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ABSTRACT

The junction currents of a tunnel diode and the mechanism
producing them are outlined. Noise in electronic components
is discussed and a theoretical ﬁoise model of the tunnel
diode developed. The effects on this model of the parasitic
elements present in a physical diode are calculated. Noise
measurements using two variations of the substitution method
are performed on three General Electric Co. 1N2939 tunnel
diodes at a frequency of 30 megacycles per second. The app-
lication of the results to the minimum noise figure of

tunnel diode amplifiers is discussed,
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CHAPTER I

INTRODUCTION

In 1958, Dr. L. Esakit

, & Japanese physicist, pub-
lished an account of a new phenomenon he discovered in heavily
doped (1019atoms/cm3) p-n junction diodes. The effect of
this heavy doping was a V-I characteristic that exhibited a
negative dynamic conductance over a.range of forward biases.
These diodes have ccme to be called "tunnel diodes", from

the quantum mechanical tunneling process that produces their
negative conductance, The V-I curve for a General Electric
type 1N2939 tunnel diode is shown in Figure 1.

By the quantum mechanical tunneling process, an elect-
ron (at the speed of light), can appear to tunnel through a
potential barrier that it doesn’t have the energy to climb.
The conditions necessary for this process to take place are
discussed in Chapter II,

Because of the speed at which tunneling takes place,
and because of its simple physical construction, the tunnel
diode offers many advantages over transistors in such appli-
cations as high frequency amplifiers and osciliatorse Tunnel
diodes are also used in mixersa In these applications a
fundamental limitation on the usefulness of the diodes is the

amount of noise it produces.,

*The numeral denotes reference number as listed in bibliography



Figure 1
TUNNEL DIODE V-1 CHARACTsRISTIC

Diode type:1N2939-G.IL.
Diode no.: 1 o
Diode temp.: 296 K
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The purpose of this investigation was to study, by
theoretical and experimental means, the amount of noise pro-
duced by tunnel diodes at a frequency of 30 megacycles. All
experimental work was performed on G.E. type 1N23939 tunnel
diodes. This diode has a relatively low peak current (1ma),
which made it easier to stabilize in the negative conductance
region. Some noise measurements had already been performed on
this particular type by Wiengz s and it was hoped fhis in-
vestigation would supplement his previous work.

Noise in tﬁnnel diodes has also been investigated by
ChangB, Tieménn4,.Agourdis and van Vliets, and King and
Sharpe6e

To obtain a measure of the noise produced by the
tunnel diode, it was compared with the standard noise source
of a temperature limited vacuum diode. The plate current
requifed to produce the same amount.of noise as the tunnel
diode under test is called its "equivalent shot noise current".
The néise produced by a tunnel diode was alsb compared to that
of a resistor exhibiting thermal noise.

In Chapter II the different junction currents flowing
in a tunnel diode ahd their producing mechanism are discussed.

In Chapter III the noise produced in electronic compon-
ents such as resistors, vacuum diodes and semiconductors is
outlined,

A theoretical noise model for the tunnel diode is given
in Chapter IV. The effect on this model by the diode's parasit-

ic elements is discussed in Chapter V.



The tﬁo measurement methods used are outlined in
Chapter VI. In Chapter VII the results obtained are discuss-
ed and the conclusions arrived at given.

Appendix A gives the techniques used %o measure the
diode's V-I curve, dynamic cbnductance, series and spreading
resigtance, Jjunction capacitance and lead inductance.

Appendix B contains the noise figure measurement of

the receiving system used in the noise measurements.



CHAPTER TII
TUNNEL DIODE JUNCTION CURRENTS AND THEIR MECHANISM

The net current (Ib) flowing in a tunnel diode is com-
posed of four separate and uncorrelated currents. Each of
these currents plays a major role in determining Ib over some
particular range of biasg voltages. The currents are the Esaki
tunneling current (IE), bthe'Zener-tunnelingvcurrent (IZ),
the excess current (IX), and the conventional diocde forward
current (If)o

The mechanism producing each of the preceeding currents
and an expression of their dependence on-the bias voltage (V )

is discussed in this chapter,

Esaki and Zener Tunneling Currents

The mechanism producing the tunneling currents is depend-
ent on the junction doping densitieg. This was proven by Hall7
when he observed the change in the V-I characteristic of a p-n
junction with changing doping densities. The minimum doping
density required to produce appreciable tunneling is about
lOlgatoms/cm3o At doping densities as high as this, several
changes are noted in the energy band diagram of the junction.
First the Fermi level is %ound in the conduction band
on the n side and in the valence band on the p side. By def=-
inition of the Fermi level, an énergy gtate below the Fermi level

has a probability of at least 4 of being occupied. Conversely a

state above the Fermi level has a probability of at least & of



being unoccupied. Therefore a considerable number of states
in the n side conduction band will be filled, while an apprec-
iable number of states at the top of the p side valence band

will be empty. Semiconductors,where this occurs,are termed

I
"degenerate",

A second result of high doping densities is that the
donor and acceptor states broaden out into bands and cause
what is known as "band gap tailing". This effect causes the
band gap to narrow congsiderably. For. example, in germanium it
causes a decrease of from 0.665ev for the intrinsic case to
about O.5ev for degeneraﬁe doping.

The energy band diagram of a degenerate p-n junction
at zerc bias, showing the two effects is given in Figure 2(a).

The conditions required for quantum mechanical tunnel-
ing to occur are given as:

1. Occupied energy states must exist on the side from which
the electrons are to tunnel,

2, Unoccupied states must exist at the same energy level as
the electrons in condition 1 on the side to which the electrons
are to tunnel,

3. The height and width of the potential barrier must be
low enough so that the tunneling’ probability is not negligibly
small,

4, Momentum must be conserved in the process.

In the energy band model of the -junction at thermal
equilibrium (zero bias), as shown in Figure 2(a), these con-

ditions exist to the same degree on both sides of the junction,



7

This gives rise to two equal but opposite tunneling electron
currents. The one flowing from the conduction band on the n
gide to the valence band on the p side is called the Esaki
current (IE), while the one flowing in the opposite direct-
ion is called the Zener current (I,).

1
Esaki has formulated the two currents as

5
g = A}é;(E)/%(E)ch<i—fv(E)@(E)dE 25
cn
E
.V
= A‘fv(E)PV(E)ZVC(l—fc(E))Pc(E)dE tesescecneeole?
cn

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

the junction area, and ZC and Zvc are the probabilities of an

v
electron tunneling from the n side conduction band to the p
side valence band and visa versa respectively. The variables
fc(E) and fv(E) are the Fermi-Dirac occupation functions for
the conduction and valence band. They are given by the express-
ion:

fc,v(E) = 1 ' cevocscvcvoos o3

(L + exp.(E - E ) /kT)

fe,v

-

14

where k is Boltzmans constant (1,38x10—23Joules/°K), T is the

temperature in degrees K and Efc v is the Fermi level in the
9

conduction or valence bando/cg(E) and f%(E) are the energy

level densities in the conduction and valence band respectively.
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If band tailing is assumed negligible‘/%(E) and /L(E) are

given by:

A

B(E—Eon)z 00.?....00....0.0..'...........2.4

1

Pv_(E) —‘C(Evp_E).Q_OOOOOOOO.OO000000000000000000000205

where B and C are constants. The energy levels E, and E
are defined in Figure 2(a).

Actually the Fermi-Dirac probability was derived for
the case of complete random distribution of electron velocities
and hence only applies at zero external bias. If, however,
the field is small, as it is in the body of the semiconductors,
the Fermi-Dirac statistics can be considered approximately
applicable for low external biases. At the abrupt junction
region, the fields.are very high and the statistics cannol be
applied.

If a slight forward bias is applied to the Jjunction,
the n side of the energy band diagram is elevated and there
are gtates in the n side whose ?robability of being occupied
is less than 4. The result is an increase in IE and a decrease
in IZ,vAs the forward bias is inéreased,a point is reached
where any further increase in bias will cause the occupied
states in the n side to come opposite the band gap on the p
side, making direct tumneling impossible. Thig is known as the

condition of peak bias and is shown in Figure 2(b).
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As the bias is increased past the peak point, a point

is eventually reached where Ecn is equal to Evp and no direct
tunneling can take place. The only current flowing at this
point should be the conventional diode drift minus diffusion
current, which would be negligibly small. The energy band dia-
gram for this bias condition is shown in Figure 2(c).

. At voltages up to slightly exceeding the peak point
IE and IZ are the only currents of appreciable value to flow,

Hence for this range of biases the net diode current Ib is

given by:

I'b=IE_IZ ooaooooooao0oo.oooo00000900000000900500206

If the tunneling probabilities ch and Zvc are agss-—
umed equal, a relationship between IE and IZ can be obtained
from equations 2.1 and 2.2 as given in 2.7:

IE(l - fC)fv = Iz(l - fv)fc oocootooooco00.000000000207
Using equation 2.3 and the fact that

Efn=Efp+eV 0090000009/000000000990000000990990000298
’

where V is the applied voltage, gives:

fc(l.— fv) = fv(l - fc)expo(GV/kT)voooeoooooeoteoonozog



11

Combining equations 2.9, 2.7, and 2.6 gives:
I = Ib(l - eXp.(—eV/kT))—l oooooooooooocoao-ooeoozolo

"‘Ib(eXP.(GV/kT) -l)-l ooooc.o00000900000090002011

NN
|

Curves of IE and IZ versus bias voltage are given in Figure 3. .

Excegs Current

Experimentally the current in the valley region is
found to be considerably greater than the sum of the two dir-
ect tunneling currents (IE and IZ), and the conventional diode
current Ife This additional current is termed the "excess
current", I_.

X
Congsiderable research has been done on the mechanism of

2 that the excess

IX° It has been discovered experimentally
current exhibits much the same dependence on pressure, temp-
erature and doping concentrations as the tunneling currents do.
Trom this it is assumed that some kind of a tunneling process
must be involved. Since direct tunneling is impossible at the
biases considered, an indirect tunneling process by way of
localized energy states in the band gap is considered to be

10 by de-

the mechanism of Ixa This theory has been confirmed
liberately changing the imperfection content of the crystal by
radiation damage or doping. A theory that electrons could
tunnel directlj, losing energy in the process through photon

emisgion, has not been proven and is generally’diSCOunted8’9°
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Figure 2(d) shows thecondition producing the excess

current. The main sources of the band gap states are:

1. Band edge tailing in degenerate semiconductors.

2., Donor or acceptor chemical impurities which become
clustered due to high doping levels.,

3. Unwanted chemical elements present.

4, Crystal defects sucﬁ‘as glipped planes, missing atoms,
or dislocated atoms.

The basic indirect tunneling path is thought to be
that given by a b ¢ in Figure 2(d). The electrons from the
conduction band féll into an available state in the band gap
(b), from which they tunnel into an unoccupied state in the
valence band., On the basis of this mechanism, the following

. . . 8
expregsion for the excess current is given ¢.

IX=ANXPX 0000000000000000000000009900099G090090.2912

where A is a constant, Nx ig the density of occupied band
gap states above the top of the n side valence band and PX
is the pertinent tuﬁneling probability.
The approximate Ix for a G.E., 1N2939 diode is shown in

Pigure 3. ‘

Conventional Diode Forward Currentd

If the bias voltagé'is increased beyond the wvalley

point, the potential barrier_is reduced sufficiently so that the
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diffusion current of a conventional diode becomes appreciable
and takes over; The net forward current If is equal to the

diffusion minus drift current and is given Dby:
If = Is(eX'_p- eV/kT - l) oo-ooo000000000000000000002013

where IS is the drift current. The approximate If for a 1N2939

tunnel diode is shown in Figure 3.

Reverse Current

If the diode is reverse biased, the energy band dia-
gram is as shown in Figure 2(e). The filled states in the p
side are now opposite empty states in the n side and the
Zener current increases without bound until the junction
overheats and burns out. This gives the diode a high dynamic

conductance in the reverse bias region.
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Figure 3 TUNNEL DIODE JUNCTION CURRENTS
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CHAPTER TIII
NOISE IN ELECTRONIC COMPONENTS

Electrical noise is defined as any spurious or un-
desired disturbance which tends to obscure a desired signal.
The amount of noise produced in any electronic component sets
a fundamental limit on its usefulness in any communications
circuit.

Electrical noise can be divided into two broad cat-
agories, 1) noise of an eliminable character and 2) fluctuat-
ion noise. The former is also called man-made and includes
noise due to poor contacts, equipment vibration, ignition
radiation, etc. By proper shielding, relocation of equipment
or use of filtering circuits, this type of noise can be com-
pletely eliminated or at least minimized. The second type of
noise is due to spontaneous fluctuations which occur through-
out all physical quantities due to their noncontinuous, gran-
ular atomic nature.

Fluctuation noise produced in resistors, vacuum tubes,

and semiconductors will be discussed in this chapter.

I NOISE IN RESISTORS
Two types of fluctuation noise are produced in resist-

ors. They are called thermal and contact noise.

Thermal Noise

A1l conductors contain a large number of free electrons
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and bound ions. At any temperature above absolute zero, the

electrons have freedom of movement while the ions vibrate
about their average position. Collisions between the electron
and ions impart a completely random motion to the electrons.
This gives rise to a random fluctuating current. Over a long
period of time the net current will be zero. Instantaneous
amplitude of this current will have a Gaussian distribution
about zero. The current variations give rise to minute volt-
age fluctuations which can be detected by sensitive measuring
circuits. This type of noise is called "thermal noise" be-
cause of its temperature dependence.

Thermal noise was first studied experimentally by

Johnson't in 1927. His work was confirmed theoretically by

12

H. Nyquist™ . They showed that the mean square thermal noise

voltage Vﬁt generated by an impedance Z is given by:

2
vn.t=4kTRB'.9.0.0Q.OOOOQOO000000009900009909000000391

where k is Boltzmann% constant, T is the impedanée temperature
in degrees Kelvin, R is the resistive component of Z in  ohms,
and B is the noise bandwidth of the measuring device,

Thermal noise present in a resistor R can be represent-
ed by either a voltage generator in series with R, or by a

current generator in shunt with R as shown in Figure 4.
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2
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Figure 4 '~ REPRESENTATION OF RESISTOR THERMAL NOISE
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The noise voltages or currents from different resist-
ors are considered uncorrelated and must be added as mean
square quantities. The thermal noise produced by a passive .
network can be found by finding the equivalent impedance of
the network and then applying equation 3.1, Another method
would be to apply equation 3.1 to each impedance and then com-
bine the resulting current or voltage generators.

Thefmal noise has a constant spectrum up to very high
frequencies, and so it is termed "white noise". Actually its
gpectrum cannot be constant for all frequencies or the avail-
able noise power would be infinite, At higher frequencies the

kT in equation 3.1 is replaced by kT/(exp.hf/kT - 1), where h
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is Plancks constant (6,63 x 10°34joule-seconds) and f is the

frequency considered. At room temperature the correction is

negligible below 1000 megacycles.

Noigse Bandwidth

The noise bandwidth of a device with transfer function
H(ju) is defined as the width of an ideal bandpass filter
transfer function which has an absolute value of the maximum
value of H(jw)’ and delivers the same power from a white noise

gource. Stated mathematically the definition is given by:

1 2
B = TﬂH(jw)‘ df'ooooooooooeoo0000090000000909‘09302
o . . i

Am

where Am ig defined in Figure 5.

A a b
m
! |
5, | H( )
uu] ! [
|
e B
. |

FIGURE 5 EQUIVALENT NOISE BANDWIDTH
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Contact Noise

Carbon composition resistors consist of a large num-
ber of very small conducting particles in more or less loose
contact. This causes minute changes in registance which pro-
duce noise in the resistor in excess of thermal noise. This
excess noise is called contact noise. It has been investigat-—-
ed by Christenson and Pearsonl3, and wag found to exhibit a

1/f spectrum. Contact noise is negligible at 1 megacycle in

comparison to thermal noise.

IT NOISE IN VACUUM DIODES

The two important types of fluctuation noise in vacuum

tubes are shot noise and flicker noise.

Shot Noise

Shot noise is commonly defined as the spontaneous
fluctuations in the plate current of a vacuum diode due %o
the random emission of discrete electric charges (electrons)-
from a hot cathode. The name shot noise is derived from the
resemblance of this electron frow to a stream of shot. Shot
noise is not confined to vacuum tubes but occurs wherever this
combination of discretenegs and random emission are found.

Shot noise in vacuum diodes was first investigated by
Schottky. He derived the formula for the mean square shot

noise current of a temperature limited vacuum diode as:
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. 2

l =2eI:B 0.000...00000..00..CO‘00.0.‘0..0...0.0..3‘3

ns
where I is the average plate current and B the noise band-
width of the measuring device.

At frequencies approaching the electron transit time
there is a reduction in the shot noise of a vacuum diode. Th?
accurate formula for high frequencies is given by van der

1l4a
$

Ziel as:

5 2eIB

i = oooooeoooaeoaooooeoo9990000090000304

ns 3 _ »)°2°/18

where W is the angular frequency, and T the transit time in
seconds., The correction is negligible below 100 megacycles
for most diodes,

If a vacuum diode is operated in its temperature limit-
ed region its impedance is infinite and the shot noise pro-
duced may be represented by an ideal current generator. The

equivalent noise circuit of such a diode is given in Figure 6.

————————0
T2
<:1:> 1ns-2eIE
‘beoou-—o0
Temperature limited . Equivalent shot noise

vacuum diode . current generator

‘Figure 6 REPRESENTATION OF VACUUM DIODE SHOT NOISE .
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Flicker Noise

At low frequencies the noise produced by vacuum diodes
is considerably more than that given by equation 3.3. This
excess noise is termed "flicker noige". Like the excess con-
tact noise in resistors, it also has a 1/f spectrum. At fre-
quencies above about 10 kilocycles it becomes negligible com~
pared to the shot noiselBa°

The exact mechanism producing flicker noise is still .
not completely understood. It is thought that changes in
emission from relatively large areas of the cathode and resist-

ance between the cathode base metal and oxide coating are

regpongible,

Use of Temperature Limited Vacuum Diode as a Noise Generator

From the preceding discussion it is obvious that a
vacuum diode could be used as a calibrated noise source. In
order that equation 3.3 applies, the following precautions
must be takens:

l. The diode noise should not be used below 10 kilocycles
or above 100 megacjcles°

2. The diode must be operated in its temperature iimited
region, | !

3. The plate and filament supplies should be filtered to
prevent any extermal signal from entering into the circuit.

4, A variable filament supply must be used to vary the plate

current and hence the noise output.
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A Sylvania type 5722 noise diode was used as a noise

source for all noise measurements performed. This diode is
constructed so that transit time effects are negligible be-
low 500 megacycles.

The complete circuit for the 30 megacycle noise gen-
erator is given in Figure 7.

The combination of chokes and capacitators in the
plate and filament supply circuits prevented any stray 30
megacylce signal from enfering via those sources,

The Lambda regulated power supply used as a filament
supply gave a continuously variable output of O to 5 amperes
at 0 to 30 volts.

The 1000 ohm load resistor gave temperature limited

operatlon with 150 volts on the plate.

Shielding

C C2, 5’06 = 1000 pf

Do+ 150 volts d.c. C3,Cy,
= . . L I‘ L39L4 = 15 Mh
Milliammeter '

Figure 7 CIRCUIT DIAGRAM OF NOISE GENERATOR
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The meter used to read the plate current had ranges

from 0.1 to 10 milliamperes.
.Two factors which could reduce the noise power output

of a diode are its output capacitance Co and lead inductance

2
ns

For a 5722 (Co ¥ 2pf, L ¥ 10 nh) the correction is negligible

L. The correction due to these factors to i is (szCo - 1)-2.

at 30 megacycles.
III NOISE IN SEMICONDUCTORS

The spreading and contact resistance (Rs) of a semi-
conductor device exhibits thermal noise. The mean square noise
voltage generated is given by:

"ITQ _ .
n_t“4kTRsB 00000000900000009000000000000000090090304’

Since the current across a p-n junction consists of
the superposition of a large number of independent, random
events involving discrete current carriers, the junction cur-

15b

rents exhibit full shot noise . The mean square noise’cur-

rent generated is giveh by

/

ist = zeI-B ooooooooooooooeoooooo000099000000000900305

J

where Ij is the junction current under consideration.

‘Semiconductors also exhibit noise similar to flicker

-
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noise in vacuum tubes. This noise is commonly called "excess"

or "1/f" noise. The spectral density of this noise is inverse-

14D

ly proportional to frequency. Van der Ziel gives the fol-

lowing formula for the mean square excess noise current:

T2 -b

lex—‘KI§'Bf 0000.0..000000000.0'..........0‘...'.306

where X is a constant, Ij is the junction current and f is the
frequency. The constants a and b are close to 2 and 1 respect-
ively. Experiments performed by Mattson and van der Ziell6

indicate excess noise is found up to about 10 megacycles,



CHAPTER IV

THEORETICAL TUNNEL DIODE NOISE MODEL

In this chapter a discussion of noise in the theoret-
jcal model of a tunnel diode will be given, The noise con-
tributed by the various junction currents outlined in Chapter

II will be calculated. The diode's equivalent noise resistance

will be discussed.

Simplified Equivalent Circuit

As a first approximation to the equivalent circuit of a

tunnel diode, consider simply a resistance equal in value to
the diodes dynamic resistance Rdo The value of Rd is found
by taking the slope of the diode's V-I curve at any bias .
From Figure 1it can be seen that for-a 1N2939 diode at zero
bias, Ry is about 20 ohms, and at peak:biaé (vp) it is infinite.
In the region between peak bias and valley bias (Vv), Ry is
negative and has a minimum absolute value of about 100 ohms.
At biases above Vv, Rd decreases rapidly and approaches zero.

If a bias voltage V is applied to Rdy a current Ib flows.
Since each of the currents composing Ib ig due to a different
mechanism, they are considered uncorrelated. If it is assumed
they all produce full éhot noise, the total mean square shot
noise current produced would be .given by: |

2

ins = Ze(IE +|Izl+ Ix + If)B ooo'oofaoooooooooooooo ‘4'01
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The theoretical equivalent shot noise current (In)

of a tunnel diode is defined by:

l =2eIB0.....'......0.._.0.....’C'.....'.....'.4‘2

ns n

From equations 4.1 and 4.2 we have:

In = IE +|IZ|+ IX + If o’oo-o--oooooooooooooooeoooo'o4‘o3

Noise due to Tunneling Currents

If biases only to a point slightly exceeding the peak
point are congidered, Ib is composed of only the two tunnel-

ing currents as shown in Figure 3. For this range of biases :

I'b=IE —llzl000G0000009000990000009090000909000000404

and

-
i

IE +|IZ|.OOODOOAOGOOOOOOOOG0000090000000900900004’95
Combining equations 2,10 and 2,11 with 4.4 and 4.5 gives:

I =1

n bcoth eV/ZkT 00‘00000000099006000.0000000909004’06

In equation 4.6 for a given I, V is the voltage
across the junction. It differs from the external bias volt-
age by the voltage drop in the spreading resistance Rso
Equation 4,6 is valid 6n1y for the region up to slightly ex-—

ceeding the peak point. For the remainder of the characteristic
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In will be equal to Ib . A plot of In versus biasg voltage

for one of the diodes tested is given in Figure 8.

Excess Noige in the Valley Region

In the previous discussion it was assumed that all
currents exhibit only full shot noise. Noise measurements
performed on tunnel diodes so far4’5’6 all indicate that'Ix
produces considerably more than shot noise.

4

Tiemann ™ proposes that there could be deep level
states present in the band gap due to some unknown impurity
or a complex of donor and acceptor atoms. If the bound states

have a lifetime of greater than 2x10™ 19

geconds, the noise

produced could exceed shot noise by a measurable amount.
Agourdis and van der Vliét5 propose that IX cannot be

attributed to random eventg. They don't consider it likely

Ix is composed of two opposite tunneling currents.

Noise at Higher Forward Biasges

At high forward biases ( 500 mv for the 1N2939) the
tunnel diode acts like a conventional diode. The junction
currents that flow are a reversgse drift current Is and a for-
ward diffusion current IS exp. eV/kT. Each is considered to

16

exhibit full shot noise and so at large forward biases In

is given by:

In =Is eXPO ev/kT+Is 00000O00"000‘000000000900090407
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The net forward current If is given byi

IS eXp. GV/kT - IS oooooo0000000000000000000004.8

Combining 4.7 and 4.8 gives:

In=If+2Is 0009009000000000000.0.000090000.000004.9
At the biases considered, ZIé is negligible compared to If o
- . :‘l - . B =
L
{
\
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Figure 8 TUNNEL DIODE THEORETICAL EQUIVALENT NOISE CURRENT
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From the preceding discussion it is obvious that to

be able to calculate In an accurate V-I characteristic must
be obtained. Appendix A.1l gives the method used to obtain

such a characteristic of the diodes tested.

Equivalent Noise Resistance

The amount of noise‘produced by a diode cén also be
compared with the noise produced by an equivalent noise Re-

sistance (Rn)o R_ is defined as a resistance exhibiting only.

n
thermal noise which produces a mean square noise voltage
equal to that produced by a tunnel diode. The definition is

| illustrated in Figure 9.

@ N S——
23 (DE
Vot Rn nt
= 4kTB/R
O n
tunnel diode resistance

Figure 9 TUNNEL DIODE EQUIVALENT NOISE RESISTANCE

If vﬁs = vﬁt then the diode noise resistance is given by:

Rn_eIan/ZkT 09000000000009DD0000000000'0009000004010

A plot of the noise ratio Rd/Rn is given in Figure 10,
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Figure 10 RATIO OF TUNNEL DIODE DYNAMIC TO NOISE RESISTANCE

The plot of Figure 10 shows that the tunnel diode
noise resistance is greater than its dynamic resistance for
‘almost the whole range of its clllaracteristico At zero bias
- the ratio Rn/Rd is equal to one, since at this point the diode
is in a statevof thermal equilibrium and can be considered to
exhibit thermal noise. This can be profen byArewriting equat-

ion 4,6 asg:
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Ib=InTanh(eV/2kT) 000000000.0...0...00000.....004‘.11

Now Rd is given by:

_dv  _ 2kT
Rd—.ﬁb—eln COSh(eV/ZRT) 00.000.0.0.‘.000000..‘4~012

At zero bias equation 4.12 reduces to:

Rd =2kT/eIn 00'0000000.000000."00.0000..000004.13
V=0

Subgtituting this value for Rd in equation 4.10 gives:

Rd/Rn =l "0000000000000000000909009000090090004"014

V=0
At high forward biases the tunnel diode acts as a con-
ventional diode. At these bilases the dynamic resistance of a

conventional diode is given bys

d =kT/eI'b 000090.00000009000100000000090000004015‘

V>VV

From the discussion in Chapter III, In is given by Ib at
thege biases, Using this fact anq equation 4,15, equation

4,10 becomes:

Rd/Rn b =2 ..O.'.OO.‘.0.0QO0.00‘..0000.0.0‘000..‘0..4016

v >Vv_

From Figure 10 it is seen that at a forward bias of
500 millivolts the .ratio Rd/Rn approaches 2. s




CHAPTER V
"EFFECT OF PARASITIC ELEMENTS ON In

‘The equivalent circuit of Chapter IV does not hold
for a physical tunnel diode. Parasitic elements, such as lead
inductance,semiconductor bulk resistance, and junction cap—‘
acitance, which exist in a physical diode will have an effect
on the theoretical noise produced by the junction currents.

This effect will be discussed in this chapter.

Exact Equivalent Circuit

The accepted small signal equivalent circuit of a

tunnel diodet’is given in Figure 11 below.

| L
\
| (

Figure 11 . TUNNEL DIODE EQUIVALENT CIRCUILT

Rd ig the diode's dynamic resistance. It can be pos-
itive or negative depending on the bias voltage.
CdiS'the junction capacitance, It varies with the bias

1
voltage V according to the equation Cd=(¢—V)_§, where K
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is a constant and { the built-in potential of the junction.,

Rs is the series spreading and contact resistance. It

is independent of bilas voltage.

Ls is the lead and package inductance. It varies great-

ly with lead length.

Cp accounts for the package and lead capacitance. It

is less than 1 pf for modern packages and will be neglected.,

The techniques used to measure the various circuit

elements are given in Appendix A. The results are tabulated

in Table I below,

Table I TUNNEL DIODE EQUIVALENT CIRCUIT ELEMENT VALUES

Tunnel diode no. _ 1

I—Rd]mina in ohms 98"

Cd at Vp in pf T

Cq at V in pf 9

R, in ohms 2.5
* %

Ls in nh 43

* Por 1/8 inch leads

**For 3/8 inch leads

114

6

2

39

oD

°3

* ¥

3

95
Te5
10

2.0

* ¥

35

G.E., specs,

150

1.5
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Equivalent Noige Circuit

The equivalent noise circuit for a tunnel diode is

now as shown in Figure 12 below.

2
V= 4kTRSB
g T
Rs ‘ Ls
-5 1
ls = (ji) Rd Cd ™
§
2eInB

Figure 12 TUNNEL DIODE EQUIVALENT NOISE CIRCUIT

By changing the shot noise current generator to a
voltage generator, combining it with the thermal noise volt-
age generatdr and then changing back to a single current gen-

erator, the following noise circuit is obtained.

-0

Zﬁst<2[> Zg

Figure 13 TUNNEL DIODE -SHUNT EQUIVALENT NOISE CIRCUIT
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The current generator in Figure 13 is given Dby:

- 2 2.2.2\~-1
i2 - 4kTR_B + 2eIanB(1+w RdCd)
nst >

2l 2=l 20 2 2\=1yo
(R_+Rg(1+0°RIC ™D + (WL ~6RSCS (1465 RCE) ™) %00 ua5.1
A corrected theoretical equivalent shot noise current I; is
defined by:

' 22
In = 1nst

/2eB C..OOOOO.O.OO........‘..'l@'.’.000000502

Values of I; as calculated using an I.B.M. 1620 com- )
puter are shown in Figure 14. The parasitic elements were
found to have é negligible effect on In in the negative resis-
tance region, and for that reason only the two positive con-
ductance regions are shown in Figure 14.

A problem exists in calculating In at very low for-
ward biases as the varible Coth eV/2kT in equation 4.6 goes
to infinity as V goes to zero., To get around this problem a
very accurate digital voltmeter (0.1%) was used to measure
both the diode current and voltage. The measured voltage was
corrected for the drop across RS giving an accurate value for
V. Also at zero bias In can be replaced by the equivalent
noiée current of Rd which can be measured accurately on a
bridge as given in Appendix A, The measured diode resistance
was corrected for R to give the true value .of Rj.

By varying the values of the different elements in
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equation 4.3 it was evident that the largest effect on IIl
is due to Rs' This is as expected since at zero bias Rs is

about 10% of Rge




CHAPTER VI
NOISE MEASUREMENTS

In performing noise measurements on any electronic
‘component, the general method used is to oomﬁare its noise
output with that produced by a calibrated source. To make
this comparison, a high gain linear amplifier and a square
law detector are usually used. If a substitution method is
used, the input impedance to the amplifier is kept constant
and the detector need not be square law to detect two equal
power levels., Two variations of the substitution method were

used and are outlined in this chapter.

I WIENS METHOD

The first method of making noise measurements was
developed by Wienszo The test circuit used is given in
Pigure 15. The exact circuit for the noise generator is
given in Figure T.

The component under test was connected to the noise
generator with the shortest practical leads to minimigze in-
ductance and pickup.

A frequency of 30 megacycles was chosen because excess
noise in vacuum diodes, resistors and semiconductors is neg-
ligible at this frequency.

The procedure followed is outlined below.

1. A resistor(Rl)ifssoldered on at terminalsg marked X - X o
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With the noise diode filament voltage turned off, a signal
of one millivolt is applied from the signal generator. This

signal is large enough to swamp out the noise and yet not big

enough to produce serious non linear effects when the resistor

is replaced by the tunnel diode. The preamp gain'is turned
full up and the precision receiver gain adjusted until a con-
venient output reading Il is obtained. ‘

2. The resistor Rl is then replaced by the tunnel diode and
stabilizing resistor R2 combination. The stabilizing resistor
must obey the stability criterion as given in Appendix A. A
value of RZ of about 70 ohms stabilizes the type 1N2939 tunnel
diode everywhere in its negative conductance region. If the
mesurement is performed in the two positive conductance reg-
ions, R2 is omitted. With the same signal level and receiver
gain as in l., the tunnel diode bias is adjusted unfil the

output meter again reads Il“ The following equality now holds:
G2—Gd=G1 000090OGO9090009909000000009000@000000601

where Gd is the diode negative conductance, Gl = l/Rl_and
G, = 1/R2°

3, With all connections as in 2., the calibration signal is
removed and the receiver gain increased until a convenient
output reading 12 is obtained. This reading is due to the

following noise sources: i) the noise from the tunnel diode
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and its stabilizing resistor, ii) the noise from the preamp,

the tunnel diode biasing resistor, the noise diode load re-
sistor and all other resistances in the input circuit.

4, With all gain settings unchanged, the resistor Rl is
again placed in X - X, Noise is then added from the noise
generator until an output reading of 12 is again.obtainedo
The noise diode plate current required Ind is recorded. The
output reading is due to noise from the following sources:
i) the resistor Ry, ii) the noise diode, and iii) from the
preamp, the tunnel diode biasing resistor, the noise diode
load resistor and all other resistances in the circuit. Be-
cause the input impedance and gain are the same as in 3. the
noise contribution from these sources will be the same as be-
fore,

Since all conditions in 3. and 4. are the same, the
mean square noise currents from the different sources can be

equated as follows:

2eIe B + 4kTG

q 2B = 2eIn

dB+4‘kTGlB 09900909090000090692

where qu is the tunnel diode experimental equivalent shot

noise current. Rearranging equation 6.2 gives:

-2kTGl 2kTG2 c
I =I + -— i O P 0 GO 9O GO VOOCO OO OGECOOQRTOOO 03
eq nd S S

For measurements in the positive conductance region G2 is zero

_4«&umw3&¢
LIBRARY
OF panrrosh
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and:

2kTGl

eq nd+ ...O.00.0...'.............OOO'O."6.4

e

The resigtor conductances were measured to better
than 1% on a Wayne Kerr V.H.F. admittance bridge. The temp-
erature of all components was taken as being at room temper-
ature since all components were sufficiently removed from any
additional heat source,

The results obtained using this method are given in

Tigure 16,
II TEIMANN METHOD

The second method used to measure tunnel diode noise
is a slight médification of that used by Tiemann4o The test
circuit for this method is the same as for the previous meth-
od and is given in Figure 15. The only change is in the pro-
cedure which is given below:

l. A resistor Rl of suitable value is placed in terminals
X - X. With the signal and noise generators turned 6ff,the
preamp gain is turned full up and the receiver gain adjusted
for a convenient reading Il. The amplifier gain is then reduc-
ed by 3db using the precision attenuator. The output reading
is then restored to Il by adding noise from the noise gener-

ator. The plate current of the noise diode required is care -



43
fully noted. The noise power from the noise diode equals that
from the following sources: i) the resistor Rl’ ii) the re-~
maining preamp input circuit and the preamp itself.

I is thus the equivalent shot noise current of the

ndl

resistor Rl(IRl
This gives:

Ind]-:IR +IA 00'0‘0‘0000.00..0.‘0...0.0.0.000.06.5

where IRl = 2kTGl/e and I,
ationand gain setting. Then with the noise diode turned off
the output of the signal generator is increased until the
output meter reads a convenient value, say 129 compaxred to
the noise level.

2, With the tunnel diode and its stabilizing resistor R2
in the terminals marked,x - X, and the signal level and re-
ceiver gain unchanged, the diode bias is adjusted so that an
output of 12 is again obtained. The preamp input impedance
and gain are now exactly as in 1. Under these conditions the
preamp equivalent shot noise current will be as in 1. With
the signal generator turned off, the.receiver gain is adjusted
for a convenient output reading, ,say 13. The receiver gain is
then decreased 3db and noise added from the noise diode until

the output meter again reads IB,The plate current of the noise

diode Ind2 is recorded. Now Ind2 is the. equivalent noise cur-—

rent of the tunnel diode (qu) plus the stabilizing resistor(IR

)vplus the amplifier and its input circuit(IA)o

depends on the preamp input termin-

2

)
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plus the preamp and its input circuit(IA)o This gives :

Ind2=qu+IR2+IA GOOO...O.O900000'000000000.0.6.6

where IR2 = 2kTG2/e

Combining equations 6.6

I I —21{:T(G'2"'Gl)/e oonooooaoooooo¢o6o7

eq Tha2 ~ Tna1

For measurements in the positive conductance regions the stab-

ilizing resistor is not required and:

T =T - 1

eq ndz +2kTGl/e 00000.00.0....‘000.'0‘.608

ndl

The results obtained by this method are shown for all three

tunnel diodes tested in Figures 16, 17, and 18.

Comparison of Wiens and Tiemann Methods

The Wiens method has a basic disadvéntage in that for
a considerable range of biases the equivalent resistor Rl pro-
duces more noise than the tunnel diode and its stabilizing re-
sistor. Hence in order to use the method a negative Ind must
be extrapolated, which requires that the preamp be 1inear; The
range of biases for which this occurs can be seen if equation
6.3 is rewritteh using In instead of Ie » This gives:

q

I =I -(I —I ) GOOG00009000000000000900.0009609
nd n Rl R2
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Figure 19 is a plot of I and (IRl - IR2) showing the regioﬁ-
where a negative Ind would be required.

The plot is for diode no. 3 where this effect was most
evident. However, all three diodes tested exhibited this pro-
blem. The results for this method are given for only diode
no. 1le.

Using the Tiemann method it was possible to measure qu
for all bias regions. Also considerable less soldering was
required which lessened the chances of accidentally heating a
component appreciably above room temperature. A minor dis-

advantage to this method is that the preamp must be linear. At

the low signal levels involved this is almost always the case.
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A disadvantage of both methods used is that for port-.

ions of the characteristic where Rd is low, such as at zero

bias, the receiver noise figure is very poor. The receliving

system specifications give it a noise figure of 2,6db at an

input impedance of 200 ohms. The recelver noise figure meas-
urements of Appendix B show that this figure is considerably
exceeded at low input impedances.

The results of the two methods agreed fairly closely
in reglons where & comparison could be made. The results are

shown in Figure 16.



CHAPTER VII

DISCUSSION AND CONCLUSIONS

Discussion of Results

The comparison bewteen the theoretical and experi-
mental noise currents for three G.E. type 1N2939 tunnel
diodes are given in Figures 16, 17, and 18.

In the first positive conductance region I; and qu
are in fairly good agreement for all three diodes. In each
case however, 1 is slightly higher than I;° This agrees

eq
with published resultsz’5’6s Ie

was difficult to measure at
zero bias because resistors of fixed value were used,

In the negative conductance region qu exceeded I;
by 2 considerable amount. At the valley point qu was twice
I; for all diodes. This also agrees with results obtained by
others4’5’6. The differenée in the valley region between qu
and I; was not as great as reported by Wiens2 on the same
type of diode. A possible reason is that he performed the
noise measurements at 50°C while measurements recorded here
were performed at 25°C, It has been reported6 that the excess
noise in the valley region increases slightly with temperature.
It could also be that the one diode tested by Wiens had a
greater than average number of unwanted impurity states in
the band gap which could lead to excess noise3.

At biases well into the second positive conductance

region the theoretical and experimental noise currents con-
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verge. This agrees with published result33’4’5’6.

In Figure 10 the tunnel diode dynamic resistance and
its equivalent noise resistance are compared. The tunnel diode
differs from a conventional diode in that its noise resist-—
ance is greater than its dynamic resistance for a portion of
its V-I characteristic. In the bias region where the tunnel

diode acts as a conventional diode the reverse 1s true.

Application of Results to Tunnel Diode Amplifier Noise Figures

3,17,18

Investigations of tunnel diode amplifiers

show that the minimum amplifier noise figure (Fm ) poss-

in

ible for a particular tunnel diode is given by:

Foo, =1+ equRd/ZkTs N i
where TS is the source resistance temperature in degrees
Kelvin. Hence for minimum noise figure the diode should be
biased at apoint where the product quRd is a minimum., Figure
20 is a plot of this product for the three diodes tested.

From Figure 20 we note that this minimum occurs slight-
1y past the point of maximum negative conductance where the
diode would be biased for a maximum linear operation. For a
1N2939 the minimum quRd is about 75 millivolts. Substituting
this value in equation 7.1 gives a minimum noise figure of
2.5 or 4db for an amplifier using this particular type of

diode,
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TIGURE 20 MINIMUM NOISE FIGURE OF TUNNEL DIODE AMPLITIER
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A further application of this thesis could be the

design and testing of a tunnel diode amplifier using a G.E.

1N2939 tunnel diode.

Conclusions

On the basis of the results obtained the following
conclusions can be made:

1. The two tunneling currents IE and IZ can be consider-
ed to exhibit full shot noise.

2. The excess current IX exhibits considerably more than
shot noise and cannot be considered as the result of random
events,

3, The conventional diode forward current If exhibits
full shot noise.

4, The equivalent noise resistance of a tunnel diode dif-
fers from that of conventional diodes in that it is greater
than the diode's dynamic resistance for a portion of the V-I
characteristic.

5. The minimum noise figure of a simple amplifier using
a G.E. 1N2939 tunnel diode is about 4db. The bias point used
for this optimum noise performance is‘slightly greater than

that used for maximum linear operation.
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APPENDIX A
MEASUREMENT OF TUNNEL DICDE PARAMETERS

In order to calculate the tunnel diode theoretical
equivalent shot noise current In and the effect of the diode's
parasitic elements on it, accurate knowledge of the diode's
V-I characteristic, dynamic conductance, series resistance,
junction capacitance and lead inductance are required. The

measurement techniques used to obtain them are given below,
I MEASUREMENT OF DIODE V~I CHARACTERISTIC
Two methods of obtaining the V-I curve were used. One
was an accurate point by point method, the other a visual

display of the curve on an oscilloscope.

Accurate Point by Point Method

The test circuit used in this method is shown in Fig-

ure A.l.
- SPDT Switch
R R3<O 110.K) o ;V /

/ Diode é ~—f«Digital

under — Voltmeter
50,5 —— n sest |
volts T | 2 R, & R, are 1/4 watt
. Rl carbon resistors
° % R1=21,60n_ R2§6OIL

Figure A.1 CIRCUIT FOR ACCﬁRATE MEASUREMENT OF V-I CURVE
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The current sampling resistor Rl was known to 0.1%.
The four digits read on the voltmeter were all significant
at full scale readings of from 10 volts to 10 millivolts.
This permitted a very accurate measurements of the V-1 curve.
For diode stabilityl® the resistors R,, R, and the
total inductance Lt seen by the diode must obey the following
relations:
1. (Ry + R2)<i—Rdlmino ¥ 100 for a 1N2939 diode.
2. L <(Ry + RyX|-Byq|pin )Cq ¥ 100 nh for a 1N2939 diode.
A1l diodes tested were stable in the circuit of Figure A.l.
Since the V-I curve is quite sensitive to temperature2}
care was taken to perform the noise measurements at about the
same room temperature(il?c)at which the V-I curve was obtained.
The curves obtained for the three G.E. 1N2939 tunnel

diodes tested are given in Figures A.2, A.3, and A.4.

Oscilloscope Digplay of V-I Curve

During the early part of the experimental work it‘was
apparent that some method of obtaining a quick check of the V-I
curve was required. Any change in the curve due to accidental
overheating while soldering could then easily be spotted.
Conventional curvetracers could 'not be used because their
large source resistance violates the stability criterion.

After considerable testing a modification of the cir-
cuit developed by Carlson2owas adopted., The circuit is shown

in Figure A.5.a. The resulting V-I curve for one of the diodes
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Oscilloscope

Variac

0 - 110 wvolts <::>

O .
| &

_ , . | Tunne H
110 v . 6.3 volt D, and D, Biodel o &1
e Filament are Si under
60cps 0 Transformer Diodes b
+ —y test
S ) N 5
o © o I S 7 T
Lo ] éi ;‘4_9__ Cc.To. 1 i
O O iR P Roz - 3 &
2 =
R, and PZ are 1/4 watt
cdrbon reésistors
Figure A.5.a CIRCUIT FOR DISPLAYING TUNNEL DIODE V-I CURVE
@
=
a
.
N
0
250 500 250 500
, eV in mv TS S B _ V. in nv R
Pigure A.5.b SCOPL TRACE Figure A.5.c¢ SCOPHE TRACE OF
0F STABL® DIODE V-I CURVE V-1 CURVE OF DIODE OSCILLATING

DUl TO SIERIES INDUCTANCE
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tested is given in Figure A.5.Dh.

Since the diode peak current was accurately known, the
vertical current scale was calibrated by adjusting the vert-
ical gain until the peak was read on a suitable sczle. The
current sampling resistor therefore did not have to be accur-
ately known,

The circuit was also used to see what values of the
stabilizing resistor could be used to insure that the diode
would be completely stable. Any instability could easily be

spotted as shown in Figure A.5.c.
IT MEASUREMENT OF DIODE DYNAMIC CONDUCTANCE

The input conductance to the equivalent circuit of

Figure 11 is given by:

-1
d+Rs> 00000..90.0000#00000.00000090600A.l

G

;= (R

i

if the frequency of measurement is less than (20 Rd Cd)—l or
Rd(ZO LS)_l. Tor a type 1N2939 tunnel diode the frequency
must be less than 10 megacycles,

A1l measurements were performed at 5 megacycles using
the test circuit shown in Figure A.6. The admittance bridge
used was a Wayne Kerr type B801. This bridge has a conductance

range of from O to 100 millimhos with an accuracy of +2%.



It was not possible to perform conductance measure-—
ments in the maximum negative conductance region due to the
low resistance, high inductance path between the bridge term-—
inals. In this region the conductance was measured by taking
the slope of the accurate V-I characteristic. This method was

also used by King and Sharpe6.

Agreement between the slope and bridge method was good

in the positive conductance region.

Digital
G.R. Decade Voltmeter
resistance box
x~—_———Tunnel diode
@9 under test
| Stabilizing
22.5 = SN :
volts 7~ '--re51stor
Detector —
C s
3000 pf | (ear phones)
LJ’\!K\I’\I’\\_ |
' HE
Signal Admittance Receiver
generator bridge

/

Pigure A.6 TEST CIRCUIT FOR MEASUREMENT OF TUNNEL DIODE
DYNAMIC CONDUCTANCE AND JUNCTION CAPACITANCE
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TII MEASUREMENT OF DIODE SPREADING RESISTANCE

To obtain an accurate measurement of RS it is nec-
essary to measure the diode resistance when 1t is viased in
its ohmic region ( Ry = 0 Y. This, however, would require a
bias current many times greater than that allowed by burnout
considerations.

A method which overcomes this difficulty is to apply
a series of low duty cycle pulses to the diode, which at Their
peak would bias the diode well into its ohmic region. These
pulses would have a low rms value and hence burnout would
not occur. An oscilloscope display of diode current versus
diode voltage would give the V-I curve into the diode's ohmic
region. The slope of this curve would be due to the diode's
spreading and contact resistance RS°

The circuit used for this method is as shown in Figure
A.5.a. The diode connections were reversed because the ohmic
region occurs at lower biases in the reverse direction. The
pulses used are shown in Figure A.7.c. Using this method it
was possible to attain a reverse bias current of 80 milli-
amperes without damaging the diode. A typical reverse charact-
eristic obtained by this method is given in Figure A.7.a.

At the high bias currents attained the tail end of the
curve is linear since RS is constant. Rs was measured by en-—
larging this portion and compéring the slope with that produc-—

ed by a known resistance. This procedure is shown in Figure

A.T.Do
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Figure A.7.(v)

Figure A,7.c)

Pigure p,7(a)
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The results obtained are given below.

Diode no. 1 2 3

RS in ohms 2.5 2.3 2.0
IV MEASUREMENT O DIODE.JUNCTION CAPACITANCE

An analysis of the equivalent circuit of Figure 11 shows

the total diode input capacitance to be given by:
¢, = C. - T_/R% A2
_t d Sd00'.0.060.Go'OCQOOQOO.OOOOOOOOGOOOO0

for the same restrictions on the frequency as in equation A.l
and the added condition that RS is negligible compared to Rd'
If the diode is biased at the peak or valley regions,

then R, is very large and the contribution to Ct from the

d
lead inductance is negligible. The measured input capacitance
is equal to Cd' The results obtained for the three diodes

tested are given below.

Diode no. 1 2 3
Cq at Vp in pf. | 7 6.5 )
Cq et V, in pf. g9 8 10

The test circuit used in this measurement is the same
as that used to measure the diode's dynamic conductance given
in Figure A.6. The Wayne Kerr admittance bridge used has a

capacitance range of 0 to 230 pf with an accuracy of ¥2%,
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V MEASUREMENT OF DIODE LEAD INDUCTANCE

A precise direct measurement of LS is very difficult
to make and requires elaborate test equipmentzl.

A simpler method of determining LS is apparent from
equation A.2. If a capacitance measurement is made at blases
where Rd is small (at zero bias) the inductance effect will

predominate and CJC will be negative. Ls can then be calculated

from:

LS = Cde - C_t(Rd + RS> ooa-'00000000'0.00'00090906A03

The results obtained are given below,

Diode no. 1 2 3
LS in nh. 43 39 35



APPENDIX B
MEASUREMENT OF RECEIVER NOISE FIGURI

During the noise measurements outlined in Chapter 6,
the receiver preamplifier is subjected to a wide range of
input terminations. To see how this affects the nolse per-
formance of the receiving system, its noise figure was meas-
ured for the different input terminations used.

The IRE Standards on methods of measuring noise in
linear twoportszzdéfines the noise figure I at a specified
frequency as the ratio of 1) the total noise power per unit
pandwidth at a corresponding output frequency available at
the output port when the noise temperature of the input term-
ination is standard (290°K) to 2) that portion of 1 engender-
ed at the input frequency by the input termination. As defined,
F depends only on the internal structure of the receiver and
on its input termination.

When dealing with a receiver where the input signal is
distributed over a finite bandwidth, it is more convenient 10
talk of an average noise'figure F. The average noise figure
is the weighted average of F over the band in gquestion, the
weighting factor being the receiver gain.

The relationship between F and T is given by:

e
T o i P(£)G(E) af
- W

f"
! d
JG(f) £
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The method used to measure F was as given in the IRE
Standards on Noise Measurements in Linear Twoport322. The
test ciréuit used 1is as given in Figure 15.

Wifh the input termination in question in terminals
x-X, and the noise generator output zero, an output reading
of Il was obtained on the output meter. The preamplifier gain
was kept full up during all parts of the test so that the
noise produced by it would swamp any noise in the precision
recelver.

Three db of attenuation were then placed in the circuit
and nolse added from the noise generator until an output read-
ing of I1 was again obtained. The plate current of the noise
diode Ind was recorded. The noise power added from the noise
generator Prld was now equal to the noise power from the input
termination PRi plus the noise added by the preamplifier,

From the definition of F it is seen that:

F:Pnd oaooca-oooocoooobonaoooaoo-ooooo.ooteoenaovo4

Pri
The noise power output due to the noise generator is

given by:

PndZZeIndBG '...0.000ﬂ..o..‘.'."'..‘...'.‘.‘.OO.A.S

where G 1s the receiver gain when the input termination is Ri.
The noise power output due to the input termination is

given by:
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(o)

PRi:4leG/Rl '......'.....l....'.‘......OO'OQ..O.A-
Combining equations A.4, A.5, and A.6 gives:

. .

—E‘-‘eInde/2kT ..’.00.0....°.....’....'.....o..°‘..‘A—.7

A plot of F for different values of Ri are given in

Figure A.8.
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