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The circuit diagrams included in this
manual are included for illustration of typical
tunnel diode applications and are not intended
as constructional information" For this
reasoo, wattage ratings of resistors and volt-
age ratings of capacitors are not necessarily
given. Similarlyr shielding techniques and
alignment methods which may be necessary in
some circuit layouts are not included. Although
reasonable care has been taken in their prepe
ration to insure their technical correctnessr no
responsibility is assumed by the General
Electric Company for any consequences of
their use "

The semiconductor devices and arrange-
ments disclosed herein may be covered by
pd:tents of the General Electric Company or
otherso Neither the disclosure of any inforrn-
ation herein nor the sales of semiconductor
devices by the General Electric Company
conveys any license under patent claims cover-
ing combinations of semiconductor devices
with other devices or elements" In the absence
of an express written agreement to the contra-
ry t the General Electric Company assumes no
liability for patent infringement arising out of
any use of the semiconductor devices with
other devices or elementS by any purchaser of
semiconductor devices or otherso
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FOREWORD

The tunnel diode is the newest of continual advancements in
semiconductor devices since the introduction of the transistor and
silicon controlled rectifier. It is directly responsible for opening up
many new areas of application not previously feasible. These addition-
aI applications have been made possible by virtue of the tunnel diode's
extreme speed (high frequency), stable characteristics that are in-
sensitive to temperature changes, modest power supply requirements,
ability to operate in a wide variety of crltical environments, Iow noise
level, simplicity, light weight and small size.

Tunnel diodes will not displace transistors or other active
components in existing equipment. In some new circuits this may
occur; but generally speaking, tunnel diodes should improve the
functional worth of other active components by working with them"
Tunnel diodes, together with other semiconductor devices, will make
possible the practical design of equipment now either impossible or
impractical.

Since General E!,ectric first introduced the tunnel diode in 1959,
much energT and talent have been directed toward tremendously im-
proving and greatly increasing the versatility of this newest of semi-
conductor devices.

An example of this effort is the recent introduction of C'eneral
Electricts 'backo' diode and "microwave" tunnel diode" This latter
device, housed in a small stripline package barely visible to the nakd
eye, has an inductance of less than .000, 000, 000, 4 henries. This

"microwave" tunnel diode package was designed for microwave com-
munications, radar, very high frequency amplifiers, and oscillator
applications.

General Electric again takes pleasure in initiating another semi-
conductor reference, the T\rnnel Diode Manual, with the obiective of
extending the same service to the industry as has the G-E transistor
manual since its introduction in 195?.

This manual, then, is one of our contributions
understanding of tunnel diodes and their circuitry for use

to the better
in lonr pOwer,

ultra-high frequencyr low cost applications.

Project
. H. Sweeney

Manager, Signal Di
Semiconductor Pr
Syracuse, New York

cts Department
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CHAPTER I

THEORY

The tunnel diode is a revolutionary new semiconductor device.
Although it can perform many of the functions of conventional devices
its principles of operation are entirely different from those of other
semiconductor devices and vacuum tubes.

Such conventional amplifying devices as transistors and vacuum
tubes depend on emitting a charge carrier into a region where its
motion can be influenced by a signal electrode, and on subsequently
collecting the charge carrier on an output electrode. The speed of this
process is limited by the time it takes a charge carrier, having left
the emitter, to traverse the control region, and appear on the col-
Iector. -

The basic conduction mechanigm in tunnel diodes, however, has a
theoretical frequency limit of 107 megaeycles per second which is
several orders of magnitude higher than the drift and diffusion mech-
anism involved in the operation of conventional diodes and transistors.

a

| . I The Tunnel Effect

The tunnel diode takes its name from the tunnel effect- -a process
wherein a particle (obeying the laws of the quantum theory) can dis-
appear from one side of a potential barrier and appear instantaneously
on the other side, even though it does not have enough energy to sur-
mount the barrier. It is as though the particle can "tunnel" under-
neath the barrier.

In the case of the tunnel diode, the barrier is the space charge
depletion region of a p-n junction. This is the same barrier which
prevents the current from flowing in the reverse direction in the case
of the ordinary rectifier diode. In the tunnel diode, this barrier is
made extremely thin (less than a millionth of an inch) so thin, in
fact, that penetration by means of the tunnel effect becomes possible
This gives rise to an additional current in the diode at very small
forward bias which disappears when the bias is increased. It is this
additional current that produces the negative resistance in a tunnel
diode.

The origin of the tunnel current can be qualitatively understood by
considering the changes in the characteristics of a conventional p-n
junction diode made with higher and higher concentrations of free
carriers in the semiconductor crystal. As the density of the charge
carriers is increased, the reverse breakdown voltage decreases. It
might be thought that there would be a limiting case when the reverse
breakdown voltage was reduced to zero. This is not correct, however;
the limit is determined by the solubility of the impurities which deter-
mine the carrier concentrations. Experiments have shown that it is
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possible to dope many semiconductor materials more heavily than is
needed to reduce the breakdown voltage to zero. If this heavy doping
is used, the diode can still be in the reverse breakdown condition at a
slight forward bias.
diode goes out of the reverse breakdown condition and the current falls
to a small value.

1.2 Physical Description of q Tunnel Diode Junction

A semiconductor has a forbidden region where there are no states
available for its electrons. This region is called the band gap. The
states below this gap (which comprise the valence band) are almost
all filled. The states above it (ttre conduction band) are almost all
empty. The number of empty states in the valence bandr or electrons
in the conduction band, can be controlled by adding either acceptor
impurities or donor impurities to the semiconductor crystal. Each
acceptor impurity takes one electron out of the valence band, and each
donor gives one electron to the conduction band. In this way p-type
(empty states in valence band) and n-type (electrons in e.onduction
band) regions can be built into a crystal. The intersection of these two
regions is ca1led a p-n junction.

Figure 1.1 and L.2 represent the conduction and valence bands in

( THE NUMBERED DIAGRAMS
CORRESPOND TO THE NUM-
BERED POINTS ON THE
CUR R EN T.VO LTAGE CUR V E.
FIGURE I .2 )

-DlsrANcE ----1,

Electrons qt some level on both sides
of juncf ion. No nel currenl.

Electrons on r ight s ide ore roised
unt i l  they  ore  oppos i te  emPtY
elotes on lef t  s ide. Strong
currenl f  lows from r ight to lef  t .

TUIITUTI D'ODE JUI'CTIOII' AT YAR'OUS B'AS CO'I'DITIOI'S
F I G U R E  I . I

o

@

@@



TH EORY

the vicinity of a ju,nction at different values of applied bias. It can be

seen that as the bias is increased the bands which overlap each other

at zero bias become uncrossed. Since tunneling is represented by a

horizontal transition on this picture, the current decreases as the

bands become uncrossed.

TUII'TUEI, D|/ODE C'IARACTTRISTIC
F IGURE 1 .2

1.3 Bqckwqrd Diodeso

In a tunnel diode, the voltages corresponding to points #2 and # 4

in Figure L.Z are esientially determined by the semiconductor mater-

iat (fermanium, silicon, or galtium arsenide) used in the process.

The current value corresponding to point #2 is determined, howev€r r

by the cross-section arei and doping level of the junction" In practice

the tunnel junction is made larger in cross-section area than nec-

essary and then etched until the-peak current (point #2 in Figure L.2,

has the desired value. Tunnel diodes can be made with peak currents

anywhere from a few microamps to several amperes. Tururel diodes

wiitr peak currents of 500 pa and higher are usually used as amplifying

or switching elements in circuits that take advantage of the fact that

with increalitrg forward bias, the tunnel current first increases and

then decreases.
It will be noted in Figure L"2 that when voltage is applied to a

tunnel diode, in the reveis" direction, a large current flows which

inc reases continuously as the voltage is inc reased" If a negative

voltage of the magnitude of point 4 in Figure 7'.2 were applied to a

tunnel diode, the iesulting current would be many hundreds of times

higher then when this voltige is applied in the positive direction. A

tunnel diode used to take advantage of this large change in current with

polarity of applied voltage is called a "backward diode" . The term

"backward!' m-eaning that the diode conducts heavily with negative

rather than positivity applied voltage. Figure 1.3_shows a compari-

son of germanium "backward" and conventional diodes.

* , ,Backward , ,d iode is  a lso  re fe r red  to  as  "back"  d iode chroughout  th is  ed i t ion '

I

FOR DESCRIPTION

OF NUMBERED POINTS,

SEE FIGURE I  I
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CHAPTER 2

RATINGS AND CHARACTERISTICS

The voltage-current characteristic of a germanium tunnel diode is

shown in Figure 2.L together with the important DC parameters. Ihe

dotted line iri ttris figure shows a normal diode characteristic resulting

from minority carrilr current. It is seen that the tunnel diode follows

this characterisgc beyond point C. In the lower voltage region below

point C and in the reuetse biased state the diode current consists of

majority carriers which tunnel through the narrow PN junction'

I
( i n m o

r P  t . o

MAJORITY CARRIER
TUNNEL CURRENT

sLoPE =-go=+f

, FORWARD
' PotNt \-
! .-PEAK PorNT \+r ' \

VALLEY

STATIC CIIARACTERISTIC CURYE

|  
-  t ln  mY,

I
Vto

500

GER,MANIUM TUTUII'EI, DIODE

F I G U R E  2 . 1
Electricq I Chq rqcferistics

A "relatively" Iinear negative conductance region exists between

point A (the pealrpoint) and point B in Figure 2. L. Between point B and

|oint C, the current is greater than the sum of the theoretical majority

and minority currents. The current in this region, identified as the

excess current, can not, as yet, be completely explained. Intuitively

the excess current or valley current should be low and therefore the

highest peak point to valley point current ratio seems desirable. There

are some tanginte reasons for this also. The greater this ratio, for

any given val[e of peak point current, the greater wiII be the available

oulput current swing. For example, a tunnel diode with a peak current

of one milliampere and a peak to valley current ratio of 8 wiII have an

available current swing of 1.0 0. 125 = 0.875 ma.

POINT

DOTTED LINE IS
NORMAL DIODE
CHARACTERISTIC
CAUSED BY
MINORITY CARRIER
CURRENT

EXCESS
CURRENT

I
I

VY

350

0t

t l
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The "peak point current" of a tunnel diode is determined by an
etching process and can be held to within + 2. D[oor better on a pro-
duction basis. However, the peak point voltag€, V^, valley point volt-
age, Vv, and forward point voltage, V*r,, are deteflmineA by the semi-
conductor material and are largely fix^etd. For germanium these volt-
ages are respectively 55 mv, 350 mv and 500 mv typical at Zboc.

The magnitude of the negative conductance is 
-equal 

to the slope
di/dv of th; voltage current characteristic. For a one milliampere
germanium tunnel diode the negative conductance is between 0. 006 and
0.010 mhos coffesponding to a negative resistance between 100 and
160 ohms"

Tem perqfu re C ho rqcteristics

Variation of the tunnel diode pararneters with temperature is a
matter of extreme importance to the circuit designer. Figure Z.z
shows the voltage-current characteristic of a tfpical g"i*arium
tunnel diode at temperatures of -bOoc, 2boc, and toobc. 

-

h = - s O o C  T A = - F 2 5 o C  T A = - F I O O " C

VOLT AGI.CURREIilT CIIARACTER'SIIC CURYE/S
OF A TYP|,CAL GERMAN/iUM TUN''UTI, DTODE

FIGURE 2.2
Note that the peak volt&g€, valley voltage and forward voltage all

decrease with increasing temperatures while the valley current in-
creases with increasing temperature. The peak current may increase
or decrease with temperature depending on tne doping level and the
resistivity of the semiconductor material, This can Ue"st n" iifurtrated
by Figure 2" 3 showing the temperature variations of the peak current
for units with different peak voltages. V^ exhibits good .o"""f"tion
with the doping level and hence with the #mperature characteristic of
the diode.

The parameter VO is dependent on the dopants and resistivity used.
Fbr the diode shoyn ih Figure 2" 2, the peak current is a mar<imum at
approximately 25oC and decrease5 at higher and lower temperatures

Each application generally has a dilferent temperature problem.
For example, in switching circuits the primary coneern might be the
stability of the peak current since it determines the switching
threshold, although the changing forward voltage can affect the ampli-
tude of the output voltage pulse.

In oseillators where d.irect matching is not required, it may be
important only to make sure that at the lowest op"""[ing temperatures
the device is driven from a voltage source whicti requires that the re-
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-60 -4o 
"-2o 

o 

,a*raRATuRE cc

vARtATtotf 0F IUoR,UALIZED lp WITH TEMPERATURE
TOR DIFFEREilT YAI.UTS OT V,,

F IGU RE 2 .3

sistance of the source supplying the voltage to the tunnel diode is much

mrrst be maintained over the required operating temperature rAnge.

The variation of the important DC parameters between -50oC end

+100oC is shown in Figure 2.4 for 1 rna germanium tunnel diodes of

the 1N2939 or  1N2940 tYPes"

C H A R A C T E R I S T I C S Y M B O L tN2939 tN294.O

EAK POINT VOLTAGE V p 5 5  M V 5 5  M V

TEMPERATURE COEFFICIENT AVP/A T 6 0  P V l " c 6 0  P V l o c

YALLEY POINT VOLTAGE Vv 3 5 0  M V 3 5 0  M V

TEMPERATURE COEFFICIENT A vv /Ar -  t .o  Mv/oc -  l . o  M V / ' c

FORWARD POINT VOLTAGE
AT PEAK CURRENT

vrp 5 O O  M V 500 Mv

T E M F E R A T U R E  C O E F F I C I E N TavFP/aT - t . o  M v / c c -  l .o  Mv/cc

)EAK TO VALLEY RATIO Ip l  Ty 8  M I N 5  M I N

VALLEY POINT CURRENT
TEMPERATURE COEFFICIENT

Arv lAr +O.75 
o lo loC + 0.75 olo / oC

ffiTi6ffi-ce-rdPEAK
CURRENT RATIO

i 6 l  T 7 9 . O  M H O / A M P 6 , 5 M H O  / A M P

:OIIIOUCTANCE TEMPERATURE
C O E F F I C I E N T

[go /6r -O5o l "  / "C -O.5"lo /"C

f f iEAKCURRENT
RATIO

c / T P 6  P f l m o I  p r l m s

TY PitCAL EIICTRICAI, CHARACTERISTICS
OI GTR'IIAN/ruM TUTUTUEI. DIODE

FIGU RE 2 .4
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Note that the^ peak point voltage has a temperature coefficient of
-0. 06 millivolts/'C and the forward point voltage has a ternperature
coefficient -of -1.0 mill ivolts/oC as compared with a value of -Z.s
millivolts/oC for the forward drop of a conventional diode or transis-
tor. F or detailed specifications of individual tunnel diode types, see
the specification sheet section of this manual"

Frequency [imitqtions

The small signal (AC) equivalent circuit for the tunnel diode
biased in the negative conductance region is shown in Figure 2.5" The
inductance, Lo, in the equivalent circuit is relatively low and is Ce-
termined priniarily by the inductance of the leads" A small amount of
seriqs resistance, R.,, is also present which is determined by the
bulk resistance of thE semiconductor material. The capacity, C, is
primarily due to the capacity of the junction although a small portion
of the capacity is due to the leads and the package. As the junction
capacity is decreased for lower current units, the package capacitance
beeomes more and more important however. The negative condlrct-
ance, -Bd, in the equivalent circuit is equal to the slope of the voltage-
current characteristic at the particular bias point under consideration.
The value of the negative conductance ean be assurned to be inde-
pendent of frequencyr the chief limitations in the frequency response
of the tunnel diode being determined by the parasitic elements in the
equivalent circuit (Rs, Ls, C).

TYPICAL VALUES

OF IN2939 PARAMETERS

sERrEs rNDucrANcETL. l6mph*
TorAL cApActrANcE,c lzpptd
S E R t E S  R E S T S T A N C E ,  R s  l t . s o
NEGATIVE CONDUCTANCE,-gcl .006- .Ot mho
NEGATTVE RESTSTANCE, rd l tOO-r50 O
P E A K  P o t N T  c U R R E N T ,  r p  l l m o
V A L L E Y  P O T N T  C U R R E N T ,  r r l . t m o
PEAK PotNT voLTAGE, Vp fssmv
VALLEY POINT VOLTAGE, VV
FORWARD POINT VOLTAGE, Vlo

I /8  INCH LEAD LENGTH

SMALL S'GIUAT E0U'VAT.ETUT CIRCUIT AND
TYP'CAL YAI,UTS OF PARAMTTERS

FIGURE 2.5
'Iwo significant frequency figures of merit can be assigned to the

tunnel diode:

(a ) res is t i vecu t -o f f f requenCYl f ,o=#+f f i (2 .1 )

L4
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1
(b) self-resonant frequency f*o = 

T
( 2 . 2 )

Both these f requencies are derived f rom the equivalent circuit of

Figure 2.5. The resist ive cut-off frequency is the frequency at which

the real part of the diode impedance measured at its terminals goes to

zero. Ihe tunnel diode can not amplify above this frequency. The

self-resonant frequency is the frequency at which the imaginary part

of the diode impedance goes to zero. It should be pointed out that both

frequencies are reduced by external circuit components and therefore

the highest possible operating frequency is very circuit dependent. In

a transistor package the tunnel diode is timited to frequencies below

1 Kmc, this limit being due primarily to the lead inductance" Micro-

strip or microwave packaging, owing to its inherently lower inductance,

can potentially raise the frequency capabilities by an order of magni-

tude or more.

Nucleqr Rqdiqtion Effects

Encouraging results have been obtained from preliminary investi-

gations of tlie effects of nuclear radiation on the characteristics of

tunnel diodes. Under a doseage of 3 x 1014 NVT (90Vo thermal, L0%

fast), Do apparent change in the electrical characteristics was ob-

served exCept for the noise figure which increased by approximately

20Vo at the pbint of rrrurimum negative conductance and by L00Vo near

the valley point.
At a doseage of 5 x 1015 NV'I, the valley current increased by

about 25Vo while the other DC characteristics had not changed. The

noise figure increased by a factor of 3 at the point of murimum nega-

tive conductance while the noise f igure in the vicinity of the valley

point was immeasurablY high. t6
A Battelle Memorial Institute report'%nows that a 10 ma Io ger-

manium tunnel diode with an initiat valley point current of 1 mghad a
val ley point curre^nt of 3.6 ma at a radiat ion f lux of 2.4 x 10ro NV'f
(fast 

"nlutro 
n/cmz). Above this flux-density large changes of valley

current would occur for small increases in flux. [t should be pointed

out that although I,, increases while both V., and Vfp decrease with

flux density, the chbracteristic seems to reriain unch5,nged in the re-

verse direction (important for backward diodes). The same holds

true for the positive slope region below the peak. Ip and Vp are

totally unaffected while the negative conductance slope Qooes not .ap-
pear to change radically up t-o flux levels of 5.5 x 10ro NVT (fast

neutro ns/ c*2I.

Mqximum Rqtings

'fhe "Absolute Maximum Ratings" of tunnel diodes are primarily

dependent on the junction temperature produced by the current flowing

through it, the physical size of the j unction area and the eff iciency

with which heat is removed.

15
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The high current density material used in tunnel diodes
to provide good gd/C ratios causes the size of the junction to be
very small. A one mill iampere unit, for instance, might have a
junction diameter of less t,han 3 x 19-41 inch. A large current flowing
through such a small cross-sectional area can rapidly create enough
heat to melt the alloys used.

As large currents can flow through the tunnel diode junction even
at low forward or reverse voltages, an absolute ma:<imum current
specification (forward and reverse) is more rneaningful than voltage or
dissipation limits per se.

Also given in the "Absolute Mu<imum Ratings " are the storage and
operating iunction temperature ranges for the device. Actually the de-
vice proper can operate frorn liquid helium temperatures (4ok) to the
melting point of the alloys. The package might however timit this
operating range, as the glass seals might become leaky or even crack
at very low temperatures. Even under those conditions, the device
might continue to function as it does not necessarily have to be her-
metically sealed. Most packages will readily operate over a -50oC to
+tr 00oC range or better.

Symbols

Several different symbols for tunnel diodes are in current use.
The more popular symbols are shown in Figure 2.6 together with the
PN junction equivalent. Many of the other symbols which have been
used in the literature are not recommended since they are in direct
contradiction of AIEE/IRE standards on graphical symbols.

The anode and cathode designations for each of the symbols are
indicated in Figure 2.6. If the anode is positively biased with respect
to the cathode the tunnel diode wiII display its negative conductance
characteristic and the high voltage injection characteristic" Figure
2.6a shows schematically the PN junction structure of the device.
Figure 2. 6b shows the symbol which is used exclusively in this manual
The polarity is easily remembered by imagining the arrow on a con-
ventional diode to "tunnel" through the bar after which it appears on
the other side of the bar in the blunt, rounded form as shown, This
symbol has the advantage that it can be combined with other symbols
to indicate complex devices. For example, a PNP transistor with a
tunnel emitter can be indicated by adding a semicircle to the con-
ventional symbol for a PNP transistor. The symbol shown in F'igure
2.6c indicates a tunnel diode by means of a -g next to the symbol
signrfying that the device is ; negative cond"uctance device. 

' 
This

syrnbol tends to imply that the device is used for small signal oper-
ation and hence is generally used in amplifiers and low po*ur os-
cillators. Note that the -g can not be used inside the circle without
violating IRE standards. The symbol shown in Figure 2.6d is fre-
quently advocated because it contains the letten I in lts structure.

The symbol for the back diode (backward dioJe) 
--i;= 

strjwn in
Figure 2.7 together with the PN junction equivalent" Since the back
diode can be considered to be a conventional diode with a low reverse
breakdown voltage a conventional diode symbol can be usecl. Note that
the anode is connected to the N material and the cathode is connected

16
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to the P material since the direction of easy current flow is opposite
to that of a conventional diode.

@@
COMMOtrT.Y USED SY'}IBOT.S FOR

@@
PREFERRTD SY'IIBOT, FOR THE BACI( DIODE

FIGURE 2.7

@

THE TUIIII'TI D'ODE
FIGURE 2 .6



CHAPTER 3

TUNNEL DIODE AMPLIFIERS

Introduction

Since by definition a positive conductance dissipates energy, it
follows that a negative conductance generates energy. 'fhis is the
basis of negative conductance (or resistance) amplifiers"

Consider first the case of an ideal sinusoidal generator, having
an internal conductance Bg, delivering a rms current i to a load g,
(see F igure  3 .  1 ) .

= 9 r

(3" 1)

(3. 2)

POIIIER TRATUSFER FRON GEilERATOR TO LOAD
FIGURE 3 . I

Suppose 8l is varied to mu<imize the power delivered to it. The latter
occurs undef a "matched"condition, namely when Eo = gr" Under this
condition, the generator c urrent splits evenly- net'fireen the two
branches of the circuit. The ma:<imum power delivered to the troadis
thus given by:

1JD̂ I m a x
4 8 o

b

As this is the rnaximum available power from the generator, one
might use this value to find the "transducer gain", defined as the
power delivered to an ar\$rary' load divided by the power available
from the generator .  /

S 1

This gain can obviously not exceed unity.

r.8
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and hence current is coming out instead of going into this negative con-
ductance branch. Hence this.bnanch acts as a generator and drives ad-

ditional current into the circuit. The transducer gain can now exceed

unity since the load current il can now be greater than i/2.

l i r
P G  A V  < l

t  i r PG. nv >l

S I N C E  i I  >  i / 2

i r z z q 1  =  
4 ' g e ' g l  

,  -  
+ 9 : : g t

PG.nv =ffi =(m sf

g r

9 I

POWER TRAII'STTR HAVING TUTGATIVE
COTUDUCTATUCE Ifl CIRCUIT

FIGURE 3 .2

By proper adjustment of the load, this gain rnay be infinite as can

be seen from the following equation:

P . G .  . r  =
avalL

4  '  g g '  8 1

gain go + g, must be greater than -ga and for this gain to be large B.g.*
gt muBt onlf be slightly larger than -Ed. Figure 3.3 shows a grapm-

cit representation of the tunnel diode V-I curve, ttie load line and the

resultant parallel impedance

The tunnel diode capacity is in parallel with the negative con-

ductance and as the frequency increases will become a more and more

effective shunt. In a parallel type amplifier, an inductance L is put

across the tunnel diode in order to resonate the circuit at a frequency

fo, where:

Plo "d  
=  

i 12 /e r=

P**r. 
B'en. 

tz / agg (s* * s, -*o)'
(3.3)

(see Figure 3. 4).

19
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GRAPHICAL

P . G .  . r  =

where gt = g total = (** *

STAGE

TRANSDUCER GAIN:

PG.  =
4 g g  g I

EoU'V AITIIIT CTRCUTT OF A TUNNEL D|/ODE
. ''PARALLEL" AMPL//FEN

FIGURE 3 .4

The generalized gain equation for this circuit now becomes:

s'"* ,., " ,'(r- 39" )"
AT RESONANCE 

", O= ,^, AND

4 .  gg  . g l
P G . =  -

g t '

( 3 . 5 )

and since at resonance u) = @o, the available power gain at resonance
is stil l:

n ** *,

gt

sr - so)

2

9 I +  9 g = . O O 7 9 4  m h o

t  rool  a 300 500

A I X  A v :  A p
S I N C E  A v  =  t

l i = A p

Z I N :  A i r r l
1  :  I v r  lour

: 8 O p r

ATUAIYS'S OF PARAI,I,EI AMPL|iT'IR
FIGURE 3.3

2A

(as per equation 3. 4)

( 3 . 6 )



From equation (3. 5), i i can be seen
nance" and since bandwidth is defined as
side band ffequencies at which the gain
can be defined as:

T U N N E L  D I O D E  A M P L I F I E R S

gain decreases "off -reso-

difference between the two
db down, bandwidth (BW)

that
the
i s 3

B g * B I  g d  g t
( 3 . 7 )

2 r  C 2 r  C

From equations (3. 5) and (3. 7), it can be seen that as the gain is in-
creased (by decreasing gt) the bandwidth decreases, becoming zero

at the point where Bs is zero, which coincides with the point of infinite
gain (oscillati,ons). r'

The gain-bandwidth product of the circuit of Figure 3.4 can be
expressed fully in terms of the circuit parameters as follows:

BW ( 3 . 8 )

tt t* * gI is approximately matched to -Bd, (** *

\FxBW=m
n C

and hence the gain bandwidth product will be largest when Bl = Bg =

gd/z, it which time it is equal to:

. f- .xBW= # =+=# (3.10)
Other factors inf luencing the choice of Bo arrd g, for a given gd ar(f

discussed in the section on ampli f ier noiseF.

Stqbility Criteriq of Tunnel Diode Amplifiers

Successful l inear operation of a tunnel diode amplifier depends on
the stability of the complete system, including in particular the internal
impedance of the bias supply and the signal source impedance. Con-

9r=  l - so l ) ,  t hen :

( 3 . e )

z ---r X

A) STRIES CONF|/GURATIOIIT OT
AMPL|/F|/ER, OR OSCII,I,ATOR CIRCUIT

R r = R l * R o * R ,

L t  = L r  *  L .

M S|,MPL|/T|/ED SERITS
CONTIGURATIOIII

FIGU RE

2L

3.5
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sidering the equivalent circuit of Figure 2.5 a basic "series" amplifier
circuit can be reduced to that shown in Figure 3.5 where *T = ** *

Rt * Rr, LT = L, * Ll, C is the total diode capacity and -gd the nefa-

tive conductance of the diode at the operating current and voltage.
To determine the system stability, one can examine the distribu-

tion of poles or zeros of the circuit determinant in the complex I'plane

If the zeros of Z seen at the input fatl in the right half of the
S-plane, the system is unstable. Conversely, if the zeros fall in the
Ieft half side of the S-plane, the circuit is stable. The input impedance
1S grven as:

'(r)
,

=  S-  L , rC +  S (RrC Lr  l -so l )  +  (1  Rr  l -sd l )
s c  l _ s 4 l

( 3 . 1 1 )

and the zeros are:

1  R  ' - os- + 4 -#I (3 . 12)

then S wiII have a negative real part only if both:

l - " r  I
I  b d '  

- . ,
T  >  u  ( 3 . 1 s )

and

This can be rewritten as:

2 r C

1

2r

Figure 3. 6 is the Nyquist plot
RT *d Lf are replaced by R,

1  R r  I - go l  >o

1

l-ga1 
---r

(3. 14)

(  3 .  15 )

Frequency Limitotion

A Nyquist plot of the real and imaginary component of the input
impedance divulges two characteristic frequencies. f 

1 
= f"o ir the fre-

quency at which the real part of the circuit impedance goes to zero and
f 
Z= 

f*o it the frequency at which the imaginary cornponent of the cir-
cuit impedance goes to zeto. l

l - sa l
(  3 .  16 )

of a typical 1N2940
and L, in the above

22
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(device only) where
equation.
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Z  P L A N E

T Y P I C A L  T U N N E L -  D I O D E  I N 2 9 4 O
I p  =  l ' O  m o

f v = . l 5 m o  ^
L s g 6 X l O - Y h Y

+ j x

crorAls 6.5 i l l t f  (c1= cDtoDE *cg65E)

- 9 =.0065 Mho (- R,-r= - + = ISOO )
v g

R s ( rrureRNAL )= r.5 .fl
co tooe lsP l r t

f xo  8OO Mc, /s
- R

- j x

CIIARACTTRISTICS OI A TYPICAL TUTTITUEI DIODE
FIGURE 3.6

Now several conditions could prevail:

(1) f",r 5 0, the device can only switch as R1 ) L/-gd.
(2) f- ,S 0, the device can only operate in the rela<ation oscil-' x o

Iation inode.t"l'"'"r",iit";iffi ll'IilffJT'"::"1,1-jrq;'ff#:'Jl'":ffi ::T
ean oscillate in a rela:ration mode.

(4) If fro = fxo, then at this point both the real and imaginary parts

of the input impedance are zero, and the circuit once shocked
into oscillation by any random noise or transient wiII yield free
sinusoidal oscillations.

(5) If f*o)f"o the circuit wiII be stable and amplification can take

place, since the imaginary term of the input impedance does nct
go to zero until beyond f 

,o "t 
which time the circuit is already

ttcut off t t .

Figure 3. ? is a graplrical illustration of the above conditions. In

this fig"ure the two robtt 
TL= ,\ SO/C and RT = L/ -86 are taken f rom

equations 3. 11, 3. 13, and 
-3. 

14.

Summqry of Gqin snd Stqbi l i ty Condit ions

The successful design of a tunnel diode amplifier circuit depends

on the proper application of the stabitity criteria. The amplifier cir -

cuit  must meet the fol lowing cri teria:
(1) F irst, the circuit rrrust be biased stably in the negative con-

ductance region from a voltage source (R,f ( t /-gaand f"o)0).

(2) Second, the circuit inductance must be smaller than 1 <RtC/

I -so I (f*o ) fro) '

f  r o  1 6 2 O  M  c , / s

23
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( P O I N T  O F  F R E E  O S C I L L A T I O N )

(  P O I N T  O F  
. .  

I N F I N I T E  
. .  

L O W
F R E Q U E N C Y  A M P L I  F I C A T I O N  )

(  N O N -  L I N E A R
O S C I L L A T I O N )

R r = o R r =  t

CO'UDIT'OII' FOR STABI,E OPERATIO'U SIIOWTU GRAPITICALLY

F IGURE 3 .7

To obtain Iarge values of stable gain the sum of the positive
conductances (S; * S, * gJ must be trIways only gighlfy- larger
than the negativB con'ductahce of the diode. ( gn* Bt * B* ) -ga ) ,
which also means that the greatest value of gain is obtained
very nearly when R,I = L/-gd.

The greatest gain bandwidth product is obtained when the load
conductance is approximately equal to the $enerator conduct-
ance; in which ease, they are both approximately equal to one-
half of the diode negative conductance. (g1=g 

o= 
-gd/Z) .

pointnffix B. W. = gd/z nC. This alsd p&ntstout

obtain greater gain bandwidth product, diodes with the
possible figure of merit (SO/C) should be used.
'Ihe above condition does not take into consideration amplifier
noise figure, temperature and bias variations as well as cer-
tain other practical considerations explained a little later.

Noise Considerqtions

It is generally known that the negative resistance of a tunnel diode
exhibits shot noise. A tunnel diode also has a parasitic series resist-
ance exhibiting thermal noise. At very low frequencies (in the audio
range) the tunnel diode also exhibits L /I noise. Despite these noise
sourc_es, tunnel diode amplifiers can be made with noise figures Lower
than 3 db.

Two requirements must be met to obtain a low noise figure tunnel
diode circuit. First, the tunnel diode must itself exhibit low noise and
secondly, the circuit must be optimized for low noise performance.
The tunnel diode's basic performance can be described bf a noise fig-
ure of merit which is a function only of the diode parameters, its bias
point and the operating frequency.

When the diode is used as an amplifier, the circuit noise figure
can be made to asymptotically approach the noise figure of merit of the
diode. The latter is normally the minimum limit. 'fhe amplifier's

(3)

(4)

At that
that to
largest

(5)

( s w r r c H t N G )

f  r o  > f  r o
f xo 5. o

UNSTABLE

fxo> fro>O
S T A B L E f r o <  o

UNSTABLE

c

2/L
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noise figure is made to approach the figure of merit of the diode by

suitable adjustment of circuit  parameters.
E. G. Nielsen's'Jp&per: on fhe noise performance of tunnel diodes

equates the noise figure of merit of the diode as being:

\q l
I

t l

ff i 
(3'18)

- \ t",  1J
In this equation the ratio of e"O/ SO assesses the shot noise relative to

the diode negative conductance. 
- 

At freqrrencies above the audio range,

where I"o = Ioc (Dc bias current through the tunnel diode) Beg is equal

to appro>frmalely 20 IOC. At lower frequencies, tuo is gre-ater than

I.r. (go^ = er.'./ZKT) and the results can be seen in Figure 3. I where
u- ' "*1 

ltoiieO at various frequencies thereby exhibiting the L/f. noiseB"q/gd rs I

cofrtribution of the diode. At 33 Kc/s (which was not quite the break

frequency) at a bias of L25 ffiv, E"o/g6= 2 db which would yield a total

minimum noise figure F - 4.2 db.' The ratio of RS/RD assesses the

parasitic series diode resistance relative to the negative resistance

ana hence this would assess the thermal noise. At frequencies near the

device "cut off " frequency (fro) where the real part of the negative re-

sistance becomes very smalL, the ratio of RS/RD becomes quite im-

portant. Thus the last ratio assesses the freduency dependance of RD.

With germanium tunnel diodes RS/RD 3 - 0_1 
lttd Be,, /.f O: 

1.. Using

these figures a device noise figure of"clos"e to 3.0 db cli be"obtained at

mediurn frequencies, but at f - . ?0? fro the minimum would go to 6 db

w h i l e  i t  w o u l d  e x c e e d  1 0 d b  a t  f  - . 9 f " o . . . .  f " o  i n  t h i s  c a s e  i s  t h e

device "cut off " frequency and hence in equation 3. 16 R, replaces RT.

t
5lu

o f  u a  
.  

v

VOLTS

,ft n oFE ffl, TulflfE[ DfoDEs
FIGURE 3 .8
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The noise figure of the amplifier circuit is given by the following
equation:

.  ? o l t c  
t 8 tN . F . =  1 +  

L r  
+

Bg % ** 
(3 '  le)

and can be minimized when g* is made as large and gl as small as pos-
sible. Referring back to Equations 3.3 and 3.5, the nighest gain is ob-

lil?:'*-ffi"iqJ ij, ,i,t;;T;"l""::;ff ;:.ffiL"ff ll,l"f,q Hi:
to summarize the n-oise considerations:

T U N N E L  D I O D E  A M P L I F I E R S

1) The minimum attainable circuit noise
noise figure of the device as given by equation

f igure is close to the
3. 18, which can be about

,Hlp"J,lifi#i*1i'h8f*,,/fa= ?O InC/$, must be at a minimum and the operating
: the l/f ranee dhd not too close to f (< .7O7 f. )_

3 d b .  ' |

2) To obtain a diode with such a low noise figure, the ratios of

to f-^ (< . 707 f_^).ro3) The circuit must then be optirrli zed, for fo{f noise Uy "%"tchine
the generator conductance to the negative tunnel diode conductance
while the load conductancei must be very small. (Example: A generator
(rr) of 100Q could be driving a (Rrr) of -_190O Iooking into a load irnped-
antce (rl) of 1000Q. Assrime C = #x 10-12. Under the above condition,
the gaih bandwidth product is not optimi 

' '- ' 
d x 106, but

could still be adequate.flG. . B. w. = 
@

3. 14 x b x 10 
-Lz = ,0,  * t r06.

Procticql Design Considerotions

Several other factors must be taken into consideration before
actually designing an amplifier circui.t. These are:

1) The non-linearity of -g,r

2) The bias dependance ot*-gd
3) The temperature dependani" of -gd

1) Non-Linearity of rhe Diode Negative conductance-

As a result of the non-linearity_o1 -Ba (see ga vs. V in FigueS. g),
the tunnel diode amplifier is endowed witfiq two ad&itional probl6ms.

a) this non-Iinearity will result in some distortion .
b) another result is a built-in "automatic gain control "

effect.
The Jirst problem is evident and fortunately the degree of non-l inearity
can be kept relatively low. The second problem cin besr Ue-ilf,rst"atea
by the graph in Figure 3. g.

This graph shows the variation of I and

Ts. "l sd we see it to be negative betwee" $$ ;ilH."ltiff;*:ii;
that in an amplifier the resonant gain is obtained through the close
matching of the surrr of the posit ive circuit  conductances anA the nega-
tive diode conductance, one might draw these positive conductances as
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COIUDUCTAI'CE YERSUS VOLT AGE _

CIIARACTERISTIC
F IGURE 3 .9

a straight l ine and for il lustration purposes only, forget th9 sign of

these positive conductances and draw them as a negative conduct4nce.

Ihe distance between line A - B and the negative conductance is the

degree of mismatch. Now applying a small_signa-I (say 2*y-rms), one

.un see that the degree of mismatch is relatively constant over this

small  voltage range and a certain gain results.

If a taiger rlgn"l is applied, however, the voltage swing is larger

and due to 1ne greater non-Iinearity of gd over this range, only an

""y"tag{ match occurs. or, one miglt sly !h: 
negative conductance

is no more equal to :B,r at point op but is equal to some lesser, aver-

age value of 
--8,r. 

Th;$, of course, increases the distance between the

averatse -8, i lt and the (B- * g') l ine thusly dqcreasing the gain for
' d  - - g  - r

Iarger signal swings.

2\ Bias Dependence of the Negative conductance-

Biasing at the center of the more linear portion of the tunnel diode

characterijtic (near the inflection point point of murimum negative

conductance) *itt allow the greateJt voltage swing, hence the greatest

dynamic range. I'or gur*airium tunnel diodes, this point is around

130 - 140 mv and the *ore linear portion of the characteristic wiII be

between g0 and 1g0 ffiv, thus allowing a mucimum signal swing of 100

mv peak to peak.

27
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For high temperature operation, the Iarge signal distortion wtll
increase mainly as a result of the increase in valtey current. If the
degree of distortion is not acceptable, smaller signil swings will al-
leviate this problem. The greatest bias problem is that the negative
conductance region is not linear. Slight variations in the bias oper-
ating point with the resulting change in negative conductance, can cause
Iarge changes in gain. It is thus essentiaf to ensure a very staUte bias
voltage. Some of the methods to obtain a stable, low impedance bias
supply are:

1) The use of mercury cel ls.
2) The use of forward biased diodes as voltage regulators.
3) The use of breakdown diodes as voltage regutators.
An example of the use of a forward bialed diode for bias stabili-

zation is shown in Figure 3. 10. Here an inexpensive sil icon diode is
heavily biased in the forward direction so that it exhibits a low voltage
and a low dynamic resistance. A low impedance voltage divider is used
to reduce the diode voltage to the value desired for biaiing of the tunnel
diode. Large variations of supply voltages wiII cause only minor vari-
ations in tunnel diode supply volJage. Affirst, an apparent shortcoming
of this circuit seems to be the fact that this voltagu 

""golator 
is some-

what temperature sensitive and hence the operating point wiII shift with
temperature. This might be desirable however in view of the next pro-
blem.

3) Temperature Dependence of -gd -

Early work on germanium tunnel diodes indicated that the negative
conductance varies roughly linearly with temperature at a rate of-0.|Vo/oC. Such a shift wootO again eause gain changes in an amplifier
circuit. Several methods could be used to 

-compensate 
for this effect:

a) The use of temperature sensitive resistors in
series or parallel with one of the circuit legs to
keep the same degree of match.

b) The use of diodes in the bias supply (as per Figure
3. 10) to produce small changes in nias resulting in
a changing -96.

DIOD

S'I,'COT' D|ODE VOLI AGE REGI//LATOR
FIGURE 3 . I  O
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The voltage across the 1N1692 decreases at about 2.5 mv/oc as the

temperature is increased. In the tunnel diode, -9.r decreases at

O.Sio/oC as the temperature is increased. Subsequelftly, if tl" oper-

ating point is chosen slightly beyond the inflection point (say 150 mv or

so) 
-ai 

-g, decreases with increasing temperature, the bias decreases

and the ofierating point moves on the characteristic towards an in-

creased --g' thereby,^,compensating for the original. change. Further-

more, if di$ 2.5 ^i/oC is too fasia change in bias (overcompensation)

then a tunnel diode can bg substituted for the 1N1692 wtiich will result

in a change of only 1 mv /'C (see Figure 2. 4).

Amplifier Design Procedure

In this circuit (see Figure 3. 11), the source is a 50 ohm gener-

ator, the load is also 50 ohms while the series resistance (nt) of the

d e v i c e i s 2 o h m s . H e n c e R - = 5 0 + 5 0 + 2 - l 0 2 o h m s . U s e i s m a d e
of a lNZgBg having a Sppfd c^apacitance and a negative conductance of

? millimhos (-rd = 143 ohms) at the inflection point.

|  6mph

Rt= 5OO

A.C. StRfES L00P C|RCU|T

F IGURE 3 . I  I

In order to abide by the previouqly mentioned stability criteria,
the real part of the negative conductance must be made equal to zero
at the operating frequency. This also means that the circuit cut-off
frequency is made equal to the operating frequency. Hence,

R t -
l -e4 l (  3 .  20)

| -s6 12 + '2c2
= 0, thus RT =

R, must be therefore made equal to:

R t =

Slnce the present series IooP
resistance must be added to
stability criteria.

143
m - z  1 1 8 9 2

only exhibits a R- ! 102Q, a 16 Q series
meet the previoirsly outlined gain and

29



The last part of the AC circuit design procedure is the choice of
the tuning inductance Ll. To get the hiJheat value of stable gain L.n
total must be only slighlty smaller than the oscillation criteria 

",atRfC/ | -ga I whieh here-must be:

L r (  1 1 8 x 0 x  L o - z

? x 1 0 - T : -  
= d 4 ' 3 m p h

Since z-LZ mph are inherent in the leads of the device (depending on
Iead length) and some stray circuit inductance wilt be found fi the cir-
cuit, the actual coil (Lf) will have to present a slightly smaller in-
ductance yalue.

te.f} L;

< Samph\
so0 LINE , 5 o O  L I N E

Ac clRcufi oF 100 illc/s AMpLtFtER sTAct
F I G U R E  3 . 1 2

The bias arrangement can be derived in the following manner:

:
Dc BrAs clRcufT FOR 100 Mc/s AMPttfER sTAcE

F I G U R E  3 . I 3

(r, rD=.2')

Rg= 5OO Rrn=l6Q
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Assuming that the inflection point occurs at 130 mv and . 7 ma, then
t ; ;  i so" - "  and Ip  i s .?  ma and vz  i s  (Rrn+ R1)  ID= (16  +  50) .7  x

1d-o = 44 mv; therefore, V, = 130 + 44 = L74 mv'

IC therefore is L74* iO-3 /50 = 3.48 ffior and the total DC current

Ioc =:IG * ID = 8.48 + .7 = 4.L8 ma. I f  one were tp use a 6.3 v battery

then Rg =  i l .3  .L74/4 .  18  x  10-3  -  6 .126/4 .L8  x  10-3 .  g  1 .5KQ.  In

order to decouple the DC supply f rom the amplifier by at least a 10 KA

inductive reactance,

LRr 
choke

Figure 3'. 14 shows the comPlete
- 9 0

5OO LI  NE

Rg= 5Oo

5O- lOOmph 5OO L INE

Rt= 5oo

COMPLEIE Mc/s "SER|ES" AMPLIfIER CIRCU|T

FIGU RE 3.  I  4

The measured results were 32 db gain at 100 Mc/s with a 20 \'tb/s

ilil.itic"r bandwidtli. As Lt iJ increased toward lfRrc /l-Sal,

the gain increases at the expense of bandwidth magnitude and symmetry.

Further refinements in bial and temperature stdbilization would coltts

plete such an ampiifier design.

Conclusions

R.
I t

t .

L
00

+

t l

:o

V

ph

; K ,

3 \

t .F  c

5pr

t.5 K

6 .3  r
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lators and circulators.



CHAPTER 4

osctLrAToRs

4.1 Tunnel Diode Oscil lqtors

Because of its inherent negative conductance characteristic, the
tunnel diode is ideally suited for oscillator operation. The tempera-
ture stability of its characteristics is excellent and the frequency
stability of the resulting oscillator circuit primarily depends on the
associated circuit components.

The simplest tunnel diode oscillator circuit is the "series" type
(see Figure 4. 1). In this circuit the dioder appropriately biased in the
negative conductance region, is put in series with an external inductor.

-9d

SIMPLE "SERIES" OSCIITATOR
AilD ESUIV AI,ETiTT CIRCUIT

FIGU RE 4 .1

In this arralrgement, the analysislOrho*, that the circuit will

oscillate freely in a sinusoidal manner when:

(4. 1)

( 4 . 2 \

at a frequency:

Both the frequency and the stability of this circuit heavily de-
pend on lS6 | and since this conductance is not a constant, but is a

time-average value which also varies with voltage and temperature,
such a circuit is rather unstable.

Another circuit approach, must less subject to the various

causes of instabitity, can be seen in Figure 4.2. The operating fre-
quency of this "Series-Parallel" circuit is primarily dependent on the

L & C of the tank circuit, and can therefore be quite stabl'e. A de-
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tailed analysis for this circuit shows that the
determined by:

and that for stable sinusoidal oscillations,

Rr=
96

operating frequency is

( 4 . 3 )

( 4 . 4 )
,2  

" r ' ; - - . -It should be pointed out that several approximations have been made in
the analysis. First, the diode series resistance and series inductance
have been neglected as they will generally be small compared to the
external lumped constants. Secondly, the term Eat which in reality
should be a time-average value where gd can be expressed in function
of time as:

gd(t )  = go *  81 cos crr t  + 92 cos Zut  *  . . . . .

silrrEluAyt oscf[l,AloR
FIGURE 4 .2

Iimitotions

'Ihe use of the tunnel diode as an active device in oscillator
circuits involves certain problems" Obviously the first of these is the
small amount of power output obtainable from such a circuit. It is ap-
parent from a rough approximation of the V-I characteristics that:

p #v(I- - I,,) I- o , , ^a ra .  
=  

'P  v '  =  p  (4 .b )r*r\o 
2F zB

hence it would take 28 amp-Ip to obtain one watt of power output or

# V is a eoarse approximation
negative conductance slope

of the "relatively" linear portion of the
100mv for Ge & 200mw for-GaAs units.
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OSCILLATORS

2"8 amps to even get 100 mw. With a 2.8 amp unit, the negative r€-

sistance is only around 0. 1O or less. Driving such a resistance from

a stiff voltage source is difficult and inefficient.
Another problem is that such a high power unit has a rather

large junction area, hence a relatively large junction capacitance. The

magnitude of this capacitance seriously limits the frequency at which

this power is available.
Further limitations can be found in coupling this oscillator to a

Ioad. The tunnel diode oscillator circuit only delivers a fraction of a

volt (rms) to the tank circuit. Generally, as this circuit is coupled

into other low impedance semiconductor circuits, a stepdown trans-

former only serves to lower this output swing"

Finally, the efficiency of such a circuit, driven from present

conventional power supplies (relatively high DC voltages) is quite low"

An efficient hrnnel diode suppty would provide a fraction of a volt with

a large current capacity -- just the opposite of conventionally used

supplies. On the other hand, solar cells and thermoelectric gener-

ators could probably be used to advantage in hrnnel diode circuits.

Oscillqtor Design Procedure

Given the frequency and required output power, the choice of

diode can be made" For one milliwatt of rms power, a 28 ma peak

current unit is'required, since Io = 28 Po" One consideration in the

choice of diode is its capacity and inductance for microwave appli-

cations.
Another consideration, is of a purely practical nature. At low

where between .3 and . ? of L/ga, as this wiII yield adequate stability

with reasonable power consumption.
If we choole Rt = .3/gd, R,. witl be about 1000s} for our €x-

ample" At this pointr-C1 can be caltulated, where: (Per Eq. 4.4)
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gd (1 Rr'  ga)

A 2

Since C I 1
C + = - i -

1 RT. gd L,  , ]

if L is chosen somewhat arbitrarily at 100 mh with a ROC =100 Q;

c +  
c t  

o . z b m f da

1  R T ' g d  . 1 x 4 x 1 0 '

hence:

The DC
voltage
then:

Rz s 8800f,I tot"I

* Edioo"/Rr

Roc coil +

C1

Rr  =  IKO L= tOO mh (Res =  toOO)
Re= 8.8xO To= ZJ69 (BACK DTODE)
C  = . 1 5 m f d

Ct =.O7lmfd rr=(ffi) ro3+roo? roooo

x  1o-4
= . 071 mfd

.  071 mfd = 0. 15 mfd
1 -  " 3

be calculated. Assume the circuit supply
Rr (see circuit in Figure 4. 3) is 10000,

I

and Itotrl itt Idiod"

n R t x R , zRr=ff i  r 8800 x 1=  
f f *  100  +  z?  1000  O

c  -  0 . 2 5

bias circuit can now
Ebb = 3" 0 volts" If

Ebb - Ediod. + ERoc coil g (. zb + . og )
310 x  10-6

=  3 1 0  p a

OSC'TT,ATOR C|/RCU'T
FIGURE 4 .3

would simply divide L,

710 pf

1500 pf

1 m h
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If the same tunnel diode is used, the bias circuit rernains the same as
tn Figure 4.3. At 100 Kc/s, the size of the inductance will easily
permlt the use of larger pealc current tunnel diodes however, and
hence the circuit can be readjusted to accommodate_a 1 ma Io con-
ventlonally available unit with greater power output. The perforhrance
characteristics of a 100 l<c/s obcillator is illustrated in Figures 4.4
through 4.6. Figute 4. 4 shows the circuit diagram and the oscillo-
scope presentation of the output waveform across the tunnel diode
(upper) aria across the tank circuit (lower).

100 Kc/s Sttt EWAVE 0SCrl,tAT0R C|RCUTT
ATTID OUTPUT W AVEFOR'IIS

F IGU RE 4 .4

Figure 4. 5 shows the frequency variation vs. bias voltage and
Figure 4" 6 shows the frequency variation vs. temperature character-
istic of the diode. In these tests only the tururel diode was heated in
order to establish its contribution to circuit instability.

180 t90 200 zto
-#

t s lAS VOLT (mv)

FREOUETT'CY VARIATIOIII YS. BIAS VOLTAGE AT 25OC
FIGURE 4 .5

As can be seen from the data, the frequency stability of this circuit
quite good over a wide range of temperature and bias voltage.

I Mcls Oscillqtor

The next circuit, a 1 Mc/s oscillator, was tested and showed
considerable improvementr &s itlustrated in Figures 4.7 through 4.9.
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t
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so 60 70 80 90 too
TEMPERATURE oC _|,

FREOUEilCY V ARIAT'OIII YS. TEMPERATURE
OF 100 Kc/s OSC||,IATOR

FIGURE 4 .6

Figure 4.7 illustrates the fact that by changng the bias voltage,
the variation of .frequency is only in the order of a few hundred cycles
out of 1. 14 Me/s, a change in the order of 0. O5%. Over ttre range of
155 to 200 ffiVr the amplitude of the output voltage varies only from
63 r[w-rms down to 55 rDV-rrns.

af (c/s)
f " l. l4 MC/S

+t300

+ t O O O

+ 9OO

+ 800

+7OO

o/o

f 40 t50 t60 t70 t80 t90 200 zto

FREOUEI'CY STABIT,'TY YS. B'AS VOLTAGE
OF l Mc/s 0SC||,[ATOR

FIGURE 4 .7
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Figure 4. 8 shows the temperature
circuit over a range of -50oC to +100oC.
seen that the frequency varies only +18
wide temperature range.

OSC I LLATO RS

stability of this oscillator
From this figure it can be
- 16 mitlipercent over this

+ . o 1 8

+  o t 6

+.or4

+.o12

+.oro

+.OOE

+.oOG

+ OO4

+oo2

-50 -40 -30 -20 -ro
-.oo2

TEMPERATURE IN CC

+3O+4O +5O +60 +7O +8O +9O+lOO
f o = t , t 4 t , t 2 s c z s @ z s " c

BIAS= 165mv

ITE: DIODE ONLY SUBJECTEDTOAT"

I
2
u,
e
lrl
E
|!

z
UJ('
2

I
o

Fz
lr,l()
E
lrJ
A

FREOUEITICY STABII,ITY YS. TEMPERATURE
OF l Mc/s 0SC|[[ATOR

FIGURE 4 .8

Frequency Stqbility

The main variable creating the frequency shift versus bias and
temperature is the negative conductance (-B^). As the operating fre-
quency is increased, the variation of frequeil.y (Af) caused by Ag^, r€-
mains the same, but since f changes, N/f x 100 decreasesr*thus
causing a lower percentage of frequency shift.

FlnaIIy, Figure 4. I shows that varying the capacitor in the
parallel tank circuit over an appreciable range accomplishes smooth
tuning without change in amplitude or distortion" This latter polnt is
especially important since in the "series" type oscillator circuit a
change in I or C only, affects stability and distortion greatly.

Freq uency-Power Prod uct

At higher power output requirements (in the milliwatt region)
further limitations cause the aforementioned design and the design
procedure to become impractical. After traving chosen a turutel diode
with a sufficient peak current to furnish the required power output, B6
is essentiatly established. For example, to get 3 mw of lnwer output
(rms), it wiII take a 100 ma unit to furnish this amount of power. A
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i.00 ma unit has a negative conductanc€ B.r in the order of 1 mho ( -rd=
1f2). ff one keeps the product of R,. . g;at 0.5 then Ct is established
by Equation 4.4.

.61
+Eq a,?KO\ I /11 I e OUT

OUTPUT VOLTAGE (eo) IS 60mv.rmscoNsTAN
DISTORTION IS VERY LOW AND REMAINS
CONSTANT

a

D r.2o=
z

2  t . r s
UJ
D
o
lrj
E,L  t . t o

,  t .os

t.oo

22oo 2400 2600 2800 3000
cApActTANcE cA tNFpfd

FREOUTTUCY IUfUII'G BY 'UEAN'S OT CA
FIGURE 4 .9

The problem arises in the heretofore somewhat arbitrary choice
of L. This inductance becomes much more restrictiye a^s gu and the
operating frequency increase. The indnctance is determined "byt

L -  1  
( 4 . 6 ), r l  C f  

Ia o l g - - ,

|  1_Rr  sd l
f ^ l

The manimum value of L is realized when C becomes zero, at which
time:

( 4 . 7 ,

If one now determines this value by using a higher power example
1 Me/s:

max' gg. o x 1012 *. gi .  roa
= ?8 mprh

If a small capacitance is now added and/or if the operating frequency
is further increased, L will quickly reach the package limltatlons.

For example, if f = L0 Mc/s and C is 10 pf, then:
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c t= = .016 mfd

1
l r =

x 10 
-12 

+ (1o x 1o-9)
. 5

=  ? . 8 8  m p h

For the TO-18 packaged devices, this is the magnitude of the case and
Iead inductance, and a further reduction of the inductance would be
difficult to achieve. Nahrally lower inductance tunnel diode configur?.-
tions as well as some techniques of tuning out some of the inductance
(in courial or triptate arrangement for microwave applications) might
extend these limits somewhat.

FM Trqnsmiller

A simpte micropower FM transmitter using the 1N2939 hrnnel
diode is shown in Figure 4. 10.

ANT PART A
PART B

AUDIO AMPLIFIER
sw !- Ebb = r.sv

OSCILLATOR
i loo Mc/s )

1N2939 C z

{or

R5

1arc

Ra
la<

L|  6T NO l6WlRE -318"  DIAH.  OPE[ {  A IR (L t  zph l

ANT. ANTENNA 4 3/4..  LENGTH NO. 14 WIRE

TIcRo MIcRoPHoNE .SHURE EROTXENS, MODEL NO.42O
OR EQUIV

R f  Z Z s t  - \ | ? W A T T  C t  . O O r  C E R A M T C  D | S C

R2 zzo .o  - t l zwATT c2  50  p fd  ELEcrRoLYTrc

R3 ezo0 - t l zwATT ca  i  p ld  ELEcTRoLYTtc

R4 rox . f }  - rzzwATT ca  r .o -5 .o

R3 toKO -  a lzwATT

88-108
FIGURE 4 . I  O

Operatlon may be best explained by sgparating the circuit into
two lnitions. Part A is a basic tunnel diode oscillator whose fre-
queniy ls primarily determined by the resonant circuit in the cathode.
Resislors hl and R2 provide a. stable low impedance voltage for the
anode of approximately 150 ms. Capacitor Ct is the RF bypass for
the anode.

Part B is a transistor emitter follower stage to amplify the
audio signal from the microphone. The amplified audio is fed through
capacitoi C2 to the anode of the tunnel diode. FM modulation is ac-

pp ld  A IR vARIABLE

Mc/s W|REI,ESS t.M. rllfCROPIf0lfE

4l
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complished by the audio signal instantaneously changing the anode
bias. Since the characteristc curve is not perfectly linear in the
negative resistance region, the negative conductance changes slightly
witJr bias. As can be seen from the self-resonant frequency equafion,
f*o is a function of -gd and therefore the resonance of the circuit i s
affected. FM deviations of + 75 KC are readily obtainable with this
type of circuit.

The transmitter shown in the diagram has been successfully
used as a wireless portable microphone. Its great advantage is that
it allows complete mobility on the part of the speaker, and of course
has no wires or cords. When used with an average FM receiver
having a sensitivity of 10 pv, an operating range in excess of 100 feet
was obtained.

Crystol Controlled Oscillqtor

The circuit in Figure 4. Ll works basically as per the previous
deseription with the exception of the criteria for RT. Rt ana n, are
identical and are chosen to be about twice the value requlred foi Rr.
As a result, oscillations are not possible "off resonance". At 16-
sonetnce however, the crystal becomes a short circuit and Rl is in
parallel with Ro, essentially halving R-. This new value of R: D€r-
mits the circurl to oscitlate freely at a^ frequency accurately gotterrpa
by the crystal.

+  E b b

CRYSTAI. CO'UTR OLLED OSCIIT,ATOR
F I G U R E  4 . 1 1
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CHAPTER 5

SWITCHES

One of the most promising modes of operation for the tunnel

diode is as a switch where it can be used to function as an astable,
monostable, and bistable oscillator, or it can be used in performing

Iogic and memory functions. In addition, it can be used with other

semiconductor devices to perform a variety of functions.
As discussed in Chapter 3, the stability criteria of the series

circuit dictates that the negative resistance portion of the tunnel diode

characteristic is an unstable region if the total circuit positive re-

sistance is larger than the negative resistance of the tunnel diode.

imposed on the tunnel diode characteristic. For a supply voltage V1t

u,t vs vr 
Yt, 

u, v
ld'on"surg-i

@

S'MPLE IUIIIITIET, D|iODE
FIGURE

@ '

BISTABT,E CIRCU'T
5 . 1

the load line intersects the tunnel diode characteristic at points rfdr

and "b". If the stable point is initially at point "d' and the supply volt-

age is increased to Vo, the circuit current exceeds the peak current

of the tunnel diode, anf, it switches to point "c". If the supply voltage

is reduced to Vo, the circuit current becomes less than the valley

current, and the" tunnel diode wiII switch back to point "d". On the

other hlnd, if the supply voltage is held constant at V1, the tunnel

diode can be switched from point "a" to point f ?bt? by a positive current
pulse at the input terminals which momentarily increases the tunnel

diode current to a value in excess of the peak current. The diode can



be switched from poi.nt '?bf r to point ''arf by applying a negative current
pulse of such magnitude at the inptrt terminals as to momentarily r€-
duce the tunnel diode current to a value less than the valley current .

The low voltage or "off" state of the tunnel diode is the region
from zero to the peal< voltage, and the current through the diode cor-
sists entirely of maiority carriers transported across the junction by
the tunneling mechanism. The high voltage or "on" state is considered
to be the reglon frorn the valley voltage to the peak forward voltage,
and the current through the diode consists entirely of minority carri-
ers transported across the junction by diffusion.

The speed of switching between the two states is very high and is
determined chiefly by the junction capacitance and the amount of

Vp

V .  - V
rp

(5. 2)

where n is the peak-to-valley current ratio. Since Vfo, Vo and C /I6.Iv
are more or less independent of Io, the rise tim'e is' also in?e-
pendent o{ the peak current, and the iise time can be decreased by re-
ducing C /Ip - Iv. This is equivalent to reducing C /ga. Using the
parameters of the 1N2939 listed in Chapter 2, the rise tiilre of this de-
vice is calculated to be 3.5 mpsec. which is in close agreement with
measured values. Switching speeds for 10 nna germanium tunnel diodes
have been measured to be less than 1 mpsec., and the correlation
with the calculated values has been excellent.

5. I Hybrid Circuits

Many simple and practical switching circuits are possible when
the tunnel diode is used in conjunction with a transistor or controlled
rec tif ie r.

A transistor-tunnel diode hybrid circuit can be formed by paral-
leling the base-emitter junction of the transistor with a tunnel diode as
seen in Figure 5.2a, When the tunrrel diode is switched to the high
voltage state, the transistor is turned on since the V-I characteristic
of the tunnel diode is similar to that of the base-emitter junction of

c)

I
p
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the transistor. A cornparison of the tunnel diode and transistor

characteristics as well as the parallel combination is given in Figure

5.2b. The net input characteristic can then be analyzed by means of

Ioad lines for bistable or astable operation as desired.

@ 

INPUT VOLTAGE vi-vOLTS

IIYBRID TRIGGER C'RCU|I ATIID CTIARACTERISTIC
(Using Germanium Alloy fronsislor and Germanium Tunnel Diode)

F I G U  R E  5 . 2

A simple bistable circuit or ftip-ftop is shown in Figure 5.3. In

this case, the tunnel diode is biased in the low voltage state by the

current Ib which is slightly less than the peak current. Since the

transistof is in the "off" condition, the collector is at the supply volt-

age, Ebb. If a positive trigger pulse is supplied at the input such that

the tunnel diode current increases above the peak current, the tunnel

diode switches to the high voltage state. The tunnel diode will remain

in the high voltage state with a major portion of the bias current being

diverted into the base of the transistor (how much is diverted can be

obtained from the input characteristic shown in Figure 5.2b). The

transistor collector voltage wilt then faII to ground potential if IbthFE

) Enn /P"L.

BISTABI.E CIRCU|I USIN'G TUilTIIEI DIODE
A'IID IUPN' GERMANTUM ALLOY TRAII'SISTOR

FIGU RE 5 .3
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Likewise, a negative pulse at the input, which causes the tunnel
diode current to faII below the valley current, wiII switch the tunnel
diode back to the low voltage state, thus turning the transistor off.
The 47o" resistor which is in series with the tunnel diode in Figure
5.3 serves to insure that the tunnel diode will be biased above the
valley point when in the high voltage state, and it also prevents the
loading of the trigger pulses by the tunnel diode.

A simple hybrid time delay circuit which permits any number of
consecutive time delays is shown in Figure 5.4. In this case, the
bias supply for the tunnel diode has been eliminated, and the input is
supplied through a charging circuit. In Figure 5.4, the timing cycle
starts with the application of a positive 10 volt step at the input. Ct

charges through R' with the current I being proportional to the volt-
age across C1" The time constant of the charging circuit is approxi-
mately (P"LF',Z/RI * RZ) C1" When the current I reaches the pealr

current value of the tunnel diode, the tunnel diode switches to its high
voltage state and turns Q1 on. The time delay for a step change at the

:T
Rl R2

3.3K 3.3K

TUIITII'EI, DIODE TIME DELAY CIRCUIT W'TH
TWO CASCADED COMPLEMENTARY STAGES

FIGU RE 5 .4

+
r

,C l  r
.o7

input of 
"i' 

is given by:

(5.  3)td = R'cl In

where R' = R'LF*Z/RI * RZ. Because the collector voltage of Q1 falls
from +10 volts to a very low value, a similar timing sequence is initi-
ated for the second stage since the second stage is a complementary
version of the first stage. At the end of the second timing sequence
Q, will turn oD, and its collector voltage will rise to 10 volts. For
th6 component values shown in Figure 5. 4, the time delay of each
stage is approximately L20 microseconds. A multiphase oscillator
results if an odd number of stages are connected in a closed loop.

Using the time delay scheme described above , a square wave
oscillator can be built by returning the input to the collector of the
transistor as shown in Figure 5. 5. A cycle of operation begins with
C charging through Rt and RL. The transistor is turned off because
the tunnel diode is in the low voltage state. When the current through

of'sr
2N636A



SW ITCH ES

R' reaches the peak current value of the tunnel diode, the tunnel diode

srfitches to the high voltage stage. The base current Ip then drives

the transistor to saturation, shorting the collector and point B to

ground. The capacitor then discharges through Rl and R2 until the

voltage at point A falls below the valley voltage of the tunnel diode,

and the tunnel diode then returns to the low voltage state and turns

the transistor off. The cycle then repeats itself. The symmetry of

the output can be changed if a small current is fed in or taken out of

point A. In order that the circuit operate properly, several require-

Ebb + to

l-.

G.E.  tN2939

G . E . 2 N 6 3 6 A

NoTE 3 Vv >.35 VoLTs

ASTABI,E IIYBRID OSCII.IATOR
FIGURE 5 .5

ments must be met:

1. When the transistor is in the off state (ttre tunnel diode is in
the low voltage state), the current through R, must exceed
the peak current of the tunnel diode before'the capacitor
finishes charging to its steady-state value.

2. At the valley voltage of the tunnel diode, the product hf,Uln

must be larger than I. o" Ebb /Rt. This is the same as say-

ing the transistor m"ust rdffiain" saturated when the base
emitter voltage is equal to the valley voltage of the tunnel
diodes.

3. The switching times of the transistor must be less than the
time required for one cycle.

With the values of components shown in Figure 5" 5, the period is about
300 microseconds.

A simple pulse frequency divider of N:l can be made using the
technique shown in Figure 5.6. In this case, five tunnel diodes are
connected in series to form a 5:1 frequency divider. They are biased
from a current source whose magnitude is less than the peak currents
of the tururel diodes; thus, they are all in the low voltage state. The
bottom diode is selected to have a higher peak current than the other
tunnel diodes in the circuit. Each time a positive pulse occurs at the
input, one of the upper four tunnel diodes switches to the high voltage
state. When the fifth pulse occurs, the bottom tunnel diodes switches
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to the high voltage state and hrrns on the NPN transistor, which resets
the circuit by essentially grounding point A. When point A is grounded,
the current through the tunnel diodes is reduced to a value less than
the valley current, and the tunnel diodes switch back to the low voltage
state. The capacitor across the bottom tunnel diode and the inductor
ln series with the transistor base delay the signal to the transistor so
that complete switching can occur. The waveform appearing across
the string of tunnel diodes is a staircase with the risetime of each
step being determined by the rise time of the trigger pulse" The
operating frequency of the circuit is limited chiefly by the switching
speed of the reset transistor.

Eou

G . E .

NOT

n

2N636A

E ' A L L  T U N N E L
D]ODES ARE
G.E. rN2939

SERTES COIUIUECTED TUtUltlEL D|ODES USED FOR 5:t PUTSE
FREOUEIUCT DTVIDER OR STAIRCASE W AVE GEII'TRATOR

FIGU RE 5.6

The funnel diode also makes an excellent level detector. Figure
5.7a shows a simple tunnel diode-transistor level detector which has

temperature. If these tunnel diodes are used in Figure 5"7, the dlift
of the level of switching can be less than ! 50 mv from -b0 to 100oC.
If the level of the voltage to be detected is less than a volt, Rt in
Figure 5.7a may be decreasedl however, the minimum value it^can
have is 200 ohms. The circuit in Figure b. ?b allows the detection of

seconds. A 5.5 volt supply voltage is used since reference diodes
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NOTE I Vv>-.35 VOLTS

R z  R l
2 . 5  K  2 . 5 K

-oJ

G.E.2N636A

HVBRID LEVEL DETECTOR CIRCU'TS

F I G U  R E  5 . 7

with this voltage have nearLy a zero temperature coefficient. For

larger pulse widths, C must be increased. If the circuit is to operate

at high temperatures (?toC), a drift in the level of switching wiII re-

sult with the circuit as shown because of the transistor leakage

current. For this case, the reference diode should be tied from the

collector to ground and the supply voltage raised so that the reference

diode is operating well in the breakdown region.
Figure 5. 8 shows a tunnel diode-silicon controlled rectifier

current limiting circuit for power equipment. In this case, the tunnel

diode has a peak current of one ampere. When the load current ex-

ceeds the limit value, the voltage across the . 01 ohm sensing resistor

exceeds the peak voltage of the tunnel diode, and it switches to the

high voltage state. The change of voltage ac,ross the tunnel diode is

stepped up by the auto transformer to a value which is sufficient to

fire ttre controlled rectifier, SCR2. When SQR2 fires, a negative volt- .

age is applied by Ct across SCR1 which causes SCR1 to turn off in 20

plec. oi less, thus interrupting the load current. The advantage of

using the tunnel diode in this application is its ability to be triggered

at avery low voltage level with the resultant very low power loss intle

current sensing resistor.

L O A D
R L

R l

. o l r L

TUN'ilET, DIODE USED AS CURREN'T SEIIISIITIG ELEMENT 'il
SIT,ICOITI COIITTR OLLED RECTIFIER CIRCUIT BREAI(IR

FIGU RE 5.8
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5.2 Astqble Osci llqtors

Figure 5. 9a shows a simple tunnel diode relu<ation oscillator
circuit. For proper operation of the circuit, the DC load line must
intersect the funnel diode characteristic in the negative resistance
region as shown in Figure 5. 9b. Consequently, the magnitude of E_
must be less than V',, and greater than Un. s

@

FOR CIRCUIT VALUES
lN @,  t r  =  t .28p SEC

t2  -  '55P SEC
eoMAX = 5OO MV

f - t , { t . f  @
--*

TIME

BAS'C TUITIIIIEI, D|/ODE N,ELAXAT|/ON OSC'T|,ATOR C|iRCI//iT

F I G U R E  5 . 9

The circuit operation begins when power is applied. The circuit
current increases exponentially, and when it reaches the peak current
value of the tururel diode (point 2 in Figure 5. 9b), the Lunnel diode
switches to the high voltage state (point 3) " Since the voltage drop
across the tunnel diode is larger than the supply voltage, the circuit
current begins to decrease exponentiatly. However, when the circuit
current reaches the valley current of the tunnel diode (point 4), the
tunnel diode switches to the low voltage state (point 1). One cycle of
operation is completed, and another cycle just like the one just des-
cribed begins.

Because the current build up from point 1 to point 2 requires a
longer time than when it is decreasing from point 3 to point 4, the out-
put voltage across the tunnel diode wiII not be symmetrical. This is
shown in Figure 5.9c. 'Ihe trailing edge of the output is quite round-
ed--this is due to the non-Iinear V-I characteristic of the tunnel diode
in the high voltage region.

In order to avoid a non-Iinear differential equation in solving for

@
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the period of the reluration oscillator, the V-I characteristic must be

Iinearized since current-voltage relationships of the diode in both the
Iow and high voltage regions are non-Iinear. This linearization is
shown in Figure 5. 10. If the linear portion of the diode characteristic
in the low voltage region is extended, it wiII intersect the Io constant

current line at approximately V/2. Therefore, oD "avera-ge" value

of voltage at this current is 0.75 Vp, and the linearized dynamic r€-
sistance is then:

0 . 7 5  V
Rd1 =

I.'IiIEAR'ZATION OF THE
TUilIIIEI. D'ODE

CHARACTERIST'C
FIGURE 5 . I  O

v  r -
v

V ^  + V
r p v

and the linearized dynamic resistance in this region is:

V ^  -  \ / t
r p v

(5. 4)

sLoPE = 
+.

ii'
4 a

,l;
5
I

Vrp

v
VOLTS

In the high voltage state, between V' and Vfp, there is no linear

region. Therefore, &D "average" value of voltage at the valley current
i s :

( 5 . 5 )

Rdz =

tl = L/RnL

wh€re RT1 = R, * RAt, R, is

the supply voltage.

( 5 . 6 )
p v

The time required by the circuit current to go from point 1 to
point 2 then is given by:

I

p

the external series

51
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1
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I

( 5 . 7 )

and E is
s

sistance,
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The time required by the eircuit current to decrease from point
3 to point 4 is given by:

tz= L/,-rr.n ( ;tq 
. jr l '* )

\  v r r ' * I o R ,  - t , / ( 5 . 9 )

where Rff R, * Rd2. The total period is then t1 * t2. Correlation

between the calculated values using equations (5. 7) and (5. 8) and actual
measurement was within LUVo on 0. 5, 1 and 2.2 ma germanium tunnel
diodes with wide ranges of supply voltage -and series resistance.

The period of the simple reluration oscillator is very sensitive
to supply voltage, with the sensitivity being primarily due to tr. If a
shorted delay line is used in place of the inductance , a squafe wave
results, whose frequency is insensitive to supply voltage changer. 17

Such a circuit is shown in Figure 5. 11.

SHORTED
DELAY
LINE

WAVEFORM ACROSS
TUNNEL DIODE FOR
1 5  F T  O F  R G 6 2 / U
CABLE AS SEEN ON
TEKTRONIX 58I  WITH
P R O B E ,  R s =  3 3  O

E ,  =  2 8 O  m v

G . E .  1 N 2 9 3  9

F Bompsec - l

T
5 O O m v

.'L
-+i i<-

S m p s e c l O m p ,  s e c

RELAXAT'O'U OSCIIIATOR US'IIIG
A SIIORTED DELAY IITUE

FIGU RE 5.  I  I

5.3 Monoslqble Oscillotor

If the supply voltage is decreased or increased such that the DC
load line intersects the tunnel diode characteristic in a positive re-
sistance region as shown in Figure 5.LZb, a monostable osci l lator re-
sults. A supply voltage of Esl will bias the tunnel diode in the low
voltage state. A positive input current pulse of magnitude Ip-I" wiII
switch the tunnel diode to the high voltage state (point 3 in Figure
5. 12b). The current in the inductance begins to decrease exponentially
from Io until it reaches the valley current at which time the tunnel
diode sivitches back to the low voltage state. The switching time from
point 2 to point 3 (rise time) and from point 4 to point L (fall time) are
less than ten nanoseconds for one milliampere germanium tunnel
diodes. The time required for the current to decrease from point 3 to
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point 4 (the output pulse dur
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(5. 9)l
J

iswhere Rr = Raz * R, and vrr'=(vfp 
.*-vu\/r.:- 

*0, is 
::tt""l 

as 
:t:-

cussed in the 
-above 

section on astinte oscillators. The value of I.

can be determined by measurement, graphical analysis, or it can b

derived as:

r^=# (5. 10)

where R,. is derived as discussed in the above section on astable os-

citlato"rlt uf" is given by:

vf" = urn - Raz (tn I") (b" 11)

Correlation between measured and calculated values using equation
b. g were within L}Vo. The mucimum repetition rate of the trigger
pulses is limited by the length of time required for the circuit current
io increase from point 1 to point "a" in Figure 5. 12b. This tinre is
given by equation 5.7 with the exception that In is replaced bY I".

@ @

TUTIIIi'ET, DTODE 'IIOIUOST ABLE OSCII'IATOR
F I G U R E  5 . 1 2

U the tunnel diode is biased in the high voltage state (point b in

Figure 5, 12b), then negative trigger pulses of a magnitude .Ib 
--I" are

required at the input. The output pulse wiII then be one goitig frbm a

high voltage to a low voltage, and its width is given by:
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where R, = R, * ROt. The

E s 2

value of IO is given by:

(vu' - Iu Raz)

R, + Roz (5 .13 )

Again, correlation between measured and calculated pulse widths is
excellent. The maximum repetition rate is limited by the time re -
quired for the circuit current to decrease from point 3 to point b in
Figure 5. 12b. This time is given by equation 5. I with the exception
that I' is replaced by IO and Vrr' is replaced by Vb.

5.4 Tunnel Diode Flip-Flopt'tn

Figure 5.13 shows a tunnel diode flip-flop circuit which requires
only trigger pulses of one polarity. The supply voltage is restricted
to a magnitude such that only one tunnel diode can be in the high volt-
age state. The difference between the two tunnel diode currents
flows through the inductance. When, a positive trigger pulse turns the
diode which is in the low voltage state to the high voltage state, the
voltage induced in the inductance (because of the decreasing current
through it) is of a polarity as to reset the other tunnel diode to the low
voltage state. Each pair of trigger pulses completes one switching
cycle.

I b =

m
TUTUITIET D'ODE FLIP-FLOP

F I G U R E  5 . I  3
The basic flip-flop circuit can be inter-connected to form a

counter as shown in Figure 15. 14. With the values of components
and input pulses shown, the counter wiII operate successfully up to 10
megacycles with supply voltage tolerances of + L}Vo,

+ 1 . 5  v
+ p7"

rooO

*Euu

12pt
G.E.
2939A

G.E.
939A

OUTPUT
INPUT
o.5 TO O.7 VOLTS,
lOmp sec  PULSES
AT IO MEGACYCLES.

G.E.  rN2939A

TUII'IIIEI, D|/ODE TWO STAGE COUITITER
FIGURE 5 .1  4
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CHAPTER 6

roctc crRcurrs

The fast switching speed of tunnel diodes coupled with their
potential low cost and small size make attractive their use in colr-
puter logic"

In Chapter 5 it was shown that the tunnel diode can be switched
between its low and high voltage states by controlling the current
through it" This resultant change in voltage can be used in logie
circuits to distinguish between a ?'1f? and a "0". As an example (see
Figure 6. 1), the low voltage state can be called a "0", and it can have
a value ranging from zero to the peak voltage Vp, depending upon the
magnitude of the current. The high voltage statb can be called a "1",
and it can have a value ranging between the forward voltage Vf and the
valley voltage, Vv. The time required to-switch between the low and
high voltage states can be Iess than a nanosecond.

LOG|/C VOLTAGE STATES
OF THE

TU'UIIIET, DTODE
FIGU RE 6. I

6. I Simple Anqlog-Threshold Logic

A very simple circuit for performing both "and" and 'rorfr logic
is shown in Figure 6.2. This has been called analog-threshold logic
rather than threshold logic because the inputs are connected together

and summed before reaching the threshold device - the tunnel diodelf .
In normal diode threshold logic circuits each input circuit has its own
thresholding device-the diode. With analog-threshold logic the allow-
able tolerance in the amplitude of each signal is a function of the
number of inputs: the larger the number of inputs, the smaller the
allowable tolerances.

The same circuit configuration (Figure 6.2a) can be used to
perform both "and" and rfor?r functions. In either case, the tunnel

diode is normally biased in the low voltage state with the magnitude of
the bias current Ip determining whether one or all the inputs must be
present in order to drive the tunnel diode to its high voltage state.

I
I
I
I
I
I
I
I- t
I
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OUTPUTS

t(BACKWARD DIODE
(AI CIRCUIT

(CI  B IASING FOR 
NOR'CIRCUIT

AN ALOG.TIIRESIIOI.D LOGTC

FIGURE 6 .2

Once in the high voltage state, the tunnel diode can be returned to the
Iow voltage state by reducing the supply voltage to zero or by a nega-
tive reset pulse.

In the analysis which follows, it is assumed that the logic stage is
driving and is being driven from similar tunnel diode togic stages.
The input coupling resistors Ry may or may not be equal to the out-
put coupling resistors R14. The number of input circuits or the
"fan-in" is N, while the number of output circuits or the "fan-out" is
M. Unilateral flow of information is obtained by the use of backward
diodes.

" O::r" Ci rcu it Ano lysis

The tunnel diode in Figure 6. 2 is in the low voltage or rt0'' state.
For an "and" circuit, each of the tunnel diodes driving the "fan-in"
resistors must be in the high voltage state for the tunnel diode under
consideration to switch to the high voltage state. However, the value
of voltage of the input tunnel diodes may'vary from V1 to Vr' depending
on the number of loads each is driving. In addition, tolerances of
supply voltage, resistors, and tunnel diode parameters will affect the
values of Iin, Ib, and threshold current Ip. Two requirements which
must be met for the circuit to function pro-perly are:

N

( N - l ) I .  + L  < Iln max. o max. p mln.
(6 .  l )

(N) Iin min. 
* Ib 

min. 
t tn 

ma),(. 
(6'2)

When the tunnel diode has switched to the 'r1r? or high voltage state,

*n
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the bias current must be large enough to supply the load current in

addition to the tunnel diode current, and the tunnel diode current must

be larger than the valley current, otherwise the tunnel diode will
switch back to the low voltage state. Thus, the requirement to be met

when the tunnel diode is in the high voltage state is:

t  M I  > I --b mrn. o max. v max.

If the resistance tolerance is d, the supply tolerance A, and the

tunnel diode parameter tolerance is F; then, in the limiting case,

equations 6. 1, 6.2, and 6.3 can be writ ten respectively:

(N-r)fvr it * B) vp (1 ptl 
, r^ (1 + F) r^ (1 B)

L 
+ ̂ b 

iffi-- 
='P *^ Pt (6'4)

( 6 . 3 )

Vv
( 1  - p ' ) - v ( 1  + F )

vu (1
\
+ B )

+ In 
{+*+- 

= Ip (1 + F)

Rtvt
-  In{+=+ =-Iu(1 +B)

(6. 5)

( 6 . 6 )

By sett ing R111 equal to RM, by solving equations 6.4, 6.5, and 6.6
simultaneously, and by eliminating R, Ih and Ip, the relationship be-

tween N and M can be obtained in terms bf the 
^tunnel 

diode voltages,

the tolerances, and the peak-to-valley ratio. For example, the above
equations are solved for vprious tolerances using a germanium tunnel
d i o d e  w i t h  I ^ / I _ , =  1 0 .  V  = . 0 5 5  v o l t s ,  V  = . 3 5  v o l t s ,  a n d  V t  = . 5

volts, P' u ' 
P 

' v

(a) Case of. zero tolerance (o = P, = [ = 0)

. 2 g b N + . 2 9 b M =  1 " 1 t n *

N and M are not dependent upon one another and

M can be made large by increasing R. The

ma:rimum "fan-in", however, is 3. (This is

determined by eliminating 
f, 

and In when 6' 4

and 6.6 are solved simultaneously. )

( b )  z7oTo le rance  (a=  P ,=  l = .02 )

.  1 9 3 N  +  . 0 6 2 M  =  . 4 5

For llt = 1, N can only be 2

( c )  S % o T o l e r a n c e  ( o =  B =  [ = . 0 3 )

0. 20N + 0. 0931\d = . 45

For ]!t = 1, N can only be 1

Thus the tolerance problem is very severe for a worse case design of

the 'rarld'f circuit. In actuality, it is more severe than indicated since

ideal backward diodes are assumed and capacitance and overdrive

effects have not been considered.

I
c)

, ( 1
a)

+

v

(1

(1
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"Or" Circuits

The circuit in Figure 6.2 can perform the ?tor, function if the
bias current is increased sufficiently such that only one input is r€-
quired to switch the tunnel diode into the high voltage state, If back-
ward diodes are used in the coupling circuits, then the requirements
to be met are:

(6. 7)

(6. 8)

vu(1  -B) -= t r l t .o  
+  rn  L1  -a )  = rp (1  +B)+ u-(TT_o)-=

(6. 9)

I .  + L  > Irn mln. D mln. p ma>(.

and Ib 
*o 

Ip 
*irr.

Equations 6. ? and 6.8 can be written respectively in terms of the
tolerances in the limiting case as:

and I* (1 + a) I_ (1 B)'b 
ffi= 

'p t' Pt (6. 10)
R can be calculated from 6.9 and 6. 10 if the tolerances, peak current
and voltages are known. If backward diodes are not used, then the
current which flows in the N-l inputs which are in the lorv voltage state
must be taken into account in equation G. g.

After the tunnel diode has switched to the high voltage state, the
"fan-out" equation is the same as given in equatior6.6. If backward
diodes are not used in the "fan-in" circuits, then the current drain of
the input circuits must be added to equation G. 6.

6,2 Chou/s Circuit

Figure 6.3 shows a circuit developed at the G-E Electronics
Laboratory by W. F. Chow which reduces the dependence of N on M as
compared to the analog-threshold "and" circuit. The difference
between this and the previous circuit is the addition of the tunnel diode
Ol.":":t: 

\ 
and the reduction of the supply voltage, Es, to a value

which is largb enough to permit only one of the tunnel didcles to be in
the high voltage state. Thus, E _= v + v_. The value of R" is
determined by the number of inpu8s. b"fo""P"".f togic operatioR o"
is set into the low voltage state and D, is set in the high voltage statei
The bias current in D, is then the cfrrrent through R,^ and the valtey
current of Dl. When the sum of the input and bias cilrrents exceeds
the pealc currbnt of DZ and switches D, into the high voltage state, D'
switches to the low v6ttage state, ess-entially returning point 'rafr t6
the supply voltage. (The dynamic resistance of Dl in the low voltage
stage is much less than Rr. ) Consequently, the t6tat output current,
Mlqr..is limited only by thE difference between the peak current of Dt
and the valley current of Do. It is assumed that backward diodes are
used to insure the unilaterdl propagation of information. The general
requirements which must be met to insure that DZ will only switch to
the high voltage state when all the inprts are present are given by
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equations (6.1) and (6.2). Ib, however, is now equal to Ir, + Ib'. The
requirement to be met after DZ has switched to the high voltage state
is:

Irrz 
*ar,. * M Io 

ma>(. 
( Ipt 

min.

where IuZ mar, the murimum valley current of DZ and Ipl min. is

the minimum peak current of Dr. (The pealc current of D, and D, need
not be the same. ) In the analysis that follows, it is assumed that the
tunnel diode stage under consideration (Figure 6.3) is driving and
being driven by similar types of logic circuits.

(6 .  11)

in-4
Rru

Ii1----1'
R N

I in 
- - ->

If the supply
tunnel diode
tolerance is
6 . 2  a n d  6 .  1 1

Ro

o
f o >

Rt t

f O ' +

TfBACKWARD DIODE

CHOW'S ATIIAIOG.THRESHOID LOG|/C C'RCU'T
FIGURE 6 .3

voltage tolerance is A, the resistor tolerances ar'e d, the
parameter tolerances are F, and the bias current

Q, then the limit worse case design expressions of 6. 1,
are respectively for the "and" operation:

+  I o ( 1  + o ) = I p z ( 1  B )

+ I b ( 1  o ) = I p z ( 1  + F )

ruz (1 + F) = Ipr (1 B)

(6. 12)

(6. 13)

(6. 14)

L=  I v l  +

a n d  E r = V u + U n

If the tolerances are set equal to zero, equations 6.12 and 6.13 can be

solved to give the bias current in terms of N and the other parameterg

Equations 6"L2, 6" 13 and 6. 14 can be solved to give the relationship

between M and N in terms of the tolerances, peatr voltage, supply

voltage, peak-to-valley ratio, and the ratio of the peak currents of the



0 . 6 4 N  +  0 . 2 9 M  =  3 .  5 (6.  15)

(6.  16)

Thus,  for  l ! t=  1,  N-  5;  andfor  M= 3,  N = 4.
If the tolerances are set equal to zero, equations 6,LZ and 6. 13

can be solved for the maximum possible t'fan-in":

E
N  =  J  o r N =vp

For germanium tunnel diodes, the ma:rimum possible "fan-in" (zero
tolerance conditions) is 7. As the tolerances are increased, the "fan-
in" is reduced.

6.3 The Goto or "Twin" Circuitls

Binary rtl 'f ts and ?fOt? ts can be represented respective\r by
positive and negative unit voltages instead of positive unit voltages and
small or zero voltages, and the logic operation can be based on an
analog sum or majority of the voltages. Thus, the output of a gate
used in performing majority logic will be dependent upon whether a
majority of the inputs is either positive or negative. Consequently,
the number of inputs for the majority gate must be an odd number if
ambiguity in the output circuit is to be avoided.

Figure 6.4 shows a circuit which wiII give both a positive and
negative output, and which can be used as a rnajority gate. The supply
voltage, which ean be in the form of a square wave or sinusoid, is
obtained from the secondary of a center-tapped transformer. The
tunnel diodes D, and D, are in series with the supply, ild the input ard
output voltages are taken with respect to the junction of the tururel
diodes and the grounded center-tap of the transformer.

The tunnel diodes are selected to have closely matched peak
currents. During the negative half-cycle (when the point "b" is posi-
tive with respect to point "a"), both tunnel diodes are conducting in the
reverse direction. Resistors or non-Iinear devices such as baclnvard
diodes must be added in series with the tunnel diode in order to limit
the cument flow during this half-cycle. Point 'rc" will be at ground
potential since the transformer, tunnel diodes, and resistors form the
arms of a balanced bridge. As the supply voltage goes positive (point
ttatt positive with respect to point tt5't), both diodes begin conducting in
the forward direction. However, point "cf 

? will remain approximately
at ground potential until the current in one or the other tunnel diode
exceeds its peal< current. Which tunnel diode reaches its peak current
first is dependent upon whether the majority of input signals is posi -
tive or negative with respect to ground. If the analog sum of the in-
puts is positive, the signal current will flow into point "c", and its
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direction is such that it adds to the current in D' and subtracts from
the current in D., . Therefore, Do will reach its 

zpealc 
current first and

wiII switctr l" int high voltage stzate. If the suppty voltage Is [mited
such that only one tunnel diode can be in the high voltage state, the
other tunnel diode is forced to remain in the low voltage state for the

remainder of the half-cycle. The output voltage at f'cr? then is positive

with respect to ground. If the majority of input signals had been
negative (current flowing out of point tt.tt), D, would have reached its
pealc current first and consequently the output voltage at "c" would
have been negative for the remainder of the half -cycle. Thus, the
Goto circuit produces an output of the same polarity as the majority
of the input signals"

Composite V-I characteristics of the Goto circuit are shown in

Figure O. +n for the case where R, is neglected and in 6 .4c where it is

taken into account. Thus in Figure 6.4b, tunnel diode (V) is consid-
ered as the "load" and its curve is the image of the V-I curve of the

other tunnel diode (x) reflected through the current ucis and translated
along the positive voltage ucis by a distance Es. The stable operating
points are the intersections "a'l and 'fb" in the positive resistance
regions of the characteristics. As the supply voltage Eo increases

from zero, the (V) characteristic or "Ioad" is shifted f,orizontally
along the voltage anis. Thus at a supply voltage Er', the stable

operating point is "c".

lr-2ve
i l

(B)

"G0T0" 0R "TWIN" cfRCUtT
FIGURE 6 .4

The composite characteristic of 6.4c is the same as 6.4b except

that each individual characteristic curve is now a composite V-I

characteristic of the tunnel diode and resistance Rr.
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The Goto gate can also be used to perform "and" and "or"
functions. If a positive input is considered a "1" and a negative input a
"0", then the circuit in Figure 6. 4a will be a two input "and" gate if
one of the inputs is returned to a negative bias supply. The reason is
that both of the other two inputs musf be positive in order to obtain a
positive output. Likewise, if one input is returned to a positive supply
the circuit becomes a two input "or" gate since only one of the other
inputs is required to be positive in order to obtain a positive output.

Backward diodes cannot be used with the Goto circuit to obtain a
unilateral flow of information since the inputs and outputs can be of
either polarity. One of the most simple ways of achieving this is to
use a three phase clock. The over-Iapping of the phases must be such
that at any instant in time one group of circuits is capable of providing
an output, a second group is sensitive to its inputs, ild the third group
is neither sensitive to the inputs nor is it capable of providing an out-
put. The three states"of operation can be called respectively: active,
receptive, and passive."

If the three phases of the supply voltage are displaced from each
other in time by 1200, then information can be transferred from the
circuits supplied by one phase to the circuits supplied by the next
phase during the 600 of overlap (see Figure 6.5). Thus the circuits
supplied by phase A drive the circuits supplied by phase B; those
supplied by phase B drive those circuits supptied by phase C; which in
turn drive circuits supplied by phase A. The flow of information is
unilateral because during the positive overlap of two phases of the
supply voltage, the voltage of the third phase is negative. The tunnel
diodes supplied by this phase are inactive during this period since they
are biased in the reverse state.

l--,ao"--J
THREE P''AST SUPPIY fOR MATOR|TY LOG|/C

FIGU RE 6 .5
Inversion or the logical "not" function can be accomplished by the

use of a transformer as shown in Figure 6. 6. One of the difficulties
encountered in using this method is that the magnitude of the secondary
voltage is dependent upon the history of the signals applied to the
primary. Thus, if the signal applied to the primary is 101010 (alter-
nate positive and negative pulses), the voltage at the secondary will be
the inverse of those pulses. (If tne turns ratio is 1:1, the amplitude cf
the primary and secondary voltages will be the same. ) On the other
hand if the input is all one's or zero's (all positive or aII negative
pulses), the secondary voltage will be inverted, but the amplitude wiII
be reduced because the transformer wiII not pass the DC component of
the primary voltage. This variation of output amplitude must be taken
into account when using a transformer to perform inversion"
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PHASE A

FROM OTHER PHASE A CIRCUITS

IilYERS'O'U OR LOG'CAL ITIOT
FIGURE 6 .6

If the Goto or twin gate is to function properly as a logic element,
the following conditions must be met:

1. Drring the receptive period and just prior to the
switching of one of the tunnel diodes, the majority
input current must be large enough to overcome any
expected supply voltage unbalance and tunnel diode
peak current mismatch.

2. During the active period when one of the tunnel
diodes is in the high voltage state, the "fan-out"
current and the murimum amplitude of the supply
voltage must be limited so that the current through
the tunnel diode in the low voltage state is less than
its peak current.

3. The overlap of the phases of the supply voltage must
be large enough so that the stage in the active mode
can transfer its information to the succeeding stages
before the information is lost. The information is
Iost when the suppty voltage falls to a value such that
the tunnel diode current is less than the valley cur-
rent. Overlap is an important consideration when the
supply voltage is sinusoidal.

The equivalent circuit in Figure 6.7 is used to establish the cir-
cuit requirement for meeting the first of the above conditions. For fte
polarity of input voltage shown (a positive majority) diode Do should
switch to the high voltage state" The minimum available input-voltage
results when there is only a majority of one. For this case ui' be-
comes:

v .  =
1n

(6. 17)

where N is the "fan-in" or number of inputs, €np the positive input

voltage, and er' the negative input voltage. tt 
"rrn "rn 

= uo ( Figure

6.4b), then v, - becomes vo/N. The source impedance R,= is \Zf.l

TO OTHER
PHASE B CIRCUITS
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where \ 
it the coupling resistor of each input.

Since D2 is to switch to the high voltage state , lZ must reach the
peak current of D2 before 11 reaches the peak current of D1. Under
limiting conditions 11 and 12 become equal to Ipl and IpZ 

l.tpectively 
at

the same instant. Therefore, the circuit r-equirement under these
conditions becomes:

rz - 11 = Ipe Ipt

If the per unit tolerance in peak current is 9, then
comes:

IZ It = 2FIV

where I is the nominal value of peak current.

ThE expression relating 12- 11 to the circuit voltages and r€-
sistances is given in Figure 6.7 . This expression is obtained by
solving the loop equations and by assuming the voltage drop across the
tunnel diodes to be zero. Notice that the first term of the expression
is a function of the supply unbalance, while the second term is a
function of the input majority.

The relationship between the "fa^n-in" and "fan-out" in terms of
the circuit tolerances can be obtained by substituting 6. 19 for I, - I, in

the equation of Figure 6. 7; by letting €1 = e (1 + A) , aZ= e (1 - A) ad
uir, = rin (1 - St); and by assigning resistance tolerances so as to make

the right hand side of the equation as small as possible. If RN = RM,

(6. 18)

equation 6. 18 be-

(6. 19)

arld RN/M + N >> RIF"Z/F"L+ R2r then the relationship becomes:

e ( a + A ) ( M + N )Z I  p  = -
p

If the C'oto circuit
value of v. at the
6. 2,0. ln

RN

is to operate over
highest operating

(6. 20)

a wide temperature range, the
temperature should be used in

E0U'V AT,EIIIT
C'RCU'T
OF THE

GOTO STAGE
DUR'IIIG THE
RECEPTIVE

PER|/OD
FIGURE 6 .7

R l  € Z - R Z e t  .  R o v i n
ra-rr=@-fffiJffi;$p6po

R2 Rt + 
R" +irRr"

,  R,&_;=pffif

R x
Ro/M Rrn=-F

Vs
vin =t FOR A MAJORITY OF I

SEE FlG.6.4 (B) FOR Vo

After diode D, has switched, the peak value of the supply voltage
must be limited so that the current through D., does not exceed its peak
current. The equivalent circuit of Figure 6. ?'can be used to determine
the circuit requirements to meet this condition if ui' is set equal to
zero. ff I.,, is the total current which flows through fan-in resistors
RN and th6 fan-out resistors RM, and if the current in D, is IZ', then



LOGTC C tRCUtTS

Ipt min. ) rzt 
*-ro 

* IL max. (0" 21)

tr \ 
= RM, Rl = R2 = R, then under limiting conditions 6.2L can be

written: 
t_

rpl(l-B) -rz, (1+F ) l t 
- ful= # (6.22)

|  **#-qj R*fu
, l

where p is the per unit tolerance of fo' and e_ is the peak value of
the supply voltage if a sinusoidal sufipty is Tsed. From 6.22 the
manimum permissible value of supply voltage is given in terms of M,
N, the circuit parameters and tolerances. If the peak value of the
supply voltage is to be made as large as possible, IZ' should be a
minimum.

When a sinusoidal supply voltage is used, sufficient overlap must
exist so that the information is passed to succeeding stages before the
logic stage under consideration looses its information. The informa-
tion is lost because at some angle fr tne supply voltage has decreased
to a value where it is unable to sustain a current through Do in excess
of the valley current. The angle 0 (Figrlre 6. 5) where the 

ologic 
stage

is reset is given by:

Sin g =
v

v (6. 23)

(6. 24)

where e_ is the peak value of the supply voltage with respect to
m

ground and V__ and I-- are the valley voltage and currents respectively

of the hrnnel &oAe inv the high voltage state. Equation 6. 23 is written
assuming that 

\ 
= Rtut and R1 = RZ = R. For worst case conditions,

the tolerances of the circuit parameters are included in 6. 23 so as to
increase fr. The value of e- ean be obtained from 6.22.

Before the logic is 
"uB"t 

(as given by g), the succeeding stages
must receive the information and switch to the proper state" The
angle I (Figure 6. 5) at which they can switch (assuming a positive
input) occurs when the suppty voltage has increased sufficiently so as
to mak" IZ equal to I 

Z. 
Thus for R, = RZ = R, \ 

= RM and 
"1 

= ef
e  s i n r i  

-  P
m

M R v .
1n

2 R * + ( M + N ) R

For worst case design conditions, the circuit tolerances are included
in 6. 24 so as to increase ), . Thus, for proper operation of the Goto
circuit, I + fl must be less than the overlap angle, g as shown in
F'igure 6. 5.

At high frequencies (above a megacycle) or when a square wave is
used, the eapacitance mismatch of the tunnel diodes becomes irn-
lnrtant, and it is reflected in the performance of the stage as a mis-
match in peak currents.



CHAPTER 7

TUNNET DIODE TEST CIRCUITS

The measurement of tunnel diode parameters requires con-
siderable care to insure that the test circuit is in a stable state while
performing the test. Oscillation or switching is usuatly avoided by ap-
propriate "loading" or "damping" of the 

'circuit while in some special
cases it may even be encouraged ln order to measure a specific para-
meter more accurately.

The parameters to be tested depend on the application. For ex-
ample, if the device is used as an oscillator or amplifier, the negative
conductance lg^ l, the capacitance C, the inductance Lo and the series
resistanee R, ffiust be known (see the tun4el diode e{uivalent circuit

in Figure 2. 5) "
As a switching eircuit element, it might be more desirable to

know I . I ,, Vp, V*r, Vfo and switching speed (t"). The following test
D ' V

circUifs are d-esigned to measure these parameters. Some of these
circuits will yield readings with accuracies of only + 10 to 20Vo and
are quite simple in nature. Others are designed for hi,gh accuraey and
naturally will be more complex. ;

7,1 V- | Curve Trocer

Observing the tunnel diode V-I characteri.stic is not always an
easy task. Conventional curve tracers usually have enough series r€-
sistance in their sweep circuits as to appear as a current source to
the tunnel diode under test, that is,

( 7 .  1 )

where R, is the total DC resistance in series with the tunnel diode
being tested. As a result, the displayed V-I characteristic lacks the
negative conductance portion as shown in Figure 7 . L.
This figure shows that as the sweep passes the peak point cument, the
diode switches '/ery quickly from V_ to some value of for.ward voltage

dependent on the load linen witho,rl ever going through the negative
conductancq region.

This problem becomes even worse when testing larger peak
current units as they will exhibit smaller values of negatlve resist-
ance. The sweep circuit wiII thus look more like a current source to
such units enabling them to "slvitch" more readily.

Even when the sweep circuit resistance is small compared to
l-tdf, stitl another problem might prevent the undistorted display dtlE
V-I curve. Figure 7.2 illustrates this problem which is caused by ex-



cessive series inductance in the test circuit. As the sweep goes
through the negative conductance region, this inductance will resonate
with the diode and circuit capacitances, making the circuit oscillate and
causing a display as shown in Figure 7.2.

V] CIIARACTTR'ST'C AS DISPI.AYED
BY CURYE TRACER WTTH I,ARGE
ftt ItRttIAt stRfEs REsrsTAfrtct

F IGURE 7 ,1

V] CTIARACTER'STIC OT OSCII,I AT|iNG
TU'UTUEI. DIODE

FIGURE 7.2

T U N N E L  D I O D E  T E S T  C I R C U I T S

(7  . 21

If the total circuit inductance (including the diode inductance Lr)
is kept at a minimumr this oscillation will not occur. Actually, if the
circuit self-resonant frequency f-_^ /^:_^--:r\ is made larger than its

cut-off frequency, f"o (circuit), ,i3" 
"t%ffiHilf"t 

can occur. To meet
this criterion, the total circuit inductance must be smaller than:

Rrot"I * ctot"I
Ltot"l (

gd

Here again larger pealr current units will be more troublesome
to test, os one can see from equation 7. 2 that if lg^ | is increased, the
manimum perrnissible circuit inductance is further*reduced.

The main features of a well working V-I curve tracer capable of
displaying the full V-I characteristic of tunnel diodes with a wide range
of peak currents, are thus:
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TUNNEL  D IODE TEST  C IRCUITS

1. A low series resistance sweep cireuit and,

2. Low inductance test heads.

The curve tracer circuit shown in Figure 7.3 and pictured in
7. 4 covers a range of units from a fraction of one milliampere to 22
ma. With appropriate calibration (see Table of Calibration Pro-
cedures), this test set will determine, Ip, I',r, tn/ru, Vp, V.r, Urn, V"

as weII as to give a rough idea of the positive slopes and the negative

PHOTOGRAPH OF CURYE TRACER TEST SET UP
FIGURE 7.4

conductance slope. By the use of the shunting decade box, a rough
idea can also be obtained of the averag€ value of the negative re-
sistance (L / ga= drr/di).

Figure 7 .5 is a mechanical drawing detailing the construction
technique of the jigs.
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TUNNEL  D IODE TEST  C IRCUITS
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T U N N E L  D I O D E  T E S T  C I R C U I T S

CIOSE.UP PHOTOGRAPH AF TIC A'UD SCOPE PRESEITITATIOITI
.  F IGU RE 7  .6

Ihis instrument is made more versatile by the small size, Iow
inductance test heads. Since the bias resistors are incorFrorated in
the test heads, these may be connected with long cables to the main
chassis and the decade box. As a result, one can conveniently and
stably test tunnel diodes in a temperature chamber at some distance
from the test set. Figure 7.6 is a photograph of the V-I curves of a
22 ma germanium tunnel diode.

Operoting Instructions for Curve Trqcer

The three outputs of the curve tracer are connected to the Verti-
cal ind Horizontal inputs of a scope (HP 1308 or eguivalent) and a Re-
sistance Decade Box. Note: To display the V-I characteristic "right
side up", the vertical scope input must be inverted and the ground
strap removed from what is then the "hot" Iead.

The Selection Switch must be in the germanium (C'e) or gallium
arenside (GaAs) position, depending upon the type of unit under test.

'Ihe Range Switch must be in the A, B or C positlon, depending
upon the jig in use"

Jig A is for 1" 0 and 2.2 ma units" Jig B is for 4.7 and 10.0 ma
units. Jig C is for 22" 0 ma units.

The Function Switch must be in operating position.
With the Curve Tracing Voltage Control in the counter-cloclnvise

position, insert the diode. lncrease the voltage until the trace is be-
yond the valley region"

Press the Decade Switch and adjust the decade box until the
negative slope is parallel with the horizontal axis. This setting on the
decade box is then the terminal negative resistance of the unit being
tested. Flgure 7 r 7 shows the resulting curve trace and the setting of
the resistance box for a 10 ma unit.

7T
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DETERM'IIIATIOTU OF TER//II|/NAL IIIEGAT'VE RTSISTATUCE
F IGURE 7 .7

Scope Colibrqtion

To calibrate the horizontal arcis of the scope, the Function
Switch must be in the calibration position. In this position, the scope
output terminals are shorted and the calibration voltage switch in
either the . lv, . 5v or 1. 0v position. The "Calibrate VoltageCalibrate
Current" switch is then pressed in the "CaL, Voltage" position. The
calibrated voltage will then appear across the output terminals.

The same applies to the calibration of the vertical uris, with the
exception that, if a 1 ma calibration is desired, the Range Switch
must be in the A position and the diode in Jig A removed. If the 5 ma
calibration is desired, the Range Switch must be in the B position and
the diode in Jig B removed. For 10 ma calibration, the Range Switch
must be in the C position and the diode in Jig C removed.

7,2 High Precision Peqk Point Currenf (lr) Test Set

Some applications require very accurate peak point current
eontrol. For instance, a threshold switch or a coincidence gate
circuit require a stable switching threshold. To meet this demand,
some tunnel diode types are specified with a peak point current ratrng
of plus or minus 2.5V0, To test accuratety to these limits, the peatt
current test set must be capable of measuring the test parameters

72



TUNNEL DIODE TEST CIRCUITS

within a fraction of one percent. The following peak point current test

set is capable of such accuracy.
The circuit (see Figure 7. 8) is rather simple and consists

basically of a tunnel diode driven from an accurately known current

source. The DC input is increased to a point just exceeding the peak

point current. One can observe this point visually on a scope connect-

eA across the tururel diode. As the peak current is exceeded, the

diode switches to its high voltage state which can be observed on the

scope as a change in DC level (using a DC scope). At this lnintr one

would still have only a rough approximation of the peatr point and hence

a small audio sinewave signal is applied. The test set rectifies this

signal and appties it to the tunnel diode in a direction subtracting from

the applied DC. When the AC signal is large enough to bring the

"composite" bias just below the valley point, the tunnel diode will

switch back to its low voltage state again, a fact immediately evident

on the scope. Subsequently, the applied DC is very gradually reduced

and the same is done with the AC signal. The idea is to "fine tune"

the DC level as close as possible to the peak point so that the smallest

pgssible AC signal will switch the circuit to its low voltage state.

Wtren this is sitisfactorily accomplished, the circuit will hrrn ''ONrr

and '?OFF'? erratically, but continuously. At this point, a differential

voltmeter will very accurately determine this crtical DC supply volt-

age. The use of a high precision resistance decade box will, by

simple use of Ohm's Law, yield the current reading.

ALL NUMBERED INPUT JAcKs ' .JI  THROUGH J4,.ARE 3I-OO3 AMPHENOLBNC CONNECTORS,
AUU NUUSERED PLUGS PI TO P3ARE MALE BANANAPLUGS INSULATED FROM CHASSIS.

PEAK CURREIIIT TEST SET
FIGURE 7 .8

The absolute accuracy of this current reading is about + 0. LVo,

complete test set up.
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PHOTOGNAPH OF PEAK CURRE|TT TTST SET ITP
FIGURE 7.9

7.3 Tunnel Diode Junction Copqcitqnce Test Set

In previous chapters the tunnel diode equivalent circuit has been
analyzed and it can be shown that the apparent capacity looking into
the device terminals is:

""nn"rent 
= c junction * c strays 

"rgi 
(when c.r (( so/c)

In addition, if a bias resistor suitable for biasing the tunnel
diode into the negative-conductance region is used, and the inevitable
inductance of the leads coupling the measuring node to the biased de-
vice is conside-r^ed, then the capacitance measured by the bridge may
be shown to be:10 

'

C*"rrured = Cl * cstrays Lleads ( Buias + Bd)'-""u3

Since the inductance of the leads to the bridge can easily be the
dominant reactance in the circuit, the method described is seen to be
subject to large potential errors even when stringent efforts are
made to keep all inductances to the irreducible minimum. Un-
fortunately this method is necessary in order to measure the variation
of junction capacitance with forward voltage in the negativ€-con-
ductance region.

One further item will be eonsidered before discussing the
measurement method to be proposed.

From the stability analysis of the equivalent circuit one finds
that for the tunnel diode to be stable in the negative-conductance
region,



TUNNEL DIODE TEST CIRCUITS

In other words, if the circuit inductance cannot be made less thart
R"C/ l-gaf the circuit must oscillate, and any capacitance measured

bdars oniy a fortuitous resemblance to the actual capacity. (Even in
the valley region the measuring signal will drive the tunnel diode
slightly into a region of some negative-conductance for part of the
time, and the possibility of oscillations exists. )

Considei an increase of the bias resistance to the limit of L/

l-go I ir grder to irnprove the circurot stability. Then L" must be less

thari C/e:d(or conversety Cj > L. g;) or oscillations will persist and

the circuit cannot be stabilized. 
-Siice 

the ultimate limits being cor-
sidered vary as the square of the negative-conductance (a direct
function of peak point current) it is apparent that a test circuit which
may be stabili zed for a low-current tunnel diode will eventually bs
come unstable for some higher current device, due to the limitations
of a fixed circuit and/or package inductance.

With the preceding considerations in mind, one sees that the
design of a test circuit for measuring the capacitance of tunnel diodes
oveia large range of peak point currents and g;/c ratios, can only be

accomplished by deliberately violating both stlUitity criteria simul-
taneously, and forcing stability by using a switching load line to bias
the device. It should be also noted that the sum of junction and distri-
buted capacitance can only be measured over a small voltage range
around the valley point voltage. Figure 7 . L0 illustrates the resultant

test circuit.

B O O N T O N  R A D I O  C O .
"  R - x "  M E T E R .

BASIC TUII'IIEI, DIODE CAPACITATUCE TEST CIRCUIT
F IGURE 7 . IO

Figure 7. 11 shows the region of operation.
Based on the results of

with voltage made using the
junction capacitance will vary

measurements of capacitance variation
former method, one can expect that the
approximately as:

K

(v ro"ward + u o"*eneracy) 
L/2

junction capacitance in the negative
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SWITCHING

R t + R 2

vronwanD- t/t

(= t5  x  Vro)

OPERAT'IIIG REG'OIII AIIID LOAD UilE
F I G U R E  7 . 1 1

conductance region may be easily catrculated. (The case capacitance
may be sepat'ately rneasured and subtracted frorn the measured
quantity. )

It cannot be over-emphasized that the measuring signal across
the hrnnel diode must be kept to less than 10 millivolts to prevent
errors due to the non-linearity of the diode characteristics.

The RF choke (L, ) is used to decouple the bias network from the
bridge. Since the tunn'el diode is switching, Re is used to supply a
current somewhat greater than the peak point cutrent for the particu-
lar range of units being measured, Rl need only be ) L/l-gnl, but is
usually made several times this valu6 to prevent oscillatioil near the
valley region. R2 is used to adjust the intereept point on the device
characteristics sb that the bridge measures a parallel positive r€-
sistance in the order of lK ohm or greater. (The bridge lead iq-
ductance witl still reduce the measured capacity somewhat by LSi,
btrt if the parallel resistance is 1K ohm or larger it would reguire lpl
of lead inductance to cause an error of 1 tt pf in the reading" If care
is taken in keeprng lead lengths to less than one inch, the resultant
error will be less than 0.2 ppf and can be neglected.

The supply voltage (Vf) is usually in the order of 0. ?5v for
germanium and 1. 5v for gallium arsenide and is supplied by one
silicon diode or two in series as required. Figure 7. LZ shorvs a
complete test circuit suitable for tunnel diodes in the range of 1 to 25
ma peak currents.

\rf p
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CAPACITY TEST SET C'RCUIT DIAGRAM
FIGURE 7 .12

CONTROL PAIIEL
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LZis used to offset the bridge if capacitances larger than 20 pttf
are to 

-be 
measured (0. 2 7 lth will offset = 20 p pf at the measuring

frequency of 20 mc). Note: When the bias is adjr,isted so that the
parallel resistance meffiFed is much greater than 1 - SKohms, the
measuring signal wiII tend to switch the device, or the bridge readings
will tend to drift, because of the relatively large excursions of inter-
cept voltage with signal, ild "averaged" values of R and C witl prevent
a sharp null.

Figure 7. 13 shows a photograph of the test set up.

PHOTOGRAPH OF CAPACITY TEST STT UP
FIGURE 7 .13

7.4 R* Test Set

The "Series Resistance " (R^) is the total internal
the device including contact and leoad resistance, &s weII
bulk resistance of the semiconductor material"

In order to obtain a true Ro measurement, it is necessary to
measure the incrernental slope refistance of the device in its "ohmic"
region. This region exists in the high current reverse direction (at
Ieast ten times to).

The simpl6st test method would be to apply a large steady state
reverse DC current and then measure the incremental slope of R, by
applying a small AC signal. Tunnel diode junction areas are ?ery
small however, and the excessive heating which will result at large
currents is potentially capable of dam4ging the units. As a result, a
low duty cycle pulse technique was found preferable and this system
adopted in the following test set"

A 40 psec. high cument pulse at 60 c/s (0.24V0 duty cycle) is
applied to bias the tunnel diode in the reverse direction. A ihorter,
Iower amplitude pulse is superimposed on top of the main pulse; the
latter acting as a pedestal, the former as an "interrogating" or
"sampling" pulse.

resistance of
as the ohmic
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These pulses are fed into a bridge network containing the tunnel
diode ag pel Figpre 7. L4. The series Rt and RZ in this figure are

chosen for a main pulse-to-incremental pulse ratio- of 10:1. Since the
main pulse feeds bbth arms of the bridge, the balance potentiometers
are used to balance this main pulse out. The outptrt appearing across
the pnrlse transformer is caused by the incremental pulse only. By use
of alcurate calibration resistors, the pulse output in millivolts can be
calibrated directly into ohlns for Rr.

TO SCOPE VIA TECKTRONIC
53 I 5 4D PRE-AM P-(TYPICAL
O U T P U T  I - I O M V )

R  r  = 6 0 O
FOR 5OO MA

Rt = IOOO FOR 5OO MA

PULSE
TRANSFORMER

R, TEST BR'DGE
FIGURE 7  .1  4

Figure 'l . Lb is the diagram of this test set.

Test Set Up qnd Cqlibrqtion Procedure

The pulse generator used in this "test set up" is a Hewlett-
Packard 2LzA or equivalent. The oscilloscope must be rather sensi-
tive and a Tektronix scope with a 53/54D Pre-Amplifier was used,
set up for "External Positive Synchronization". The power supply is
set for a 30 vott output" The amplitude of the pulse from the 2L2A
generator should be set to 50 votts when connected to the test set.

1) Place a jumper from the "Calibrate" jack to the Ge (germ. )
jack beside the tunnel diode socket. With the tunnel diode
removed from its socket, switch one of the calibration r€-
sistors into the circuit.

2) Select the desired current test level. Germanium devices
can be tested at 100 x I to give the most accurate indication

of Rr. Because of trigfe, 
"irtrent 

density and possibly also

beciuse of greater power dissipation resulting from a larger
voltage at any given current, gallium arsenide devices
should only be tested at 20 * tp"
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TUNNEL  D IODE TEST C IRCUITS

3) Switch in one of the calibration resistors and balance the
bridge so that the only voltage drop across the bridge at

balance is that of the 10 psec. "interrogation" pulse, using
the scope as visual indicator.

This output, divided by the value of,calibration resistance used,
wiII now give i ciUnration in millivolt per ohm"

Operoting Procedure

Following calibration, disconnect the jumper and insert a clip
lead to make i connection to the diode cap (TO-18 papkage) in the
jack corresponding to the type of device being tested, Ge or GaAs.
Next insert the tunnel diode, making sure that the tab for PN devices
(such as all General Electric germanium tunnel diodes) point to the
Ieft" (Pin 3 of device into socket pin #1). With the tunnel diode in its
socket, make the clip lead connection to the cap.

After balancing of the bridge, read the output amplitude of the
interrogation pulse.

AtI that remains is to compute R, from the calibrated millivoht/
: ,ohm reading.

7.5 Meq$uremenf of rhe Device Induclsnce (L,)

A precise measurement of "LS is a rather difficult measurement
to make. "The magnitude of this parameter for TO-18 packaged de-
v-ices is of the order of 1 10 nanohenries depending on the method of
eonnection made to the device. For microwave packages (stripline or
cartridge types) the device inductance will be an order oJ magnitude
smaller.

The rnost necessary item of 
' 
a L, test circuit would hence be an

extremely trow inductance adapter for the unit under test. AIso, since
the magnitude of this inductance to be tested is so small, a very elabo
rate test set must be used. The test set used here was the General
Radio Transfer-Function and Immittanee Bridger. Type 160?-.{.

Performing an impedance test at 500 Mc/sr otr a "squared off
U" piec.e of wi.re about L/4" long, one ean bring the plane of measur€-
rnent slightly above the socket of the transistor mount 1607-P101" By
recording the adrr"rittance term with the wire protruding l/8" from the
socket, thQ reference plane is established: at this distanee from the
socket.

Now one can substitute an internally shorted tunnel diode ease
with the lead length one intends to use plus about L / 4" . By subtracting
the first reading from the second one, one has established the induct-
ance of the device above the reference plane.

Another method to determine L" is to measure the tunnel diode

8r



TUNNEL  D IODE TEST C IRCUITS

the measured impedance and previously determined capacitanee.
For UHF or microwave application, even for some lower

frequency application where Ls must be minimLzed, a test adapter
should be built. General Radio 's "Experimenter" brochure (Vot. 34,
Nos. 7 & 8, July-August, 1960) or their Reprint #E109-October, 1960
has an outline drawing of such an adapter for TO-18 packaged devices.
These two brochures also contain measurement procedures for most
tunnel diode parameters, using the aforementioned Type 1607-A
bridge.

PHOTOGRAPH OF I* TEST SET UP
F I G U  R E  7  . 1 6

7 .6 Risetime Meqsurement

A convenient method of testing switching speed (risetime) is
shown in Figure 7. L7.

+ GATE
O U T  F R O M
OSCILLOSCOPE

To"N"  uN l r
S IGNAL INPUT

.qgz 4op h

47O P | -T-
2 .4KO 

- :
-T- aTopf

(  F O R  l - 2 0  m o  T D s )
4 7 0 { r

T U N N E L
DIODE

U N D E R
TEST

APPROX
3 F T
R G

5 8 A / U

T ro  "N"  uNl r
I  T R I G G E R
:  I N P U T

RISET',IIT TEST SET C'RCUIT DIAGRAM
F I G U R E  7 . 1 7

A P P R O X  3 F T  R G  5 8 A / U
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A Tektronix plug-in oscilloscope provide both the current ramp
source for the tururel diode and the pre-trigger for the Type '?N?t

sampling scope unit. The use of this sampling scope (or other means
of presenting extremely fast speed information) is essential since the
risetime of tunnel diodes is much too fast for conventional oscillo-
scopes.

The Type 'rNt' unit is set up conventionally while the oscilloscope
main sweep generator is allowed to "free run" at 1 psec/cm. The
"+ GATE OUT" triggers the r?N" unit and also provides a current
ramp with a low rate of rise which allows the tunnel diode to switch at
essentially its own rate" The rise time of the scope is in the order of
0. 6 nanoseconds and should be accounted for in the measurement,
Figure 7.L8 is a photograph of the test set up displ4ying a L"4 nano-
second risetime pulse. This corresponds to an actual circuit risetime
of 1 nanosecond since the total risetime is the square root of the
squares of the scope and the circuit risetimes.

PHOTOGRAPH OF RISETI'IIE TTST STT UP
F I G U R E  7 . 1 8

The unit shown in Figure 7. 18 is commercially advertised by
Tektronix under their part #013-029.

ffi



TUNNET DIODE SPECIFICATIONS

Definition,of Terins
Tunnel and Back Diode characteristics are defined with refer-

ence to the static characteristic curves of Figure 1 and Figure 2 re-
spectively.

Terminology

Peak Point

SymboI

Reverse Peak Point

'Ihe peak point is that point on the
forward characteristic of a tunnel
diode corresponding to the lowest
positive voltage at which dr/dU = 0.

The peak point is that point on the re-
verse characteristic of a tururel diode
corresponding to the lowest reverse
voltage at which dr/d' = 0.

The valley point is that point on the
forward characteristic which corres-
ponds to, the second lower positive
voltage at which dr/dr, = 0.

The current'flowing at the peak point.

The current flowing at reverse peak
point.

The voltage at which the peak point
occurs.

The current flowing at the valley
point.

84

Valley Point

Peal< Point Current

Reverse Peak Point
Current

Peak Point Voltage

VaIIey Point Current

Ip

IB

vP

T Y P ] C A L  S T A T I C
C H A R A C T E R I S T I C  C U R V E

FIGURE I

Definition
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Terminology Symbol

Valley Point Voltage Vu

Peak-to-Valley Point Ip I Iy
Current Ratio 

-

Forward Peak Point V^
Current Voltage rP

Forward Voltage VF

Forward Current If

Reverse Voltage Vn

Reverse Current IR

Series Inductance IiS

Series Resistance RS

Capacity C

Negative Conductance -G

Resistance Cut-off f
Frequency ro

SeU-Resonant
Frequency

T U N N E L  D I O D E  S P E C I  F I C A T I O N S

, 
Defi.rlition

The voltage at the valley point.

The ratio of the peak point cqrrent to
the valley point currerit,

The voltage corresponding to that
point on the forward characteristic
where the current is equal to the
nildmum specified peak poi4t currert.

'Ihe voltage corresponding to a point
on the forward characteristie at a
specified current"

The currenJ flowing in the first
quandr&nt-conducting region.

The volt4ge corresponding to a point
on the reverse characteristic curve at
a specified current.

The current flowing when operated in
the third quandrant.

The total' series equivalent inductance.

The total series equivalent resistance.

The bamier capacity of the intrinsic
diode.

The iregative conductance of the in-
trinsic diodel

The frequency at which the real part
, of the diode admittance measured at- 
its terminals goes to zero. The re-
sistance cut-off frequency is given by:

a T

f  =  s  11  1  -1-ro W ll E%-- r

The frequency at which the imaginary
part of the diode admittance goes to
z,et'o. 'Ihe self-resonant frequency is
given by:

. 1= * o =  T

Micro-micro
farads.
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Nano-second

T U N N E L  D I O D E  S P E C I F I C A T I O N S

Terminology SymboI Definition

Nano-henry nh Milli-micro henry (mph) i. e. 10 
-9

henrieg.

Mitl i-micro second (mpsec. ) i. e. 10-9
seconds.

The "Tunnel" Diode is a new semiconductor device which makes
use of the quantum mechanieal tunneling phenomenorl thereby attaining
unique negative conductanee characteristie and very high frequency
performance. Its static characteristics are shown in Figure 3.

A "Back" Diode is essential,ly a "tunnel" diode operated in the
reverse direction. For exarnple, you take a "tunnel" diode character-
istic curve (Figure 3) and flip it over interchanging quandrants 3 and 4
which results in a "back" diode characteristic curve (Figure 4). The
polarity is changed on the back diode since it is operated in the sanre
mode as a conventional diode whose characteristic curve has the con-
ducting region (forward voltage) in the first quandrant and bloeking
region (reverse voltage) in the third quandrant.

The tunnel diode is designed with emphasis on peak point control
and the negative resistanee region. The "back" diode ls designed with
emptrasis on forward voltage and its control. In most applications the
reverse peak point current of a "back" diode would comespond to a
Ieakage cument in a conventional diode. Naturally, the smaller the
leakage, the better. The peak point current on back diodes is usually
much lower than the peak point current on tunnel diodes. Some "back
diodes" are low peak current tunpet diodes and as such do not offer the
fine control on Londucting voltage that is desired. General Electric
Back Diodes are designed for specific diode applications. In order to
cover a wide range of applications General Electric offers several
types, each of which has minrmum and ma:rimum forward voltages for

nsgc.

a specific current level of operation.

FIGURE 4FIGURE 3



TUNNET DIODE SPECIFICAT]ONS

The 1N2939 and f N2939A are germanium
tunnel diodes which make use of the quantum
mechanical tunneling phenomenon thereby at-
taining a unique negative conductance charac-
teristic and very high frequency performance.
These devices are designed for low level switching and small signal applications with
frequency capabilities up to 2.2 Kmc. They feature a closely controlled peak point
current, good temperature stability and extreme resistance to nuclear radiation.

E Q U I V A L E N T  C I R C U I T
( B I A S E D  I N  N E G A T I V E
C O N D U C T A N C E  R E G I O N )

SPECIFICATIONS
ABSOLUTE MAXIMUM RATINGS:  (25"C)

Gurrent
Forward ( -55 to f 100'C )
Reverse (-55 to +100"C)
Temperoture
Storage
Operating Junction
Lead Temperature l(5" lYsz"

From Case for lO seconds

tN293g.  tNzgSgA

Outline Drawing No. I

D

l 0
ma
ma

"C

Tsrr;
T"r

Tr,

Ip  / I v
;Q
C
C
L * *
R *

-55 to *100 "c-55 to f l0o oc

ELECTRIGAL GHARAGTERISTICS:  (25"C)  (  7s"  Leods)

260

Typ. Mox.
1 . 0  l . l
r .0 1.025

0.10  0 . t4
60 65

350

Peak Point Current 1N2939
Peak Point Current lN2939A
Valley Point Current
Peak Point Voltage f N2939A
Valley Point Voltage
Reverse Voltage (In = 1.0 ma)
Forward Peak Point Current Voltage 1N2939
Forward Peak Point Current Voltage 1N2939A
Peak Point Current to Valley

Point Current Ratio
Negative Conductance
Total Capacity f N2939
Total Capacity lN2939A
Series Inductance
Series Resistance

Ip
Ip
Iv
V p
Vt
Vrt
V t p

V r p

Min.
0.9

0.975

50

ma
ma
m a
mv
mv
mv
mv

mv

30
45A 500 600
450 500 550

t 0
6.6 X l0-8 mho
5 . 0  1 5  p f
4 .O l0  p f

6 n h
I,5 4.O ohm

*Inductance will vary L.12 nh ( lo-e henries ) depending on lead length.

TYPICAL STATIC
C H A R A C T E R I S T I C  C U R V E

87



outline Drawing No. I mechanical tunneling phenomenon thereby at-
taining a unique negative conductance charac-
teristic and very high frequency performance.

These devices are designed for low level switching and small signal applications with
frequency capabilities up to 2.2 Kmc. They feature a closely controlled peak point

current, good temperature stability and extreme resistance to nuclear radiation.

EQUIVAtFENT CIRCU|T
(BrASEq rN NEGATTVE
CONDI /CTANCE REGION)

SPECIFICATIONS

f  N294o.  tN294cA

ABSOLUTE MAXIMUM RATINGS:  (25"G)

Current

Forward (-55 to *100"C)
Reverse (-55 to f l00'C)

Temperoture

Storage
Operating Junction
Lead Temperature \5" !%2"

From Case for 10 seconds

Peak Point Current 1N2940
Peak Point Current 1N29404
Valley Point Current
Peak Point Voltage f N2940A
Valley Point Voltage
Reverse Voltage ( In - 1.0 ma )
Forward Peak Point Current Voltage I N2940
Forwird Peak Point Current Voltage f N2940A
Peak Point Current to Valley

Point Current Ratio
Negative Conductance
Total Capacity f N2940
Total Capbcity 1N2940A
Series Inductance
Series Resistance

The 1N2940 and 1N2940A are germanium
tunnel diodes which make use of the quantum

ELECTRIGAL GHARAGTERISTICS:  (25 'C)  (  7e"  Leods) .

Tsrc
Tr

Tr

Ip

Ip

fv

Vp

Vv

Vn

V r p

Vrp

Ip / Iv
_G
c
C
L " *
R.

5 m a
10 ma

-55 to fl00 "c
-55 to *100 

oc

260 0c

Typ. Mox.
1 . 0  1 . 1  m a
1.0  1 .025 ma

0.f  3 O.22 ma
60 65 mv

350 mv
30 mv

500 600 mv
500 550 mv

8
6'6 x lo-8
5.0 10
4.0 7

6
1.5 4.O

Min.
o.9

0.975

50

450
450

mho
pf
pf
nh
ohm

*Inductance will vary l-Lz nh ( 10-e henries ) depending on lead length.

T Y P I C A L  S T A I I C
C H A R A C T E R I S T I C  C U R V E
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The 1N2941 and lN2941A are germanium

tunnel diodes which make use of the quantum

mechanical tunneling phenomenon thereby at-

taining a unique negative conductance charac-

teristic and very high frequency performance.

These devices 
"t" 

dlrigned for low level switching and small signal applications. They

feature a closely controU"a peak point current, good temperature stability and extreme

resistance to nuclear radiation.

E Q U I V A L E N T *  C I R C U I T
(BrAsED tN t f roartve
C O N D U C T A N C E  R E G I O N )

SPECIFICATIONS

f  N294 l  , lN294 lA

Outline Drawing No. 1

ABSOLUTE MAXIMUM RATINGS:  (25"C)

Gurrent

Forward ( -55 to f 100'C )
Reverse (-55 to f100'C)

Temperoture

Storage
Operating Junction
Lead Temperatttre \5" t%z'

From Case for 10 seconds

ELECTRICAL CHARACTERI IT ICS:  (25"C)  (  %"  Leods l

Ip
Ip
Iv
Vp
Vv
Vn
V t p
V t p

lp / Iv
-G

C
C
L " *
R"

Tsrc
Tr

Tr,

25 ma
50 ma

-55 to f100 "C
:55 to f100 "c

260 0c

Typ. Mox.
4,7 5.2 ma
4.7 4.82 ma

0.6 L.OA ma
60 65 mv

350 mv
30 mv

500 600 rnv

500 550 mv

8
30 x 1o-3
15 50
10 30
6

0.5 2.O

Peak Point Current 1N2941

Peak Point Current 1N2941A

Valley Point Cufrent
Peak Point Voltage lN2941A

Valley Point Voltage
Reverse Voltage ( In - 4.7 ma)

Forward Peak Point Current Voltage 1N2941

horward Peak Point Current Voltage 1 N294 1A

Peak Point Current to ValleY
Point Current Ratio

Negative Conductance
Total Capacity 1N2941
Total Capacity 1N294f A
Series Inductance
Series Resistance

Min.
4.2

4.58

50

450
450

mho
pf
pf
nh
ohm

*Incluctance will vary 1-12 nh ( 10-g henries ) depending on lead length.
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T U N N E L  D I O D E  S P E C I F I C A T I O N S

tN2g6g,  tN2g6gA

Outline Drawing No. I

Peak Point Cur::rent f N2969
Peak Point Current lN2969A
Valley Point Current
Peak Point Voltage lN2969A
Valley Point Voltage
Reverse Voltage ( In - 2,2 ma)
Forward Peak Point Current Voltage l N2gOg
Fonvard Peak Point Current Voltage f N2g6gA
Peak Point Current to Valley

Point Current Ratio
Negative Conductance
Total Capacity f N2969
Total Capacity f N2969A
Series Inductance
Series Resistance

The f N2969 and 1N2969A are germanium
tunnel diodes which make use of the quanfum
mechanical tunneling phenomenon thereby at-
taining a unique negative conductance charac-
teristic and very high frequency performance.

These devices are designed for low level switching and small signal applications with
frequency capabilities up to 2.5 Kmc. They feature a closely controlled peak point
current, good temperature stability and extreme resistance to nuclear radiation.

E Q U I V A L E N T  C I R C U I T
( B I A S E D  I N  N E G A T I V E
C O N D U C T A N C E  R E G I O N )

ABSOLUTE MAXIMUM R,ATINGE:

Gurrent

Forward (-55 to f l00'C)
Reverse (-55 to f l00"C)

Tempercture

Storage
Operating Junction
Lead Temperature )(5" lYti'

From Case for l0 seconds

SPTCIFICATIONS

( 25'C )

ELECTRICAL CHARACTERISTICS:  (25"C)  (  7g , ,  Leods)
Min.

2.O
2.L45

50

450
450

8
16 X l0 -3

8 2 5
6 r 5
6

1 . 0  3 . 0
*Indrrctance will vrry 1-1t nh ( lO-e henries ) depending on lead length.

90

Tsrc
Tr

Tr,

l 0  m a
20 ma

-55 to f 100 oC

-55 to f100 
oC

260 0c

Ip

Ip

Iv

Vp

Vv

Vn

V t p

V t p

Ip / Iv
-G

C

C

L r *

R"

500
500

30
600
550

m a

ma

ma

mv

mv

mv

mv

mv

mho

pf

pf

nh

ohm

Typ. Mox.
2.2 2.4
2.2 2.255
.29 .48
60 65'

350



T U N N E L  D I O D E  S P E C I F I C A T I O N S

The 1N3149 and lN3149A are germanium

tunnel diodes which make use of the quantum

mechanical tunneling phenomenon thereby at-
taining a unique negative conductance charac-

teristic and very high frequency perforrnance.

These devices are designed for low level switching and small signal applications with

frequency capabilities up to 1.5 Kmc. They feature closely controlled peak point cur-

rent, good temperature stability and extreme resistance to nuclear radiation.

E Q U I V A L E N T  C I R C U I T
( B I A S E D  I N  N E G A T I V E
C O N D U C T A N C E  R E G I O N )

s?EcrFrcATroNs

tN3 t49 ,  tNS t4gA

Outline Drawing No. I

ABSOLUTE MAXIMUM RATINGS:  (25"G)

Gurrent

Forward ( -55 to f 100'C )
Reverse ( -55 to *1O0'C )

Temperctnre

Storage Tsrc

Operating Junction T.r
Lead Temperature l(5" lYtz"

From Case for 10 seconds Tl

ELECTRICAL CHARACTERISTICS:  (25"C)  (  /a "  Lesds)

50 ma
50 ma

-55 to *100 
oc

-55 to f100 
oc

260 0c

Tyt. Mox.
1 0 . 0  I f . O  m a
f 0.0 10.25 ma

1.3  2 .2  ma
60 65 mv

350 mv
30 mv

50O 600 mv
500 550 mv

X 10-g
90
50

Peak Point Current 1N3149
Peak Point Current tN3149A
Valley Point Current
Peak Point Voltage 1N3149A
Valley Point Voltage
Reverse Voltage ( In - 10 ma )
Forward Peak Point Current Voltage 1N3149
Forward Peak Point Current Voltage I N3f 49A
Peak Point Current to Valley

Point Current Ratio
Negative Conductance
Total Capacity 1N3149
Total Capacity lN3149A
Series Inductance
Series Resistance

Ip

I p

I.',

V p

Vv

V r

V t p

V t p

l p / I v
_G

C

c
L t *

R *

Min.
9.0

9.75

50

4!50
450

8
60
30
25

6
.25

mho
pf
pf
nh
ohm

*Inductance will vary 1-f 2 nh ( 10-e henries ) depending on lead length.

T Y P I C A L  S T A T I C
C H A R A C T E R I T T I C  C U R V E
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The 1N3150 is a germanium tunnel diode
which makes use of the quantum mechanical
tunneling phenomenon thereby attaining a
unique negative conductance characteristic
and very high frequency performance. This

device is designed for low level switching and small signal applications with frequency
capabilities up to 1.3 Kmc. It features closely controlled peak point current, good
temperature stability and extreme resistance to nuclear radiation.

E Q U I V A L E N T  C I R C U I T
( B I A S E D  I N  N E G A T I V E

C O N D U C T A N C E  R E G I O N )

SPECIFICATIONS

rN3r50
Outline Drawing No. I

ABSOLUTE MAXIMUM RATINGS:  (25"G)

Current

Forward (-55 to fl00'C)
Reverse (-55 to f l00'C)

Temperoture

Storage
Operating function
Lead Temperature i/15" lYsz"

From Case for l0 seconds

Peak Point Current
Valley Point Current
Peak Point Voltage
Valley Point Voltage
Reverse Voltage ( In - 22 ma)
Forward Peak Point Current Voltage
Peak Point Current to Valley

Point Current Ratio
Negative Conductance
Total Capacity
Series fnductance
Series Resistance

ELECTRICAL GHARACTERISTICS:  (25"C)  (  7a"  Leods)

Tsrc
T.r

Tr,

Ip

fv

Vp

Vv

V r

V t p

Min.
20

450

f 0 0 m a
100 ma

-55 to fl00 
oc

-55 to f100 
oc

260 "C

Typ. Mox.
22 24 ma

2.9  4 .80  ma
60 mv

350 mv
30

600
mv

mv

Ip / Iv
-G

C
L . *
R"

500

8
100 x
60

6
. 1 5

l0-s mho
150 p f

nh
1.0 ohm

*Inductance will vary L-12 nh ( 10-e henries ) depending on lead length.
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T U N N E L  D I O D E  S P E C I F I C A T I O N S

The 1N3218 and 1N3218A are germanium

tunnel diodes which make use of the quantum

mechanical tunneling phenomenon thereby at-

taining unique negative conductance char-

acteristics and very high frequency perform-

ance. These small stripline type packages are designed for microwave communications,

radar, very high frequency amplifiers and oscillator applications. The very low series

inductance plus controlled low capacity permits very high frequency pdrformance

in the S band.

E Q U I V A L E N T  C I R C U I T
( B I A S E D  I N  N E G A T I V E
C O N D U C T A N C E  R E G I O N )

SPECIFICATIONS

fN32t8,  lN32l  8A

Outline Drawing No. 3

ABSOLUTE MAXIMUM RATINGS

Gurrent

Forward ( -55 to * 100"C )
Reverse ( -55 to * 100"C )

Temperoture

Storage

ELECTRICAL CHARACTERISTICS:  (  25"C )

Peak Point Current IP

Valley Point Current Iv

Peak Point Voltage Vp

Valley Point Voltage Vv

Forward Vol tage ( I r  -  fp_ I  ma) Vtp

Reverse Voltage (In - I ma) Vn
Negative Conductance -G

Series Resistance Rs

Series Inductance Ls
Total Capacity 1N3218 C
Total Capacity lN3218A C

Min.
0.9

400

5

1.5
1 .5

Color Code: (counter clockwise on fange)
fN32I8 Orange-Red-Brown-Gray-Black
I N32 I 8A Orange-Red-Brown-Gray-Brown

5 m a
10 ma

-55 to * 100 oc

Typ. Mox.
1 . 0  1 . 1  m a

0.13 O.22 ma
60 mv

350 mv
500 600 mv

20 mv
I LZ xl0-8mho

f .5 4.O ohm
0.3 0.5 nh

7 1 0 p f
4 s p f

T Y P I C A L  S T A T I C
C H A R A C T E R I S T I C  C U R V E

93



T U N N E L  D I O D E  S P E C I F I C A T I O N S

outline Drawing No. 3 mechanical tunneling phenomenon thereby at-
taining unique negative conductance char-
acteristics and very high frequency perform-

ance. These small stripline type packages are designed for microwave communications,
radar, very high frequency amplifiers and oscillator applications. The very low series
inductance plus controlled low capacity permits very high frequency performance
in the S band.

R !

E Q U I V A L E N T  C I R C U I T
( B I A S E D  I N  N E G A T I V E
C O N D U C T A N C E  R E G I O N )

tN32tg ,  tNSztgA

Peak Point Current
Valley Point Current
Peak Point Voltage
Valley Point Voltage
Forward Voltage ( Ir - Ip - 2.2 ma)
Reverse Voltage ( In - 2.2 ma)
Negative Conductance
Series Resistance
Series fnductance
Total Capacity f N3219
Total Capacity tNS2f gA

The 1N3219 and 1N32f gA are germanium
tunnel diodes which make use of the quantum

SPICIFICATIONS

ABSOLUTE MAXIMUM RATINGS

Current

Forward ( -55 to * 100'C )
Reverse ( -55 to f 100"C )

Tempercture

Storage

ELECTRICAL CHAiACTEI , ISTICS:  (25"C)

P

D

l 0

-55 to -l- 100

ma

ma

Min.
2.0

450

t0

r .5
1 .5

Tvp.
2.2

0.28
60

350
500
20
1 8

o.7
0.3
L4
7

Mox.
2.4

0.48

O C

ma

ma

mv

Ip
h'
Vp
Vv
Vtp
Vn
-G

Rs
Ls
c
c

mv
600 mv

mv
25 xl0-8 mho

3.0 ohm
0.5 nh
20 pf
l0  p f

Color Code: (counter clockwise on fange)
fN32tI Orange-Red-Brown-White-Black
I N32 I 9A Orange-Red-Brown-White-Brown

T Y P I C A L  S T A T I C
C H A R A C T E R I S T I C  C U R V E
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T U N N E L  D I O D E  S P E C I F I C A T I O N S

The General Electric Type 4lF2L

is a germanium back diode which

makes use of the quantum me-

chanical tunneling phenomenon

thereby attaining very low capacity

and low forward voltage drop. This

device is designed for high speed computer switching circuits. The very low forward

voltage is ideal for use with germanium tunnel diodes. It features stable forward and

reverse voltage with temperature.

\
\

-50cc

VOLTAGES VS. AMBIENT TEhilPERATI'RE

SPECIFICATIONS

B A C K  D I O D E S - G E R M A N I U M

4JF2A-1 ,  2 ,  3,  4,  5,  6,  & 7

Outline Drawing No. 2

o
H t .z
J

I r.o
E
o
2 . 8

I

2

o

I

o
lrJ
N

J

E
o
z

s

ABSOLUTE MAXIMUM R,ATINGS

Gurrent
TYPE 4t jzA- l  -2 -3 -4 -5

Forward (-55 to *10O'C) 25 15 10 5 5

Reverse (-55 to *100"C) 10 5 5 5 5

Temperoture

Ambient

Lead Temperature, %e" lYtz"
From case for lO seconds

ELECTRICAL CHARACTER ISTIGS: (  25"G )  (  7e" Lerds )

TYPE 1tF2A-l  -2 - t  .1 - '  -6 -7

Reverse Peak Point Current fr I .5 .2 .1 .05 .O2 .01

Reverse Voltage ( In-Ie max ) Vn r 44O 42O 400 380 350 330 300

Reverse Voltage (In - I ma) Vnz 440 465 465 465 465 465 465

Forward vortage at r*r v* {t88 r88 r33 r88 r88 rffi t88
I r r =  l 0  5  2  I  . 5  . 2  . 1

Forward Voltage at Irz Vrz LzO 130 L7O L7O L7O 160 160-  
I r , , :  2 5  1 5  l 0  5  5  2  I

Totalcapacitance c r 15 I 6 6 5 5 5
l z s  1 5  t 5  t s  1 5  1 5  1 5

Serieslnductance L" 6 6 6 6 6 6 6

-6 -7

5 5
5 5

ma

ma

-55 to *100 
oc

260 0c

ma max.

mv min.

mv min.

mv lnln.
mv max.
ma

mv typ.
ma

pf tvp.
pf max.

nh typ.

TYPICAL STATIC CHARACTERISTIC CURVE
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T U N N E L  D I O D E  S P E C I F I C A T I O N S

Outl ine Drqwings

D I M E N S I O N S  Y Y I T H I N
J E D E C  O U T L I N E

T O , l g

IOlt l :  Mrnimum tab thickness,005

I0tl t: Lead diameter rs nol controlled
in the area I 16' from base seat

tol l  t :  Calculated by measuring f lange
drameter. rncluding lab and ercluding tab,
and sublractrng the larger diameter from
lhe smaller drameler

. 2  l O  M A X
. t 7 0  M t N

3 LEAOS

.orz l$!f
( N O T E 2  )

T H I S  L E A O
G R O U N  O E  O

T O  H O U S I N G

L_ .225 MAx
|  . t 9 5  M t N

F__,195 MAX J

I  
.160  MrN 

I

I

3 LEADS

orzl$$f
( N O T E 2  )

T I ' { IS  LEAO
S R O U N O E D

T O  H O U S I N G

D I M E N S I O N S  W I T H I N
J E D E C  O U T L I N E

T O - t 8

to l l  l :  M in imum tab  th ickness .005

totl  2: Lead diameter is not control led
rn the area I 16" from base seal

lOtl  l :  Calculated by measurrng f lange
drameler, including tab and ercluding tab,
and sublractrng the larger diameter from
lhe smaller drameler

A P P R O X  W E I G H T .  O I 5  O Z
A L L  D I M E N S I O N S  I N  T N C H E S

E 5  M A X
7 5  M I N

POStTIvE
E L E C T R O D E

NEGATIVE
ELECTRODE

NOTE4
NOTE 5

, t45  MAX
F t A r . r o o M t N

HORIZONTAL
CONTACT
SURFACES

NOTES :
I .  ALL DIMENSIONS IN INCHES
2. DIMENSIONS ARE REFERENCES UNLESS TOLERANCED
1 CONTACT SURFACES TINNED OOO3
4. WELD FLASH ALLOWED (THtS tS NoT A CONTACT SURFACE).
5. INSULATTON- DO !gl '  ApPLy CLAltps.

COLOR CODE FOR
TYPE OESIGNATION

(COUNTER-CLOCKWISE)

-
/

f
.195  MAX
. I E z  M I N

011

.225MAX I

. r 9 5  M r N  I

. r95  MAx J

. 1 6 0  M r *  
|

. 2  r o  M A X

. r 7 0  M t N
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