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Summary—The mechanism by which noize 18 produced in an electron
tube and the relation between tnduced grid noise and plate noize are dis-
cussed, An equivalent eircuit with noise generators supplying voliages and
currents to simulate noise dertved from the plate current of a tube, from
the grid by possage of this cwrrent, and from the inputl circuit iz then
analyzed to determine the optimum moise factor obtainable under various
eonditions. The freguency for which the quantily E., g.. is unity iz seen
to be an appropriate jigure of merit for the noise produced by an electron
tube. The frequencies corresponding to chosen values for the nmige faetor
wre presented for several receiving tube types. The paper concliudes with a
diseussion of the etreuit requirements which must be safisfied in order fo
pbtain noige factors approximating the theoretical values.

I~ TRODUCTION

guently the factor controiling the over-all sensitivity of the
system. An understanding of the mechanism by which such
noise is produced is helpful in the degign of receiving equipment, par-
ticularly with respect to the choice of tube types. If the electrons in a
tube were to leave {ne cathode at a perfectly uniform rate, there would
be no noise, or ai least, none in the frequency range in which a tube is
ugeful. The rate of emission of electrons, however, is not uniform. In
any given interval of time there are probably a few more or a few less
electrons leaving the cathode than the average number for that amount
of time. The classical shot-effect derivations prediet the magnitudes
of fuctuations of this sort, Furthcrmore, because theory and experi-
mental data have revealed the extent to which space-charge effects can
reduce these fluctuations in electron tubes, the noise components of the
plate current of a tube can be computed in many instances.!
At high frequencies, the fluctuation current induced in the grid of

NDISE generated in the first tube of a receiving syslem is fre-
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NOISE THEORY AND INPUT CIRCUITS 281

a tube by the passage of the fluctnating plate current through the grid
is another noige source which must be considered. The magnitude of
the mean square of this current is proportional to the component of
input conductance due to transit time.?

Since the grid noise and plate noise are derived in part from the
same current fluctuations, they cannot be treated nas entirely inde-
pendent neoise sources. Nevertheless, valuable working formulas and
piinciples have been derived for conditions under which coherence
hetween grid noise and plate noise can be ignored.? It is possible, more-
over, that the improvements obtainable by taking coherence inta
account are not very important for the majority of fubes and circuits
in current use. Theoretical considerations, however, indicate that a
substantial improvement in noise factor may be obtained by taking
advantage of the coherence between grid noise and plate noize if the
conditions assumed for the theory can be realized in actual tubes.
Experimental evidence shows that at least part of this improvement
can be obtained in a praectical system.?

In this paper, the relation between induced grid noise and plate noise
is illustrated by an examination of the result of the passage of a single
electron through a tube. Then, the conditions giving optimum noise
factors are derived, using the methods employed by Herold and others.
Hereld® showed that the noise factor for a tube is a function of the
product B, ¢, where R, is the equivalent noise resistanee and g, is
the input conductance. In this paper, the frequency for which the
preduct E,, g,, Iz unity is recommended as an appropriate noise “figure
of merit” for a tube, The ratios of {he operating freguencies to this
reference frequency therefore can be used as the abseissas for curves
of optimum noise factor,

CURRENT IMPULSES FROM ONE ELECTRON

Figure 1 shows the distribution of potential in a parallel-plate
triode. The potential curve is based on the assumption of a Maxwellian
distribution of initial velocities, with a cathode temperature of approxi-
mately 1000 degrees Kelvin, The dotted curve represents the velocity
of an electron with just enough initial velocity to allow it to pass the
point of minimum potential and continue to the anode. The time of

2D, O. North and W. R. Ferris, “Fluetuations Induced in Vaecuum-Tube
Grids at High Fregencies”, Proe. I.R.E., Vol, 29, pp. 49-50, February 1941.

*E. W, Herold, “An Analysis of the Signal-to-Noise Ratio of Ultra-
High-Frequency Receivers”, RCA Review, Vol. VI, No. 3, pp. 302-231,
January, 1942,

i1M. J. 0. Strutt and A. vanderZeil, “Signal-Noise Ratio at VHIF?,
Wireless Emgineer, Vol. £3, pp. 241-249, September, 1946,
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parallel-plane structure this current is proportional to the wvelacity of
the charge and inversely proportional to the distance between the two
plane boundaries; it does not depend on the position of the charge
relative to the boundaries.® The veloeity curve of Figure 1 is applicable
for a charge of the indicated initial velacity, If the velocities for
various points in the cathode-grid space are divided by the distance
between cathode and grid, and the velocities for various points in the
grid-anode space are divided by the distance between grid and anode,
quantities proportional to the current due to the motion of the charge
for these various positions are obtained. Then, the relation between
position and time obtained by integration may be used to obhtain a
current-time eurve.

The curves of current versus time for the tube structure of Figure
1 gre shown in Figure 2. The solid curve shows the current to the grid
and the dotted curve the current to the plate which would result from
the passage of one electron. The choice of the velocity of the slowest
electrons which can reach the anode leads te a computation diffieulty:
the time required for such electrons to pass the potential-minimum
region is theoretically infinite. Consequently, trangit times arc com-
puted from the eathode to a point near the potential minimum on the
cathode side, and from the grid back to a point near the potential
mintfmum on the grid side. The three rectangles between the ends of
the two curves show the times and currents for charges passing between
the terminal points of these curves with velocities exceeded by 90, 50,
or 10 per cent of the electrons reaching the anode, ‘The vse of one of
these velocities would cause some change in the remainder of the curve,
kath in the current and the time secale, but the shape ¢f the curve would
be about as shown., The effect of a change in initial velocity on the
current between grid and anode would be almost negligible. The
cathode-to-grid transit time for an electron with an initial velocity

58, Ramo, “Currents Induced by Electron Motion”, Proc. I.R.E., Vol
27, pp. 5B4-685, September, 1939.
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corresponding to one of the rectangles in Figure 2 is, therefore,
approximately the sum of the {ransit times represented by the two
curves and the appropriate rectangle. The indicated range is from 6 to
8 % 101" seconds, The transit time firom grid to anode for the condi-
tions of Figure 2 is about 1 x 10 seconds.

The curve of Figure 2 does not show the compensating effeet which
takes place when an extra charge passes through a tube. The potential
minimum is depressed by an amount depending on the position of the
added charge, during the whole time this charge is between cathode
and grid. The result is a reduction of the current, which can be con-
sidered equivalent to the passage of a series of charges of opposite sign
between potential minimum and grid, and the passage of charges of
the same sign but of opposite direction between potential minimum
and cathode. These effects account for the shot-effeet reduction factor
computed by Norilh!, It appears, however, that between the initiating
pulse and the compensating current there is some time delay which
may be impertant in the determination of the noise at very high
frequencies.

As soon as the ¢xtra noise-producing charge leaves the cathode a
small effect on the minimum potential will be noted: some electrons
which are reaching the potentialr minimum at this instant turn back
instead of continuing toward the plate. The effect of the extra charpe
persists until it reaches the grid. The compensating effect cannot be
completed until the time at which an electron, turned back because of
the depression of the potential minimum when the extra charge was
near the grid, would have reached the grid had it not been turned back.
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Fig. 2--Grid and plate currents due to passage of a single electron.
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The compensating charges in motion after the passage of the cansing
charge, however, must themselves have an effect on the minimum
potential, The complete result, consequently, is probably of the nature
of a damped oscillation with a period related to the transit time of an
electron from cathode to grid. Thus, the curves of Figure 2 do not
pregent a complete picture of the generation of neise in a parallel-plane
triode, but they do show some of the characteristics of the basic noise
impulses,

It is pertinent at this point to discuss the extent to which grid and
plate noise currents can be made to cancel each other, The pulse shapes
are quite different, so it is evident that complete cancellation cannot be
expected. Partial cancellation may be obtained if a voltage is developed
at the grid by allowing the grid current to flow into a capacitor. 'This
voltage is proportional to the integral of the grid current and has the
effect of momentarily reducing the plate current. A suifable choice of
capacitor value can give a plate-current pulse of zero net area for
electrons of a particular initial velocity. Iowever, there will always
be some conductance in the grid ecireuit which will result in a grid-
voltage component tending to increase the noise output. Moreover,
electrons leaving the cathode with veiocities too low to allow them to
pass the point of minimum potential produce pulses of grid current
without producing corresponding plate-current pulses.

DETERMINATION OF FREQUENCY SPECTRA

The curves of Figure 3 illustrate the melhod by which the frequency
spectra corresponding ta the grid-current and plate-current pulses may
be obtained. The current which could be measured in the small fre-
quency range represented by do at a frequeney /2 is obtained from
the Fourier integral:

2 2
Ady = — fF[M o8 wd dA cog ol dw -+ “fFih} 3in wA dA sin ot do.
™ el

(1)

The funection F(,, represents the pulse,

When the frequency is low in comparison with the reciprocal of
the transit time, the value of the term eos w) in Equation (1) is nearly
constant over the region in which F, has a value other than zero.
In addition, the value of the term sin oA in Eguation (1) can be repre-
sented as a straight line with a slope directly proportional to the
frequency over the same region,

Because the grid pulse has equal positive and negative areas, the
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Fig. 3—Development of frequeney GHID CLUARENT PLATE GURRENT
spectra. F
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congidered constant. The inte-
gral containing the sine terms rroouCT =
will have a value which is repre- A—

sented graphically by the area under the curve labeled “product” in Lhe
grid-current curves of Figure 8. This area will be directly proportional
to the frequency because the slope of the sin wA line is proportional to
frequency. It will also be proportional to transit time because, if the
areas and shapes of the parts of the F,, curve are maintained constant
and the base line iz extended, the area under the *product” curve will
increasc in proportion to the increase in base-line length.

The plate pulge will give a zero value for the integral containing
sine terms if a suitable point of origin is chosen. The integral con-
taining <osine terms, then, gives the current, which is independent of
the frequency when the frequency is low. Because the area of the
plate-current pulse represents the amount of charge producing the
pulse, the current in a small frequency band resulting from a given
amount of charge is also independent of the transit time.

The mean-square noise current measurable in any frequency band
results from large numbers of pulses distributed at random with
respect to time. For the plate current, consequently, the mean-square
current di® in a frequeney band of width df can be represented by the

equation diz = kp df {(2)
and for the grid current, by dif = ley ? 72 df (3)
where r i3 the transit time, or di2=1F, 0* df (8a)

where ¢ is the transit angl.e.

The electronic component of input conductance is proportional to
the square of the transit angles, so a proportionality between the mean-
square noise current and the input conductance is indieated, thus:

@il = Iy gy 4f. (4)
North and Ferris® found that the complete relation for grid-current
noise is dif=19,g, -4k T, df (5)

¢ D. 0. North, “Analysis of the Effects of Space Charge on Grid Im-
pedance”, Proec. 1.R.E., Vol. 24, pp, 108-136, January, 1936.
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where #; has a numnerical value of approximately 5 when the eathode
temperature is 1000 degrees Kelvin and the reference temperature T,
is approximately 300 degrees Kelvin. The dependence on temperature
is discovered only when the analysis is extended to include the com-
pensating currents,

The plate current noise from a tube may be represented as if it
were derived from a noise voltage at the grid sufficient to produce the
noise current., The appropriate equations' are deés=4ik7 R, df (6)

where, for oxlide-coated cathode tuhes, theory indicates approximately

that, for triodes, R,=25/g, (7
I, 2.5 201,
and for pentodcs R,—m——— + {(8)
I+ I Im I

Fig. 4—Iiquivatent cireuit.
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io q{!ff

CIRCUIT ANALYSIS

The eircuit of Figure 4 represents the replacement of a real tube
by a fictitious noise-free tube with zero input admittance and suitable
noise penerators and external circuit elemente. The plate noise is intro-
duced by a constant-voltage generator delivering a voltage e, in series
with the grid. The noise current to the grid, i;, is represented by a
constant-current generator across the grid circuit, The noise from
the input system, i, is rcepresented by # second constanti-current
generator, The plate-noise generator can be replaced by another
constant-current generator; the voltage output of the plate-noise
generator is multiplied by the total admittance of the input cireuit to
give the required current 4». The relations between the noise currents
and the tube and circuit parameters are given by the equations:

e =K VI, (9} fy= {(— 1 K00, {10}
= (g, +~91+3B,)=KVE, (9,+ 9.+ 7B, (11}
I, =K V8,g, (12)

where K = /4ETAf

g, is the e.ectronic component of input conductance;



NOISE THEORY AND INPUT CIRCUITS 287

R, is the resistance equivalent for the plate noise, referred to
the grid;

¢, iz a multiplier relating grid nolse to input conductance; its
value is approximately & for tubes with oxide-coated
cathodes;

8, is a multiplier representing the ratio of antenna noise to
the noise in a resistor at room temperature;

g, 1s the antenna conductance, referred to the grid;

B, i1s the net susceptance of the circuit at the operating fre-
quency.

It is assumed that the conductance g, can be varied arbitrarily by
some such means as a variable-ratio transformer between antenna and
grid. Also, il iy assumed that means such as a tuning capacitor are
provided so that £, can be varied arbitrarily. Ohmic losses in the input
circuit are neglected.

The quantity (— 7) in parenthesis in the expression for 7, indicates
that ¢, may be in quadrature with ¢, over a specified frequency range.
The preceding discussion suggests that this assumption is legilimate
in the case of a triode, when the frequency is not too high and the
frequency band is not too wide. The assumption is not valid, however,
for a pentode because in that case the larger part of the plate noise
results from the division of current between plaie and screen grid?,
and consequently it cannot be correlated with the grid noise,

The total mean-square current from the three generators of Figure
4 can be found as follows: Add ¢, and &, taking coherence, if assumed,
into account. Then, determine the sum of the squares of 7, the real
part of {f; + 7,), and the imaginary part of (i, +4,)- When coherence
is not assumed, simply add the mean-square values of 7, ,, and i,
The regulis follow:

When a quadrature relation between grid and plate noise is assumed,
the mean-square current is

?zKE{gnﬂa +Req(g1+ga)z+ (B, qu"" tg1) % (13)
When no coherence is assumed

2

il

Kz{guao +Rﬂo(gl +go)2+Reﬁ' Bﬂg+ﬂ1g1} (14)

OPTIMUM NOISE FACTORS

Optimum performance with respect to noise is obtained when the
term g.0, is as large as possible in ¢comparison with the other terms,
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and, in fact, the noise factor as defined by North', Friis®, and others is
obtained by dividing Equation (13) or (14) by K?g¢g,d, and assuming
8, =1, The first step in finding conditions for minimum noise is the
adjustment of B, to eliminate the term in which it appears in cither
eguation,

Then, either equation gan be differentiated with respect to the ratio
¢./9, and an optimum value of noise factor ean be obtained. The noise
factors after adjustment of B, are given by the equation

i1 {1
NF=14+R, g, |—+—+2 (15)
9o 91

when coherence is assumed, and the egnation

gl ga g1
go 91 gﬂ

when coherence is not assumed,

The minimum noise factors, with the conditions for obtaining them
are

&
NF=1+4R, g, (1) =1 (18) Bi=0g:Rug; (19
Ga

when coherence is assumed; and, when coherence not assumed

NF:1+'2R34]'-G1+2\!61 Rﬂqg1+ (Rquj)é (20)

44
S =VE_ g/ T R,90  (21) B,—0 (22

L

The quantities R,, and g, are both tube parameters Since they
appear asg the produect B, g, in Equations (17) and (20}, the magni-
tude of this product indicates the noise performance obtainable from
a tube. The quantity gy, however, varies with the square of the
frequency. For purposes of computation, it is preferable to use as 2
reference parameter the square root of the produet R, g,, which

TD. O. North, “The Absolute Sensitivity of Radio Receivers”, BRCA4
Review, Yol. VI, No. 3, pp. 332-343, January, 1842,

8 H. T. Friis, “Noise Figures of Radio Receivers”, Proc. L.R.E., Vol. 32
pp. 419-422, July, 1944,
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Fig, H—Minimum noise factor, 1 ]
varies with the first power of Em "o SSSAE
the frequency. The curves of L, N , P
Figure 5 show the optimum noise g -t = auncrating—
i ASSUMED

factors for the two cases con- 3* T 7
sidered, plotted against the quan- % T 0

i . 0o Ggz 003 ol og as i 23 5 w
tity VR, g, for the condition AATIO £/f; =V

#, =5, 1f the frequency for which R, 7, is unity Is designated as
f.. the quantity VK, g, for any frequency f is equal to the ratio f/f,.

The method of anulysis described above is essentially the same
as lhat used by Herold®, The curve for the case of no cohcrence
(Figure 5) can be identified with one of the curves (Figure 5) of
Reference 3 when differences in the coordinates used arc taken into
account. Equation (21), giving the required ratio of tube input
conductance to circuit conductance, is equivalent to Equation (7) of
Reference 3.

The suseeptance required for the case of quadrature, as found
from Eguation (19), is oblained by the same amount of capacitance
at any frequency. Equation (19) can be rewritten

B2r=26,0,/R., (19a)

Because g, is proportional to the square of the frequency and R,
and #, are independent of frequency, it is evident that the susceptance
B, is directly propertional to the frequency and, consequently, can be
produced by a fixed capacitance,

COMPARISON OF TUBES

The data for Tables I and II were obtained by calculating values
for the equivalent noise resistance and using measured values for input
conductance for the tube types listed. Table I gives the reference
frequency for noise, f,, and the frequencies for which noise factors of
1, 3, and 10 decibels are ealculated for a number of pentode types. No
coherence is assumed between plate noise and grid noise for this case.
Table II gives similar data for two tricdes and for several pentodes,
connected as triodes, under the alternate assumptions of no echerence
between plate and grid noise, and a quadrature relation between plate
and grid noise, The 10-decibel column for the quadrature case is omitted
because the indicated frequenicies are too high to make the assumption
appear reasonable.
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Table I—Pentodes

Oin Frequency for Noise Factor
Req {100 mcs.) fa (1db.) (3db.)y (10dhb.)
Type ohma micromhos mes, mes, mes. mes.
6SKT ....... 11,600 440 45 2.5 a9 56
GACT ....... 650 1,730 94 8.3 19 119
6BAG ....... 3,800 580 67 3.8 13.4 85
BAGH ....... 1,500 300 133 7.5 27 169
GAKS ....... 1,500 125 208 11.6 41 262
6BHG ....... 2,360 340 122 6.8 24 154
6BJG ....... 3,800 275 08 5.5 194.3 124

The input conductance values used in Tables I and II were meag-
ured by the susceptance-variation method? and include the effects of
lead inductance. For pentodes, the predominant lead effect is that
of the cathode-lead inductance, which tends to increase the input
conduetance. For triodes, inductance in the plate lead tends to reduce
the input conductance and this effect may be equal or greater than
the effect of cathode-lead inductance. For the triode-connected
pentodes, the input-conductance data obtained with the tubes con-
nected as pentodes are used,

Triode *“A’ in Table TI is a developmental {riode, designed pri-
marily for use as a high-frequency oscillator, The low input con-
ductance and the consequent high */.” wvalue recorded for this Lype

Y ¢“Input Admittance of Receiving Tubes”, RCA Application Note
AN-118, RCA Tube Department, Harrison, N. J., April, 1047,

Table II—Triodes and Triode-Connected Pentodes

Frequency for EIndicated Noise

Factor
No Coherence Quadrature
R.; Tin . Assumed Agsumed

{Triode} (100 mes.) (Triode) (1db.)(3db.) (10db.)(1db.) (3db.)

Type chms micromhos mes, mes. mes,  MmMes. mes,  mes,
BSKT..... 970 440 72 4,0 14 91 18 3¢
BACYT. .... 214 1,730 154 9.2 33 207 41 82
BBAG..... 410 580 204 11.5 41 258 5L 102
BAGS.. ... 380 a00 294 17 Ba 374 T4 148
6AKS.. ... 380 1256 476 26 92 580 116 230
GBHS..... 890 340 274 15.4 hd4 3456 68 137
GBJA...... 485 275 274 15.4 od 345 68 137
BIG....... 470 165 320 18.0 63 410 80 1640
CATRE 360 50 747 42 147 940 136 373

* Developmental triode.
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is probably accounted for by close spacing, high current density, and
a symmetrical eylindrical structure which contributes to uniformity
in the cathode-to-grid and grid-to-plate transit times.

RELATION OF REFERENCE FREQUENCY TO TRaANSIT TIME

The reference frequency for noise for a lriode depends primarily
on the electron transit time between cathode and grid. The noise
equivalent resistance for a triode is approximately R, =25/g, (T)

and the electronic component of the input conductance® is approxi-

mately O = G () 320, (23)
The product, therefore, is R, 0= (0r,)%/8, (24)
This produect is equal to unity when wry = 2.83 (25)

so f,=0.45/7,. (26)

The values of f, obtained from Kquation (26) are even higher than
the values given in Table I1. The cathode-to-grid transit time for a
tube such as Type 6AKS is of the order of 7 X 101 geconds, so the
value of f, from the above equation is

fo = 0.064 X 10-1° cycles = 640 megacycles,

The value obtained for Type 6AKS from input conductance data (Table
1) is 476 megacycles.

1t appears that the only way to increase the frequency for a given
noise factor with electron tubes of conventional design I8 to reduce
the trangit time, Triode types such as the 6J6, 6J4, and 2C43 are
designed with close encugh spacings and, consequently, short enough
trangit times to give promise of pood results In equipment desighed
for minimum noise.

ErrFeEcT 0OF CIRCUIT [LOSSES

An important question with reference to the application of the
curves and tables presented is the attainability of the circuit condi-
tions assumed., The conditions are not hard fo realize in practice, as
the following examples illustrate:

1. Consider the use of Type 6AKD as a pentode amplifier at 40
megacyeles. The referenee frequency f, is 208 mepacycles, go the
ratioc f/f, is 0.192; the product K., g, is 0.037. The calculated noise
factor is 8 decibels. The required ratio g,/g, is 0.046. Because the
tube input conductance for 40 megacycles is 19.7 mieromhos, the re-
gquired antenna loading is 230 micromhos. Fer a tube input capacitance
of 6 micromicrofarads, the quantity »C is 1500 micromhos; because
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the total conductance at the grid is 250 micromhos, the minimum value
of @ is 6. Higher @ values may be obtained by adding more capacitance
with appropriate indoctance values, It is evident that there will be
no serious increase in the noise faetor until the conductance of
the added elements bccomes appreciable in comparison with 250
micromhos, If the @ is improved to 50 by addition of a resonant
cireuit with a @ of 200, the added conductance is approximately 60
micromhos. The noise factor would be increased from 3 to 3.5 decibels
by the added circuit losses.

2. Consider the 6AK5 or an equivalent tube connected as a triode
used at 200 megacveles. Nentralization may be used to avoid feed-
back, but feedback generally does not have an important effect on
the question of obtainable noise factors. The reference frequency
f. is 476 megacycles; the ratio f/f, is 0.42; the expected noise factors,
from the two curves of Figure 5, are 5.1 decibels for no cohercnce,
2.3 deeibels if the quadrature relation holds. Tn the first case, the
required antenna loading is 2600 micromhos and the resulting @ for
the input eircuit is only 2. Adjustment of Q to any moderate desired
value can be made by the addition of circuit elements as hefore with-
out materially affecting the noise factor, In the second ecase, the
antenna loading would be adjusted {o equality with the tube con-
ductanee, which is 500 micromhog for this freguency. Then, the
susceptance which must be added is 5700 micromhos, corresponding
to a capacitance of 4.6 micromicrofarads,

CONCLUSIONS

The conclusions which may be drawn from this discussion may
be summarized as a set of principles to be fellowed in the design of
amplifiers for low noise,

1. Choose an input tube with low transit time. For {frequencies
above 30 megacycies, use a triode or a triode-connceted pentode.

2, Adjust the input ecircuit with signal-tc-noise ratin as the
criterion. This adjustment is most readily made by using a noise
generator, such as a diode, as a signal source.

3. Try the effect of detuning the input from resonance and the
effect of increasing the coupling to the antenna beyond the value
for maximum gain.

When theoretical considerations indicate a very low noise factor,
it may be necessary to pay considerable attention to the design of
the load eirenit of the first tube and the input circuil for the second
tube to obtain optimum results,



