


CONTENTS
page

THEORY 3

General Description, Energy Bands in Semieonductors,
Conventional Junctions, Tunnel-Diode Junctions, Tunnel
Rectiflers, Construction and Materials.

CHARACTERISTICS I7

Circuit Behavior, Temperature Variations of Para-
meters, Life Stabil ity of Germanium Tunnel Diodes,
Life Stability of Gallium Arsenide Tunnel Diodes, Radia-
tion Effects.

MICROWAVE OSCILLATORS 66

Circuit Analysis, Operation Below Self-Resonance' Oper-
ation Above 

-Self-Resonance, 
Power Output, Distributed-

Circuit Oscillators, Output Loading, Frequency Locking'
Parallel Oscillators, Design Example.

MICROWAVE AMPLIFIERS .......... 82
Amplifier Circuits, Gain Bandwidth, Noise Figure, Sta-
bility, Dynamic Range, Measured Results.

MICROWAVE CONVERTERS 94
Equivalent Circuit, Conversion Gain, Bandwidth, Spuri-
ous Oscillations, Noise Figure, Experimental UHF and
Microwave Converters.

HIGH-CURRENT DEVICES . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  102
Inverter Circuits, Experimental Circuits, Other Circuits'

NOVEL DEVICES AND CIRCUITS . . . . . . . . . . . . .  . " . . .  118
Tunnel Resistor, High-Frequency Synchronizer, Tunnel-
Diode Indicator, Scale Expander.

MEASURTNG CIRCUITS . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  124
Curve Tracers, High-Current Units, Capacitance Meas-
urement, Precision Measurements, Peak-Current Meas-
urement. Series-Resistance Measurement, Inductance
Measuremeht, Switching-Speed Measurement.

TECHNTCAL DATA ..... 143

DEFTNTTTONS . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  151

INDEX """" 153

Copyright 1963 by Radio Corporation of America
(All Rights Reserved)

33

Trade Mark(s) Registered

6 Marca(s) Registrada(s)

5-63
Printed in U.S.A.



RCA Tunnel Diode Manual
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YV HEN the phenomenon of tunneling in a

p-n junction semiconductor diode was first re-
ported, RCA scientists immediately recognized the
importance of this effect for potential use in high-
speed semiconductor devices. Since then, great
strides have been made both in the theoretical un-
derstanding of the tunnel efect in semiconduc-
tors and in its utilization in circuit elements.
Today, tunnel diodes are finding increasing uses
in high-speed switching circuits for computers,
in microwave equipment, and in electronic in-
strumentation.

m
IIIIS manual has been prepared to assist de-

sign engineers in the nractical use of tunnel
diodes. It includes basic theory, construction, and
other general information describing the tunnel
diode. The switching capabil ity of the tunnel
diode is explained in detail, and several represen-
tative circuits are given. Design considerations
for the use of the tunnel diode as a mierowave
amplifier, converter, and oscillator device are ex-
plained in detail. High-current applications and
several unusual tunnel-diode circuits are also in-
cluded, as well as practical circuits for the meas-
urement of important tunnel-diode parameters. The
manual also includes a data section giving ratings
and characteristics for RCA tunnel diodes.
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A. Goldllated fivemil Kovar
leads for ruggedness and
thermal dissipation.
Low-inductance screen con-
nector minimizes pressure
sensitivity and improves
ruggedness.
Rugged junction structure
for extra mechanical reli-
ability.
Expitaxial area for low sat-
uration resistance, high
speed and low capacitance.

TYPICAL B.

RCA TUNNEL
DIODE

c.

D.

o switching times to 75 picoseconds

o peak currents from 1 milliampere
to 220 amperes

o broad application capabilig

o gigacycle switching speeds

o over 40 germanium and gallium
arsenide types available in produc-
tion quantities

ACTUAL SIZE
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m
I HE tunnel diode is one of the most significant electron de-

vices to emerg'e from the research laboratory since the transis-
tor. Essentially smaller and faster than either the transistor
or the electron tube, it offers design engineers a host of out-
standing features. The high switching speed of tunnel diodes,
coupled with their simplicity and stability, makes them par-
ticularly suitable for high-speed comprrter applications. They
can also operate effectively as amplifiers, oscillators, and con-
verters even at microwave frequencies. In addition, tunnel
diodes have extremely low power consumption and are rela-
tively unaffected by radiation, surface effects, or temperature.

The two-terminal nature of the tunnel diode is an important
consideration in circuit design. On the one hand, this feature
permits the design of circuits which are extremely simple,
and thus provides significant savings in size and weight as
well as substantial improvements in reliability. On the other
hand, the lack of inherent isolation between input andr, out-
put can be a serious design problem in some applications.
Generally, at frequencies below the microwave region transis-
tors are a more practical and economical choice than tunnel
diodes. At microwave frequencies, however, tunnel diodes have
several important advantages over transistors, and are highly
competitive with other high-frequency devices such as miero-
wave tubes, parametric diodes, and masers.

GENERAL DESCRIPTION

A tunnel diode is a small two-terminal device containing a
single junction formed by heavily doped semiconductor ma-
terials. It differs from other p-n junction diodes primarily
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because the doping levels are from a hundred to several thou-
sand times as high. For example, the doping level in conven-
tional microwave detector diodes is in the order of 1016 to
1017 atoms per cubic centimeter, whereas the doping level in
tunnel 'diodes is in the order of 10re to 1020 atoms per cubic
centimeter. The high impurity concentrations in both the
n-type and p-type materials of tunnel diodes result in an ex-
tremely thin depletion region at the junction (approximately
0.000001 centimeter). The tunneling effect which occurs at
this junction produces the unusual current-voltage relation-
ship and high frequency capability of the tunnel diode.

Fig. 1 compares the current-voltage characteristic of a
tunnel diode with that of a conventional rectifier diode. In
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Fig. 1. Current-voltage characteristics for tunnel
diode and conventional rectif ier diode.

the rectifier diode, forward current does not begin to flow
freely until a forward-bias voltage in the order of half a volt
to a volt (depending on the semiconductor material) is ap-
plied. For conventional diodes, this forward voltage is some-
times referred to as the "offset" voltage. In the reverse-bias
direction, the conventional diode has high resistance to current
flow until the "breakdown" region is reached. The tunnel
diode, on the other hand, is much more conductive near zero
bias; appreciable current f lows when small bias is applied in
either the forward or reverse direction. Because the active
region of tunnel diodes is at a much lower voltage than con-
ventional devices, tunnel diodes are extremely low power de-
vices.

As forward bias on the tunnel diode is increased, the cur-
rent reaches a sharp maximum (peak), then drops to a deep
minimum (valley), and finally increases exponentially with
voltage as in the rectifier diode. The drop in current with
increasing positive bias results in the negative-resistance
characteristic of the tunnel diode. This property enables the
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tunnel diode to convert
circuit energ:y, and thus
oscil lator.

The differences in operating characteristics of conven-
tional diodes and tunnel diodes can only be clearly explained
in terms of the energy-band concept in semiconductors. The
following sections describe qualitatively the theory of energv
bands in semiconductors, conventional n-p junctions, and tun-
nel n-p junctions.

ENERGY BANDS IN SEMICONDUCTORS

According to atomic theory; a sing:le,isolated atom con,
sists of a positively eharged nucleus surrounded by one or
more electrons. These electrons can have only certain discrete
energies. The number of electrons and the energy levels they
occupy depend on the particular element, e.g., germanium has
thirty-two electrons occupying four specific levels. The first
three levels contain, respectively, two, eight, and eighteen
electrons, all of which are tightly bound to the nucleus. The
fourth, and highest, energy level contains four electrons which,
because of their high energy and the shielding action of the
first three levels, are only loosely bound to the nucleus. In
the case of germanium, it is these four electrons which gen-
erally enter into chemical reactions and which interact with
other germanium atoms to form covalent bonds with adjacent
atoms. These four electrons are called the valence electrons.

A semiconductor is a crystalline solid in which the in-
dividual atoms occupy fixed positions in a regular pattern.
Because the atoms are so closely spaced, the discrete energ'y
levels associated with each atom merge into "bands" of al-
lowed energies, separated by "forbidden" regions. This energy-
band eonfiguration actually determines whether a material is
a semiconductor, conductor, or insulator.

The energy band which contains the valence electrons is
called the valence band. Electrons in this valence band, as
well as in the higher energy bands, are not confined to any
particular atom but are free to wander through the valence
bands within the entire crystal. In the absence of any outside
sources of energy such as thermal excitations, the valence
electrons exactly fitl all the possible states in the valence band.
Under this idealized condition, no net current can flow, and
the crystal is a perfect insulator.

The valence band is separated from the next higher band
of allowed energies (the conduction band) by a forbidden re-
gion; this region is so called because it has no states for free

5
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electrons. The forbidden region between the valence batrd and
the conduction band is called the energy gap. This gap rep-
resents the minimum excitation energ:y necessary to move an
electron from the valence to the conduction band. When an
electron is moved from the valence to the conduction'band
(e.g., through thermal excitation), the crystal is no longer an
insulator. Because the conduction band has many empty states
avdilable to the free electron, the electron can now be ac-
celerated readily by an applied field. This energ:y-level con-
dition represents the basis of conduction by electrons.

At the same time, the empty state left in the valence band
(as a.result of the removal of an electron) permits'abcelera-
tion of the valence electrons. This empty state ean be consid-
ered to be a "hole", or an absence of an electron in the valence
band, and its effect is equivalent to that of a single positive
charge. This acceleration of electrons within the valence band
is called hole conduction. In general, current in a solid can
be conveniently treated as motion of electrons in the conduc-
tion band and of positively charged holes ln the valence band.

The width of the energy gap determines whether the solid
is a semiconductor, conductor, or insulator. The energy-band
diagrams shown in Fig. 2 indicate the difference in band gap

ENERGY GAP

( o l

Fie.2. Energy-band diagrams for
(b) a semiconductor, and

(a) an insulator'
(c) a conductor.
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VALENCE BANO
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and"free canier ,concentration between an insulatorr & s€rni-
conductor, and a conductor material. In this figure, the ordi-
nate represents the total energy (potential plus kinetic) of the
electron, and the abscissa represents distance in one direction
in the crystal.

As shown in Etg. 2a, the forbidden region of the insulator
is so large that valence eleetrons cannot move to the conduc-
tion band except in the presence of extremely strong external
energ'y sources; hence, the valence band remains filled and the
conduction band is empty.

The semiconductor has a small enough gap so that thermal
motion results in an appreciable number of electrons in the
conduction band and holes in the valence band, as shown by
Figure 2b. In most semiconductor materials, the energy gap
E, ranges from a few hundredths of an electron volt to about
three electron volts. For example, the energy gap for ger-
manium is 0.7 ev, 1.1 ev for silicon, and 1.4 ev for gallium
arsenide. In conductors, there is no energy gap, and the con-
duction and valence bands overlap, as shown in Fig. 2c. As
a result, significant electron flow occurs with only a small
amount of applied energy.

The discussion above concerns only pure, or intrinsic,
semiconductors. In such semiconductors, every electron in tlre
conduction band is accompanied by a corresponding hole in
the valence band. However, in the case of transistors and other
semiconductor devices, a large number of free carriers (either
electrons or holes) is produced by the controlled addition of
small amounts of certain impurities.

For example, if an impurity such as arsenic which con-
tains five valence electrons is substituted for a germanium
atorir, only four of these electrons are used to form the covalent
bond. The remaining electron is free and is readily excited
into the conduction band. Instead of leaving a hole behind in
the valence band (as occurs when an electron is thermally ex-
cited into the conduction band), the loss of this free electron
to the conduction band ionizes the arsenic atom, i.e., the arsenic
atom gives up its extra electron and becomes positively charged.
Because of the small activation energy needed to ionize ar-
senic, practically all such donor atoms are ionized at room
temperature. Such a material is referred to as an extrinsic
n-type semiconductor; the energy-band diagram for such a
material is shown in Fig. 3a. In the diagram, the plus signs
in the valence band represent the few holes created by thermal
excitation of electrons into the conduction band. As shown,
the total number of electrons in the conduction band equals
the sum of the donor atoms plus the holes in the valence band.



8

As a result, the €ntire
trically neutral.

RCA TUNNEL DIODE MANUAL

semiconductor crystal remains elec-
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Fig. 3. Energy-band diagrams for extrinsic n-type
and p-type semiconductors.

Fig. 3b shows the energy-band diagram for an exttinsie
p-type semiconductor material, €.8., germanium doped 'with

gallium. In this case, each impurity atom substituted for a
germanium atom has one less valence electron than the ger-
manium. The missing electron needed to complete the covalent
bond is then takeu from a neighboiing germanium atom. As
a result, the gall ium atoms acquire an extra electron, and thus
become negatively ionized (acceptor atoms). The electrons
which were used to complete the bonding leave positively
charged holes behind them. The small number of electrons in
the conduction band represent those electrons that acquired
enough energy through thermal agitation to leave the valence
band. The total number of holes in the valence band equals
the sum of the acceptor atoms plus the electrons in the con-
duction band. As a result. the semiconductor again remains
electrically neutral.

CONVENTIONAL JUNCTIONS
Semiconductor p-n or n-p junctions are frequently formed

by alloying or diffusing a dopant material into an oppositely
doped semiconductor. For example, indium, an acceptor' can
be alloyed to germaniurn which is doped with arsenic, a donor.
Alternately, arsenic may be diffused into germanium which is
doped with gall ium, an acceptor. In either case, a junction is
formed between the n-type and p-type regions of the semi-
conductor.

The current-flow mechanism across this junction is shown
in Fig. 4a. This representation shows an n-type semiconductor
containing a large number of donors, and a p-type containing
a large number of acceptors.

@ @ o @ @ @ @  @
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Fig. 4. Two-dimensional representation of charges
in n-p semiconductor (a) at zero-bias volt-
age and (b) corresponding energy-band dia-
gram.

The transition region from n- to p:type semiconductors
consists of a dipole layer formed by immobile negatively
charged acceptor atoms (riot compensated by holes) and posi-
tively charged donor atoms (not neutralized by electrons). The
electric fleld associated with this dipole layer is very high
(in the order of 10000 volts per centimeter), Because of this
high. field intensity, any free carriers (i.e. mobile) cannot ie-
main in this region, but must either recombine or be swept
across the junction and away from the transition region. This
transition region is frequently referred to as the depletion
layer or space:charge region.

Fig.4b shows the corresponding energy-band diagram for
the junction under zero-bias voltage. The energy gap E, is
the same on both sides of the junction, but the potential en-
ergy for electrons on the p-type side is increased with respect
to the n-type side. The resulting potential barrier (En) results
from the presence of the dipole layer of the transition region.

As a result of their random motion, some electrons ap-
proach the junction from either side. Because of the much
larger number of mobile electrons on the n-type side, propor-
tionally more electrons approach the junction from that side.
If there were no potential barrier, these electrons would cross
into the p-type side, until ultimately a uniform distribution of
electrons would exist throughout the semiconductor. How-
ever, because of the potential barrier, only those few electrons
having thermal energy greater than Es can actually cross the
junction. Thus, a small but finite current exists due to the
diffusion of electrons from the n-type to the p-type material'

TRANSITION
REGION

ELECTRONS + HOLES

@ @ @ i @

-)-/ | I
VALENCE BAND
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On the p-type side, some of the thermally generated elec-
trons in the conduction band difuse towards the junction. The
direction of the eleetric field accelerates these electrons across
the junction and into the n-type side. This current exactly
counterbalances the diffusion current from the n-type to the
p-type side; thus the net electron current is zero. The same
conditions apply to the flow of holes in both directions across
the junction. As a result, the net current is zero, as expected
with zero applied voltage.

When a negative-bias voltage is applied to a conventional
n-p junction, the energy level of electrons in the p-type ma-
terial is further increased by the negative potential supplied
by the voltage source. As shown in Fig. 5a, the position of
the p-type energy bands is then considerably higher than that
of the n-type bands. This change in energy level effectively
increases the height of the junction barrier, and reduces the
diffusion of electrons from the n-side across the junction to
a negligible amount. Because electrons always seek the low-
est energ'y level, the small number of electrons in the conduc-
tion band of the p-type material continue to cross the junction
as before. The higher potential barrier serves to accelerate
these electrons even more than for the zero-bias case. Simi-
larly, the diffusion of holes from the p-type to the n-type side
is reduced to practically zero, while the hole current from the
n-type to the p-type side of the junction is not affected. The
net result is a small amount of reverse current, as shown by
point A on the current-voltage curve of Fig. 5.

H  ! t  P
I r
l ) +
i '/r-  - ' -  -  r l

# l

+  +  +  + + +
+  +  +  +  + +
+ + + + + +

i ,ruNcfloN
F-BARRITER

Fig. 5. Energy-band diagrams for conventional
diode under (a) reverse-bias conditions and
(b) forward-bias conditions.
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Under positive-bias eonditions, the height of the potential
barrier is reduced, as shown in Fig. 5b., The flow of electrons
from the p-type to the n-type side, and of holes from the,n-Wpe
to the p-type side, remains unchanged. However, the lower po-
tential barrier permits a larger diffusion current to flowr (i.e.,
electrons from the n-side eross to the p-type side and,holes
from the p-side cross to the n-type side). Because this'diffusion
current is an exponential function of barrier height, even,'small
applied voltages result in a very large forward current, as
shown by point B on the current-voltage curve of Fig. 5.

TTINNELDIODE JT]NCTIONS

As mentioned previously, tunnel diodes use much trigtrer
doping levels than conventional diode or transistor devices,
and, as a result, the transition region is much narrower."Typi-
cally, the transition r€gion in tunndl dioded is less than 100
angstroms, (0.000001 centimeter), as compared with approxi-
mately 10;000 angstroms (0.0001 centinieter) for a conven-
tional junction. This difference in width accounts for the
major difference in current-flow mechanism between tunnel
diodes and conventional semiconductor devices.

According to the laws of classical physics, an electron
can not penetrate a potential barrier. It can only "climb over"
the barrier if its energy is greater than that of the barrier.
This concept governs the flow of current across a conventional
junction. However, the theory of quantum mechanics has
shown that there is a small but finite probability that an elec-
tron having insufficient energ'y to climb the potential barrier
can, nevertheless, penetrate it if the barrier is sufficiently
narrow. Moreover, the electron has the same energy after
passing through the barrier as it did before. This phenomenon,
which is called "tunneling", is the basic mechanism goveg4ing
the flow of current for most of the voltage range of iriterest
in circuit applications of tunnel diodes.

Fig.6a shows the energy-band diagram for a tunnel-diode
junction under zero-bias conditions. The cross-hatched regions
represent those energy states in the conduction and valence
bands which are occupied by electrons. The horizontal dashed
line indicates the Ievel to which the energy states on both sides
of the junction are occupied by electrons. At zero applied volt-
age, this'horizontal line is continuous, as shown. Conduction-
band electrons from the n-type side can then tunnel into the
p-type valence band, and the valence-band electrons from the
p-type side can tunnel into the conduction band. The magni-
tude of these two current components is indicated in Fig. 6a

t l
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by the dashed arrows across the junction. Because these com-
ponents exactly balance each other at zero bias, the net cur-
rent is zero.

When a reverse bias is applied, all energy levels on the
p-type side are increased in relation to those of the n-type side,
as shown in Fig. 6b. Because there are then many available
states on the n-side facing the electrons in the p-type valence
band, a large current of electrons can easily flow from the

EMPTY
SPACES

7r'

N

Fig. 6.

(c) (d)

Energy-band diagrams for n-p tunnel-diode
junction at (a) zero-bias voltage, (b) reverse-
bias voltage, (c) peak voltage, and (d) val ley
voltage.
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p-type to the n-type side. This heavy reverse flow is indicated
by the large arrow in the diagram. The current flowing from
the n-type to the p-type side remains the same as in Fig. 6a.

The tunneling phenomenon depends exponentially on the
electric field across the baruier (approximately the total barrier
height divided by the transition region width divided by the
electronic charge). As a result, the reverse current increases
very rapidly for even small voltages. In addition, becausd the
supply of electrons in the p-type valence band is so large, and
because of the large supply of available empty states in the
n-type conduction band facing the electrons, the tunnel diode
is highly conductive for all values of reverse bias (see Fig. 1).

For small forward-bias voltages, the energy level of the
p-type side is decreased in relation to the n-side as shown in
Fig. 6c. In this case the n-type conduction-band electrons are
opposite unoccupied states in the p-type valence band, while
the p-type valence-band electrons are shown opposite the f<ir-
bidden energy gap of the n-type side. The conduction-to-
valence bdnd current thus remains the same as in Fig. 6a
whereas the current flowing in the opposite direction is re-
duced to zero; thus, current flows in the forward direction.

When the forward voltage is increased further, some con-
duction band electrons on the n-type side are opposite the
forbidden-energy gap of the p-type side, and the conduction-
to-valence-band current is reduced. The forward current then
decreases as the forward voltage increases. This current-
voltage relationship accounts for the negative-resistance region
of the tunnel diode. Finally, for a forward-bias voltage equal to
the valley voltage, tunneling completely ceases. The energy-
band diagram for this condition is shown in Fig. 6d.

Forward current flow in a tunnel diode, however, does not
cease completely at the valley-voltage point, as shown in the
current-voltag:e curve of Fig. 6. The small amount of current
in this region, called excess current, is actually a combination
of several phenomena. Some tunneling may still occur as a
result of localized impurity states (not the controlled dopant
impurities) in the forbidden region. In addition, the edges of
the energy-band diagram may be somewhat distorted as a re-
sult of the very high doping levels, so that the valence and
conduction bands extend into the forbidden region at some
points. Furthermore, tunneling and recombination in the de-
pletion layer produce a current component which, unlike the
conventional diode eurrent, exhibits a non-exponential de-
pendence on temperature. At voltages greater than the valley
voltage, the height of the barrier is reduced to a level which
permits conventional current to flow over the barrier.

13
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Fig. 7. Characteristics curves for tunnel rectifier
and conventional rectif ier.

for the device). In tunnel rectifiers, however, substantial re-
verse current flows at very low voltages, while forward current
is relatively small. Consequently, tunnel rectifiers can provide
rectification at smaller signal voltages than conventional rec-
tifiers, although their polarity requirements are opposite. (For
this reason, tunnel rectifiers are sometimes called "back
diodes".)

Because of their high-speed capabil ity and superior recti-
flcation characteristics, tunnel rectifiers can be used to provide
coupling in one direction and isolation in the opposite direc-
tion. More information on their applications is given in the
section on Switching.

CONSTRUCTION AITD MATERIALS
The structure of the tunnel diode is extremely simple, as

shown in Fig. 8. A small dot (approximately two mils in di-

TT]M\ML RECTIFIERS
In addition to its negative-resistance properties, the tun-

nel diode has an efficient rectification characteristic which can
be used readily in many rectifier applications. When a tunnel
diode is used in a circuit in such a way that this rectifieation
property is emphasized, rather than its negative-resistance
characteristic, it is called a tunnel rectifier. In general, the
peak current for a tunnel rectifier is less than one milliainpere.

The major differences in the current-voltage characigris-
tics of tunnel.rectifiers and conventional rectifiers are .shovrn
in Fig. 7. In conventional rectifiers, current flow is substantial
in the forward direction, but extremely small in the reverse di-
rection (for signal voltages less than the breakdown voltage

V
-  coNVENTIONAL RECTIFIER
-  - -  TUNNEL RECTIFIER
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amet€r) of highly conductive
alloyed to a pellet of highly
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p{ype) material is
p-type (or n-type)

n-type (or
conductive

Fie. 8. Structure of typical RCA tunnel diode.

material to form the semiconductor junction. The pellet (ap-
proximately 0.025 inch square) is then soldered into a low-
inductance, low-capaeitance case. A very fine mesh screen is
added to make the connection to the dot, and the junction area
is reduced by etching to produce the desired peak currents.
The device is then encapsulated, and a lid is welded over the
cavity.

Tunnel-diode packages must be designed to provide both
low inductance and low capacitance. This requirement im-
mediately eliminates a large number of possible mounting and
packaging approaches, including all the methods commonly
used for transistors and conventional diodes. The package
shown in Fig. 8 was chosen as a good compromise for both re-
quirements; its junction area is very small, and its inductance
is approximately 4 x 10-10 henry. This induction range is suit-
able for most high-frequency applications. Special packages
have been developed for some microwave applications in which
even lower inductances are required.

Tunnel diodes can be constructed from a variety of semi-
conductor materials, including germanium, silicon, gallium
arsenide, indium phosphide, indium arsenide, and indium anti-
monide. The choice of material is a significant factor in de-
termining the principal parameters of the device. In general,
materials having small forbidden energJr Baps, low effective
masses, and low dielectric constants provide large tunneling
probabilities. These materials permit the use of small junc-
tions and low capacitance for given peak currents, and thus
provide extremely fast switching speeds.

At the present time, most commercially available tunnel
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diodes are fabricated from either gerrnqnium or gallium rar-
senide. The curuent-voltage characteristies :of germanium and
gallium arsenide tunnel diodes are compared in Fig. 9. Ger-
manium devices offer high speed, low noise, and low rise times

VOLTS

Fig. 9. Static characteristics for germanium and .
gal l ium arsenide tunnel  d iodes.

(as low as 40 picoseconds). Gall ium arsenide diodes,,,which
have a larger voltage swing than germanium diodes, are,being
rised in an increasing number of applieations.

Indium antimonide cannot be used at normal room tempera=
tures because of its small bandgap. Indium arsenide presents
fabrication problems which make it difficult to control the de-
sired peak-current-to-valley-current ratio. Silicon presents,the
same problems as indium arsenide, and also produces lower-
s p e e d d e v i c e s t h a n g e r m a n i u m o r g a l l i u m a r s e n i d e .
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CHARACTERISTICS
T)
IfECAUSE of the inherent simplicity of tunnel diodes;

the number of electrical characteristics of interest to circuit
designers is relatively small in comparison to those for elec-
tron tubes or transistors:. The essential static characteristics
are indicated in Fig. 10, which shows the current-voltage
characteristic curve for a tunnel diode., The peak-point for-
ward current,I,, is the value of current at which the slope of
the current-voltage characteristic changes from positive to
negative as the forward voltage is increased. For a given semi-
conductor, I* depends primarily on the resistivity of the crystal

r R  R E V E R S E  C U R R E N T

Fig. i0. Stat ic current:voltage characterist ic of tun-
nel diode.
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and the junction area of the device, and can be closely con-
trolled during fabrication to within a few per cent of the de-
sired value. Tunnel diodes have been made with peak currents
ranging from several microamperes to several hundred am-
peres. The actual value used is determined primarily by the
application, as shown in Table I.

The valley-point current Iv is the current at which the
slope of the current-voltage characteristic changes from nega.
tive to positive as the forward voltage is further increased.
An important relationship between peak current and valley
current is the peak-to-valley current ratio Ir:Iy. This parame-
ter determines the current swing of the device, and is par-
ticularly critical for computer-switching applications. This
ratio is typically ten to one for germanium tunnel diodes, and
twenty to one for gallium arsenide tunnel diodes.

The peak vol,tage Vp and the valley voltage Vy are the
voltages at which the peak current and the valley current, re-
spectively, occur. These voltage parameters are determined
primarily by the type of semiconductor material used in the
tunnel diode. (For high-current diodes, the peak voltage can
also be substantially affected by the voltage drop across the
series resistance of the diode.)

Voltages in the forward region greater than the valley
voltage are designated by the symbol V*. The forward voltage
for which the current is equal to the peak current value is
called the projected peak voltage Vp". The symbol V.' desig-
nated the forward voltage at which the current is equal to the
maximum specified peak current, i.e., the upper tolerance limit
on the rated peak current value.

The dynamic (or small signal) characteristics of tunnel
diodes are defined with respect to the tunnel-diode equivalent
circuit shown in Fig. 11. The most important of the dynamic

Small-signal tunnel-diode equivalent circuit.

TABLE I
Application

Tunnel Rectifier
Amplifier
Computer Switching Element
Oscillator
DC-to-AC fnverter
High-Current Switch

Peak Current Range
0.1 to 1 ma
0.6 to 2 ma
2 t o 6 0 m a
5 ma to 1 ampere
above 1 &mpere
above 1 ampere

Fig. 11.
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characteristics is the junction resistance R, of the tunnel-diode,
which is determined from two measured parameters, as fol.lows:

n,- {  n ., d I

where dV/dI equals the inverse slope of the current-voltage
curve and R" equals the series resistance of the diode.

The current-voltage characteristic has an inflection point
in the negative-resistance region. At that point, the magnitude
of the negative resistance is a minimum and is inversely pro.
portional to the ,diode peak current, as shown by .,':

R-to = ' l  v t
" i  

lntn 
:  

Ie
( 2 ) '

where V1 is a voltage which is characteristic of the seinicon-
ductor material. The peak current is the product of tunnel-
current density at the peak point Jn and the junction area A1.
The tunnel-current density is a very sensitive function of ma-
terial properties (e.g., impurity eoncentration or crystal re-
sistivity) and fabrication techniques (e.g., alloying time and
temperature). As a result, Jn is very difficult to control during
fabrication. The value of Ip (or R-ro) must be adjusted by in-
dividual etching of each diode to its final junction area. The
junction capacitance is not nearly so sensitive to material
properties or fabrication techniques, but it is directly propor-
tional to junction area. As a result, the etching process can
be used to provide very tight tolerances on peak current, but
the junction capacitance is not controlled so closely.

The series resistance can be considered as the resistance
of the semiconductor wafer. In a well fabricated diode, the
value of the ratio R":R-ro is often less than 0.05; however, it is
difficult to maintain this ratio in the fabrication of high-
frequeney diodes.

The series inductance L" is a property of the diode case
(particularly the lead connecting the upper electrode of the
diode to the case), and is influenced by the circuit in which
the diode is used. The diode junction capacitance C; is the
small-signal eapacitance asSociated with the p-n junction alone

Measuring Circuits.)
A small-signal analysis of the tunnel-diode equivalent cir-

cuit determines several parameters which are useful in the

19
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selection of tunnel diodes for different applications. The fre-
quency limitations of the tunnel-diode junction alone are de-
termined by the diode capacitance and R-1o. This frequency
capability can be described in terms of a figure of merit f"
which is given by

'Ihe figure of merit has two very useful interpretations for neg-
ligible series resistance; it is the maximum value of the diode
gain-bandwidth product for linear circuits, and its reciprocal
determines the minimum diode switching time when the unit
is used as a logic element.

The combination of Eqs. (2) and (3) results in the rela-
t ionship:

(3)

'"=(#) (4)(a)
where the first term is a constant for a given semiconductor
material. The second term (I./Cr) is, therefore, a direct meas-
ure of the diode speed capability. This parameter is frequently
referred to as the diode speed factor or speed index, and is
usually expressed in units of milliamperes per picofarad.

The frequency f" should not be confused with the resistive
cutoff frequency f"o which represents the frequency at which
the diode no longer exhibits negative resistance for a specified
bias. When the bias is adjusted so that f"o is a maximum, its
value is given by

f"o max :
2zR-roCj

provided that R-,, is greater than or equal to 2 R". If R.ro
is less than 2 R*, then the bias must be adjusted so that the
absolute value of R, is equal to 2 R" to obtain the maximum
oscil lating frequency.

Another quantity of interest in some applications (par-
ticularly amplifiers and oscillators) is the self-resonant fre-
quency f"o which is given by

(5)

lTet
/  L ,  

- 1 (6)

R-to

R"
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This frequency is a maximum when R; equals R-to. The self-
resonant frequency is significant because at operating fre-
quencies below f,o, the reactance of the diode is capacitive;
above self-resonanee, it is inductive.

CIRCUIT BEHAVIOR

Further analysis of the small-signal equivalent circuit of
Fig. 11 also provides useful application information. The
operation of a tunnel diode as a stable amplifler, sinusoidal
oscillator, relaxation oscillator, or switch is determined by
the values of R", R, C;, L", and R1, where R is the magnitude
of the negative resistance (usually its minimum value, R-ro)
and R" is the external resistance. The conditions which must
be satisfied for the different operating modes are shown in
Fig. 12. This chart is plotted in terms of the following parame-
ters:

D J Drls I  r l l

R

p: (R" + RL) RCj

2L

(7)

(8)
L"

P: 
(R"iIL) rcl

Tunnel-d iode performance chart .Fie. 12.
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The value of cc determines whether or not the diode op-
erates as a switch. IVhen c is greater than 1, the load line,can
intersect the current-voltage characteristic at two stable,points,
as shown in Fig. 13. The diode then acts as a bistable switch.

Fie. 13. Tunnel-diode chart.

When cr is less than 1, the diode can be used as an oscillator
or amplifier, depending on the values of both c and p. Be-
cause this chart is based on a small-signal analysis, the relation-
ships between R", R, L" and C do not apply for the steady-state
case of an oscillator. Under steady-state conditions, however,
the negative resistance has an effective value, R', such that
F = t. For this condition, the actual frequency f of a sinusoidal
oscil lator becomes

f - 1 I L
2trR'Ct y' (R" * n") (R'Cj)2

and because F = l, this equation may be simplif ied as

(e)

follows:

(10)-  1  l l  R " ,
t :  . . . . . . . . ' . . '_ l -  -  -- 

Ztr 
/ ",", 

L,2

TEMPERATT]RE VARIATION OF PARAMETERS
To some extent, all electrical parameters of the tunnel

diode are affected by temperature variations. In general, the
tunneling region of the current-voltage characteristic curve is
least affected; the greatest temperature variations occur in
the injection region.

The temperature dependence of the peak current of tunnel
diodes is a function of the carrier concentration of the crystal
used.l Fig. 14 shows peak current of a germanium tunnel
diode as a function of temperature for different values of p-
region carrier concentration. As the doping density is in-
creased, the temperature coefficient changes from negative to
slightly positive. Thus, tunnel diodes having excellent peak
current-vs.-temperature characteristics can be produced by
proper choice of carrier concentration.

load-l ine
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Because the diode speed index (lp/C) is a sensitive func-
tion of, earrier concentration, it is not always possible to
achieve a desired tempeiature response consistent with a speed

agrca
4.8 mo /pf

Fig. 14. Percent change of peak current as a func-
tion of temperature for different values of
carrier concentration and speed index.

index required for a given application. Fortunately, the tem-
perature coefficient of high-speed germanium tunnel diodes is
small near room temperature. Fig. 14 also shows the diode
speed index corresponding to each value of carrier concentra-
tion. Fig. 15 shows typical variations in peak current with
temperature for germanium type RCA IN3855.

4!4b

Fie.t5. t",np"r.trTStt5i#YJ[*""t tunnel-diode
peak current.

Peak voltage is not greatly affected by temperature varia-
tions. This parameter has a small negative coeffieient, and is
slightly dependent on the peak current of the diode. For ex-
ample, the peak voltage of a 50-milliampere germanium diode
having a carrier concentration of about 7.0 x 101e per cubic
centimeter changes by approximately 2 millivolts from 0 to
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100 degrees centigrade, or about 20 microvolts per degree. For
a five-milliampefe diode having an average carrier concentia-
tion of 3.5 x 101e per cubic centimeter, the peak voltage changes
approximately 4 millivolts from 0 to 100 degrees centigrade; or
about 40 microvolts per degree. The slight dependence on
peak current may result from the fact that the measured peak
voltage V* is composed of two components, as follows:

V p =  V p o + f p R " (11)

where Vpo is the inherent peak voltage of the diode and IpR"
is the voltage drop across the series resistance. Because peak
current is temperature-dependent, as discussed previeusly,
temperature variations of the peak current also affect the'peak
voltage. Fig. 16 shows typical variations of peak voltage as
a function of temoerature.

t N 3 l5 5

I N 3 { 60

t N 3 t52
l N 3 l

-20 0 zo 40 60 80 loo
TEMPERATU RE_  oC

Fig.  16.  Temperature coef f ic ient  of  tunnel-d iode
peak voltage.

Valley current has a higher temperature coefficient than
other tunnel-diode parameters, and the coefficient itself in-
creases with temperature. For example, the valley current of
several five-milliampere germanium tunnel diodes doubles in
value from -35 to 100 degrees centigrade, as shown in Fig.
17. This parameter is only slightly dependent on carrier con-
centration.
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TEMPERATURE_"C

F i g . 1 7 . T e m p e r a t u r e c o e f f i c i e n t o f v a | | e y c u r r e n t .

As shown in Fig. 18, the valley voltage has an apprbxi-
mately linear negative temperature coefficient which ranges
from -0.8 to -0.9 rnil l ivolts per degree centigrade.

TEMPERATURE-"c

Fig. 18. Temperature coeff icient of tunnel-diode
valley voltage.

The forward voltage region also exhibits a negative tem-
perature coefficient. The projected peak voltage V"p has a
linear negative temperature coefficient of approximately 1.0
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millivolt per degree centigrade, as shown in Fig. 19. This
parameter is slightly dependent on peak current and doping
density. For example, typical 50-milliampere germanium diodes

(l*"

(t"o

(t'.

Qu".'

4 0 0 L
- 4 0

TEMPERATURE-CC

Fig. 19. Temperature coefficient of tunnel-diode
projected peak voltage.

may have a temperature coefficient for forward voltages as
low as -0.9 millivolt per degree centigrade; a five'milliampere
unit may have a typical coefficient of -1.1 millivolts per degree
centigrade. This variation results partly from the method by
which the forward-voltage point is defined and measured. Be-
cause V*" is measured at a current equal to the peak current,
it is measured at correspondingly lower current levels when
the peak current decreases with increasing temperature. (For
purposes of comparison, the temperature coefficient of conven-
tional germanium diodes is in the area of 2.5 millivolts per
degree centigrade; this rating is much poorer than that of
tunnel diodes.)

Because such devices as tunnel rectifiers are operated in
the reverse-bias region, it is also important to consider the
temperature coefficient of the reverse characteristic. Fig. 20
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shows the per,cent change in reverse voltage with a constant
reverse-current bias. As shown, the total change over the entire
temperature range is less than one per cent

TEMPERATURE_OC

Fig. 20. Temperature coefficient of tunnel-diode
reverse voltage.

LIFE STABILITY OF GERMANIT]M
IT]NNEL DIODES

Accelerated life tests at RCA have shown no inherent fail-
ure mechanisms for germanium tunnel diodes. Figs. 21 and, ZZ
show results of long-range tests on type INgl2g diodes. The only
deviations in characteristics were slight increases in valley
current and slight decreases in valley voltage. In general, the
results of shelf-life tests at 100 degree centigrade were also
very favorable, as were operating life tests within reasonable
dissipation limits.

An accelerated life test was conducted to determine,the
long-term stability of the peak current of germanium tunnel
diodes. In this test, three types of diodes were operated. at 2E
degrees centigrade, and at average currents several times the
specified peak currents of b0, 2E and, b milliamperes, respec_
tively. Equipment having an accuracy better than O.Zf per cent
was used for measuring peak and valley currents. Voltage
measurements were accurate to within one per cent.
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. , After 5000 hours of testing, no open or short circuits oc-
curred in any of the units. All five-milliampere diodes, as well
as 80 per cent of the 25- and 50-milliampere units, had a peak-
current stability of -f 1 per cent or better. None of the units
changed more than -r 1.5 per cent in peak current. Average
peak-current changes for the five-, 25-, and 50-milliampere
types were 0.13 per cent, 0.56 per cent, and 0.70 per cent, re-
spectively. Changes in peak voltage averaged less than one
mill ivolt.

o 2 4 6 8 r O l Z

r

I ^

TIME_THOUSANDS OF HOURS
Fig. 21. High-stress l i fe test results for lp and lv

of pre-aged RCA 1N3129.

TIME_THOUSANOS OF HOURS

Fig. 22. High-stress life test results for Vn, Vp, and
Vv of pre-aged RCA 1N3129.

All units that had an initial peak-to-valley current ratio
greater than 10:1 remained at that ratio after 5000 hours of
testing. However, the valley current for a few of the 25-milli-
ampere diodes having an init ial ratio of less than 10:1 changed
significantly. The average decrease in current ratio for the
5O-milliampere and 25-milliampere diodes was 0.9 (for example,
from 9.8:1 to 8.9:1). The average ratio for the five-mill iampere
diodes decreased by approximately 0.5.

Valley-voltage and forward-voltage changes were found
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to be inversely proportional to the valley-curreht changes;
howev€r, the percentage change in valley and forward volt-
age was not as great as that of the valley current.

Ih another precision life test, high-speed units (50 milli-
amperes, seven pieofarads) operated at accelerated dc condi-
tions (average current several times the peak current) showed
somewhat greater changes in peak and valley currents. After
4000 hours, some units exhibited peak-current degradations
up to three per cent. In this life test, the power level used
was about five times that normally encountered in typical logic
circuits such as monostable amplifiers or gates.

LIFE STABILITY OF GALLITJM
ARSENIDE TTJITNEL DIODES

" As previously mentioned, gallium arsenide tunnel diodes
ofer several advantages over germanium devices. For ex-
ample, they provide a voltage swing twice the size of that
available with germanium. In addition, because the power
output at a fixed impedance level varies as the square of the
voltage swing, the power output of gallium arsenidc devices
is about four times that of germanium tunnel diodes having
the same negative resistance. When gallium arsenide diodes
are operated at high current levels in the forward-injection
region, however, serious degradation of the peak current can
occur if certain operating limitations are not considered. This
degradation, which is believed to be the result of the energy
associated with the recombination of injected minority car-
riers,2-r is characterized by decreases in peak current, de-
creases (or increases) in valley eurrent, and small changes in
capacitance and voltage.

No degradation has been observed during operation of gal-
lium arsenide diodes in the reverse region or in the tunneling
region. For example, 5-milliampere units have been operated
at a reverse current of 50 milliampeies with no noticeable
degradation after 2000 hours. Operation in the negative-
resistance region (as an oscillator) produces no degradation
even at temperatures up to 150 degrees centigrade. When the
diode is operated as a relaxation oscillator and the signal
swing is quite large, however, the resultant excursions into
the forward region may result in degradation unless the pre-
cautions described below are observed.

The degradation rate depends on the peak-current-to-
capaeitance ratio (I*/Cr) and the forward voltage, as well as
on the forward current. For example, b0-milliampere units

29
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were operated at three different current levels (10, 25, and 50
milliamperes) in the forward' region. After 800 hours, the
units operated at ten milliamperes showed no degradation;
the units operated at 25 milliamperes showed degradation of
one to five per cent, and the units operated at 50 milliarpperes
showed degradation of 5 to 25 per cent. In addition, units hav-
ing the highest speed ratio showed the greatest degradation.

On the basis of extensive life data5, a limiting condition
Jor safe dc operation of diffused gallium arsenide tunnel diodes
at room temperature has been empirically established., This
condition is given by

+ 
= 0.5 ma/of (12)

E

F
z
U

f,
I
Y

U

where I is the average current in milliamperes and C1 is the
junction capacitance in picofarads. When the above condition
is satisfled, degradation is negligible for any given operating
conditions beyond the valley voltage. Fig. 23 shows the re-
sults of testing of two tunnel diodes under these conditions.

TIME _ HOURS

Fig. 23. Typical l i fe stabil ity of RCA gall ium arsenide
tunnel diodes.

These tests were still in progress during the publication of
this manual.

The limiting condition is applicable for both tunnel rec-
tifiers and tunnel diodes. In addition, it applies to high-current
diodes which are operated at less than the peak current in the
forward region, as well as to low-current units operated at
currents greater than the peak current.

TEST IN PROGRESS
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MDIATION EFFECTS

Recent tests have shown that tunnel diodes are several
orders of magnitude more resistant to nuclear radiation than
bipolar transistors. The principal reason for this high re-
sistanee to radiation damage is that the tunnel diode is a ma-
jority-carrier device. As a result, its electrical characteristics
are virtually independent of minority-carrier life times. The
operation of the bipolar transistor, on the other hand, depends
on minority-carrier life time. The high-energy particles intro-
duced by radiation can seriously reduce life times of minority
carriers and thus degrade transistor performance.

fn a series of tests, ten tunnel diodes (six germanium and
four gallium arsenide) were subjected to heavy doses of radia-
tion. The data from these tests show that the parameter most
affected by radiation is the valley current, which increased sig-
nificantly at dosage levels of 1012 nvt (neutrons per square
centimeter). This rise in valley current is believed to be a re-
sult of the additional energy states within the bandgap of the
device which are formed by the neutron bombardment. The
current increase is linearly dependent on the total integrated
flux. As shown in Table II, the increased valley current re-
duces the peak-to-valley current ratio as radiation is increased.
The tests also indicated that peak eurrent is relatively un-
affected by radiation, as shown in Table III.

TABLE II

BADIATION EFFECTS ON PEAK.TO-VALLEY RATIO

Sample Initial
No. I"fiv

Dose necessary to reduce h/Iv
(nvt x 106)

0., !A 0t! !/k- 0.5 rP/rv

6.06 22.2 80I

2

3

4

D

6

6.4

6.6

?.8

6.8

6.1

3.6

31

Ge

7.0

4.1

4.L

4.1

8.5

34.0

22.0

23.0

36.0

84.0

150

o t

100

726

165

GaAs 6.8

6.0

23.9

19.6

5.4

5.4

2.7

1.1

18.0

18.0

13.0

9.0

7

8

9

10

L7

OD

37

38
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TABLE III
RADIATION EFFECTS ON PEAK CURRENT

Dose necesary !o.
change h by 549

(nvt x 10'")

Sample

No.
Critical

Ip (ma)

87.0

79.0

38.9

36.6

26.2

16.4

1

2

3

4

5

6

1.63

1.35

1.52

7.20

7.52

2.89

GaAs 7

8

o

10

REFERENCES
1. A. Blicher; R. Glicksman, R.

M. Minton, "Temperature De-
pendence of the Peak Current
of Germanium Tunnel Diodes",
Prob. IRE, 49, 9, p. 1428,
Sept. 1961.

2. R. D. Gold and L. R. Weisberg,
"The Degradation of GaAs
Tunnel Diodes". IRE Tran. on
Elect. Deoices, ED-8, August
1961.

3. R. L. Longini, "Rapid Zinc

4.0

4.3

bD.U

53.0

2.75

2.75

t .4 l

0.76

Difrusion in Gallium Arsen-
ide", Solid State Electronies,
5, p. 127, \{ay-June, 1962. ,
H. J. Henkel, "Aging: . Phe-
nomena in Gallium Arsenide
Tunnel Diodes", Z lur Naturf .,
17a,  p .  358 (1962)
A. Pikor, G. Elie, R. Glicks-
man, "Some Factors Afrecting
the Degradation of GaAs Tun-
nel Diodes", Journal df',.fr\,ec'
trochemical Society.

4.

D .



SS/ITCHIi\G
T)
DnCeUSn of its high frequency capabilities and small

power requirements, the tunnel diode exhibits excellent switch-
ing characteristics. At the present time, tunnel diodes are being
widely used as ultra-fast rise-time pulse generators and in
ultra-fast counter circuits. They are also especially promising
for digital-computer applications in which they offer speeds
up to several hundred times faster than those available with
transistor circuits. If speeds equivalent to those of transistors
are satisfactory, tunnel-diode circuits can be designed which
require only a small fraction of the power consumption of the
best transistor micro-power circuit.

SWITCJIING THEORY

FiS.24 shows a simple tunnel-diode switching circuit which
has a high-impedance input and a constant load resistance.
The load line for this circuit and its intersections (points I
and 3) with the typical tunnel-diode characteristic curve are
shown in Fig. 25. When the power is first turned on, point 1

Tunnel-diode switching circuit
linear resistance.

33

Fig.24. loaded with
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is the circuit operating point. When a step input of current
AIlo is applied, the load line shifts, as shown by the dashed

Fig.25. Tunnel-diode characterist ic with switching
load l ine .

line, in Fig. 25, and the operating point switches from point 1
to point 2. The forward-current gain G for the circuit is the
ratio between the increase in current to the load (Iou,, - Iootr)
and the increase in the input current (AIi"),  as fol lows:

T  _ T
G _ ^out2 ^ourl

AIio (13)

Because the value of Ioo,, - Iootr can never be greater than the
value of AIio + Ip - Io, the maximum current gain G."" is
given by

G-u" =1 * 
I;;:

(14 )

Eq. (1a) indicates the importance of a large peak-to-valley-
current ratio in the determination of the ultimate gain of
tunnel diodes.

The switching speed of a tunnel diode is determined pri-
marily by its junction capacitance and negative resistance. In
the equivalent circuit shown in Fig. 11, the series resistance R"
and the junction resistance R; determine the static characteris-
tic of the tunnel diode. The series inductance L- and the junc-

tion capacitance C; together with R" and R5, Iimit the transient
or switching response. The series resistance is generally neg-
ligible in switching; if spurious oscil lations and recovery time
are not considered, the series inductance may also be neglected

I



SWITCHING

in the determination of rise time or switching speed. Fig. 26
shows the simplified equivalent circuit for tunnel-diode switch-
ing.

Fig.26. Simplif ied tunnel-diode equivalent circuit.

The junction capacitance C, may be considered to be con-
stant during switching. Therefore, the switching speed or rise
time of the tunnel diode in switching from point 1 to point 2
of Fig. 25 depends solely on the amount of charging current i"
passing through the junction capacitance. This current is the
diference between the input current i to the tunnel diode and
the current i, flowing through R;. The currents i, i", and i. for
a partieular point during switching are shown in Fig. 25. The
rise time t. of the device during switching from point 1 to
point 2 is given by

where  i "  =  i  -  i " :  ( I s  *  A I r " )  - | -  t ,
ILL

The fastest switching is accomplished when a eonstant-
current lead l ine is used (i.e., when R" is very large). Under
these conditions, and if the overdrive is small relative to Ip,
then I* + AIro is approximately equal to I", and Eq. 1b can bl
written as follows:

(v' .rvt" = ci 
+, ," 

(15)

I p - i "

Because under these conditions i" is generally small in com-
parison to In for most of the switching cycle, it can be approxi-
mated as a constant Io. The equation for rise time can then
be simplif ied as follows:

t" = c: ["^
VP

(16)

I"
VP

rc

- t

t ' = C i _ju -  g,  Vr -  V" (12)
I " - I v  ' I " - I o
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The value of Vp, - V'' is approximately 0.5 volt for germanium
and one volt for gall ium arsenide. If the small constant cur-
rent Io is eliminated from Eq. (17), the following useful rela-
tionships can be obtained:

for germanium t" (18)

for gall ium arsenide t" = (1e)

In both these relationships, constant-current load-line switch-
ing is assumed.

Tunnel-diode fall time, i.e., switching time from a high to
a low state, is calculated in a manner similar to that described
above for rise time.
' The series inductance L" has very little effect on rise and
fall t imes, especially if constant-current switching: is used.
However, the series inductance does affect recovery time and,
therefore, limits the maximum repetition rate of switching.
For example, when a tunnel diode is switched from the peak
point to the high-voltage region, the current must then be re-
duced to the valley point before the diode can be switched to
the low-voltage region. The time required to reduce the current
to the valley point is limited by the time constant Ls,/RD, where
Rp is the average value of the diode resistance in the high-
voltage region. The recovery time in the low-voltage region
is affected in the same manner.

MI]LTIYIBRATOR CIRCTIITS

When suitable biasing is used, tunnel diodes may be uti l-
ized in astable, monostable, or bistable modes of operation. The
dc load lines required for these three modes are shown in Fig.
27, and. a circuit for obtaining the required biasing is shown
in Fig. 28. The dc load line I, which intersects the tunnel-diode
characteristic at point A in the unstable negative-resistance
region, provides biasing for the astable mode. Load line II,
which intersects the tunnel-diode characteristics at the stable
point B, provides biasing for the monostable mode. Load line
III, which intersects the tunnel-diode characteristics at the two
stable operating points C and E, provides biasing for bistable
operation (point D is unstable and is not used).

C

2 I ,

C

IP
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Fig. 27. Tunnel-diode characterist ic showing three
basic types of biasing modes.

BIASING
NETWORK

Fig. 28. Tunnel-diode biasing circuit .

Astable Multivibrator
The design of tunnel-diode astable multivibrators or relaxa-

tion oscillators uses the astable biasing mode shown by the
dc load line I in Fie. 27. A circuit of this type is shown in Fig.
29a; V*, and Ru, provide the necessary load line, and induc-
tance L, controls the frequency of operation. Three criteria
must be met for this circuit to perform properly: (1) the dc
load resistance R*, must be less than the minimum negative
resistance of the tunnel diode, i.e., R", ( R-ni (2) the load
line must intersect the tunnel-diode chaiacteristic in the nega-

+Vsg=19 Y9l-15

RI = 2OO OHMS

L=lOO MICROHENRIES

RL= 2oo
OHMS

Fig.29. (a) Basic tunnel-diode astable mult ivibrator
and (b) practical circuit .
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tive-resistance region, i.e., V, ( (Vs, - Io Rr,) ( Vo, where
Io is the static tunnel-diode current; (3) the tbtal inductance
must be large enough so that the biasing point is unstable under
ac conditions, i.e., (L, * L") > (Rr, * R") R-io C,. The high-
est frequency of operation for this type of circuit, therefore,
is l imited by tunnel-diode inductance, capacitance, and nega-
tive resistance.

Fig. 29b shows a practical example of a tunnel-diode astable
multivibrator circuit. The frequency of oscil lation for this cir-
cuit is 100 megacycles. The equivalent dc-load resistance Rs1
is equal to (Rr) x (Rr) divided by (Re * Rr), or 4.825 ohms.
The equivalent supply voltage Vs, is equal to (Vrr) X (Rs)
divided by (Rs * Rr), or 244 mill ivolts.

The linearized tunnel-diode characteristie shown in Fig.
30 illustrates the switching trajectory and allows an approxi-
mate determination of the repetition rate. When L, is assumed
to:be large enough to permit negligible current change during
switching, the switching trajectory given by path ABCD in the

Astable circuit  operation shown on l inear-
ized tunnel-diode characterist ic.

L * _

F ig , JU.



SWITCHING

diagram is obtained. The time during which the tunnel diode
is in the low-voltage state AB is determined by the charging
of Lt through Ror and R"r, as follows:

39

where Re, is the diode resistance in the low-voltage state and
It is as defined in Fig. 30. The time during which the tunnel
diode is in the high-voltage state CD is determined by the dis-
charging time of L., as follows:

L  I r - I o
t . - =  l n -

RB1 + RDl I '  - I"

L  1 2 + I P
t ^ ^ = - l n -

RBr + RD2 12 + Iv

(20)

(2r)

where Ra, is the diode resistance in the high-voltage state and
I, is as defined in Fig. 30. Because these times are much longer
than the time spent in the negative-resistance region, the repe-
tition rate, or frequency f, of the astable circuit is given by

1
+ -  _

+ r +
LAB -T UCD

(22)

Fig. 31a shows the output waveform calculated for the
linearized tunnel-diode astable multivibrator. An actual tun-
nel-diode output appears as shown in Fig. 31b. As shown, the
time spent in the negative-resistance region is very short.

Fig. 31. Astable multivibrator waveforms for (a)
l inearized tunnel diode and (b) actual tun-
nel diode.

Monostable Multivibrator
Tunnel-diode monostable multivibrators may be designed

in a manner similar to that described for the astable multi-
vibrator. Monostable operation is obtained when the biasing

F-lAB-+j<-r
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characteristic or dc load line intersects the tunnel-diode volt-
age-current curve at only one stable point, either below the
peak point or above the valley point, as shown in Fig. 32a. A
typical monostable multivibrator circuit is shown in Fig. 32b;
waveforms for the two modes of biasing are shown in Fig. 33.

(vs2)1 |  (v62)2
__J l r

lo)

Fig. 32. (a) Biasing characteristic and (b) mono-
stable mult ivibrator circuit .

o
INPUT

Fig. 33. Waveforms for tunnel-diode monostable
circuit at (a) biasing below the peak point
and (b) biasing above the valley point.

For proper "one-shot" operation, the input pulse width tio must
satisfy the following relationship :

t ' ( t i " ( t -  1 € g )
where fu is the delay time, or pulse width of the output wave-
form, and t" is the tunnel-diode rise time or switching time.

The pulse width is controlled by the size of the inductance
Lr, the resistance R"r, and the resistance presented by the tun-
nel diode. When the idealized tunnel-diode characteristic shown
in Fig. 34a is used, the approximate pulse width may be cal-
culated for a condition of biasing below the peak-point, as
follows:

^ l

r
i
l /

(b )

tw



SWITCHING

1 2 * I p * I i o (24)
1 2 * I v

where the currents I2, ID, I,o, and Iy are as given in Fig' 34a.
r

Fig. 34a. Monostable operation.

Fig. 34b shows a practical example of a monostable multi-
vibrator circuit which uses biasing below the peak point. This
circuit has a pulse width, or delay time, of five nanoseeonds
and a maximum repetition rate of 70 megacycles per second.
The equivalent dc load resistance RB2 is 9.75 ohms, and the
equivalent supply voltage Vs, is 250 millivolts.

VBB = +IO VOLTS

RI =39O OHMS

L= 80 NANOHENRIES

4I

L,
t * : * " - - l t

4-sr-oee=f;,
/

: r r  +--

\
\
\
\ /
\ /- - i l .

Rtru =5oo
OHMS

Rg=to
OHMS

Fig. 34b. Practical monostable mult ivibrator.

RL. loo  OHMS
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Bistable Multivibrators
Because of their inherent memory capabilities, tunnel

diodes can be readily used in the design of bistable multivi-
brator circuits. Fig. 35a shows a simple tunnel-diode bistable

rsEt

slopE = - Fe;

\  
- - -

___l:

f  rsE l

Fig. 35a. Simple bistable characteristic, circuit, and
waveforms.

(flip-flop) circuit and its biasing and waveform characteristics.
This circuit requires a positive pulse to set the flip-flop and a
negative pulse to reset. A practical example of a set-reset
bistable multivibrator circuit is shown in Fig. 35b. This cir-
cuit has a maximum repetition rate of 200 megacycles per

4OO MILLIVOLTS
TYPE

tN3863

VBB = IO VOLTS

RI=5lo OHMS

I s ercorlnaos
I eF-

SET 
. .

Fig. 35b. Practical set-reset bistable multivibrator
circuit .
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second, an RB resistance of 29.2 ohms, an equivalent load-line
resistance R*, of 2?.5 ohms, and an equivalent supply voltage
Vs, of 542 millivolts.

Fig. 36a shows a flip-flop circuit which can be set and re-
set with pulses of the same polarity. In this circuit, the size
of L3 is determined by a compromise between ease of reset
and recovery time of the circuit. Fig. 36b shows a practical

43

vBg

Fig. 36a. Set-reset flip-flop circuit and waveforms.

example of a set-reset circuit which uses positive triggering.
This circuit has a maximum repetition rate of 100 megacycles
per second, a load-line resistance of 28.5 ohms, and a load-line
voltage of 510 millivolts.

400
MILLIVOLTS

VBB=IO VOLTS

Rr = 5to
OHMS

T
I

I
400

MILLIVOLTS

R L - 3 6
OHMS

Fig. 36b. Practical set-reset flip-flop circuit having
positive triggering.

The design of a triggered flip-flop circuito using tunnel
diodes is somewhat more complicated, as shown in Fig. 37a.
Again, the value of the inductance Lr is determined by a com-
promise between good triggering and fast recovery time. A
practical example of such a circuit is shown in Fig. 37b. This

rsEt

Fig. 36a.

)^^  L .gO
o-Hj4! MICROHENRIES
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circuit, which has a maximum repetition rate of 100 mega-
cycles per second, may be cascaded with identical stages to
form a binary-counter circuit.

INPUT O

Fig. 37a. Triggerable flip-flop circuit and waveforms.

c in=68

vBg= 1.5 voLTs

RB= 90 oHMS
PICOF

INPUT
Rin  =50
OHMS

Fig. 37b. Practical tr iggerable f l ip-f lop circuit .

LOGIC CIRCUITS

Tunnel-diode switching is accomplished when a given

"threshold" or turning point is exceeded, either the peak point
or the valley point of the device. Thus, the word threshold is
associated with tunnel-diode logic circuits, or gates.

Fig. 38a shows a tunnel-diode bistable OR gate with re-
set; the operation of such a circuit is shown in Fig.38b.
Normal biasing for the tunnel diode is at point A. When
any one of the inputs supplies a current I,o, the tunnel diode
switches to point B. Upon relaxation of the input, the operat-
ing point moves to C, a stable point. As a result, the tunnel

c i n  R i n

L = l 7 0
NANOHENRIES
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diode must be reset back to point A before any more logic can
be performed. This resetting is accomplished by means of the
reset pulse source shown by the dashed load line II.

Fig. 38. (a) Tunnel-diode bistable OR gate with re-
set and (b) Operating characteristics.

A bistable AND gate is4designed in a manner similar to
that described for the OR gate, except that all inputs must
supply current before the tunnel diode switches to the high
state.

The logic circuit shown in Fig. 38a has two disadvantages.
First, because of the relatively low current gain of the tunnel
diode, worst-case design produces a circuit having impractical
fan-in and fan-out when realistic tolerances are used. (Fan-
in is the maximum number of inputs to a logic gate; fan-out is
the maximum number of outputs that can be driven from a
logic gate.) Secondly, because the tunnel-diode input and out-
put terminals are the same, the signal may propagate in either
direction; as a result, phased power supplies for Vs are re-
quired for unidirectional flow of information. This requirement
makes the system much more complex and costly.

45
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Both these disadvantages are overcome by the circuit
shown in Fig. 39. This circuit uses a cascaded-amplifier ar-
rangement which produces considerably larger current gain
per stage; consequently, reasonable fan-in and fan-out are pos-
sible when practical tolerances are used. In this circuit, tun-
nel diode TD2 may have a peak current from two to five times
that of TD' deFending upon the tolerances. This higher peak
current accounts for the larger amplification.

*ve

T - - - - 1

T D t

L-__-______v________J
FANn- rN

Fie. 39. Cascaded-amplif ier bistable OR and AND
gate using tunnel rectif iers.

In addition, the circuit of Fig. 39 does not require phased
power supplies because the tunnel rectifiers used in the inputs
conduct current in only one direction. Although the reset pulse
is still required with this circuit, a low-current pulse can gen-
erally be used. This pulse may be considered a clock source
for synchronous logic circuits. The use of tunnel rectifiers also
provides better gain by unloading inputs. fn cases where extra-
large fan-in and fan-out are needed, cascading may be extended
to include three tunnel diodes in tandem. If cascading is ex-
tended beyond three diodes, the circuit becomes very costly
and, at the same time, the stage propagation delay becomes
proportionately longer.

A tunnel-diode logic circuit may be made self-resetting
if it is monostable rather than bistable, as shown in Fig. 40a.
This circuit also offers faster switching speeds than bistable
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gates. This advantage is demonstrated in Fig. 40b, which shows
that the switching trajectory (dashed line) is constant current
during transition from the low to the high state, or vice versa.

47
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Fig. 40. (a) Monostable logic circuit, (b) operating
characteristic, and (c) output waveform.

As indicated by the output waveform in Fig. 40c, both the pulse
width and recovery time are determined by the size of induc-
tance L. The rate of change of current through L is given by

A  r i n
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t l -v"
d t L

(25)

As a result, the pulse width is inversely proportional to Vr'
and the recovery time is inversely proportional to Vr, as de-
fined in Fig. 40b.

The pulse width and recovery time determine the maximum
repetition rate of the monostable circuit. The minimum pulse
width is determined by the driving requirements on the inputs
to the gate. Therefore, maximum speed is obtained by making
the recovery time as small as possible or by making Vr, as
large as possible. This latter requirement can be readily
achieved by the use of nonlinear biasing.

Nonlinear biasing or load lines are obtained by the use of
a tunnel rectifier, as shown in Fig. 41a. In this circuit, the

(o )

Fig. 41. (a) Tunneldiode and tunnel-rectif ier circuit, (b) composite
" ihatacteristic of tunnel rectifier and voltage Vc" in series, and

(c) nonlinear load l ine on tunnel-diode characteristic'
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tunnel rectifier in series with the voltage V6o results in the
composite static characteristic shown in Fig. 41b. This non-
linear characteristic may be plotted as a load line on the tun-
nel-diode characteristic in the same manner as a linear load
line,?, s as shown in Fig. 41c.

Fig. 42 compares nonlinear and linear biasing, and shows
the major advantages of the former. First, nonlinear biasing
results in a considerably larger V6 and, consequently, a much
faster recovery time than linear b-iasing. Secondly, nonlinear
biasing significantly improves current-gain capabilities, as
shown by the much smaller Iro required to switch the tunnel
diode over the peak at the same percentage of overdrive.

L I N E A R  B I A S I N G

NONLINEAR BIASING

Fig. 42. Comparison of l inear and nonlinear biasing.

A monostable OR-gate circuit and an AND-gate circuit
employing nonlinear biasing are shown in Figs. 43 and 44, re-
speetively. These circuits feature tunnel-rectifier coupling for
directionality, as well as cascaded monostable ampliflers for
sufficient high-speed gain to obtain reasonable fan-in and fan-
out.

49

T

-T=
I

rttrt

J_
Y

riru

Fig. 43. Complete monostable OR gate using ger-
manium tunnel diodes and rectif iers.-
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OHMS
+ 9 0 n v
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2r  to
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? . 7  o r  r  e t r
rMs iilP-Ji

Fig. 44. Complete monostable AND gate using ger-
manium tunnel diodes and rectif iers.

Fig. 45 shows a compatible level-producing bistable circuit
which can be used with monostable OR and AND circuits. This
bistable circuit is used to obtain storage registers, counters,
and inversion (through the reset input), as well as to eliminate
timing problems in AND gates by gating levels against pulses
wherever necessary.

The three circuits shown in Figs. 43, 44, and 45 form a
complete set of logic blocks (having one-nanosecond logic de-
lays and ZO0-megacycle per second repetit ion rates) for use in
a large-scal€ compuf,sl.e-I (These circnits as well as that
shown in Fig. 49 use tunnel diodes which are presently in the
development stages. These devices, however, are available from
RCA upon request.) These circuits have all been designed for
worst-case operation. Logical interconnection of these circuits
is accomplished by use of coaxial cable which prevents cross-
talk, effect of common-ground paths, and other transient noise
problems at high speeds (200 megacycle per second and up).

These three logic circuits may be used to build an ultra-
high-speed shift register, as shown in Fig. 46. The shift regis-
ter uses two AND gates and two bistable units in each stage.
A counter may also be constructed by use of a modified form
of the circuit shown in Fig. 46. The circuit is connected in a
ring so that the A, output is connected to the Ao input; the
counter then has a scale of 2i where i is the number of stages in
the ring. This counter functions properly when all stages are
init ially set to zero.
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Fig. 46. Block diagram of shift register.

Fig. 45. High-speed bistable circuit having two set
and reset inputs.
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When low-peak-current tunnel diodes and tunnel rectifiers
are used in the circuits of Fig. 43, 44, and 45, a micro-power
computer can be designed which requires several hundred
times less power than low-power transistor circuits at no sacri-
flce in operating speed.

COMPUTER MEMORIES

Because of its voltage-controlled negative-resistance char-
acteristic,' the tunnel diode is an ideal element for computer
memories. Its ultra-high-speed capabilities make the tunnel-
diode memory many times faster than other presently used
memory systems.

Fig. 47 shows a 25-nanosecond-cycle-time memory cell
which uses a germanium tunnel diode and a gallium arsenide
tunnel rectifier.ll' 12 The memory cell is read by applying a
pulse to the word l ine which causes a sensed output to appear
on the digit line. The write operation is achieved by applying
pulses having the indicated polarities to both the word line
and the digit l ine.

2 5  0 H M S

I  o-r  rg
O----r  r -  |  IREAD PULSE

Y ourPur I  l_roo.u

Fie. 47' Basic memory cell.

The basic operation of the memory cell is demonstrated in
Fig. 48. The voltage supply V* and resistor Ru produce a cur-
rent which allows the germanium tunnel diode to be either in
a low-voltage state (storing a "L") or high-voltage state (stor-

ing a "0"), as shown by points A and B, respectively, in Fig.
48a. Reading from the cell is attained by applying a negative
word-line voltage to the tunnel diode, as shown in Fig. 48b.
If the tunnel diode is in the low state, it is switched to the high
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state. Because the current which switches the tunnel diode
must pass through the tunnel rectifier, a negative output pulse
is obtained on the digit line only when the tunnel diode is
caused to switch. Writing into the memory is achieved when
a negative voltage appears on the digit line in coincidence with
a positive voltage on the word line, as shown in Fig. 48c. This
condition switches the tunnel diode to the low state. and a "1"
is set into the cell.

Fig. 48. Operation of memory cell.

The peripheral circuits (selection, sensing, and driver cir-
cuitsll ' t2) ate shown in Fig. 49. The word switch having X
and Y inputs selects the word addressed. The word-switch
driver then places a negative-voltage pulse on the word l ine,
which reads the information from the memory cell. When a ..1"
is stored in the cell, an output is obtained on the digit line
which is in turn amplifled by the sense amplifler. The sense
amplifler feeds the output back to the digit driver, which then
places a negative-voltage pulse on the digit line. Because the
word-switch driver is monostable, its negative pulse terminates;
this action in turn causes the word driver to be switched posi-
tively. The positive-pulse output of the word driver to the
word line and the negative-pulse output of the digit driver to
the digit l ine are made coincident; consequently, the tunnel
diode in the memory cell is reset to the low state and the in-
formation is regenerated. Obviously, if the memory cell origi-
nally contained a zero, there would be no input to the sense
amplifler and no output from the digit driver. The memory
cell would then not be reset, but would remain in the .,0', state.

53
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DIGIT DRIVER
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Fig, 49. Peripheral memory circuits.
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HYBRID CIRCUITS

The combination of transistors and tunnel diodes in hybrid
circuits offers many advantages. For example, the combination
of these two devices in switching circuits offers the possibillty
of speeds many times faster than those of circuits using transis-
tors only. Accordingly, the speed of present-day computer cir-
cuits (particularly those in the arithmetic unit) could be
generally improved through the use of hybrid circuits. In addi-
tion, hybrid circuits eliminate many of the difficulties of cir-
cuits using tunnel diodes only, such as lack of isolation between
input and output and the tight tolerances required to achieve
reasonable circuit gains. In general, tunnel-diode and transis-
tor hybrid circuits provide a good compromise between high
speed and circuit complexity.

Basic Corr-binations

In the basic tunnel-diode and transistor combination, the
tunnel diode is placed in parallel with the base-emitter termi-
nals of the transistor, as shown in Fig. bOa; the resulting com-
posite characteristic is shown in Fig. b0b. This eombination
can be operated in either the common-emitter or common-base
configuration. In common-emitter operation, the tunnel diode
is used primarily to speed up the input to the transistor; it may
also provide some current gain in addition to that obtained
from the transistor. In common-base operation,ls the tunnel
diode provides all the current gain, as well as high speed. In
both modes, the transistor provides both isolation between in-
put and output and voltage gain.

I
I
I
I

/ TUNNEL
,' DrooE

(o  I

Fic. 50.

oo

( b )

(a) Basic tunnel-diode and transistor com_
bination and (b) composite ctrariiieristiC.

Although Fig. bOa shows the combination of a germanium
tunnel diode with a germanium transistor, the use of gall ium
arsenide tunnel diodes with germanium transistors or the com-
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bination of gallium arsenide or germanium tunnel diodes with
sil icon transistors is also possible. The use of gall ium arsenide
tunnel diodes with germanium transistors has been found to
be the most practieal combination because it requires the least
control of characteristic-voltage tolerances. The use of silicon
transistors requires an offset bias on the emitter even in com-
bination with gallium arsenide tunnel diodes.

Common-Emitter Circuits
The combination of tunnel diodes and transistors in a

common-emitter configuration results in a natural bistable cir-
cuit, as shown in Fig. 51a. The composite operating character-
istic in Fig. 51b shows the two stable points X and Y, and the
set and reset currents necessary to accomplish these functions.

+vcc

t r l
Y

rsut

Rg

OUTPUT

INPUT
rnesEr

Rr Rnnr=*Ei

( o )

2.s v

Fig. 51.

TYPE
lN9s5

(a) Common-emitter bistable circl i t ,  (b) char'
acterist ic, and (c) practical circuit '

COMPOSITE
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For proper operation, the current flowing into the base at point
B must be sufficient to saturate the transistor. The switching
speed of this bistable unit is much faster than that obtained
with a transistor alone. Storage and fall time are also fast
because the tunnel diode presents such a low impedance dur-
ing turn-off. In addition, these high speeds are achieved with-
out the use of any reactive or speed-up elements because the
tunnel diode provides essentially a perfect step input to the
transistor. A practieal example of a common-emitter bistable
circuit is shown in Fig. 51c. This circuit has a maximum repe-
tition rate of 50 megacycles per second.

Monostable operation of the common-emitter combination
is also easily obtained, as shown in 52a. The operation of the
circuit is illustrated in Fig. 52b, which shows that the stable

q1 6Pq = -L
2- 

- RDr

_ _ l
R 1

D I

COMPOSITE
CHARACTERISTIC
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r tnro
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(a) Common-emitter monostable circuit, (b)
characteristic, and (c) practical circuit.

Fic. 52.
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point on the composite characteristic is established when the
transistor is "on" and saturated. A trigger pulse of current
momentarily switches the tunnel diode to the low state, and
turns the transistor off. The inductance L then allows the
current in the tunnel diode to increase towards I,. When this
current, plus the current Is, €xceeds the peak current of the
tunnel diode (I-",: Ip), it switches to the high state, the cir-
cuit returns to stable point, and the transistor is turned on and
saturated. The pulse width or delay time is the off-time of the
transistor and is given by

L
torr = 

itJ-IlDr 
ln

I r - ( r o - I r . r r )

I, - I-""

Common-emitter astable
operating characteristic.

(26)

Rt Ru
and Ir, Io, fr.r", and I-u* are definedwhere Ro :

R I + R B
in Fig. 52b.

Fig. 52c shows a practical example of a common-emitter
hybrid monostable circuit. This circuit has a maximum repeti-
tion rate of 25 megacycles per second and a delay time of 20
nanoseconds.

An astable multivibrator circuit is shown in Fig. 53a; the
operation of the circuit is described in Fig. 53b. This circuit
is astable because the dc load line formed by R1 intersects the
composite characteristic in the negative-resistance region. The
inductance L causes the circuit to follow the switching ttajec-
tory ABCD. As a result, the transistor switches on and off at
a rate determined by L and the slope of the composite charac-
teristic in both the on and off regions. When these slopes are

( o )

Fig. 53. (a)
(b)

S L O P E  =
I

R B
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approximated by R, and Rr, as shown in Fig. b3b, the on and
of times are given by

(27)

where I1, 12, f-r", and f-,o are as defined in Fig. b3b.
Fig. 53c shows a practical example of an astable multi-

vibrator circuit. The frequency of oscillation for this circuit
is 20 megacycles.

Fig. 53c. Practical common-emitter astabte circutt.

The bistable, monostable, and astable circuits shown have
two major advantages over circuits using only transistors.
First, they offer speed and repetition rates considerably faster
than those possible without the use of the tunnel diode. Second,
they are much simpler in construction and require fewer com-
ponents.

negative-going pulse appears at rhe input, alr the tunner diodes
tend to be switched to the low state, and T, is turned off. As

.6?
MICROHENRIES
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Fig. 54. Hybrid ring counter.

the collector of T, rises toward *Vcc, current flows through
Rs and C into the base circuit of Tr. This instantaneous cur-
rent is greater than the sum of the input current and the peak
current of TDr. Therefore, TD, is switched to the high state,
and T, is turned on to the "1" state. Because the current
through C decays exponentially as it charges toward V"", the
input current must be terminated before the capacitor current
becomes small enough to return TD, to its low state. Thus,
the following two conditions on input-pulse length must be
satisfied for effective operation:

INPUT-PULSE LENGTH > TRANSISTOR TURN-OFF TIME

INPUT-PULSE LENGTH < TURN-OFF TIME +
CURRENT DECAY TIME

These conditions are achieved by proper selection of C1
to provide the necessary differentiated waveform from the input.

A shift register using the common-emitter bistable circuit
is shown in Fig. 55. This shift register uses two of the basic
bistable units to form one stage. The messag:e is read into Tt
and then shifted by a channel-A clear pulse to T1' for temporary
storage so that T, can receive the next bit. The channel-B
clear pulse follows the channel-A clear pulse so that the first
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Fig. 55. Hybrid shift
u n its.

bit is shifted into T, before
generated.

Fig. 56 shows a shift register which uses only one basic
bistable unit to form a stage. In this circuit, small time delays
are necessary to prevent the signal from the previous stage
from appearing at the same time as the shift pulse. This shift
register therefore uses a dynamic type of temporary storage

register using two bistable

the next clear pulse from A is

Hybrid
unit.

shif t  register using one bistable
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rather than the static temporary storage used in Fig. 55.

Comrrron.Base Circuits
The common-base configuration is the fastest of the tunnel-

diode and transistor combinations, because the tunnel diode
provides all the current gain at very high speed. Consequently,
common-base operation appears to be the best selection for
high-speed logic circuits. However, common-emitter circuits
offer much higher current-gain possibilities and, therefore,
larger fan-in and fan-out for the same component tolerances.
Consequently, if lower speeds are acceptable, common-emitter
circuits are the best choice.

The basic common-base hybrid logic gate is shown in Fig.
57ai a practical example of this circuit is shown in Fig. 67b.

n
I N P U T

5 VOLTS
n
t \
l \

dt r5c  I

+ vcL

rs

TYPE
rN955

TYPE
tN3859

L-IAA------O

.AND" GATE
R = 1 1 0 0 o h m s  M a x . m : 2  R = 1 0 5 0 o h m s  M a x . m = 2

R u = 4 6 5 o h m s  n = 3  R B = 6 8 0 o h m s  n = 6
R" : 866 ohms Ro = 890 ohms

Voo =  Vss  =  15  vo l ts  Vco =  V. r :16  vo l ts
V c l = E v o l t s  V o l = E v o l t s

Fig.57. (a) Basic common-base logic gate and (b)
practical common-base logic gate having
propagation delay of five nanoseconds per
stage'
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The operation of this circuit as an OR or AND gate is de-
pendent upon the bias current I, and the number of inputs n,
as shown in Figs. 58 and 59. In both cases, it is assumed that
a current Iu flows into each of the inputs when the gate is
not energized. The effect of a pulse at any one of the inputs
is that the current out of the tunnel-diode node is increased by
the amount Ir.

Fic. 58.

The output rise time of this logic circuit is primarily de.
termined by the current step response of the transistor and
the output capacitance from collector to ground. The total
signal-propagation delay per stage in this type of circuit is the
sum of the tunnel-diode delay, the transistor turn-on delay, and
the transistor rise time. This type of circuit offers stage de-
lays as low as a few nanoseconds when fast, low-capacitance
transistors are used.

Fig. 60 shows the inversion circuit, or complementary gate,
for common-base logic circuits. In this circuit. the state of the

-Vgo *vcL

63

FiC. 59. AND-gate biasing.

Fig. 60. Basic complementary gate.
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tunnel diode determines which of the transistors becomes en-
ergized. When the tunnel diode is in the low state, transistor
T, is not conducting and T, is conducting. When the tunnel
diode is switched to the high state by the proper input, T1 is
made to conduct, and T, is effectively cut off because it re-
ceives only the base current from Tr.

The unique current-routing properties of the complemen-
tary-gate circuit permit the design of many simple circuits
ofering both improvements in speed and savings in components.
Among these circuits is the binary adder shown in Fig. 61a.
The operation of this circuit assumes that a "0" input cor-
responds to the eurrent I*, and, that a "1" drops the input
current to zero. Therefore, if all inputs are "0", the net cur-
rent out of node A is zero, and both transistors are cut off (CN
and So, equal "0").

-VCC +VCL

I(SAT)=

I S
R c r t - - -

I
t t

I (SAr)=
R c e l t '

Y 1

C n - l I s

I p =  l . 5 r s

sUM (Sp)

Fig. 61a. Hybrid full-adder circuit '

If any one of the inputs becomes negative, the net current

out of node A is Is. Because I. is less than the peak current Io,

it flows entirely through the tunnel diode and in transistor Tr,

which is then turned on and saturated while T1 remains cut

of f  (C*:0,  SN -  1) .  When any two of  the inputs go to "1" '
the net current out of node A is 2 x I*; because this current is

then greater than In, the tunnel diode is switched to the high

state. Hence, all this current (2 x Is) f lows in T1, and T, is

essentially eut off because it receives only the base current of
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proximately I. (assuming negligible current through the tunnel
diode). Therefore, T, is receiving a current Is and is also on
and saturated (and the outputs Crv : 1, SN : 1 are achieved).

Fig. 61b shows a practical example of the binary adder
circuit. The typical propagation delay for this circuit is eight
nanoseconds fot "catry", and 16 nanoseconds for ,,sum". In
this example, the Co output can be used to drive the Co input
o f t h e n * 1 s t a t e ,
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MICROViAVE
OSCILLATORS

m
I UNNEL diodes hold great promise as microwave

oscillators because they are not limited by transit-time effects.
Specially constructed experimental units have produced funda-
mental oscil lations at frequencies as high as 100 gigacycles.ls' 16

Commercially available tunnel diodes can be used in oscil lators
having useful power outputs at frequencies as high as X-
band.17-1e

Compared to vacuum tubes, tunnel diode oscil lators are in-
expensive, require only a fraction of a volt dc bias, and are
rugged and reliable in severe environments. Compared to tran-
sistor-driven varactor frequency-multiplier circuits, they are
simple and compact, and afford higher dc-to-rf conversion ef-
ficiencies.

CIRCTIIT ANALYSIS

Practical microwave tunnel-diode oscil lators generally use
transmission-line or waveguide circuits. For the following
analysis, however, the much simpler case of lumped-element
circuits is considered. Many properties of distributed oscil la-
tor circuits can also be determined from such an analysis. In
addition, lumped circuits themselves are of considerable prac-
tical interest for many applications.

Fig. 62 shows an equivalent tunnel-diode circuit which
is useful for analysis of oscil lator circuits at frequencies
up to X-band. For rf applications, R, (v) in Fig' 62 repre-
sents the incremental junction resistance at the bias point
(R, (v) - dvldl;). For most of the region of interest, this
quantity is negative.

66
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Fig. 62. Tunnel-diode equivalent circuit for micro-
wave frequencies.

The junction capacitance C5(v) is given by the following
relation:

C 3 ( v ) : K ( d - v ) - t 7 z  ( 2 8 )

where 4 is the contaet potential (approximately 0.8 volt for
germanium and 1.1 volt for gall ium arsenide) and K is a
constant.

From Fig. 62, the impedance of the tunnel diode Zu at its
terminals is given by

lR :  I Rr2 C1 ar

67

Z a : R u -
Rrt C:, @2 + L R:, Ct, co2 * |

From this expression, two parameters of a tunnel diode
may be derived which are of prime importance in the consid-
eration of rf oscillation. The first of these is the resistive cut-
off frequency, i.€., the frequency above which the real part of
the diode impedance is positive. This frequency f"o is given by

+ i (4,1" - ) <zor

(30)

The second important parameter is the self-resonant fre-
quency, i.e., the frequency at which the imaginary part of the
diode impedance is zero. This frequency f"o is given by

R:'ci'
(31)

r'"=-fursJe;

1

Le, 
-I

{

1

2rr
+ -_xo -

Below self-resonance, the diode is capacitive; above self-
resonance' it is inductive. It is obvious that a tunnel diode does
not oscillate at frequencies above f.o. (Harmonies, however,
may be produced at frequencies several tirnes f"o.)

OPERATION BELOW SELF.RESONANCE

The circuit shown in Fig. 6Ba represents the simplest
tunnel-diode oscillator for frequencies below self-resonance.
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TUNNEL DIODE- - - - - l

L_-- - - - l

l [^ i ,u
I

( b )

FiC. 63. Tunnel-diode circuits for operation below
self-resonance.

This arrangement consists of a tunnel diode shunted by a series

the operation of the circuit, provided both Ror and Ro2 are

the.requirement that the total circuit impedance be zero in the

steady state. This requirement leads to the following equation:
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l R j "  I R5u2C;"&)"

R5"2C;"2or"2 * 1

R,ze,ar"
Rrze,zar" + 1
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Z , r : R -

2 1 - F - -

and

+ j (ar"l, -R;"2C5"2oru2 * 1

l R :  I
Rr2Ci2or"2 * 1

) :o
(32 )

where R : R" + R", L : Lu * L", ar" in the steady-state fre-
quency of oscil lation, and Rr" and C," are the effective steady_
state values of R, and C,, respectiveiy.

Exact evaluations of R5" and C;" are difficult, and require
lengthy graphical or numerical caiculations. However, these
terms may be replaced, to a first approximation, by their aver-
age values R, and C,. As a result, Eq. (82) becomes

+ ; ('"r, - o rsa)

(34)

(35)

(36)

) :

Because both the real and imaginary parts of Eq. (BB)
must simultaneously be equal to zero, the following equivalent
solutions for the steady-state frequency of oscillation result:

* : -+,d;J

t " : *

A comparison of Eqs. (80) and (84) shows that the circuit
of Fig. 63 cannot oscillate at frequencies above the cutoff fre_
quency f"o. (The resistive cutof frequency is sometimes called
the maximum frequency of oscillatioo. Ho*"u"*, the amplitude
of oscil lation approaches zero as the oscil lation frequency ap_
proaehes f"o.)

A comparison of Eqs. (81) and (85) shows also that the
circuit of Fig. 63 cannot oscil late at frequencies above the
self-resonant frequency f*o.

_ From Eqs. (34) and (Bb), a relationship may be obtained
between the various circuit parameters:

L = R  l E j l  e j

Eq. (36) expresses the equil ibrium conditions for steady_state
oscil lations.
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OPERATION ABOYE SEI.F.RESONAFICE

Above self-resonance, the tunnel diode is inductive; there-
fore, oscillation at frequencies above self-resonance can only
be achieved if the circuit presents a capacitive reactance to the
diode at the frequency of oscil lation. Such a circuit is shown
in Fig. 64a; again, the circuit shown in Fig. 64b should be used
if biaslead inductance is appreciable.

- T U N N E L  D I O D E

r - 2 - -  -  - - - -

[ti t"

L _ _ _ _ _ _ _  I

( b )

Fig. 64. Tunnel-diode circuits for operation above
self-resonance.

By use of the same mathematical analysis as in the pre-

ceding section, the expression for the steady-state frequency
of oscillation crr" is found to bele

," :{ lR- : l  -  (R"  + R") (37)
Lo  lR : l e i  +  R "c "  ( lE j l e rR "  -  Lu )

A suitable choice of circuit parameters can result in an

oscillation frequency higher than the maximum self-resonant
frequency of the diode. (Of course, the cutoff frequency must
also be higher than the self-resonant frequency.) As shourn in

c  j ( v )
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the following section, however, smaller power outputs are ob-
tained above self-resonance; for this reason, the usefulness of
such circuits is l imited.

POWER OUTPUT

The rf power output P delivered by a linear negative re-
sistance is given by

P = I"V. (38)

where I" and V" are the rms values of current through and volt-
ag:e across the negative resistance, respectively. Although an
exact formula for the power delivered by a nonlinear resistance
is difficult to derive, a good approximation may be obtained by
expressing the current as a cubic function of the voltage, as
fo l lows:

I : g 3 V 3 - 9 " Y 2 - g r V  B g )

Fig. 65 shows that the curve for Eq. (89) follows the actual
tunnel-diode characteristic fairly well, provided the voltage ex-
cursion is not too great. If Eq. (39) is used, and it is assumed

o.to o.20 0.30
B|AS VoLTAGE (VOLTS)

Fig. 65. Germanium tunnel-diode characteristic and
cubic approximation.

that R" is much less than I Rr L the power output is given by

P o Yta (In - Io) (V" _ Vp) (40)
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Experimental results have agreed quite well with Eq. (40)
for diode operation at frequencies considerably below cutoff.
As mentioned previously, the permissible voltage excursion (or
deviation of R, from its minimum negative value) decreases as
the cutoff frequency is approached, and, as a result, the power
output is reduced. The value given by Eq. (a0) is approached
only when the oscillation frequency is not greater than ap-
proximately one-third of f"o.

DISTRIBUTED.CIRCUIT OSCILLATORS

At frequencies above a few hundred megacycles, it is
usually necessary to use distributed-circuit resonators (trans-
mission l ines or waveguides). The mathematical description
of oscillators of this type, in which the tunnel diode and its
package are considered as distributed elements in the resona-
tor, involves the solution of very difficult nonlinear partial
differential equations. The solutions are simplified, however,
when it can be assumed that the oscillator consists of lumped
elements connected by uniform transmission lines. RCA tun-
nel diodes are small enough to be treated in this manner up
to frequencies above X-band, and stabilizing resistors may be
fabricated of approximately the same size.

The steady-state oscillation conditions for distributed-
circuit oscillators may be determined in the same way as for
lumped-circuit oscillators. It is more convenient, however, to
use the admittance rather than the impedance representation
of the tunnel diode. The admittance Yp is given by

*. -G+l,T-r- i(@1. -6#+-)
vr D  -

( * "  - 2 R "  l R : l '  \
(<rrR;C5)2 * i) *(,""-#S+),n,,alClR,z

(For large oscillations, the effective values Ris and Cis may
differ substantially from their small-signal values; except at
frequencies near self-resonance, however, the value of Zu is
not raclically altered and the bias-point values may be used as
a fair approximation.)

Fig. 66 shows the conductance and susceptance terms of
Eq. (41) as functions of frequency for a particular tunnel
diode. The oscil lator circuit must be designed so that the values
of conductance and susceptance presented to the diode are the
negatives of the values in Fig. 66 at the frequency of oscil la-
tion chosen.
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_ Re (Yd)

rm (ya)

./// \
\
I

Fig. 67. Single-transmission-l ine osci l lator.

FREQUENCY_M EGACYCLES

Fig. 66. Conductance and susceptance as a func-
tion of frequency.

Fig. 67 shows a simple oscil lator circuit consisting of a
tunnel diode and its stabilizing resistor connected at appro_
priate points to an open-circuited transmission line. As shown
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in Fig. 68, circuits of this type are
transmission l ine. The admitiance y"
to the tunnel diode is given by

easi ly real ized in str ip-
of this circuit  presented

STABIL IZ ING
RESISTOR
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TUNNEL DIODE

STABIL IZ ING
RESISTOR

RF OUTPUT 8 2

Fig. 68. Str ip-transmission-l ine cavity osci l lator.

1
Y"  =  

, "  
[ (Z ) ' ,  

s i n2Bs1  * cos2p "  
]

i t t - (2"/2,)2 sin F st cos F sr 
l fn >*  

a  f t anBs '+on i r s i n rBsL*cosBs ,  J

Fig.69 shows another practical circuit, the re-entrant strip-

transmission-line circuit. For this circuit, the admittance is
given by

1 f  82  1 , . ,  A I  B2  I  ,nnY"= z ,  l *  *  1z lzx  l *  i  
a  Le ' *  (zo /2" \2  |  ' '

Dc lNPUr-\

TUNNEL DIODE STABIL IZ ING RESISTOR

strip-transmission-l ineFig. 69. Re-entrant-cavitY
osci I lator.
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The terms used in Eqs. (42) and (43) are defined as follows:
Zo = characteristic impedance of transmission line
Z" = impedance of stablizing resistor
B 

- propagation constant of the transmission line
A - cot Fr, + cot Bs2
B = csc F., + csc Bs,
The terms s, and s, are defined in Figs. 6Z and 68. (Eqs. (42)
and (43) neglect the effects of rf-output loading.)

Fig. 70 shows curves of Eq. (42) as a function of s,/),, where
s : sr * s2 for three diferent values of sr. This equation is
normalized to the characteristic admittance, yo (yo = t/Z),
and ). is the transmission-line wavelength at the frequency of
oscillation (In this case, Zo/2. : r/s,) Fig. T1 shows similar

t/t

FiC. 70. Curves for Eq. 42 tor three conditions of s,.

' t o

o
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curves for Eq. (43) for three different values of Zo/2,, rilhere
s1/s : /a. These illustrations show that it is possible to vary
the conductance and susceptance of tunnel-diode oscil lator cir-
cuits over a wide range by adjustment of sr, sr, and, Zp. In par-
ticular, the eircuit shown in Fig. 68 can be adapted to a

2 n

I

"  e  . '  ,
YO

Y9
I

o

o.6
s/I

Fig. 71. Curves for
z"lz,.

Eq. 43 for three condit ions of

mechanically tuned oscillator if some means is provided for
varying the length s2. Such oscillators are being commercially
marketed by RCA with tuning ranges greater than two to one.

The circuits described above can be electrically tuned by
the insertion of a varactor diode at a position of high electric
fleld. (A wide range of varactor diodes is available from RCA.)

/1 ( \ Zg

/ \ ZR
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The frequency of oscil lation may also be varied by a change
in the bias voltage.2l,22 Such a change causes variations in
both C; and R,. Eqs. (36) and (BZ) show the effects of these
variations in lumped circuits. In the case of distributed cir-
cuits, the mathematical description is much more difficult and
as a result, no expression for the change in frequency with R,
and C, has been obtained in closed form. However, because
the net admittance of the tunnel diode and the circuit must be
zeto at the frequency of oscillation, the problem may be solved
graphically or numerically. The relative change in frequency
for a given change in bias voltage depends largely on the e of
the circuit; low-Q strip-transmissionJine oscil lator circuits
have been voltage-tuned over frequency ranges as high as 12
per cent. On the other hand, high-e ridged-waveguide oscilla-
tors have been built for which the frequency of oscillation varied
less than 0.6 per cent for a bias-voltage variation over the en-
tire negative-resistance region.
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OUTPUT LOADING

Thus far, the effects of the output load on tunnel-diode
oscillator performance have been ignored. Variations in load
impedance cause frequency pulling or shifting, as in a klystron
or magnetron. The degree to whieh pulling occurs depends
upon the Q of the circuit and upon the degree of coupling of
the load to the circuit. Decoupling tends to reduce pull ing, but
severe decoupling reduces the power output.

Frequency stability and power output with load variation
also depend upon the particular value of the load impedanee
thogen. This dependence is best illustrated by reference to a
Rieke diagram. This type of diagram shows curves of eonstant

Fie. ZZ is a Rieke diagram for a Bb30-megacycle re-entrant
cavity strip-transmission-line oscillator, showing that maxi_

quency stability can be attained by use of a load impedance in
the lower region of the diagram at the cost of reduced power
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output. In general, the choice of load impedance is a compro-
mise between frequency stability and power output.

POWER OUTPUT X IO-4 WNTTS
-  -  -CONSTANT FREQUENCY CONTOURS

o 
wavELENGTHS TOWARD GENERATOR

Fig. 72. Rieke diagram for 353O-megacycle tunnel-
diode osci l lator.

FREQTIENCY LOCJilNG

The frequency of a tunnel-diode oscil lator can be loeked to
that of an external signal several orders of magnitude smaller
in amplitude, provided the locking signal is close in frequency
to the natural frequency of the oscillator. Locking signals as
much as 40 db below the oscillator power output have been
successfully employed. Harmonic locking is also possible. Thus'
a microwave tunnel-diode oscillator may be locked to a tran-
sistor oscillator operating at a fraction of the microwave fre-
quency. The fractional frequency stabil ity of the tunnel-diode
oscil lator is then the same as that of the locking oscil lator' A
erystal-controlled transistor oscil lator may be employed to
provide a very high degree of frequency stabil ity.
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An efficient means of injecting the locking signal, without
loss of power output, is the use of a hybrid ring. Two similar
tunnel-diode oscillators may be connected to two arms of the
hybrid, while the third arm is connected to the locking signal
source. The locked signal is taken out at the fourth arm.

PARALLEL OSCILATORS

A hybrid may also be used to connect three tunnel-diode
oscil lators in parallel, and thus obtain power output almost
equal to the sum of the individual power outputs. Several such
hybrid circuits may, in turn, be connected together to increase
the number of paralleled oscil lators.

DESIGN EXAMPLE

As a practical example of a microwave tunnel-diode oscil-
lator, the equations derived above may be applied to the strip-
transmission-line cavity oscillator of Fig. 68. A typical cir-
cuit of this type may be made to produce substantial power
output at frequencies in L- and S-bands. The example uses an
RCA-40058 gallium arsenide tunnel diode, which has the fol-
lowing characteristics.

Peak current In - b0 mill iamperes
Incremental resistance I R; I = 4.4 ohms

Junetion capacitance er = 6 picofarads
Series inductance L* = O.C nanohenries
Series resistance R" = 2 ohms

Resistive cutoff frequency f"o = 6.6 gigacycles

The design objectives for the oscil lator are as follows:
Steady-rate frequency of oscillation f" = 2 gigacycles

Power output P = B.T mill iwatts (theoretical)
The design procedure is to find the diode admittance, by

means of Eq. (41), and then to select appropriate circuit pa-
rameters so that the circuit admittance, as given by Eq. (42),
is the negative of the diode admittance at a frequency of two
gigacycles.

By means of the above tunnel-diode characteristics, the
diode admittance Ye at two gigacycles is found to be:

Y o : G o * j B n

= - 0.109 - j 0.212 mhos (44)
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The circuit must be designed so that the real and imaginary
parts of Y" are equal to the negatives of the real and imaginary
parts of Yu, respectively. Therefore, from Eq. (42)

_  f  I  z o  \ 2  I

" "  l " l z ;  )  s i n2  B  s ,  +  cos  B  s ' l  -  l /Go  (45 )

and

tZl*" 
F s, +

t  - (+ ) '  s i n  B  s1  cos  B  s l
-(1:) '  

*"" o s' + cos2 B s1
I : B" r+ol

If values for Zo (the characteristic impedance of the strip

transmission line) and Z, (the impedance of the stabilizing re-

sistor) are chosen, Eq. (45) may be solved for s1. The optimum
value of the stabilizing resistor must be chosen empirically'

However, its value must be approximately equal to I R: I to
provide a monostable operating point which is necessary to
produce sinusoidal oscil lations. For this example, Z" is arbi-

trarily chosen to be five ohms.
Next, Zo must be chosen sufficiently low so that the line in-

ductance is low enough to prevent oscillation in a spurious low-

frequency mode. In general, Zo should be substantially lower

than I n, | ; itt this case, Zo is chosen to be one ohm'
The following trigonometric identit ies are then used:

cos2 c =

sin2 c =
a2
"/2

( 1  *  c o s  2 c )
( 1  -  c o s  2 c c )  @ 7 )

Eq. (45) may be solved for cos 2p s., as follows:

c o s 2 p s r -
k-e")'-,

1  -  ( : ' - \ ' (48)

When the values of Gu, Zo and Z" are determined, it is seen

from Eq. (48) that

cos 2B sr = 0.82
The value of B st is then given bY

0 s, : 2z- (0.0486) radians (50)

(4e)
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When this value of p s, is substituted in Eq. (46), B s2 is
given by

0 sz = 2n (0.268) radians (51)

Because F : 2zr/\g, Eqs. (50) and (51) may then be solved for
st and s, as follows:

sr = 0.0486 ),g
sz : 0.268 )'g (52)

If teflon-fiberglas dielectric strip transmission line is used
(this type of line has a relative dielectric constant of approxi-
mately 2.5), the transmission line wavelength ).g at two giga-
cycles is 3.68 inches. Copper-clad teflon fiberglas material is
commercially available having dielectric thicknesses ranging
from a few thousandths of an inch or less, to as much as a quar-
ter of an inch. Information is available in the literature on
the design parameters of strip-transmission line.
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AMPLIFIERS

m'I'UNNEUDIODE 
amplif iers can be useful as low-noise rf

amplifiers in the front end of microwave receivers.2a Although
lower noise figures can be obtained with masers and parametric
amplifiers, tunnel-diode amplifiers are dc-activated, i.e., they
do not require ac pumping. As a result, tunnel-diode amplifiers
are most desirable for low-noise applications in which the pri-
mary considerations are low cost, small size and weight, and
low power drain.

Tunnel-diode amplif lers are inherently broadband devices
because a properly biased tunnel diode has a negative input
resistance at all frequencies from dc to the resistive cutoff
frequency. When this negative input resistance is combined
with a suitable coupling network, a circuit can be designed
having an over-all positive input impedance that provides am-
plification or power gain. Because of this wideband negative-
resistance characteristic, bandwidths in excess of an octave
can be readily obtained with tunnel-diode amplif iers.2a'25
Masers and parametric ampliflers require extensive develop-
ment before bandwidths in excess of ten per cent can be
achieved. The wideband negative resistance, however, makes
stabilization of tunnel-diode ampliflers an important develop-
mental problem.

Microwave tunnel-diode amplifiers are applicable to vari-
ous types of communications, radar, and countermeasures sys-
tems. In addition, the size and weight of these amplifiers is
attractive for tactical electronic equipment. Because of the
low power drain of tunnel-diode amplifiers, they should prove
quite useful in space applications such as communication satel-
lites. The relatively low cost of tunnel-diode amplifiers also
makes them strong contenders in line-of-sight radio-relay sys-
tems and phased-array radars.
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VARIOUS TYPES OF AMPLIFIER CIRCTIITS

All tunnel-diode amplif ier circuits employ diodes biased
in the negative-resistance region. Direct-coupled tunnel-diode
amplifiers are difficult to stabilize and are rarely used at micro-
wave frequencies. However, various typeszo of circuit tech-
niques can be used to achieve a positive input impedance for
tunnel-diode amplifiers. The advantages and disadvantages of
several methods are discussed below:

Traveling-Wave Tunnel-Diode Amplifiers. In this type of
circuit, several tunnel diodes are periodically spaced along a
transmission line, as shown in Fig. 23. Traveling-wave tunnel-
diode ampliflers were originally developed to achieve octave-
bandwidth amplification. However, because very broadband

Fig. 73. r;:;i;",-';" amprifier.
tunnel-diode amplifiers can be readily realized by other circuit
techniques, traveling-wave tunnel-diode amplifiers have not
been particularly popular. Nevertheless, some research on this
type of circuit is still being done.

Quarter-Wave Coupled Tunnel-Diode Amplifiers. In this
method, two tunnel diodes are separated by a length of trans-
mission line that is \/4 long at the design-center frequency
of the amplifier. An example of this circuit is shown in Fig.
74. This circuit requires a matched pair of tunnel diodes and

+ ( 6 +

Quarter-wave+oup led tunne l-d iode amp I if ier,Fie. 74-
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has not been used extensively at microwave frequencies.
Hybrid-Coupled Tunnel-Diode Amplifiers. This technique

uses a matched pair of tunnel diodes coupled to conjugate ports
of a hybrid or 3-db directional coupler, as shown in Fig. 75.

Fie. 75. Hybrid-coupled tunnel-diode amplif ier.

A hybrid coupler is a four-port network that can deliver half
the power incident upon port No. 1 to ports Nos. 2 and 3. The
fourth port is isolated from the input port by 20 to 40 db. If
two signals are delivered to ports Nos. 2 and 3, the hybrid can
also combine these signals. In a tunnel-diode amplif ier, the
hybrid used must provide power division with quadrature
phase between outputs. Hybrids such as the "magic-T" or
"rat-race" are not applicable unless an external quarter-wave
coupling l ine is used for one of the tunnel diodes. This re-
quirement makes the amplifier more frequency-sensitive and,
as a result, is generally not desirable.

Circulator-Coupled Tunnel-Diode Amplifiers. The circula-
tor-coupled amplifier is the preferred approach for most tunnel-
diode applications at microwave frequencies. This type of
circuit uses a ferrite circulator and only one tunnel diode, as
shown in Fig. 76. The ferrite circulator is a non-reciprocal

Fig. 76. Circulator-coupled tunnel-diode ampli f ier.

o '

HYBRID
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device having low insertion loss (in the order of a few tenths
of a db) in the forward direction and a high insertion loss
(about 20 db) in the reverse direction. FiS.77 shows another
type of circulator-coupled amplifier which uses four ports.
This method offers better amplifier stability than the three-
port circuit.

z o  A M P L I F T E R
OUTPUT

or""rtorooo
FiC.77. Circulator-coupled tunnel-diode ampli f ier

having a four-port circulator.

GAIN BANDWIDTII

The circuit parameters of tunnel-diode amplifiers can be
combined to form several convenient design values:26
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I
tlo' : 

i6

z"
? : r R j l  2 2 =

L

cj

R"

l R j l

l a r , 2  Z
B'=t*J y=tRJ 0 - (53)

where Zo is the source-load impedance of the quarter-wave-
coupled, hybrid-coupled, or circulator-coupled tunnel-diode
amplifiers; L is the over-all series inductanee, including both
tunnel-diode lead inductance and external wiring; and rrr is the
angular frequency (2r X the signal frequency f").

If an ideal hybrid having source-load impedance equal
to Zo is assumed, the gain G for a hybrid-coupled tunnel-diode
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amplifierzz is given by

G : l 0 l o g  l l l 2  ( 5 4 )

where lI I is the magnitude of the voltage-reflection coeffi-
cient of the tunnel-diode network.

By substitution of the parameters of the tunnel-diode net-
work for lf l ' ,  Es. (54) can be rewritten as follows:

G : 10 ronl(F?-t-n + e)2 + F2 (v+n/v - 2/v\ f uo (bb)'  L(p,  -L  -q + e)2 + F,  Q -  n /y  -0/12 J

If the dissipative resistance of the tunnel diode is neglected
(i.e., 0 = 0), the expression for gain becomes

(p,
(B' - t - r 1 ) 2

This expression is for a low-pass prototype circuit in whieh
the lead inductance of the diode acts as a peaking coil. This
effect can be seen in Fig. 78, which shows the gain of tunnel-
diode ampliflers as a function of the normalized frequency for
various degrees of peaking (i.e., different values of the parame-

) 2

) 2

v
v

n/
11l

6t

\y

p'
p'

+
-r

- L - q ) 2
c  =  ro  l oc [

lHl*

]uo
w2

w2
f

+t"" I
) 2

) 2

n
T

+( 1

(1

+
] 

u, (b6)

LC-
,;+). Larger values of this parameter are
l r l j l

where 
'\l,l=2rrfCiZo. 

For a high-gain amplifier (i.e., the value
of G approaches co), the gaiu-bandwidth product BGr/z is given
by

t e r y -

used for higher low-frequency values of gain.
If both the lead inductance and junction capacitance of

the tunnel diode are neglected, the amplifier gain at dc is
given by

G : 2 0  l o g (57)

Typical values of 4 for practical tunnel-diode amplifiers range
from 0.5 to about 0.8.

If the spreading resistance and the lead inductance are
neglected, the gain of the tunnel-diode amplifier is given by

Q = 1 0 (68)

z
l R i  I
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o

Fig. 78.

BGtzz -

The above gain equations
tor-coupled tunnel diode

Gain as a function of normalized frequency.
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I

(5e)

are equally applicable for a circula-
using an ideal ferrite circulator.

NOISE FIGT]RE

In general, it is convenient to express the noise character-
istics of a two-port tunnel-diode amplifler in terms of the noise
figu1s.2s' 2s' 30 This term is described quantitively as the signal-
to-noise ratio at the amplifler input divided by the signal-to-
noise ratio at the amplifier output. The noise figure NF for
hybrid-coupled or circulator-coupled tunnel-diode amplifiers
using ideal hybrids or circulators is given by
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,  41  zv tozo
-  
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o/n
0

+-  -
T[ '

*l i#al'. ulI
(60a)

where NF is the noise figure as a power ratio and Io is the
static eurrent at the operating point of the tunnel diode. If
the inductance is omitted, this equation can be reduced to the
following expression:

NF:+.['-;] [
1 +  2 0 l o l R j l  l
/ | Rj | ) (1 - rJr,,);l 

(6ob)
( 1  -  R " / l R j l )  ( 1

where f"o is the resistive cutoff frequency,
For a perfeet amplifier, the noise figure is equal to unity.

For practical amplifiers, the component of the noise figure
greater than unity is called the excess noise. The second term
in Eq. (60a) is the excess noise caused by shot noise; the third
term is excess noise caused by thermal noise in the dissipative
resistance of the tunnel diode.

The resistive cutoff frequency of the tunnel diode is given
by

N F - 1 - 1 - 2 0  I "  l R ; l (62)

The factor (20 I" I Ri | ) is a function of temperature and is
sometimes called the noise constant of the tunnel diode. For
germanium tunnel diodes, the noise constant is usually equal
to at least 1.1; as a result, the minimum noise flgure is about
3.6 db. Lower ioom-temperature noise figures can be achieved
by use of gall ium antimonide tunnel diodes; however, these

* _  
1  

/ r , ,  .  T a o' to -  
z i r  lRj  lc j  !  R-  

-  L  = 
zt r

For frequencies less thun 
f"' 

, the excess noise in the series
3

resistance can usually be neglected. If both p and d are equal
to zero in Eq. (60a) and if the high-gain approximations of

Zo:  lRSl  and G approximately  equal  ro , ,  
n  

-u are used,
\ r  -  n) '

the equation for noise figure reduces to

JF (61)
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devices are extremely ternperature-sensitive, and the power re-
quired to regulate the temperature of a gallium antimonide
tunnel-diode amplifier makes such an amplifier much less at-
tractive for many applications.

Maximum gain in a tunnel-diode amplifier occurs when the
tunnel diode is biased at the point of inflection on its static
current-voltage characteristic curve. Minimum noise figure
occurs at a somewhat larger bias-voltage point. As a result,
amplifier bias is usually adjusted experimentally to minimize
the noise figure.

Eq. (62) ean also be used as an approximate estimate of
the noise figures of other tunnel-diode amplifiers, such as
quarter-wave-coupled amplif i ers.

STABILITY

The low-pass prototype tunnel-diode network displays a
negative resistance at its external coupling network over a
broad range of frequencies outside the useful bandwidth of
the amplifier. Consequently, parasitic oscillations (relaxation
and/or sinusoidal) may occur if special design preeautions are
not observed. The first problem that must be investigated is
whether or not the tunnel diode being considered can be em-
ployed in a stable amplif iel.ar For lossy tunnel diodes, the fol-
lowing practical conditions are sufficient for stability:

< 0.5

89

R.

* r -=o
L"

R f c , = Y 2 = 7 ' o
(63)

Depending upon the circuitry used to inject dc bias into
the tunnel diode, spurious relaxation oscil lation can occur.
Typical tunnel-diode circuits have been analyzed, from the
standpoint of freedom from these relaxation oscillations.26,31
Spurious rf oscillations are avoided if the tunnel-diode network
presents a positive input impedance to the external coupling
networks (i.e., hybrid or circulator) at all frequencies outside
the desired amplifier bandwidth that are less than the resistive
cutoff frequency of the diode. Amplifier bandwidths are re-
stricted to the passband of the hybrid or circulator.

The network shown in Fig. 79 is recommended for uncon-
ditionally stable microwave tunnel-diode amplif lers, i.e., ampli-
f iers which do not oscil late because of changes in source load
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impedance or dc bias. A band-reject f i l ter is used between the
tunnel-diode network and the dc-bias source. The resistor R"
is much less than the absolute value of the negative resistance.

BAND-
REJECT
FI  LTER

Zo

Fig. 79. Typical circuit of stable microwave tunnel-
diode amPlif ier.

When the band-reject fllter is in its "stopband", the resistor

R" does not act as a load in the tunnel-diode network' At this
poittt, 

" 
negative resistance is presented to the circulator and

gain is realized. When the band-reject f i l ter is in its passband
(i.e., off resonance), R" acts as a load in the tunnel-diode net-

work. In this case, a positive resistance is presented to the

circulator so that no gain and/or spurious oscil lations occur.

The bandpass of a naruow-band tunnel-diode amplifier can

be shaped by the band-reject f i l ter. The band-reject f i l ter must

be free of spurious stopbands, and the resistor R" must main-

tain its characteristics at all microwave frequencies below the

resistive cutoff frequency of the tunnel diode' For this reason'

tunnel-diode cutoff frequencies should be about three to four

times the highest value of the amplifier operating frequency.

Use of lower cutoff frequencies significantly degrades ampli-

fier noise flgure; use of higher cutoff makes stabilization more

difficult.
Stable operation within the passband of the amplifier de-

pends upon the type of coupling network used and the voltage-

reflection coefficient of the input, output, and dummy loads'

For the hybrid-coupled tunnel-diode amplif ier having an ideal
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hybrid, the stabil ity threshold occurs when the following con-
dition exists:

l f * l  l f " l  G = 1 . 0 (64;

where I I, I is the magnitude of the voltage-refleetion coefr-
cient of the source and I fr. I is the magnitude of the voltage-
reflection coefficient of the load.

For a tunnel-diode amplif ier using a three-port ideal circu-
Iator, the stabil ity threshold occurs when the following condi-
tion exists:

l f s l  l f " l  G r / 2 = 7 . 0 (65)

For a tunnel-diode amplifier using a four-port ideal cir-
culator, the stability threshold occurs when the following con-
dition exists:

l r s l  l I , . l  l I . " l  G t / 2 - L . 0 (66)

where I I. I is the magnitude of the voltage-reflection coefficient
of the dummy load.

The most favorable conditions of passband stability can
usually be achieved by use of a four-port circulator because
the value of I f" I which is equal to or less than 0.048 (i.e.,
when the VSWR is equal to or less than 1.10) can usually be
obtained readily.

(In the case of mismatched source-load impedances, Eqs.
(54) through (60) and (62) must be modified for the calcula-
tion of amplifier gain and noise figure.)

DYNAMIC RAIIGE

The dynamic range of a tunnel-diode amplifier is the range
of input signal levels that can be accommodated by the ampli-
fier. The lower limit of the dynamic range of a tunnel-diode
amplifier is determined by noise considerations; the upper limit
is limited by the large-signal saturation phenomena of the
tunnel diode as a device. (The upper l imit usually extends to
the 3-db gain compression point.) The amplifier gain, the
nature of the input signals, and the tunnel diode being used
determine what large signals can cause in significant inter-
modulation, crossmodulation, and harmonic outputs.s2' 38 For
typical microwave low-noise tunnel-diode amplifiers, saturation
occurs at signal-input levels between -25 and, -50 dbm. In
general, saturation occurs at somewhat lower levels in tunnel-
diode amplifiers than in tunnel-diode converters or parametric
amplifiers and converters.
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MEASURED RESTILTS

Fig. 80 shows the frequency response for a typical broad-
band hybrid-coupled tunnel-diode amplif ier. This circuit does
not use a band-reject f i l ter for narrow-banding. Germanium

I N P U T  L E V E L - d b m

Fig. 80. Gain as a function of frequency for a hybrid-
coupled tunnel-diode amPlif ier.

tunnel diodes having peak currents of about one mill iampere
were used with this unit, and noise figures of 4.0 to 4.5 db were
obtained. Hybrid-coupled uhf tunnel-diode amplif iers have been
developed having useful gain over a five-to-one frequency range.
Various circulator-coupled narrow-band amplif iers have also
been developed. A typical gain-saturation characteristic for
a praetical tunnel-diode amplifier is shown in Fig. 81.
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Fig. 81. Typical gain-saturation characterist ic of
tunnel-diode ampl i f ier.
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CONVERTERS

T\
.FneCtfCALLY all existing low-noise uhf and micro-

wave receivers make use of the heterodyne principle, i 'e., the
frequency of the received signal is shifted before high amplifi-
cation takes place. For frequencies above a few hundred mega-
cycles, crystal diodes have been almost universally used in the
frequency converters of such receivers' However, the best uhf

crystal converters have conversion Iosses of 3 to 4 db and noise
figures of 4 to 5 db; at microwave frequencies, both conversion
losses and noise figures are somewhat higher. Until the recent

advent of very-low noise preamplifiers such as masers' para-

metric amplifiers, and traveling-wave tubes, crystal frequency
converters were generally placed directly at the input of the

receiver. In more recent designs, a low-noise preamplifier has

been placed ahead of the crystal to provide very low receiver

noise figures.
There is little likelihood that the noise figure of crystal

mixers can be significantly improved by further research' Crys-

tal diodes, which are passive devices, must have some conver-

sion loss, and their noise figure must always equal or exceed

this loss. However, microwave diodes with a negative-resistance
region (tunnel diodes), exhibit active properties even at milli-

meter-wave frequencies.sa
Tunnel-diode frequency converters have lower conversion

loss, lower noise figures, larger dynamic range' and greater

resistance to burn-out than crystal-diode converters; their

use could eliminate the need for preamplifiers in many appli-

cations.
94
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EQUIVALENT CIRCUIT

fn a tunnel-diode frequency converter, an input signal of
frequency f* and a local-oscil lator signal of frequen"lifn 

"r.impressed across the nonlinear conductance of the diode. In
general, a complete set of sideband frequencies is produced,
i.e., all frequencies f-, o = mf" * nfo (m and n take on all in_
tegral values) are present. However, in most practical conver_
ters, signiflcant power flow takes place only at the input_signal
frequency f", the oscil lator-frequency fo, the intLrmediate
frequency 

.f, = | f" - fo | , and the image frequency fo =
| 2fo - f" I . In this case, the converter can be ,"p"u."rrt"d

by the linear three-port frequency-translation network shown
in Fig. 82, provided that the amplitude of the sinusoidal local-
oscil lator voltage across the nonlinear conductance is much
greater than the sum of the amplitudes of the voltages at sig_
nal, intermediate, and image frequenciss.sE

9o-91+9gz 
scl

Fig. 82. Equivalent l inear three_port frequency-
translation network for tunnel-d iode fr6-
quency converter.

In Fig. 82, Y" is the totar admittance at the signar fre-quency connected across the nonrinear conductance; similarly,
Yn and Y1 are, respectively, the total image- and intermediate-
frequency admittances. The quantity g" is the average value ofthe nonlinear conductance driven liifr" sinusoidal local os_cillator, g"1 is the fundamental conversion conductance, andg"2 is the second-harmonic conversion conductance. (Th;
equivalent circuit of Fig. g2 can also be used to calculate thegain of a converter in which the signal mixes with the nthharmonic of the Iocal oscillatgr (f" --2ntfo _ fn). In this case,g"t and g"r must be replaced bv g", and g"ro, respectively. Thevalues 

fo" go, g", and gc2 are 
"uuioitua 

fir germanium tunneldiodes in reference Bb.
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In practical positive nonlinear-conductance mixers, the
following inequalit ies must always be satisfied:36

g o > o , g o >  l g " r l ,  g o >  l g " z l  ( 6 7 )
However, these restrictions do not apply to tunnel-diode con-
verters because tunnel diodes exhibit a negative conductance
over part of their current-voltage characteristic.

CONYERSION GAIN

Expressions for the eonversion gain (i.e., the ratio of if
output power to the available signal power) can also be derived
from the equivalent circuit shown in Fig. 82. Tf, for simplicity'
it is assumed that Y", Yy, and Y, are pure conductances equal
to the internal conductance of the generator 8g, the image con-
ductance gn, and the load conductance gp respectively, then
the conversion gain K can be expressed as follows:

4gigsM2
l \ : - -

(B* * I tn)2

B"r (go + gk - g"2)
M _

(g" * gr) (go * gi) - E"r2

and where gio, the input conductance, is given by

E"l (2g"2 - ZEo - cr) - (go * gi) (g"r2 - 8o2 - 9o8r.)
gt" =

(g. * gr) (g" * gr) - Ecrz

Passive converters must have conversion loss, as can be
shown by the insertion of Eq. (67) into Eq. (68). Tunnel-diode
converters, on the other hand, may have conversion gain when
any one of the inequalit ies in Eq. (67) is reversed. This con-
version gain can be made arbitrarily large, and approaches in-
finity as - gitr approaches g".

BAiTDWIDTII

The conversion gain of a nonlinear-conductance frequency
converter containing no reactances is independent of frequency.
Tunnel diodes, however, contain parasitic eapacitances and in-
ductances; as a result, the gain of tunnel-diode frequency con-
verters is frequency-dependent. With available tunnel diodes,

(68)

where
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the effect of these reactances is usually negligible at conven-
tional intermediate frequencies (80 megacycles or less), but
must be taken into account at uhf and microwave frequencies.

An approximate equivalent ac circuit for an encapsulated
tunnel diode consists of three elements connected in series:
an inductance Ls, a resistance R' and a voltage-dependent re-
sistance R, (v) (1/g) shunted by a voltage-dependent capaci-
tance Ci (v). L" results mainly from the inductance of the
housing; R" is the resistance of the ohmic contact, the base,
and the internal leads of the package, and is a function of

IF  OUTPUT

I

is

Y g

Fig. 83. Equivalent circuit used for bandwjdth cal_
cu lat ion.

SPURIOUS OSflLLATIONS

A tunnel diode biased in its negative_resistance region, ordriven into this region by an applied local_osciffrto" ioil"e",can generate rf oscillations. In autodyne frequency 
"onou"-t"i.,advantage is taken of the serf-oscillaiions of the tunnel diode

oltage may be apploximated for
ttage by C1 (v) : X1q'-yy-t7,
r germanium, @ is approximately
sinusoidal local oscilalor. the av_
y-equal to the value of b at the

s I

w ) s9 L9 c j i.
I

, )oo-scr \
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to supply the local-oscillator drive. In converters with external
local oscillators, however, self-oscillation must be prevented
because these oscil lations cause spurious responses and in-
stabil it ies, and usually increase the noise of the converter.

Converter circuits that do not oscillate al any bias voltage
without local-oscil lator drive are also stable at any bias when
driven by the local oscillator. This type of converter circuit
must use "stable" diodes, i.e., diodes for which the following
inequality exists:37

L" < 3Rj2Cj (6e)

For stable diodes, the limits on the maximum usable peak

cunent In and the minimum time constant R,C, are set b{ Pq.
(69); for unstable diodes, these parameters are l imited only by
semiconductor fabrication techniques. Consequently, unstable
tunnel diodes are often useful in high-power or high-frequency
converters. (The power-handling capability of a diode is, in
general, proportional to Ip. Also, the cutoff frequency, i.e', the
frequency above which the real part of the diode impedance
becomes positive, is proportional to ( | Ri I Ci) -1. It has been
found experimentally that spurious oscillations in converters
using unstable tunnel diodes can be prevented by use of a large

local-oscil lator drive (Vo is more than 0.1 volt). This proce-

dure is most effective if the local-oscil lator frequency is close

to the self-oscillation frequency of the converter'

NOISE FIGT]RE

The noise figure NF of a nonlinear-conductance converter

with short-circuited image impedance (Yo = oo) and with real

input admittance can be written as follows:

N F  _ ,  _  
T  

/ G ,  
( s "  +  s s ) 2  2 ( s o *  s * )  G . r * 9 )  

< z o >
T, \ ggE"r2 Eggcr E* I

where T is the ambient temperature and To is the standard

reference temperature and Go and G"1 are the short-noise con-

ductances of the diode. (Go and Gs1 &r€ evaluated for germanium

tunnel diodes in reference 35') In the derivation of Eq' (70)' it

was assumed that the noise currents at the signal and inter-

metliate. frequencies generated by the pumped nonlinear -cort-
ductance 

"t" 
fotly c6rrelated. Also, in accordance with the

IRE definition3s, the noise figure is written in terms of avail-

able noise oqt-ptrt power' and does uot take into account any

noise contributions from the if load'
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The noise figure of a tunnel-diode frequency converter,
Iike the noise figure of a passive converter, must always ex-
ceed unity. However, the minimum noise figure that can be
achieved with a tunnel-diode converter is lower than fhe mini-
mum noise figure'of a passive converter because the conduc-
tances go and g", in a tunnel-diode converter are not restricted
bv Eq. (67).

EXPERIMBNTAL T]HF AND MICROWAYE
TUNNELDIODE CONIVERTERS

Fig. 84 shows a simplified equivalent circuit for a con-
verter with image rejection. Except for the de bias circuit,
which is designed to prevent spurious oscil lations while the
diode swings through the negative-resistance region, the
equivalent circuit is similar to conventional passive frequency
converters. The sizes of actual converters are generally com-
parable to those of miniaturized passive frequency converters.

REJECTS
f t , f K

REJECTS
fg  ' fgq ' fK

L INE
STRErcHER

99

DC-BIAS
CIRCUIT

Fig.84. Simplif ied equivalent circuit for tunnel_
diode. frequency-converter having image
rejection.



100 RCA TUNNEL DIODE MANUAL

VSWR's exceeding 10:1 varied through all phases. Futher-
more, the lowest system noise figures (when a 30-megacycle if
amplifler having a 1.7 db noise figure is used) are obtained
with converters having conversion losses in the neighborhood
of zero db.

The system noise flgure of a balanced L-band converter
is shown in Fis. 85 as a function of local-oscil lator power.

Q 2 4 6 8
LOCAL OSCILLATOR POWER-MILLIWATTS

Fig. 85. System noise f igure as a function of local
osci l lator power for a balanced converter
(noise f igure of i f  ampli f ier equals 1.7 db).

The noise f igure varies l i t t le for local-osci l lator power in the
range from about 2 to 7 milliwatts. The use of this relatively
high pump power results in a large dynamic range. (Satura-
tion effects occur only when the signal voltage across the diode
becomes a signif icant fract ion of the local-osci l lator voltage.)
Fig. 86 shows the conversion loss of a typical single-ended

, Fig. 86.
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Conversion lqss as a functiori of input power
for a uhf tunnel-diode frequency converter.
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converter as a function of input power. The conversion loss
is increased by 3 db at an input of about 0.1 mill iwatt. (In
some more recent experiments with balanced mixers, 3-db gain
compression occurred at a signal level of about one mill ivolt.
The bandwidth of these converters was 250 megacycles cen-
tered at a frequency of. 7270 megacycles.) The sensitivity of
this converter to inputs at unwanted frequencies is comparable
to that of crystal-diode converters. For one-per-cent inter-
modulation distortion, the power in the unwanted signal is
about -30 dbm.

Burnout, i.e., detectable deterioration of performance, oc-
curred for cw powers of two watts, and for pulse energies of
170 ergs. These results show that tunnel diodes can handle
approximately one order of magnitude more cw power and
pulse energy than conventional point-contact mixer diodes.

Table IV l ists the lowest system noise figures measured to
date. For this test, a 30-megacycle amplif ier having a 1.7-db
noise flgure was used. (The quoted single-sideband noise flg-
ures include the losses of the image-rejection fi l ters.)

Table IV
Measured System Noise Figures

Local-Oscillator Signal Double-Sideband Single-Sideband
Frequency Frequency System Noise Figure System Noise

(Mc) (Mc) (db) Frequency
(Image Rejection,

10db)

101

482
780

1340
1340
2000

10400

612

1370
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fl IC}r-CURRENT tunnel diodes are best utilized as low-
voltage inverters in circuits having low-impedance dc power

sources.ss They can be used for efficient inversion of the output
of solar cells, thermoelectric generators, or thermionie con-

verters. Other applications of these devices include overload
detectors in dc and ac power supplies, pulse generators, high-

speed switches, and oscillators.
High-current tunnel diodes are basically the same as con-

ventional tunnel diodes in theory and construction. However,
because of the high current involved, these diodes require a
relatively large junction area. As discussed in the section on

Characteristics, the peak current of tunnel diodes is directly
proportional to junctiot area for a given crystal carrier con-

centration. A further difference of high-current tunnel diodes
is the type of package used (RCA high-current devices gen-

erally use standard rectifier packages such as the DO-4 and the

DO-8). In addition, if these diodes are operated at their maxi-

mum ratings, it is necessary that they be fastened to external

heat sinks.
Conventional tunnel diodes and high-current tunnel diodes

differ also in the value of the series resistance R". For high-

current tunnel diodes, the series resistance should be kept as

small as possible, generally in the order of 0.010 ohm, or less'

If series resistance is not small, the efficiency of high-current

tunnel diodes (especially when operated in inverter circuits)

decreases rapidly. Fig. 8? shows the effect of an increase in

series resistance on efficiencY.
RCA high-current tunnel diodes combine large total junc-

tion areas and rugged packages into units of gneat mechanical

strength. In an experiment demonstrating this capabiliW' a 10-

L02
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S E R I E S  R E S I S T A N C E  O H M S

Fig. 87. Efficiency as a function of series resistance.
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INVERTER CIRCTIITS

The two most common forms of inverter circuits for the
conversion of low-voltage dc to higher_voltage ac (or dc) are
shown in Figs. 88 and 89. The maximum conversion effi-
ciencya4 ar z1 for a diode operating in either circuit (if threshold
operation is assurned) is given by

o
l o  - 6

q : (7L'
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Fig. 88. Low-voltage dc inversion circuit.

RCA-TYPE
4 0 0 6 8l

\_7
o 25 VOLTS

/.t
R C A -:A-TYPE

40068

Fig. 89. Low-voltage dc inversion circuit .

As shown in Fig. 90, it is desirable to have large peak-to-
valley current and voltage ratios. For germanium, typical
current and voltage ratios are 10 to 1 and 3 or 4 to 1' respec-
tively; these values correspond to efficiencies of 40 to 50 per

cent. For GaAs, typical current and voltage ratios are 20 to
1 and 5 or 6 to 1, respeetively. The voltage ratio depends pri-

marily on the peak voltage Vp, which in turn depends on the
series resistance R".

The actual peak and valley voltages, however, consist of
two components, as follows:

Vp : Vp' -l- (Ip) R")

V" : '\,r"r 
+ (I") (R") (72)

where Vp' is the voltage across the junction itself. The in-
herent peak voltage Vp' of germanium diodes may be as low
as 45 mill ivolts; inherent valley voltage Ya'may be in the range
of 300 to 400 mill ivolts. These values correspond to a voltage
ratio between 6 to 1 and 9 to 1.

As shown by the above equation, the value of R" can have
a major influence on the measured peak voltage (especially at
high peak currents). For example, the typieal series resistance
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Fig. 90. Efficiency as a function of valley-to_peak
voltage ratio.

of a one-ampere diode is 0.0b ohm. The value of (Ip) (R") is
then 1.0 x 0.05, or 50 millivolts, and the actual peak voltage is
given by

Vp = 45 * 50 = 95 millivolts (73)

Thus, the series resistance can reduce the voltage ratio ap-
proximately in half. The effect of series resistance on valley
voltage, however, can usually be neglected because the term
(IrR") is only one-tenth of the term (I"R").

If high conversion efficiencies are to be attained. the series
resistance must be reduced as much as possible (see Fig. gZ).
Although efficiencies of approximately b0 per cent are presently
realizable, this figure may be raised to 60 to ?0 per cent by the
further development of materials such as gallium arsenide.
(Efficieneies greater than 60 per cent have already been ob-
tained with experimental gallium arsenide high-current tunnel
diodes.) Although both germanium and gallium arsenide are
theoretieally about equally well suited for high efficiencies; the
greater peak-to-valley-current ratio and high-temperature
capability offered by gallium arsenide may be advantageous
for certain applications

VALLEY-TO-PEAK VOLTAGE RATIO



106 RCA TUNNEL DIODE MANUAL

Although the efficiency of tunnel-diode inverters may seem
low compared to the efficiencies of transistorized inverters, it
must be remembered that transistors can only operate effi-
ciently at relatively high voltages (one volt or higher). At
lower voltage levels, tunnel diodes are considerably more ef-
fective, as shown in Fig. 91. At present the high voltages re-
quired for effective operation of transistorized inverters are
obtained from a series arrangement of low-voltage dc sources
(fuel cells, solar cells, thermoelectric generators). This method
is not as reliable as the use of parallel supplies because the
output of the entire series string is lost if only one cell opens.

SOURCE VOLTAGE-VOLTS

Fic' 91. Transistor and tunnel-diode efficiency as a
function of suPPlY voltage'

The circuit shown in Fig. 88 is basically a relaxation os-

cillator. If the tunnel diode is biased in the negative region
(for germaniurn diodes approximately 0.11 to 0'33 volts), oscil-

Iation having a trapezoidal waveform such as that shown in
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Tt + l { l

Fig. 92 Output for a tunnel-diode relaxation oscil-
lator.

Fig. 92 occurs, provided that the following conditions are met:
First, the total circuit resistance R1, including diode series re-
sistance, must be less than the absolute value of negative
resistance of the diode at the operating point, as follows:

(Rr + R") < lRj I (74)

Second, the total circuit series inductance L" must be greater
than the product of the total circuit resistance, the absolute
value of the negative resistance of the diode, and the junction
capacitance,a2 as follows:

I , r  )  (Rn  *  R " )  ( lR j l )  (C j ) (76)

For high-current units, the second criteria is very easy to meet.
For example, some typical parameters for a b-ampere diode
are: (R5) = 0.02 ohm, C = 0.011 microfarad, Lcese = five
nanohenries. When these values are substituted into Eq. (Zb),
it is seen that 5 x 10-e ) (0.02) (0.02) (1.1 x 10-8 =
4.4 x 10-p. As a result, the inequality is true, and the second
requirement is met by the inductance of the diode package
alone.

The first requirement is not so easy to m'eet, however, be-
cause the negative resistance is so small. For a z0-ahpere
germanium unit, the minimum negative resistance is about
0.006 ohm. As a result, the sum of the series resistance, the
power-supply resistance, the lead and contact resistances, and
the transformer primary ri:sistance must be less than 6 milli-
ohms. Careful inverter design permits this requirement to be
met.

A theoretical analysisra of the single-tunnel-diode inverter
circuit under load and no-load conditions shows that maximum
efficiency is obtained when the diode oscillates with equal posi.
tive and negative periods. An approximate equation for the
frequency of a symmetrically oscillating loaded inverter is
given by
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(76)

where L is the inductance of the primary winding of the loaded

transformer.
The two-diode inverter circuit shown in Fig. 89 may be

described as either parallel or push-pull. This circuit has

three possible modes of operation which depend on the bias

voltage, load resistance, and transformer-winding polarity and

core material. If the transformer primary is wound in opposite

directions on each side of the center tap, a parallel mode of

operation similar to that of the single-diode inverter mode oc-

curs. Both diodes operate at the same frequency; the output

waveform is similar to that shown in Fig. 92.
If the primary is wound in the same direction throughout'

a push-pull arrangement results. The push-pull circuit con-

figuration has two possible modes of operation. When the

diodes operate in phase (symmetrically), efficiency is very low

because the currents are "bucking" each other in the trans-

former primary. If the diodes operate 180 degrees out of

phase (asymmetrically), the currents through the primary add

to each other. In this mode of operation, conversion efficiency

is high. The output waveform is symmetrical and approxi-

mately square, and its fiequency is much lower than in the
paraliel mode of operation. Several excellent analyses and

explanations of circuit operation for the push-pull inverter cir-

cuit are available in the l iterature.aa-a?

EXPERIMENTAL CIRCUITS

In the inverter circuit shown in Fig. 88, the primary was

constructed of six turns of heavy (No. 14) enameled wire with

of bias or load resistance for two temperature ranges' Input

dc power was measured with a dc ammeter and dc voltmeter'

The voltmeter was connected directly across the diode' The

transformer secondary was connected to a decade resistance

box. Output power *". *"uto*ed with a true-rms-reading volt-

meter, and computed by use of the following equation:

.  1  ( V o - V r )
r = T L ( I " - I " )

V.t2
Dr o  _  

R L
(77)
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Fig. 94.

BIAS VOLTAGE _ MILLIVOLTS
Fig. 93. Frequency as a function of bias voltage for

RCA-40068 (resistance equals 1000 ohms).
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Frequency as a function of load resistance
tor nCn+bOOg (bias voltage is 240 millivolts).

The curves illustrate the increase of efnciency at -196

high-current tunnel diodes operated in a single-diode inverter

circuit; however, different values of peak efficiency, frequency,

and the like result when different transformers or diodes are

used. Figs. 97 and 98 show the actual shape of the waveforms

at three different bias levels. The type of diode and transformer

used also affect the exact bias voltage or loa,d resistance at
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Fig. 96. Efficiency as a function of bias voltage for
RCA40068.

Figs.99 and 100 show the results of operation in the push-
pull mode. Fig. 101 shows the general shape of the input and
output waveforms. Fie. 102 shows the higher efficiencies ob-
tainable with gallium arsenide. Two striking differences be-
tween single-diode and push-pull operation are immediately
appar.ent. First, the output of the push-pull circuit is much
squarer and has little "droop" as compared to that of the single-
diode circuit. This squareness is continuous over the entire
operating-voltage range. Second, the output frequency is much
lower and relatively constant. This circuit also allows the
power source to deliver a much more constant current than the
single-diode circuit. In the single-diode circuit, the diode draws
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BIAS=236 MILLIVOLTS

HORIZONIAL=2OO pSEC/DlV.

BIAS.3OO MILLIVOLTS
HoRIZONTAL= 5OOpSEC/DlV.

BIAS=l50  MILLIVOLTS
HORIZONTAL= 20O p  SEC /D lV.

Fig.97. Waveforms for the single-diode inverter.

heavy current only when it operates near the peak point; as a
result, the power supply must furnish a pulsating current.

In addition, the efficiency of the diode itself is materially
greater in the push-pull circuit than in single or parallel oper-
ation. In single or parallel operation, the diode operates at
high forward voltages (greater than valley voltage) for an ap-
preciable part of a cycle, and thus has increased dissipation
and loss. In the push-pull mode, the diode spends only a very
small fraction of a cycle at voltages beyond the valley point.
For the particular transformer used, push-pull operation could
be obtained only in the 200- to 280-millivolt region. Beyond
these points, the diodes switch to either the low-voltage or
high-voltage positive-resistance regions. A wider range of
operation would probably result if total external resistance
(transformer, connections, and the like) were reduced. AIso,
if the load is made less than 190 ohms, the symmetrical mode
of operation results and, as predicted, the output power is re-
duced to zero. The critical secondary load resistance is then
given by

) t'u'
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BIAS:  I5O MILLIVOLTS
HORIZONTAL:  500 r rSEC/DlV.

B I A S : 3 O O  M I L L I V O L T S
HORIZONTAL: 50O sSEC/DlV.

B I A S : 4 2 O  M I L L I V O L T S
HORIZONTAL:  I  MS/DIV.

VERTICAL SENSITIVITY

y5fi E?'#1?? =.' 3 X,ii Ji ".
Fig. 98. Waveforms for single-diode inverter.

where R1 is the transformer primary-winding resistance and
n is the transformer turns ratio. If a lower load resistance is
used, the symmetrical mode of oscillation is destroyed, and no
power output results.
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Fig. 99. Efficiency and frequency as a function of
load resistance (load resistance is 1000
ohms).
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Fig. 100. Tunnel-diode eff iciency and frequency as a
function of bias voltage.
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Fig. 101. Inverter waveforms for two RCA40068's otr
erated in a push-pull circuit; (a) tunnel-
diode wavefoffn, and (b) inverter output.
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LOAD RESISTANCE_OHI'S

Fig. L02. Etficiency as a function of load resistance
for six-ampere gallium arsenide tunnel
diodes used in a push-pull inverter circuit.

OTHER CIRCTIITS

High-current tunnel diodes may be used to drive high_
power transistors in either common-emitter or common_base
configurations. For example, Fig. 108 shows the combined use
of a germanium tunnel diode and a power transistor in a bi_
stable switching circuit; in such circuits, the low rise time of
the diode (as low as one nanosecond) can be used to drive
transistors at rates much faster than many other methode
presently available.
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Ftg. 103. Bistable tunneldiode-transistor combina_
tion.

If silicon power transistors are used, their higher base_to_
emitter voltage makes it necessary either to ,,bias up,, the
germanium tunnel diode, as shown in Fig. 104,,or to use a gal_
lium arsenide high-current tunnel diode. This application iay
be a very useful one for gallium arsenide diodes because their
higher voltage srying 99uld easily turn on a silicon transistor.

ICAL LIMIT'5OO OHMS
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At the same time, the base-to-emitter voltage of the transistor
effectively clamps the gallium arsenide diode below the point
in the forward-voltage region at which the degradation mechan-
ism of gall ium arsenide becomes active.

SIL ICON
TRANSISTOR

GERMANIUM
TUNNEL

DIODE

CONVENTIONAL
G E R M A N I U M

DIODE

Fig. 104. Method for "biasing-up" tunnel diodes.

Fig. 105 shows an example of a tunnel-diode overload-
sensor circuit. This circuit uses high-current tunnel diodes
and provides a fast-acting Sensitive over-current detector
which can be used to protect sensitive loads from current
surg:es or overloads. Other circuit arrangements are possible

if the power supply is to be protected rather than the load.

AC
( o R  o c )
SOURCE

L _ - - - -

HIGH-CURRENT
TUNNEL DIODE
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Fig. 105. Tunnel-diode overload sensor:
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T"t tunnel resistor is basically a parallel combination

of a tunnel diode and a resistor, integrated and miniaturized

to fit in the same package as a tunnel diode' The voltage-

current eharacteristic forihis device is shown in Fig' 106' The

v o.too 0.250 v
Fig. 106. Tunnel-resistor characteristic'

the plateau.
The tunnel resistor is used primarily as a non-linear bias-

118
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reduces the power dissipation. As shown in Fig. 102, the load
line of the tunnel resistor is nearly fl.at at operating point A
compared to the dashed line of a conventional resistor using
the same bias. As a result, the precise value of the bias volt-
age has much less effect on the operating current level of tun-
nel resistors. Thus a simulated constant-current load line can
be obtained by use of a tunnel resistor and a low-voltage source,
rather than a power-consuming current source. .In the case
of an ohmic resistor, the same load line at operating point A
could only be achieved with a higher voltage source and, hence,
a much greater power dissipation.

TUNNEL
REStSToR

Fig. 107. Tunnel-diode having tunnel-resistor load.

HIGIT.FREQUENCY SYNCTIRONIZER

Many sampling oscilloscopes have inherent bandwidths
much greater ,than the trigger (sync) circuits of the scope ean
handle. For exarnple, although some sampling scopes hurru u
500:megacycle bandwidth, their trigger circuits cannot sync
ou frequencies gteater than 50 megacycles. Thus, if a b00-
megacycle signal is to be displayed, exact subharmonics of the
input signal must be generated to trigger the scope sweep
circuits. The tunnel diode is the only known device capable
of triggering scopes over such a wide frequency range. The
simple tunnel-diode counter shown in Fig. 10g can achieve

0.0056 3Oo
Pl oHMS

47 0HMS
2 WATTS

R3
OUTPUT

| 2 WATTS

RZ tO OHMS -1.,Bflu,

Tunnel-diode having tunnel-resistor load.

Fig. 108. Tunnel-diode synchronizer.
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"countdowns" greater than 50 to 1, and can be used at fre-
quencies higher than 500 megacycles. The upper usable l imit
is not known, but sine waves have been successfully displayed
up to 1.2 gigacycles on a sampling scope capable of handling
a maximum sync signal of only 100 megacycles.

Because of the high frequencies involved, loads should be
kept as short as possible in the circuit of Fig. 108. The input
combination of CrR, blocks dc and the ac output from the in-
put. (A small fraction of output signal, in the order of a few
millivolts, does appear at the input, however.) After the eir-
cuit is assembled, it may be quickly checked out by applica-
tion of a dc voltage of five to seven volts and observation of
the output on a standard 30-megacycle scope. A trapezoidal-
shaped wave having a frequency of five to thirty megacycles
should be observed.

Operation of the counter is as follows: First, the output is
connected directly to the scope trigger input socket, and then
the input is connected to the signal source or trigger takeoff.
(A minimum input signal of about ten mill ivolts is required.)
At this point, a dc voltage of approximately five to seven volts
is applied, and the voltage, resistor R2, and the scope trigger
controls are slightly adjusted until a stable display appears.
These adjustments must be made slowly and very carefully. If
the display drifts (becomes unstable), readjustment of the dc
voltage is usually the quickest way to make the display stable
again.

A more sophisticated synchronizer circuit which can be
used at frequencies of more than 3000 megacycles is shown in
Fig. 109. In this circuit, TD, is a l50-megacycle free-run-
ning relaxation oscillator; TD, is a monostably biased tunnel

Fig. 109. Five-gigacycle synchronizer circuit .
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diode. The loadlines for these diodes are shown in Fig. 110.
The output is at a frequency of approximately b0 to 100 kilo-
cycles. Peak-to-peak voltage up to one volt can be provided at
the output by use of a gall ium arsenide 5O-mill iampere tunnel
diode for TDr. The input and coupling elements (C, and Rs)
also may be replaced by high-speed diodes to reduce the feed-
back of the output into the input. The voltage developed across
TD. must be held to a maximum of 500 to 600 mill ivolts; other-
wise an input attenuator is needed.

The inductance L, must be kept to an extremely low value
(approximately 1 to 10 nanohenries) for TD, to run freely at
more than 100 megacycles. R, and Ru may be one to two ohms.

Fig. 110. Tunnel-diode load l ines.

TUNNELDIODE INDICATOR

Figs. 111 and 112 show two circuits which can be used to
provide a visual indication of whether the tunnel diode is in
the high or low state. Because the input impedance of either

727

Fig. 111. Tunnel-diode indicator for grounded anoctes
(Rr should: be physically cloiid to the diode).

LOAO LINE FOR TDz
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circuit is greater than 100,000 ohms, negligible current is
drawn from the diode under observation.

Fig. IL2. Tunnel-diode indicator for grounded cath-
odes (R' should be physical ly close to the
diode).

SCALE EXPAI[DER
A useful circuit which permits tunnel-diode peak current

to be measured on a curve tracer with discrimination better
than 0.1 per cent and accuracy better than 0.5 per cent is
shown in Fig. 113. This simple attachment effectively magni-
fies the top portion of the tunnel-diode characteristic ten times.
Thus, a one-per cent current deviation represents one major
division instead of one-half of a minor division as on a con-
ventional curve tracer graticule.

- t 5 0 v D c

i lORMAL DISPLAY EXPANDEO OISPLAY
5I,A/OIV-VERTICAL O.5 MA/DIV_VERTICAL

15O{A UNIT) (5EMA UNIT)

Fig. 113.- Scale expandea
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This attachment basically expands the range of the vertieal_
positioning control so that the top portion of the characteristic
csn be seer on an expanded seale. Catihration is most esily
obtained by use of a diode having a knorrr peak eument (This
calibration unit may have been measured on the precision_
measurement equipment described in the section on Measuring
Circuits.) Once the set is calibrated, the vertical-positionin!
controls must not be disturbed.

OTHER USES

Some other novel uses of tunnel diodes are found in decade
counters or ring counters. Under certain conditions, for ex-
ample, a "count-by-10,'circuit can be designed by use of ten
tunnel diodes in series. Tunnel diodes in conjunction with
transistors have been used in ring counters having 100_mega_
cycle repetition rates. Full adders using tunnel diodes with
and without transistors have been described in the literature.
(See reference in the section on Switching.) The use of tunnel
diodes generally permits simpler full-adder circuitry than all_
transistorized circuits.
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parameters are easily measured by dis-
play of their characteristics on a curve tracer. When a con-

ventional curve tracer is used, a ttace similar to that shown in

FiS. 114 appears. The negative-resistance portion of the char-

acteristic is not visible because of the speed with which the

diode switches from the low-voltage positive-resistance portion

Fig. 114. Tunnel-diode characteristic'

of the curve directly to the high-voltage positive-resistance re-
gion. The rapid switching occurs because the curve tracer has

a total internal series resistance greater than the absolute

value of the diode negative resistance. As a result, the diode

load line is similar to that shown in Fig. 115, l ine A' As the

sweep current exceeds the peak current (l ine B) of the diode'

the diode immediately switches to its high state.
One of the requirements for display of the complete char-

acteristic is that the total circuit series resistance R1 be less

than the absolute value of the tunnel-diode negative resistance

R;, as follows:
R r  (  l R : l  ( 7 9 )

t24
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Fig. 115. Tunnel-diode load lines.

TV'hen this condition is satisfied, the diode load line is similar
to that shown in Fig. 116. In this case, when the curve-tracer
sweep current exceeds the peak current, the diode does not
switch directly to the high state, but instead travels through
the negative-resistance region continuously. However, the

Fig. 116. Load-line conditions for display of complete
characteristic.

curve tracer may display characteristics such as those shown
in Fig. 117. The presence of such .,bumps" or ,,fuzz,, in the

Fi&, 117. Presence of imperfections in diode cnarac-' teristic.

125
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negative-resistance region indicates that the diode is oscil lat-
ing as it is swept through this region. This effeet can be pre-
vented by use of a total circuit series inductance L, (including
case inductance) which is Iess than the pmduct of the tstal
circuit series resistance, the minimum negative resistance of
the diode, and the juncton capacitance as shown by the fol-
Iowing expressionas:

L ,  (  R ,  x  l R l * , o  x  C , (80)

Eqs. (79) and (80) represent the two stability conditions that
must be met if the complete tunnel-diode characteristic is to
be stably displayed.

For low-peak-current units, the circuit shown in Fig. 118
may be used to display the complete characteristic. In this
circuit, resistor R, serves to bypass the power source so that
only the resistance and inductance of resistors Rr and R2 are
presented to the tunnel diode. R, is the current-sampling re-
sistor, and R3 is the current-limiting resistor. Rt and R2 may

be any values as long as their sum is less than I R1 l. It is a
mistake to assume that the stability of the circuit is increased
if R, and R2 are very low. If the resistance (Rt * Rr) is lower
than necessary, it is harder to stabilize the diode' as shown
by Eq. (80).

For medium-peak-current units, t-he total inductance of
two resistors in series may be too large to satisfy Eq. (80). In
this case, the circuit shown in Fig. 119 can be used to reduce
the circuit inductance by more than 50 per cent.a2 This circuit
is basically a form of the familiar Wheatstone bridge. Resistor
R2 is used to obtain a "null" on the bridge without a diode in
the circuit. Null is indicated on the scope by a perfectly hori-
zontal line. The diode is then inserted, and the complete curve
ie traced out. Current through the tunnel diode is measured
by the unbalauced condition it causes in the bridge., Methods

FILAMENT
TRANSFORMER R2

6.3 VOLTS

Fie. U8. Tunnel-diode curve tracer.
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TRANSFORMER
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R r = t o o
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Fig. 119. Tunnel-diode curve tracer.

for the reduction of the inductance of the critical section (R6
plus tunnel-diode unit) are described in reference 42.

Medium-current units (b0 milliamperes or more) generally
have too much case inductance to be stabilized complelely. For
example, a 50-milliampere diode may have a ease inductance of
0.4 nanohenry, a negative resistance of two ohms, and a capaci_
tance of 10 picofarads. Substitution of these values in Eq. (g0)
produces the following impossible inequality:

4 x 10-10 < (2) (z) (10-u1 = 0.40 x 10-10

IIIGII.CT]RRENT UNITS



128 RCA TUNNEL DIODE MANUAL

TO EXT.
V E R T I C A L

I N P U T

Fig. 120. High-current adaptor (T' is a variable auto-
transformer and T, is a lvolt f i lament
transformer).

appearing directly across the diode. As a result, all voltage
drops caused by contaet resistance and connecting Ieads are
bypassed. Considerable errors may result in measurement of
peak voltage if the voltage and current leads are not kept
separate. Because most commercial curve tracers measure the
voltage appearing across their front-panel terminals, any ex-
ternal connecting-lead voltage drop appears in series with the
diode being measured and causes large errors at high currents,
All RCA high-current tunnel diodes are measured by applica-
tion of the signal from the voltage leads to the external differ-
ential voltage inputs available on the rear panel of most curve
tracers. This procedure eliminates errors due to lead drops.

The external voltage inputs of most commercial curve
tracers have a fixed sensitivity in the order of 100 millivolts
per dial division. Although this scale is not sensitive enough
to provide accurate measurement of peak voltage, the hori-
zontal-amplifier section of the circuit can be modified to pro-
vide variable gain when the external inputs are used.

Fig. 121a shows the horizontal-amplif ier circuit of a con-
ventional curve tracer. As $hown, the gain of this amplifier can
be verified by adjustment of switch 4R. However, this switch
is ganged to several other switches in the curve tracer, and
cannot be moved from the "EXT" position when the external
inputs are being used. In the modified circuit of Fig. 121b,
therefore, switch 4R is bypassed when the external inputs are
used, and switch 51 is added to obtain horizontal sensitivities
of 10, 20, 50 or 100 mill ivolts per dial division.

An important change in the modifled circuit of Fig. 121b
is the relocation of the 60,000-ohm resistor. If this qesistor
were to remain in its original location, it would not ,bg con-
nected to the cathode of the tube V354 when 51 was in the 1Q,



MEASURING CIRCUITS

Fig. 121b. Modified
switching.

S W I T C H  N o . 4 R
circuit  for horizontal ampli f ier

t29

Fig. 121a. Simplif ied circuit for horizontal amplif ier
switching.

20, or 50 millivolt per dial division positions. As a result, er-
rors in the order of five per cent might be introduced.

The entire modification described above does not interf,ere
with normal operation of the curve tracer, provided switch S,
is connected in the 0.1 volt per dial division position when the
external inputs are not used.

2000
OHMS

SI=SP4P WAFER
swrTcH
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CAPACITANCE

Junction-capacitance measurements at RCA are made on

a Wayne Kerr Model 8801 admittance bridge, as shown in Fig'

122. Resistor R, is used to develop a bias voltage across the

tunnel diode. The "unknown" terminals of the bridge appear

as a dc short. Capacitance is measured at the valley point with

an accuracy of approximately r-' 0'2 picofarad or -+ 2 per cent'

whichever is greater.

T U N N E L  D I O D E
J I G

D C
P S .

{ l

t--..------1
W A Y N E  K E R R

B R I  D G  E
M O D E L  B S O I

5 0  M C
o s c

l l  lL_ D E T E C .

( o )

( b )  ( c )

Fig' I22. (a) Block diagram.-for ca.pacitance test set'
ibj tunnet-aioOe jig, and (c) required load
l ine.

Operation of the circuit of Fig' L22 is as follows: The

power-supply output is increased until the VTVM indicates that

ihe tunnel diode is operating in the valley region' The bridge

capacitance dials and the power supply are then successively

adlusted until a null is obtained at the vallev point' Capaci-

tance is read directly from the bridge dials' The conductance

dial is kept at zero during measurement of junction capacitance-'

The 3O-megacycle measuring signal should be kept as small

as possible, pr&erably under 10 millivolts rms' In addition' the

dc supply sfrouli l be well regulated to minimize ripple' Shield-

ing may be necessary when high-speed units are measured;

otherwise, transients may momentarily push the bias point into

thenega t i ve - res i s tance reg ion , thuscaus ingosc i l l a t i ons .Thg
loop inluctance (R1 plus diode socket and corrections) should
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be made as small as possible.
If it is desired to measure the capacitance of a tunnel diode

at points other than in the valley, a rather lengthy procedure
must be used. First, the bridge is balanced without any diode
in the jig. A shorting strap is then substituted for the diode,
and the constant loop impedance is measured. The diode is
then inserted, and the admittance of the circuit is measured
for various bias voltages. By initial balancing of the bridge at
a small positive conductance, the conductance and capacitance
in the negative-slope region can be measured, provided the con-
ductance is not too large. From these measurements, the true
diode junction capacitance can be computed by means of the
following equations:

C : :

(81)

(82)

where C, is the true junction capacitanc€, go is the diode con-
du-ctance, Rr : Rr * R*; Lr = Lr a L., and Gs and Cs are
values indicated in Fig. 128.

The impedanee Z, = Rr * jcrlll is the impedance measured
when the diode holder is shorted. Fig. 128 shows the variation

GB -R,)'*,, (t*Gf.-hfGs2 a @zgrz

DC JUNCTION VOLTAGE_M ILLI\rcLTS

Fig. 123. Capacitance characteristic for five-milli-
ampere tunnel diode.
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in capacitance as a function of bias voltage for a five-milli-

ampere tunnel diode.

PRECISION MEASUREMENTS

. The conventional curve-tracer methods for the measure-

ment of parameters Ip, Vp, Iv, Yv and Vp are simple and rapid,

but are not accurate enough for all applications. Better than

one per cent accuracy on a curve tracer is almost impossible

even if perfect calibration is assumed. Because RCA produces

tunnel diodes having a -Fl-per-cent tolerance on peak current,

a method more accurate than that of the curve tracer is neces-

sary. This required accuracy is provided by the circuit shown

in Fig. 124a. This method was selected for several reasons:
(1.) the diode can be stably biased at the peak; (2.) the circuit

is not transient or noise-sensitive; (3.) the use of a digital volt-

meter for display of the measured parameter reduces the

chances of operator error; and, (4.) both peak current and peak

voltage are easily measured,
Resistors Rr and R, form a low-inductance monostable

load-line for the tunnel diode, as shown in Fig. 124b. The am-
plif ier A' senses the voltage across R2, amplif les it, inverts it,

and feeds it back through R3. The current generated by this
process thus cancels out the current originally f lowing in R2'

When the voltage across R, drops to zeto (ideally), all current

of j ig used to hold the diode.
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B ' _ D I G I T A L  V O L T M E T E R

( 0 )

Fig. I24. (a) Precision measurement circuit ,  and (b)
tunnel-diode load l ine.

In the test circuit shown in Fig. 124a, the precision re-
sistor R, has a tolerance of 0.01 per cent. The digital volt-
meter B', which is a four-digit high-speed semiconductor type,
has an accuracy of 0.01 per cent. The voltage across resistor
Rr, which was measured to be less than 20 mill ivolts. corre-
sponds to an error of less than 0.04 per cent for a b0-mill i-
ampere diode. The possible stray potential differences caused
by the contact of two dissimilar metals in the amplif ler input
leads may be another source of error.

The type of diode holder or j ig required depends upon
individual needs. A j ig for use by circuit design engineers need
not be as elaborate as one for production usage. Examples of
RCA holding j igs are shown in Fig. 12b. Any holder (together

R l 6
\

7)- / B  

R 3

J l

? B'

D C  A M P L I F I E R
I
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with resistors R, and Rr) meeting the following requirements
is satisfactory, provided R, has adequate power-handling ca-
pacity. First, the sum of resistances R, and R, and the tunnel-
diode series resistance R" must be less than the absolute value

S P R I N G  L O A D E D
CLAMP

TUNNEL DIODE
WITH SENT TABS

LI
r/,4 DtooEn
l l

R r  R r. -  
G E R M A N I U M C O P P E R
RESISTORS

COPPER
STRIP

STRIP

F R O N T  V I E W

( b )

Typical tunnel-diode holders.

L O W  I N D U C T A N C E

COPPER
SCHEMATIC

S I D E  V I E W

Fie. r25.
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of the negative resistanee. or

135

R r = R r + R 2 + R s <  l R r l  ( 8 3 )
Second, the total inductance L, presented to [he diode must be
kept below the following limit:

Third, the holder for the tunnel diod.e must not grip the
unit in any way which would cause excessive pressure to be

ampere low-capacitance units (In/C, greater than or equal to
5:1) can be stabil ized slightly p"it tfre peak of the diode char_
acteristie.

Fig. L26. Forward-voltage measuring circuit.
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OTHER METHODS FOR MEAST]RING
PEAI( CT]RRENT

The method shown in Fig. 127 uses a precision ammeter in
series with the tunnel diode. Resistor R, stabil izes the diode
to prevent switching. This method is not suitable for high-
speed units because the ammeter inductance makes it very
diff icult to stabil ize the unit at the peak. Noise from the power
supply, or rf pickup, tends to push the bias point slightly into
the negative-resistance region. If the inductance in series with
the diode is not small enough to meet the stabil ity requirements,
then oscil lations occur in the negative-resistance region.

Fig. r27. Peak-current measuring circuit  using
meter in series.

Fig. 128 shows another method for measuring peak current.
In this method pulses of current are used to switch the diode.
The peak current equals the pulse current ( ideal ly) when the
pulse current is increased unti l  the diode is just barely switch-
ing, as observed on the scope. However, there are two dis-
advantages to this method. First,  random noise may switch
the diode prematurely, and secondly, i t  is very dif l f lcult  to
measure either peak or val ley voltage. In addit ion to these
disadvantages, a method is needed for measuring the input-
pulse ampli tude to an accuracy of t0.1 per cent,

Peak-current measuring
generator,

Fig. 128. cr rcu i t  us ing  pu lse
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The third method, shown in Fig. 129, is similar to that of
Fig. 128 except that a rectified 60-cps sine wave is used to drive
the diode past the peak on a loadline. The peak-reading digi-
tal voltmeter registers the maximum current passed through
the diode (peak current). This method has the same two dis-
advantages of the method shown in Fig. 128, but offers a rapid
method for measuring peak current.

Fig. 129. Peak-current measuring circuit using 60
cps stne wave.

The fourth method, shown in Fig. 180, is similar to the
method of Fig. 124a except that the amplif ler feedback loop is
omitted. In this circuit, the voltage across resistor R, is in
direct proportion to the current flowing through the diode.
Provided the resistance of R, is accurately determined, the
peak-current reading may be obtained by ,,peaking,, this volt-
age. However, it is very difficult to obtain a non-inductive
temperature-stable one-ohm resistor having a tolerance of

737

L O A D  L I N E

(

P R E C I S  I O N
RESISTOR

\ nEcr.
rLl 60 4

/  s t N E
-/ wAvE

7_

I P E A K  R E A D -
I N G  D I G I T A L
VOLTMETER

L O A D  L I N E  D U E
T O  R 1 + R 2

t
R l Ĉ

lR 2 D I G I T A L
VOLT-
METER

Fig. 130. Peak-current measuring circuit.
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+0.1 perrcent. It is desirable to use a! resistance of ex+cJly one
ohm for R, and thus avoid a cumbersome conversion factor
when the digital ,voltmeter is read. Another problem with Lhis
circuit involves accurate measurement of the'low voltage ap-
pearing across resistor R2, :

SERIES RESISTANCE

The series resistance of tunnel diodes is normally meas-
ured by the curve-tracer method because close accuracy is not
required. The tunnel diode is swept out to 200 mill iamperes in
the reverse direction. The slope of the characteristic between
the 100- and 200-mill iampere intercepts is considered to be the
series resistance for a 5O-milliampere unit; lower-peak-current
units require lower-current intercepts which are determined
by the maximum current ratings of the units (1.4 X dc-"* =

acn"on). In this region, the reverse characteristic is approxi-
mately linear.

Series resistance of tunnel rectif iers may also be measured
by this technique. However, it may be advisable to measure the
slope between the 50- and l00-milliampere points (or lower) to
prevent damage to the units.

Some tunnel-rectif ier data do not specify series resistance
but instead give a voltage maximum for a given current. This
information is more useful in nonlinear (switching) applica-
tions than data on series resistance. Conversely, for l inear
(amplif ier, oscil lator) applications, series resistance is the
more useful parameter.

Several other methods for the measurement of series re-

sistance have been proposed. The method shown in Fig' 131

uses the Wheatstone bridge principle.as (In this circuit, l ine

Fie.

l F  R 1 = R 3
THEN R2=R3 AT NULL

131. Series-resistance measuring clrcult'

INPUT PULSE /-'\
4opsecJ \-

HORTZ.

L INE B
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B should be gtounded and diferential scope units used to simu.
late the scope ground indicated.) The diode is inserted into
one arm of the bridge and a pulse is applied to the bridge.
When resistor R, equals the series resistance at a given bias
current, the trace on the scope becomes vertical (perpendicular
to the x-axis) at that bias point, as shown by Fig. lB2. Be-
cause this method tests diodes at larger reverse currents than

possibre witrr steaal-i;lil J"llllJT: .,,u,u" oi series re-
sistance read is lower and croser to the true value than that
obtained with the previous method.

INDUCTANCE

The inductance of a tunnel diode is a difficurt electrical

stages. The variable delay line is adjusted to present an open
circuit to rf current from the signal generator. The dc block_
ing capacitor prevents dc from flowing in the rf signal g,enera_
tor. The VSWR meter is tuned to one kil,ocycle to pick up the

Rz<  Rs
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P R O B E  A N D
RECTI  F I  ER

TUNNEL
D I O D E

SLOTTED
L I N E

modulating signal generated by the square-wave generator'

The dc power supply is used to bias the tunnel diode in its

valley rlgion where the junction capacitance of the tunnel

diotle is known and the dynamic conductance of the tunnel

diode is approximately zeto.

5O-OHM i
VARIABLE I

DELAY 
-.T|{

L INE I

Fig. 133. Test setup for measuring inductance.

The inductance is determined from the VSWR of a tunnel

diode, the shift away from a short-circuit reference null, and

a Smith chart. By means of the equivalent circuit for tunnel

diodes, the input impedance Z of tlte device is found to be

z=l 'u.*?,rq, +i [ ,r" -#?'ol rtur

Under valley-region bias conditions, go becomes approximately
zero and Eq. (85) becomes

z : r . - s+ i [ r " " - * ]  -R "+  j x  ( 86 )
1 {dv; J

The value of X is obtained from the previously mentioned

smith chart. Because the diode capacitance is known accurately

in the valley region, the term L/aCrcan be computed and added

to X to determine <,rl,r. When col,u is known, L" can be deter-

mined. For the dynamic conduetance in the valley to remain



MEASURING CIRCUITS L4l

essentially zero, a small rf signal must be used to drive the
tunnel diode. In these tests, a peak-to-peak amplitude of five
millivolts is used. With this signal level, the VSWR indicator
must be operated in its most sensitive range. At this smsitivity,
the background noise level makes it difficult to locate the null
and peak of the standing wave. A typical tunnel diode VSWR
is about 32 decibels. Another area of difficulty is the connec-
tion of the tunnel diode to the slotted l ine. The repeatabil ity
of measurements is only about 20 per cent.

Typical value of the inductance measured for the RCA
standard packages is in the order of 0.4 nanohenry.

SWITCHING SPEED

The switching speed, or rise time, of a tunnel diode is
directly proportional to the ratio between the peak current Io
and the junction capacitance C,. This ,,speed ratio" may vary
from about 0.005 to 10.0 or more, depending upon the type of
diode. RCA tunneling devices shown in this manual have
speed ratios in the range from 0.1 to 10.0 or more. An appro-
priate "rule of thumb" which relates rise time to the ,,speed
ratio" is that a speed ratio of 0.5 results in a rise time of ap-
proximately one nanosecond for a germanium tunnel diode, or
two nanoseconds for a gall ium arsenide diode. A more accurate
estimate of rise time t" may be obtained from the following
equation:

(87)

Rise time is generally measured on high-frequency sampling
scopes. Conventional scopes lack adequate bandpass, and
"traveling-wave" scopes have insufficient vertical (arnplitude)
sensitivity. A convenient circuit for the measurment of rise
times without delay lines is shown in Fig. 184.

SAMPLING SCOPE TRIGGER

l-l (rnroorn oureur
-I I_ 

< PULSE FROM

(;AMPLTNG scoPE

t"=ci(H)

Fig. 134. Rise-time measurement circuit.
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An alternate method for measuring rise time, which is
quite useful for multiampere units, is to apply a dc bias of
approximately 0.2 volt to the diode. At this bias level, the diode
automatically begins to operate as a relaxation oscillator, and
has a waveform as shown in Fig. 135. The rise time of these
pulses closely approximates the rise time obtained by the pulse
method (Fig. 13a).

FiC. 135. Output waveform
diode operated as

VERTICAL:  O.2VlDIV.
HORIZONTAL; I O FSEC /DlV.

for ten-ampere tunnel
relaxation oscil lator,

Because most commercially available sampling scopes have
a maximum response of approximately 0.4 nanosecond, tunnel
diodes having a "speed ratio" greater than 1.0 are difficult to
measure directly. For this reason, junction capacitance, rather
than rise time, is usually specified on tunnel-diode data sheets.
When the capacitance is known, the approximate rise time may
be computed.

REFERENCES

48. D. S. Cleverly, "Proposal for
the Measurement of Tunnel-
Diode Series Resistance",
JEDEC Committee, JS-9.
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DATA

In addition to the deviees listed in the following charts, RCA
can supply a wide range of tunneling devices to meet customer
specifications. These devices include germanium and gallium ar-
senide tunnel diodes for switching applications with rise times
less than 50 picoseconds, tunnel diodes for microwave power
generation and ampliflcation with cutoff frequencies well above
X-band, very-high-current tunnel diodes for power conversion,
and also tunnel rectifiers and tunnel resistors.

For developmental data sheets and for information about these
devices, contact your RCA local representative or the Special
Products Department, RCA Semiconductor and Materials Divi-
sion, Somerville, N. J.
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M A  X  I  M  U M  R A  T I  N  G  S  ( a t 2 5 ' C  F r e e - a i r T e m p e r a t u r e )

TUNNEL DIODES

Out-
line

DC Current
1ma)

Forward Reverse
Dissipation'

Ambient Temnerature ( "C)
Range

Oneratins and Storage

-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100
-35 to 100

Lead
Temperature

(3 seconds maximum)

t75
t75
LI5
t75
175
175
L75
r75
t75
r76
L76
t75
176
775
t75
r75
t75

1N3128
1N3129
1N3130
1N384?
1N3848
1N3849
1N3850
1N3851
1N3852
1N3853
1N3854
1N3856
1N3856
lN3857
1N3858
1N3859
1N3860

1N3861
1N3862
1N3863

ry'*!
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge
Ge

1
1
1
I
1
1
I
1
1
1
1
1
1
1
1
1
1

40
O D

70
10
18
35
85

170
10
18
36
60

170
10
18
35
85

10
10
10

70
d D

100
15
25
bU

t25
250

t D

25
50

t25
250
15
25
50

L25

20
30
40
5

10
20
50

100

10
20
b U

100
5

10
20
50

>
Fl

zz
r{
H

H

=

z

t

TUNNEL RECTIFIERS

Ge
Ge
Ge

2
2
2

30
30
30

10
10
10

-35 to 100
-35 to 100
-35 to 100

t75
t75
t75

r Above 26oC, derate linearlv to 0 mw at 100"C.



E L E C T R I C A L C H A R A C T E R I S T I C S (at 25"C Free-air Temperature)

TUNNEL DIODES

Type
Ip

(ma)

4.75-5.25
l9-2r

47.5-52.6
,4+.O-D.D

9-11 '
t8-22
45-66
90-110

4.75-5.26
9.5-10.5
t9-21

47.5-52.8
95-105

4.75-5.25
9.5-10.6
L9-2I

47.5-52.5

Iv
(ma)
max

Itllv
min

Vr'
(mv)

445-530
475-575
620-620
430-590
440-600
460-620
580-640
540-650
490-560
510-580
530-600
650-620
560-630
490-560
510-580
530-600
550-620

Vp
(mv)

40- 80
50-100
70-120

Vu
(mv)
min

60- 90
55- 95
65-r  05
80-130
90-140
50- 90
oD- vt
65-105
80-130

TUNNEL RECTIFIERS

c s R "
(pf ) (ohms)
max max

t"
(psec)

max typ.
5000 1000
2000 300
600 160

1800
900
600
360
L25

1200
600
400
200

' l o

600
300
200
160

Vr (mv)
a t l r = 1 m a

min

H
t5
o
H

z
o
ri

H

1N3128
1N3129
1N3130
1N3847
1N3848
1N3849
1N3850
1N3851
1N3852
1N3853
1N3854
1N3855
1N3856
1N3857
1N3858
1N3859
1N3860

0.6
2.4

6
0.75
1.5
s

' l . o

15
0.6
L,2
2.4

6
t2

0.6
L.2
L A ,

6

8 /L
8 /1
8 /1
6 l r
6 / t
6 l t
6 l r
6 l t
8 l L
8 l L
8 1 1
8 /L
8 /1
8 t L
8 /1
8 t 7
8/1

280
300
350

V* (mv)
a t l n = 1 0 m a

max

15
20
25
25
25
30
40
40
15
15
20
25
25
8
8

10
t2

V* (mv)
a t l n = 3 0 m a

max

I
2.5
1.5

3
2.5

2
1.5

1
3

2.5
2

1.5
I
3

2.5
2

1.6

330
350
365
380
390
330
350
365
380

Type
1N3861
1N3862
1N3863

IP

(ma)

0.1-1
0.1-1
0.1-0.5

c8
(pf)
max

o

4
4

170
150
150

400
420
436

300
300

2 Includes case capscitanc€ of 0.8 pf. t Includee case capacitance of 0.4 pf.

|5
9l



M a X  I M U  M  R A f I N  c S  t a t 2 5 ' C f t r e e - a i r T e m p e r a t u r e )
TUNNEL DIODES

Material

DC Current
( m a )

Forwardn ReverseOutline

GaAs 3
GaAs 3
GaAs 3
GaAs 3
GaAs 3
GaAs 3
GaAs 3
GaAs 3
GaAs 4
G e g
G e B

HIGH-CURRENT

0.5  malp f
0  5  malp f
0 .5  malp f
0 .5  malp f
0.5 ma/pf
0 .b  malp f
0 .5  ma/p f
0.5 malpf
0.5 malpf
1 ,6
1.6

TUNNEL DIODES

Ambient TemPerature ('C)
Range

OperatinE and Storage
-30 to 86
-30 to 85
-30 to 85
-30 to 85
-30 to 85
-90 to 85
-30 to 85
-30 to 85
-30 to 85
-30 to 85
-30 to 85

Ambient Tempirature ('C)
Range

Operating and Storage
-bD to  tJD
-55 to Bb
- b D  t o  6 D
-55  to  85
- b b  t o  d D
-55 to 86

|J
t5

RCA
Type
40058
40059
40060
40061
40062
40063
40064
40065
40076
40071
40078

Former
Developmental

Designation
TD169
TD17O
TD171
TD772
TD173
TDI?4
TD175
TD176
TD219
TD213
TD211

Former
Developmental

Designation
TD189
TD19O
TD191
TD192
TD225
TD236

250
250
100
100

bU
50
25
25

400
2.5
2.6

RCA
TYpe
40066
40067
40068
40069
40070
40079

D

o
b

6
n

I

r Above 26oC amblent, derate linearly to valley current at ?6"C'
5 Measured at 25"C cme temperature ; derate linearlv to 0 watt at 86"C'

Material

Ge
Ge
Ge
Ge
Ge
GaAs

Outline
Dissipationo

(watts)

u.o
1.7
3.5
7.0

30.0
50.0

H

o

Fl
i

zz
fll

rr
t-

H

E
Fz
P
rj



EL E  c rR  I  c  A  L  cE  A  RA c rER I  s  r I  c  s  (a t26 ' c  F ree -a l r  Tempera tu re )
TUNNEL DIODES Fl

td
o
ti

z
!1

ts
F
H

F
Fl
F

fp
Type (ma)

40058 47.5-52.5
40059 45-55
40060 t9-2L
40061 18-22
40062 9.5-10.5
40063 9-11
40064 4.75-6.25
40065 4.6-6.5
40076 t80-220
40077 0.9-1.1
40078 0.9-1.1

Vp Vv
Ipl lv  (mv) (mv)
min max min typ

LzlL 200 500-570
10/l 200 460-570
rrtT 180 600-570
gtL 180 450-530

70lL 180 600-570
8/t 180 460-530
8lt L70 600-550
1 lr r70 420-620

tBlL 240(typ) - 600
6lL 60( typ)  -  335
6lL 60( typ)  -  330

Vr' C"'t

J*.') (pf)
mln max max

1050
1080
1000
900

1000
900
950
900

550
400 560

R" t, f,.
(ohms) (psecs) (kmc)

max max typ typ

I 600 333 6
2.6 1000 66?
8 1000 600 I
6 2000 L250
I L260 1000 2
6 3000 2000

18 2000 t260 1.2
t2 6000 3000
0.9 8
6 - 6
4 J

Iv
(ma)
Ilax

=

.15

.18

20
40
t5
30
10
26
8

20
26

D

10

HIGH-CURRENT TUNNEL DIODES

Ip
Type (amp)

40066 .9-1.1
40067 4.5-5.6
40068 9.0-11.0
40069 t8-22
40070 90-110
40079 180-220

6 C i = C - 0 . 8 p t .

Ip/Iv
min

8 /1
8 /1
8 / 1
8 / 1
8 / 1
r0/1

Vr,
(mv)
max

726
130
130
130
130
180

Vv
(mv)
min

300
300
300
800
300
560

Vr'
(mv)
min

490
490
490
490
430

c
(rnfd)
typ

.002

.016

.046

.090

.6
L.26

R.
(ohms)

ryp

.Ubt)

.014

.00?

.0035

.0006
.0002

tr Rl
(nsec) (ohms)

tvp tvp

t .L2
1.6 .024
2 .0r2
2 .006
2 .00L2
4 .001

rS{I Actual recorded capacitance readings are provided with ach dlode"
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TUNNEL RECTIFIERS

RCA
Try
40064
40055
40056
40057

Former
Developmental

Designation

TDI?7
TD1?8
TD216
TD2L7

M A X I M U M  R A T I N G S

Material Outline

GaAs
GaAs
GaAs
GaAs

Vr(mv)
a t  1 m a

min

(at 25' C Free-air TemPerature)

DC Current
(ma)

Forward Reverse

0.5 malpf
0.5 malpf
0.5 malpf
0.5 malpf

Vu(mv)
a tSma

max

Ambient Temperature ('C)
Range

Operating and Storage

-30 to 85
-30 to 85
-30 to 85
-30 to 85

t5
15
15
15

3
iJ

3
3

200
250
160
180

950
950
950
950

1
0.5

1
0.5

E L E C T R I C A L C II  A R A C TER I S T I C S (at 25"C Free-air Temperature)

l-{

c)

d

z
z
tn
r{
H

H

E
z
P
r

RCA
Type

40054
40055
40056
40057

Ip
(max mv)

V*(mv)
at 10 ma

max

300
350
225
275

6
6
6
6

6 C j = C - 0 . 8 p f .

s Actual recorded capacitance readingr are provided with each diods
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DEFIlTITIONS
The following terms and symbols are, for the most part,

defined with respect to either the tunnel diode characteristic
curve or the equivalent circuit shown below.

t--
vp v1

FORWARD VOLTAGE

Static forward characteristic of tunnel diode.

F
z
UJ

E I)
o
o
G

=
E
o
E

rv

/ l \' l\
I
I
I
I
I
t _

Equivalent circuit of tunnel dicde.

Fall time (t,)-The time required for the tunnel diode to
switch from a high-voltage state to a low-voltage state.

Figure-of-merit frequency (f")-The frequency equal to the
reciprocal of 2zR-,o Ci at a specifled bias in the negative-
resistance region.

Forward voltage point (V,,)-The forward voltage, greater
than peak_ voltage, for which the current is equal to ttre max_
imum peak current.
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752 RCA TUNNEL DIODE MANUAL

Junction capacitance (C,)-The small-signal capacitance as-

sociated with the pn junction alone at a specified bias and

frequency.
Junction resistance (R,)-The incremental resistance reduced

by the series resistance of the diode, or dVldl - R".
Incremental resistance (dV/dI)-The reciprocal of the slope

of the current-voltage characteristic.
Inflection point current (I,)-The current corresponding to

the inflection point voltage on the static characteristic curve'

Inflection point voltage (V,)-The voltage at which the slope

of the current-voltage characteristic reaches its most negative

value.
Peak current (I.)-The current at which the slope of the cur-

rent-voltage characteristic changes from positive to negative as

the forward voltage is increased.
Peak voltage (V*)-The voltage at which the peak current

occurs.
Resistive cutoff frequency (f,")-The frequency at which the

diode no longer exhibits negative resistance for a specified bias.

This frequency is equal to

* - 1
2rrR1 C1

Rise time (t,)-The time required for the tunnel diode to
switch from a low-voltage state to a high-voltage state.

Self-resonant frequency (f-,)-The frequency below which

the reactance of the diode is capacitive; above this frequency'
the reactance is inductive. This frequency is equal to

r,.:z*c_,Jry-
Series inductance (L")-The self-inductance of a diode in a

specified circuit configuration.
Series resistance (R")-That portion of the small-signal ter-

minal resistance of a pn-junction diode which is external to the
junction.

Speed index (I" : Ci)-The ratio of the peak current to the
junction capacitance. This index determines the speed capabil ity
of the device.

Valley current (Io)-The current at which the slope of the

current-voltage characteristic changes from negative to positive

as the forward voltage is increased.
Valley voltage (Vv)-The voltage at which valley current

occurs.



I]TT}EX
A

Adapter, high-current "?E;
Adder, binary 65
Amplifier, tunnel diode gz

Circulator-coupled g4
Dynamic range 91
Gain-bandwidth g5
Hybrid-coupled g4
Noise figure g7
Quarter-wave-coupled gB
Stability 89

AND gate 45
AND gate circuit

Bistable 45
Monostable 50

Astable multivibrator circuit BZ
Atoms, donor 7

B
Bands, energy

Conduction 5
Forbidden 5

Bandwidth 20.46
Barrier, potential g
Behavior, circuit ZI
Biasing 4g
Biasing circuit, switching 87
Binary-adder circuit 65
Bistable circuits

AND-gate 45
High-speed 51
Multivibrator 86
OR-gate 4E

c
Capacitance, junction 19
Capacitance measurementr,

circuit 190
Carriers, free 7
Characteristics L7

153

Circuits, tunnel-diode
AND gates

Bistable
Monostable

Astable multivibrator
Binary adder
Bistable multivibrator
Circulator-coupled

amplifier
Common-base logic gate
Common-emitter circuits

Astable 58
Bistable 56
Monostable 57

Complementary gate 63
Converter, equivalent g7

'Curve 
tracer t26

Full-adder 64
High-current adaptor IZB
High-foequency

synihronizer 119
High-speed bistable 51
Horizontal-amplifier

switching Lzg
Hybrid-coupled amplifier 84
Hybrid shift register 61
Inductance measurement 140
Inversion, low-voltage dc 104
Logic 47
Memory cell Sz
Monostablemultivibrator 40
OR gate

Bistable 4E
Monostable 49

Oscillator
Re-entrant-cavity 69
Single-transmission-

line 67
Single-transmission-

line cavity 6g
Scale expander L22

45
49
37
65
42

84
62
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Series-resistance
measurement

Set-reset flip-flop
Shift-register
Switching-speed

measurement
Traveling-wave amplifier
Triggerable flip-flop

Circulator-coupled amplifier
Clock source
Common-base hybrid circuit
Common-emitter hybrid

circuit
Complementary gate circuits
Computer memories
Conduction band
Conductors
Construction, tunnel-diode
Converters, tunnel-diode

Gain
Noise figure

Current
Excess
Forward
Peak
Peak-to-valley
Reverse
Valley

Curve-tracer circuit

D
Data, technical
Definitions
Degradation, gallium

arsenide
Delay time
Depletion layer
Design example, oscillator
Donor atoms
Dynamic characteristics
Dynamic range, amplifier

E
Energy bands
Energy gap
Equivalent circuit

Converter
Oscillator
Tunnel diode

Excess current

RCA TUNNEL DIODE MANUAL

138
36
51

141
83
44
84
46
56

62
63
52

t

6
L4
94
96
98

13
11

4 , 1 7
18
10

4, 18
t26

143
151

Experimental converter
circuit L02

Extrinsic semiconductor 7

F
Fall time 36
Fan-in and fan-out 45
Figure-of-merit frequency 20
Flip-flop circuit 42

Set-reset 36
Triggerable 44

Forbidden band 5
Forward current 11
Forward-current gain 34
Forward current, peak-point 17
Frequency

Figure-of-rnerit 20
Maximum frequency of

oscillation 69

Resistive cutofi 20,67
Self-resonant 21,67

Full-adder circuit 54

G
Gain-bandwidth
Gain, conversion
Gain, forward-current
Gallium arsenide diodes
Gap, energy
Gates

AND
OR

Gernaanium diodes

20, 85
96
34
29
6

45
45,49

27

729
AJ

62
56
61

29
40

,
79
7

1B
91

t

6

95
67
18
13

H
Heterodyne PrinciPle
High-current adaPtor

High-current tunnel diodes

High-frequencY
, synchronizer

High-speed bistable circuit

Holders, tunnel-diode
Hole flow
Horizontal-amPlifier

switching circuit

Hybrid circuits
Common-base
Common-emitter

Hybrid shift register

94
t28
L02

119
51

L34
6



INDEX

I
Incremental resistance
Inductance measurement

circuit
Insulator
Intrinsic semiconductor
Inverter circuits

t
Jrrnction, capacitance
Jr:nction, conventional
Junctions, tunnel-diode

t
Layer, depletion
LiIe stability

Germanium
Gallium arsenide

Linear biasing
Logic cireuits

M
Materials L4
Maximum foequency of

oscillation 69
Measurement circuits

Capacitance 130
High-curent units 127
Inductance 1Bg
Peak current 192.136
Series resistance 188
Switching speed 141

Memories, computer E2
Microwave amplifiers gz
Microwave converters 94
Microwave oscillators 66
Monostable multivibrators 36
Multivibrator circuits 86

Astable B7
Bistable 42
Monostable Bg

N
Noise figure, amplifier g7
Noise figure, converter gg
Nonlinear biasing 4g
Novel devices I1g
N-type semiconductor 7

155

o
OR gate

Bistable
Monostable

Oscillator circuits
Re-entrant cavit5z
Single-transmission -line
Single-transmission-line

cavity
Oscillators, microwave
Oscillators, parallel
Oscillators, spurious
Output loading

P
Peak current 4,22
PeaL-cunent measurement

circuit 132,136
Peak-point forward current L7
Peak-to-valley current 18
Peak voltage 18
Potential barrier g
Power output 7l
Precision measurements Lgz
Projected peak voltage L8
P-type semiconductors 8
Pr:lse width

a
Quarter-wave coupled

amplifier 88

R
Radiation efiects 31
Recovery time 56
Rectifiers, tunnel 14,48
Relaxation oscillators 37
Repetition rate 38
Resistance, incremental lg
Resistive cutofi

frequency 20,G7
Resistors, tunnel 118
Reverse-bias voltage ZB
Reverse current 10
Rieke diagram 77
Rise times 85

s
Scale expander LZz
Self-resonant frequency 20,67

45
49

69
67

68
66
79
97
t t

19

139
6
7

103

19
8

tl

I

27
m
48
M
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Semiconductor
Extrinsic
Intrinsic
N-type
P-type

Series inductance
Space-charge region
Speed factor
Speed index
Spurious oscillations
Stability, amplifier
Steady-state conditions
Switching

Speed
Theory
Time

RCA TUNNEL DIODE MANUAL

t

I

7
8

19
I

20
20
97
89
68

34
33

20,40

Peak current
Peak voltage
Reverse-bias voltage
Valley current
Valley voltage

22
23
26
24
25

Traveling-wave amPlifier
circuit 83

Triggerable fliP-floP circuit 44

Tunneling efiect 11

Tunnel rectifiers L4,48

Tunnel resistors 118

Tunnel-diode holders 134

Switching-speed
measurement circuit 141

T
Temperature eftects

Forward voltage 26

V
Valley current
Valley-point current

Voltage
Peak
Projected-Peak
Valley

4
18

18
18
18



RCA TECH]TICAI PUBLICATIONS

Semiconductor Products

RCA SEMICONDUCTOR PRODUCTS HANDBOOK-HB.1O.
Two binders, each 73/e" L x 55/s, W x 27/e,,D. Contains over
1000 pages of loose-leaf data and curves on RCA semicon-
ductor devices such as transistors, silicon rectifiers, and semi-
conductor diodes. Available on a subscription basis. priee
$10.00 including service for first year. (Also available with
RCA Electron Tube Handbook HB-3 at special combination
price of 925.00)

RCA TRANSIST OR MANUAI-SC-10 (8 % " x EB/e,,) --.30 4 pases.
New manual contains detailed technical data on RCA semi-
conductor devices. Easy-to-read text contains information on
basic theory, application, and installation of transistors, silicon
rectifiers, and semiconductor diodes. Includes circuit diagrams
and parts lists for many typical applications. Features lie-flat
binding. Price 91.50.

RCA SEMTCONDUCTOR PRODUCTS GUrDE-60S16R4 (7078"
x 83/8")-\2 pages. Contains classification chart, index, and
ratings and characteristics on RCA's line of transistors,
silicon rectifiers, semiconductor diodes, and photocells. Single
copy free on request.

RCA SILICON PO\4TER TRANSISTORS APPLICATION GUIDE
-1CE-215 (1078" x 8s/8)_28 pages. Describes outstanding
features of RCA silicon power-transistors and their use ii
many critical industrial and military applications. Includes
construction details, discussion of voltige ratings, thermal
stability conditions, and equivalent circuits for power tran-
sistors. Price 50 cents.

RCA SILICON VHF TRANSISTORS APPLICATIONS GUIDE
-1C.E-228 (10Ts" * gs7r,,)-20 pages. Describes unique capa-
bilities of RCA silicon vhf transistors and their use in critical

. industrial and military applications up to 800 megacycles.
Price 50 cents.

TRANSISTORIZED VOLTAGE REGULATORS APPLICATION
GUIDE-1CE-254 (L\Ts,, x 8B/e,,)-12 pages. Describes and
discusses transistorized voltage regulators of the series and
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shunt types. Included are design considerations, step-by-step
design procedures, and the solutions to sample design prob-
Iems. An Appendix contains the derivations of design equa-
tions. Price 25 cents.

TECHNICAL BULLETINS-Authorized information on RCA
semiconductor products. Bulletins contain characteristics and
performance curves. Be sure to mention transistor or rectifier
type desired. Single copy on any type free on request.

RCA TRANSISTOR REPLACEMENT GUIDE-1L1115-36
pages. Listing of RCA transistors and semiconductor diodes
intended to serve as replacements in entertainment-type elec-
tronic equipment. This booklet includes replacement informa-
tion on more than 1000 models of portable and table radio
receivers, tape recorders, and portable equipment of 145
domestic and foreign manufacturers. Price 35 cents.

RCA SILICON RECTIFIER INTERCHANGEABIT,ITY GUIDE
-1CE-229A-16 pages. Lists RCA sil icon rectif ier replace-
ments for a majority of industry types. The guide also in-
cludes a l ist of 125-mill iampere selenium rectif iers and the
RCA single-ended TO-1-case silicon rectifiers which can be
used as replacements for these types. Price 25 cents.

Eleclron Tubes

RCA ELECTRON TUBE HANDBOOK-HB-1 (73/8" x 55/e")'
Five 2r/a-inch-capacity binders. Contains over 5000 pages of
looseleaf data and curves on RCA receiving tubes, transmitting
tubes, cathode-ray tubes, picture tubes, photocells, phototubes,
camera tubes, ignitrons, vacuum gas reetifiers, traveling-wave
tubes, premium tubes, pencil tubes, and other miscellaneous
types for special applications. Available on subscription basis'
Pfice $2O.Ob including service for first year. Also available with
RCA Semiconductor Products Handbook HB-10 at special com-
bination price of $25.00.

RCA RECEIVING TUBE MANUAI-RC'ZL (8t/n" x 53/e")-

Features lie-flat binding. Price $1.00.

RCA TRANSMITTING TUBES-TT'5 (8t7n" x53/8")-320 pases'

tures lie-flat binding. Price $1.00.



RCA TECHNICAL PUBLICATIONS

RADIOTRON DESIGNER'S HANDBOOK-4Ih Edition (83/a,, x
5y2")-1500 pages. Comprehensive reference covering the de-
sign of radio and audio circuits and equipment. Written for
the design engineer, student, and experimenter. Contains 1000
illustrations, 2500 references, and cross-referenced index of
7000 entries. Edited by F. Langford-Smith.

Botleries

RCA BATTERY MANUAI-BDG-lll (107/8" x 83/4\-64 pases.
Contains information on dry cells and batteries (carbon zinc
(Leclanch6), mercury, and alkaline types). Includes battery
theory and applications, detailed electrical and mechanical
characteristics, a classification chart, dimensional outlines, and
terminal connections on each battery type. Price 50 cents.

RCA BATTERIES-BAT-134F-24 pages. Contains new classi-
fication charts and data charts on more than 100 RCA battery
types, contains interchangeability directory listing RCA re-
placements for battery types of 11 manufacturers, and a
replacement guide giving the RCA battery complement for
more than 3000 portable radio models of 300 domestic and
foreign manufacturers. Price 35 cents.

RCA BATTERIES FOR TRANSISTOR APPLICATIONS-TBA-
L07A (7078" x 83/8")-72 pages. Technical data and curves on
25 RCA Leclanch6 and mercury-type dry batteries designed for
use in applications utilizing transistors. Price 25 cents.

Tesf ond Meosuring Equipment

INSTRUCTION BOOKLETS-Illustrated instruction booklets,
containing specifications, operating and maintenance data, ap-
plication information, schematic diagrams, and replacement
parts lists, are available for all RCA test instruments. Prices
for booklets on individual instruments are available on request.
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In addition to the tunnel diodes described in this manual, the
RCA Semiconductor and Materials Division offers many other
semiconductor devices for military, industrial, and consumer ap-
plications:

silicon and germanium transistors
silicon rectifiers
silicon controlled rectifiers
thyristors
varactor diodes
magnetic memory components, devices,

and systems
micromodules
digital microcircuits
electro-optical devices

laser crystals
optical diodes
laser modulator crystals

Requests for technical information should be addressed
to Commercial Engineering, RCA Semiconductor and Materials
Division, Somervil le, N.J.

Requests for information on packaged solid-state micro-
wave assemblies, photocells, and other products manufactured
by the RCA Electron Tube Division should be addressed to
Commercial Engineering, Radio CorToration of America, Harri-
son, N.J.

Information furnished by RCA is believed to be accurate and reliable.
However, no responsibility is assumed by RCA for its use; nor for
any infringements of patents or other rights of third parties which
may result from its use. No license is granted by implication or other-
wise under any patent or patent rights of RCA.




