Input Circuit Noise Calculations for
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s Pigure 1 (below)

Sample thermal noise circuits: Frequency, 1000 kc; Q, 100; L,
' > 300 microbenries.
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not, in most cases, determined by the
gain of the particular receiver but by
the magnitude of the input circuit
noise, which is generated by the an-
tenna, the tuned input circuit, and the
first tube. This is true of a-m, f-m,
and television, except that in f-m and
television the random noise effect as-
sumes a far greater degree of impor-
tance than in the standard broadcast
band. The reason for this is twofold:

(1) At the frequencies where these
two services operate, 50 to 250 mc,

cules of the conductor and, conse-
quently, varies the instantaneous posi-
tion in space of the electrons. This
random electron motion is, in a sense,
a minute noise current flowing
through the material and is known as
thermal agitation noise. That is, the
application of heat agitates the elec-
tron distribution of the substance
thereby creating the noise. ‘

The magnitude of the short-circuit
noise current is given by

the relative value of the several dif- 4KT AF

ferent noise sources assume entirely i =—— (€)]
new proportions and the heretofore R

unimportant and little known induced where:

grid noise becomes one of the predom-
inant components of the total.

(2) Most random input and tube
noise is proportional to the square root
of the bandwidth. Both television,
with a 4-mc band, and f-m, with a
200-kc band, occupy much wider sec-
tions of the frequency spectrum than
anything previously encountered by
the commercial receiver engineer.

Thermal Agitation Noise

When an "alternating electric cur-
rent flows through a conductor, elec-
trons do not actually move along the
conductor but they are displaced, an
infinitesmal amount, first in one direc-
tion and then in the other. A voltage
is built up across the conductor equal
to the magnitude of the current times
its resistance. Applying heat to the

i» = mean squared noise current (am-
peres?)

K = Boltzmann's Constant (joules per
degree Kelvin), 1.37 X 10-%3

T = temperature (degrees Kelvin)

AF = bandwidth (cps)

R =resistance (ohms)

All noise currents and voltages are
random fluctuations and occupy an in-
finite frequency band. Because of the
random effect, the most convenient
terminology to use in expressing their
magnitude is average noise-power
output. Mean-squared noise current or
mean-squared noise voltage, either of
which is proportional to average
power, is generally used.

In the expression for various noise
components the term AF refers to the
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This is determined from a curve of
power output versus frequency by
dividing the area under the curve by
the amplitude of the power at the noise
frequency in question. For most cal-
culations, however, where only ap-
proximate values are desired, the
bandwidth between half power points,
or .707 voltage points, will give suffi-
cient accuracy.

The equation below expresses ther-
mal agitation noise as a voltage in
series with a given resistor:

. =4KTAFR (2)

Both the above forms are true of all
resistive circuit elements or combina-
tion of elements including parallel and
series-tuned circuits.

Referring to Figure 1 (a), let us
suppose a resistance of 10,000 ohms
were connected to the input of an
amplifier with a 5 kc bandwidth, ie.,
5 kc between half power points or an
audio band of 2.5 kc. At room tem-
perature, 20° C or 293° K, the terms
4KT in the expressions for noise sim-
plifies to 1.6x10°%, which may be used
in most receiver calculations. The
noise in Figure 1 (a) is therefore:

&, =16X10®AFR

e, = V1.6 X 107 X 5000 X 10,000
e, = 0.89 microvolt

The noise bandwidth is generally
determined by the narrowest element
in the entire circuit under considera-
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‘tion. In the example for Figure 1 (b)
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rower than the tuned circuit and ‘ P
therefore its AF is used in the calcula- .
tions. 6ACT | PENTODE AMPLIFIER | 300 150 9,000 720
Figure 1 (b) is a simple parallel- €ACT | PENTODE MIXER 300 150 2,200 2,800
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e, =16X10®AFR - 6BAG | PENTODE AMPLIFIER 250- 100 4,400 - 3,520
e, = \/16 X lo-n X 5,000 X 190,0000 SBAS PENTODE MIXER . 250 100 100 14,080
f 6BES CONVERTER 250 100 475° 190,000
‘& = 3.9 microvolts 6C4 | TRIODE AMPLIFIER 100 3,100 810
‘Thermal agitation noise voltage may PYYY TRIODE MIXER 100. _ 170 3,240
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tbut by using the graph shown in Fig- 6cs TRIODE MIXER 280 — s00 8,000
re 2 the room temperature values may S TRIODE AMPLIFIER 280. — 2,600 960
7he found directly. ) TRIODE MIXER 250 — 650 3,840
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- Another important component cf CSAT CONVERTER 250 100 450° 240,000
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. side the vacuum tube and is due to the 6867 PENTODE AMPLIFIER 250 125 4,700 3,100
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- barded with pebbles or as if a shower :gu'.‘rlm:' ol:: CURRENT ARE FOR TYPICAL OPERATING
of shiot were falling upon a metal sur- (=) CONVERSION TRANSCONDUCTANGE - MICROMHOS
- face, hence the name-shot noise.
Although generated essentially in Pigore 4
+the. plate.circuit of the, tube, which 1s Approxi loulsted. equivalent moiss resistance of yerious receiving-type tubes.
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not a convenient reference point for
sensitivity or signal-to-noise ratio cal-
culations, the shot noise is nearly al-
ways referred to as a noise voltage in
series with the grid. Since the follow-
ing equation is true,

iP

ey = — €))
8m

where

e, = a-c grid voltage,
i, =a-c plate current, and
g = transconductance,

by simply dividing the noise current
in the plate circuit by the transcon-
ductance of the tube the shot noise

may be referred to the grid and ex-.

pressed in terms of grid voltage.
Another step is taken, however, to
simplify the noise nomenclature. Sup-

pose a given tube has a shot noise equal *

to e, microvolts in series with its grid.
It is perfectly valid to imagine that
" this voltage could be replaced by a
resistance whose thermal agitation
noise is equal to e. (the shot noise)
and consider the tube to be free of
noise. This imaginary resistance,
which when placed # the grid of the

FRigure §

Position of induced grid noise in vacuum-tube
circuit.

tube generates a voltage equal to the
shot noise of the tube, is known as the
shot noise equivalent resistance or just
as the equivalent noise resistance of
the tube. The advantage of this ter-
minology is that when the equivalent
noise resistance of the particular tube
is known, the noise volts may be cal-
culated directly for any given band-
width by substituting values in the
following formula:

e, =4KTAFR, €Y

1W. A. Harris, Fluctxations in Vacuum Tube
Amplifiers and Input Systems, RCA Review;
April 1941,

gEm———

Approximate electronic input resi

where R,, = equivalent noise resistance
or at room temperature

e, = 16X 10®AFR,, ()

If the noise were expressed as a volt-
age or current its value would be cor-
rect only for one particular band-
width.

By knowing the R., of any two
given tubes their relative shot noise
merit is also known regardless of what
bandwdith they are to operate at,
while if the noise voltages were given
alone the operating bandwidth at
which the calculation was made would

. also have to be noted if the relative

merits of the two tubes were to be de-
fined. .
Noise-equivalent resistance values
for a number of different tube types
(triodes, pentodes, and converters)
and for various circuit applications
(amplifiers and mixers) can be cal-
culated by applying the expressions
presented in the chart, Figure 3.
When the term converter is used it
refers to a tube that is used for fre-
quency conversion where the single

(Continued on page 44)

Rigure 6 (below)

versus freq Y.
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Position of various moise sources in input eireuit.
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(Continued from page 15)

tube acts as the local oscillator and the
mixer (6SA7); the term mixer where
two tubes are used, one as the mixer
(65G7), and one as the local oscil-
lator (6C4).

After the equivalent noise resistance
is known the value of rms noise volt-
age at the grid of this tube can be cal-
culated by applying the same express-
ion that is used for thermal agitation
noise,

e = 16X 100AF R )
or by using the graph of Figure 2.

Figure 4 presents calculated equiv-
alent noise resistance values for a
number of commonly used tubes act-
ing as various types of circuit ele-
ments. These are, of course, approxi-
mate figures.

It can be seen from Figures 3 and 4
that the noise resistance or voltage is

at a minimum for a triode, increasing |

for the pentode and the multigrid tube,
following in that order.

Shot noise is unique among the
noise sources in the sense that the
shot-noise voltage should be con-
sidered to exist in series with the
grid inside the tube. The reason for
this is that nothing can be done to the
external grid circuit that will alter tie
magnitude of this component. Even
though the shot noise must be tol-
erated, its effect can be minimized by
designing the input circuit for maxi-
mum signal at the grid. This does not
reduce the magnitude of the noise but
does improve the signal-to-noise ratio
of the receiver.

Induced Grid Noise

Also present in the receiving tube
is a third source of noise which is gen-
erated internally in the tube but whose
magnitude and effect are determined
partially by the external input circuit.
Known as induced grid noise, this
minute current is induced in the grid
wires of the tube by random fluctua-
tions in the plate current. It is known
that a varying electron beam will in-
duce a current in any nearby conduc-
tor. Therefore, the fluctuating plate
current which is in a sense a varying
electron beam, will induce a noise cur-
rent in the nearby grid conductors.

The input impedance of a vacuum
tube has a reactive and a resistive
component. At relatively low frequen-
cies the resistive component is very
high (below about 30 mc) ; as the fre-
quency is increased the resistive com-
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ponent decreases and its magnitude
eventually becomes comparable to or
even lower than the external grid cir-
cuit impedance. The resistive com-
ponent is composed of two parts, the
portion due to transit time effect, and
the portion due to the inductance of
the cathode lead.

- An  expression for induced-grid
noise’ for tubes with control grid
adjacent to the cathode follows:

T,l.g.: 14><4KTK AFgelect

or when expressed in the form of a
voltage generator,

€. = 14X 4K T AFR,,.., (6)

. |

where: Ty = cathode temperature
(degrees Kelvin)

Gotece = electronic (transit
time) component of input
conductance

Reieee = electronic compon-
ent of input resistance

From equation (6) it can be seen
that the induced grid noise is propor-
tional to the electronic or transit time
component of the input resistance.
Measurement of the total input resist-
ance is a comparatively simple matter
with the use of a high frequency Q
meter, but the separation of the elec-
tronic and the cathode inductance
components, which are essentially two
resistances in parallel between the
grid and ground, is a very difficult
matter. Since most high-frequency
tubes are constructed with either two
cathode leads or one very short lead,
assuming the total measured input re-
sistance to be electronic would not in-
troduce too great an error. Another
factor in favor of this approximation
is that it would be the case for max-
imum induced grid noise and any
error introduced would more than
likely be on the safe side.

Cathode temperature in most receiv-
ing tubes, which almost exclusively
use oxide-coated cathodes, is approx-
imately five times the normal room
temperature in degrees K. Equation
(6) can be rewritten therefore as

e =5 X 4K TAF R, (7)

where: T = room temperature (de-
grees Kelvin), or when T = 300 de-
grees Kelvin

e, =8X10® AFR,,.., &

In circuit calculations this noise is
-essentially in series with a resistance

" (Continued on page 46)

2D, O. North, Fluctuations Induced in
Vacuum-Tube Grids at High Frequemcies, Proc.
IRE; Feb. 1941,
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equal to Rei..e located between the
grid and ground; Figure 5.

The approximate input resistance
for a number of common receiving
tubes in the frequency range of f-m
and television: is given in Figure 6.
This chart can be used to find approx-
imate input resistance values for in-
duced grid-noise calculations.

Total Noise Calculations

Calculations of total input noise are
made by using the grid of the input
tube as a reference point. There are
many sources of noise and each must
be calculated and referred to the grid
reference point before a summation is
made. Since noise is a random effect
and calculated on a power basis, the
separate components cannot be added
directly but as the square root of the
sum of the squares.

Total Noise = J e 4+ e+ tete
9

The various mnoise voltages that
must be referred to the first grid are:

(1) Thermal agitation noise of the
antenna radiation resistance.

(2) Thermal agitation noise of the
tuned grid circuit.

(3) Shot noise of the input tube.

(4) Induced grid noise of the input
tube.

(5) Grid circuit noise of the fol-
lowing stages referred back to the
first grid.

In Figure 7 (a) appears a diagram
of a practical input circuit and the loca-
tion of all the circuit parameters and
noise voltages. Figure 7 (b) is essen-
tially the same except that the antenna
circuit is reflected through the trans-
former and considered to exist at the
grid. This is the diagram that is
most useful in calculating the total in-
put circuit noise.

The steps necessary to find specific
values for each of these factors are
shown in Figure 8. Antenna radia-

(Continued on page 48)

Figure 8
Procedure for calculsting verious noise voltages.
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(Continued from page 46)

tion resistance varies widely with the
type of antenna chosen, but for f-m
and television work it is generally in
the order of 75 to 300 ohms. When
the noise is known in terms of an
equivalent resistance, as is the case
here for the antenna, tuned circuit, and
shot noise, the equivalent voltage can
be either calculated or obtained di-
rectly from Figure 2.

In order to add the antenna, tuned
circuit, and induced grid noise to the
shot noise the effective voltage of
these three components at the grid, or
between the points 4 and B, must be
known. Each must go through what
is essentially a resistive divider and
may be calculated as shown in Figure

- After knowing the magnitude of the

separate sources that exist between
A -B, the total noise voltage is

I
€lotal = Je’-uz"l' (eune.at 4-B)*?

+ (€13t 4 - B)*
+ (ea,at 4 - B)?

19)

One other factor may effect this
total, however. If the total noise of
the following stages, which is calcu-
lated similarly, ignoring the antenna
of course, is appreciable it must he
added to the constants of Figure 9. In

Figure 9
Circuit for reflecting various voltages to the grid.

To find the effective voltage
of the antenna, the tuned circuit,
and the induced grid noise at the
grid of the tube let R, equal one
of the above noise resistances
and e, its generated voltage. If
Rs and Rs equal the other two
noise resistances the effective
voltage at the grid is

& R, R,
€4-3= g X
R,R, R,+R,
R, +
R, +R,

This calculation must be per-

formed for the three components
in turn,




FRigure 10
Typical f-m receiver input circuit,

reflecting it to the first grid the second
stage noise should be divided by the
gain of the first tube. When the gain
is about ten or more this factor may
usually be neglected.

Effective signal voltage across
A - B is calculated in the same way
as the antenna noise in Figure 9. The
signal-to-noise ratio is now also
known.

Since the signal-to-noise ratio is
determined by the signal strength and
the total noise at the grid of the input
tube, for a receiver that has a mixer,
such as 6SK7, for the input tube, the
signal-to-noise ratio may be consider-
ably improved by the addition of an
r-f tube, such as a 6SG7, which has
considerably less total noise. By add-
ing additional r-f tubes (6SG7s),
however, since the total noise and sig-
nal at the grid will be the same, the
signal-to-noise ratio will not be im-
proved.

Sample Circuit Calculations

For a sample problem let us cal-
culate the total noise at the grid of
an f-m receiver r-f amplifier stage, as-
suming the circuit in Figure 10(a) to
be under consideration. N

As a simplification of procedure the
steps in the calculation will be num-
bered. i

(1) N*R,, = 1200 ohms (calculated)

(2) R,jeet = 1200 ohms (Figure 6)

(3) Rjpe =Q @ L =8000 ohms (calcu-
lated)

(4) R,=3100 ohms (Figure 4)

At this point it will be convenient to
redraw the circuit as shown in Figure

10(5).
(5) N e,,. =2 microvolts (Figure 2)

]

Our huge inventory of relays is, we believe, the largest and most complete in the
country. These relays were made fo exacting standards by America's leading
manufacturers and are guaranteed in every respect. This equipment will meet your
critical quality requirements and save you a large portion of the cost. Our new
illustrated Relay Catalog is now ready and will be maiied upon

request. I

Consult Wells for Quality Radio Parts |

We can make immediate delivery of a wide variety of radio
components either singly or in quantity. Lists are available
on the following items: Volume controls, condensers, re-
sistors, phone jacks and plugs, wafer switches, Micro
switches, transmitting tubes and Jones strips.

Army Walkie Talkies!

Here's a complete portable station for 28 to 52 Mc. oper-
ation. May be easily modified for 2'2 meter use. Crystal
calibrator. Shipped complete with tubes, handset, telescope
antenna and new battery — ready to operate — only $45.00
each.

Extra batteries (80 hours continuous service) $4.75 each.

Look for the Wells Display
At Your Jobbers

SALES, INC.

4717 W. MADISON ST. DEPT M-2, CHICAGO 44, ILL.

(6) €. = VS X 10-20 X 200 X 103 6
X 1200 (11) ey A-B——
8000 + 600

= 2.5 microvolts

Ead: X 600
= 5 microvolts
(equation (8))
(7) ey =6 microvolts (Figure 2)
(8) e,por = 3.5 microvolts (Figure 2)
The next step is to find the effective
voltage of each source hetween the
grid and ground (or A - B) as shown

And the total noise is therefore

(12) e = \(3.52+ 093 +23°

; H + 2.52¢
in Figure 9. 2 =49 microyolts ]
(9) e A-B= < 1040 (equation (10} )
ant —_——
1200 + 1040 .
= 0.93 microvolt Conclusions
(10) €,...A-B = % 1040 Selection of an input tube for a.
1200 4 1040 television or f-m receiver is dependent:

i = 2.3 microvolts (Continued on page S1)
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F-M/TELEVISION RECEIVERS

(Continued from page 49)

upon many varying circuit conditions
and individual requirements. The
choice of using balanced or unbalanced
input, permeability or capacitor tuning,
noisy pentodes or quiet triodes that
possibly require neutralization, among
others, lies entirely with the design en-
gineer. Considering these reasons and
various engineering and economic
compromises, no particular tube can
be chosen and defined as the imput
tube. Complete noise information
about the circuits involved is, neces-
sary, however, as this is one of the
determining factors for good' sensitiv-
ity and signal-to-noise ratio.

TRANSMITTER BUILDING

(Continued from page 43)
though it does leave some blind spots.
In practice this has not been found to
be objectionable.

In the rear workroom a soundproof
booth was constructed to house a
United Press teletype. This has also
been quite adequate, but is frequently
a problem in small buildings where it
is necessary to place teletype equipment
close to studios. This booth is con-
structed of celotex walls with a dead-
air space and a rock wool packing. It
provides about a 40-db sound transmis-
sion loss.

PROVIDE DELAYS RANGING
FROM 1 TO 120 SECONDS

EATURES:—Compensated for ambient temperature changes from
—40° to 110° F . . . Hermetically sealed; not affected by altitude, moisture
or other climate changes . . . Explosion-proof . . . Octal radio base . . .
Compact, light, rugged, inexpensive . . . Circuits available: SPST Nor-
mally Open; SPST Normally Closed.

PROBLEM? Send for “Special Problem Sheet” and Bulletin.

Ampetite REGULATORS are the simplest, lightest, cheapest, and most compact method

of obtaining current or voltage regulation

. « « For currents of .060 to 8.0 Amps . . .

Hermetically sealed; not affected by altitude, ambient temperature, humidity.
. Write for 4-page Illustrated Bulletin.

A MPERITE CO . 561 Broadway. New York 12, N Y.

L
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I NEW YORK
H Offices & Warehouse
1 242W.55m 51, NY.19

NEWARK NOW AGENTS

OF WAR ASSETS ADMINISTRATION

Newark has been appointed agents of the
War Assets Administration for transmitting
and special purpose electronic tubes.

HUGE STOCKS! WIDE SELECTION!

This means that you can now get prompt
Newark servicé on the previously hard-
to-get tubes, priced at a fraction of their
original cost. Make Newark your head-
quarters for tubes — whether it's for
experimental work or production runs.

e ACTING AS AGENTS FOR WAR ASSETS ADMINIS
TRATION UNDER CONTRACT WAS(p) 7-167

o WRITE: 242-1 W. 55th STREET, NEW YORK CITY

w 2 e

ELECTRIC COMPANY INC s

New York City Stores: 115-17 W. 45th St. & 212 Fulton St.

WRITE Fop

NEWARK’s
LIST OF TupE;s
Make Newark your

Source, too, for all
needed radijo and

electronjc parts,
Brisk

s COmpetent
Service assures
quick delivery,
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