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A NEW HIGH FREQUENCY NPN SILICON TRANSISTOR

by

A. B. Phillips and A. M4, Intrator
SEMICONDUCTOR PRODUCTS DEPARTMENT
GENERAL ELECTRIC COMPANY

Syracuse, New York

INTRODUCTION

In 1956, the Semiconductor Products Depart-
ment of the General Electric Co., released for
large-scale production the first of a new line
of NPN silicon transistors.* These transistors
are designed for operation in either amplifier
or switching circult applications over an ex-
tended range of frequency and temperature,

This newly-developed silicon tIansistor is made.
by a diffused-meltback process; developed by
Dr. X. A, Lesk of the GE advanced Semiconductor
Laboratory, This process offers a degree of
uniformity and control in junction formation
not seen by other known methods in use today.
Furthermore, the process affords maximm
economic utilisation of costly single crystal
silicon, since the base regions are formed
directly in individually diced bars. i

Using a combination of the principle of
impurity segregation and solid-state diffusion,
the diffused-meltback technique can produce
base widths as thin as 2 microns with relative
ease, The base layers are characterised with
graded impurity distributions waich enhances
the frequency response by the drift-field
effect. Alpha-~cutoffs as high as 200 megacycles
have been seen., Also, the collector reglon is
characterized with a short high reeistivity
"Plateau" followed by a heavily~doped n-type
region. This combination provides low output
capacitances per unit area, high avalanche
breakdown voltages, and virtually eliminates
any "punch-thru"effects, without introducing
high collector series resistances. One of the
outstanding features of this silicoh transistor
is its low saturation resistance, which is
nominally rated at 40 ohms.,

In the following mections of this paper,
the electrical characteristics and a descript-
ion of the diffused-meltback process and device
fabrication are given, Also, the parameter
variations with respect to frequency, bias,
and temperature are presented.

*Developed under U.S. Air Force Contracts,
Research and Development AF 33(400)17793 and
Production Refinement AF 33(600)28956 issued
out of AMC, Dayton, Ohio,

TYPICAL ELECTRICAL CHARACTERISTICS

\

To properly describe the general performance
characteristics of the silicon diffused-meltback-
transistor, designated as GE type 4JD4A, it
would be best to indicate the typical values of
the more pertinent parameters for the production
units. These are listed in Table I, grouped for
both high-frequency and DC characteristics,

Under the high~frequency characteristice,
the alpha~cutoff frequency distribution centers
at 25 megacycles, with all units exceeding 15
megacycles., A good portion of the cut-off
distribution is in excess of 50 megacycles,
High~frequency power gain is measured in an
unneutralized matched-input tuned-output circuit
at a frequency of 5 megacycles. The typi il value
is 13 decibels, measered at I; = -2 ma, and
Vo = 10 volts. For those units having a beta~
cutoff greater than 1 megacycles, the power gain
is in excess of 15 db. The colledtor output
capacitance, ¢ p» Measured at 1 megacycle and
Vo = 5 volts, 18 typically 1i uuf. Lastly, the
hggh-frequency r;vorae foltage feedback factor,
hlys is 60 x 1073 at 1 megacvele,

For the DO characteristics, in Table I »
the typical common-emitter current gain is 30
measured at Ip = -2 ma, and Vo = 5 volts, This
corresponds to an alpha of ,968., All 4JDLA
transistors are tested to assure a minimum current
gain of 9, corresponding to an alpha of .9, Of
utmost importance, particularly for switching
applications, is the low series resistance of the
collector for which 40 ohms is the typical value,
This is measured in a forced-bets circuit, which
puts the transistor well into saturation., The
reverse-biased collector current, Il,, measured
at 5 volts, has a low nominal value of 10
millimicrosmperes, Finally, all the breakdown
voltages specified are limited by the avalanche
effect and are measured at a current of 1 milli-
ampere, which is well within the sharp break-
down region for silicon, Because of the unique
impurity distribution of this transistor (to be
described in a later section), the collector-
Junction barrier spreading will extend much
deeper into the collector, rather than into the
bass, This eliminates the occurrance of volt~
age "punch-thru®, in spite of the extremely thin
base. Emitter-to-base breakdown is nominally at
7 volts and the distribution range is quite
narrow, This relatively high voltage rating
makes the transistor very suitable for switching
applications, where it is required to turn off
with large reverse voltages,



DIFFUSED-MELTBACK PROCESS

It has been rapidly recognized by the
transistor irndustry, that the principle of
solid~state diffusion of impurities offers the
most promise of achieving uniformly the thin
base regions nedessary for very high frequency
transistor performance. Because the diffusion
cycle usually taked place over a period of séver-
al hours, the need for split-second accuracy is
eliminated, thereby affording a high degree of
process control. Moreover, by diffusing impurit-
ies which are already within the solid rather
than on the surface, one gains another advantage
in that the process is not affected by variations
in surfaceé properties and concentrations, It is
for these reasons that the diffused-meltback
proceas becomes so attractive as a means of mak-
ing high-frequency NP¥ silicon transistors.

The process begins with the growth of a
large single-crystal of silicon, which is in-
tentionally doped with both n-type donor and
p-type acceptor impurities. The doping con-
centrations are such that the crystal grows
uniformly n-type of low resistivity, cor-
responding to the emitter region of the final
transistor. The crystal is then sawed into
wafers and each wafer is then diced into bars
approximately 1/8" long and .020" square. In
(J of Figure 1, the relative impurity concen-
trations within the bar of silicon are shown.

At this step, the bar is everywhere homogen—
ously n-type. One full-grown silicon crystal
will yleld thousands of these bars, each (after
subsequent processing) corresponding to a unit
transistor, The fact that almost all of the
initial crystal is utilised, affords an economic
advantage in that the silicon material costs are
kept quite low,

. The second step of the process is called
"meltback®, in which one end of the bar is
rewelted or melted-back, and then solidified
againg This forms the tear—drop shape shown
in (b) of Figure 1, Because tie impurities are
less soluble in the solid silicon than in the
1liquid, the impurities will segregate as the
melted-portion freeses, forming the distribut-
ions shown in (b). Just at the liquid-solid
interface, the initial impurity concentrations
drope sharply to very low values determined by
the concentrations and segregation coefficients
of the initial impurities. In this region, the
conductivity is still n-type, but the resistiv~
ity is much higher in the order of an ohm—cm or
more. It should be noted that this high re-
sistivity platesu extends only for a few thous~
andths of an inch, whereupon the resistivity drops
quickly throughout the remainder of the melt-
back region., It should be emphasized that after
melt-back , we havespot as yet formed the base
region, but simply a ction between two n-
type regions of different resistivity,

The last step of the diffused-meltback
process is when the base region is formed,
thereby establishing the final npn transistor
structure. This is accomplished by subjeeting
the melt-back bar to a long, high-temperature
heating cycle, which lasts for many hours.
Under the conditions, the impurities on the
high concentration.side of the meltback junction
diffuse within the solid semiconductor into the
“plateau” region of lower concentration. The
final distribution of impurities after diffus-
ion is shown in (¢) of Figure 1, where the
diffused distributions are given by the error-
function relationship, viz.,

Clt) £ e )for”

In equation (1), C, is the net concentration
difference of the respective impurities be-
foge diffusion, D is the diffusivity in
cm</sec for the impurity in silicon at the
cycle temperature, and t is the diffusion
cycle time in seconds, Thus, C(x, t)
represents the final concentrations as a
function of distance and time. The signifi-
cant point to note here is that the p-type
impurity has the property of diffusing al-
most 20 times faster than the n-type impurity
in silicon, Therefore, on the "plateau"

side of the junction, there results an excess
of p~type impurities over the n~type,
corresponding to a thin, p~type base region,
By proper choice of the initial impurity
_concentrations and the time and temperature of
the diffusion cycle, heavily-doped bases as
thin as 2 microns are obtained with relative
ease,

)

The final overall impurity distribution
of the silicon diffused-meltback bar is shown
in Pigure 2, where the net impurity concentrat-
ions are plotted as a function of distance,

The emitter region corresponds to the low-
resistivity, undisturbed portion of the original
silicon bar. Just at the emitter Junction, the
conductivity is slightly more n-type because of
the depletion of the p-type impurities that
diffused from the region, The Junction from
emitter-to-base is quite abrupt, since the
diffusion of the n~type impurities is relative-
1y negligible, This abrupt junction makes for
good injection efficiency into the base,
Because of the predominant diffusion of the
pP-type acceptors, the base layer is character—
ized by a graded impurity distribution
approximating an error function. This in-
troduces a "buflt-in” drift field which de-
creases the minority-carrier transit time,
thereby increasing alpha-cutoff? If we assume
& minumum increase of at least a factor of t N
then the theoretical alpha—cutoff is given b;z

w =2 /2432 (2)
co (——-————”a »”



where D_ is the diffusion constant for electrons,
and W i§ the base width, Letting D, = 20 cm?/
sec for p-type silicon and W = 2,5 microns, equat-
ion (2} yielde an alpha-cutoff frequency equal

to 248 megacycles. The effects of emitter and
collector capacitances and base resistance,
however, limit the measured frequency cutoffs to
lower values.

Also, in reference to Figure 2, the effect
of the higher resistivity "plateau" in the
collector region adjacent to the base is to
cause the collector space-charge barrier to
spread more into the collector than into the
base, As a result, it is a good assumption that
both the collector barrier capacitance and break-
down voltage are determined primarily by the
collector resistivity, Although the latter is
in the order of an ohm-cm. or 8o, the overall
series collector resistance is kept low because
of the rapid decrease of resistivity beyond the
"plateau't,

DEVICY FABRICATION

After the diffusion cycle the silicon npn
bars are usually covered with a p~type “skin®
due to the diffusion of the p-type acceptors to
the surface. This is removed easily by chemical
etening (CP4), which also prepares the bar for
lead attachment, Ohmic emitter and collector
contacts are made to the bar by alloying donor-
doped gold at each end, backed up by metal ribbon
for rigid mechanical support of the bar, The end
lead configuration is clearly shown in the photo-
graph of Figure 3, which is a view of the complet-
ed transistor before capping. The base connect-
ion consists of a thin, aluminum ribbon which is
alloyed directly on the p-region. The aluminum,
being an acceptor impurity, makes a petype
contact and therefore does not short out the
transistor, Ribbon is used to provide a line
contact for reduced base resistance, and great
care is applied to minimize overlap on either side
of the base, Figure 4 shows a photo-micrograph
of a cross-sectioned silicon bar showing also
the base connection. Hote, in particular, the
thick regrowth layer which represents recrystall-
ized silicon, heavily doped with aluminum,

The 4JDLA silicon transistor is packaged in
the new, round header shown in the photograph
of Figure 3. This header has been designed in
accordance with JiTEC standards for cese dimens-
ions for automatic insertion into printed~board
assemblies. The unit is completed with the weld-
ing of a steel cap to the header to assure a
perfect hermetic seal. .The final assembly is
painted to withstand 200°C storage temperatures
and a 96 hour salt-spray test.

HIGH FREQUENCY GHARACTERISTICS

Two parameters with which the applications
engineer are intimately concerned are the
common base and common emitter current gains,
hgy, and he, respectively. The frequency de-
pendence o? alpha is shown in Figure 5. The
alpha variation is seen to be markedly de-
pendent upon emitter bias, The greater fall
off of alpha with frequency at the lower levels
may be attributed to a reduction in the high
frequency emitter efficiency due to the emitter
Junction capacitance, If the emitter efficiency
at low frequencies is close to unity then it
can be shown that the high frequency emitter
efficiency is inversely related to the product
of the emitter junction capacitance and AC
emitter resistance, kT/qlz. Since the emitter
resistance i1s also inversely proportionsl to
emitter current, it would be expected that
this degradstion in emitter efficiency would be
less pronounced as the currént level is in-
creased, However, as the current level is in-
creased further the modulation of base resisti~
vity significantly influences the emitter
efficiency reducing it once more, The observed
variation of alpha with frequency and emitter
current behaves in the manner suggested by
the above argument, This explains the behavior
of the alpha cutoff frequency variation with+
emitter current which increases rapidly with
current reaching a maximum in the range of
from two to four milliamperes and then slowly
falling off, '

"A typlcal variation of common emitter
current gain, "beta", with frequency for differ-
ent collector currents is shown in Figure 6.

At increased bias currents the fall off of beta
with frequency bscomes less pronounced. This
is understandable when one considers that the
beta cut-off frequency is’ roughly proportional
to the alpha cut off frequency divided by the
dc beta, As we have dhown, fgp increases with
emitter current reaching a maximum in the
neighborhood of 3 ma and then decreases fairly
slowly as the collector current is increased
further, Beta on the other hand decreases
more rapidly with collector current above 3 ma,
Consequently the frequency variation of beta
becomes less pronougced with higher collector
current,

The behavior of common emitter power
gain for both bias and frequency are shown in
Figures 7 and 8, Figure 7 shows the dependence
of power gain With emitter current. These are
measurements made at 5 mec and at a collector
voltage of 10 volts, The power gain peaks in
& range of from 2 ma to 3 ma, As indicated
earlier, the alpha cut off frequency maximized
in the same range. It is known that the base
spreading resistance, r%, decreases with
emitter current as & result of the base crowding
effect which takes place with increasing emitter
current, Since the emitter resistance also



decreases with emitter current, both effects
tend to increase power gain, However, the re~
duction in emitter efficiency at higher currents
will appreciable affect the power gain and most
likely accounts for the power gain reduction
observed above 3 ma,

Figure 8 shows the variation of power gain
with frequency. As indicated by the measurements
above 1 mc, the common emitter power gain varied
with frequency at a rate of about 4 db per octave,
This is in good agreement with the theoretical
behavior of common emitter power gain with fre-
quency which was shown by R, L. Pritchard to be,
for a grown junction transistor:

_Ruwk 2<% <2 (3)
€ whC (4 )% "‘L—‘f.—“,i]”‘w

Where w, = radian alpha cut off
frequency
r} = base spreading resist-
ance
re = emitter resistance
Cop = collector-base barrier
capacitance

and corresponds to a 4.5 db variation per octave,
The above expression also points out the import-
ant dependence of power gain with r}. The collect-
or capacity, cob’ and the high frequency reverse
voltage transfer ratio, h,l.b, provide an index of
the frequency capabilities of the device. Measure-
ments of h, with frequency have shown it to be
fairly lin‘&r with frequency in the one megacycle
range. As a result of this linear behavior, it
can be said to be proportional to the product of
the base spreading resistance, rl, and collector
capacity, Cg,, and may be .ppm&matod by the
expression

lug = Fw G4 ()

Subatituting the typical values of 0.06 for
hy,, and 14 uuf for C_, into the equation, Ty, is
caloulated to be in gﬁe order of 630 ohms, = This
value may be somewhat higher than desirable for
optimum amplifier performance in that it can
limit the power gain to be expected from the
transistor, However, this is_not an inherent
limitation of the device #r can.be lowered by
one of a number of techniques including heavier
doping of the base region, or the widening of
the base region, '

In examining the distribution of parameters,
the common emitter or beta cut-off frequency was
found to center at approximately 700 ke, If the
units are divided into two groups on the basis
of their beta cut-off frequency, those with a
fLge greater than one megacycle and those equal to
or less than one magacycle » then these sub-
populations have two distinctly different centars

of distribution of power gain. The lower beta
cut-off units have a power gain distribution
centering about 12,5 db where-as the power
gain of the higher beta cut off units centers
about 16 db, :

SMALL SIGNAL PARAMETERS -
LOW UENCY 3EHAVIOR

Typical values for the small-signal hybrid
parameters are listed in Table II below. These
include values for both the common emitter and
comwon base configuration and represent data
obtained from more than 1000 transistors. The
measurements were made at one kilocyocle.

TABLE IY

Paramster Bias - Value
hip  Vep=5v, Ig= -lma, £ =1KC 55 ohms
hfb VCB-SV, IE- =1 na, £ =1KC 096
hep Vop*5v, Ig= -1l ma, £ = 1KC 4 x 1
hopb  VeB=5v, Ip= -1 ma, £ = 1 KC 0.6 u mho
hyy  Vep™5v, Ig=-lma, f = 1me 6 X 10-2
hyq Vep"5v, Iz -2 ma, f = 1 KC 640 ohms
hge  Vgp=5v, Ip= <2 ma, £ = 1 KC 30
N Vop5v, Ig= -2 ma, £« 1KC 6 X 104
hoe  Vog=5v, Ig- -2 ma, £ = 1KC 18 u mho

The variation of the common base hybrid
parameters with emitter current is shown in
Figure 9 in which the data was plotted relative

to the value at an emitter current of 1 ma.

DC _CHARACTERISTICS
An important set of characteristics for any
transistor are the collector characteristics
shown by figure 10, This is a plot of the
collsctor current with collector voltage for
different levels of base current,

One of-the very useful pleces of information
which can be obtained from these characteristics
is the series saturation resistance, This
resistance, designated by the symbol R c) is a
measurs of the collector to emitter vo tage
necessary to sustain a given collector current
for some predetermined base current. R,, is
generally defined as the slops of a line from the
origin to a given intercept on the saturation
region of the Vo = I, characteristica. On many
devices, particularly germanium and alloy
transistors, the saturation region is fairly
linear and does intercept the origin, thus
providing & measure of saturation resistance which
is consistent and coincides identically with the
previously mentioned definition, However, this
i8 not true for the LJDLA nor for many other
silicon grown junction devices. The curves do
not generally intercept the origin and are not
guite as linear in the saturation region.
Consequently, Rge Will vary with the point of
operation and must be specified for a given
collector and base current, Although the error
may be small, a more consistent description would

<



be to restrict the definition of R__ without
ambiguity and would be useful to tB§ circuit
designer interested in ac operation. The necessary
additional information could then be given in
terms of the more truly descriptive term, the
collector saturation voltage, Vg (SAT) identi-
fied with a given collector and base current,
Referring to Figure 10 the series saturation
resistance on the basis of the above definition
would be the slope of the envelops of the charact-
eristic in saturation region. A typical value

of saturation voltage, Vop (54T), for the LJDi4A

is 200 millivolts, measured at =1m Ig =5 ma,
which is equivalent to a saturation resistance of
40 ohms.

The crowding of the collector characteristics
with base drive represen's; the beta hold-up with
collector current for the transistor. Figure 11
shows a typical variation of dc beta with current.
Here we see that beta rises rapidly with current
maximizing in the range of 1 to 3 ma collector
current and then falls off at higher current
levels. This degradation of beta hold-up at the
higher values of collector current is due to
a combination of factors, a reduction in emitter
efficiency, base crowding effect, and poor in-
Jection efficiency at the base lead contact.
Although this type of characteristic is represent-
ative of the device as it is now being produced
& number of LJD4A transistors were found with
beta hold-up characteristics that was essentially
flat for collector currents ranging from one to
forty milliamperes.

TEMPERATURE, DEPENDENCE

Figure 12 shows the variation of the common
vase "h" parameters with temperature, These
curves which represents typical behavior of the
LJDLA are normalized with reference to the values
at room temperature, 25°C, It is seen that for
the most part these parameters do not markedly
deviate from their room temperature values below
about 130°C. Above this temperature, however,

a rather sharp rate of change is observed in all
but hip.

The variation of breakdown voltage with
tempsrature is interesting. Theorstically the
Junction breakdown voltage should increase with
temgerature in accordance with McKay's express-
ion

o =8n [ +8(7-%)] o

where B is a constant of the order of 10~4 volts
/°C, the exact walue being a function of the
Junction grade, Melsurements of the base to
emitter breakdown, BVgpy, and collector to base
breskdown, BVcpos show an increase in breakdown
voltage with temperature in accordance with this
predicted variation, However, the collector to
emitter breakdown voltage, BV,.., although ex~
hibiting this increase below 28800 decreasss

fairly rapidly with temperature abowve 120°C,
This can be explained when one considers the
technique generally used to determine junction
breakdown voltage which in essence involves
measuring the voltage developed across the
transistor junction under study, at a transfer
current of 1 milliampere, When examining either
the collector or emitter junction alone this
method does provide a fairly reliable measure

of the breakdown voltage because of the very
sharp reverse characteristic associated with
silicon Junctions. This is not true, though,
when the voltage stress is applied from emitter
to collector. Under these conditions, since
there is no base connection, the transfer
current consists solelv of the leakage current
amplified by a (1 - &) term. To fllustrate this,
the emitter current may be written as

':"‘4"2:=«1; 1‘_22

(6)
where IL = legkage current, Since there is
no base connection in this test, it is reason-~
able to assume that the total transfer current
I equals Iy and rewriting

L
/- e (n

Leakage current increases rapidly with
temperature and can become appreciable above
100°C, Furthermore, alpha alsoc tends to increase
with temperature so that the combination can
give rise to fairly large transfer currents
which also increase with temperature. Thus s a8
the temperature increases, the voltage necessary
to support a given leakage current would decrease,
The BVopn that was recorded is, therefore, most
probabiy, not a true breakdown voltage but rather
@ measure of that voltage and temperature at
which the amplified leakage current equals one
milliampere, True breakdown, undoubtedly,
oceurs at a higher voltage, However, from an
application standpoint this quasi-breakdown
voltage is still significant, for it provides
the circuit designer with a very real voltage
limitation when operation in a common enitter
configuration,

The variation of Tso with temperature is
shown in Figure 13 for a collector to base
voltage of 5 volta,

The variation of common emitter power gain
with temperature is shown in Flgure 14 and is
seen to decrsase with an increase in the ambient
temperature, For a grown Junction device power
gain is proportional to the square root of the
product of the lattice mobilities. Inasmuch as
the lattice mobility is also proportional to
(1/7)x, the power gain will decrease with temper-
ature as shown,

CONCLUSIONS

The LJDLA silicon transistor exhibits ex-
tremely good high frequency characteristics,
which together with its low saturation resistance



of 40 ohms makes it particularly attractive for
switching applications as well as for linear
amplifier use, :

CORRECTION

Frequency scale in Figure 6 is incorrect,
However, the indicated alpha cutoff frequencies
for the curves are correct.
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NOISE FIGIRES IN SEMICONDUCTCR
DIELECTRIC AMPLIFIERS+

John M. Walker
Westinghouse Electric Corp.
Baltimore, Maryland

Introduction

Dielectric ampli_fiersl’zcircuits utilize a
non~linear capacitor in conjunction with other
circuit elements to obtain amplification or con-
trol. In all dielectric amplifiers a low fre-
quency control signal acts to modify the average
impedance presented by the non-linear capacitor
to a high frequency or carrier current. Vari-
ations in the carrier wltage resulting from
impedance changes of the non-linear capacitor are
rectified and constitute the amplifier output
which is, consequently, directly related to the
low-frequency control signal but at a higher
power level.

Recent interest in dielectric amplifiers
has been stimulated by the desire to obtain an
amplifier with the reliability characteristics of
solid-state devices, but with a very high input
impedance at audio frequencies, The dielectric
amplifier input impedance at audio frequencies
without feedback can be made as high as about 100
megohms, whereas present solid state or transistor
amplifiers have a maximum input impedance of the
order of one megohm.

Two types of non-linear capacitors have been
used in dielectric amplifiers - barium-strontium
titanate capacitorsl amd, more recently, the
Junction cspaeitancg of reversed-biased germanium
and silicon diodes. In bariwm-strontium
titanate capacitors the capacitance non~linearity
arises at high electric field strengths, close to
rupture strengths. Consequently, when a barium-
strontiun titanate capacitor is used in a dielec-
tric amplifier corona temis to develop at the
edges snd in internal voids as a result of the
high electric fields necessary for proper opera-
tion of the amplifier. Noise associated with
the corona and internal breakdown of the titanate
capacitor is so erratic in both time and magnitude
that no quantitative results can be given for the
noise figure of the dielectric amplifier; indeed
the noise level has been found often to be so
high that noise figure is not worth investigating.

Richard E. Smith
Carnegie Institute of Technology
Pittsburgh 13, Pa,

Everard M. Williams
Carnegie Institute of Technology
Pittsburgh 13, Pa.

In contrast reverse-biased semiconductor
Junction diodes may be operated as non-linear
capacitors in an entirely satisfactory manner
at low voltages and are not subject to corona or
other breakdown difficulties, Their noise figure
is therefore of some interest.

This paper describes the results of a study
of this noise figure.

Part I - Circuit Design in Dielectric Amplifiers

Dielectric amplifiers utilize impedance
changes resulting from the changes in reactance
of .a non-linear capacitor to control the ampli-
tude of a high-frequency carrier which is sub-
sequently rectified. Series or parallel 1C
circuits resomant at the carrier frequency are
employed to increase the sensitivity of the
carrier output to small capacitance variations
resulting from the input signal. There is no
reason to expect major differences in performance
of the two types of amplifier circuits other than
convenience in design. This paper is concerned
with & single circuit, that of Figure 1.

In the circuit of Figure 1, Ly and C4 com-
prise the series circuit resonant at the carrier
frequency. Cq is the non-linear capacitor whose
average impedance to the carrier is determined
by the input signmal. The capacitor, Co» prevents
the fixed bias, V,, from disturbing the operation
of the detector circuit and isolates the input
terminals to prevent input impedance from de-
pendence solely on the inductance, Ly, and the
internal impedance of the carrier source. Iy
serves to isolate the input circuit from the
carrier circuit at the frequengy of the carrier.

The instantaneous value of the diode-
Junction capacitance is determined by the junction
voltage in a manner which has been discussed in

detail by Dill.3 The input signal and the

* Part of a dissertation sutmitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Electrical Engineering at Carmegie Institute of Technology. Work
described is part of a program supported by the Brown Instruments Division, Minneapolis-
Honeywell Regulator Co., and the Office of Naval Research under Contract Nonr-760£?9)-
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carrier appear across the diode junction and
thereby determine the instantaneous junction
capacitance. The average junction capacitance
presented to the input signal 4s undisturbed by
the carrier signal because the carrier signal is
very high in frequency; however, the capacitance
at the carrier frequency is changed by the input
signal. Variation in the average junction
capacitance as a function of the input signal
causes the carrier amplitude to vary as a function
the input signal. Consequently, the output, which
is the detected carrier amplitude, varies with the
input,and the circuit acts as an amplifier. The
relationship is nearly linear and can be entirely
so for small signals.

The selection of the carrier frequency and
the value of L, in this amplifier circuit are
determined by the value conveniently obtainable
for the junction capacitance, C4. Typical
commercially available junction diodes with high
back resis tances and, therefore, suitable for
high-impedance amplifiers have a junction capaci-
tance of 5-10 micromicrofarads. As much Junction
capacitance as desired may be obtained by utiliz-
ing multiple diodes in parallel at the expense of
reduced input impedance. For convenience in the
study of noise figure reported here it was con-.
sidered desirable to use a moderately low carrier
frequency and consequently multiple diodes were
to obtain larger values of capacitance than would
be employed in an amplifier in which input imped-
ance was actually maximiged. The diode wnit em-
ployed comprised five IN158 germanium Junction
diodes in parallel. Substantially larger values
of back resistance are, of course, to be found
in silicon diodes which are now available. Such
diocdes were not available, however, at the initia-
tion of this particular study.

A curve of the capacitance of the multiple
diode unit (in the back biassed direction) is
shown in Figure 2,

Noise Figure Measurements

Noise figure was measured by a substitution
method. The experimental arrangement is shown in
Figure 3. The output of the single stage dislec-
tric amplifier was naturally too low for direct
measurement. Consequently the output of the
dielectric amplifier was fed into a low-noise
amplifier to raise its level to a suitable value
for a wave analyzer. The wave analyzer used had a
four cycle per second bandwidth. The four cycle
band of noise from the wave analyzer was fed into
a cathode-follower which served to match the im-
pedance of the wave analyzer to a thermocouple
indicating device,

Noise output power of the dielectric ampli-
fier was measured by recording the deflection on
an output meter for various values of resistance
at the amplifier input. Absolute calibrations
were obtained with a continuous-wave standard
signal generator substituted for the resistor at
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the amplifier input. The continuous-wave r.m.s,
voltage that was equivalent to the r.m.s, noise
voltage appearing at the amplifier output was
used to calculate the square of the r.m.s. value
of the output noise per cycle with the expression:

——

Y
b ne

€uo

d¢:

in which Vne = voltage of continuous wave standard
signal generator r.m.s.

= Bandwidth of the noise signal
r.m.s. output noise voltage squared

de
®no

Amplifier output noise povier per cycle P, is then;

P = @ /R, in which Ry is the output load
resistance. Noise power in the output originat-
ing from the thermal noise of the source was
determined by determining the wvaltage gain of the
amplifier with a continuous-wave generator and
then calculating the noise power per cycle, Ps,
due to the thermal noise of the source with the

expressiont
L%
p. = 4XTR.G
s QL

in which Ry, is the source resistance and G is the
voltage gain of the amplifier. The noise figure,

F, is then:
e
L2 Ve _
F- P5 L‘KTR°GI-\-'.

This procedure for measuring noise figure
was advantageous because an input signal to the
amplifier was not required during the noise
measurement itself, ‘Use of a standard input
signal to the amplifier during noise measurement
tends to limit the measurements to cases in
which the source impedance of the amplifier is
somewhat less than 0,5 megohms because of the
low impedances of standard signal sources and the
difficulty of applying transformers to modify
source impedances to megohm values.

Results of the measurements of the output
noise power of the dielectric amplifier are
shown in Figure 4. The signal source resistance
was varied for the different sets of noise data
to determine the dependence of the amplifier
output noise power on the source resistance.
can be seen fram the curves of Figure 4, the
amplifier output noise decreases with decreasing
source resistance and increasing frequency.

As

Noise power in the output of the dielectric
amplifier resulting from the thermal noise of the
source resistance was calculated after determin-
ing the amplifier gain.

Using the results of the measurements of the
output noise power and the calculated output
noise power due to the thermal noise of the source
resistance the noise figure of the dielectric



amplifier was calculated., Figure 5 shows the
noise figure of the dielectric amplifier as a
function of frequency for various values of the
source resistance, Ry. Such curves permit de-
termination of the optimum value of source re-
sistance since as source resistance is reduced
the noise figure decreases until a critical value
is reached. Further reduction results in an in-
crease in noise figure. The data of Figure 5 are
applicable to determination of optimum source re-
sistance at signal frequencies of 1.5 kilocycles
and above.

From the data presented the conclusions
that can be drawn are; 1) noise figure decreases
as frequency increases 2) the noise figure is a
function of source resistance, and 3) there
exists an optimum source resistance to minimize
the noise firure, and this optimum resistance
is different for every frequency. A more thorough
explanation of the parameters governing the noise
figure resulted from an investigation of the
sources of noise and the representation of these
sources in an equivalent circuit which are
described in the next section.

Noise Sources and Equivalent Circuit

The general characteristics of noise in
Junction deyices have been reported in the
literature % , An investigation of the particular
noise characteristics of the composite five unit
diode was made prior to investigation of the
influence of these characteristics in dielectric
amplifier applications. The equivalent-circuit
parameters of the diode shown in Figure 6a were
evaluated before noise measurements were taken.,

Noise measurements on the diode employed the
same equipment used to measure the amplifier noise
figure, Figure 3, with the input to the low-noise
amplifier of the noise measuring equipment con-
nected to the circuit shown in Figure éb. Ry in
Figure 6b was varied to determine the effect of
this resistance on the diode noise output and Vy
was varied for different measurements to find the
deperdence of the diode noise on reverse bias.

In Figure 7 all the noise measurements taken
on the set of junction diodes for three values of
bias are consolidated. The shaded areas repre-
sent all the measurements taken at a particular
valuve of bias by varying Ry.  The open circuit
noise voltage, @,% , was obtained from measyre-
ment._g__gf_‘ €," by the equation relating ¢, *

to €., which is

T _ & &

o (R+Ry) + W RS (cat <)
in which Re R0

T R+ Re

Subscript a refers to low-noise amplifier com-
ponents.
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The agreement of the noise data taken at a
particular value of bias corresponding to five
values of R) with no more descrepancy than that
represented by a band 3db wide when used to
determine Cn, suggests the reliability of
(1) the value obtained for Rg, (2) the general
measuring technique in that results are repeat-
able, and (3) the placing of the diode noise
generator in the resistancé branch of the
equivalent circuit.

The next question that arises is "does the
noise originating in the diodes act as any other
signal in changing the junction capcaitance of
the diode?" This question has a bearing on the
extent to which the diode noise influences the.
output of the dielectric amplifier. Referring
te Figure 1 it can be seen that the output of
the dielectric amplifier is taken across L, and
the internal impedance of the carrier source.
Both of these have an impedance of less than ten
ohms over the audio frequency band; whereas, Cos
which is in series with the combination of L, and
the carrier source impedance and acts as a volt-
age divider for any audio signal originat in
the diode, has an impedance greater than 10° ohms
over the audio frequency band. Thus for all
practical purposes the point at which the output
of the dielectric amplifier is taken is at ground
potential for any audio signal originating in the
diode, and as a result, any audio signal, such as
noise originating in the diode can only affect
the output of the dielectric amplifier by chang-
ing the junction capacitance.

It has been found necessary to assume that
the diode noise generator acts in series with
the diode dynamic resistance, Ry, in order to
obtain calculated values consistent with noise
measurements on both the diodes and dielectric
amplifier. When the diode noise generator is
in series with the dynamic resistance, Ry, a
decrease in R, decreases the noise appearing
across the junction capacitance, C4, and thus
decreases the noise power output of the dielec-
tric amplifier. This result is in agreement
with noise measurements taken on the dielectric
amplifier. If the noise generator were placed
in series with the junction capacitance or in
series with the parallel combination of
Junction capacitance and dynamic resistance, de-
creasing R, would increase the noise appearing
across the junction capacitance. Increasing
the noise voltage appearing across the junction
capacitance increases the noise power output of
the dielectric amplifier which is contrary to
the effect observed in dielectric amplifier
noise measurements.

Noise measurements on the diode indicate
that the noise originating in them behaves as
1/f over the audio frequency range; however,
noise measurements on the dielectric amplifier
indicate noise independent of frequency for
frequencies above lkc and low values of R,.



