj-on 1s negligible

at 30 megacycles.

rTI NOISE ]N SMûTCONDUCTORS

The spreadlng and contact resistance (R") of a semi-

oonductor device exhibits the:mal- noi-se" The mean square nolse

voltage generated. ie given byt

iî, 
= 4kTRsB o e o o o o c e e e c e e e o o e o o c o oc e c c o oo o o o ee o o"o3.4

Since the current across a p-n junction consists of

the superposition of a large m;mber of lndependentu nand.om

events invoLving di-screte current carriers, the junction cur-

rents exhibit fulI shot ,roi""l5b" The mean square noise'cur-

rent generated is given by:
t

L?- = 2êI ,3 oe ceo e oe e ooccoe ceoe e e e ee c ce e e eoe eoc."."3.5-st ---j-

where f{ is the Jr.r:rction current und.er consid.eration"J-
Semlconductors a]-so exhlbit noise simll-ar to fllcker
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nolse in vacuum tubes" This noise is cornmonfy call-ed. "excesst'

or "I/f" noise. The spectral d.enslty of this nolse is inverse-
J.y proportional to frequency, Van der Ziell4b gives the fol-
lowing fomula for the mean square excess nolse current:

13* = rcrþr-b cotce e ..e ôe .eccceco.oo..oce .oocoe c.un3o6

where K is a constant, tJ is the jr.i:rction current a¡.d f is the

frequency" The constants a and b are cLose to 2 and 1 respect-
ive1y. Erperlments perfomed by Mattson and van der Zie116

indicate excess noise is fou-lrd up to about 1O megacycles,



CHAPTtrR ]V

ITEORET]CAL TI]NNET DTOÐE NOTSE MODEL

Tn this chapter a discussion of nolse in the theoret-

icaL moilel- of a tun:re1 diode wll-l- be given. The noise colL-

tributed by the various ju-nction currents outl-ined. ln Chapter

If will be calculated. The d.ioilets equlvalent noj-se resistance

will be discussed "

Sinplified. Equivalent Circuit
As a first approximation to the equlvalent circuit of a

tu:rnel diode, consläer simply a resistance equal 1n value to

the diodes dynamic resistance RU. The val-ue of RU is foirnd

by taking the slope of the dlodees V-I curve at any bias o '

From Figure l iit canr be seen that for a 1N2939 diode at zero

bj-as, Rd j-s about 20 ohms, and at peak bias (Vp) 1t ls lnfi-nite"

In the region between peak bias and valley blas (Vo) r RO is
negative and has a mj-nimum absolute value of about l-OO ohms '
At biases above Vv, R¿ d.ecreaseg rapldly and approaches zero"

If a bias voltage Y is apptied to RUr a current IO flows.

Since each of the currents composing I¡ is due to a d.ifferent

mechsnismr they are considered urtcorrelated" If it is assumed.

they all produce fu1J- shot nolse, the total metn square shot

nolse current produceil woulcl be .glven by:

i3" = ze(rn + lrrl+ ï* * If)B ec.oe .ee e cooe eoc..... 4"f
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The theoretical equJ-valent shot noise current (frr)

of a tun¡.e1 diode ie defined bY:

fi" = 2efoB c.ooeo..co .o..o..oo..oroo..o..ooo.. ....4.2

Trom equations 4.1 and. 4"2 we have;

Io = IE +lfrl + I* * If ..e .o.o..'oor.eoco..e e c...uo4o3

Noise due to Tunneling Currents

ff biases only to a point slightly exceed.ing the peak

point are consiclered., Ib is composed of only the two tu¡¡rel-

ing currents as shown 1n Figure 3" For this ralLge of biases z

Ib = fE -ltrl.ecoe eeeoceeoco ceoooeee eceeeoeeeooo.o.4o4

rr, = fn +ltrl .oooe e.ocøoccoo oeøecoe oe e oeeeoe o oe e co""4"5

and

Comblning equations 2.10 and. z.IL with 4"4 a¡'d 4,5 givesE

Il1 = IO Coth eV/Ztf ooeoo oee e ee ooe e oeer.."oeoe e o."o4n6

In equation 4"6 for a given I¡r V 1s the voltage

across the junction. It itiffers from the external bias volt-
age by the voltage d.rop in the spreadlng reslstance R" 

"

Equation 4"6 is valid only for the region up to slightly ex-

ceed.ing the peak polnt. For the remalncier of the characteristlc
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will- be equal to Ib " A plot of I' versus bias voltage

oÐ.e of the diodes tested is given in Figure B.

Excess Nolse in the Valley Region

Tn the previous dlscussion it was assumed that all
currents exhlbit only full shot noise. Nolse measurements

performed. on tunnel- d.iod.es so far4'5'6 a]l indicate that.I*
produces consj-derably more thart shot noiseo

Tieman-:r4 proposes that there coul-d be d.eep level

states present in the band- gap due to some unknown impurlty

or a complex of donor and aceeptor atoms" If the bound. states

have a l-ifetime of greater than ZxtO-L9 seconds, the noise

produced could exceecl shot nolse by a measurâble amour.t"

Agourdis and van der Vl-iet5 propose that I* cannot be

attributed to random events. fhey dontt consider it likely
I* is composed. of two opposlte turrneling currents,

Norse at Hieher Toru/a

At high forward biases ( ¡OO mv for the 1N2939) the

turrnel d.lode acts like a conventlonal illode. The junction

currents that flow are a reverse drift current f" and. a for-
ward. iliffusion current I" **p: eY/UI" Xach is consid.ered. to

exhlbit fu1l shot ooi""16 and. so at large forward blases I'
is g:iven by;

fo = f" otrp, eY/Uf + I" ce e ce e e e e ee ee ce o e e e ee e ce u.o4"7
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The net forward current f,' 1s glven by:

If = I" e)rp. eV/A.f - f" e cocc.oc.o..o..oro.oooooe ..4"8

Combining 4.7 a:ad 4.8 gi-ves:

TTJ-r]. - -f

At the biases

+ 2f" ce e eeooc.r..e.. ecoe ...e occco...oe e . o"4a9

considered, 2I" is negligible compared to If c

2.O

L.5

l_ .0

o"5
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Figure B TUNNET DIODE TI{EORETICAL EQUIVAI,EÌ'{T NOISE CURFENT
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tr'rom the preceding discussion 1t 1s obvious that to
be able to calculate I,, an accurate V-I characteristic must

be obtained. Append.ix 4,1 gives the method. used to obtain

such a characteristlc of the d.iodes tested.

Eouival-ent Nolse Resistance

The amou¡rt of noise produced by a diode can also be

compareil with the noise prod.uced by an equlvalent nolse Re-

sistance (Rrr) 
"

Rn is defi.ned as a resistance exhlbiting only-

thermal noise whf-ch produces a mean sqìrare noise voltage

equal to that produced by a tu¡¡rel- itiod.e' the deflnitlon is

ill-ustrateil. in tr'igure 9,

-2
1ns

7z
t_

NT

= LVTB/Rn=2eIB
tunnel-

Figure 9 rU-NNEL DTODE EQUIVAIENT NOISE RESISTANCE

-^ 
-2 -2 rr ì! -i tIf vfi" = oit then the diode nolse reslstance ls given by:

Rll = etnn?u/zut .ôe ccooo."""oooee e coe oe coe e .e oe co"n4o1O

diode resi-stance

A plot of the nolse ratlo RU,/no ts gtven ln Flgure l-0'
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Êqa
Ho,a
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o,4
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o
l_00 2oo 300 400

BIAS VOLTAGE IN Iì,IILLIVOITS
500

Figure 10 RATIO 0F TUNNEI DIODE Dlt[AMrC T0 NO]SE RESÏSTAI{CE

The plot of Figure 10 shows that the tun¡rel d.iode

noise reslstance 1s greater than its d,¡rnami c resistance for
almost the whole range of its círaracterlstic" At zer'o bias

the ratio no/n. ls equal to one, since at this point the d.lod,e

is 1n a state of the¡mal equ1l1br1um and oan be consid.ered to

exblblt themal noLse, Ihis cpn be proven by rewriting equat-

ion 4.6 as¡
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Ib = InTanh(eY/zk'T) ee oøee e e c.oc øooc.oo.e e ocooooc.4cll

Now RU is given by:

R- = E = ?+t Cosb(ev/ztr) co..cc.e oocccoee c*d. = ãrO €an 
(eY/zkT) co..cc.e oocccoee coe c.r4..L2

At zero bias equation +.LZ reiluces to¡

R"o = ZkL/elo c c e e e e e ee e . e ó e c e . o.. c e o o o e o e o e e e".4.13

V=O

Snbstituting thls value for RU ln equation 4.10 gi-vesE

I

na/Rol =] 'oooo oe ce øoe oooocoee e e eoee e coceec ".n.4o1 4

I V=o
I

At hlgh forward. biases the tun¡.el d.iode acts as a con-

ventional d.iod.e" At these biases the d.¡m.amlc resistance of a

conventional dlod.e i-s given bye

Rd = kT/eTO ee ce ece e e e e oooeo e ooooe e ooe e ococo "oo4o].5

V>V-Y

= 2 . o c r.. r...... o.... c. o . o c. c e o c o, o.... a4.16

From th.e discussion in Chapter IIIe I,, is given by IO at

these biases. Uslng thls fact arrd equatlon 4.]-5c equatlon

4"10 becomes:

nu/n, 
I

l"x"
From Flgure 10 lt is seen that at a forward. blas of

5OO níllivolts the ratlo Rd,/Rn approaches 2.



CHAPTER V

.EFFECT OF PATASTTTC EIEMENTS ON I,,

The equivalent circuit of Chapter IV d'oes not hold

for a physical tu¡:rel dj-ode" Parasj-tlc elements, such as lead

inductance,semlconductor bul-k resístancer and junction cap-

acitance, which exist in a physical diode wil-l have an effeot

on the theoretical nolse produced. by the junction currents.

This effect wil-l- be cij-scussed in this chapter'

Exact Eoulval-ent Circuit
The accepteil small- signal

'to
tu¡nel diod.e-7is given in Figure

Rs

equivalent circuit of, a

1l- below"

I,s

Flgure 11 TUNNEI O'O'" EQUIVAIENT CIRCUIT
I

RU is the d.iodets d¡r:eamic resistance" It can be pos-

itive or negative depend.ing on the blas voltage.

CUis the junction capacitnnce. ft varies with the blas

voltageV accord.lng to the equation Ca=(Q-v)-å, where K
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1s a constant "nd 0 the built-1n potential of the junction,

R" is the series spread.lng and. contact reslgtance. It
1s lndepend.ent of blas voltage.

l" ls the lead. and. package lnductance" It varles gteat-

1y with lead. length.

C- accou:rts for the package and l-ead capacltancee Itp

is less than f pf for modern packages and wil-l be neglected.

. The techniques used- to measure the varlous clrcult
el-ements are gi-ven in Append.lx A" fhe results are tabulated

1n Table I below"

Table T TUNNEI, DIODE EQUIVATENT CIRCUTT EI,M{ENT VAIUES

Tunnel diod.e no" I 2 3 GoEo specso

l-oul *r,,. ir ohms 98 1f4 95 150

C. at V- in pf 7 6"5 7"5 5op
C.atVolnpf 9 I 10

R- in ohms 2", 2.3 2.O L.5
s

L- in nh 43** 39** 3F** 6x'
s

x Por l/B inch leacls

x*For 3/8 j-:nch lead.s
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Equivalent Noise Circult
The equlvalent nolse circuit for a tuInel diod.e is

now as shovm in figure 12 below.

vî= 4krns¡

;3=Q
2ero3 

I

tr'igure 12 ruNNEI, D]ODE EQUIVAIENT NOISE CIRCUIT

3y changing the shot noise current generator to a

voltage generator, combining it with the thernal- noise volt-

age generator and. then changing back to a single current gen-

erator, the following nolse clrcuit ís o¡talned,

ci

T[]NNEIplgure 13 D]ODE 'SHUNT EQUIVAIENT NOTSE CIRCUÏT
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7zanst =

The current generator in Figure 13 is given by:

4krR"B + zer,,nfrr{r*t2nfrcfil-t
(n"+nu(r+urznficfil-1¡2 + (ü)rs-oRäc!(r+tlnã.ál -t)' ....5.L

A corrected theoretical equivalent shot noise current I,, is

defined by:

-r
n

:2 t^^
ii=t/Zel o.. e e c o c o e o o c. e o c o. e .. o o.. e . o o.... o ".5t2

Val-ues of ri as cal-culated using a¡ I.B.M. ;-620 eom-

puter are shown in Figure L+" The parasitic elements were

forrnd, to have a negligible effect on I,, in the negative resls-

tance region, and- for that reason only the two positive con-

d.uctance regions are shor¡rn in Fi-gure L4 
"

A problem exists j-n calculating I' at very low for-

ward biases as the varible Coth eV/ZkI in equation 4.6 goes

to infinity as V goes to zeTo" To get around this problem a

very accurate digital vol-tmeter (O.t/") was used to measure

both the d.iode current a¡rd voltage" fYIe measured voltage was

corrected. for the drop across R" giving ån accurate value for

Vo Also at zero bias I,, can be replaced by the equivalent

noise current of RU which cp.n be measured accurately on a

bridge as glven in Appendlx A, [he measured diode reslstance

was corrected, for R" to give the true value-9-tr RA.

3y varying the val-ues of the different el-ements in
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Figure .14 ETFECT OF PAR¡,SITTC N].,EMENTS ON IN
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equ.ation 4.3

1s due to R""

about IOy'" of

it v/as evident that

This is as expected

R-.
c¡.

the largest effect on Io

since at zero bias R" j-s

37



CHAPÎER VI

NOISE MEASUREI/ENTS

In perfor:ning nolse measurements on any electronic
'component, the general method. used is to compare i-ts noise

output with that produced by a calibrated. sourceo To make

this comparison., a high gain l-lnear amplifier and a square

law d.etector are usually used.. If a substitution method is

used, the j-nput imped.ance to the amFlifier is kept constant

and the d.etector need not be square ]aw to detect two equal

power levelso Tv'¡o variations of the substitution method. were

used. and are outl-ined in this chapter.

, ] WIENS METHOD

The first method of making noise neasurements was
D

d,eveloped by Wlens'" The test circuit used is glven in

Figure L5. The exact circuit for the noj-se generator is
given in Figure "l 

"

The component under test was con¡ected to the noise

generator with the shortest practical leads to ninlmi-ze Ln-

ductance and plckup,

A frequency of 30 megacygles was chosen because excess

noise 1n vacuirm diodese resistors a¡d semicond.uctors is neg-

J-igible at this frequencY"

The procedure followed. is outlined- below"

1. A resistor (Rr) is sol-dered on at terninal-s marked. x - x
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With the noise diode fil-ament voltage turned off r a s1gnal

of one millivolt is applied from the signal generator' This

signal is large enough to swp.mF out the noi-se and yet not big

enough to produce serious nor. linear effects when the resistor

is replaced by the tunnel- diod.e. Th.e preamp gain is turned

futl up and the precision receiver gain ad.justed until a con-

venient output readi-ng Ia is obtained

2u Îhe resistor R, is then replaced by the tun-nel- diod'e and'

stabil-izing resistor R, combination. The stabih-zing resistor

must obey the stability criterj-oll as given in Append.ix A" A

value of R, of about 70 olms stabll_izes the type 1N2939 tunnel

diode everywhere in its negative conducta¡.ce region. ff the

mesurement is perfor:ned in the trivo positive conductance reg-

1ons, RZ is omitted. With the sarne signal level- and receiver

gain as in 1., the tun:rel- diode bias is adjusted until the

output meter again reads 11. The following equality now holds:

G2 Gd = Gt e ee oo e e e e cocece e ecee ece ø..ooø.øøe ce e no6.l

where Gd is the diode negative cond.uctancer Gt = 1/R, a.nd

Gz = I/Rz.

3 " With al-l- connections as írt 2. the cali-bration signal j-s

removed. and. the recelver gain increased u:rtil a convenient

output read.ing T, is obtained.. [his reading is due to the

following noise sourcest ì-) the úoise from the tun:rel diod.e
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and. its stabilizing resistor, ii) tfre noise from the preampt

the tunnel diode biasing resistor, the noise d-iode load re-

sistor and. al-l other resistances in the input circuit'

4, lVith all. gain settings unchanSedr the resi-stor Rt is

again placed. in x - xo Noise is then added. from the noi-se

generator until- an output reading of 12 is again obtained"

The noise diod.e plate current required In. is recorded." The

output reading i-s due to noise from the fol-lowing sources:

i) the resisto" Rl_, 1i) tfre noi-se diode, and iii) fron the

prearnp, the tunnel d.iod.e biasing reslstor, the noise d.iode

load resi-stor and all- other resistances in the circuit. 3e-

cause the input impedance and gain are the sarne as in 3. the

noise contribution from these sources wil-l- be the same as be-

fore o

Since al-l condi-tions in 3" a¡d 4o are the sameu the

mean Square tr.oj-se currents from the different Sources cpn be

equated as foLl-ows:

2ef"n3 + 4kTG2B = 2eIoUB + 4kTG13 oeeocoeoeeeooeoon6o2

where I"n is the tu.:rnel- diod,e experimental- equíval-ent shot

noise current" Rearre.nging equation 6.2 gives:

r"n = rnd. +
2KTG- 2KTG^I¿

o e o c c e c e e e e c e e o c c o 9 o e o " a "6"3

tr'or measurements in the positive conductance region G2 is zero

LIBRARY
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and.:

r"n = rr,.d +
2KTG.

l-
r.. c a. c c e. c.. a.. c o o a o o o c e o c e c. c t " 

n6o4

e

The resistor conductances \¡tere measured to better

tlnan ly'" on a lfla¡rne Kerr V.H.F. ad.mittance bridge. The temp-

erature of all- components was taken as being at room temper-

ature sj-nce al-l- components were suffj-ciently removed from any

ad.ditiona]- heat source"

The resul-ts obtained using this method are given in
Figure 16.

IT TEIM,ANN METHOD

The second method used to measure tunnel diode noise

is a sJ-ight mod.ification of that used by Tiemann4, The test

circuit for this method is the sp.me as for the previous meth-

od and is given in Figure 15. The only change is in the pro-

cedure which i-s glven bel-ow:

1. A resistor R, of suitable val-ue is placed in terminals

x - x. With the signal and noi-se generators turned Off rthe

preamp gain is turrred fulI up and. the receiver gain adjusted

for a convenj-ent reading fr. The amplifier gain is then red"uc-

ed by 3db using the precision attenuator. The output read.ing

is then restored. to It by add.ing noise from the noise gelLer-

ator. The plate current of the noise d.iode required. Í.s care -
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fully noted. The noise power from the nolse d.iode equals that

from the following sources: i) the resistor Rrr ii) the re-

nalning preamp input circuj-t and the preamp itsel-f '
Indl_ j-s thus the equivalent shot noise current of the

resistor Rf (TR ) p1.us the amplifier and. its input circui-t(Ia).
tt1

This gives:

fnd.l = t*r_ * IA . c... e .. e e c.. e .. e o. e ... c. ' o c " o t t o6o5

where IÐHfl]{
at j-on end gain setting, Then with the noise diod-e tur:red' off

the output of the signal generator is increased. u¡rtil- the

output meter reads a convenient value, say 12, compared. to

the noise level"
2o With the tunnel diode and its stabil-izing reslstor R,

in the terminats markedrx.- x, and the slgnal- level and re-

ceiver gain unchanged, the d.iode bias is ad,justed so that en

output of TZ is again obtaj-ned.. The prealnp input imped.ance

and. galn are noiv exactly as in l-, Under these cond.itions the

prea^rnp equivalent shot noise current wil-l- be as in 1. Wiih

the signal generator turned off, the receiver gain is adjusted

for a convenient output readingr,say Ir. The receiver gain is

then decreased 3db and noise added from -bhe noise d.iode until-

the output meter again read-s Ir.The plate current of the noise

diod.e Ind.2 is record.ed.. Now I,,U, is the. equivalent noise cur-

rent of the tu:rnel d.iode (I"q) plus the stab_ilizing resistor$R2



plus the preamp and. its inPut

rnd2 = r"q * tu, * rA

++

circult (Ia) " This gives :

.nn6"6

where f-
^2

Combining

= ZkrGr/e

equations
T

TLd¿

6"6

I 2IcT( G^nol. ¿

the positive

not required.

r"n

3or measurements

ilizing resistor

Cr)/e e c. o. co c. ec..c ",6u7

conductance regions the stab-

and:

l-tl

is

r"n=Ind2-rndl- + 2kTG-/e ooo.o.oc.. . ø...oco.....6o8L'

The results obtalned

tunnel diodes tested

this method

Figures 16,

shown for a]-l- three

and 18"

are

L7t

by

in

Logparlson of Wiens an¿

the wiens method has a basic disadvantage in that for

a consid.erabl-e range of biases the equivalent resistor Rt Pro-

duces more noise than the tunnel- diod.e and its stabil-izing re-

sistor. Hence in order to use the method. a negative IrrU must

be extrapolated, which requires that the preamp be l-inear" the

ralage of biases for which this occurs can be seen if equation

6.3 is rewritten using In i-nstead' of I"q. This gives:

Ind = Ir, - (IRl - t*r) ttoe oe eooe .c.oce ooe o'oe 'cc"tt6t9
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Figure 19 is a plot of I' and (IRl t'r) showing the region

where a negative IrrU woul-d. be required.

The plot is for diode no. 3 where this effect was most

evident. Hovrever, al-l- three d.iod.es tested exhibited this pro-

bl-em. The results for this method are given for only d.iod,e

nO. ]-r

Using the liemanr:. method it was possible to measure t"n

f or al-l bias regions. Al-so considerable less soldering lvas

requj-red vshich lessened the chances of accidentally heatlng a

component appreciably above room temperature" A minor di-s-

ad.vantage to this method is that the preamp must be linear" At

the 1ow signal level-s involved this i-s al-most always the case"

3.0in
r-l
';si4
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Figure f9 PLOT OF ]{OISE CUIìRIi\TTS IN lVIii{S iviETHOD
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A disadvantage of both methods used is that for port-

ions of the characteristj-c lvhere RA is low, such as at zeTo

bj-as, the recej-ver noj-se figUre J-s very poor" The receiving

system specj-fications give it a r.oise figure of 2.6db at a^n

input imped.ance of 200 ohms. the receiver noise figure meas-

urements of Append,ix B show that this figure is consj-derably

exceeded at lovu input impedancês"

The resul-ts of the tv¡o method.s agreed. fairly closely

in regions where 8, comparison could bo made" The resuLts aTe

sholv-n in Figure l-6.



CHAPTER VII

DISCUSSTON AN]] CONCLUSIONS

Di-scussion of Resul-ts

The conparison bewteen the theoretical and erperi-

mental noise currents for three G.Bo type 1N2939 turrnel-

diod.es are given in Figures 16, J7, and 18.

In the first positive conductance region fi anA f"n

aTe in fairly good agreement for all three diod"es" In each

case however, I"q. i" slightly higher than Il. This agrees
otr'6

with published results'')tw " I"n was d.ifficul-t to measure at

zeyo bias because resistors of fixed val-ue were 'u.sed"

I

In the negative conductance regiot I"q exceeded Irr.

by a considerabl-e e.mount. At the val-ley point I"n vras twice

II for all- diodes. This al-so agree.s with resul-ts obtained by
n

others4 15 r6. The difference in the valley region between I"n
r2

ar:.d. f,' was not as grea'b as reported- by Wiens- on the salne

t1.pe of diod.e. A possibl-e reason is that he perforned the

noise measurements at 5OoC while measrf,rements record-ed here

were performed at 25oC" ft has been reported6 that the excess

noise in the valley region lncreases slightly lvith temperature"

It could also be that the one d,iod,e tested. by Wiens had a

greater than average ni.mber of unwanted inpurity states 1n

the bancL gap which coul-d. lead. to excess noise3.

At biases well into the second' positive conductance

region the theoretical- and. e>qperimental noise currents colL-
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verge. this agrees ',vith published- resul-ts3 '4'J'6.
In Figure 10 the tun-nel diode dynamic resist'ance and'

its equivalent noise resistance are compared. The tun:rel d.iode

d.iffers from a conventional- diod.e in that its noise resist-

ance is greater than its d¡mami-c resistance for a portion of

its V-I characteristic" In the blas region where the tunnel-

diode acts as a conventional diode the reverse is true"

lication of Resul-ts to lunnel- Diode Ampl-ifier Noise Fi

Investigations3

show that the mi-nimum

ibl-e for a particular

,L-l tLB of tunnel-

amplifier noise

tunnel diode is

cliode amplifiers
figure (Fn:_n) poss-

given by:

Fmin = f + 
"I"qR¿/2kTs 

.e e oe.e ce o.ooe e .oooooe oo."."7.L

where T" is the source resisiance temperature in degrees

Kel-vin' Hence for mininum noise figllre the diode should' be

biased at apoint where the prod.uct t"n*U is a mlnimum. Figure

20 is a plot of this prod.uct for the three diodes tested."

From Iigure 20 we note that this minimum occurs slight-

Ìy past the point of maximum negative cond.uctance where the

d.iocie woulcl be blased. for a maxj-mum linear operation. For a

1N2939 the minimum f"qRd i" about 75 mi-l-l-ivolts. Substitur,*ing

this value in equation ?.f gives a mini-mum noise figure of

2"5 or 4db for a¡ nrnplifier using this partlcular t¡rpe of

d,iode.
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A further application of this thesis coul-d be the

design and testing of a turrnel diod.e amplifier using a G.E.

1N2939 tunnel d.iode "

Qonclusisns_

On the basis of the results obtained' the follovring

conclusions can be mad,e:

l" The two tunneling currents f¡ and IZ ean be consider-

ed. to exhibit ful-l shot noise 
"

2, The excess current I* exhibits considerably more than

shot noise and. can:rot be consid.ered as the result of random

events,

3 " The conventional d.iod,e f orr,vard current f +. exhibits
I

full- shot noise.

+" The equi-valent noise resista::.ce of a turrnel- diocle dif-

fers from that of conventional diodes in that it is greater

fhan the diode's d.ynanic resistance for a portion of the V-I

characteristic,
5, The minimum noise figUre of a sinple amplifier using

a G.E. 1N2939 tun¡el diode j-s about 4db. The bias point used

for thj-s optimum noise perfornance is slightly greater than

tbat used for maxlmum linear operation"
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APPENDIX A

MEASUREI/IENT OF TI]NÌ{EIJ DIODE PARA-I''1ETERS

In order to cal-culate the tun¡el d.iode theoretical-

equivalent shot noise current I' and. the effect of the diod-el

parasitic elements on itr accurate knowled.ge of the d'i-od-ers

V-I characteristic, d.¡mamj-c cond.uctancer series resistancet

ju:ection capacitance and lead inductance are required" the

measurement techniques used to obtain them are given belolv"

I MEASUREIVIENT OF DIODB V-I CHARACTERISTIC

T,,vo methods of

was an accu.rate Polnt

d,isplay of the curve

obtaining the V-f curve were used, One

by point method, the other a visual-

or. an oscilloscope.

Accurate Point bY Point l/lethod-

the test cj-rcuit used in this method. is shovnr in ]i|ig-

ure Aof"

(0-110 K)

22.5
vol-ts

Digital
Vol-tmeter

Diod e
under 7
test /

Rl & R2 are t/+ rvatt

carbon resistors
Rr=21.6011 RZ!6OIL

Figure A.l- CIRCUIT FOR ,ACCURATE I'[EASUREI\{]1NT 0F V-f CURVE
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the current sampling resJ-stor R, lvas knol'vn to O"L/".

Ihe four digits read, on the voltmeter lvere all- significant

ai full- scale read.ings of from 10 volts to 1O nil-livol-ts.

this permitted a very accurate measurernents of the V-I curve.

For dj-ode stabilitylg the resistors Rtr R2 and the

total lnductance Lt seen by the d.j-ode must obey the following

relations:
l. (Rr + Rz)(i-oulmin. = l-OO for a 1N2939 d.iode.

2" tt<(Rl + nrXl-nul*¡_,,.)cd. È l-oo nh for a 1N2939 d.iod.e.

Al-1 d-iodes tested lvere stabl-e in the círcuit of Figure 4"1"

Since the V-I curve is quite sensit j-ve to tempera tur"z!

care was taken to perform the noise measurements at about the

same room temperature (tt"C)tt v¿hich the V-I curve =!'\ras obtained.

The curves obtained for the three G"E" 1N2939 tunnel

d.iod.es tested are given in Figures A"2, A"3r and A"4'

_Q¡çrffoscope nlspfa

During the early pari of the erperimental lvorl< it was

apparent that some method of obtaining a quick check of the V-I

curve lvas required. Any change in the curve due to accidental-

overheating while soldering could then easily be spotted-,

Conventional curvetracers could.'not be usecl because their

large source resistance violates the stability criterion"

After consid.erable testing a modification of the cir-

cuit developed by Carlson2o*t" adopted. The circuit is show:r

in Flgure A"5"a. The resulting V-I c'u.rrre for one of the diod.es
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tes.ied j-s given in Figure 4.5.b.

Since the diocle peak current was accuraiely knovu-n, the

vertical- current scale vüas calibrated. by ad.justÍng the vert-

ical- gain until- the pealc was read on a suitable scale. Ihe

current sampling resistor therefore di-d. not have to be accur-

at ely knolvrt.

lhe circuit vüas also used to see lvhat values of i;he

stabil-izing resistor could be used to insure that the diod.e

r,vould- be completely stable. Âny instability could. easily be

spotted as sholun in Figure 4"5.c.

ri u¡asuRtrt,tENt oF DroDE DYI{AMrc coNDUCl;¡J{cE

The input conductance to the equivalent circuit of

Figure 1l- is given by:

Gt = ( R¿ * R" )-1 oococt..o.coø.ccoccoccoe oce e o¿ooAol

if ì;he frequency of neasurement is less than (ZO nU au)-t or

Rd(20 t")-t. For a t¡rpe 1N2939 tur:-nel diod.e the frequency

must be less than 10 megacycles.

Al-1 measlrrements were performed. at 5 megacycl-es using

the test circuit shov,¡n in Figure 4.6" the admittance brid.ge

used- was a \¡/a¡me Kerr tfpe BBOI-" This bridge has a cond.uctance

range of froa:. O to l-OO mil-lirnhos lvith an- accuracy of T2/".
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ft rves not possible to perfoma conductance measure-

ments in the maximi.m negative cond.r-rciance region d.ue to the

-row resista::.ce, high inductance path betlveen the brid-ge tenn-

i-nals. In this region the cond.uctance Ìvas measured by taking

the slope of the accurate V-I characteristic" This method. v¡as

al-so used. by King and. Sharpe6.

Agreement between the slope ancl brldge method. v¿as good,

in the posj-ti-ve conductar.Lce region.

G.R. Decade
resistance box

f\;-nnel diod.e
under test

lZo)
volts

t
I
f
I
I

-!-i-
I
I

Stabil-i zíng
resistor
Detector ->(ear phones)

3000 P

Figure 4,6 TESÎ CIRCUIÎ FOR MEASUREI\ItrNT 0F TIINNEI DIODE

DTI[A]/[C CONDUCTANCE fu\TD JUNCÎION CAPAC]IANCE

Dígital
Voltmeter

Recelver

'-í-t'ì't'--r--i
V}ÌF
Ädmittance
brid.ge

Sígnal
generat or
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IIT I]IEÀSUREi\{tri\TT OF DIODtr Sl,R]]-TTDING iìESISÎ¡JTCE

1o obtain an accurate measu-rement of R= it ís nec-

esss-l:y io measure the d.iode resj-stance lvhen it is biased- j-n

its ohmic region ( Ro = o ) ' This, holvever, l'¡oul-d require a

bias current mally times greater than that allowed by burnout

consld"erations.

A rnet'hod. whlch overcomes this d.iffÍculty is io apply

a series of lovr duty cycle pulses to the d.iode, r'r'hich at their

peak v,¡ould. bias the diocle well into its ohmic region" These

pulses vsould have a lolv rrns value arrcl hence burnout rvould.

not occur. A:.i oscill-oscope d.isplay of d.iod-e current versus

cliod-e voltage wouild give the V-I curve j-nto the diod-ers ohmic

region" The slope of this curve lvould be due to the dioders

spreading and contact resistance R""

The cj-rcuit used for this method is as shor"ry-r J-n Figare

A.J.an The d.iod.e connecti-ons vüere reversed. because the oh,mic

region occurs at lolver biases 1n the reverse direction" 'Ihe

pulses used. are shovm in Figure A.'l "Q. Uslng this method- it

tvas possible to attai-n a reverse bias current of BO nil-l-i-

Fmperes v'¡ithout d-a:naging the d.iod.e. A typical reverse clr-aract-

eristic obtained. by tb.is method is given in Figure A o"f .à.

. At the high bias currents attained. the tail end. of the

curve is tinear since R" is constant. R" was measured by eÏL-

larging this portion and- comparlng the slope rvith that procluc-

ed by a.knol'nr resistance. This procedure is shourn in ligure

A.7.b"
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'rigl:-re 6.7 (a)

r isure .{.7 (b)
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TÌre resul-ts

Diode no"

R" in ohms

obtained are

t_

2"5

given bel-ow.

2

D?L.J

?

2.O

IV I'IEASUREI'IENT OF DIODtr . JUÌ{C TIOl'T CAPACITANCB

,An analysls of the equivalent circuit of Figure 11 shows

the total- d.iode input capaci-uance to be given by:

^ ^ 
¡ /pZ .. o c oo o e c ... c.c o. c o. o. e o tA"Z,t = td, - ls/ftd e . r. e c c o. ... o e ........ c

for the sanle restrictions on the frequency aS in eQuâr,-ion 4.1

ancl the add.ed cond"ition that R= is negligible compared. to Rd"

If the diod.e 1s biased. at the peak or valley regiolrs'

then RA is very large ancl the contríbution to Ct from the

lead inductance is negligible" The measured. input capacitance

is equal to Cd. The results obtai-ned. for the three d.i-odes

tested are given bel-ow"

Diod e

Cd at
t\ ^+td, ó' t)

ll_o "

V i-n
P

V,- in

pf.
pf"

a)
L

6"5

B

3

7.5

t0

t_

I

9

the test circuit used in this measurement is the same

as that used to measure the d-iod-ers dynamÍc conCuctance given

in Figure A-.6. The r'Yayne Kerr ad-mittance bridge used. has a

capacj-tance range of O to 230 pf with arl accuracy of Tzy'""
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V I'lEASUlìtr1,[EM 0F DIODE LE.{n IÌ{DUCTA-r'TCE

A. precise di-rect measu.rement of L= is very clifficult

to make and. requJ-res el-aborate test equipmentzl-.

A simpler method. of d.etermining L= is apparent fron

equation 4.2. If a capacitance measurement is mad.e at biases

where R_. is snall (at zero bias) ttie ind.uctance effect v¿ill
CT

pred.ominate ancL Ct will- be negative. Ls can then be calculated'

T - î Ð - /t, (R- + R ) .. .e ...e .....ô.'.o"o.n4.3ts "dttd. - "-E' o s'

The results obtained are given bel-ow.

Diod,e no " I
L in nh" +3

S

¿

39

))

35



APPENDIX B

I,IEASUREIIMNT OT RECEIVER NOTST FIGURT

During the noise measurements outl-ined. in Chapter 6,

the receiver presmplifier is subjected io a rvide range of

input ierminations. To see hoiv this affects the noise per-

forr:rance of the receiving system, its noise fi-gure lvas meas-

ured forthe d.ifferent input tenninations used"

The IRE Stand.ards on rnethods of measuring noise in

l-inear twoport"22d.ufirr"" the noi-se flgure F at a specified

frequency as the ratio of 1) the total noise power per r.mit

bandwidth at a corresponding output frequency availabl-e at

-ùire output port when the noise temperature of the input te-rrn-

ination is stand.ard. (ZgOof) to 2) that portlon of I engend.er-

ed. at the in;out frequency by the input termination. As cì-efined.,

F depends only on the internal strrciure of the receiver and

on its input ternination.
ri,,Qren dealing with a receiver v,¡here the input signal is

d.istributed. over a finite bandwioth, it is more convenieni to

ialk of an average noise figure F. the average noj-se figure

is the vreighted average of F over the band, in question, the

weighting factor being the receiver gai-n"

The relationship between F and I is given by:

F(f)G(f) df
I
I
IrFr I

i*ft) ar
J
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Îìre rnethod usec to measure F tvas as given in the IIìE

Stand.ards on Noise ftleasurements in Linear Tvuoport 
"22. 

The

test circuit usecl is as gi-ven in Figure 15.

\Tith the input termination in o.uestion in terminals
x-x, and the noise generator output zerot àfl output read.ing

of f. vúas obtained on t'he output meter" the preamplifier gain
.L

was kept fuI1 up during all parts of the test so that i;he

noise procluced by it woul-d swarr.p any noi-se in the precision
rec eiver.

lhree db of attenuation \¡/ere then placed in 'uhe circuit
and noise ad"ded from the noise generi:tor until a.rL output read--

ing of r, was again obtained. The plate current of the noise
-L

diode r.^^. was recorded. the noise power ad.ded from the noiseno.

generator Prr.d_ vras novv equal to the noise por,ver from the input
termination P*, plus the noise acld"ed" by the preamplj-fier.

Fron'i the d"efinition of F it is seen that:

îT Þ
]1Ct . e ec e o. eo c oo... . a c c.. o e. eo.e o.co.eo

"* 

c o o.... a c c.. o c. c o. e o . c o. a o.. a o. o a.A"4

Ì{a

noise power output due to the noise generator isrnl^ ^.LII.U

given by:

P-^a = 2eI--^rBG . o e ... c c e o o. c. o o c. e .. c c o.... c, e ... c r.A.!t3.ct no.

where G is the receiver gain when the input termination is Ri.
The noise polver output d.ue to the input ternination is

by:gr_ven
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A"O

F = erndRi/2kr oo.oô..c--o

À plot of F for d_ifferent values of Ri are given in
^o-u'] glt re A. Q .

T) A :..q1-à(\ /Þ:
I ^. - TM!V/ ¡L! a a . o . C C a a

lif

Combining equations A.4 t

t;--i'i--ì'
r -l -j - ...-1l
t:;ri-l-

A,.5, and. .i\.6 gives:

L¿

i

¡

1;

Êq r^

o
(-)

|)
C5i6F
r-ì
Lî
HÁ.

I

'é4

100 150

INPI]T RESISIfu\CE IN OIilIS

250

TIGURE A.B RECEIVER NOISN FIGURE
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