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The noise appearinc; as a !"!1oc1ulation on the radio frequenc;y ener~y 

eenerated by oscillators has been ex&-nined. These raeasurements have 

revecled a. ne,,, effect: flid:er noise and shot noise, [ener&ted ,Ii thin 

a tube at very 101.-1 frequencies, rnodulates the rario frequency oscilla­

tion and in doing i t produces radio frequency noise. ~:~t frequencies 

close to the carrier this noise sreatly exceeds the noise frOID a1l 

pre\~ously recognized sources. 

SpectrlL1'!l and correlation T;leasurements have been made on bath the 

audio frec~uency a.nd the radio frequency noise gellerated simul taneously 

by an oscilht.tor t.ube. The spectra of the radio fre':i.uency anc~ the audio 

frequency noises corresp:mded. Other measurements ::houed that the 

noise train::: 1lere as Tiluch as seventy pel' cent correlated up to the 

li mi t of measurement, nr...-rnel~· 10 kilocycles per second different frOl:l 

the carrier frequency. 

A method is prov"ided for the calculation of the :!1acni tuè.e of the 

noise arisinc îrom this source. 
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l INTRODUCTION 

There are a number of applications, for example in radio frequency 

bridge measurements and in doppler radar, in which the maenitude of the 

noise produced by a radio frequency (rf) oscillator or amplifier is of 

importance. In calculating the noise in the output of an rf oscillator, 

it is customary to consider only the noise generated in the tube at the 

frequency and within the pass band defined by the resonant circuit of 

the oscillator. There are several accepted sources of noise within 

such a circuit. This thesis deals wi th a new and hi therto unrecognized 

source of noise, namely, noise appearing as a modulation on the rf out­

put of the oscillator due to sources commonly supposed to affect only 

the audio frequency performance of the tube. 

One of the sources of noise in the rf output which is commonly 

recognized is shQt noise , due to the random arrival at the anode of 

the electrons comprising the plate current of the tube. It has uniform 

magnitude over thefrequency spectrum up to frequencies comparable to 

the transit time of the electrons in the tube. Its magnitude is directly 

proportional te the D.C. current flewing in the tube. 

Partition noise, which has similar characteristics, will be present 

if there is more than one electrode which draws current in the tube. 

It is caused by the further disarrangement of the electron stream by 

the separation of the two or more currents. 

Thermal noise, which is due to the random motion of conduction 

electrons in the resistive portion of any impedance, and whose magnitude 

is also independent of frequency, will occur in components in the circuit. 
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Finally, if the frequency considered is high enough, induced grid 

noise must be included. This type of noise, which arises due to charges 

being induced on the control grid of the tube by passing electrons, 

becomes important at a frequency comparable to the transit time of an 

electron in the tube, and i5 relatively constant above that frequency. 

A further source of noise within the tube, flicker noise, is custo~ 

arily ignored, since it varies in magnitude approximately as llf (where 

fis the frequency) and therefore is only important at very low audio 

frequencies. This type of noise is due to random changes in the emissive 

properties of the cathode surface of the tube. 

This thesis will show that noise at audio frequencies is of great 

importance in an rf oscillator. Although the flicker noise does not 

have significant components at the oscillation frequency, it has been 

found that the low frequency fluctuation of this noise does appear as 

an amplitude modulation on the rf output. For example, in a typical 

case, it was found that at a modulation frequency of 25 cps, the magni­

tude of this noise was ten times that of the shot, thermal and partition 

noise together. 

Since the effect of noise generated at audio frequencies on the 

output of an rf oscillator has not hitherto been considered, the study 

of this phenomenon is of great practical and theoretical importance. 

In practical applications, any process which attempts to detect a low 

audio frequency modulation upon an rf signal must take into account the 

effect of this source of noise. 

A Doppler radar system, of the continuous wave (cw) type is an 

example of this. In this case, a frequency change which may be as low 

as l cps, or lower, must be detected. A signal of relatively large 
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magnitude will leak from the transmitting to the receiving antenna. 

The noise in this signal, which is largely the noise generated in the 

rf oscillator of the transmitter, may be an important factor in deter­

mining the sensitivity of the receiver to small radar signals. If tbis 

noise has a particularly large low frequency component, then the sensi­

tivity of the receiver may be reduced at these frequencies, thus reducing 

the effectiveness of the radar set. 

There are several steps in the experimental proof of the existence 

of this source of noise. 

First, it must be shown that the noise modulation on the rf output 

of an oscillator has a power spectru~ similar to that of the audio noise 

output of the oscillator tube, which means that it follows a llf law 

spectrum due to the presence of flicker noise. This was done by measuring 

the detected rf noise of a specially constructed electron coupled 

oscillator operating at 5.06 MC with a precision noise measuring apparatus. 

This system was so arranged that it would measure the noise power within 

a narrow band of frequencies (bf~ O.Olfo where bf is the band width of 

a tuned filter centered on the frequency of measurement fo) at any 

~requency ~rom 20 cps to 10 kc. A plot o~ mean square noise voltage 

versus frequency showed that the noise in the rf output of the oscillator 

did indeed have the same variation with frequency as the low frequency 

audio noise generated in the tube. 

In addition, if the noise modulation of the rf oscillations is due, 

in part, to the low frequency flicker noise in the tube, the audio frequency 

noise and the noise modulation on the rf signal should be at least partially 

correlated, which means that they should have the same time variation of 

amplitude. 
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In order to demonstrate this fact the audio noise generated in 

the oscillator tube, which ~las made to appear across an audio load resistor at 

the plate of the tube, and the detected rf noise vIere separately amplified. 

They were then compared by selecting narrow bands of frequencies by means 

of identical filters and photographing the resulting wave trains as they 

appeared simultaneously on a double beam oscilloscope. At aIl frequencies 

where this process was feasible, the two traces appeared to be very similar 

in shape. However comparison was only possible at low frequencies (less 

than 50 cps) by this means with the equipment available. 

A further comparison was obtained by applying the separate wave 

trains, or selected frequency bands from these trains, to the vertical 

and horizontal deflection plates of an oscilloscope. In this case perfect 

correlation in phase and wave shape would be indicated by a straight line 

at an angle of 450 across the tube. Complete lack of correlation would 

be indicated by a fuzzy circle in the middle of the screen. This experi­

ment indicated correlations ranging from approximately 80% at low freq­

uencies to 50% at 10 kc. Two different types of oscillators gave different 

degrees of correlation. 

Further extensive experiments were carried out in order to show that 

this correlation was not due to any external causes, such as unwanted 

coupling between the two noise trains, or plate rn9dulation of the rf 

oscillator due to external effects. It was conclusively shown that the 

correlation '-TaS due to sorne forrn of internal modulation of the rf output 

by the low frequency noise within the tube. 

This thesis consists of a section dealing briefly with the theory 

and the state of the experimental knowledge of each of the sources of 
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electrical noise, ,·ri th particular emphasis on flicker noise. In addition, 

an examination of some of the practical applications of this study of 

noise in rf oscillators is included. Section III deals in detail \dth 

the experimental techni~ues and the apparatus involved in the measure­

ments mentioned above. The design of the rf oscillator used for the 

measurements is explained in Section IV. Section V deals ,rith the results 

of the experiments carried out, while the last section SQ~arizes the 

results and conclusions of the experiments and discusses a possible 

physical mechanism for the phenomenon. 
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II il REVIEW OF NOISE THEORY AND EXPERH1ENTAL KNOHLEIlGE. li.PPLICATIONS 

OF THE PRE3ENT STUDY 

1. General Considerations 

The purpose of the experiments described in this thesis was to 

study the sources of noise in a high frequency oscillator, with particular 

emphasis on any effect that the flicker noise and other audio frequency 

noise in the oscillator tubes might have. It has already been pointed 

out that there are a number of sources of electrical noise. For each 

of these sources, one is interested in the magnitude of the noise measured 

as the mean square voltage fluctuations, en2 or the current fluctuation 

i n
2, within a given band of frequencies, bf. This may readily be trans­

formed into the noise power per unit bandwidth, or the noise power density. 

This quantity is often a function of frequency, and conditions in the 

circuit such as tempe rature and D.C. current flowing. 

Theoretical studies have been made to determine the mechanisms which 

lead to the noise 1::eing produced. In this 1:Tay, insight into conditions 

ldthin the material may be gained, and the study of noise becomes an 

important investigation of solid state physics. 

2. Thermal Noise 

Johnson1 first Sh9\oled experimentally that the minute currents caused 

by the randoill thermal motion of conduction electrons in a resistor can be 

detected as noise fluctuatio~i. This is now known as thermal or Johnson 

noise. 

At the SaIll.e time, Nyquist2, by applying the statistical theory of 

1. Johnson, J.B. Phys. Rev., ~, )67 (1927) 
Phys. Rev., ~, 97 (1928) 

2. Nyquist, H., Phys. Rev., Jg, 110, (1928) 
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thermodyna~cs to the problem showed that, for this type of noise, 

e~ = 4kTRbf, II, 1. 

where R = the resistance, in ohms, 

D = Boltzmann's constant, 

= 1.377 x 10-23 Joules/c1egree Kelvin, 

and T = absolute temperature. 

It will be noted that the magnitude of this type of noise is dependent 

only on the resistance and the temperature, and is independent of the 

frequency. 

The Nyquist deri vation is independent of the mechanism of production 

of the noise. Sever al other derivations of this equation have been 

presented, based on various models for electric cO!1duction tbrough a 

metal3,4,5. rbwever, a completely satisfactory derivation based on the 

modern theory of metals is still lacking. 

The predictions of the thermal noise equation have been exhaustively 

verified by experiments6,7,8. In all cases the theory was found to hold 

Hi th great accuracy. 

It has also been predicted, from theoretical and practical consider-

ations, that at sorne very high frequency, the noise power density must 

decrease. 9 If this were not so, an infinite amount of energy would be 

contained in the whole noise spectrum. HO\olever, different theoretical 

3. Bernamont, J., Ann. Phys. 1, 71, (1937) 
4. Bakker, C.J., and G. HelIer, Physica, ~, 262, (1939) 
5. Spenke, E., \{iss Veroffentl Siemens werken, la, 54, (1939) 
6. l"oullin, E.B., and H.D.M. Ellis, J.I.E.E., 1k, 331, (1934) 
7. ~;ilbur, D.A., "Thermal Agitation of Electricity in Conductors ll , 

Dissertation, U. of t~ch. (1932) 
8. Hlllians, F.C., J.I.E.E., lll, 751, (1937) 
9. For a detailed discussion, see Lawson, J.L., and G.E. Uhlenbeck, 

"Tbreshold Signals" (Rad. Lab. Sere Vol. 24), l-fcGra1:T-Hill, 
1950, p. 77. 
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approaches yield different critical frequencies for this phenomenon. 

Experimental investigation of this p:>int is difficult, since the frequencies 

involved are too high for accurate measurement wi th present day techniques. 

3. Shot Noise 

The electric current emitted from a hot cathode consists of the 

combined effects of a large number of independently emitted electrons, 

each of which has i ts mm indi vi dual effect at the anode of the tube. 

Therefore, the anode current of the tube is never steady, but has small 

random fluctuations. 

SchottkylO was the first to predict this effect, and to verify it 

experimentally. He showed that for a diode, operating in the temperature 

li mi ted region, 

i~ :::: 2eIDf, II-2 

where e :::: the electronic charge, 

and I:::: D.C. current flowing in the tube. 

It ~dll be noted that the power density of this type of noise, too, is 

independent of frequency. This holds up to frequencies which are of the 

order of the reciprocal of the transit time of the electron in the tube. 

Equation II-2 is so ',lell verified11 that diodes operated in this 

manner, are used as precision calibrated, "white" noise sources at 

frequencies from 100 cps to 3000 mc/s. 

If the tube is operated in the space charge limited region of its 

characteristics, the presence of the space charge cloud will tend to 

smooth out fluctuations in the plate current. For if a large group of 

electrons is emitted from the cathode, some of the extra electrons will 

10. Schottky, vI., Ann. Physik., ::tl., 541 (1918) 
Il. Best results. Williams, H., and ltl.S. Huyford, Phys. Rev. Il, 773, 

(1929) 



be used up temporarily to increase the space charge, thus smoothing 

so~ewhat the fluctuation in the current. A similar smoothing action takes 

place if the emi tted current fluctuates below i ts mean value. In this 

case, some of the aLectrons in the space charge are given up temporarily 

to smooth out the fluctuation. 

In order to allow for this effect, a space charge reduction factor, 

ï 2, whose value is less than l, and which is a function of tube geo:n.etry 

and operating conditions, is inserted into the Schottky formula. 

2 r 2 in = 2elbf, . 1I-3. 

t~ny theoretical a~d experimental investigations have been carried 

out to detemine the value of r 2 that should be used.12 For simple 

electrode geometry, and frequencies below the critical frequency set 

by the transit time of electrons in the tube, it has been possible to 

predict the value of r- theoretically.13,14 The value ofr- is thought 

to be independent of frequency up to the region of the spectrum where 

transit time effects begin to occur. Above this point, the value of r-
may be expected to increase. Further experimental and theoretical work 

i s required on thi s poi nt. 

4. Partition Noise 

In tubes in which more than one electrode draws current, such as 

pentodes or tetrodes, the random nature of the division of the electron 

stream between the co1lecting electrodes causes additional fluctuations 

in the current. This additional noise is kno~ as partition noise. 

12. A short review of this subject, with references is given in Lawson 
and Uhlenbeck. Op. Cit. Page 93. 

13. North, D.O., R.C.A. Review. ~, 441 (1940) 
14. SchottkY" H. and E. Spenke, lliss Veroffent1 Siemens vlerken l2 

(No. 2), l, 19, (1937) 
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Lawson and Uhlenbec~5 give an expression for the noise in a pentode 

including space charge suppressed shot noise and partition noise, 

.2 
l ::: n 

where I 2 is the anode current 

and Il is the screen current. 

II-4 

This expression has been experimental1y confirrned by North.16 

5. Induced Grid Noise 

Uhen an electron passes through a grid in the tube, a current pulse 

is induced in the grid. 1~ the electron approaches the grid the current 

rises rapidly; when the electron passes through the grid, the current 

drops to a negative value. The net current is, of course, zero, since 

no electron capture occurs. However the tube has had a pair of pulses 

of very short duration (less than the transit time) applied to its control 

grid and hence a noise signal appears. These pulses, because of their 

short duration, will generate high frequency noise; a detailed analysis 

leads to the eÀ~ression17 

.2 af2 ln • 11-5. 

This effect has been investigated theoretically and experimentally.18,19 

Good agreement between theoryand experiment has been obtained. Ho~ever, 

it i8 apparent that the noise cannot continue to increase vdth f2, since 

the noise v/ould become infini te. The theory is li mi ted by the assumption 

that the frequency considered is 10wer than a critica1 frequency determined 

by the cathode grid transit time of the electron. 

15. Lawson and Uhlenbeck, Op. Git. Page 93 
16. North, D.O., R.G.A. Rev., j, 241t, (1940) 
17. Goldman, S. IIFrequency Anéi1ysis, l-bdulation and Noise ll , HcGraw-Hi11 

1948, p. 376. 
18. North, D.O., and "lJ.R. Ferris, Proc. I.R.E. Z)., 49, (1941) 
19. Bakker, G.J., Physica, ~, 23, (1941) 
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6. Flicker Noise and Current Noise 

Current or flicker noise, which oceurs when eurrent is passed through 

a vacuum tube or through a semi-condueting material, bas the general 

properties that its magnitude varies directly as the square of the D.C. 

current and inereases with decreasing frequeney. Flieker noise is 

particularly important in vacuum tubes wi th coated cathodes. Current 

noise occurs in all kinds of semi-eondueting materials, such as crystal 

diodes, germanium and silicon transistors, photo-conductive eells, and 

carbon resistors. 

This type of noise was first observed by Johnson20 in 1925, and 

sinee that time, numerous investigators have made further observations21• 

These investigations show that the correct expression for the noise power 

density of this type of noise is 
~ 2 
.2 l ~f 
l a - u 

n fX 
II-6 

where x may vary Yith frequeney. From practical consideratiqns, it may 

be seen that as the frequency approaches zero, x must have a value less 

than l, in order for the energy contained in the whole spectrum to remain 

fini te. Different observers have reported various values of x, but it 

is generally accepted today that x has a value of approximately l, falling 

slightly belo\>1 1 as the frequency approaches zero, and sometimes rising 

as high as 1.5 or even 2 at very high frequencies. 

Extreme difficul ties are encountered in measuring the mean square 

value of this noise fluctuation at very low frequencies, which explains 

the scarcity of reliable measurements below about 20 cps. As a result 

no comprehensive picture of the variations of x ,.Ji th frequency, or the 

factors which affect its value has been built up as yet. 

20. Johnson, J.B., Phys. Rev. 22, 71 (1925) 
21. For bibliography, see MacDonald, 1).K.C., Reports in Progress in Physies 

12, 56 (1948-49) 
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A detai1ed discussion of the techniques and difficulties of noise 

measurements of this type ~~ll be found in section III, 2.a, and in 

appendix 1. 

Several attempts have been made to derive an expression for the 

magni tude of this noise which will fit experimenta1 data. A reviev! of 

these theories has recent1y been presented by Van ~{yngaarden and Van Vliet22• 

It is assumed in all of these theories that sorne event oeeurs at 

random whieh increases emission or conduction, and whieh d.ecays exponentially 

with a time constant T. If one assumes that there is but a single time 

constant involved, a 1/f2 spectral distribution results23 • Ho\.rever, as 

several investigators have pointed out,24,25,26 if a .distribution of time 

constants is employed, it is possible to achieve a result vlhieh more near1y 

fits experimental evidence. Indeed, as Van der Zie125, has stated, by 

the proper ehoiee of a distribution of T's, it is possible to match any 

experimentally determined 1aw whatsoever. There must, therefore, be 

sorne good physiea1 reason for choosing the distribution of T which is 

emp1oyed. TIns is the basis of most of the w~dern theories. 

Perhaps the ~~st successful theory for the origin of flieker noise 

thus far has been that of Hacfar1ane. 27 1Û.though tt.ds theory has sorne 

mathematical errors28, they do not qualitative1y affect the overa1l result. 

22. Van Wyngaarden, J .S. and le.H. Van Vliet, Physica, ,lg, 10, 683 (1952) 
23. Schottky, U., Fhys. Rev. 28, 74 (1926) 
24. Campbell, R.H. and B..A. Chi pman , Proc. I.R.E. J.1, 938, (1949) 
25. Van der Zie1, A., Physica 12, 359, (1950) 
26. 1'·1a.cfar1ane, G.G., Proc. Phys. Soc • .2,2, 366, (1947) 
27. !·1acfar1ane, G.G., Proc. Phys. Soc • .Q.:i, 807, (1950) 
28. Petritz, Catholic Univ. Wash., D.C., Oct. 1952 (Report to Wash. 

~fueting of Am. Phys. Soc.) 
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Hacfarlane considers an emi tting surface, which has 'hot' and 'cold' 

patches, patches of high and 10\01 emission due to the orientation of 

crystals in the surface. This 'patch effect' is well known in studies 

f th .. .. 29 1.K_ f l xt . d th do.' t· f th o e~OlllC e~ss~on. ~~c ar ane ne cons~ ers e mo ~a ~on 0 e 

Schottky potential barrier at the emitting patches due to random variations 

of concentration of mobile adsorbed impurity ions at these patches. 

A distribution of time constants, which is dependent upon the shape 

of the patch, is obtained by calculating the probability that an impurity 

ion somewhere in the patch may have emerged from it in a time T. This 

distribution is then employed to calculate the auto correlation function 

of the noise, and hence, by Fourier transform theory, its power spectrum. 

The resulting law is 

.2 I 2 
~n a x 

f ' 
II-7 

where x is a kno~~ function of frequency, shape of the patches and 

temperature. 

~bre accurate data, especially at very low frequencies, is necessary 

to enable further theoretical investigations of this type of noise to be 

made. In addition, a comprehensive study of the dependence of flicker 

noise upon temperature and other physical conditions is still required. 

7. Applications of the Present Study of Noise in Oscillators 

There are many cases where it is important that the noise included 

in the output of a high frequency osci11ator, particular1y noise lying 

close to the oscillation frequency, be kept as low as possible. In these 

cases, a knowledge of the sources of noise within an oscillator, and the 

distribution 1,o1ith frequency of this noise is important. 

29. Herring, C. and MeR. Nichols, Rev. I-bd. Phys • .6l, 185 (1949) 
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As an examp1e, the techniques of high frequency bridge measurements 

may be considered. The usual procedure in this case is to beat the high 

frequency output signal of the bridge do~~ to an audible frequency by 

means of a local osci11ator and a wixer. If the high frequency signal 

applied to the bridge contains an appreciab1e quantity' of noise, this 

noise may not be balanced out in ba1ancing the bridge, and "rlll contri-

bute to the noise 1eve1 of the equipment; the noise then determines the 

ultimate sensitivity of the bridge. Also, noise in a frequency band, 

1ying on ei ther side of the local osci11ator frequency "ri11 beat wi th 

the local osci11ator signal and appear as audio noise in the output. 

il. further examp1e is the case of a Doppler radar set of the 

continuous "Tave 4YPe described by Bar10w30• In this type of radar, a 

cw signal of fixed frequency is transmitted by means of a directional 

antenna • . • tny object possessing a radial ve10city, v, which is in the 

beam. "rill reflect a radio signal, changed in frequency due to the Doppler 

effect, by 2v/À where ~ is the wave1ength of the transmitted signal. 

This reflected signal is mixed in the recei ver "ri th a signal of the 

sarne frequency as the transmitted signal, resulting in an audio signal 

output of frequency 2v/l~. It can be seen that for some target velocities 

and some signal frequencies, the frequency of this detected signal may 

be very 10"T. 

It can be sho\~30 that the maximum range, r, of this radar set is 

given by 

r = II-a 

30. Barlo\-r, E.J., Proc. I.R.E., ]1, 340, (1949) 
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Hhere Pt poHer transmi t ted 

cr scattering cross section of the target 

Go = antenna gain relative to an isotropie radiator 

FI = audio bandv:idth of the receiver 

N effective noise figure of the receiver and all other symbols 

are as previously defined. 

Consider the quantity N. The noise figure of a receiver is actually 

the number of times greater the noise output of the receiver is than it 

would be if the only source of noise in the circuit were that injected 

at the input. 

vii th this system, a relati vely large leakage signal from the trans­

!!Û. tting antenna will reach the recei ving antenna. The magnitude of this 

signal can be controlled, to sorne extent, by careful placing of the 

antennas; it may, however, be very much greater than the minimum received 

signal. 

Any noise on this leakage signal may be considered as extra noise 

increasing the noise figure N, in equation II-S. For example, in a case 

where the leakage signal is 100 db above the desired minimum received 

signal, the noise on the transmitted signal must be more than 100 db 

below the transmitted signal level in order not to obscure the received 

signal. 

Since the object of this type of radar is to detect a 10w frequency 

audio signal, the noise at 1010' audio frequencies in the receiver is 

particular1y important. This thesis vlill shoH that the noise in an rf 

signal increases at frequencies close to the signal frequency and there­

fore assumes increased importance in this application. 
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III EXPERIMENTAL PROCEDURE AND APP ARATUS 

1. General Considerations 

The purpose of this investigation \..[as to show that noise occurring 

in a radio frequency (rf) oscillator circuit at audio frequencies appears 

as a modulation on the rf output of the tube. If this is true, the audio 

noise and the noise detected as a modulation at the rf frequency sbould 

have the sarne time variation, or wave shape, and the sarne power spectrQ~. 

The power spectrum of the audio noise generated within the tube 

shouild follo\>/ a l/f law at 10\,,[ frequencies due to the presence of flicker 

noise. Therefore the pm.rer spectrum of the noise modulation of the rf 

signal should follow the sarne law at low modulation frequencies. For 

this reason power spectra ,.,rere measured for both the audio noise and 

the noise on the rf output of an rf oscillator. 

The second major experiment earried out was a eomparison of the 

audio noise train ,.ri. th the train of audio noise occurring as a modulation 

on the rf signal. For tbis purpose, the degree of correlation of these 

two noise signaIs Has measured; the correlation coefficient serves as 

a measure of the extent ta "lhieh the noise trains are alilee in phase and 

'·Jave shape. 

2. Noise POHer Spectra 

(a) General Considerations. 

Fig. l is a block diagram of a conventional measuring apparatus 

for audio noise. It will be seen that such a system consists of an 

amplifier, fIat over the range of frequencies considered, a precision 

attenuator, a variable-frequency tuned amplifier of known band~·r.i.dth to 

select the band of frequencies measured, and a square la\" detector, 
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incorporating some sort of smoothinG circuit, to measure the average 

noi se pOl,Ter. 

It can be sho~m (appendix 1) that the mean fluctuation of the output 

of the smoothine circuit, expressed as a fraction, e, of the mean noise 

power, is given by 

e _ A 
lm 

Hhere B is the noise band~Jidth, 

T is the smoothine time constant, 

III-I 

and A is a nlLllerical factor depending upon the shape of the filter. 

It will be seen from this equation, that as the frequency of measure-

ment becomes l01,.rer, and thus the permissible band\·Jidth, B, becomes 

smaller, the time constant T must become very lonG in order to achieve 

accuracy. This agrees \~th the practical consideration that a large 

number of cycles must be considered in order to obtain an accurate 

average. These limitations clearly m~~e it impractical to make accurate 

measurements at very low frequencies « 5 cps) by this method. 

There are several procedures for t~CLng a readins in the frequency 

range above rive cycles per second. 

The output meter could be calibrated in terms of input povTer. This 

requires that the overall gain of the system be extremely stable, and 

be independent of temperature, of impedance of the source of noise, and 

of small changes in supply voltages. 

Instead of this, it is better to use a substitution method. In this 

case a readin2 of the noise is taken on the output meter and is compared 

\.Ji th the reading of a signal of lmo"m magnitude applied under the sarne 

conditions. This may be accompli shed in two ways. 

A signal sufficient to double the original reading may be added to 

the noise at the input. The reference signal power is then equal to 
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the noise povler but this requires that the poT,!erresponse of the measuring 

system be strictly linear. In addition, even if the reference signal is 

a pure sine 1oTaVe, laree fluctuations in the output t·lÎ.ll occur due to the 

noise \Ihich is still present. 

These objections may be overcome in the folloHing manner: the orieinal 

noise reading is noted, 20 db of attenuation is inserted into the system 

vuth the precision attenuator, and then reference signal is added, until 

the original reading is duplicated. The reference signal input is now 

100 times the original noise power, or 10 times the original noise voltage. 

A small error is introduced by neglecting the noise still present. However, 

the lineari ty of that part of the system which follOivs the attenuator is 

no longer important, since the same reading is used in each case. In 

addition, since the signal being measured in the second measurement may 

be practically a pure sine 1tIave, li ttle or no smoothing is required for 

the second reading. This type of measurement was employed in the present 

work. 

Fig. 2 is a black diagra~ of the noise measurement apparatus 

assembled for these experiments. 

It was desired to measure noise signaIs of the arder of l microvolt 

with the greatest possible accuracy. Therefore, it \las necessary that 

the effect of aIl extraneous sources of noise, such as hum, microphony 

and electrical interference be less than this value. 

The most critical units of the system are those where the noise 

signal under investigation issmallest. For this reason, particular 

care ,·ras taken in the design and construction of the oscillator '.J'mch 

was being studied, the reference signal injection circuit, and the pre­

amplifier. Each of these units was built in a doubly shielded chassis. 
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The circuits \-lere carefully constructed, "d th special attention to layout 

and rigidi ty. Each unit \-las shock mou...nted "Ii thin i ts own chassis. The 

doubly smelded cbassis vIere desiened to permit quick and convenient 

access to the circuits. Fig. 3 is a cross sectional view of the pre­

amplifier, shoHing the special chassis construction. 

Â study was made of grounding techniques. Baxandal13l bas pointed 

out that since a relatively large hum signal will be generated in any 

small conducting loop that lies in a small magnetic hum field, it is 

extremely important to avoid such loops. Strict attention was paid to 

this fact in the design of this system. The whole system was grounded 

at only one point, at the input of the preronplifier, for if the system 

Here grounded in two separate places, a very large ground loop 1,-Tould be 

formed, which :night cause a hum signal to be generated v!hich could 

completely obscure any noise signal being measured. 

The circuit ground and the shield of the circuits ahead of the pre­

amplifier in the system were carried separately to the co~non ground at 

the preamplifier. If these circuits were grounded to their own shields 

avlay from the common ground point, a loop wOuld be formed in wmch hu.rn 

signals might be generated. 

Care \.,ras taken in the layout of the input lead, ground return lead 

and grid leak resistor of the amplifier so that the loop they fo~n \-las 

as small as possible. 

llhenever possible leads and their ground returns t-Tere tvIisted 

together, as is usually done t·Iith filament leads. Shielded cables vIere 

used throughout. The low-level uni ts vIere completely battery operated 

and were kept at least eight feet from all mains transformers. 

31. Baxandall, P.J. Wireless ~orld, 51, 57, (1947) 
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By observing these precautions, it \-las possible to take 10\.f-level 

noise measurements at any time, and with any apparatus in the laboratory 

in operation. 

(b) The Reference Sienal Source and Injection Circuit. 

It is possible to use any signal source which generates a known 

signal of fixed amplitude at the frequency of measurement as the reference 

signal source. 

The reference signal is actually being cœnpared wi th a narrm.,r 

frequency band of noise. Therefore, if a sine ,.;ave is used as the 

reference signal, it is necessary to know the band~ddth of the system 

in order to calculate the noise po~ler densi ty. However, a source may 

be used which generates a calculable quantity of noise power, whose 

density is independent of frequency. Specially constructed diodes, 

which generate pure shot noise, are often used for this purpose. In 

this case it is not necessary to know the system bandvddth, for 

NP • bf = 2eIRDf 

where NP = Noise Power density 

R = noise diode load resistor 

and the bfls cancel out. 

Unfortunately, most diodes generate flicker noise at 10vl audio 

frequencies, and hence cannot be used as reference sources for audio 

noise. Recently, it has been sho~m32 that vaCUQ~ photo-tubes generate 

pure shot noi se dmm to D. C. , and therefore may be used as 1 vlhi te 1 noi se 

sources at audio frequencies. 

A cOIn.lJlercial audio oscillator ~.;as used as the reference signal 

source. For the purpose of the measurement it was necessary that this 

32. Brovm, D.A.H., T.R.E. l'~mo, No. L3-34 (1947) 
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uni t furmsh a signal of accurately lmown magnitude wbich \-ras stable in 

amplitude and frequency. The oscillator used was manufactured by the 

Southwestern Industrial Electronics Co. Its frequency viaS variable from 

l cps to 120 kc and i t had excellent frequency stabili ty. The output of 

this oscillator was set at 0.1 volts by means of a Hewlett Packard VacuQm 

Tube Voltmeter, and was applied to a precision audio attenuator, manufactured 

by Radiometer of Copenhagen. The output of this attenuator was matched 

into the injection circuit, and could be read directly in microvolts. The 

calibration of the vacuum tube voltmeter was checked Hith a 0.1% accuracy 

A.C. meter and .... TaS adjusted to be v1ithin 1% of the correct reading at the 

point used. 

Fig. 4 is a schematic of the reference signal injection circuit. 

The reference signal is applied across the 600 ohm matcbing resistor, 

which is in series wi th the 280 kiloh.m load resistor across which the 

noise signal to be measured is applied. Since some of the reference 

signal appears across the 280 kilohm load resistor, a simple calculation 

must be made to determine the fraction of the applied reference signal 

which is actually applied to the input of the measuring system by the 

network. 

In a case where the internal impedance of the source of the noise 

being measured is low in comparison with the 280 kilohm load resistor, 

nearly all ôf the applied reference signal voltage vlould appear across 

the 280 ld.lohm load resistor, and very little would be applied to the 

input of the ~easuring system. To overcome this difficulty, the injection 

circui t vras designed .... 1i th a separate input for low impedance sources. 

vmen this input was used, a 280 kilohm resistor was placed in series with 

the noise source, thus increasing its apparent impedance. This device 

reduced the noise voltage measured ta approximately one half the noise 
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generated in the so~ce. 

(c) The Premnplifier. 

This unit vJaS required to amplify signaIs of the order of one 

microvolt, and of frequencies from 5 cps to 20 lee/s. Ji highly stabilized 

high gain amplifier wi th a wide frequeney response and vJi th low internal 

noise characteristics was required. Further, unwanted external noise 

could not be allowed to enter the system. Fig. 5 is a schematic of the 

preamplifier circuit. This is a copy of the circuit published by D. 

Barber33 for the same purpose. 

The gain of this amplifier was controlled by feedbaek, and Has 

variable in 10 db steps from 50 to 70 db. At the highest gain position, 

30 db of negative feedback remained to provide stabilization and fIat 

response. This amplifier had a fIat resp:mse from l cps to above 20 kc. 

Several tubes, including the 12AY7, 12AU7, 12AT7, and the EF37A 

were tested for lo~ noise, low microphony properties. The EF37A, which 

is manufactured by Mullard of England, was found to be the most satis­

factory tube for the purpose. It is designed to have particularly low 

noise, low hu.rJ. and lOi.J' microphony characteristics. 

The use of this tube, together with double shielding, a battery 

power supply and other precautions detailed in section III, 2, Ca) 

resulted in an extremely 10\..J noise level in this amplifier. Measurements 

showed that this amplifier generated noise equivalent to 1.26 x 10-8 

volts/cycle at the input at frequencies above 200 cps. This value increased 

at lower frequencies due to the presence of flicker noise. At 100 cps, 

the equivalent input noise signal \.J'aS 2.24 x 10-8 volts/cycle. 

33. Barber, D., T.R.E. Tech. Note., Ho.135 (1952) 
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(d) The Audio Jîmplifier 

Although the design of the second audio amplifier was not as 

critical as that of the preamplifier, it was required to ampLtfy sicnals 

of the arder of one milli volt. Therefore, 10\,[ hum and low noi se, alonc 

wi th stabilization of gain and frequency response, were still of primary 

importance. 

Fig. 6 is a schematic of the circuit employed. It is a variation 

of the preamplifier circuit designed to operate with a mains operated 

regulated polTer supply. The EF37A input tube of this amplifier provides 

an extremely low hum level at the output. 

These hlO audio a.:nplifiers could be operated side by side in the 

same rack in cascade wi thout any difficulty. The large coupling con­

densers, which were necessary to attain the requ.tred lo~.] frequency 

response, resulted in large transients lasting about a minute when the 

amplifiers were switched on or when the input conditions were changed. 

However, these did not affect the operation of the units under steady 

condi tions. 

(e) The Tuned Amplifier. 

The tuned amplifier vTaS required to select the noise signal in the 

desired band of frequencies, and to attenuate signals outside the band 

to a level where they did not interfere vIi th the measurenent. The nature 

of the measurement made it necessary that the frequency of measurement 

be variable, end that the bô.ndwidth be narrow enough to provide accuracy 

of frequency measurement. The desien "Tas made more difficult by the 

fact that appreciable drifts of Gain or bandHidth could not be tolerated. 
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.ii. HlJirhead Pamedrada ,..rave lmalyser \-!aS useà for -Lhis purpose. 

This instrUI!lent consists of a precision attenuator, followed by hIO 

st<ibilized~Jien BridGe variable frequency tuneo. amplifiers in cascade. 

The frequency is continuously variable from 19 cps to 21 kc, and the 

effective Q of the circuit is variable, in steps, from 1 to 100. The 

input attenuator provides full scale output for inputs from 1 millivolt 

to )00 volts. The instr~~ent is run from a separate mains operated 

poltIer supply, arranged so that only D.C. pm-1er is fed to the instrument. 

No trace of hum could be detected in the output of the instrument even 

in its most sensitive gain position. Fig. 7 is a plot of the variation 

of the noise band1ddth of tr..is instru.'Tlent wi. th frequency in the high ~ 

po si tion. 'rhe instrument 1-JaS used at this setting tbroughout the 

experiments. 

(f) The Square Law Detector. 

In noise measurements, the mean value of the voltage fluctuation 

about the D.C. voltage is zero. Therefore, it is necessary to measure 

the mean square value of the voltage fluctuations, or the mean pm-.rer. 

For this reason a detector Vlhich responds to the square of the applied 

voltage must be used. 

There are a number of devices which act in this 1tlay, such as thermistors, 

thermocouples and electromc square la", detectors. 

The simple st and most stable of these devices in a thermocouple, 

uhere the junction is heated by the electrical noise po\-.rer. The thermo­

couple delivers a D.C. voltage, usually of the order of a fe1v millivolts, 

\.J'hich is directly proportional ta the temperatu.re of the jUIlctian, and 

is therefore proportional to the noise pO\.Jer, or the square of the noise 

voltage ; that is being used to heat the element. 
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0ince t~le thermocouple is [~ 10\: impod<::l1ce device, seme difficul ty 

Il''-3 encountererl in clesicninz :.l circuit ,·Ii th a su.fficiently Im·[ output 

Lapedance ar.d sufficiently hiCh pOl'ler handling capacili ties to drive i t. 

Fig. ' 8 is n sche;clatic of the thermocouple uri t, uhich has ë. 10"'1 output 

impedence due ta i ts lar;:;e necati ve feedback. A 6V6 p::n[er t'..lbe VIas' used 

ilS the output tube in order to give sufficient output current for the 

therm.ocouple. 

The thermocouple i tself "l3.S rnounted L1 c.. sepc.rate compartment in 

this unit, and \oIaS thermall:r insulated from the rest of the circuit. 

This prevented the occurrence of e).-traneous thermfü eillls in the thermo­

couple laop. L 500 ohm. àummy lond resistor could be substituted for the 

therln.ocouple uhen the unit l'las not in use. 

Fig. 9 is a graph shovdng the linear relation of the output of this 

uni t 'Id th applied p01·mr. Fig. 10 in a plot ShOl.rinZ the lineari ty of 

the \-J'hole r.oise measuring system. .ilS a precaution 1..1.zdnst burr:out, the 

pouer o.pplied to the ther:;::ocouple '\oIas ahm.ys li mi ted to such a value 

that the output :meter reudins \JaS e.luays in the louer half of i ts rance • 

• 1.S indicated in section III, 3, (a), i t is necessary to smooth out 

the fluctuation;; in the output of the thermocouple. i:.n Re circuit "d th 

a sufficiently long time constant has a very 11i~h impedance, and \olhen 

used in conjunction l .. Ii th n thermocouple H01.ùd result in a very sillall 

out put. \1 th conventional thermocouples, the di ffi cul ty could be over­

come onl~r by the '..lse of an expen3ive direct cnrrent a'TIplifier. .Another 

o.pproo.ch \ms used. in the design of t.he apparntus, macle possible by the 

fact that a thermocouple itself pos~esses a time cop..stant, since it takes 
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a fini te Ume for the element to heat up and cool dmm. COIll!nercial 

thermocouples are designed to respond rapidly, and the longe st tir<le 

constant found in commercial uni ts \fhich were tested vias fi ve seconds. 

A vacuum thermocouple of iron and constantin was therefore designed and 

built which had a time constant of thirty seconds. Heavier vdres \fere 

used in this unit to increase its thermal capacity and thus achieve a 

longer therIJ1..al time constant. This thermocouple \-las used in all measure-

ments. 

Fig. 11 is the schematic diagram of an electronic square la \·1 

detector. In this device, a phase splitting circuit applies the noise 

signal, 1800 out of phase, to the grids and screens of t\olO amplifiers, 

v1hich have the same plate load. The output of a vacuum tube afJ1plifier 

may be represented by the equation 

i = av + bv2 +­p 

\olhere ip = plate current 

v = applied signal voltage 

and a,b = constants of the tube. 

III-4 

For the t\fO tubes, operated in antiphase, the output is therefore34,35 

ip = 2bv
2+ 

This signal, uhich is an A.C. signal, is amplified, passed through a 

linear detector, and applied to a sl~othing netoHrk and vacuum tube 

voltmeter circuit of a type used by Barber. 33 

Fig. 12 is a curve shmdng that the output of this unit is directly 

proportional to the square of the input voltage up to 5 volts input. 

However, this instrument would operate satisfactorily only over the 

.3.3. Barber, D., T.R.E., Tech Note., No. 1.35 (1952) 

.34. Ross, H.HcG. and A.L. Schuffrey, J. Sei. Inst., Z2, 200, (1948) 

.35. Berger, F.B. and D. l-facRae, "Haveforms", l1c Gr aw-Hi11 , (1949), p. 179 
(H.I.T. Rad. Lab. Sere Vol. 19) 
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frequency range from 20 cps to l kc. This Has due primarily to adverse 

phase shifts caused by poor electrical layout. 

Further improvement in the frequency response of this instrument 

\olould make i t sui table for use in the noise measuring system. 

3. Correlation ~fuasurements 

Ca) General Considerations 

A comparison was required of the noise occurring at audio frequencies 

in the tube, and that appearing as an audio noise modulation on the rf 

output of the oscillator. 

The shape of t"lO noise trains may be compared by amplifying each of 

them, and by recording them simultaneously by means of a pen recorder or 

by photographie means. The latter course \-laS chosen. The t"l0 noise 

traces in question were displayed simultaneously on a double beam oscillo­

scope, and a continuous record was kept by means of a 35 rrun oscilloscope 

camera. 

Visual observation of the resulting record will detect any strong 

correlation. However, considerable mathematical analysis is necessary 

to obtain the actual percentage correlation. 

The percentage of correlation may be obtained by multiplying the 

t,olo noise signaIs together by electronic or mechanical means. If the 

two signals are completely uncorrelated, there is an equal probability 

of their product having a positive and a negative sign. The mean result 

is therefore zero. If the two signaIs are exactly alike, their product 

will ahrays be posi ti ve. The mean resul t -vrill be a maximum in thi s case. 

Other percentages of correlation ,.,rill yield results lying between these 

hIO extremes. Because this method requires the construction of a complex 

and costly electronic multiplier, other methods of comparison were employed. 
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Correlation can be detected by applying the separate sienals to 

the vertical and horizontal deflecting plates of a cathode-ray oscillo­

scope. Perfect correlation would be indicated by a straight line, lying 

at an angle across the screen. Complete lack of correlation Hould result 

in a circular blur in the centre of the tube. Partial correlation would 

result in a filled in elliptical pattern, lying at an angle across the 

screen. The percentage of correlation could be determined approximately 

by comparison of these patterns with those resulting from known correlations. 

Fig. 13 is a block diagram of the apparatus assembled for the 

correlation measurements. The audio noise originating in the oscillator 

and the detected audio frequency noise modulation on the rf signal were 

each amplified by means of separate, identical, amplifier chains. The 

amplifiers were the same· as those described for use in measuring noise 

power spectra. A band of frequencies \-Tas then selected from each noise 

train by a pair of identical tuned audio amplifiers. The resulting signaIs 

were then tested for correlation by either one or the other of the methods 

already described. 

(b) The Tuned iimplifiers. 

Fig. 14. is a schematic diagram of the circuit of a pair of identical 

audio band pass filters, designed by Dr. J.R. inlltehead of this laboratory. 

For this circuit, the tuned frequency is given by 2rrfCR ~ l and the 

effecti ve ,~ of the circuit is approximately k/2. 

The circuit \·Tas so desiVled that separate freqœ ncy determining uni ts, 

containing the condensers Ck and C/k could be plugged in at \.Jill. li 

number of these units ranging in frequency from 25 cps to 10 kc and 

having Q1s of approximately 6 were constructed and tested. These resulted 

in band~üdths of about 1/6 the centre frequency of the fil ter. 
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Careful tests shm.Jed that no appreciable interaction occurred 

betvleen the t,,!O filters, in spi te of the fact that they had a C01l1J!lon 

power supply and 1·.rere built on the same chassis. 
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IV THE R~'U)IO FREQUENCY OSCILLATOR AND DEl'ECTOR 

It ,.ms desired to study the noise arising frorrfhot, partition and 

flicker effects in the tube of an rf oscillatorj it uas necessary, there­

fore, that noise arising from other effects in the circuit be negligible 

compared to the noise from these sources. To carry out this project 

two separate noise signaIs had to be investigatedj the noise occlœrine 

at audio frequencies wi thin the tube, and the noise occurring as a noise 

modulation of the rf output. 

The noise at the rf frequency could be studied by applyine; the rf 

output to a detector. The noise on the rf oscillation vdll then appear 

as an audio noise signal at the detector output. However, any change 

in the output level of the oscillator will ru.so appear as a noise 

fluctuation at the output of the detector. Since the noise signal being 

observed may be as small as one microvolt, a very small change in rf 

output level Hould obscure the desired signal. 

The audio noise generated in an rf oscillator tube usually CruL~ot 

be studied directly, since the anode circuit of theoscillator normally 

presents no impedance at audio frequencies. ~m audio load resistor was 

therefore placed in series with the anode tank circuit. This resistor 

l.,IaS decoupled at radio frequencies, so that only the audio noise sir:;nal 

appeared across it. 

In the design of rf oscillators i t is difficult to avoid 10'. frequency 

fluctuations of aTJlpli tude ofoscillation, due ta slight changes in the 

frequency of oscillation, chances in external laading conditions, and 

small fluctuations in the tube operating conditions. 
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Frequency stability may be achieved by the use of a crystal to 

control the oscillation frequency. .ill changes in loading, oscillation 

frequency and tube operating conditions may be minimized by the use of 

a btûfer amplifier betHeen the oscillator and the output load impedance. 

Hm..rever, a separate bu.ffer amplifier in the circuit in this case 1,.,Tould 

have obscured the desired noise signal by adding its o~~ noise to the 

output. 

il. Hum.ber of circuits 1t1ere tried in an effort to build an oscillator 

Hhich satisfied the requirements for noise study. iln electron-co'..J_pled 

oscillator, "\ ... hose circuit is shmm in Fis. 15, was found ta be sui table 

for noise measurements. This circuit oscillated at 5.06 Mc. 

In this circuit, the cathode, control grid and screen grid act as 

a triode oscillator, while the suppressor and anode act as a buffer 

amplifier. This circuit provided sufficient stabili ty for all the 

measurements "Ilhich 'tlere done. 

Tt "lIas found that most rf oscillators are particularly susceptible 

ta microphony, bath in the tube and the cornponents. An EF37A l·fu.llard 

tube "ras used as the oscillator tube. As has already been stated in 

section III, 2, (c), this tube Has found ta have an e:x:bremely lOTt1 level 

of noise due to microphony. 

Particular care was taken in the layout and construction of the 

circuit to ensure the greatest possible riciclity of the circuit components. 

Early trials indicated that contact noise at the tube socket \-las trouble­

some. lûl connections to the tube vIere soldered directly to the base pins 

in order to avoid this difficulty. 
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The circuit vIas mounted on fo&l'!l rubber vii thin a doubly shielded 

chassis of the same tJ~e as that used for the preamplifier, and detailed 

in Fig. J. The chassis Ims then mounted on a sponge rubber pud, placed 

on a solid shelf, and the shelf "\-las rigidly attached to one on the con­

crete support pillars of the laooratory. The frequency of any mechanical 

oscillations ~·!:1ich did occur ',-ras reduced by a heav-f Height placed on the 

chassis. The cables leadins to the chassis '.vere as flexible as possible, 

and VIere clp.mped solidly to the supportine shelf. Fig. 16 is a photograph 

of the oscillator and the al'!lplifiers in operatinz position. 

It vIas found that if the detector Has located in a separate chas sis, 

great difficulties arose Hi th contact noise, variation of coup' i ng, and 

microphony in the coupling cable and connections. Therefore, a detector 

of a very simple type Has built in the same chassis as the oscillator 

using the same precautions in construction as the oscillator circuit. 

Care vras taken to choose the cO'..lpling and bypass condensers of the circuit 

so that the separate noise signaIs could not interact due to leakage 

from one part of the circuit to another. 

Extreme care \-Tas taken to avoid the occurrence of hu.m signals. Tt 

Hill be se en from Fig. 13, the b10ck diasra.."ll of the correlation roeasure­

ment system, that the osci11ator and detector, the two amplifier chains 

and the correlation apparatus could have formed a very large ground loop. 

This loop Has avoided by isolatinc the audio ground of the detector cir­

cuit from the oscillator audio ground, by means of a 200 pf rf bypass 

condenser. These grounds Here carried separately to the inputs of their 

respecti ve preamplifiers. By this means high hum currents ... ·lere prevented. 

from occurrin[; in the lou level portions 0:' the circuit. 
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FIG. 16 .1. HOTOORAPH SHO". lm THE RF O':CILL mQR AND THE T 10 "~1PLIFIE'R 
ClUI J.3 l i OPE1/J."'I IG POSITION 

a) Electron coupled oscillator, shock mOlmted on a rieid ahp.lf 
b) Preampll iers 
c) :udio Ol .. 1ifiers 
d) Batteries for pre~~p1ifiers 
e) Rp.ference signal injection chassis 
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An 8.66 He crystal controlled osci11ator, ,.hose circuit is sho\-m 

in Fig. 17, uas also buil t. Although the Satlle precautions ,·rere emp10yed 

in its construction, it Has much more susceptible to extraneous noise 

than the e1ectron coup1ed oscillator, and only a fel" 1,1easurements vIere 

2lade o~ i t. 
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V EXPERIHENT.U. RESULTS 

I Forei-Tord 
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The experimental proof that noise which is generated at audio 

frequencies \-Tithin an rf oscillator tube also appears as an audio 

noise modtùation on the rf o~tput of the oscillator required a nuraber 

of experiments. These fell into two main classes, as explained in 

section III, 1. 

Heasurements \oTere made to determine the ma.gni tude and frequency 

distribution of the noise occurring at audio frequencies ,dthin the 

oscillator tube, and of the audio noise detected as a modulation of the 

rf output of the oscillator. Comparisons \oTere :nade of the t\'l~ noise 

spectra obtained in order ta show that the noise vThich 'was present as 

a modulation on the rf output had the same characteristics as that 

occurring at audio frequencies. These meas1Jrements are described at 

length in part 3 of this section. 

Comparisons were made of the wave-form, or time-variation of the 

two noise signals described above in order to show by their similarity 

that they had the same origine These measurements are described in 

detail, under the heading of correlation measure~ents, in part 4 of 

this section. 

Part 2 of this section is a summary of a1l the experiments carried 

out, together vri th a brief notation of their results. 

Host of the measurements descri bed in this section were ruade on the 

e1eetron-eoup1ed oscillator deseribed in section IV. The plate current 

of the oscillator vIaS 2.1 rnilliamps, and the screen current was 650 micro­

amps. The rf output vIaS sueh that the steady potential difference across 

the output of the deteetor was twe1ve volts and the steady current in 

that circuit was 43 microaInns . . 
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2. SmllillaF,f of Experiments 

1) Nat1U'e of measurement: Noise power spectrwn. 

Purpose: to test the acc1U'acy of the noise meas1U'ing apparatus 

as a function of frequency. 

Noise source: a parallel combination of resistors = 585 tiloh..lls. 

Refer to: page 59, Fig. 18. 

Result: The experimental measurement was higher than theory by 

0.2 db from 200 cps to 10 kc. Belovl 100 cps, flicker 

noise in the amplifier i.JaS evident. 

Conclusion: The apparatus i·las adequate ta measure freqœ ncy spectra 

for vlhich (noise vOltage)2 density vIaS in excess of 

2 x 10-15 (volts)2 per cycle over the range of 100 cps 

to 10 kc, and in excess of 10-14 (volts)2 per cycle over 

the range from 10 cps to 100 cps. 

2) Nature of measurement: noise power spectr1.LTll. 

Purpose: to measure noise introduced directly by the linear detector 

. which was used to demodulate the radio frequency signal. 

Noi se source: one half of a 6H6 diode, operated ivi th 12 volts 

applied between anode and ground to simulate the conditions 

when i t "IaS cœmected to the oscillator. 

Refer to: page 59, Fig. 18. 

Re sul t: . The spectrum follovled a I/r Im{ in the low frequency range, 

and fell to shot noise level at 1000cps. The detector 

noise vIaS 10 db belO\{ the noise measured on the rf signal. 

Conclusion: The noise measured at the detector output when excited 

by the rf signal could be att·ri buted to the rf oscillator 

to ,·Tithin 0.5 db. 
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3) Eature of Neasurements: noise pouer spectrum.. 

Purpose: to measure the noise poller spectruœ. of t.he noise Generated 

at cudio fre~uencies in the rf oscillator. 

Noise source: audio noise 3enerated è:.cross 50 IdlohIl: audio locd 

resistor in the plate circuit of oscilla.tor. 

Refer to: pace 60, FiG. 18. 

Result: The spectrum folloHed a l/r laH in the 101-1 freçuency range, 

and fe11 to the calculated shot noise level at l ~œ. 

Conclusion: F1-icker noise \-las eenerated ,,,hich "ras 10 db. above shot 

noise at 25 cps. 

4) l~ature of experi:nent: noise poHer spectrum.. 

Purpose: to measure the noise pm'ler spectru.rn of noise modulation 

l.:pon the rf output of the oscillator. 

tJoise source: audio output of the detector, vlhich 'T .. ;ras used ta demodulate 

the rf signal. 

Refer to: page 61, Fig. 18. 

Resul t: The spectrUlll follo'T,.,red a l/f la";l in the 10\'1 frequency regior., 

and fell to the calculated shot noise level at 2 kc. The curve 

\.,ras approximately the same shape as the audio noise spectru.!!1 (3). 

Conclusion: Flicker noise, uJoich \las 13 db above shot noise at 25 cps, 

Has present as a modv.lation of the rf output of the oscillator. 

5) lTature of Experiment: calculation of noise current spectra of the 

t1;JO noisA signaIs measured in 3 and 4. 

Pur po se : to discover the relationship bet\'leen the audio frequency 

noise current, and the noise current 'ilhich \'Iould generate the 

noise modulation measured on the rf output. 

Refer to: pace 62, Fig. 19. 
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Result: Spectral plots of the t'HO noise curreniB desit;nated above 

almost coincided. 

Conclusion: The noise current occurring ,-Ji thln the oscillator at 

audio frequencies also acts as the generator of the noise 

modulation on the rf signal. 

6) Nature of experiment: noise pm·Ter spectrmn. 

Purpose: to discover any change in the noise power spectrQm of the 

noise modulation of the rf signal Hhlch occurred ",hen the 

audio load resistor vias removed. 

Noise source: the audio output of the detector. This represented 

the noise modulation on the rf si~nal. The audio load resistor 

in the oscillator \TaS short circui ted. 

Refer to: page 63, Fig. 18. 

Re sul t: The spectrmn followed a I/f law in the lov! frequency reGion, 

and fell to the shot noise level at 700 cps. The spectrmn was 

3 db below the spectrmn measured ,-Ji th the audio load resistor 

in the circuit. 

Conclusion: Flicker noise in the noise modulation on the rf signal 

Has not due to direct modulation caused by the audio noise 

signal appearing across the audio load resistor. 

7) Nature of experiment: noise povTer measurement, 

Purpose: to measure the variation of the magnitude of the noise 

modulation on the rf signal as a function of plate current at 

a low frequency. 

Noise source: audio output of the detector, Vlhlch represented the 

noise modulation on the rf signal. 
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Refer to: page 64 , Fig. 20. 

Result: The magnitude of the square of the noise voltage varied 

directly as the square of the plate current at a modulation 

frequency of 100 cps. 

Conclusion: The noise modulation on the rf signal at low modulation 

frequencies was due primarily to flicker noise, which 'tTaS the 

only noi se being generated in the circuit vThich varied as r2• 

8) Nature of experiment: Lissajous correlation experiment. 

Purpose: to provide Lissajous patterns representing knovm percentage 

correlations of tuo noise signals for comparison purposes. 

Noise sources: (1) thermal and circuit noise generated in an 

amplifier chain. (2) Thermal and circuit noise generated in 

this and a second amplifier chain, mixed in knovm ratios. 

Refer to: page 65, Figs 21, 22. 

Result: Patterns were obtained for zero, 25%, 50%, 75%, and 100% 

correlation for comparison with experimental measurements. 

9) Hature of experiment: Lissajous correlation experiment. 

Purpose: to discover anY coupling between the two noise amplifier 

trains. 

Noise sources: No power was supplied to oscillator. 

(1) thermal noise in the oscillator audio load resisto~. 

(2) thermal noise in the detector load resistor. 

Refer to: page 66. 

Result: No correlation ..... ras detected. 

Conclusion: There was no interaction between the two amplifiers, 

due to their proximity. 
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10) Nature of experiment: Lissnjous correlation experiment. 

Purpose: to discover any correlation due to e;eneration in the same 

circui t of the t"\>TO sienals under investigation. 

a) l10ise sources: The oscillator was not permitted to oscillate. 

1) noise generated at audio frequencies in the tube. This noise 

signal appeared across audio load resistor. 

2) thermal noise in the detector load resistor. 

Refer to: pa~e 66. 

Resul t: No correlation "\"'5.S cletected. 

b) Noise sources: The oscillator '.-.ras operating, l,ri th the audio 

loud resistor short circuited. 

1) r~oise generated by the amplifier chain. 

2) Noise detected as a modulation on the rf signal. 

Refer to: page 67. 

Result: Ho correla.tion was detected. 

Conclusion: (a and b) There Has no interact.ion betueen the t"ro 

noise sources due to the fact that they 'tJere in the same circuit. 

Il) Nature of experiment: Lissajous correlation experiment. 

Purpose: to determine Hhether thefUdiO noise signal appearing 

across the audio load resistor in the plate circuit of the 

oscillator Has modulating the rf signal directly. 

SiGnal sources: 1) audio signal applied to audio load resistor. 

2) detected audio noise modulation and signal modulation on the 

rf oscillation. 

Refer to: page 67. 

Result: One millivolt of audio signal was required to modulate the rf 

signal to a detectable degree. 
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Conclusio:':1: Hoise signals appearing at this point were 40 db 

belm'l l milli volt. Therefore, modulation of the rf by the 

audio :':1oise did not occur in this manner. 

12) Nature of Experiment: Lissajous correlation experiment. 

Purpose: to discover any correlation due to hum signals, or external 

audio signals. 

a) Signal sources: 1) 60 cps mains signal. 2) either the noise 

signal generated at audio frequencies vutlnn the oscillator 

tube, or the audio noise modulation on the rf signal, and 

selected frequency bands from these signaIs. 

Refer to: page 67 • 

Resul t: Ho correlation \vas detected. 

Conclusion: rTo correlation was caused by the occurrence of hu.il 

signaIs anywhere in the system. 

b) Signal sources: 1) variable frequency audio oscillator. 

2) ei ther noise signal originating in the rf oscillator, or 

selected frequency bands frœn these signals. 

Refer to: page 68 • 

Result: rTo correlation "ras detected ut any frequenc~r. 

Conclusion: hny observed correlation uas not caused by an ex-ternal 

audio signal. 

1.3) nature of e:xperiIT!.ent: photogr&.phic recording of noise traces. 

Purpose: to detect a correlation bet..reen audio frec~uency noise 

generated. in the rf oscillator and audio noise moduldion 

occvrrins on i ts rf output, by a comparison of photocre.phic 

records of the noise tr&.ces. 
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Hoi se sources: 10u frequenc;r bands of Doi se selected from the 

t,,;o noise si~nals listed above, vlhich 'Here generE..ted in the 

electron-coupled rf oscillator. 

Refer to: pace 63, Fic. 23. 

Hesult: Frequency bands from 25 cps to 80 cps Here tested. In all 

cases an easily detectable correlation w::.s observed. 

Conclusion: The tuo noise signcls had the sa."1lc oricin Hi thin the 

oscillator. 

14) Hature of experiment: Lissajous correlation measurement. 

Purpose: to detect a correlation bet,·;een the t'\·;o noise signE.ls tested 

above by mea.l1S of the Lissa.jous fiGure me~hod. 

a) Hoise sources: 1) noise at audio frequencies end 

2) noise modulation on the rf sicnal, cenerated in the electron­

coupled oscillator. 

Refer to: paGe 69, Fig. 24, 25. 

Re::mlt: about 5OJ; correlation .. ras indicated at E..ll frequencies tested 

fI' OTa. 25 cps to 10 l~c. 

b) Noise sources: 1) audio noise and 2) the noise modulation 

on the rf signal, cenerated in the crystal controlled oscillator. 

Refer to: paGe 74, FiG_ 26. 

Re::mlt: About 25;~ correlation H8.S indicated in this CE..se. 

Conclusion: l'bise occurrinz at audio frequencies ,-,ri th an oscillator 

tube also appeéXs as an audio noise modulation on the rf output 

of the oscillator. 
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3. noise Spectra 

(a) General Considerations 

2 
Noise is measured, either as a mean square voltage, en' or a mean 

? 
square noise eurrent, i;. Ei. ther of these c;uanti ties is related ta 

noise pmJer through the resistance of t.he noise source. Therefore, 

measurements of e~, or i~ are commonly referred to as noise pm·rer 

measurements, sinee such measurements can easily be chanGed into noise 

pm,rer data. It should be recognized that a vacuum tube is a noise 

current generator, and the noise pm-1er generated depends upon the 

resistance t:hroueh ",rhich the noise eurrent passes. 

Since noise oecurs throughout the frec;,ueney band, and does not 

possess a finite a.r.lount of pm.J'er at a specifie frequency, a noise 

densi ty must be ealculatecl, ei ther as a power densi ty, in i .... atts peI' 

cycle, a mean square noise voltace density, in volts squared peI' cycle, 

or a mean square r:oi se current densi ty, in a.JTlpereS squared peI' cycle. 

Tt I·/aS desired to detect the presence of flicker noise by measurinc 

the noise povrer spectra. From section II, i twill be seen that there 

are t'ltTO types of noise present in the system; flicker noise, whose 

magnitude varies as l/f, and shot, thermal and partition noise, Hhose 

J'l8.t;ni tude is inc1ependent of frequency. This m.2,y be represented by 

e~ = A + ] V - 1 
f 

Hhere "i. and B are constants of proportionali ty. Taking the logar-

ith~s of bath sides, 

Hhere 12 ~ li. 
f 

log e~ = log (A + ]) 
f 

~ -: log B-log f 
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Therefore, if the spectra are plotted on a logarithmic scale, the 

presence of flicker noise will be indicated by arise at lov! frequencies 

vlith a slope of minus one. 

(b) Heasurements on Thermal Noise. 

The purpose of tbis experiment '\rIas to test as a function of frequency 

the accuracy of the measuring system uhich vJaS described in section III, 2. 

For this purpose, measurements vIere made on a 600 ki.lohm wire wound 

resistor, which, in parallel \-Ti th the input griél. leak resistor of the 

amplifier formed a resistance of 585 kilohms. 

The results of this measurement are p10tted in Fig. 18. The correct noise 

density, which is sho\-ffi as a dashed line, was 9.7 x 10-15 v01ts2/cyc1e. 

The measured value ."as 1.01 x 10-14 vo1ts2/cycle, over the range from 

200 cps to 10 kc. This represented an error of 0.2 db. Below 200 cps 

the f1icker noise in the amplifier can be detected as a further error. 

These measurements shol-red that the system vIaS adequate for measure­

ments of mean square noise voltage density as small as 2 x 10-15 volts2/ 

cycle wi thout any correction for amplifier noise down to 100 cps. Betvreen 

100 cps and 10 cps, noise densities less th~~ 10-14 vOlts2/cycle required 

corrections for amplifier noise. 

(c) Heasurement of the Detector Noise Spectrum. 

The purpose of this experiment '\rIas to detennine the magnitude of 

the noise introduced into the signal by the detector \-!hich '.JaS used to 

detect the noise modulation on the rf signal. For this purpose, the 

oscillator was disconnected from the detector, and a 12 volt direct 

current voltage \.Jas applied between its plate and ground in order t.o 

simulate operating conditions. 
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The noise spectrum measured under these conditions is plotted in 

Fig. 18. It will be seen that at frequencies beloH 200 cps this spectrum 

folloHS a llf lm'l, indicated by the dashed line '\-Ii th a slope of -1. This 

indicates the presence of flicker noise. 

The rise at the high frequency end of this spectrum indicates that 

at frequencies above 5 kc the effect of capacitive loading on the ampli­

fier input circuit made measurements unreliable. 

It ,·Iill be seen that thisnoise spectrulIl lies abou.t 10 db lower 

than the noise spectru~ which was measured for the audio noise modulation 

on the rf signal. Therefore, the detector contributed very li ttle noise 

to the noise signal being investigated. 

(d) Spectrum of the Noise Generated at Audio Frequencies in the Oscillator 

Tube. 

The spectrum of the noise signal which appeared across the audio 

load resistor in the plate circuit of the oscillator "JaS measured. The 

audio load resistor in this case was 50 kilomns. This signal represented 

the noise generated at audio frequencies in the tube. 

This spectrUJ!l is plotted in Fie. 18. It ~·Iill be seen that i t follows 

a llf laH at low frequ.encies, Hhich indicates the presence of flicker 

noise in the signal. Above 1 kc, the spectrum falls to a level of 

1.02 x 10-12 volts2 per cycle. 

In calculating the shot noise level in a tube, it is customary to 

assume a value of 1/5 for the space charge smoothing factor, r 2, if 

more accurate information is not available. This value of r2 "r.i.ll 

almost certainly be vIi thin a factor of 2 of the correct value. 
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If a value of 0.2 is assumed for the space charge smoothing constant, 

the shot noise level may be calcu~atedl, 

2 (r
2

) R2 en = 2elp Is + Ip L 

I + l s p 

where Ip = plate current 

Is = screen current 

from the formula 

v - 2 

and RL = audio load resistance in this case. This calculation 

yields a shot noise level of 6.25 x 10-13 vOlts2/cycle which is in fair 

agreement with the experimental result of 1.02 x 10-12 volts2 per cycle. 

(e) Spectrum of the l:illdio Noise Nodulation on the rf Signal. 

The purpose of this experiment was to measure the spectrum of the 

noise modulation on the rf signal and to compare it Hith the spectrum 

of the noise occurring at audio frequencies. 

This spectrum is plotted in Fig. 18. It vdll be seen that it had 

almost the sarne shape as the spectrQm of the noise at audio frequencies. 

It folloHs a l/f lavl very closely below 200 cps, which indicates the 

presence of flicker noise. 

The curve fulls to a shot noise level of about 2.5 x 10-14 vOlts2/cycle. 

One may estimate the Q of the tank cireui t loaded by the detector, at 10, 

sinee it was deliberately designed to have at low Q in order to minimize 

the effect of any frequency drifts upon the amplitude of oscillation • 

.iUlowing for 1drinG capaci tance, the tank circuit inductance may be 

calculated as 33 microhenries. The resonant impedance of the tmL~ circuit 

is therefore 10.8 Idlohms. Substituting this value into equation V-2 

and again using a value of 0.2 for r 2 yields a shot noise level of 

3.05 x 10-14 vOlts2/cycle. The almost exact agreement between theory 

1. See section II, 4. 
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and measurement is gratifying, but it is, of course, slightly fortuitous 

in view of the fact that both the value of r 2, the space charge smoothing 

factor, and the Q of the tank circuit could only be assumed. However, 

the assumption of the value of 0.2 for r- 2 is partly justified by the 

agreement obtained with experiment in calculating the shot noise level 

in the case of the noise generated at audio frequencies in part d. The 

results obtained in the calculation of the noise current I-lhich would 

have generated the noise modulation on the rf sienal, in part f of this 

section, together 'Hi th the agreement obtained in this section bet'/Ieen 

theory and experiment tended ta support the assumption made of the value 

of::. A higher value of Q ,·!Ould have resulted in much too high a value 

for the calculated shot noise level while a lower Q \<Iould have meant 

that more noise current \-las generated as a modulation on the rf signal 

than vIaS present as audio noise on the tube. 

The measurements in this experiment clearly indicated the presence 

of flicker noise as a modulation of the rf output of an oscillator. It 

i-!aS concluded from these measurements that noise generated at audio 

frequencies in an oscillator tube appears as a noise modulation on the 

rf oscillations. 

(f) A Comparison of the Spectra of the Noise Generated at Audio Freq­

uencies in the Tube, and the ."l.udio Noise Hodv~ation of the rf Si~nal. 

il vacuum tube may be considered as a noise current generator. The 

noise voltage '.,Thich i8 r.J.easured is the product of the noise current 

generated and the impedance across 'Hhich the noise is measured. 

~l. comparison ,-ras made of the mean square noise current spectra of 

the noise currents vlhich gave rise to the noise voltages of the noise 

generated at audio frequencies and the noise modulation on the rf signal, 
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measured in parts d and e of this section. The purpose of this cal­

culation "ras to discover Hhat relationship ex:isted between the magnitudes 

of the t'l-lO noise signaIs. 

The noise current for the noise occurring at audio frequencies 'l-Ias 

calculated from Obmls la,,! using the kno ... m 50 ldlohm audio load resistance. 

The rf signal is generated by an rf current modulated by an audio 

noise signal acting on the resonant impedance of the tank circuit. This 

impedance has already been calculated as 10.8 Idloh.ms. The detector, iihich 

is a voltage measuring device, measures the rf amplitude as a steady 

voltage (12 volts) and the noise modulation as a voltage fluctuation at 

an audio frequency. The measured noise voltage is therefore determined 

by the impedance of the tank circlut at the rf oscillation frequency. 

The noise current for this noise Has therefore calculated froI1 Ohm.ls 

laio!, usine the measured noi s e rr.odulation voltage and the calculated 

resonant impedance of the tar~~ circuit. 

Fie. 19 is a plot of the resultine; mean square noise Cl1rrent spectra. 

It "Jill 1e seen th!3.t the tHo apectra aLlloSt coincide belo\-! 500 cps, uhere 

the majority of the noise modulation on the rf sisnal is due to modulation 

by the audio noise signal; ana. that their .... Iidest separation, at 7000 cps, 

is o:uy 3 db. 

It is apparent therefore that the noise cu..-r.rent fluctuation seneratine 

the noise occurrin:z at audio frequencies may also be considered ta 

e;enerate the audio noise modulation on the rf signal lIThich occurs due 

ta this source. 

(d 3pectrum of the Audio Noise Hodulation of the rf SiGnal ·Hi th the 

.Audio loud Impedance Removed. 

The purpose of this experiment v!as to discover any change in the 
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spectru:n of the noise modulation of the rf Hhich occurred ~.,rhen the audio 

load. resistance Has removed from the plate circuit of the oscillator. 

The spectru.ra of the noise modl.ùation 'di th the audio load resistor removed 

\oms measured and is plotted in Fig. 18. It ,·dll be seen that i t lies 

about :3 db belo~l the original noise modtùation spectru.rn, and is slightly 

changed in shape. I-Io~.,reve!' i t still indicates a larGe content of flicker 

noise, Hhich sho~.[s that a modulation depending upon the noise zenerated 

at auè~o frequencies did appear on the rf signal, independent of the audio 

load resistor. 

It mieht be concludecl frOID the differences in the t~-10 spectra that 

sorne direct modulation of the rf sienal l.[as occurrine; due to the audio 

noise signal appearing across the audio load resistor. Later experiments 

sh01..,red that this de fini tely VIas not the case. It can oruy be sueeested, 

therefore, that the differences betHeen these t,'JO spectra Here caused by 

some change in the operatine conditions of the tube ' due to the removal 

of the load resistor. 

(h) Variation of' the Noise [·bdulation ,·dth Plate CUI'rent. 

A series of .measurements ,vas made of the noise modulation on the 

rf signal at a modulation frequency of 100 cps, for diff.rent plate 

currents. The screen voltase Has varied in steps of 22 1/2 volts from 

45 volts tO 112 1/2 volts, Hhich res'.Ùted in plate C;J.rrents l'anGine 

from 0.65 ma to 2 ma. 

FiG- 20 is a plot of the va.riation of the mean square noise voltage 

as a function of the square of the plate current. It 'dill be seen frOID 

this Clœve that the magnitude of the mean square noise voltaze varies 

linearly Hi th the square of the plate current over the greater part of 

the ranse of measurement. The departure from this la", at lOT" currents 

is difficult to explain, and i t can only be sueGested that at these 10111 
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currents, sorne chanse in the efficiency of the modulation process. may 

have occurred. 

It '/JaS concluded from this experiment that nearly all of the noise 

occurring as a modulation on the ri si~nal at 10irl audio frequencies ".vas 

due to flicker noise, since this is the only type of noise beine generated 

in the circuit ':lhich varied as the square of the plate current. 

4. Correlation l~easurements 

(a) General CO::1siderations 

The put'pose of the correlation measurements Has to ShOH that the 

noise signal occDxrine as a modulation on the rf signalhad the same 

fluctuations, or time variation as the noise signal occurring in the 

tube at audio frequencies. The approximate degree to ',!hich this is 

true, whi.ch may be stated as a percent age of correlation, Has also 

of interest. 

(b) Reference Patterns for Lissajous Correlatio::1 Vteasurements. 

The percentage of correlation of experimental Lissajous correlation 

pat terns could be deterwined by compari son \-Ji th patterns of a knO'lffi 

percentage of correlation. .il. circuit, l1hose schematic diagram is gi ven 

in Fig. 21, uas built to provide such reference patterns. 

The hJO arn.plifier chains \vere arranged to deli ver completely un­

correlated noise, originating as theTIual noise in the input resistors 

of the prearnplifiers. One of these noise signals ,vas used as the first 

signal forming the Lissajous f,igure. The t".vo sie:nals \1ere then mixed 

in a knOloffi ratio in the circuit in Fig. 21 to fOTIn. the second signal 

used in generating the Lissajous pattern. The resulting patterns for 

varions correlations are ShO'lV11 in Fig. 22. The percentages of correlation, 



Channel 

INPUT 330k 

+300 

47k 

l (j\JTP~T 

~---""11 r O.Wfd Channel 2 

6SN7 INPUT 

500k 

25lJfd 

-
"?I;}. ')~ 3CIŒ? !:.~!C DI;C:' ;.'';' l 07 ='~IT ':;I::'.'JTT:':' TjJEl) TO :.[1 T:':O ~~·~C:.J>..ELt~~EI) =~OI~E SIG·::.:J:3 I:~ ... l ::~O~·i:; P'}.'TIO 

1 
,::,,­
\.J "\ 
lè 
1 



-65b-

a) Zero correlation 

b) 25~; correlation c) 50% correlation 

d) 75% correlation e) 100% correlation 

FIG. 22 LISSAJOUS CORRELATION PATTERNS REPRESENTING KNŒm 
PERCEHTAGES OF CORRELATIOn FOR REFERENCE PURPOSES 
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in this case, are Im01",l.1 to "Ii thin 5%. The shape of these patterns "ras 

found to be independent of the frequency of the band of noise selected 

to form them. 1111 patterns are 10 second exposures, and therefore 

represent inteGrated patterns. Comparison of patterns obtained experi­

mentally '\d th these patterns enables the percentage correlation of the 

experimental patterns to be determined approximately. 

(c) Control Experiruents • 

. .1. munber of experiments Here carried out to Sh01.,r that no correlation 

occurred in the measuring system described in section III, 3 due to 

spurious or external effects. In each experiment, the Lissajous figure 

method, which is a very sensi ti ve method, "las used to detect any corre­

lation ,.,rhich l-raS occurring. 

In order ta discover any interaction ,.,rhich ',ras occurring between 

the two amplifier chains due to their proximi ty or because the signals 

they arnplified vIere generated in the same circuit, three experirnents 

were carried out. In all cases both am.plifier chains \·19re connected 

to their respective signal outputs of the oscillator. 

In the first case, no p01.,rer was supplied to the oscillator. The 

siGnaIs amplified ,\.,rere therefore the thermal noise signaIs generated 

in the audio load resistor and the detector load resistor in the oscill-

ator. 

Ho correlation I.,raS detected. It \-Tas therefore concluded that there 

"Tas no interaction betl.,reen the hIO amplifier chains due to their 

proximity. 

In the second experiment, po,rer ,.;ras supplied ta the oscillator, 

but oscillations \·lere stopped by grounding the oscillator grid. In 

this case, audio noise Has generated in the tube, and appeared as a 
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sienal across the audio load resistor. This formed one output signal. 

Since no rf signal was developed, the noise o~tput froID the detectQr 

circuit was the thermal noise generated in the detector load resistor. 

No correlation '-ras detected in this case, shoHing that no interaction 

resulted from the eeneration of the two noise signaIs in the same 

circui t. 

In the third case, the oscillator was permitted to oscillate, but 

the audio load resistor was short circuited. In this case, an audio 

noise modulation was detected upon the rf signal and forrued the output 

of the detector. The other noise sie;nal Has the noise eenerated in the 

amplifier chain. 

No correlation '.-JaS detected, sho-..dng again that no interaction 

resulted from the two noise sienals being generated in the sarne circuit. 

Heasurements ~'Tere !Uade to determine i.fhether the audio noise signal 

appearing across the audio load resistor in the oscillatQr plate circuit 

could modulate the rf signal directly. 

~li th the circuit operatine; in i ts normal condition, an audio signal 

at the frequency of the fi1ters was applied across the audio load resistor. 

It was found that 1 millivolt of signal was necessary at this point in 

order to produce a detectab1e modulation of the rf signal. The maximum 

audio noise signal measured at tbis point Has less than 10 microvolts, 

Hhich is 40 db be101'[ the sienal required to produce a detectable modulation. 

It Has therefore concluded that no modulation of the rf signal took place 

in this manner. Further, this experiment shoi.Jed that no audio signal 

appearing at the output of the detector could leak back through the 

circuit to the audio noise circuit. 

Experiments \vere carried out to sho .... ! that no extraneous audio signal, 
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such as a hum signal, \oIES occurring in the system and causing correlation 

ta appear. 

The "Luirhead Pametrada 11ave .malyser, set at i ts highest .~ position, 

vras used ta search for hu.m in the noise occurring at audio frequencies 

in the oscillator, and the audio noise modulation on the rf signal. No 

trace of h\.Ull could be fO'J.l1d. 

Selected frequency bands from each of the tl.fO noise signals in turn 

were used as one of the Li ssajous signaIs, \-Ii th a 60 cps mains signal 

forming the other. lIo correlation \-Jas found. 

The same bands of noise from the same two signals were separately 

tested for correlation vdth the output of a variable frequency audio 

oscillator. No correlation could be found at any frequency. 

It Has therefore concluded that no correlation occurred due ta 

external audio signaIs either at hum frequency or any other audio 

frequency. 

It \-las fel t that these control experiments sho"Ted that any correlation 

detected betvreen t\.J"O noi se signals applied to the input of the amplifier 

systems under the conditions of thi s experiment \-las real, and did not 

occur due to any spurious effects. 

(d) Correlation .t·~asurements on the Electron-Coupled Oscillator. 

The degree of correlation of the noise generated at audio frequencies 

within the oscillator tube ~~d the audio noise modulation on the rf output 

of the electron coupled oscillator was investigated, usine the methods 

described in section III, 3. 

THO noise signals, obtained by selecting similar bands of frequencies 

from the noise generated at audio frequencies in the tube, and the audio 

noise modulation on the rf signal vIere displayed simultaneously on a 
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double beam cathode ray oscilloscope. A high deeree of correlation 

could be detected visually at frequencies up to 200 cps in this m~Dner. 

Above this frequency the eye cannot folloH the noise fluctuations fast 

enough to detect correlation. 

Fig. 23 a, c, and e, are photographs of these noise traces for 

frequencies of 25 cps, 50 cps and 80 cps. Fig. 23 b and d are similar 

photographs of uncorrelated noise at 25 and 50 cps for comparison purposes. 

It vûll be seen that the correlated noise traces are 1800 out of 

phase. This is due to the 1300 phase shift introduced by the audio load 

resistor of the oscillator. P~art from this, the correlated noise traces 

are alike in vrave shape, phase and amplitude. The uncorrelated noi se 

traces, on the other hand, bear no consteBt relation to each other in 

any of these \-lays. 

It vall be seen froID Fig. 23 e that the speed of the camera mechanisID 

limi ted useful recording by thi s means to frequencies belOi" 80 cps. 

The percentage of correlation of the t"IO signals cannot be estimated 

Hi th any accuracy froID these photographs. A lencthy mathematical a'''l.alysis 

is necessary to obtain this information froID this type of record. 

Correlation measurements were made of noise from the electron-coupled 

oscillator by the Lissajous method at frequencies from 25 cps to 10 kc. 

Correlation was observed at all frequencies tested. 

Figs 24 and 25 are a series of photocraphs of the resulting patterns. 

On each page a Imovm 5Oj~ correlation pattern frOID Fig. 22 is reprinted 

for comparison purposes. 

nI the patterns shown for the oscillator noise except Fig. 24b are 

la second exposures, representing integrated pictures. It idll be seen 

that the degree of correlation appeared to be about 50% for all frequencies 
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u) Corre1ated noise in a 4 cps band about 25 cp~ 

b) Uncorre1ated noise in a 4 cps band about 25 cps 

c) Corre1ated noise in an 8 cps band about 50 cps 

d) Uncorre1ated noise in an 8 cps band about 50 cps 

e) Corre1ated noisp in a 12 cps band about 80 cps 

FIG. 23 SEG1:lENTS OF HOTOGP.. HIC PECORDS 
OF 2T.. .... >t.l\C:I FRE ... L'E:JCY B.ùlDS OF POISE 



a) Known 50% Correlation 
Pattern for Reference 
Purposes 

c) Correlation in a 4 cps 
band about 25 cps 
10 second exposure 
Estimated Correlation, 40% 

e) Correlat on in a 35 cpS 
band about 200 cps 
10 second exposure 
Estimated Correlation, 501 
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b) Correlation in a 4 cps 
band a bout 25 cps 
l second exposure 
Estimated Correlation, 80% 

d) Correlation in a 12 cps 
band about 80 cps 
10 second exposure 
Estimated Correlation, 40% 

:) Correlation in a 70 cps 
bund about 400 cps 
10 second exposure 
Estin,ated Correlation, 5a: 

FIG. 24 LISSA.TOUS CORRELATIOn PATTERns 
FOR THE ELECTRŒJ COUPLED OSCILLATOR 



a) Known 50% Correlation 
Pattern for Comparison 

c) Correlation in a 200 cps 
band about 1250 cps 
Estimated Correlation, 60% 

e) Correlation in an 800 cps 
band about 5000 cps 
Estimated Correlation, 60% 
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b) Correlation in a 130 cps 
band a bout 800 cp::; 
Estimated Correlation, 50% 

d) Correlation in a 400 cps 
band about 2500 cps 
Estimated Correlation, 60% 

f) Correlation in a 1500 cps 
band about 10000 cps 
Estimated Correlation, 60% 

FIG. 25 LISSA.JOUS CORREL! TION PATTERNS 
FOR THE EL~TRotl COUPLEI> OSCILLATOR 

alI exposures are 10 second exposures. 
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.. Ii th a slightly hieher · correlation at higher frequencies. This \-Tes 

contrary to expectations, for it was eÀ~ected that the createst correla­

tion "muld exÏ.st at the lm·Ter audio frequencies, vlhere the majori ty of 

the noise m.odulation on the rf signal "ras due to the large c;.uanti ty of 

flicker noise occurring in the tube at audio frequencies. At higher audio 

frequencies, the noise modulation on the rf siGnal due to audio noise 

occurring in the tube ,·rould be expected to be smaller in relation t.o 

the noise actually occurring in the tube at the rf frequency. 

This can be explai.ned, at lel3.st. in part, by the fact that in spi te 

of aIl the precautions taken, the oscillator-detector circuit "ras still 

somel'lhat microphonic. This micropho!1Y chiefly affected the rf uarts of 

the circuit and the detector, and would thus be expected to affect the 

noise modulation on the rf signal more strongly than the noise being 

generated at audio frequencies. This effect was actually observed 0!1 

the monitor oscilloscope. 

The noise added by small microphonic vibrations I·TOU.ld be expected 

to be Iml frequency noise. For this reason, the percenta~e correlation 

might ap:?ear to be less at 10',T frequencies than at high frequencies for 

an integrated picture. Fig. 24b is a one second eÀ~osure of the pattern 

occurring for 25 cps noise, and clearly ShO".IS that the percentage correla­

tion of the noise at this frequency Vlould actually be about 75% 1.Jere i t 

:lot for m.icrophonic interference. 

The correlation observed was not itself the product of microphony, 

since i t '.JaS observec1 at all frec~uencies. This \-lOuld be extrer,lely 

unlikely if i t \·lere causec1 by microphonic vibrations. 

These correlation measurements on the electron coupled oscillator 

ShO\oled that the noise occurring at audio frequencies I.dthin an oscillator 
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tube appears us a modulation upon the rf output of the oscillator. 

(e) l·~ee..surements on the Crystal Controlled O:::cillator. 

A serie:3 of correlation measurements, usins the Lissajous method., 

,<!ere perforrned on the cr~Tstal controlled. oscillator. Correlations of 

é:.bout 25;~ l,·lere detected. in tris CD..se. 

This oscillator uas much m.ore susceptible t.o extraneous noise the.n 

the electron coupled oscillator, and. the fact that this resu~ted in a 

10Her percentac;e of correlation a[;ain sho\·red. that rricropho!lY and extr&neous 

noise ,rl.ll reèuce the desree of correlation. 

Fig. 26 is a series of photoGraphs sho\·rl.nG Li:3sajous patterns obtained 

for this oscillator. 

These observations on the crystal controlJ.ecl oscillator served to 

Gonfirm the conclusion that the noise generated in an oscilla.tor "Lube at 

audio frequencies appears as a Ttlodulation on i ts rf outpl1t. 
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a) Known 25% Correlation 
Pattern for Reference Purposes 

, ) Correlation in a 120 cps 
'~nd rtbout 800 cp~ 
l second exposure 
Estimated Correlati,)n, 15% 

d) Correlation in " 5 
band arxmt 320 ""ps 
10 ~econè exposure 
EJtirn~ ·;".,;d ènrrel'ltion, 2lff, 

c) C01'r('l~tioTl in a 120 c."' 
r.f~n(' e..t . ..o:.lt 8 cps 
l/~: ~eco~è AxpoSQrC 

B~t:m~te~ Correlation, 25% 

c ) on i 
h .. nd aoout 320 -::rs 
1/2 second exp0~lœe 
Estimated Correlation, ?51 

FI'}. 2G LISSilJOE'. CORREL.\TImi F.~"'TrnHS 

FŒ{ THE CRYST .iL COPTROI.LED OSCILL.iTOR 
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VI DISCUSSIŒT ~JID CONCLUSIOl::3 

.;~ series of experiments \oras carriec1. out Hhich shouec1 th.<:t noise 

Generate~ ut audio frequencies in 8.. radio frequency (rf) oscillator tube 

also appear~ as an audio noise lï:odulation upon the rf output of the 

oscillator. This is a ne\oJ and hi therto unrecoGnized source of noise 

in an oscillator. It may ..rell be the major source of noise ut lo\{ 

modulation frequencies, since fliclcer noise, at very 10-.1 audio frequencies, 

is the larcest source of noise in the tube. 

This re~;ult \·,.;:s estublished by comparinc; the noise r:;enerated ut 

auèio frequencies I·lith the audio frequency noise mod~ation on the rf 

siGnal in tuo ',.Ju;;rs. The frequency spectru of the t~.,ro noise signals '\oJere 

meas1J.re~ and compareè (Fics 18, 19)- and the correlation, or desree to 

uhich the tuo noise U8..ve trains -,,fere alixe HilS deterrrine~ (FiCs 23, 24, 

25, and 26). 

The rueasurements of the noise spectra of an electron-coupled 

oscillator operating at 5.06 lIe shO'\{ed thc..t the noise cenerated at audio 

frequencies and the noise occurring as a modulation on the rf sicnal had 

approyimately the same spectral distribution, each spectrum showinc the 

presence of flicker noise. Further, i t \-Tas found tho.t toth these r:oise 

siGnals cocld be consideree] to be cenerated by the sa'1le noise current 

(Fig. 19). In the case of the noise at audio frequencies, this noise 

current, passing through the audio load resistor ir.. the plate circuit 

of the oscillator Generates the meusured noise voltase. The sa.'1le noise 

cvxrent moè.ulates the rf ccrrent, '.oJhich generates the rf signal across 

the resonant impedance Of the plate tan~( circ1..u t. This lUeéms that the 

noise modulation voltage may be calculated by mtùtiplyinc the audio 

noise current by the resonant impedc..nce of the tank circuit. 
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It HG.S further shoun that the noise modulation on the rf sit:;nal 

at a 10'\·[ audio frecluencJr varied as the square of the plate current, as 

vlOuld be expected if this noise uere caused by flicker noise. 

The de';Tee of correlation of the t'IJO noise siGnals vas investiGated 

in two ~·!ays. 

SignaIs representing bands of lou freCiuency noise selected by 

filters from each of the noise signals, vTere displayed simultaneously 

on a double beam. oscilloscope Gond photocraphed. .il. visual comparison 

of the photOGraphie records revealed the correlation betueen the two 

noise trains. (Fi g. 23.) 

Frequency bands were selected at frequencies fron 25 cps to 10 kc 

from bath the noise generated at audio frequeneies and the audio noise 

modulation on the rf signal, and i..,rere c::.pplied to the vertical and hori­

zontal deflection plates of an oscilloscope. ~ln elliptical Lissajous 

figure resulted. From the the ory of Lissajous fi~ures, this pattern 

,~uld have been a straight line lyine at an angle across the sere en for 

perfect correlation, and i.vould have beeome circular at zero correlation 

(Fig. 22). For the electron-coupled oscillator, about 50% correlation 

i.·ras found betueen the t'.-1O noise signals at 0..11 frequencies; for a 

crystal controlled oscillator, whose output contained mueh extr.aneous 

noise, 25js correlation vras observed. 

These correlation experinents demonstrated the fact that the noise 

generated at audio frequencies in the tube appears, in exactly the S8llle 

Have shape, us a moclulation on the rf signal. 

A num.ber of experiments i.vere perforI!led ta shaH' that the results 

obtained uere not due to spurious effects sueh as interaction of the 

a~plifier chalns, direct modulation of the rf bj~ the audio noise signal 
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appearinz 2.t. the plate, or interference by external signals. 

Section V, 2, is a complete surnrn..ary of the experiments performed. 

The process Hhereby the audio noise modulates the rf signal may 

be understood by considering the process of modulation. In that case, 

an external siznal i s applied to one of t.he controlling elements of the 

tube in such a ~ay that the operatine conditions of the tube are chanced 

according to the instantaneous value of the applied modulation signal. 

This results, in turn, in a variation of the mean plate current in the 

tube according to the modulation signal. The marnitude of the rf signal, 

,·rhich depends upon the mean plate current, is therefore varied by the 

applied modulating signal. 

"(·Jhen a noise signal is zenerated ,·rithin the tube, it appears as a 

modulation on the plate current, as if it had been applied as an external 

signal. The noise sicnal "rill therefore appear as a modulatior, :)n the 

rf signal. The magnitude of the modulation 'Hill be governed solely by 

the magnitude of the noise I!J.oclulation on the mean current. 

It is important to be able to calculate the maGnitude of the noise 

modtùation on an rf signal at any modulation frequency. Thi s ma.y be done 

quite simply front one measurement of the mean noise current senerated 

,·ri thin the tube at a 10'" audio frequency. It should be recognized, 11ov[­

ever, that the calculation does not t~~e into account the large quantity 

of microphonic noise Hhich is present in most rf oscillators. 

For eX&~ple, from Fig. 19, the mean square noise current for the 

noise generated at a frequency of 25 cps ~1Î. thin the oscillator was 

6 x 10-21 amperes2/cycle. This current, passing through the calculated 

resonant tank circuit impedance, of 10.8 ~dloh.TUs, vmuld result in a 

mean s~uare noise voltage of 
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-2 .2 r2' 
en = ln --L 

= 6 x 10-21 x (10.8)2 x 106 

= 6.75 x 10-13 vo1ts2/cyc1e at 25 cps. 

The measured value of the mean square noise modulation vo1tace at 25 cps 

was 7.40 x 10-13 v01ts2/cyc1e. The error Has therefore 0.5 db. 

It has been shovm that \.Ji thin the flicker noise ranGe, the mean square 

vo1ta~e of the noise modulation on the rf varies accoràing to a l/f 1ai·[. 

Therefore, from the sarr~ sinc1e measurement, the noise at any frequency 

vdthin the flicker noise range may be calculated. 

For examp1e, using the same fieures to find the noise at 100 cps, 

e~ (100 cps) = e~ (25 cps) x 25/100 

= 6.75/4 x 10-13 

= 1.69 x 10-13 v01ts2/cyc1e at 100 cps. 

The measured velue (FiG. 18) uas 1.65 x 10-13 v01ts2/cyc1e. In 

this case, the error is 0.1 db. 

Simi1ar1y, i t has been sh01m, (Fig. 20) that the mean square noise 

modulation voltage varies as the square of the plate current. Therefore, 

the noise at any other pIc_te current could be calculated from the formula 

(~)2 
(Iz)2 

These ca1clùations provide eri teria for the design of osei11ators 

for specifie applications. The phenomenon described in this thesis mill{8S 

it imperative that this source of noise be considered in ail applications 

uhere noise modulation on an rf sie;nal is of importance. 
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.. U>PENDIX . 

il. derivation is given of the expression relating the mean fluctuation 

of a noise measurement to the :nean noise pO',fer, in terns of bandwidth 

and circuit time constant. 

Let w(f) be the pO\.J"er spectrum of the noise output of the filter 

before squaring. 

Let g (f) be the time respo!lse of the smoothing circuit, wi th F01.1I'ier 

transform S (f) • 

The squared noise has a mean D.C. am.pli tuc1.e, equal to 

/w~) df. 

The mean D.C. level of the output of the square Im.J" detector and 

smoothing circuit is 

06 00 

j,,(f) df i S(o) df 

= j,7cf) df j"" df) dt froIn FOèlrier transform 

theory. 

The RNS va.lue of the fluctuation of this level may be calculated 

as follows. 

The po',Ter spectrum after squaring is 

U(f) = L ~(x) l,Cf - x) dx, 
_06 

or the convolution of the noise spectrum with itself. 

If a sufficiently long ti ~ne constant, correspo!lding ta a narro~.J" 

acceptance band about zero frequency, is used, the high freçuency com-

ponents of this po~er may be ignored. 

The spectral density near f = 0 is 

:1(0) = L ~,(X) wC-x) dx 
_04 .tJ 

= 2 i <1
2 

(f) df. 
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Since we may consider the squared noise to eJ...'tend over po si ti ve 

and negative frequencies, this becomes 
06 

~I' (0) = j,?(f) df. 

The mean sCiuare fluctuation of the o~tput is therefore 

, ~JI (0) 

06 L /S(f)/ 

04 p6 

2df = fl (f) df }2 (f) dt 

fro~ Parseval's theorem. 

The ratio, e, of the R}u value of the output fluctuations, and 

the mean D.C. output level, is therefore 

e = !f~f) df j~(f) dt 

o 0 

j~f) df j~f) dt. 

As the simplest eXaTrlple, the noise is passed throueh an ideal 

rectanzular filter of bandwidth B before squarinz, and the output is 

s;ooothed by an RC netwo!'k of time constant T. 

For a rectan~ulFJ filter 

04 

jW(f) df = B 

~~(f) df = E 

when the noise spectrum is normalized. 

For an RC circuit 

fl(ti dt = i~- ttr 
o cxf °06 j g2(t) dt - f e-2ttr 

dt = T 

dt =1 
2 
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Therefore, applyinZ equation l 

e JB . T/2 
ET 

l -----
J2BT 

For other forrns of filter, by the sume process, i t cc.n be ShO'vffi that 

e = .....i'L rm 
\'lhere .il. is a nwuerical factor, depending on the filter. 
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