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SUMMARY

Radio interference caused by motor car 1gn1t10n gystems, domestic ‘
.appllances and many other electrical devices is discussed, The effects
" produced wpon it by typicel A.M. and F.M. broadcast receiver cirouits are
dealt with both objectively and sub jectively. Principal stress is 1a1d on
the aural’ armoyance produced by impulsive interference emerging from the
loudspea,kers of AM. and F M, sound broadcast ‘receivers,

The theoretlcal cons:.derat::.ons developed later on have been
confirmed by actual measurements both metric, aural and visual., All
statements made ‘during the discussion aré belleved by the writers. to have
been. adequately confirmed :.n practice, -

_ ‘ For the determ:mat:_on of the aural annoyance. of impulsive
, ;nterference in A.M., reception it is found that the listener's ear may be .
taken as. an ideal low pass filter of cut-off frequency 5 ke / - For F.M, -
‘reception this cut—-of.‘f frequency must be :anreased to 8 kc Sa ‘

In view of the banaw:.dth limitation mposed by the ear, it is
found that the audible noise coming from the rece:.ver output, and due to
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impulsive radio interference at the input, is independent of receiver bandwidth
provided this is greater than that of the ear itself.  This is. quite general.
~in that it applies with equal validity to both A.M. and FiM. The maximum
attainable wanted modulation output from an A.M. receiver is limited by the
carrier strength in that distortion will occur if the modulatlon amplitude
exceeds that of the carrier.. In a F.M. system, however, tnerc is no practical
limit to the wanted modulation output; for any deviation, however great, may
be imposed upon the carrier frequency, and it 'is to carrier frequency deviation
that: the wanted modulation output is proportional. . Thus the F.M. aural signal:
to noise ratio is proportional to carrier freguency deviation, and so is the
aural noise improvement of F.lM. over A.M.-

This is true at all carrier levels greater than thaﬁ requarcd to
exceed the FIM/AM improvement threshold. \

If the anti-impuisive 1nterferenoe characterlutlcs of. typlcal
and AM. systems be comparcd, it is found that the aural’annoyance .of +hc :
impulsive noise in the F.M. case is 29 db, less than in the - A,M, case. . This
assumes' that the &.M. receiver has an audio bandwidth.t 1éSs than 5 kq/s,
and that 50118 pre- and-de-emphasis is used in thé F.M: Systcm in conjunction
with a maximum frequency deviation of + 75 kc/s. .The aural: -advantages to be
obtained from the use of 50 BS pre- and de-emphasis-are 2 db. for.A,M. and 6 db,
for F.M. These two figures do not allow for rcductlon in transmitter programme
"line~-up level" to -avoid distortion.” For a 3 db. reductlon in- line. up. 1evel
the two figures glVen above become - 1 .db. and + 3 ab. This. mattcr has been
dealt with in some detail from the subjective polnt of - v1ew by\H L. Klrke in
the B.B.C. Quarterly of July 19&6 ~ ..

The A.m. and‘F M. audlo output peak signal to noise- ratlos are both
independent of the radio frequency receiver bandwidth, provided that this is
"not less than twice the audio bandwidth. The F.M. peak audio output signal
to noise ratio as distinct from the RMS or aural ratios is always 10 db.
greater than in the case of A.M., assuming, of course, equal carrier strengthk
and auglo rlrcu“ts of the de—emﬁhacls tyne.

In the measuremen* of impulse interference Nlth a view to suppr6351on,
Cdifficulty is experienced, particularly for low interference recurrence rates,
due to the high crest factors (ratio of output pulseé peak to R.M.o..valae)
involved. This trouble, which necegsitates amplifiers of relatlvely high -

peak power handling capacity, may be mitigated by using a very ndrrow bard
receiver, thereby rpduc1ng output pulse helght whllst leav1ng all other thlngs
the same.

The very preat imput interference voltages requlred té produce a
typical and normal value of output signal to noise ratio is noted, and it is
remarked that all non-linear receiving devices, such as valves, should at
least in a méasuring set be protectcd by being preceded by selective circuits.
The efficacy of a selective 01rbu1t in reduéing’ the peak value of an 1nterfer1ng
impulsive voltage apn11<d to- 1t is 1ﬂverqely proportlonal to its banéw1dth
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. The presence of -the wanted signal carrier during reception of
dmpulsive interference causes the amplitudes or peaks of the reéceiver output
~pulses of interference to have random values with time (that is,. at each new
recurrence of interference).. The ecar appears to be disturbed by the mean’
value of these random peaks rather than by the greatest of them, Since the
mean value is about L4 db less than the maximum, the aural annoyance is not

quite as great as might be expected from a consideration of the maximum only,
This effect will not apply at very low recurrence rates as each pulse is.

singled out by the ear and disturbs the latter in its owmn right instead of as
a camponent of a more or less even frying noise, ' ’

L ]NTRODUCTION- -

1,1 Definition and Description of Interference

- Electrical in’cérférence may bé,défiri‘:;adl as the cause of any receiver
output force other than that due to the'wanted’signal., It is convenient to
divide it “into at least the following categories:- =~ ‘ o

. First, continuous wave interference. = If the frequency of C.W.
interference differs from that of the wanted signal by an amount less than
the receiver bandwidth, it will produce a beat frequency in the output.  If
it is modulated, this will sppear in the receiver output, and may or may: not .
' be distorted. S ' ' o . -

Secondly, random fluctuation noise, for example that produced by
the Brownian motion of electrons in velves and circuits. In sound receivers
this form of interference produces an even hissing noise, whilst in television
receivers a "moving sand" effect is apparent on the viewing screen. -

Thirdly, impulsive interference.. This may be defined in "time
function" terms as any electric force having a sufficiently high rate of
growth or decay to shock-excite the receiver input circuits. The product of
this excitation, which is itself a function of time, will progress through the
‘receiver and emerge from the output as a time function of voltage or current,
sound pressure, or light and shade, having a waveform which will be -
characterised by those receiver circuits having the longest response time.

In spectral; or "frequency function" terms, impulsive interference may be
defined as an eléctromotive force which has a substantially uniform SpthI'L}m
over the bandwidth covered by the receiver, all of the "spectral lines" being
substantially in phase at the time of occurrence of the interference. . The
e.m. fa &t the receiver output will have a frequency spectrum characterised in.
emplitude and phase by the receiver circuits having the narrowest bandwidth.

_ The relationship between the function of time to which an electricaZ.L
signal conforms and its frequency spectrum is determined uniquely by the Fourier
integral (see for example Campbell and Foster, Bell System Monograph No, B. 584).
From the known attributes of this integral, and with the assistance.of' the

symbolic caloulus 'derived from it, it has been possible to develop a oor.nparg’cively
simple theory to explain the effects of impulsive noise upon receiver circuits,
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and to correlate these effects with the aural 1mpre551ons of a llstener.

: It should be stated that v1rtually all cases of 1mpu151ve 1nterferenoe
consist of repeated pulses of energy with relatlvely'very'long qulescent R
periods between them, . | L L ‘

nmong sources of impulsive. 1nterfereuce may be mentioned’ electrlc
railways, motor car ignition systems, and many domestic appliances such as
vacuum cleesmers, electric shavers, and.thermostatlcally controlled devices
such as refrigerators and some &électric irons. R :

- The subJectlve impression produced by uﬁpu131ve 1nterference is
sometimes referred to as "amnoyance," and manifests itself in sound recelvers
. @8 a series of repeated clicks which with high recurrence frequencles are
Perceived as a frying noise, In television recelvers it takes the form of
specks or short bands of light on the viewing screen, : The reason that the
interference sounds like a frylng noise rather than.sn even note of. pulse ,
repetition frequency'(P.R F.) is that in the presence of the wanted ‘carmier =~
the output pulse amplitudes have random values with time, because the time of
arrival of each pulse of interference will not necessarlly coincide with the
~same portion of the steady sinewave carrier.. -In. other words the phase
difference between the RF oscillation of the pulse and wanted carrier signal.
will have random values at each new pulse repetition. It may appear curious
to the reader that this phenomenon should result in a frying noise rather than
a steady hiss. It is considered that this is due to the high crest factor .
(ratio of output pulse peak t0 R,M.S. values) . of impulsive interfewence.
The crest factor is, of course, dependent upon receiver bandwidth and.P.R.L.,
belng hlgh for large ratlos of these two quantltles.

%

1.2 Choice of Interference Waveform,for'Eerrimental Investigation.

Tt 1s ‘reasonable to suppose that the annoyance value of 1mpulsive
interference varies with the P.R.F., the amplitude and waveshape of the
receiver output.. From what has been said in paragraph l.l it is evident that .
there must be an 1nf1n1ty‘of impulsive waveforms, any one "of which.is capable .
of shock—exc1t1ng the input 01rcu1ts of a2 radio recelver.‘ It should be
emphasised that once the 1nterference hasg passed through the 1nput circuits
its characteristics will be taken from these, and the exact waweform'Whlch
gave rise to it is no longer of importance.f~ The' object of this report is the
1nvest1gatlon of 1mpuls1ve 1nterference in broadcast-reception, and we must
therefore choose a standard input interference waveform = one which will enable
us to examine all features of" 1mpuls1ve interference. Such 'a waveform must
be simple and capable of representing anyiactual waveform.by producing the same-
kind of recelver output as Would be, produced in practloal cases.

'-.-

with phenomena of the kind we are oon51der1ng are the Heav1s1de unit functlon,
or 'step!'’ functlon, and its time dlfferentlal, the Jmpuls1ve 'pt. function,
known also as Dirac! s function. Beth these functions are valuable mathematical
tools, but they are’ both difficult to generate in the laboratory;

The impulsive waveform chosen for the purpose of the 1nvestigations
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descnbed in this reporrt corresponds to the function of time given by the
equatlon' ‘ : ' ‘

,E(-t)
B(t)

« " This function is shown in F:Lg.hl;. as a function of t:une, and its
f‘requency spectru.m is’ shown 1n Pig.bb, . - .

0 for (%t < ©)
Ee™ %, (t_>o)~' ‘

H

H

The decrement a was cliosen such that the decay of the s1gna1 over
the time requlred for trensients to build up in the circuits of & receiver

~wag, small, In other words, the experimental waveform approximates closely
'l;o ‘a step function over a small range of' time To

‘ The behav:Lour of receiver circuits under excitation from im'pnisive
noise sources may be congidered analytically in terms of an applied signal

cconforming either to a unit step function or a unit impulse or 'p' function,
In this report the step function type of signal has been assumed., This does

not impose any restriction on the conclusions which have been reached, since
the response of receiver circuits to an 1mpuls1ve noise corresponding to the

“tpt function can readily be deduced from its resporise to a step function
‘signal, thus all s:.gnal to no:Lse ratios 1nvolv1ng the rad:Lo frequency, .

) U

- fo = _n, s to Whlch +the recelver is tuned may be converted to unit J_mpulse

re:blos by d1v1s1onby‘°o The value or area of the unlt J.mpulse required to

_ give the same n01se output is from. Appendlx 7, equa’clon 5

. Wo ‘ . o . . ‘

where B is in amperes, volts or equivalent field strengths.
depend:.ng on the form of the s:v.gnal. :

L _

" The time durat:.on o:f' the unpulse is assumed ’co be of recbangular
shape, The actual 1nterference waveform used in the experimental work is.
shown in Fig.2; although this appears to depart considerably from the unit
step shape, its apparently rapid decay is in fact much slower than a querter
period of the receiver input circuit's natural or mid=band frequency. The
slope of the leadlng edge is more than adequate to shock-exc:L’ce these 1nput
GlI‘Oults. L0 . .

_L3 Pref‘atory Remarks "On Inpgisive InterferenCe and Bandwid’&h.

f

Before going into greater detail it is instructive to d:Lscwss in
general terms the e:(‘fect of* recelver bandw:Ldth on :urrpulslve noise.

o Foz' ee.ch type of radlo transmlss:.on system there ex:Lsts a eerta:m
sul’c able overall ba.ndmdth. In ampl:r.tude module.tlon sound broadcastlng, .for
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example, * 10 ke/s is usually conmdered adequate ’ whllst for LOS llne
television * 2% Mc/s is requlred for double sideband reception. Frequency
modulated sound broadcasting is different in that whereas the bandwidth in
the receiver through which the impulsive noise must f:.nally pass is that of
the audio clrcults, usually about 10 k¢/s, the signal requires a wider band
(whlch may be in the intermediate frequency circuits of a superheterodyne
receiver and need not constitute the overall receiver bandwidth). © Furthermore,
the wider the R.,Fs and I.F. bands the greater may be the deviation of the
wanted signal and the greater the audio output of wanted signal modulation,
The audible noise spectrum, however, may be restricted to the audio bandw:.dth
with the corollary thatthe F.M, audio frequency ReM. S. output signal to noise’
ratio is limited only by the deva.atlon imposed upon the wanted signal carrler,
and can therefore be as great as may be desired. Unfortunately it. is not
possible to reap the full advantage which would accrue from very gréat s:l.gnal
deviations as other considerations such as multi-path distortion and capture
effect threshold impose practical limits on signal denatlon 1n FoMe . systems.

The LM, case is invariably such that ‘the overall recelver bandwidth
is the only one requlred by the mechanism of the médulation system and each
individual link in the receiver chain, i.e. the R.F,, L.F. and A.F. c:.rcults
may be designed to give the exact bandwidth required. There is no way, other
than increasing transmitted power, in which the audio or video wanted signal
can be increased without at the same time 1ncrea.>1ng the impulsive noise.

The A.M. audio frequency R.M.S. output signal to noise ratio is thus limited
by the ratlo of strengths of wanted 31gna1 to impuls:Lve :mterfercnce.

The LT, peak output signal to noise ratlos in both AdM, and FeM.
are independent of the I.F. width provided this is greater than twice the
desired audio frequency bandwidth, The peak signal to noise ratio has a 7
greater significance in A M. than in F.M.; it is, for example, considered to
be of first importance in amplitude mddulated television. It will be shown
later, however, that several different experiments indicate that the R.lf.S.
signal to noise ratio is the most important for sound brosdcasting, because
the aural "ennoyance value" of impulsive noise.seems to be dependent on energy
rather than upon peak value. This has been generally accepted with regard
to randam fluctuatlon n01se » but not so with impulsive no:Lse. ,

1.4 Descrlptlon of Test Recelver.

-To clarify the effects of LM and F.M. receivers on impulsive
mterference a detailed mathematical study has been carried out on a number .
of representative cases, These studies somet:.mes followed, but were more
often preceded by, laboratory experiments. ‘

To simplify both the mathematics snd the experiments the A, /F.M.
receiver used (see Fig. 1) consisted of a single stage of I.F. amplification
without preceding frequeéncy changer circuits. Two different bandmdths were
obtainable by means of a switch; these were 9% kc/s =nd 160 kc/ s.. . The
frequency responge curves are. shown in Fig. 5. It is shown in Appendix 5
that the difference in transient response between a 'single bandpass coupled
circuit and several in cascade with ideal pentode valves between them is
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negligible provided the overall bandﬁdths'are ‘the same. It follows that
the coriclusions reached with the aid of this.single-I.F. stage receiver will

be valid for a multl-stage one, It will be noted that this I.F. receiver,
“having no frequency changer, takes no account of the effect of R.F. circuits

*  upon the :meulswe interference, This is quite legitimate if the R.PF.

bandwidth -is wider than the I.F., for even though the R.F. circuits would
distort the incoming unit steps of interference, this distortion would be
very much less than the effect of the narrower I.P, clrcults upon it.

When switched to the FoM. pos:Ltlon the receiver has two resmtance
: ce.paolty ‘coupled amplitude limiter stages followed by a discriminator having
a bandwidth slightly greater than twice the I.F, width. - The discriminator -
detectors and succeeding circuits have short discharge time constants, so that
voltages of I.F, half bandwidth frequency may be passed on to the gwitchable
de-emphasis circuits without distortion. The discriminator characteristics
are also shown in Flg. 5 ‘ '

In the A.M. smtch pos1‘c:|.on the T. F. andpass coupled circuits are
followed by two resistance~capacity coupled ampllflers and an "infinite :
J_mpedanoe detector" V. 7, Figsla. Provision is made in the cathode circuit of V.

7

”

to a.dgust the AeM. audio frequency gain to that for F.M. ,

2. SUBJEGTIV‘E CONSIDERATIONS.

2.1 The Neoessn.‘by for: Obtalnlng Agreement between Obgectlve and, Sub,jective .
g:_cee riments, ,

At flrst sight th:Ls requlrement would .not appear to need stress:mg, o
but. so frequently painstaking laboratory experlments and theoretical work are
published . without final. subgecfblve confirmation that we WlSh to make a spec:.al
'pomt of thls matter here. : 3
e We - ‘have dlscussed in a general way both the 1nterferenoe w:.th Whlch - ‘
we propose %o deal and the receiver used to investigate it, but the third and ’
flnal item in the chain is vital. . This is the listener. = No subjective work
has ‘as yet been done with regard to television, so that we shall leave .
discussion of the viewer to some future occasion. Objective results on
impulsive interference in A.M, will apply to television, however, so that it
is probable that some careful viewing tests may be all that Woruld be required
to complete the television case. :

There are very many unanswered questlons regarding - the human
. perceptlon of sound; . it is therefore of interest to enquire, at this point,
-whether, in 1lsten:mg to a broadcast programme accompanied by impulsive
interference the ear is more distracted by the ReM.S. (xoot mean square) or
the peak value of the noise. ' . _

. : ¢ If 11; is the R.M.S. vélue whloh has grea*ber s:.gm.flcanc:e, th:Ls
ﬁnphes that it is energy rather than- actual peak sound pressure which -
'distrao'ts the ear when llsten:mg to this partlcular type of noise, The
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following two subjective tests appear to show that energy is the
dlstractlng influence rather than peak sound pressure,

2,2 Effect of Pulse Recurrence Frequency on "Annqyance Value" of Impu1s1ve
Inﬁerference. .

The experiment layout and procedure for these tests is descrlbed
in Appendix 9, paragraph 3.2. The relative annoyance values of pulses of
random amplitudes are plotted against pulse repetition frequency‘(PgR.F.)
in Fig. 3. This case corresponds with normal reception conditions using
. either A.M. or F.M., where the amplitudes of successive pulses are random
"in value in the presence of the wanted carrier, as explained in paragraph l.1.
Curve &, Fig. 3, was obtained by referring the annoyance produced by each
value of PoR.F. to that produced by a P.R,F. of 25 p/s.’ Curve B was obtained
by adgustlng the noise level until observers stated that the interference was
"just disturbing." These two curves are averages of a small number of
listeners, ' The'"spread" of their results was SO small that it appeared |
‘unnecessary to use greater numbers of observers. Comparison of Curves A :
and B with the stralght line indicating 3 db per octave of PiRiF. shows fair
agreement, and it would therefore seem that the R.M.S. value of the noise is
more slgnlflcant than the peak value, at any rate as regards varlﬁtlon of
P,R.F. ‘ f

The somewhat rare case of utead.y amplltude pulses is shown in
Fig. ‘4, and is described in Appendix 9, paragraph 3.1. This case corresponds
with AM. or F.M, reception of impulsive interference in the absence of a
wanted carrier and is, therefore, of academic rather than practical interest,
though it would apply to cases of interference in audio amplifier chains.
It has been stated above that the phase of the interference relative to that
of the 'carrier is invariably random with the result that the effective -
amplitudes of each pulse when combined with a carrier signal have random
values.. If, however, no carrier is present the interference amplitudes will
no longer be random and the interference output will be uniform in amplitude,
that is, each output pulse will have the same amplitude. In this case, of
course, the interference takes the form of a steady though distorted tone
of fundamental pitch equal to the P.R.F. In Fig. 4 again there is very
close agreement between the average of the listeners' observations and the
3 db per octave line. Pig. 4 was obtained by inserting programme into the
audio chain, ‘ ‘ j

It will be noted that both Figs. 3 and 4 do not treat with P.R.F.
greater than 1000 p/s. Most interfering devices do not produce pulses with
greater repetltlon frequen01es than this. It will be observed that in
Fig., 3 we do not treat with P.R.F. less than 25 p/s, because for pulses with
lower repetition rates than this it was found that the annoyance value
remained. constant down to about 6 p/s.  Thus, at very low recurrence
frequencies it would appear that the ear singles out each 1nd1v1dual pulse
and is ‘then more influenced by peak sound pressure than by energy. . At
values of P.R.F. less then 6 p/s the psychological state of the listener
becomes. important in that the degree of .ammoyance increases if the observer
is waiting, as it were in a state of suspense, for the next cllck t0. oceour.,

1
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It is interesting to note that the "spread" of observers' results becomes
very great at low recurrence frequencies, but as the effect is less at low
P.R.F. it is less important,

2.3 Effect of Audio Bandwidth on "imoyance Value" of Impulsive Interference.

. The practice of pre~emphasising transmitter modulation coupled with
suitable receiver de-emphasis can permit of a certain reduction in receiver
bandwidth whilst still maintaining a flat overall transmission frequency -~
cheracteristic up to the highest audio frequencies considered necessary for
satisfactory reception, This scheme provides a means of discriminating
against noise without this being at the expense of upper frequency response.
It is thus of interest to study the subjective effect of varla’clon of receiver
audio bandw:.dth upon impulsive noise. : )

: >The -experlmental method is described in Appendix 9, paragraph 3.k.
It was found that for bandwidths between 6% kc/s and 13 :kc/s. the annoyance
value of the noise increased at the rate of 3 db per octave of bandwidth.
This result obtained in both A.M. and B, M. reception. Thus, again, it would
appear that for normal audio bandwidths the ear takes more account of energy
than peak sound pressure,  This result would obviously not hold good for
bandwidths much greater than 6 ke¢/s, as the ear response would be so small at
such frequencies that it would be insensible to bandwidth changes. It should
.be remembered that the above results apply only to the case of random amplitude
pulses, for change of bandwidth would produce practically no audible effect on
an even approximately pure audio tone of frequency lower than the audio upper
cut-off, . - Interference from pulses of uniform amplitude could only occur if
these were ingserted directly in the audio circuits and so such interference

would only be encountered rarely, except wherein it occurred on J.ong land lines. .

2.4 Notes.

An 1nterest1ng point brought out by the experments on the effect of
P.R.F. on what we might call the "annoyance index" was that if the listener
attempted to Jjudge annoyance without the presence of wanted programme, it was
noted that although for each octave increase of P.R.F., an increase of annoyance
of about 3 db was observed, yet the increment of annoyance for a sudden increase
of P.R.F. of several octaves was only slightly greater than 3 db. Here we have
a paradox - the whole is not equal to the sum of the parts. It was thus found
‘that the measurement of annoyance is neither easy nor reliable without the
- presence of a standard of reference, dlS‘tI‘&CulOl’l from Wthh is defined as
annoyance.

4

/

It should be nioted that in the expermel t described in paragro.ph 2.3
the pulse heights were not reduced to compensate for the increases brought
about by the bandwidth increases. In other words, the true overall effect of
bandwidth was subjectively determined.- It is probably more instructive and
less confusing, at least in this case, to regard an increase in bandwidth as
a spectral rather than as a time function phencmenon, . It is simple in this
way to imagine an increase of bandwidth as a simple increase of the mnnber of
lines in the frequency spectrum accepted. :

5y
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3. mPULsIVE INTERFEREVCE IV &M

3.1 Demodulated I.F, Outpu’c

, : .
Y We now proceed with. ‘che exam:.natlon of the effects produced

upon & unlt step receiver input by the bandpass coupled tuned I.F. circuit :

in the experimental receiver, Fig. 1. = The demodulated output which we
are about to discuss will appear across the 20 kQ cathode: resistor of
valve V7 Fig.la. . If the de-emphasis switch in the anode of' V8 is in the

0 M8 position, this same output will appear eubstantlally unaltered at the-
Qntpu’c ’cezmnals of V9, gince great care has been ta.ken to make the audlo -

bandmdth in the 0 HS position larger then ha.lf the I. F. bandmdth this"
being appronma.tely 'bhe envelope frequency of the RF. pulse of: mtez'ferenoe.
The impulsive waveform at the input is, as has already been said, shown in
Fig, 2, and will be referred to as. a unit step as explained in paregraph 1.2,
Before proceeding farther we must find the waveform assumed by this unit
step of interference as it emerges from the I.Fs circuits of the receivers

- This waveform is obtained mathematlcally in Appendix 3, and an attempt to.
derive it from physicel considerations follows. The transmission” frequency
eheractemstlcs .of the bandpass coupled circuits between valves' Vy and Vo,

Fig. la, are shown in Fig. 5. Now, the frequency mate (as defined by

Gv A, Campbell or Fourier transform! or frequency spectrum of a radio

frequency carrier wave, amplitude modulated by a'damped sinewave is almst

identical with the responses shown in Fig. 5. = Further, if 'the L.F.

bandwidth is small compared with the mid-band frequency, the . spectrnxn of' -

- the unit step input will be substantially uniform over the I,F. band;" u

(for instance, the spectral helghts of the bend lnmn.ts mlght be" proportlonal
1 1

to 90 - .075 and 90 + .075 for a 90 Mc/s transmlsslon employing * 75 ko/s

dev:Le.t:Lon). Hence we may deduce that the interference noise output will

consist of a carrier wave amplitude modulated by a damped sn.newave (equatlon 8,

Append.lx 3) WhJ.Ch is re’produced below - .

e(’ﬁ) = =W le ¥ s:Ln nag . coswt e i ’(2)

where:m Wqo = m::.d—band angular f‘requency,

~ “:
v

1nduotance of. eaeh I.F. bandpass clreu:.t coupled c01ls ’

L= :
: K = coupl:mg factor of I. F. : bandpass coupled on.rcun.ts
booQ= qual:;.ty factor of‘ uncoupled 1dent1cal I.F. clrc:ults s
| A:f‘ .= half I.F. bandmdth :E'or 3 db f£all in response from that ot fo
"lFl,(nj-.:: a functlon of n showmn in ng. 7. - |

!




‘amplltude a‘t “the demodulator is frO'n equatlon 6 append_ix 3.

|
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The action o:f’ detecting or dcmodulatlng this I.F. output voltage e(t) »n.ll
result in a voltagc Vl(t) given by equation 9, Appendlx e
-0t \ :
Vl(t) = - Le sin not ' : (3)

.................................................................................

Ir, for :mutancc, the cireuits are at critical coupling, n = 1, and from
Fig, 7 Fl(n) 2, so the frequency of the demodulated output 15",“‘)-“"‘1:- The

function Fl(n)ls such that: for normal valz\.tes of n met with in practlce the
pulse’ output frequency 1s very closc to ';7% F:Lg. 6o and. 6b show actml

photographs’ of the time “Panction v1(t) given by equation 3, whilst Fig 36 L

shows a graph of this expression, If we take the amplitude of the wnit . :
step interference as: unity and postulate a steady wanted carrier of amplitude, o ,
N, then1t is the input pesk 51gnal to noise ratio, The signal voltage

\ el anop - =nnLl 5:.-—-2.. £ i (%)
+ 1%

+n° T AfF \

If ’ch:Ls Wan‘bed signal is emplltude mdulated to a depth- of‘ 100%, thls peak

: value of e will appear at the demodulator output.

Tt will be observed ‘bhat the sn.gnal voltage ey is mversely

-prOportional to bandwidth, whilst the noise voltage V1 is not, and so ths

gein of the narrower band circuits between valves Vq and Vo, Flg. la, has

been reduced 50 as to equalise the overall signal ga:.n for the two bandwidth
switch positions. The reason for this gain change is simply to- arrange that
when the I.F. bendwidth switch is operated the receiver programme cutput does !
not change. Thus instead of the programme output being inversely proportlonal

to I.F. bandwidth it remains constant, and instead, the noise, which was
constant, now becomes directly proportional to I.F., bandwidth. = This had, of

- course, no effect whatever on the signal to noise ratio, in Whlch we are

interested. This gain reduction of the narrower band circuits was ach:.ewied.
by -a propor'tlona’ce reduction in the circuit inductance L. If the noise and =~ .

wanted signal are received simultaneously the noise envelope given in equation

3 will have an ampl:.tude dependent upon the exact time of arrival of the unit
step interference vis & vis the phase of the signal, . »

s the output noise will have random ampli’cudes at each succéssive
repetition of input interfering unit step it behoves us to enquire what will : ¢
be the greatest value of 1nterference, and also what will be the mean, Now
the depth of modulation. of the noise pulse ‘upon the wanted signal (thls depth
is here assumed to be not greater than 100‘73) is proportlona.l to the cosine
of the phase angle betweeh "noise pulse carrier” (coanot in. equa’clon 2) and
wanted carrler. This cosine is cos @ in Fig.22. The maximum noise
modulation is, then, given when the noise pulse carrier and wanted carrier are

- exactly in or out of phase.”. Equation 3 thus gives the maximum demodulated

noise output in the presence of wanted signal., 4ll signal to notse ratios - ‘

" dealt with later are calculated on a basis of this meximm value of noise.

The mean of the random amplitudes has' keen calculated in Appendix 6., . The mean
of the demodulated positiwe noise peaks, that is, those which :'mbrease the




; demodulated I,7. output no:.se pulse occurs a.t time t =
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carrier strength da.ffers f'rom that of the negative or "1mfard“ oeaks for
low values of carrier to noise ratio, though the mean of the positive
and negative means remains close to O 63, It is this "mean of means"

" which is sighificant in the case of R,M,S, and aural signal to noise

ratios, In view of these remarks it should be noted that all R,M.S,,
signal to noise ratios should be increased by L4 db corresponding to
1/0,63 if we are to allow for the assumption that the ear takes account
of the mean of the random values of the R,M,S, nhoise, Fig., 25 shows
the values of the means of the outward and inward peaks of noise
modulation,  Figs, 6c and 63 correspond to Figs, 6a and 6b but wherein .
the noise and signal are both present, The various random emplitudes
of successive noise output pulses srriving during the exposure time of

- the photograph are plainly visible; some are positive, some nega‘bn.we,

and all intermediate values are also present, The wanted carrier to
noise ratio was fairly high so that the imward and outward impulses. of -
noise are practically equal, . This.corresponds with Fig, 25 for ca;rmer
to noise ratios not less than about 5.. The effect of bandwidth is seen
to he exactly the same ag in Figs, 6a and 6b ‘The peak value of the
m&rcgin n, and if
= 1, for exa.mple, this time is one eighth of the period of the pulse
1nstead of one quartér period as it would have beed in the cese of an
und amped sinewave, This peak value is, from Appendix 3 s equatlon 10,

noL i — _.....Lj(5‘)~.

ot /n .
- e / »l+n2;

Peal Vl =

where 8' = arctan Dy -

If we divide 1,. by 5 we obta:.n the demodulated- I F, outpeak: peak sn.gna.l
to noise ratio, Appendix 3, equation 1L,
hY .
| e ¥/
A.M. I.,F‘. Outpeak Peakésj'g, nalg _‘: Tl 1 » .. ........ (6)

, Noise 5
o S 2Af'i/l +.n

.From this we see that the greater the bandwidth the worse is the peak

signal to noise ratio, : Equation 6 has been found to agree with actual
measurement to ‘w:.‘bh:.n*z db. (Appendix 2, Table 1), The R LS. s:.gnal

to noise ratio is g:.ven by Appendix 3, equa‘b:.on le, .

\ | e 7y (n).

Y AM, ILF, Output R.LS, 45% na1§=‘q et )
. - (Noise Y .
_ | Ay | /.fr’,Zf l4+n . |

where £ = P,R,F.

This ratlo, as in the case of random fluctuat:.on noise, is :anersely

: pr0port:.onal to the square root of the bandw:.ﬂth. Th.ls smn.la.rlty

[}
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bétween the R.MeSs values of fluctuation and 1mpulslve noise is due %o the .
1den’c1ty of thelr respeetlve spec’cra over the recelver bandw:.dth '

The cre.;t factor of the noise is glven by Append.lx 3, equatlon 17.

AL LE, Outpu’o Neise EPe%k S o ope UM /“'“ (8)
L M.s.) ‘1 T

This crest faetor 1s of unportance in the measurement of lmpuls1ve noise. It
has heretofore been supposed that the esr takes note of some property of the .
noise closely allied to either the mean value or the R,M.S. , and so noise
measuring receivers. contain a meter which endeavours to indicate somethlng

not greatly different from the R.M.3. value. . If the crest factor is high
this means- that the peak-value of noise is much greater than that of the R. M. S.
value, and so the amplifier immediately preceding the R.M.S. indicator must be
capable of undistorted anpllflcatlon at levels much greater- than that indicated
by the R.M.S. meter,  Consider, for example, an A.M. sound receiver of I.F.
bandwidth 10 ke¢/s Wl’ch circuits at critical coupling and interference at & . .
P.R.F. of 100 p/s.  The crest factor for this set of conditions would be 31 db.
On the other hand, a .television receiver of 5 Mc/s I.F., bandwidth in sinfiler

circumstznces would give rise to a crest Pactor of 58 db. (Both these figures
are 4 db greater than the value caloulated from equation 8, so as to account -
for the mean of random Re¥.S. values) Further exa_.rr;ples of" crest_ factor are

given in Appendlx i, Table 2.

32 Audlo or Vldeo Output.

|

: We now pass- on \to study the effects produced upon the demodul_ated

I. F. noise output pulse by the audio or video portion of the receiver.. For

simplicity this will be taken to consist of a simple de-emphasis circuit,
‘but the arguments used will apply with almost equal validity to any normal
low pass: dcgvn.ce hav:mg & substantially’ unl:f'orm response up to its cut—01f‘ .

. a L

frequency i, « - An inspection of Figs. 6a, b, ¢ and d shows that Ln’e
‘noise pulse -may be regarded as s heev:Lly damped sinewave, 4n that the
amplitude of the. second half sinewave is very much less than that ‘of the
first. In fact, 4 in dee.l:.ng gualitatively with the effects produeed upon

it by the low pass device, the second half sinewave of the noise pulse may be
neglected. . This noise pulse enters the de~emphasis gondenser and charges’ it
to a value dependent upon the area or tlme 1ntegra1 of the pulse and the

1

de-emphas1s tlme constant w | The de-enrphas1s condenser then dlscharges :
. 1 .
at a rate determ:med by the tlme constant w 8 durlng tae quiescent perlod

between interfering-pulses. Now the peak charge on the de-emphasis condenser
"~ is proportional te the'time integral of the demodulated I.F. output pulse,

and this time integral is-independent of I.F. bandwidth, It therefore
follows that ‘the peak audio noise output is independent of I.T. bandwidth -
provided that this width is at least twice the audio bandwidth. (It is here
assumed that the de-emphasis circuit does not.elter -signal modulation o
amplltude, or that if it does pre-—exr@hasn.s is postulated at the transmitter

(-
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to re-—eutabllsh a flat overall respénse for s:Lgnal modulation frequenc:1es)
From the foregoing statements that both noise and signal are independent
of I.F. bandwidth, it may be seen: that the A.F. output peak signal to
n01se ratio is likewise independent of I.F. bandwidth provided the latter
is at least as great as double the audio width.  Another way -of arriving
 at the same conclusion is to consider, for example, a doubling of .I.F,
bandwidth, - In this circumstance the peak I.F. output will be. doubled
but ‘since the I,F. half bandwidth is 2ssumed to be at least as great as
_that “of the A F, de-emphasis circuit this peak will be halved, on account
of the frequency characterlstlc of the-de-emphasis eircuit Whlch L
attenuates at the rate of 6 db per octave. Here once again the- peak .
AP, output no:Lse is :Lndependent of I.F., width as in the case of the
signal modulation or in other words, the- peak AP, output signal to -
noise ratic is independent of I.F, width, : Fig. 8 shows the A.F. output
~waveform for two values of I,F. bandwidth and three de-emphasis time
‘constan’cs.. _ The ‘c:me duration of the. white tracés in -the photographs

of Figs, 6, 8 and 9 is approximately 60 microseconds. , Tt will be’
- observed ’chat the pea.k value of ‘the waveform is practically co*xstan'c
even when the I.F. bandwidth changes by 1.7 to 1 and that it is =~
practlcally 1nversely proportional to de-emphasis time- constant or’
" directly. proport:.onal to audio bandwidth, - The peak AiF. output slgnal
to noise ratio cannot be given by a single algebraic expression but may )
be obtained by dividing equation L, section 3.1 by equation 21, apnendlx 3, .
end then inserting into this ratio the value of at which satisfies the
transcendental equation 22 of appendix 3. This ratio is given in,
‘appendix 2, equation 1. A quick practical way of obtaining the -
approx:unate AY, peak output signal to.noise ratio when the I.F. width
is greater than twice the audio, is to. mul’c:.ply equatlon 6 by the ratn_o
of'Af to A.F. bandW:Ldth : : S
: ;o A number of experlmental measurements. are compared w.Lth . ; ‘
calculatlons in Appendix 2, Table 2. . It may be seen that the difference - .
. between :calculation with thls equatlon and measurement is of the order ~
of 2 db in ratios around 60 db. - - Now the pesk signal, to noise ratio
-is useful to know from the point of view of noise measurement and ‘erest -
factor. de’cermmatlon but as stated in section 2,1 it is:not: the signal

to noise ratio heard by the ear, The aural signal to’ n01se ratio may

be obtalned from the R.M.S. 'signal to noise ratio by taking into

account the response shape of the ear, although thig in its turn is

subject to a great number of variables of which sound loudness is one

of the most 1mportant : The audio frequency R.M.S. s1gna1 to noise
ratio 1s a measure- of the A.F. output noise energy, &end since the _
energy . spectrum: of the input noise or. impulsive interfersnce is T
substantially flat: over thé receiver bandwidth. the A F.- output energy:

will be proportlonal to the overall (therefore narrowest) bandwidth in

the receiver,  If the I.P. bandwidth is not less than twice that of

the A F.. circuits, then the A, F, output R.M.S. signal-to noise ratio

will be independent of I.F. bandwidth. and inversely proportienal to the
square root, oi’ the audio bandw:.dth equa.t:x.on 27 s a;ppendlx 3 reproduced
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elow:
AM, AP, Output R.M.S. ESi_ a) —qx., _fo ”.,( 9)
' ) . Noise 2 ————
’ L ST

A'general formula relating to the relative values of I.F. and, '_

A P. bandwidths from which equatlon 9, above, was obtained, is given in

Appendix 3 as equation 26, Equation 9, and the equation from which it is
derived, assume that the aud:.o portion of the receiver consists of an ideal
low pass fllter - not a de-emphasis c::.rcult. The cut-of'f frequency ?-f this

fllter 1s taken as fa’ If, in fact, de~emphasis of time/c_onstant 2 f, be
' 2 _
used J.nstead, :Lt 1s necessary to nmltiply equation 9 by./ m because the energy .
1

bmdva.dth of a de-emphas:ts circuit of t:.me constant 2 Mfy corresponds Wlth

that of a low pass filter of aut-off frequency z 5fa, -

’ Some comparisons between calculatlon and measurement are shown in
Append:lx 2, Table 3. De-emphasls was actually used, and instead of multiplying

equation 9 by 'It to account f'or the 1arger energy. bandmdth of de-emphasis the

value of fg put into this equation was itself maltiplied by.& and referred to in
the table as "effective £,." The discrepancy betweentheor and practice is
thus seen to be not greater than 2% db.at ratios corresponding to some 70 db.:

Now the actual. aural signel to noise ratio can be calculated from ‘
equatlon 9 in which' £, Has a value determined from a consideration 3f the energy

bandwidth of a de~emphasis circuit in cascade with a low pass filter of
energy width approximating to 5 kc/s, the latter resulting from a determination

- of the energy width of the CeC,I.F. ear response curve, Append.lx 3, equation 32.

In these -circumstances the aural signal to noise ratio is given by equation 10

. below. whlch is-a. comblnatlon of equation 9 above and equation 32 Append:l.x 3

£

A.M.Aur __E’__FSI ) n -ty S |
%No:Lse Vi, arcten 5 (10)

a

wherein all f‘requencies are in kilocycles per second.

‘ An attempt to check equation 10 by listening tests was a failure,
in that observers were not able consistently to judge equallty of loudness
between tone or programme on the one hand and the frying noise produced by
pulses of random amplitudes-on the other. This was an attempt to Jjudge,
aurally, an absolute signal to noise ratio, Listeners gave answers both
higher and lower than the calculated values but Wl‘bh 80 great a statlstlcal

spread as to be useless.

In Flg. 12 a calculated aural s1gnal to noise rat:.o is shown. The -
audio portion of the receiver is- taken to be an ideal low pass filter of

. 1
i . t
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cut-off’ 5 kc/s which,. accordlng to the C.C.I F. ear eurve, represents ,
the energy bandwidth of the listener's ear when listening to-an A.M.
receiver having an audio W:Ldth not less .than'that of the ear itself, ‘
The cerrier to noise ratio, 1, is arbitrarily taken as unity. - It may be
seen that the simplified gquation 9 holds with reasonable accuracy down tp
I.FP. bandwidths not less than double the audio width. = Exactly the same o
curve as Pig.12 would result from the application of an J.mpulse of 0.038 ;
mlcrocoulormbs instead of the unit step actually chosen, ,

. Regardlng the :mput interference as of unit. step form for ' A
the moment , and assuming that a reasonable output signal to noise ratio

~ might be of the order of 40 db, we see I"rom Fig. 12 that this would be

obtained from en input noise to signal ratlo of 73.dh (the output signal
to noise ratio for 1 = 1) minus 40 db 33 db. Thus if a 40 db, output
signal to n01se ratio were obtained mth an input signal of, f‘or example,
50 mllllvol’cs then the input noise ‘would be 33 db, greater than 50 ,
millivolts or 2% volts.  The noise. reducing properties of sound: receivers
are thus seen to be cons:.derable and it is worth noting that in cases of

-~

severe interference of an impulsive nature this may amount to field -

- strengths of many peak volts per. metre. -This appliés to F.M. ‘with even

greater force, as shown in F:Lg. 13. -

. Some cases of audio frequency R M, Se s:Lgnal to vno:Lse ra'bios
of; general 1nterest are shown 1n Appendix 1, Table l. , :

3.3 Effect of Mlstun:l.ng. o - | o .

All the foregoing assumes that the receiver is accurately tuned
to the incoming wanted signal carrier f‘requency. The effect of mistuning

‘ - is shown in Fig.10s, . There is, in this case, a f‘requeney difference
‘component between the wanted carrier and the coswpt term in equation 2.
. because the mls-tuning W:Lll result in the Wanted carrler f‘requency belng

R wo
of f centre whilst the noise Wlll always remain at-.the f‘requency 27, The

‘beat note between carrier and the radio frequency oscillation of the no:.sé ’
pulse will not have zero frequency so that the envelope. of the noise ‘

radio frequency oscillation will not be simply that given by equation 3
but will be modulated by the .frequency difference between carrier and noise
pulse R.F. oscillation, that is, by the amount of the mis-tune. An
extreme mistune results in a slight reduction of noise due to a part1a1
conversion of a unidirectional pulse .into positive and negatlve pulses,

~but this process will be described later when deallng with F.M. as it is

of first importance in that case.

F

k. DWPULSIVE DNTIRFERENCE IN B, .

L1 Demodulate& I.F. Oufﬁuf- - -

The frequency modulatlon receiver used for the tests is shown
in Fig. 1. , The valves Vo and V3 F:Lg.la are reolstance-capaclty coupled

s Al
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! o
- amplifiers. V) is 2 limiter and Vs is the limiter-discriminator feed
valvs, The demodulated frequency modulated I.F, output is fed from the
digcriminator detector Vg on to the grid of the A F. amplifier Vg with
de~emphasis circuits in its annde as descnc'lbed elsewhere. F1g.5 shows
the dlscmmmator characteristies.

In what followe we shall assume ‘hha.t the maximum phase angle
dlsplaoement of ‘the. resultant vector of carrier and impulsive interference
is small enough for the sine, the tangent and the angle to be taken as equal,
‘Fig. 16, This restriction is not as severe as might be supposed, since imput
‘noise to signal ratios of up to 46 db, still maintain a linear relationship
between input and output signal to noise ‘ratios as would be predlc’ced by
subsequerrb theory, at any rate in a typ::.cal case, Fig.1l,

, Nm;r 1n the case of a F.M. receiver the I.F. noise: voltage given
by equation 2 will 2dd vectorially with the carrier voltage, forming a
resultent which will vary in both phase and amplltude. - The amplitude
variations will be eliminated by the limiters Vi, and Vs, Fig.la.  The phase
varistions of this resultant will give rise to a noise frequency modulat:.on
proportlonal to the rate of change of this phase angle,

, - We shall assume, as we did in the A.M. case, that ‘the receiver

- is correctly tuned to the wanted F,M. ‘signal (assumed ummodulated for -
s:l.m'pllclty). - A case of mls-tun:mg is shown in Pig. 10D, As in the A.M. case,
slight mistuning has a negligible effect on the noise output though 11; may,

of course, have a considerable effect on the wanted s:Lgnal

By v1x*tue of the assumption of correct’ tun:.ng, the noise ‘ oy
We .
g osc:.llatlon radio carrier frequency -2'% equation 2, is equal to that of the
wanted signal. Thus the resultant of wanted carrier and noise is the .
comp031t10n, not of a vec‘cor rotating around another, but of a vector hav1ng
for each répeated pulse of mterference a constant phase angle , Y, with the
~ carrier component, and this carrier component, Fig.16. The rioise vector : ,
will thus, as it were, shoot out from the tip of the carrier vector at: any .
angle, Y , chosen at random. The law of increase of amplitude of the noise A B
vector is. given by equation 3. Since the maximum phase displacement of the
resultent vector is assumed to be small, the angle between noise and carrier
vectors which will give rise. to maximum rate of change of phase is 2 m:.nus
phase dlsplacement Appendix 3. and Fig. 16, ' : )

13

If A is the discriminator co-efflc:l.ent in volts per cycle per
‘second, it ‘follaws that demodulated noise output from the dlscnmlnator
will be proportional to the product of A and the rate of change of phase ‘
: dlsplacengent of the resultant of carrier and noise vectors.  .From Appendix 3;
equation 37, this demodulated noise output from the discriminator is,

v, (t) _ &Jﬁp—)——f e - sin(notmdl) i w(1L)

271NnQ
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Figs, 6e and 6f show this I.F. output voltage. As in the A.M. case the -
various rendom amplitude, pulses occurring duwring the photog-aph exposure
time may be plainly seen, These random amplitudes are due to the random, .
phase angles between noise and cerrier Vectors at each recurrence of
_interference,

If we refer, for a moment to Fig.6a for example, and follow
the variation of the slope of this vwaveform we see that from an initial
" slope of zero it falls to a minimum ("negative maximum"), then to zero
when the waveform negative peak is attsined, and rises once more £o a
positive maximum during the upward or trailing edge of the pulse and
finally down to zero again, This is effectively a description of the
frequency modulated I.F. output waveform shown in Fig. 6be, 1If, of all
“the random pulses shown in this picture, we consider one of the ‘two outer
or meximum ones, and choose that one whicH starts to go negative or
downwards in the photograph, we see that it reaches a "negative maximum"
~at first, then rises to zero a.nd then passes through a positive maximup
- before re-atta:.n:mg zero again, . .

Strictly spea.klng, equatlon 11 assumes an aperlodlc dlscrlmnnator,
that is a device having a sloping rectilinear characteristic in the
amplitude frequency plane without any selectivity or Limit, If, as in
normal practice, the discriminator has a bandwidth of the order of twice
that of the I.F. circuits, equation 1l gives a reasonable approximation to
the results obtained. Comparison of Fig.be with 6f shows that the peak
discriminator output is approaching proportionality to the square of the
I.F, width. This is s1mp1y because the F.M. output is proportional to
the product of the slope and height of the A.M. pulse, and both these
quantities vary dqrec'bly with bandwidth.as described in section 3.1,

~The peak or ‘meximum value of equation 11 occurs at time t 0.
. and is glven by Appendix 3, equatlon 38

Peak Vp = \_.__(1 4+ n?) ) - (12)
' 2n ﬂfo o

. The signal modulation output from an ideal discriminator is proportional
to the deviation of its cerrier frequency. We shall assume in all that
follows that 100% or full modulation involves a complete utilisation of
the I.F. half bandwidth to the limiting frequencies at which the

response has decreased from its mid=-band value by 3 db. : This frequency -,
swing is |Af| . (see Fig.7).. o =

. \

 Thus the modulation output from the discriminator for 100% modulation is

g = Abr R (3




_ Dividing 13 by 12 givés

- 20 -

\

2
F “(n
aMc I- Fo Outpuﬁ Pea-k Sl al) b ( ) ;'...;.............n..k.‘..;.....:_.( Cu"‘)
N01 e ~ :
2 (1 + n®) Ar

Comparlng equation 14 with 7 we see that although the F.M. peak no:.se is
proportional to the square of the bandwidth, since the modulation is
proportional to bandwidth, the peak signal to noise ratlo is similar to
the A.M. case in being 1nverse1y proportional to it, ation 14 has been
found to sgree with actual measurements to within 3 db, , (Appendix 2, Table 1)

The I.F. output R.M. S, s:Lgnal to n01se rat:.o 1s g:Lvsn by equatlon L.,
Appendix 3. ,

\‘

. N —
al) . g_fo [mEy” (W)
f'r.. Af '

!Fr" « e Le . . !
M. LF. Output R.MLS. p=-E0= 5 (15)
_ 'L+ n

This ratio is similar to the A.M, case with regard to I.F. bandwidth. This
means that the advantage of wide band F.M., over A.M. is not obtained until

the interfering noise meets the filtration of the narrower band audio circuits.
We shall deal with this later. ' The frequency modulated I.F, output noise
crest factor is from Appendix 3, equatlon L5

Peak)  _ 2-/‘2n A (16)
,R'M'S'v) ‘A f‘r-.F}(n) /

P,M, I.F. Output Noise

This F.M, crest factor exceeas its AJM, counterpert by the miltiplying factor
6/ N which for criticaily coupled cirouits (a= 1) becomes 2,2, Thus the

, measurement ‘of f'requency modulated RiM.S. noisé requires more ‘than twice the

renge of llnear ampllficatlon than that requlred for AM.

i
i

4,2 Aud:.o Output._ ,
‘Tt should be noted that Flgs. 6e and 6f differ from Figs, 6c and

64 in two fundamental respects. First, as already stated, the I.F, output'

noise pulse height is proportional to the square of the I.F. bandwidth,
Secondly, whereas in A.M. (Figs. 6¢ and 6d) there is virtually one single
pulse for each successive repetition of impulsive interference, in F.M.
(Figs. 6e and 6f) there are two pulses of opposite polarity. Furthermore,
the time integrals of these two F.M. pulses are nearly equal so that though
the first pulse charges the de-emphasis condenser in a manner similar to
that described for A.M. in section 3.2 the second pulse discharges this
condenser, The smeller charge still left after this process decreases
exponentially in the normal manner, For' a' theoretical I.F. to A.F. half
bandwidth ratio of unity, this charge and discharge process gives F.M. an
advantage over A.M. of 5 db,in A.F. output R,M.S. signal to noise ratio.

3

’
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(provided this is at least double the audio width), whatever the maximum

\ better than A.M.

SO oW e
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The fre‘@eh’cy modulated A, F. output peak sighal to noise ratio is, Iike
the AM. csse, independent of I.F, bandwidth, because although the F. ~

A P. output noise peak is proportlonal to. I.F.. Wld’bh, so is the ,a
demodulated wanted signal, This is beceause we have assumed that the

' wented signal deviation is mede equal to the I.F.. half bendwidth, A £, [.@

The reason that the frequency modulated A.F. output noise peak is
proportional to I.F. bandwidth is simply this:= on emerging from the
discriminator it is proportional to the square of the I.F. bandwidth; JFor
the attenuation of the de-emphasis circuit to frequencies beyond its pass y, .4
renge is 6 db. per octave, and in consequence this square law is reduced %o
a 11neer law as in the case of A.M. in section 3 2. .

\

5 %o

aloa
Fig.9 shows the A,F, output waveform for various I.F. ban&m.d'bhs

and de-emphasis time constants. It should be remembered that the durations
of the pulses in Fig.9 are such that they are per se practically inaudible.
It is only the slow decay voltages which are heard. As in the A.M. case,
it is not possible to give a.single algebraic express:.on for the frequenegortw
modula’ced A.F. output peak signal to noise ratio. -
H

If the value of -at which satisfies. the transcendental equatigRy ,S
49, appendix 3 be inserted 1into equation 2 appendix 2 the desired ratiog diiw
may be obtained. The equation thus developed agrees with actual od asd
measurements to within about 2 db. as shown in Appendix 2, Table 2. It is
perhaps useful to remember that since both A.M. and F.M, audio frequency
output peak signal to noise ratios are independent of I.F. bandwidth

W o

3

deviation employed in F.M. this ratio is alway.., of the order of 10 db-

fBal

Once aga:Ln, it is the R.M.S. s1gnal to n01se rat:.o which hes

0
greater ‘significance from the aural point of view, ~ This will now be ‘
discussed. Clearly for the same reason as explained in.the AM. ocase "¢ &
the F.M. audio frequency cutput R.M S noise will-be 1ndependent of I.F.
bandwidth and dependent upon ’chat of the AT, circuits. . {.¢c

The f‘requency modulated A.F. output ReM.S.. sn.gnal t0 noise ra‘blo
~is glven by equation. 5L;., Append::.x 3 Fou
< ' ' : Seesd
Signal) = 'rr, 73 f Af ‘
P.M. A.F. Output ReM. S. gﬁs—g N Lo 9 R — ;3
' e £y : alon

‘This equation is the limiting value of equation 53, appendix 3 when the

I.F. width is greater than twice the A.F. width. Fig. 13 shows that the
approximate equation 17 is adequate for all normal applications.  The =
fact that the audio bandwidth enters this; formuls with a three halves ovorty

- power ig due. to the triangular spectrum of F.M. noise. This results,

of course, from the differentiation of the phase modulation of the

resultant of carrier and noise vectors, appendix 3 equations 36 a.nd 37. 353 S

The R.M.8. value of such a triangular spectrum will involve the square ¢ diiw
: ed aedd

5
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root of the integral of the squared spectmn and this will result in the
square root of the cube of the band limit. -~ As in the A.M. case, equation
17 assumes an ideal audio low pass filter rather than a de~-emphasis eircuit. -
If de~emphasis is in fact used, the R.M.S. signal to noise ratio would result
-from an effective audio bandwidth equal to the I.F. half bandwidth, This
state of affairs resul’cs fran the combination of two triangular shaped 3
responses, Fig.1l7. - The F.M., audio noise increases linearly with frequency,
whilst asbove its cut-off the de-emphasis response has a linear decrease. The
combination ‘of the two results in a uniform spectrum which would extend
“indefinitely were it not for the I.F, circuits which in their selectivity form
the ultimate limit to this noise spectrum. It is thus necessary to include
an 1dea1 low pass filter in cascade with the de~emphasis in’ order to limit the ‘ :
overall noise - spectrum. . Now this is just vwhat the listener's-ear does, - For , _ o
triangular noise the effective energy bandwidth of the ear is about 8 kc/s. ‘ ‘
From Figs.17 and 18 and appendix 3, equation 59 we may re-write equation 17
for the eaural case as

. ' ¢ Af .‘ B
F.M.'AurallSl. al) nx. 2 e (18)

Noise) E\/f?f3(§-arctan8)

4

where:.n all frequenc1es are in kllocycles per second,  Again, as w:Lth AM, it
was not found possible to make a suf‘f‘:.c\lently precise aural check of equations
'17 and 18 worthy of recording . Fig.13'is an example of application of
equation 18, The agreement between equations 17 and 18 on the one hand and
actual measurements on the other 1s shown to be within 4 db-in Appendlx 2,
Table b, S

Table 1, Appendix 1 _shows two f‘requency' modulated ReMaS. aural
.output signal to noise ratios of general interest.

5. . QOMPARTSON BEIWHEN F.M. AND A.M.

- .
s -
PN ~ ! i v , ‘
P N .

5 I R M.S. AT, ho:Lse Output Cu‘nggg, ne Low Pasy ; Pilter £3dio Circuits.

We shall first compare the RJM.S. A,F, output signal to impulsive
noise ratios of a F.M. and an A.M. receiver each having identical A.F.
bandwidths. We assume that neither I,F., bandwidth is less than twice the
camon AR, bandwidth which in its tum is limited by ideal low pass filters
of cut-off fa Appendix 2 equation' 3 shows that the ratio of signal to
nolse ratios is ‘ - : ’

o ' ; F,M. - —s AF A 19)
\ R.M.S, Signal/Noise gﬁ.—M‘; V3 | ( ST

- Ty

1

where Ar ap'plles 1:0 the F.M. receiver only.

This expression agrees with measurements to within 25 db. (Appendlx
2, table 5). It is interesting to note that the sbove result is identical
W:Lth the ratio. of the R.M.S. signal to random flyctuation noise ratios which
has been calculated by MG, Crosby in Proc. I,\R.I April 1937. This is

!
<




g:Lven below equation 20 we obtain

f~..‘23 -

vobv:mus if it be- remembered that the spectra of the two varletles of

noise are. the same over the relatlvely narrow receiver overall bandwidth
as was stated in section 3, 1. ‘,nother way of obtalnlng ‘Crosby's result
is to assume, first' that the I.F, width is much greater than the A F.
In this case the AM. noéise pulse entering the A.F. circuits may be .

- regarded as a Heaviside unit impulse having a uniform spectrum or

“frequency mate.: " . This obviously results in an"audio noise spec‘brum which
is uniform up to the audio cut~off, Now the F,M. noise pulse entering the
AP, circuits is the time derivative of the AsM. pulse and is therefore a

- double pulse, each half having opposite polarlty - The "frequency mate" or
. spectrum of such a pulse is obtained from that of the A.M, pulse by a

multiplication by a Heaviside operator p = jw. Thus the F.M. pulse
spectrum is triangular and is again limited by the audio cut-off.” So for
a thecretical ratio of Af to £, of unity, the energy ratio of. the two

~ spectra’may be shown to be 3 and the R.M.S. ratio to be,\/?. If Af exceeds

fa then whereas neither the F.M. nor A.M. noises alter, the F,M, signal

“increases in proportlon, thus we obta.ln equation 21 by a different method

of reas oning,

L Equatlon 19 will not ,represent - the aural improvement of F.M. over
LeMe. because no account has been taken of the charactemstlcs of the.
llstener's ear, _

5.2, R.M.S. A.F. Noise Output Comparison. -Audio Circuits constltuted by
De-et*rphasm follcwed by Low Pass Ftl‘cers. ’ : -

If we a.ssume that the two receivers have 1dentlca1 andio circuits

as 1n sectlon 5¢l but that this time they are constituted by de-emphasis

in cascade with a low ass. filter of cut-off fc, ’then equat:.on 19 becomes
(Appendlx 2 equat:.on A o

' ST
o SRR . FeM.) _ AP, 7 20
I R”M'S'_ Slgnal/Nlee (A.M.g =& e (20)
| A o L
wherein :E’a = 1

2’Jt X de—emphas:t.s time - consta.nt

,Laboratory tests show tha’o agreement between eouat ion. 20 and actua.l

measurement is within 3 db (Appendix 2, Table 6). S

5¢3 Aural ReM.S. AT, Hoise Ou‘bpu‘b Coanar:Lson. Audio Circuits constituted
. by Identlcel De-Emphas:.s. e :

- If £y is related to the. de-—emphasm time constant by the relat:.onshlp'

, - 5 K :
Aural Signal/Noise g%—%g = Af arctan fa - o (20)
: « R g fa 8 - :xrctan:g; | o
J-a " a
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wherein all frequencies must be in kilocycles per second. This equa’cldn is
. obtained from Appendix 2, equation 5, Equat:.on 21 is found to agree with

aural measurements to w:Ltle 4 db.at the worst, but frequently to within as
~ close as l db.

5.4 Aural R.M.S. Noise Output Comparison, . AM. Audio Circuits havin wider.
Zandmg.zz than the Ear. F M, Audio Circuits constituted only by -
-%!E 150 . . . T ’ . .

From Appendlx 2, equatlon 6

Aural Slgnal/No:.se é%%‘g , ‘/— Af b — / (22)

_ , ‘ * (_ - arctan 8 ) '
W:Lth all frequenc:.es in k:l.locycles per second, and fa belng def:med in
equa.tlon 20, ~ Appendix 2, table 8 shows that expression 22 does not differ
from aural measursments by more then 1% db, For a O microsecond de-emphagn.s,
£5 becames 3,18 kc/s and for a deviation. of£75 ke/s, o typical # M,/AM, :
aural improvement is 28" db. Figelh is a plot-of expression 22 showing the ‘ (
© variation of F.M./AM. aural improvement with I.F., bandwidth, -2° Af This

figure is also.the quotient of Figs.1l3 and 12, B

5. 5 FM. /A. M. Improvement Threshold.

This is discussed in Appendlx 10 ImpulSive interferencg in F.M.
‘sounds like a succession of ' clicks, if the P.R.F, is sufficiently low and
the signal strength sufficiently high., = If the signal s’crengl:h be .
progressively diminished the clicks will give way to a succession of Pops
hav.mg a pronounced bass component as distinet from the clicks., &he
reportion-of-pops-to-edicks=will--increase-untid-the-improvement—of-TM.
‘ peeeptwn“wer*ﬂ.M.mmﬂrl"‘dwindive*towzerewwﬁ?heapepswv&bhﬂzhelrwmch“mea:seﬂ"
bass ~apesmach-more=annoying-than-clicks;=so-that-the-apparent -
' pe&ﬁe%%nmfwsrgna%?ytmise“’ra'b10w:t=s*mchvgreﬁaver'%henm%hemaebualw@ementage .
‘ ‘ef«peps%ou’p@psmla.cks., :

19 =GRRTeRG

Pops have a uniform eaudio noise spectrum as distinct from the
triangular spectrum associated with clicks and such a uniform spectrum cen
only be obtained in FoM. reception when the vector resultant of carrier and
noise makes a complete rotation of 2 m m radians, where m is :Lnteger. “This
- can only happen when

o - (2) the M. n01se pulse peak exceeds the caxT:Ler pea.k at limiter
§ ‘input, and \ .

(b) the noise pulse vector is rotating with respec'b to the carrier
vector, :

Condition (b) can occur e:.’cher durlng frequency modulatlon, - or, in the

absence or presence of modulation, in a receiver having bandpass coupled

circuits in its I.F. stage or stages. - A severe mls-tune of wanted carrier
s ) t

i




CORRIGENDUM TO G.0s6, PAGE 24, PARAGRAFH 5,5,

The following shall replace the fourth and fifth sentences
of that- ‘paragraph, -

’

: The proportion of pops %9 pops and clicks will increase up
to 50%. The improvement of FM reception over ali decreases ;
rapidly at first., If the signal strength be further diminished
the FM noise level will increase slmost imperceptibly whilst-

. the AM noise level will increase linearly.  Thus the FM/AM
improvement which hed diminished to & fairly small flgure will.
now increase once again end sccording to a simplified theory,
can increage without limit, The pops with their much increésed
base content are much more annoying than clicks, so that the
apparent reduction of signal to noise retio is much greeter
‘than the actusl percentsge of pops $0 pops end clicks.
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signal ca.n s:.mlarly result in pops.

‘Fram section 5.1 equation 6, we see that the R.F. input peak
cerrier o noise ratio required to obtaln the F.M./A.M improvanent

thresholrl 1s o ‘ ; 4
_w‘,,:w/*““‘mn o . (#)
. Qe '/n S -

| For n *-\/5' and Q = 50, the case quoted in Appendlx 10, we find n= ,0177
which corresponds to a R.F. :m'pu'b pesk noise to signal ratio of 35 db.

6. ASSESSMENT OF ANI\OY:Q\JCE OF IMPUISIVL INTERFERH\TCE IN THE V.H. F. BAND,

6 1 Semces to be proteoted.

- It would appear, at the presen‘t time, that the V.H.E. frequency
band, covering the runge 30 to 300 Mc/s, will be used for radio location
and other civil airline radio services, narrow band A M. for television
‘sound, very wide band A.M. for television and wide band FeM. for television
sound and for sound broadcasting.

It should be possible from information contained in th:.s reporb/
to deduce what kind of measurements of impulsive interference would be -
suitable for p:;'otectlon of the above radid servieces, but particulax'ly in
~ comnection with the broadcastlng services in which we are princlpally ‘
mterested, . . ,

6.2 Ideal Noise Measurlng Set.

, . As has already been stated no sub:jectlve v:.sual experiments have
been undertaken with regard to the effect of impulsive interference on
television., ' It may safely be said, however, thit experience shows that
if an interfering device be fitted with suppressors which reduce its.
annoyance on A,M. sound reoept:.on to an acceptable value, it mll probably
also be ‘acceptable i’or vision,

"~ Since the :znprovement of wide band F.M, over AM. in sigx&l to
noise ratios is known, it Becomes evident that interference may in general
be measured and judged on ordinary A.M. sound reception principles. ,
‘Thus an A M. measuring set designed fram the point of view'of indicating
directly or 1nd1rectly by means of appropriate calibration snd computation,
the subjective aural results of a given interference would also be
suitable for television and wide band FyM. -

: The :Ldeal noise measuring set wculd thus have an I.F. bandwidth
of 10 ke/s and an ‘A, F, width of 5 kc¢/s followed by & RiM,S. meter of, for
- example, thermocouple type. An input attenuator would-ensure that the
TP and subsequen't circuits were. always loaded by the same signal

’
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'aunpl:_tude ’ thl.: being determmed by a peak meter at the I.F. output or

demodulator input terminals. Such a receiver, without eutomatic gain
control, would be satisfactory for values of P,R,F, down to about 25 p/s.

- For values of P,R.F, a little below this figure the annoyence should be

taken as that for a PuRsF. of 25 p/s,thus below this value it would be
necessary to measure P,R.F. and to account for it by deleting its effect
from the ReM. S, meter reading which would otherwise give an incorrect
result as far as annoyance is concerned. Since the peak to mean ratio

- of random amplitude pulses is known. (Append:.x 6) and in view of the fact

. the mean value of thege random pulses it does not appear to be necessary
4o work with an artificially inserted wented carrier, as is sometimes done

. | quant:.ta’clve pfeda.cblon, it is suggested that a practical neise measuring

‘and g0 the R M. 8, indicator will read 4 db.more mterference than the mean
value ‘which represents the aural effect, These remarks m:Lght not apply
<when protect:mg a television semce from interference. , :

6 p/s a8 no subjective tests have been made at such low repetition rates.

set could retain the same bandwidth as called for by existing international

by en 1npuu Mlec:*l;:n.ve circuit to reduce the :mpu‘b unit step or impulse of -

~L
of G AT The pea.k detector would then be used as & "rod line" reading

that it has been shown by listening tests that annoyance is a function of.

in order to randomise the pulses, as well as with the interference to be
measured. A1l that is necessary is to subtrect 4 db.from the R.M. S.
indicator reading, because in the absence of carrier, the interfering pulse
output will be a maximum all the time insteed of having random amplitudes;

This report does not deal with values of P.R.F. below sbout

4s the spectra of the more usual types of 1mpuls:.ve interference do not
change rap:.d v with signal frequency it would not sppear necessary to alter
the receiver bandwidth for use in the different wavelength bands as a
certain amount of local oscillator drift would have a negligible effect on
impulsive interference output. Thus as already stated a VeH,Fs measuring

speclfloatlons which are limited, at present, to long and medium waves.

6. 3 A Praomual Noise Measumng Set

\

" As the effect of receiver bandwidth is capable of d.etalled

receiver for V.H.F. use should comprise ReF., I.F. and A.F. cirouits with
progressively diminishing bandwidths. The A.F, width should be as small

as possible 4o chviate as far as is feagible difficulties due to high crest
factor.  Thus en A, F, width of 1 ko/s would not be, too smell, - A RF. - -
attenuator chould precede the first valve but. should itself be preceded ‘

interferénce 0 a manageable value., All valve grids should be protected
from unnecessarily high crest factors by selective circuits. In particular,
no unselective (for example, res:Lst:we) attenuators should be put between
frequency changer and I.F. valves,’ :

: The I.F. output from this receiver should contain a peek detector
and’ a ncrma... type of demodulator with a discharge time constant of the order

i
/
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device to enable the input unit step or impulse amplitudes to'be
determined from the input attenuater setting, After this adjustment
the pulse amplitude passing through to the demodulator would be kept
congtant,  The ReM. Se indicator following the narrow audio circuits
could -then be a measurs of P,R.F. The input unit step and its P.R.F,
would then be used in conjunction with the appropriate formulae ‘40
determine what annoyance would be camsed by the measured interference
upon a wanted signal of known amplitude, An AF, attenuator

_ immediately preceding the R,M.S., meter would permit of "red line"

adjustment of the latter for a standard annoyance value obtalned for '

- pre—determmed settings of R.F. and A.F, atbenuators.

(H. L. Kirke)



Appendix l.

Scme Typical Exémples of Signal to Noise Ratios
Calculated from the Formulae derived in Appendix 3.

1.  Introductory Remarks.

Signal to noise ratios for' various typicel receivers have been calculated
from the formulae derived in Appendix 3., These ratios are calculated and
discussed in this. appendix.., : ‘

Wherever possible both unit step and unit impulse forms of input
interference are postulated, TIn practice, both types may be encountered
as well as other kinds giving rise to exceedingly complicated spectra.

It is invariably true, however, that the variation of shape of the spectra
with frequency is slow compared with typical receiver bandwidths. = This
applies even with wide band receivers for television,  This fact makes it
possible to standardise all impulsive interference in terms of one or two
fundamental waveforms as described elsewhere. i

2.  Some Typical Signal to Noise Ratio Comparisons.

Table 1 gives the audio frequency output root mean square signal to
noise ratios for various practical receiver designs for a one to one input-
signal-amplitude %o input-unit-step ratio. Included also are the signal
to noise ratios based on that value of unit impulse which produces the same
AcF, output R.M.S. signal to noise ratio as the unit step case for a
receiver tuned to the radio frequency of 1 Mc/s. This is quite.an arbitrary
choice but as.good as any other, The unit impulse ratios show explicitly

. the effect of receiver bandwidth as they are independent of the radio

frequency, fo, to which the receiver may be tuned, The value of this

. i . 1 -
unit impulse 4s, from appendix 7, equation 5, m; = 0,16 110 é rPMDETrE—
" seconds or coulombs wherein fg = 1 Mc/s. :

Table 1 is calculated from the fdllowing equations:

Lings 1 to 7 from equation 26, appendix 3

Line 8 fram equations 6, 21 and 22, appendix 3

Lines 9 to 12 from equation 16, appendix 3

Lines 13 and 1, from equation 27, appendix 3 .
Lines 15 and 16 from equations 5l and 59, appendix 3.

The actual R.M.S. A.F. output signal to noise ratios are increased by &4 db,

- (see appendix 6, section 2) to allow for the peak to mean ratio of random
amplitude pulses and are then decreased by 8 db. to allow for the fact thaf

in sound broadcasting the average programme level is 8 db, below 100% ,

modulation., = The television cases, however, are as calculated by the formulae

quoted and are not increased by 4 db, nor decreased by 8 db, Co




Colum | . ‘ ' ‘ :
No. 1 » 2 3 v L ) 6 : 1 8 : _ Q
Line | Radio Type ' I.F.L | Coupling Avdio i PeRJP. Uriit Step Unit Impulée Remarks
. No. | Prequency| of Band Parameter . Band P ‘ :Effective Effective
. . r
Received | Mod. Af " n S RMS Signal/| RMS Signal/
‘ of IF ccts Noise. Noise
1. | 1Mo/s |AdL | £5ke/s | /T 10 ko/s | 1000 p/s | 52.7 db 52,7 db aural case
2.. " . ﬁ 1 n " - ,25 68.7 68.7 . ;n L]
5. | 4.2 " " K L 1000 65.1 52.7 noo e
}+' " " " n h 25 ' _.-. 81.1 A 68.7 n "
5, 45 J R, " " " . IOQO ‘ 85.7 52.7’ "o m
k 5. n " R " T 25 101.7 68.7 n 1
7. K v 1t 3 /s 2.1 3 /s | 1000 62.9° | 29.9 TeI(Leviiion
' | | - A RIS)
8. " " n " " 1000 17.9 (peak) | =15 (peak) Te'.(Levisg.on
' . . v ) : Peak
9. " n t 100 kc/ s f2- >>100 kc/s 1000 B 39 measurement -
- ‘ ’ - case’
10. n " 1 n L 25 88 55 - " n
- ll. 90 " " v.l " 1000 78 39 . 1t ‘ L
iz. | L 1 w n - Lon 25 ol 55 " n
13, " " 1 " l. 5j kc/s 1000 92 53 - aural case
. 1" 1" At nb n .25 108 69 " "
15. " FM. | X 75 ko/s " 50 pS 1000 120 81 " "
- de-emph.
+ 8 ko/s
. L.PO Fil‘t' ’ : .
16. " 1 " " " - 25 13 6 97 " "
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Referrlng to column 8, Table 1; we see in. 11nes 1 and 2 the effect.
on the aural annoyance of a decrease in recurrence. frequency of the
mterf‘erence. This decrease is 5.33% octaves and at the rate of 3 db.less .
annoyance per octave decrease this results incl annoyance diminution of
16 db, 8till referring to column 8 and comparlng lines 7 and, say, 5
we see the effect of bandwidth, That the decrease in sz.@al to noige
. ,
ratlo is not exactly pI‘OpOI”‘blondl to the root of the bandw:Ldth ratlo (__B%Céf-i)
¢/s
is due to the different response curve shapes in the two cases.  The
television case with.a coupling parameter n = 2.41 has a less smooth response
curve than the sound case with n =4/2,  Comparing colurm 8, line 8 with 7
we see a very great difference between R.M.S. and peak’ 31gnal to noise ratios.
Television receivers with their wide bandwidths lead toy Thigh crest factors,
this particular one being 44,9 db. In colums 7 and 8 ‘lines 9 to 12, the
- signal to noise ratios are true mean ReMe S such as Would be measured on a
thermal meter and not corrected for humen ear characteristics. In column
8, lines 13 and 1l should be compared with lines 1 and 2.. In the latter
case ’che overall bandwidth is achieved in the I.F. c:.rcults whereas in the
former case it is obtained in the audio circuits,> The .difference in elgnal
to 1 no:.se ratio caused by this is only 0.3 db. Lines 15 and 16 deal with
P.M. The FoM. to A/M. -improvement may be seen to be ~about 28 db ‘

3 Peak to R.Ivi.s. Ratlo or Or‘est Fac‘tor of 1. F stage output.

Th:Ls ratio can be calculated by mesns of equatlon 17, appendlx 3 fo:c
AM. and equation 45, appendix 3 for F.M. receivers. This ratio is
independent of the radio frequency to which the receiver is tuned, whatever
the input waveform, and it will be scen from the formulae to be proportional
_ to the square root of the I.F. bandwidth,

!

zable 2
TI.F. half n 4 P.R.T. Crest - Crest.
bandwidth 1 (e Factor Factor
Af - CAM. N ] PO
* 100 ke/s |2 - |1000 p/s = |28 db 35 db |
B wo | 25p/s fweap | 5Lab ,

Table 2 indicates the difficulty in measuring the R.M, S, values without
dls’cor‘clngr the peaks of the wavéform, ‘The ratios quoted in Table 2 are
I db greater than the ratios obtained from the fornulae., - This is again in
order to correct for the random amplitudes of the interference having a
mean value of ,636 of the peak value, :

,L ) . N

o
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l+ . Influencc of T. F. bandw:Lc'Lth on. AlF, - Outpu‘c S:Lgnal t0o 1\T01se Ratw 0. ..

Flgure 12 is a graph of‘ Equat.Lon 26, appendix 3 ghowing - the A,F‘. output
R. M, S. s:Lgnal to'noise ratio for an A.M. receiver. tuned to 4.2 Mc/., and having
an audio- bandwidth -constituted by a b kc/ s low pass flltor, calculated . for
various I.P. bandw:Ld ths with n =,\/§. Also plotted is the same ratio_using
. equation 27, appendix 3, The 5 k¢/s L.P. filter represents a human ear, .
Both these equations are increased by L db.  Fig.13 is a similar graph for
an F.M. receiver having an .audio stage with 50 WS de-emphasis followed by a
low pass filter of 8 kec/s. The 8 kc/s L.P, filter represents the human ear
when 1istening' to triangular noise, Both equatlons are 1ncreased by L,_ db

. Flg.lla is ’che ratio plo’c’ced in Fig.13 f‘or the audlo stage W:.‘ch 50 }J.S
de-emphasis and the low pass filter of ;8 ko/s, divided by that of Fig.12,
This is, therefore, a plot’ of the F.M. %o, AN RS, ‘signal to noise ratio _ :
improvement ratio, This is for the airal case as 5 ko/s is the. equivalent
low pass filter for A.M. _R.M.S. audio output-for the human ear, whilst the ‘
8 kc/s filter is equivalent to the human ear for the- trlanguler -spectrum ‘of -

FoM. From Pig, 1l it mdy be. seen. that there is no theorstical limit {o: the

“improvement to be obtained by using F.M. There are, however, severe practical
limits, amongst them being multi-path’ dls’cortlon, economy of frequency - n
allocations, F.M. improvement threshold, receiver gein and’ 'so forth, ALl e

“these practlcal lam:l.tatlons mltlgate against ‘the use of very wide bsndm.dtho. :

i

/




' ‘A;ggenalx 2

Com;garlson of S:]_gnallt_g \Nbise Ratlo fomulae W:Lth Objective
H " and Subgeotlve Measurements. e _,:,gl

L Measuremeﬁts of :Lgnal‘ to noise ra’cloo for both F‘.M. andgA.M. reoept:.on" ‘
“were made using’ the equipment described in appendix 9. - The results of the’
measurements are tabulated and discugsed in this’ appendlx and compared with
calculated results from formulae d.erlved in appendlx 3. ~ :

2. Pee_k Sipnal to N01se Ratlo.

2,1 I.F. out]gut peak s:.gnal £0 noise x'a’clo.

The follcmng table gives measured ratios of‘ peak 31gnal to peak‘ noise 4
output from an .I.F. stage ‘and the corresponding ratios’ calculated from the T
formulae in appendlx 3 for A«M. (Equation 11) and Fa M. (Equatlon 40)

-~ Table 1.
I.F. Half | - p AMe Sip/Noisé in-db. W+ P, Sig/Noise in db.
Bandwidth - | : S S R B
RNt ‘ﬂmeasured _Jealculated | measured| calculated
tgoke/s | st || 365 | s || sss | sue
L 47 ke/s | L.k2 0.5 . | 40 » 38.0 | . - 358 .

lt will be seen that the results of AM. measurements are about - 5 ab, higher than
" those calculated from formuilae whilst the F.M. measurements are about 3 db,
- higher than those calculated.

2.2 A.F. output peak signal to noise ratio.

, Table 2 below gives the meaeured peak 31gnal to peak noize ratlos from
- receivers of different I.F., bandwidths and different audio bandwudths where
the audio bandwidth wasg determlned by an R and C de-emphasis circuit f’or both

The formilae for calculating the AJM. rat:Lo is obtained by leld:Lng
equatlon 6 .in appendix 3 by the max:mum value of equatlon 21 obtained from the g
- solution of‘ equatlon 22 and is: _ ‘ ‘ , o
2 S 1 s e (1)

AT, output peak §Sif al) oo fo W, T At
Noise WE?_ (1 + n2)51n6 s:mbe S e sm(nat +5)

The eq_ulvalen’c F.M. formula is obtalned also from appendlx 3 by dividing
equation 39 by the masamum value of equatlon 24.8 obtained from the solution of
.equa’clon L9 and is: :




£ F1(n)n : o , , .
A, F output. De_ak(iléﬁ%) 1) 1( ) : ‘ ‘ 1 : o 2)

(Noise)gy 2f), . (L+a2) 3/2311'13) s:m(ﬁ-b e’ “Uht. - b sin(-nat+6-6' )

An approxnmate method applicable to cases -in which I.F. half bandwidth is greater
than audio. bandwidth is to ¢alculate the I.F, output peak signal to noise ratio
and then to multiply this by the ratio of audio bandW:LéL’ch to I.F, half bandwidth.
Thls applies both to A.M. and F. M.

Table 2,
LE ] n <de-enrphas1s » s _ v 1 in
Bandmdthfi‘ i ows AN, Peak "}'igsl'e_ .fo db, F.M._VP‘eak %%Ts_l_g_ in db
: . meaaured , fcalculated | measured| calculated |
teoke/s| L7 | 25. | su5 | 50,8 56 58uk
oo b oso Y isns | sel | 62 6l 1
CE 10 | 655 | Cene | 68 69.9
PuTke/s| wb2 | 25 | 52 51,9 56 58. 3
. . ) \ ‘ ‘
R R 580 | 568 62 63,8 !
w10 | emo "_62.3 | 68 | 69.6

It W111 be seen that the calculated and measured results agree. to within
2 db. - In the case of A.M. the measured ratios are up to 2 db.higher than those
caloulated whilst in the P,M.. casé the measured ratios are down to 2 db. lower
than calculated.

2.3 Llnearrb;y between Input j_)eak noste %o 51gna1 ratio and I F. cutput peak ‘
ﬂgl_al to noise ratio. - : :

Fd

Fig.1ll is a plot of measured F,M. peak output signal to noise ratio
against peak input noise to signal ratio. This is a straight line for the
values of input peak noise to signal ratio sufficiently small to enable the phase
deviation angle to reémain small enough to be equal to its sine,

3. " AP, output R.M.S. signal to noise ratio.

W1 AL

‘Table 3 gives the R.M.S. 51gnal to noise rat:Lo for an A.M. receiver and
shows the calculated values using equation 27, appendix- 3 with 4 db.added. The
receiver is tuned to 4.2 Mc/s and the audio stage contains R.C. c'le-emphasn.s of
various values.



- IF.Banélw:Ldth " n . | De-ciphasis | Equivalent | Measured [Calculated

. ~ Table 3.

S A, -} sisnal to s‘ignal tow.
0 < B noise- Pns no:Lse RMS -

_-t80 kb/é' e 1. 5;7: ‘h 25 ;,LS o 10kc/s “'73 ab " é“j?O 5 o.b e

"if#7fqu5%;*:jf,1;42;~;j 7}25€;5$, f"’ 10 kq/s””fwzf'i73 ab"' 76:5’db},ff

o vl sops | 5kes 76 ab. | 7.5 ab.
" v b 100 ps  2'5 ke/s | 79.ab.| 76,5, |

o " 50 p,S " 5 kc/s - 76db ‘.“‘173 5 b

e ew el 100 ps 2. ke/s | 79'§b.'. 76 5 db‘}”k

3,2 »’F.M.7’~ﬂ'  'L’ “‘ \'é [ co .f AR A

The measured raﬁidé exceed the calculated by a system‘am.tic;Z-;- ab. e ‘

\

Table 1+, av c:: gn.ves the mea.uu.reﬂ a.nd calculated RMS s:.gnal to non.se

f ‘rat:uos for-a F.M... recelver tuned to 4.2 Mc/s With the audio’ stage , ) P
. congisting of R.C. de-emphasis of’ variable value and followed by & low ', . '

. :m appendlx 3

,pass filter. The ‘ratios given. in the right: hand -end -column of-table ;"

are &y db, greater than the calculated rat:ms obta:med us:.ng equatlon 51+

e




- -

I.F.bendwidth | n de~emphasis | low pass measured calculated |
‘ : R.C. ‘ffj.lter 1 signal RIS signal
| i | fe " noise ‘noise
+ Bo.icc/sf 1.57 25 ps 25 ke/s} 90,5 | 90.2
I B 50 ps ] v | .96 . | 9.3
" o o« | 100 ps w10 101.0
" R _25"'" us 7 ke/s| - 99.5 _  ]100.0
,-".J, o 50 " R 101" o 1(')3.0.
W . w L wops | v ] 1 Jaoso
+ 47 ke/s : 142 | 25.y.s\‘ , ‘25 kc/s | 85.5 - 785,-2
o Y | 50 ps " 91 ] 90.0
S " 100. QS X - 96 9é.O
v 25 us |7 ko/s o5 | 95.0 -
v v | 50 ps o 9% | 9'_8-}0;7 .
| v | 100 ps - 99 - |103.0

‘The dlfference between calculated' and measured rat:.os does not exceed
l;. db., and is frequently smaller.

\
!

b P.M,  to AL Signal to noise ratio improvement

[

. L. Both Receivers have Identical Low Pass Filter Audio Circuits.

.+ If we consider two receivers,, one A.M. and the other F.M., having
audio low pass filters of the same cut off frequency fa and both having
the same I.F, 'bandwn.dths wider than about twice the audio bandvudth
di.e. x1 we can use the formula

Signal éF M)RMS f Af ............ I N ( 3) \

noise AJML)

K Th:.s is obtalned by d:.v:\.d:.ng equatlon 51,. by equatlon 27 in appendlx 3.

v Table 5 compares measured and calculated‘ ratios using this forxmla

\
)
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X Teble 5. i
‘I.F. bandwidth| n | low pass filter | measured | caloulated
T : cut off f, Y e | FM;

a . INE
: o RS e

+8ke/s - |1.57 | ' 70%/s | 23.5ap| 26 an.
+47ke/s | Lu2 | 7.0 ke/s 18.5 db.| 2l ap.. O

The calculated values exceed the measured by 2% ab.
: A

be2 Both Receivers have Iuentlcal Audlo ClI‘CU.l’tf‘ oons:xst:n.ng of De-—emphasnc- _
-followed by a Low Pags Y‘J.l’cer
In thb case where both receivérs have the same audlo circuit
uonals’cz.ng of an R.C, o.e-empha.;ls cncult followed by a low pass fllter '
o:f‘ uu‘b-off o we get

T

sj_égnal/NQise giﬁgmﬁ = ‘”,“ ._)' — = _.A_f. R ¢

where f:a. = 1
- 2MRC

Th:.s is obtained from appendlx 3, equat:.ons 54, 27, 50 (modlf :Led),
and the remarks followmg equation 27.

Table 6 compares measured results Wltl‘ calculatlon from thisg formu..a.
i N .

© . Table 6.

. T , v ;
I.B.bendwidth | n |de-emphasis | f, ' |memsured | calculated
‘ :  RC B EM »FM '
"+ 80 kefs - 1.57F 50 w8 | 25 ;kc/s*»— "_-'/2') . | ‘2_2;.0 db
+8ke/s ) " faoops | v | '21 5 db.-“ 2.3 db.
47 ke/s | La2} 50 ws | o ,15 @, | 17 ab.
4 L7 ko/s b 100 ps o | o 16.5 db. | 19,4 db.
The errors do not’ exceed 2,9 db,
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© b Aural’SubjeCtive Measurements

5 1 F.M. o AM. Improvement .
It was not found possible to measure by ear the 31gnal to\nolge
ratios of either A.M. or .M., Several people attempted this but in each -
case it was found that although the first aural ratio taken was within =~
reasonable agreement with the theoretical, the ear apparently became .
rapldly tlred and the ratio could not he repeated with any agreement, '

It was, however, possible to compare the noise from A M. and F.M. .
receivers for the same- input signal to noise ratlo, and this was actually:
done,

The measuremen‘cu were carrled out uelng the equipment descrlbed in
appendix 9. The results of the ‘aurally determlned‘ratlos of .M, -to A.M.
RMS SIgnal t0 noise ratlos are tabulated 1n tables 7 and 8 and compared
with' calculations,

Table 7¢. .

I.P.bandwidth! n - de:eﬁphesls. measufed' 1 calculated s
.i 80‘kq/s T1.57 25 us 25'db; ‘ 26;#
A I 5 s | 25 ab; . 26.8

"o R "-105 Be 25 am | |:é§;o .

,&”u7'kczs'f 4oL2 f 25 ps 20 db. - 21,4
o ,v; | L 5o ps | 20 db. 20,6
o bow ol ioops | ceoaw 4w

Table 7 compares aurally determinad noise Iatlos with CalculatIOWSr\
_Both the F.M, and theé:A.} receiver had identical. audio neuworks con51st1ng
. of simple de-emphasis circuits, By taking the-C,C,I.¥, ear response curve
and finding its energy bandwidth both for flat and triangular noise specbra
it was found that from the annoyancé point -of view the ear could be
considered as a 5 ké/s low pass filter for A.M. flat opectrum noise and as
an 8 k¢/s low pacs filter for F.M. triangular spectrum noise, Thus usmng
‘equations 54, 27, 59 and 32 from appendix 3 we obtain

¥

4
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' ‘ /nrctan T . . o
Aural Slgnal/NOlse (PeM MngMS Ai T IIE U -(5)
. . S 30 / 8 - arctan 8 e

| wherein £, is the réeciprocal of‘ the produc’c of 21 and
the de~emphasis time constant in milllseconds, and. ar
is in kilocycles per second., . : : - i

The agreement between theory and subaecta.vn.ty is seen to be qu:Lte

reasonable. , S . . R

. A more u.sual case 1s that :Ln Wh:.ch, the A.M. recelver has no .
de-éemphas:l.s whilst the F.M, receiver has. In this case we, ge’s for our

-calculat:.ons » the ex_pressmon

L.
/e . .
B R
-

. Aural Sigmal/Ndise i-% BE = meeeOBE S (8
o * ops (8 ~ apctan_S.) e
: . . San ?-; Ta
. This equation is obtained from babpe,ndix .3, equations 5, 27 and 59.
Table 8.
I.¥. bandwidth. n De—-emphas:.s used Measured FM Célc_ula‘ted‘EM
- a in the FM. receivér | - ALy AM
4 80 ke/s o} ows7 | a5 a8 | 26ab. | 25.8 N
. . ||‘ - . | R ‘ 50‘ }LS ‘ Lal ‘ | 29.0 a_b. 28' 8
S ~ve 1000 ps ;32;0 oo | 3

Table 8 compares aural measurements with exprcss:.on 6 a.bove. . Table 8. |
shows a normal VHF F,M. receiver compared with a normal VEF A M. recelver.

 Here we have very close agreement between calculation and. subgqctlva.ty.
~ In both cases shown in Tables 7 and 8 the audio bandwidths, apart f‘rom

de-emphas:.s ‘were wider 'than the energy bandw:.dths of the ear,:

\

o~
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5.2 Subjective Effect of De-emphasis

The effect of de-emphas:Ls on annoysnce value or apparent 1oudness

of the repeated impulsive interference of rendom amplitudes was found = |
to increase approximately at the rate of 3 db. per octave of audio '
- bandwidth when a good but not excep‘b:.onal loudspeaker was used. The
bandwidths used were obtained by means of de-emphasis circuits and the
~ limits of bandw:xdth corresponded with de-emphases of 25 and 100
microseconds, - This aurally . determined rate of increase of annoyande
was the same for A.M, and F.M, systems and is thus in slight dis-
agreement in this respect with theoretical considerations as regards
. tr:.a.ngular and uniform noise spectra,  The rise of annoyanoce with .
. increasing bendwidth which would be predicted from the theory developed

in appendix 3 is shown in Fig.32 to be 4 db. per octave for F.M, and .
1.6 db. per octave for A.M, . Curve 1, dealing with F.M;, was obteined .
from appendix 3, equations: 54 and 59, Whllst ‘curve 2, dealing with :
AM., was obta:med from equatlons 27 and- 32 of the: same appen&:.x. , ‘

!

o ~ Aural tests were also conducted using a very wide range loud- )
: speaker. . In this case the d:.sagreement between theory and practice
was -greater, in that the rise of annoyance per octave of bandwidth was ‘

about 6 db, in both- FoMe and A.M, Whether this discrepancy-is due ' N
in part to the response of the loudspeaker to trans:.ent mputs or not )

is a moot po:.nt.




Agpendlx 3.

uathematlcal Theory of Impuls:.ve Interference
C , In A, m. and F, M.
n : R _ . {

1, Summery o -

_ The unit step response of two bandpass coupled tuned Cll’“cul‘ts

as used in a typical receiver I.F. stage will be calculated. The

detected outputs both from an A.M, detector and a ¥.M. discriminator

will be passed through a typlcal audio circuit and the relevant types.

of signal to noise ratios will be determined. As has Dbeen gtated

prenously the effect of the much wider R.F. circuits on tb,e jnconing

repeated unit steps of interference, though great in-itself, is nohe -

the less negligible compared with that of the relatively much narrower =
- I.P. circuits, For simplicity only one stage of bandpass. coupled c:.rcu;Lts

:Ls treated, but the influence of more than one stage is discussed

in appendlx 5

. _ 2. Response of Typical I.®, Stage to Transient Input -

Consider Pig, 15, in.which the pentode valve is ideal-in that its
anode-cathode resistance is infinite., The input current is 1, and
the. dutput voltage, e, = Making and combining the "A" matrices of the
“three impedance groups -forming the network, that is the left hand r -
and C in parallel, the coupled coils L and the right hand ¥ and C
in. parallel we obta:.n '

1 0 1 Lk - K) 1 0
) £ 3 P y,
X G | I § RS e (1)
HL oo | 1 1 1 .
i;-kPC 1 o |lex 7 i‘.v-a.-pC  1

- where p = g__%_ » the differential operator, :
. . d -
. \ ! -

The prbduct' of the three matrices in equatio__n 1l is "

; . L
’ - f

| R N R L
g+ ob(g-K) (F+00) o (g -K)
}

N WS Ly | 2, 1L, Lok, po),
®(T + p0)+-~~p-ﬁ€ + pL(E. ’K)(;: * pC)°+ 2( + 2C) | oL (g .KXE-'-_ O+ ¥
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The apq term gives the trari_'sf“er impedance as

2] = gg-l-; t e R o k3)
‘ - (-P-L+ §—3f2+(l-1(2)( -9--)] £1

r

o

-

Wh_era b_)° ;.%C_
Now assume Q>> 1 and K <<1
CLet n = ¥ a=

P = 0= (o, - na’)

{]
Q
+
St
—~
8,
»o '
[ ]
o
o]
~r

P2
,p.3'
‘ p4 0t+.)(w +na)

[ ‘ Y \

' Then equation 3 may be written with adequate approximstion

X --j('fw +na)

u, .

S TR IR 0

CRCRED <" S S s
L o(p+p1)(pfpz)(p+p3)(p+p4)_ : )

3. Considerations dealing with A.M.

3.1 AM. I.F. Output of Peak Noise and Sigmal

‘Now dealing first with the A.M, case, if T represents thé amplitude
of a steady state sinusoidal current of frequency w,, we let p E jw
and (5) becomes A _ _

, e = anoL B v (6)

1+ n2 : : R

t o RS \

where:m el is the amplltude of the steady state output volta.ge f‘or an
mput amplitude of q amperes. ‘

o Now to obtain the output voltage e(t) a_s a tlme finction due to’

' the application of unit step current to the input, we let 1 equal unit -
step amperes. By an application of Borel's theorem, and Heav:Ls:.de 5
'shift! theorem equation 5 becomes

e(t) = nale™% (cosnat sin w t = Cf.‘; sin not ocosw t) ............................... (7)
: n
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As Wg >> na because n 1s never very far from unn.ty and Q > > wé ma,y‘
s:.mpl:.fy equatlon 7 by o f‘urther approxmat:.on to

e(t) = ..woLe‘ s:mnoct cosw, £t o (8)

() = ~uple™ sin L — e o (9) '

where .the subscr::.pt 1 Wlll refer ’co A.M., and later, 2 w:n.ll refer
to Falls . N
If, durmg the reception of the repeated unit steps of inter-
ference, a steady wanted carrier is present, the envelOpe equation 9,
will appear as a modulation of the wanted carrier., The greatest .
‘ - value of interference envelope will occur for. the in-phase or out of
- phase conditions of the interference and wanted carrier and’ it is
this condition which we shall treat. The mean value taking all
random- phase angles into account is calculated in ‘Appendix 6, . Thus
equatlon 9 shows the output from the detector, The maximum value
of this may be obtained by dlf’f‘crenta.atlng equation 9 with respect
to time and equatlng to zero, ThlS process gives’ ;

Pakv = . ] . [ L. A
e; l b’ ..... e e ........................ ................. . ’(10)

en

1+ n
~ where 6’ = arctan n |

The peek I.F, output 51gnal to noise - ratlo, assunn,ng 1007 modulatlon
of the wanted s:.gna.l, may be. obt amed by d:.v:.d.mg) (6) by (1.0) , Thus

, ) : ‘ - b'

‘ ' - I.F. Output Peak 2 gnal; E foFl(n) .................................... (11)
- , ‘ Noise ) -M- zAf;;l + n§ . , o
. i where Fl(n) is a functlon of n shovm in Flg.7 and is obta:.ned

from an elementary study of bandpass coupled c:chu:Lts, and A £ is the
half I.F. bandwidth for 3 db,. reduction in. response from the m:.d-band

Value. Exa.m:mdt:.on of F:Lg.? shows that P
a2 =xfo.pmAf . i {12)

20 Q@ R T
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302 A.M‘ Ie. F. Output of R MaSg NOiSe an-d S@d

The R.M.S. noise, for a pulse repetlt:.on frequency of fr, may easily
be obta.:.ned as follows

1/fp

=

<:
-
N
Y

- ' o y : . .
]fr‘ wo2L2v (e sin -nat)2 dt e et erareentr e reasiana] ettt r e n '(‘1 5):

~and if'we assume fr << we obtain

— 2.2 . -
V'l. =_n 5 ro e S e e e - (14)

; Now the signal belng sinusoidal has a mesn square value of
— _1 Q%w;2 L2n? |

2( ].+n2\)‘2 | _ .

from equation 6.

Thus d:.v:d:.ng (15) by (114.) and taking the square root g:Lves '.

‘I.F. Output RMS Eﬁ.i&rl_) e/ "Fl(nj/ e 16)
Noise ) su /E /T L

3e3 A.M. I.F, Output No:.se Crest’ Factor. | ; -

. By dividing (10) vy the square root of (14) we obtain

<O : :
e = . ] _ |
I.F. Outputhoi.se éf’..e.él.cg = 2e™ 27(4? ................ etz (47)
Ce e R AR |

Zelt A,M. A, F. Outp ut of Peak Noise

- We now examine the effects prod.uced by an cJJ.le c:r*cult upun the I.F,
output voltage Vi(t) given by equat::.on 9.. Let us assume for simplicity

that the -audio portzon of- the rece:.ver cons:.sts of a simple de-emphas:.s

circuit. of time constant a%_ where 60 is the angular 1requency at which
a

the steady state response is 3 db,. less than tha.t obta:.ned for volta.ges
of Zero or very 10W f‘requencles. The unit step voltage response of




\

»It’:.nally, the Operatlonal form of the output f‘rom ‘the d.e-ezhphas:.s

Th:r.s voltage is plctured in Fig.8.

p - ]5‘ -

‘the de~éﬁ1phasis circuit;j\.‘s S Sk PR A ’
Volts out 1 : ' . R |

Tolts n- {jp] wa+P R ;ui ...... e e o i (18)

.

Now the operat:.onal equlvalent VJ_ [p] of vy(t) is

" Yl(-t) Vl[P}]” = 'v'"*’oL‘ rﬁp o (19)

(p+oc)2 +n a2

‘where % means "Operatlgna,lly equlvalent to"

c:.rcult is
y

= - . 1 .. p v . R i ',- . m ‘ :
el = meh ‘ et (26)
ua+P , (Pﬁf'q)z " nZ‘qz o %
By appl:.cation of Borel's theorem C

la‘(t) -l 2222 xsinb [smb Wl ,"e‘at sin (nat +b )] (31)

Whereln b= arctan 1L, - L o T
. 1-x o ~ S S |
) W ‘ o : ¢ ', S e
and X = ""aa':A"‘"i Fi(n) S o o

This maximm va.lue of’ equatlon 21 may be obta:r.ned by putting into 1t .
the value of ot which satisfies the transcendental equat:.on ' - :
. (a-{n )t A . ‘
xgind , - ) S
, e . c=sin (nab +d=0') Lol i ool n22)
S SEE = sin (nat +3- ). | hd22)

.~ -Thus the peak audlo signal to. noise ratio cannot be given in
simple algebraic form. Furthermore, if Af > f‘ by a substantisl

~ amount, the pesk value of V1a(t) is not interesting from an aural

point of view because the greater contr:.but:.on towards it is

supplied by the supersonic term e Cﬂ’ss:).n(na't: +d ). . However this pesk
value is of J.nterest from the noise measurement standpo:.nt and some ... - .
examples: are given in appendix 2, Table 2., Of course J.fAf < fa

then the above remarks are not true. and the peak va.lue may have a,n
aural interest if the pulse repetition frequency, fr, is low,; as was

expla:.ned in the main par‘b of thls work. R ! '4“‘.
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3 5 A.M, A, Output of R’M.S. NOlse and Slgnal ) 2 : i : ) 4

Because of this supersonic term in equation 21 , it is better :
from the practical (aural) point of view to caloulate the RMS signal to ,
noise ratio by a spectral method which assumes the audio portion of the '
- receiver to consist of an ideal low pass filter. \ This method results
in a formla of equal vallda.ty to that which would assume an aud:.o
,de-emphas:.s c:.rcuit y-and is always saf'e. whatever the value of

X = f%&.ﬂ_/_ A method based on root mean squarlng the t:.me f‘unct:.on
.
emerging from a de-emphasis eircuit is mcluded in Append:.x 4 for

interest,  This spectral method rellea on the follow:.ng well lmown
~identity. : :

/£y, | D,

£y f CV(t);]?at_=_fTEI'. J 16 (3w) 12 QD i . ..(é3)"

o L 0.

wherein
' 4

KO ;ivlm

v

and V(t) is the output voltage. emerg:.ng from the filter of angular. S
frequency band 0 to Wge | Thus the mean square audio output voltage ° - ’ :

emerging from the ideal low pass filter of -cut-off frequency f, ‘;a is
: b8

“a 2.
e ;1

‘ (JM)2+ na2 | B
SR g oo

. s .
R T e s S LI YT TR PO (2 t )

: : “"‘ R ‘. L N "
this being evident from an éxamination of (23) and (19).

LT e

e a2 A «
- onf L% . S
TE - rfo 2n arctan 2x ., 243 1081 x2+2mc+l+m2 ........ ( 25)
1 8 4F,(1m?) _ . (1+n2)-x2  x“~2nx+1+n°

D1V1d:.ng (15) by {25) and tak:.ng the square root gives a RhB AM, audlo
signal: to noise ratio of




AF Output RUS ’E.S;iﬂl.al)
| (Noise )

L)

= T]T[ f . - l Lo S
{ (1+n2)frf, f.;ﬁgrcten 2% + 2,3 log - %2+2nx+14n2- (26)
: ?11525:55 N ‘1pu;§:;;;:zzgg ......
- If x:( 1 equatlon 26 degenerates to o o I R ‘. i  ,,ﬂ
AP, Oubput RS i%%lse%lg | =q12C clo i 20
v . M m : _ ‘

AN

for receivers hav1ng I. E: bandwmdths wider . than audlé.- Now 1f in fact

the audio circuit consists of a de—emphauls network of time constant
E%" then the rlght hand side of equatlon 27 must. be multlplled hy
a

Y h ' ’
!“* because the energy bandw1dth of a de-empha31o network to flat

spectrum noise 1s:?t1mes greater than that of an 1deal low pass ﬁllter

ti the same spectrum. In equatlon 26 we: must remember that x becomesﬁ' '
z aﬂl( ») wh fi' - e .-;=’

3 6 A M. Aural Output blgnal to N01se Ratlo.

The actual aural 51gnal to noise ratlo Wlth a de-empha31s 01rcu1t
instead of the low pass filter may also be calculated from equation 26
or 27 but a new special value fla of £, mst be calculated to-allow
‘for the fact that the ear approx1mates to a low pass filter hav1ng an:
energy bandwidth to flat spectrum noise of roughly 5 kq/s.
representation of an ear listening to flat spectrum noise emerglng from
a de=emphasis circuit would thus be a normal de-emphasis response curve
cut abruptly at 5 kc/s. The noise energy at the output of such a.

- system would be’ pr0portlonal to

N = ' : : -

de=emph ~ [ _~q.f_:___§_ RS R E SRS errpereenrend ( 28)
, b . . 0 1 + (fa) : .
N de-emph - fn amtan Fa,..........”...‘...............u.........-u......4......ﬁ .................... ( 29)

Whllst the nolse energy at the output of the s1mp1e low pass fllter
of cut-off £l whlch we wish to find is proportlonal to

[

q .



N2
LiPefilter ~ T K

!

N »L/.P.filter = f a - s e e : ................. (3])

Equating the two noise energies given by (29) and (31) we get

TR ot F e (32)

_ "'Thus.th‘e actual value of f, to be inserted into equations 26 and 27.if a
' de~-emphasgis circuit of time counstant 63']:' is used instead of a low pass
, : : v a C . ] .
filter is,f‘la given by equation 32, It should be remembered thet x will
- now become T .

o ee—— P .
Af 1(n)

ke --Considerations dealing with F.M.

We now' pass to the case of a F,M, receiver possessing a perfect
amplitude limiter, The free oscillation set up by the unit step input
current will have a constant phase angle with respect to the F.M, carrier

~assumed unmodulated for simplicity. This assumes that the latter is
correctly tuned to the I,F, centre frequency £y = Yo This assumption

U . » 2t
has been shown to be legitimate in practice, We may, therefore, I
congider only the envelope of this free oscillation, this being given b
equation 9. .The vector diagram appropriate to this state of affairs is
shom in Fige16. S : :

© 'y is the constant phase angle between carrier and interference,
Y takes random values at edch new recurrence of impulsive interference,.
We shall assume a value of Yy which gives a maximum angle of phase shift,
P s of resultant from cerrier, Actuelly the value of ¥ giving maximum
rate of change of B varies during the interference envelope cycle but if
P is a'small angle sufficient accuracy is obtained by letting

Y +P = -;-t-z the third remaining angle.. Now
R T T VU~ S o
¢ B = arcsin 1 #17 sin nat (33)

HECT
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As n is never far from unlty it may be seen that if the carrier

t0 noise ratio is g;eater than, Say, about %O (thlb allcws for n-< 2)
B will be a small angle and ' o

B - =sin B e - R SRR &1
and we can re-write (35) as B . L
B %Tiaﬂgle é ;in not B T*TT”T?”“i”“,gja)‘

- If the dlscrlmlnator follow1ng the amplitude limiter has a coefflclent
of” prOportlonallty of A .volts per cycle, the- 1nterference ~voltage x
emerging from it will be

Volt) =B v QB et 6

o(t) o A38)

Cu(t) = Aa(lend) Ot (npt N (37).
2nn nQ B o |

where the subscrlpt 2 refers to F.M. as Opposed to AMy . This: voltage - ﬂ
is pictured after some. subsequent seleﬂt1v1ty in Flg. be and f ,

4.1 F.M, IeFs Output of Peak N01se and Slgnal.

4

" The value of the flrst poak of Vz(t) occurs, at least mathematlcally,
ai time nought and is S S o

Peak Vy = é_aﬁﬁiﬁ) ........... ST 8y

K S : : R

Selectiv1ty subsequent to the amplitude llmlter w1ll, in practlce, Shlft
this peak to some time after ‘t = 0 but measurements indicate that its
velue is not greatly altered, certalnly not when compared with the -
alteration incurred after a further passage through the audio clrcultoAQ
whlch is the case of! ‘greater’ 1nterest. The secopd and somewhat

smaller peak’ occurs at a tlmc t = 26" and ‘may eésily be“c&1CU1étea A,“

fron equatlon '37. . Now assuming 100% modulation of the wanted F.M.
51gnal which we shall define as complete utilisation of the I.FPe
bandwidth by a deviation of Af to the =3 dbs p01nts in the steaﬁy
state response curve, the 51gna1 voltage emerglng from the -
dlacrlmlnator 1s : , .

ez:AAf : - ‘ | (39)

whence dividing (39) by (38)
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Ty Output Pesk @2—.&2__) =1 _foF2(n) (40)
‘ (NOlse ) ' 2(1 Y B LT TTP TSP
' M | +1 )A f

4.2 F.M. I.F, Oubput of R.M.S, Noise and Signal

" The mesan sqﬁa:e noise for a puls‘e‘]rg'apetifién freciuénéy of fr: is

2 . e

Vo sin(not b'j At ] (41)

L R IO ) (42)
The

2 _ A2A 2 S

/e A% f ............................................. [ PP / ............ ! ('45)

‘whence, dividing (43) by (42) and teking the square root

e —

-

. . . . " ) v . ) % 2
; | (signal) - _To @7 (n)
i[.F. Output 3,M.S. gN'oise ) T]m-z " e " (l{).;.)

. L3 FLM, I B, Output Noise Crest Fac‘cor

Dividing (38) by the square root of (42) we obtaln

I F. Oubout Noise (Pesk) L JZEAES -
, gmv;s ) " £ F1(n) . - o

I p

oy F.M, A.F. Output of Peak Noise.

“We now examine the effects produced upon the discriminator output,

V2(t) by the audio portion of the F.M., receiver. To obtain the output. )
as ‘a time function we again assume the audio circuits to consist of a
de~emphasis-network of time constant 1 . . Using similar methods and
i _ o a
no—tati‘on to thosa employed in connection with A:M,
Vz(t} ——Vz[p] . Ag(1+02) 32, pnocosh! - p(pra)sind® . (46)  '
27 1 Qn (p+g)? + n0° :



‘IV2a(t) = 'ItT] 2w, x

-1 - | | -

Multiplying (46) by (18) we get for the - operatlonal equlvalent of the ,
audio noise output voltage ‘ :

[

Vya (o= . sa2r? Jou st 2 | ()

2N Qn L  pHo, (m)2+n22J

By application of Borel's theorem

1
B -5t Lob

2 | o
Aa@ sind (1+n2)Z 2 SN v S =
sin(d-0").e -e sin. ‘(nat +d-8')

T.his voltage is pictured in Pig. 9.

The maximim value of equatlon 48 may be obta:i.ned by puttlng dnto it the
value of at which satisfies the tra_nscendental equatlon T,

Thus as in the A M. case the peak’ audlo s:.gnal to noise ratJ,o cannot *be
given in simple algebralc form. S, :
1

L5 I, M. n.F Cutput of RMS No:Lse and Slgnal

ihe RMS audlo signal to. noise ratio is mOSt easily obtalned by v
assum:.ng as we did in the A M. case that the audio portlon of’ the F@M

receiver consists of an 1dea.l low pass filter of cut=~off frequency -2-%
Another method is given in .Appendlx I f‘or interest. , '

Then the mean square noise is

@, .
.'/a' '
. ! 2
— - Iy iq,z(jw) Y oo e e (50)
VoS T L _
. o ' ' :
. a ‘ . T - D o e
— _ Ty [ |g(em®)2 . n Jo L &o (51)
‘Vg a % \ ‘ZTIQQQA: «/1+n23(303+g)2+nq2]"‘ ‘
-5 _ 2 2ff3 |
nga - A (1+n%) on arctan . 2% ¥ 2 3 logl x° (52)

1% 5 12 30 ,‘ x2~(L4n)
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Dividing (43) by (52) and taking the sque.re root gives L,-.kRMS F.M.
audio signal to noise rat:l.o of

AF Output RIS (.3.1.59...)

T o - (No:.se )FM
SR ot g (53)
lns | frfa o arctan 2x -2.3 log X +2nX+1+n .
: ( 1+n2 ) ~x2 ‘ 10x2-2nx+1+n2
If x < 1 eq.zatlon 53 degenerates to . ° :
AP, Output RMS (.&&L.) nm/- 1’oAf‘~ ' (54
| (NO:Lse ) 2 o T T PP S D )
. 2 frep

for receivers having I.F, bandw:.dths cons:Lderably W:Lder than audio. Now.
if in fact the audio portion of the receiver dctually has a de-emphasis o
circuit instead of a low pass filter the measured RMS signal to noise

" ratio might be smaller than that given by equation 53 or 54 by the amount
by which the I.F, half bandwidth exceeded the audio band because the F.M,
noise spectrum is not flat but proportional -to frequency. Thus a
de-~emphasised F.M.noise spectrum would have the form shown in Fig.l?.

4.6 F.M, fural Output Signal to Noise Ratio. : . . ‘
The reason that the aural signal to noise ratio is not as poor as
would be indicated by Fig.l7 is that in fact the ear will not pass N
‘Prequencies above a certain limit and so inreffect corresponds with a low
pass filter. In fact the energy bandwidth of the ear to triangular ’
spectrum noise is of the .order of 8 kco/s so that to obtein the aufal A.F.
RMS signal to noise ratio in a P.M. receiver, we should use thé low pass
filter formilae 53 or 54 with a special value £'p of fg which we shall

proceed to calculate. Consider Fig.18 which shows the effect of a low
~pass filter of width f£'jand a de-emphasis circuit of time constant .-

on the triangular noise spectrum. ma

The curve 0 C E D represents the de-emphasised noise but
restricted in energy bandwidth by the energy band of the ear taken as
cutting off at 8 ke/s. If the noise spectrum is taken as reaching an
arbitrary value of unity at a frequcncy A £, then the de—emphasised noise
energy which is heard by the ear is pr0port10na1 to

N2, . - £

e=~emph, pe

) Azf(l + £ )2
- 0 , fa .

df = area Of OCEDO ...memmimcsis (55) "




N2 8 - arctan 8 ‘ - f N ‘
de_emph AZf (,f ¢ ?;) ........... e IRRRRTOIN 0. )

, The noise. energy emerglng from a low pass filter of cut-off f" Wthh
‘we requlre to fz.nd is proportlonal to Lo '

f, y S N |
NZL P £ilter =f Agz e = arca of OC-ABOA,,:?...Z ...... feverrnen e ................. e .(57)
. » f Lo ) ) ) e S . s
o
Ay 3 , .
N2 . :f"a‘ e i (58)
L.P.filter jAgf‘ ] ' ‘ :

Equating. ft;hesé'tw‘oﬁnoiSe energies we get

(€18

Er=f s ( - arcta_n g \()9)
L“ C .

Thus: the actual value of fy to be 1nserted 1nto equatlons 53 a_nd 54

if a de-emnha31s c:.rcult o:t’ time constant L 1s used is f' glven by (59)

(D
-
L)
B 5
=~ [ .
A
T
f I d
. .
X
!
1
1




 Appendix L
- Root Mean Square Audio. SJ@al o N01se Rat:.o in A,M, and F.M.
Calculated by a Time Function Method insteed of the S@ectral
o Method employed in Append:.x 3. L

{

&

1. ) A M‘ i
/
Let us dea.l f':.rstly with A.M. Gons:.d:er Appendlx 3 equation 21,
It is lengthy but not difficult to calculate the- R.LS. value of Vla(t) ’
but if the frequency BY ig supersonic the second term in the brackets

of this equation will“contribute very little to the aural result.

If we therefore assume & receiver in which the I.F. half bandwidth is
considerably wider than the audio, we neglect this second term and
calculate the - mean square no:.se voltage, ’ thus

l/ fr

ol P O S ¢

. [s] ) .
whence from Appendix 3, equation 21

2
Vi€ =(WobXsinfocy/fry | e Bat o L (2)
Which if £, ¢ < up (nornally the case) beoomes
x JE syl
vl‘a 2&&( ‘ n " ) ...................... ............................... |

Dlnding equatlon 15, Appendlx 3 by equatlon 3 sbove and taking the qﬁ_'_are

root -’*'
— = A4 n2f0 N
\ ;,‘i“z v (l+nz),./'f";f= : s:n.n ‘

But as we have assumed that the I.F, half bandwidth is consideraebly w:Lder
than audio we have implicitly taken x < < 1 so we mst f‘:md the limit
of (4) for X ——w» 0. This process rosults in

£ R .
AP, Output BMS (Signal) /B O RO {5

(Noise): AM 2 /T, £,

-
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‘This, formla becomes the same as equation 27, Appendix 3'3¢ we remember
that the energy width of our ideal low pass filter which would fass the

same en?r{:,y as the de-emphas:.s c:.rcu:.t of time constant 3‘-— = 21'Cf’ is

Thus, éxpression 5 'in terms of f% becomes exbre_ssion. 27 in Appgndix 3.0

Applying precisely the same methods to equation 48, Appendix 3 we get

.F.OutputRl\ﬁ Sl ) = va_Af e S (7)

This equatlon is similar to equat:.on Sl.., Appendzx 3.

By equating the two expressions we see that the effect of neglecting
the supersonic term in equation 48, appendix 3, is equivalent to the
insertion in the c:l.rcuit of a low pass filter of cut=-of'f frequency equal to

}/2-1: (1+n2)

Ir the I.F. o:.rcu:.t coupling has ‘the optim.un or critical value corresponding
with n-l, this cut-off frequency becomes 2,66 £,

(>




‘ Appendix 5,

" Response to Unit Step of Two Band Pass Coupled Transformer Networks
- in Cascede with Ideal Pentode Valve between them.

2 -~ The theory outlined in Appendix 3 is restricted to a single band .
. pass coupled systems, It would be desirasble to know whether the results
“of that theory still hold reasonebly good when more than one such ‘
coupled system is employed. We therefore examine the indicial transf’er
impedance of the system pictured in F:.g.19. :
The pentode mutual conductance

is 8 amperes per volt, From
appendix 3, equat:.on 5, we have I ,

ey ;mc,‘f'\ p R (1)
‘ . o (ee(pre )(p+p,),)(p+p
\ - where Z [p] is the :md:.c:Lal transfer mpedance of one. of the boxes
‘ in Flg.19. S e R
Now e = zi ...... N ¢ )
en = F2=L SN WS ;‘J.A..f ........ - (3)
;whencé‘ .' - & | | | | ,
RN (5
and. operat:.onally o - _ | - : | o
ez('b) e 32 [p] = 8, Z [p] ..... S R — (5)
where:m 11 = unit step. / ‘ | /l
‘ ' By appllcatlon of Borel's_ 'the'orem ‘ |
| { “eo(t) %%— z{p] . p2[p].8 i (6)

e(t) = $

o

ale] )
)

swlel )




Now ‘from Appendix 3, equation 8
o -at f ‘
£1(t) = - wWqle 8in nat cos Wyt ... ST e, e ;(»9) s

From the second equation 8 above it is clear that

whence

£a(t) = “—’-‘31'— e™® [ asin(wgtna) t - asin(w, - na)t
2 T

- (o + na) cos(wy+na)t + (wg = na) cos(wg = N 7] e (11) .
Forming £1(u) . f2(t - u), then effecting the integration indicated in
(7)), and finally making the approxmatlons permitted by the assumption :
that wp >> na we get -
s wo3L "a't' N ’ o . . in
eg(t) = g 2L . " [(2simnat - nat cosnat)smwot_- not sin nat
- 8nC
cos wot T et e e ( 12)
' The envelope of' this function is
'Envelope of eg(t) = .g¥o e B y2 ysin®y - 2y sin 2y. ...{13)
‘ 8na ’ p | ; |
’ Wherein Yy = ndt _
From (9) :Lt is evident that the envelope of the cutput voltage from a _ ' .
sn.ngle bandpass coupled system is v
A :
._Envelope of el(t) = -uoLe ns;n b R (11..)

We shall now examine two cases, First let us compare the two
enveloPes (13) and (14) when the everall steady state trensfer impedance
of the double bandpass coupled system shown in Fig,19 is made equal
to that of one of ‘the s:.ngle systems which go to form :.t.

- From Appendix 3 equa‘blon,G

°1 _ Quglm ' ' | -
1‘]’:‘ bad m— .._,,,,:.. .......... ‘_...,v..: ..... ‘;‘A..v................4”.....‘.......,‘...,..‘..T..: ................ T |




80 that PR
' ‘ Q.
€2 . (QWoln)
- \ DR - S R S ST SRR U NYY SO 16
11 (14n ) i (e
and for
| 2.a
11 = Ti ............................................................................................... (17)
we must have ,
| Jodm? e (18)
Yo et e Nt 2 an s ea bk an s et sen e aaee et aeareraseeasentrenresneeamaeren S %)

'Putting this velue of S into (13) we get

- v weg(lm?) & ~
Envelope of _ . Wdi(1mn2) T
Ve e o ea( t) ...‘ » 2 e Jy2+l+ singy - 2y Sin ‘2yv...,,,,,,,(1 9)

Figs20 is a plot of equations 14 and 19. It may be seen that the
cascading of' two identical coupled circuit systems reduces the amplitude
of the unit step response by 1.4 db. below that of a single coupled
eircuit system whilst at the same time requa.ring 1.6 times the time to
rea.ch this maxlnmm.

Secondly, we shall compare the unit step response of a s:mgle L
coupled circuit system having a given bandwidth with a double cascaded
coupled circuit system having the same overall bandwidth, This is a '
more interest:.ng case then the preceding one. As with Fig.20 we shall
let n = 1 in both cases so that the general shape of the double system
will be similar to that of the single system. Now if at a ‘oertain off-’
tune frequency the single system is, say, 3 db, down in steady state
response, then for equivalent bandwidth we must arrange that for the .
same off tune frequency each of the two-circuits of the double system
mst be 1% db. down. An elementary study of coupled circuits will
then show that the Q factor of each circuit of the double system
‘must be eight tenths of the Q factor of the single system. Bearing
this in mind and letting Q be the Q factor of the sirigle system and
0.8Q be that of the double system we find that whilst the oo—efflc:.ent
of equation 14 is unal‘cered that of equatlon 19 becomes

w,
-__._..___;Lgl*g ) ‘because Q in equa.t:.on 18 becomes 0.8Q. With n=1 this
n _

factor becomes 0.625 woL wherea.s before, in Fig.20 it was O.SwoL

Thus we re-plot curve 1, Fig,20 on Fig.21, and curve 2 is re=-plotted
on this same figure but with its ordinates multiplied by !
6—’-3-22 = 1425 and its absc:.ssae nult:.pl:.ed by 0.8. Thus we see that
for more or less equivalent overall bandwidths the double cascaded
scheme is scarcely different either in ampl:.tude or in response time
from the single system,

’




. 7
-l =

, . The conclusions from the theory expounded in Appendix 3 may
-therefore be applied with good accuracy to receivers having two I.F,
bandpass coupled circuit systems in cascade. It Would not appear
unreasonable to assume that a greater number of such systems in
cascade would scarcely falsify our ‘conclusions prov1ded the overall
'bandW:Ldths were kept consta_nt. . ,
/ .




Ag_gendlx 6o | ‘
The Mean Value of Repeated Pulses hav:mg Random Ampln.tudes.

" 1o The Mean Value of the Resultant.

_ The s:.gnal ’co noise ratios calculated in- Ap’pendlx 3 were . all based on:
~ the maximum noise condition due to the assump‘bwn that the stea.dy carrler
either in A.M. or F.M, was in phese or in opposition to the I.F.,
oscillation of the noise pulse, - In fact, however, all phase angles
~ will arise during reception of con‘blnually ‘repeated 1mpu.1s1ve inter-
ference and we now turn to the calculation of the mean noise. Consider,
Fig.22, a carrier vector of amplitude € > 1 which with a noise vector
of un:a.t amplitude forms a resultant R which we shall :anestlgate. This
resultant, R is .

B

/l+02+20 cos: 9 ................ - e . - — , ...... ( l)

The mean value of all the different resultants o‘bta:med when 6 ta;{es all
poss:Lble angles between O and infinity radlans is, by symmehy :

S ¢ .
R=m / RAD oo (2)
or
R= 1[ (1+C).E(2 28 Yo o R j....:k.,.(5)

1+ _

where E is the oomplete elliptic :.ntegral of the second kind., R - C is
shown in Fig.23, Equation 3 has a certain interest for the measure=
ment of noise by means of o detector in the output from the I.F.

circuits of a noise measuring receiver, If this detector measures the .
. mean: value of the noise pulses while remaining a peak detector to
voltatges of mtexmedlate frequency it mll md:.cate the quant:.ty

C(l-frW) +R £ W
where £, is the P.R. F. and W the width of each pulse assumed rectangular '
Vfor s:.mplic::.ty. o R

/,

2, [The Mean Value of the Detected Resultant.

“Let us now imegine that the I.F. deteotor has a time censtant long ‘
~ compared with the I.F. period but short compared. with the I.F. half
vbandwid.th frequency - that is, we assume that the noise pulses are




\

-2 - '
passed on to the receiver audio or videéo circuits without distortion,
Now let us measure these pulses with a meen rectifier, It will: '
differ in its indication depending upon whether it reads positive or
negative going pulses, Fig.2h. This figure is simply a graph of the
arithmetic difference R = C for all phase angles between ocarrier and :
interference vectors between 0 and T, .. If. the meter read positive going
pulses, for example, its reading would be proportional to the mean velue
taken over the phase angle interval 0 tom of all vectors greater than
the carrier, C." The level of I.F. detector operation is clearly set by
the mean I.P, voltage R, The angle O' at which the resmltant R becomes
equal to the carrier C is : . - -

~

.9"=,-9v..1_ ........... — e : »
| T - arccos R R — v %)

Thus if My end My are the mean meter readings for positive end negative
going pulses respectively we have \ -

= L } (R = C)8 e {B).
- . o X . . 3 |
and as 1 o 1 1: K
R = ?[ / R3O . + 5T / RAO e (6)
o o'
or E_: Mo =My +C e s ..... — AR ..... el 7)
My =C + Mp -“R .V .................. SO VS STUUDRRU SR ' (8)
Now grom (5) | ‘ o - o
_20340) - . o' 28 ' Ct, e
Mp__ .i.TT_l E(-’1+C)-%C ......... e (9)

Equations 8 and 9 are plotted in Fig.25. The two curves shown take no
account of pulse width W or repetition frequemey fr. Thus they should
be 'xmltipliec} by £3W to obtain the actual mean values for a carrier to . -
noise ratio of C> 1,  If an audio RMS signal to noise ratic be measured
then both positive and negative peaks would contribute and the mean RMS

" ‘signal to noise ratio teken over many sueocessive repetitions of impulsive =

- interference would be proportional to the sum Mp + Mp which for carrier
to noise ratios of C > 1 is sbout 0,62, When C increases indefinitely
LM + M, tends %o the mean value of a half sinusoid, namely 0.636. . This
- means that all the RMS signal to noise ratios given in Appendix 3 should
be increased by about 4 dbs It is assumed that the aural results would
~ follow the same trend in that the ear would tend to aversge the various
random emplitudes ard give an impression proportional to My + My = 0,62,
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Use oft Unit Impulse instead of Unit Step.

Consider Appendix 3, equation 9. " If we assume the input noise
current to be a unit impulse of velue U coulombs, where '

U 2 BT e S (1)
B being evaluated in amperes and T in éecondsf o

then the envelope of the unit impulse response corresponding with the
unit step response Vl(t) of equation 9, Appendlx 3 is

vl‘ (¢) =U ET: e (£) e . | S —— S (2)
V. 5(t) = -Uw ZLéfat SATL UL« ovvooerr oo eessessts e (3)

 Thus. to convert all the signal to noise ratio formulae to a unit
- impulse résponse it is only necessary to divide them by Wy = 2TE e
In this case we must make
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.The current at the point H will be

Appendix 8.

Influence of the Charge and Discharge Time Constants of a Noise
Measuring Detector upon the Meter Indication

The intemat:.onal standard noise measuring receiver has its indi-
ceting detector at the output from the I.F. circuits, though an A.F.
detector is permitted if its readings acdord with those of the I,F,
detector for the same interference. The charge and discharge
time constants so far adopted as standard are one, and one hundred and
sixty milliseconds respectively, though recently a discharge time of

-+ five hundred milliseconds has been proposed. The relatively long

charge time coupled with the standardised receiver bandwidth of

+ 4} ko/s results in a somewhat high peek to mean detector current
Tatio and this becomes difficult to measure when the P,R.F, of the
interference is low, To become familiar with the mode of operation
of such a detector consider Fig.26. The interference is teken as
pulses of unit height and W width repeated at a P.R.F. of fp,

We assumc the pulse periodicity % !'- >> W, the width, We also take
a discharge time much greater than the charge time, T4 >> Tg»

“We may neglect the small reduction in charge due to the fact '
that even while oharglng s the meter is also discharging. This negli-
gible reduction is shown in Fig.26 as "a". . :

After a certain time depending on pulse Width, P.R.F, and charge
and discharge times, the meter through which is passing the mean
detected ourrent will settle down to a fixed value which will be the mean
of the current cycle DGH when the points D. and H have the same heights,
This statc of affairs will ocour when the amount of charge given by each
pulse equals the amount of discharge during the quiescent period
between successive pulses. If A is the detccted current at the point
in the cycle DGH shown by D, then the ourrent supplied by the pulse will
be 1=A. The current B at the point G will be

B = (1.5)(1 e"W/hc) + A = l-(l-A)eJN/T'G ....... ferrrcerrenns S e ( 1})

Je ~(1/£,0)/1a (2)

Vo[- -(l_A)e—W/Tc
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When a steady condition is a.tta.:med the points D and H will be at the
- game height so we may write :

whence - S ) : S

«"-W/Tc -(1/2.-W) /T4 B ,
Aa(le )e  °© st (1)

e (/e =) /5, , W/Tc ;e

The mean detected. current as indicated by the D,C, meter will clearly be

* [ v L «=t/Te '1/¢-W \
T=tp b/ (1= (1-a)e Jas + /Be't/Td PR S — (5)

for simplicity let

Bo=W/Tc  va=u/Id ando= 1/(Tgfn) cosnned (6)

| Equation 5 becomes ‘ _

| | | (es " (e )

‘—" WE -]-'-4- —1. =€ =& ) . )
J-for[l+(v li) ST ‘ ] ...... R e : (7).

I the I,P, bandwidth preceding this indicating debector is less than
twice the audio width preceding it :
CECR VL C1S 3 W e SR ;)

If the aud:n.o is narrower %than the I.7'. half bandwidth then

W= l/(tm.ce awdio w:.dth) ........ I (9)

Pigure 28 shows how the meter behaves for various circuit bandwidths,

and hence pulse widths, The curves are direct applications of equation 7

and are based on the pulse height which would result from a receiver "
bandwidth of + 5 ko/s, This means that the zero decibel line correspomds
withAf = 5 kc/s and the curves shew mean meter readings for' various
bandwidths in decibels abcve or below the meter reading for the

+ 5 lx.G/S. bandwidth, .
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It may be noted that if both charge and discharge time constants
be multiplied by the same number, the ratio being kept constant, .
the mean meter readings will not change- - thus compare the two sets of’
conditions giving rise to the same curve 4, The effect of ihcreasing
the discharge time constant only, thus increcasing the ratio of discharge
to charge time constants may be seen by comparing curves &4 and C or
curves B and D, nlg.27 also a direct -application of equation 7, is
- of much more interest as noise meters do not normally have variable
bandwidths but do have to measiure impulsive noises of various repetl-
tion frequencies, A careful s&rutlny of the curves shown in #fig, 27
reveals the follow1ng p01nts-- o
(a) The shape of the curve of mean detected current plotted agalnst'
P.R.F, is a constant whatever the time constants used for the
charge and discharge cirecuits, : :

(b) Multiplying the discharge time 'constant or dividing the charge
time constant by a number, N, shifts the entire curve N times
downwards along ‘the P.R, E. axis towards lower pulse repetltlon
frequencies, ,

(e) MUltlplying both time constants by a numbcr N does not
change the curve in any way, However, it has the 1mportant
effcet of making the meter necdle read steadily for low P.R.7.

(d) For a noise meter having a ratlo of dlscharge to charge time
-constants of 160, the poertion of the curve tangcnu to a curve. .

having a RMS characteristic of 3 db/octave of P.R.F. is centred

around a P,R.F, of 60 p/s, L

(e) If, for example, it is required to design a noise meter
having fhe 3 db/octave portion around a P,R,F, of ¥ pulses per
second the ratio of dlscharge to charge time constants must be ’

Td 160' 6o _gfo‘o
Tc B

(f) the region, delineated by pulse repetltlon frequen01es ‘
f and P , over which the curve does not depart seriously from
the slope of 3 db/octave can be shown in the following table,

Departure from Fa /P
~RM8 = 3 db?qctavé ‘“ié"ff‘

DT T .
Pl )

I T

+O0gqn : o

- - | 37 |




Appendix 9.

Experimental Equipment and Procedure,

1. Description of . Apparatus.

1.1 Um.t Step Generator (Fig, 30)

Th::.s comprises pulse and time base generator circuits. The condenser
Cy is charged through the resistance R, from the H,T.line during the .
quiescent period of the thyratron V;, &nd discharges through the thyratron
when it strikes, producing across t e cathode resistor a voltage waveform
approximating to unit step, rising very rapidly and decay:.ng accord:.ng to
the d:.scharge circuit time constant,

The time base generator is similar, with a condenser discharging
through the thyratron Vo and a pentode valve Vl to ensure linearity.

Provision is made for control of the timé base speed by means of the
potentiometer VRy and the phasc of the output unit step can be varied
relative to the time base by means of VRp.

1.2 Square-Wave Generator (Fig.29)

This provides the triggering impulse to the two thyratrons and also a
positive going brilliance/black-out square wave for the cathode ray
oscilloscope, Valves Vq and V, form a multivibrator circuit and provision
is made for rapid switching be%ween any two values of pulse repetition
frequency selected by pre-set adjustments of the potentiometers VRy a.nd VRZ.

The rangc of P.R,F. obtainable is approximately 10-1000 p/s.

1.3 AM/F.M. Receiver (Fig.1)

1.‘3.1 Tuned circuits under Test (See Response Curves Fig.5)

The coupling between valves V, and V, consists of two switchable pairs
of coupled circuits of nominal bandwidths + 47 kc/ s and + 80 kc/s and coup-
1ling parameters 1,42 and 1.57 respectively. The upper limit of bandwidth
was set by the detector time constants required to follow the frequencies
of the resultant detected envelopes and the lower limit by the Q of the.
coils available, - The m:c.d—f‘requency of both of these circuits is 4o 2 Mc/ Se

Cl.3.2 AJM.Circuits.

When used for A.M., two further I,F. stages are used following the
coupled circuits, and an infinite impedance detector V-, this latter being
employed in order to obtain a low output impedance Without sacrificing
lmearity at 10'7 input voltages,




1.3,3 %, M. Circuits.:

. In the F. M. case, the valve V33 is followed by two llm:.ter stages and a .
'conventional Foster-Seeley type ‘balanced phase discriminator having a band-
width. sl:.ghtly more than double that of the wider coupled circuits. "It .
- will be noticed that resistive. oouplmgs are used between V3 and V), and V),
and V5 as it was found that with 1mpedances which were not aper:.odn.c ‘the
.rate Of rise of voltage across the circuit due to the initial excursion :
of the limiters. mto grid current was sufficiently rapid to produce a "yring

1.3.4 Audio Gircuits,

o These comprise Va, apentode ampln.f:.er stage w:Lth four values of
switcha'ble de—emphas:\.s, Oy 25, 50 and 100 microseconds followed by V9, |
- ocathode follower. - v

2,:.** Objective @erments.

2 1 A.M.Peak S:Lgnal to No:.se rat:Lo.

The output of the unit step generator, and an unmodulated carrier of
freq_uency s 2 Me/s and amplitude lying within the range of l:x.near:.ty of the
receiver, were applied simultaneously to the receiver. The pulse or unit
step was adjusted to a value which made the peak amplitudc of the pulse
output envelope from the coupled circuits not greater than the carrier
amplitude at the same po:.n't. ~ The receiver output in these cond:.’clons, on
both bandwidths and with various values of de~emphasis was examined on ‘the’
cathode ray oscilloscope (see Figs, 6c and 4 and 8a to f) and their peak
amplitudes measured, It can be seen from these photographs that amplitudes
of successive pulses are completely random, and depend on the relative phase
. of impulse and carr:t.er, being at a maximum in one polarity when both are
. “in phasge. a.nd maximum in the opposite polarity when in phase opposition.

_ I% may be mentioned in passing that the P.R.F. used for these
;?hotographs wa.s 1,000 p/s and the exposures given were of the order of‘
seoond. , v

Hav:.ng measured ‘che peak output pulse ampl:.tude from the receiver,
the pulse input was also measured, and then the receiver output, with the
pulse removed and the carrier at the same strength but 100% modu.lated.
From this data the signal to noise ratios, both input and output, were
calculated and combined to obtain an overall signal to noise ratio. These
results are tabulated in Appendix 2, Tables 1 and 2 and compared with
those obtained by calculation from the formulae derived in Appendix 3.
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2, 2 F.M. Peak Signal to Noise Ratios

A gimilar routine to that in the previous cxperlment was adopted
measurements being made with various amplitudes of carrier and input signal
-to noise ratios, within the limits prescribed by the carrier being well
above limiting level and the input signal to noise ratio sufficiently h:Lgh
to prevent the R.F, pulses in antiphase with the carrier, from dropping below
limiter level and producing an A.M. compnnen‘c in the output., ‘The C/R.0.'
pictures under these conditions are shown in Figs, be and £ and’ 9a to f and
the results tabulated and compared in Appendix 2, Tables 1 and 2, -

2. 3 AJM.RMS Signal to No:\.se Ratio,

: The layout of apparatus was as shown in Pig. 31, both the audlo
amplifiers being BBC type MPA/l. = These have flat responses from 30 c/s to
25 ke/s and power outputs of 10 watts, A vacuo-junction coupled - to a O to 30
m:.croameter was used ‘as the square~1aw measuring device. - S

Thc procedure adopted was to apply a 25% modulated carrier to the
receiver and note the A.F, attenuation required to give a certain read:mg
on the meter, The modulation was then removed, but retaining the same
carrier amplitude a mcasured amplitude. of unit step was applied.; The ,
attenuation rec u:Lred to give standard reading on the mcter was noted, The
differchce in the attenuator readings was thus the output signal to noise
ratio for 25% modulat:l.on. The input signal to noise ratio being knowm,- the
overall ratio was.calculated for 1007 modulatn.on by add:.ng the ap_proprla’ce
correctlon factors. ° ,

, It was not pos31b1e to make this measurcment m.th zero de-emphas:.s,
as the H.F. response of the audio amplifiers did not extend above 25 ko/s,’
neither could they cope with the high crest. factor of . the’ output wave-
form under no de-emphas:Ls conditions, Measurements were, however,. taken.
with the three values of de-cmphasis in the receiver, also with 3.5 ke/s
“and 7 ke/ 5 low pass filters in addition to de-cmphosis, - The results -
obtained arc tabulated and compared wn.‘ch the calculated valucs in Appendix 2,
Table 3,

2,4 F.M.RMS signzil to noise rétio‘

The procedure was precn.sely as in the A,M. case, Results are taﬁulatéd.:i-n
Appenc.lx 2, Teble. k. _ : 4 . o

3. Subject:‘wé 'Ecper’iménts.

" The layout of apparatus was as :.n F:Lg.}l. .

3.1‘ Relat:x.ve anno,y_'ance of repeated mxgulses of unlf‘orm amglltude.
Effect of PeRF, :

In this experiment the 6utput of the unit step generator was fed into
the receiver unaccompanied by carrier, giving at the loudspeaker a succession
of impulses of uniform amplitude, A musical programme was also fed to the
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amplifier and a number of observn,rs mei'ex:asked-to estimate th anfio
level of the interference, S _e ?m%’ance

: With each observer the P.R. F. was altered in steps from 10 p/s to
1000 p/s, the amplitude being: maintained constant, and the attenuation

iltcred at each step until in the opinion of the observer the anmnoyance
evel was the same, Curves were plotted of these values of attenuation -

- against P,RF. and the average of these curves is given in Fig.L, compared
with the energy curve of 3 db, per octave, & g ’ P

e 2 Relative an.noxance of rep_eated :meulses of random ampl:’t.tuées.
- Effect of P.R.F'. —

~ In this expern.ment the mpulses were again fed through the receiver
this time in the presence of a carrier, thus giving an output of random : ‘
amplitude, Apart from this the procedure was as detailed in section 3,1. '
The _average curves are given in Fig.3. For curve "A" the annoyance levels
of various values of P.R.F, were compared with that of 25 p/s and the -
attenuation adjusted to give equality of annoyance, In curve "B" the .
attenuation at each P.R.F. was adjusted to give a "Jjust disturbing" ‘
1nterference level.

3.3 Effect of I, F. bandw1dth on Annoyance of mterf‘erence. AM, and F.M,

Using the apparatus of Fig.3l with the 1ow-pass filters and
brogramme source out of circuit, the effect of switching receiver I.F, -
‘bandwidths was investigated,. I‘t was found that with all three values of
de-emphasis there was no effect on the amnoyance of interference, either
on FoM, or AM. This was because in all three cases the I.F. half width
~ being greater than audio, the 1nterference was determ:.ned solely by the

latter, .

T

3edp Efféc,t of de-emphasis on annoyance Bf interference, A, M, and F.M.

The expermental method was the same as in section 3.3, The value of
de~emphasis was switched from 25 to 50 and then 100 U8 and at each point
the attenuation in the audio chain was adjusted to equal:Lse the annoyance..

This was repeated on A.M. and F.M. The results are given in
Appenda.x 2, paragraph 5,2 : _

5.5 Ratlo of Annoyance of :mterference. FM/AM.

The experimental arrangements were as described in section 3.3, The
relative gains of the F.M.and A.M.channels of the receiver were adjusted so
that at a predetermined carrier level the audio outputs, for the same
depth of modula’cion (or dev:.atlon) were equal,

3
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The effect of switching from AM. to F.M., with the input unit steps,,
superimposed on this level of carm.er, was noted, the attenuatlon being
adausted for equal annoyance as in section 3.4.

, Th:.s was repeated with each value of de—emphas:x.s and the results S
obta.:.ned are given in Append:.x 2 Tables 7 and 8, -



v Appendix 10.

R

F. M./A M. Improvement Threshold, (Pops and Cl:l.cks). |

1e. Interference can be heard as Cln.cks gven when I.F, outmt noise
 peak 1s greater than Carrier, i

All the f'orego:.ng analys:.s a.nd d:.scuss:Lon relating to F.M. only

apply when the noise peak at the limiter input is somewhat less than
the carrier amplitude, in fact, sufflclently less for § to equal.
sinP end tenp , Fig, 16, We shall now disciss in a qualitative manner
what happens when this condition does not obtain, Rigid mathematical

- analysis can only be used.if solutions in terms of infinite series are
employed, and even then these are far from simple and only valid within
strict limits. Let us visualise the state of affairs occurring when
the noise peak exceeds the carrier. Fige 33 shows what happens when

the random- phase angle s Y, is T radians. - For values of v 15- the.

2
instantaneous discriminator output voltage, .%.. . %% will approach the

form of curve already dealt with and pictured in Fig. 6e and £, Now.
consider a very small angley , Fig.34. If the limiter circle had had-
a smaller radius the instantaneous discriminator output voltage would.
have followed the dotted curve, but as this output voltage is proportional,
not only to the time derivative of the phase deviation, but also to the
limiter output voltege, it suffers a decrease of amplitude as the
operating point of the vector CD passes between A and B. Though the
points A and B will always be at the intersection of the noise Vector
and the limiter circle, they are not necessarily symmetrically disposed
around the maxima of the output voltage curve shown at the right of
Fige34e Their position will depénd upon the relative amplitude, P,
of the noise vector and upon the particular value which the random -
angle ¥ may have, It may also happen that the rate of change of P

may be 80 great that the maxima, H, exceed the frequency width of the
disoriminator, In this case the actual output voltage mey fall
momentarily whilst the frequency deviation due to the noise vector is
beyond the outer cut-off points of the discriminator. A little .
thought will show that provided ~ end this is important - the limiter
time constant is really short and the discriminator is really ' :
symmetrical sbout the I.F., mid-band frequency, none of these effects
described above are of over-riding importance in that they do. not
change the triangular shape of the audio spectrum due to the more or less
symmetrical bi-polar pulse which may be regarded as the time derivative
of the unit impulse and is typ;i.cal of correctly fu.nct:.on:.ng F.M.
receptlon. ‘

- Those familiar with F.M. receptn.on will know that When the signal to
noise ratio inh a F,M, receiver is so poor that the F.M./A.M. advantage
decreases and departs seriously from the theoretical value (about 26d'b.

. for a 75 ko/s deviation and 501 S. pre and de-emphasis system) it is

~ because the audio oi:.tput noise beg:.ns to sound similar to what it would
be like in an A,M, system. = Instead of the pulses of interference
sounding high pitched like clicks (triangular spectrum) they sound as if
there is more bass in them, like pops (uniform spectrum).

o
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' In en ideal F.M, receiver there are iwo possible causes for the ocaur-
ence of pops as distinct from clicks,. .One csuse can produce pops without
the carrier being modulated and the other is due to the modulation.

The latter case has been thoroughly covered by Smith snd Bradley in

Proceedings of the Institute of Radio Englneers ) for October 1946,
2w Mecha.n:xsm of the Productlon of Pops. v

» To understa.nd the flrst canse s let us revert to the complete expression
for the I,F. noise output given in append:.x 3, equat:.on 7. This may also
be’ wrltten S . ‘

v e(t) = nth.'e"'ctt /cosznat + 5@2 sm2 nat . s:u{[ Wt = arctan
02 '
(-ng tan nab) ] . ........‘ ..... rersirreTNasrrrsreserrees , R o cevererreerranieres (1)

or epproximately .

e(t) =wgle  sinnat . sin [wgt - arctan (?-ng”tan nat)) .

' This expression’ 2 shows that in the s:.mplifymg assumption which led to
’equat:.on 8, appendlx 3, we onutted to account for the effects which

“might resul’c from the phace angle . Y = arctan -Q ten ngt). This

variable phase angle imposes upon the noise vector a rotatlon of -%‘-
radians for each = 5 ‘increase in no:t Fig.35.' Fig. 36 -shows. .

three curves of the variation of the instantaneous ampl:l.tude of the
‘ noise vector for. three values of the relat:we amplitude Ps P is of

oourSe the ratio

¥ P= _];__‘_*'__r_l__ T areaeracensren e ts et et e a e ean rees e ann e ie e bann st b nneaeranpnannn et sar ane. (3)
SR WA R ' o
as may be seen from inspection of Fig,16. F:Lg.36 is a theoret:.cal .
graph of the same function as shown in the actual photographs of Figebc

- and 4, " If now the vector. d:.agrams as. shown in Flgs.16 33 and 34 be .
g replotted taking into account the phase angle ) , we get the three _

diagrams of F:.g.}?, readlng from left to- rlght.

In the three cases shown in F:Lg.}? the angle P starts at zero and finishes
at zero, but a smell change in the random starting phase angley would,
in Fig.37b, have caused the resultant vector to start, as before, at .

zero but to finish at -27 radians, This event would have occurred if

" the point O had.been inside the closeé oval shaped .operating locus
-~ instead of Jjust outside it as.actuelly shovm. Pig.38 shows the angle

B plotted against time, or rather aga;mst nat in degrees, for
P = 2,5 and y= 90° withn =+/2, It is evident from Fig.38 that the

¢
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, point around which the resultant vector rotates has come outside the
sausage shaped operating curve, ¥ig,.39 shows what happens to the
angle B when the pivotal point O Fig,41 comes inside the operating
sausage, - -There is a permanent phase change of =27t radiansi
Incidentally, this condition 'has occurred for a change iny of only 35'
of arc from the 909 value chosen in Fig.38 to the 89° 25" value chosen

+ in Fige39. It must be remenbered that a condition similar to
that shown in Fig,39 can_ only be obta:med when P 1s such that the

maximnn of Pe % gin nat > 1, as the ce.rrler amplltude has been taken }
as unity so that P is the relative noise to carrier ratio, ~ Pigyk0
.shows the operating diagram which produced a permanent -2’)’t radian pha&
change in the angle B shown :m F:Lg.39.‘ .

‘We now ask ourselves what is the s1gnif‘10ant difference between the _

- audio noise spectra produced by Figs. 38 and 39 respectively. First »
we .note that the time duration of the pulse of f in Figs, 38 and 39

is very small compared with the upper cut-off frequency of the eudio
circuits whether these congist of a low pass filter, -a de-emphasis
circuit or just a listener's ear, In this connection we £ind that for
a t 75 kc/s I.F. circuit with n = '

nczt 75.1{/2 .t k:.loradians s sene L ...(14-) |

Now 'in both Figs. 38 and. 39 B has gone through :.ts oycle of change and

rretmed viz*tuzlly to e etate of reet when nat = 90° g' s Wheme
b= 4.7 8. L . : : Co -

If the aud:.o cut-off were as hlgh as 15 ko/s this per:l.odiclty ww.ld .
amount to 66,7 uS which shows how relatively very short is the duration
of the interfering noise, This means that virtuelly Fig,38 mey be
regarded as a unit impulse Wh:.lst Fige39 moy be token as a unit step.

It is well known tha.t the spectrum of unit :.mpulse is u.n:.f‘orm whilst
that of unit step is a hyperbola. . Now the dlscrlminator output
voltage is. from a.ppendix 3, equation 36 ‘ - S
o v, (8) =& U ) §
211: at .
'so that the spectrum of the output voltage froa Fig.38 will, by the -

rules of Heaviside analysis, be proportional to p as the operation of
dlfferentlat:.on is equivalent to a nult:.pl:.cat:.on by the differential

_°Pera'b°r p=4_ . Thus Flg.38 gives the Well known triangular spectrum
: TR
wherein ‘the he:Lght of, the spectral lines is prOport:.onal £0p = Jwe
Now in the case of Fig.39 with a hyperbolic Spectrum prOportional

to &9 the spectrum of the output voltage will be un:r.form, be:mg |
obtained by the product of & 1 and Pe Thus we see that when the peak
P

value of the noise is greater, then that of ‘the carrier, and

14
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~when the random phase angle s Y, has a suitable value such that the point

on the end of the carrier vector about which pivots the resultant of

carrier and noise vectors comes within the sausage shaped locus of the

head of the noise vector, the spectrum of the audio output voltage changes

quite suddenly from a triangular form to a uniform shape, It will be

‘evident that the pops of interference are due to uniform spectra deriving

from cases similar to that dealt with in Figs., 39 and 4O whilst clicks

are due to trlangular spectra deriving from low noise to signal ratios

or from cases similar to that shown in Fig, 38. - ‘
A

3 ‘J.‘he theoretlca.l Instantaneous Frequency Dev:l.a't:.on can be very g °

- It may also be seen from a cursory inspection of Figsi, 38 and 39 that
the instantaneous frequency deviation cen quite easily exceed the
discriminator width but of course the output voltage cannot exceed that
" corresponding with this same width, = For instance, the maximum theoretical
frequency deviation in Fig, 38 is about 900 kc/s whilst in Fig, 39 it is
about 1900 ke/s. -

Le. : The Improvement' Threshold

We have expla:med the occurrence of pops as d:.stlnct from clicks in
the audio output from a F.M, receiver., These pops, containing as they
do, far stronger low frequency components than do clicks, sound very
‘mach more annoying = in fact they are the same as the pops of inter-
ference in an A.M, system, Thus the F.M./A.M. improvement threshold
occurs at that input carrier to noise ratio at which pops emerge from
the output. This condition is attained when, as prev:v.ously stated, the
meximum of P e~ =0t sin nat >1, For n =+ 2this gives P>2ek, and or'

Q =50 we get from equat:.on 3 an input cerrier to noisec ratio of '
N < 0.0177. It is easily seen that for constant radio interference
input amplitude, the carrier strength required to exceed the improvement
threshold mist be greater, the greater the deviation employed, as this
will require a greater bandwidth and thus will result in a greater I.F.
output. noise peak, all other things remaining constant. ~-Of course the
modulation output will be hlgher but the advent of pops will occur more
frequently unless the carrier strength is ralsea to that required by the
new value of 1mprovement threshold. ¢

5. Rate of ;mcrease of Pops vn.th I.F. output noise,

It is of interest to know how the percentage of pops per total
nunber of interfering clicks and pops rises with increasing values of P,
‘or :m other words, according to what law does F.M. degenerate
when” the improvement threshold is not malntalned. Tige 41 shows the
operating angle of the noise vector from an arbitary initial zero axis .
taken as col:.near with the carrier vector.,, -~ This operating angle is

-1{ -\p . i e “ . \
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Now for a pop to occur it is evident that we must have .. |
v Pe” t sin nat > 1 (that 1s, greater than carr:.er)

when Y -7 -_-\b:- - (that is, when noise vector is comcxdent
_with, but in Opp051t10n to the carrier vector)

We have then, from the seoond relat:.onsh:.p, :

! ‘\l} =y ..... ............... (6) »

or arctan (23 tan Mab) =Y (1)
‘ whence | o ‘ : SR . _
‘ _ - : n cct = arctan (Q- tanY) (8)

If we call p thj.s partlcular value of nat Wwe may write the mequal:.ty
gbove as ' p

Pe Y“‘s:mp>l

If we plot the curve P as a function of Y for

Pe % sinp-= 1 e e er e cvereine (9)
_We can find the arc containing within it those values of the random phasc
angle ¥ which for each value of P will produce pops - all the arcs left
within the 360° will produce clicks., This curve is showm in Fig..2,
Pig.43 is derived directly from Fige42 and shows that the percentage of
pops rises linearly with P, the I.F, output noise to carrier ratio,
except for a rapid increase where P 1s close to the initiating value

i of 2.14-.
T 6. A gg iver which produces no Pops W:Lthout Frequencv Moﬁula_tion
"’ ‘ of the Carrier, ’

: Oné further pomt should be mentioned., All the foregoing analys:.s
has applied to a F.M. receiver containing bandpass coupled circuits in
the I.F, stage, If this stage had contained only a single or a cascade
of single tuned circuits all aligned on the centre frequency, no pops
would occur because the phase angle of the output noise from such a
circuit due to a transient input does not vary with time but is a
constent, In this case pops would only occur during modulation and
would thus be less annoying then in a receiver containing I.F. bandpass
coupled circuits. This may well be a point worth noting when‘executing
~a FP,M, receiver design, but of course, the selectivity obtainsble with
single tuned circuits is far less desirable than that to be achieved
with coupled tuned circuitg.

\




- 7+ ~ Experimental Confirmatibn.

The foregoing discussion on pops and clicks has been qualitatively

confirmed by observation of the change in discriminator output waveform
“when clicks or pops are heard, . .For 1low repetition rates simultaneous
aural and visual perception can easily identify the pop waveform as a
single unidirectional pulse whereas that of clicks is & bi-directional

pulse which is the rate of change df the former, -

s
3




Ar
F1(n)

Appendix 11
Li st ~of’ Symbols and Formulae

W, ‘ N v '
=3r = :mtermedlate frequency ' '

= qual:.ty factor of uncoupled I.F. tuned cn.rcun.ts .

coupling Pactor of I.F. coupled tunod c:.rcuits ,

= KQ s the coupling parameter |

the common va.lue of the coupled inductances of the I, F. tuned .
coupled circuits ‘ . : '

= the operator _& = d ( P becomes Jw for sinusoidal forces)

it

I.F. half bandwidth for 3 db. reductlon in response f'rom
‘that at fo,
= a function of', the coupling parameter plotted in Fig.7

‘Do..?TEAf‘ s o ‘
ol to)

1
-

arcten n

n

arctan i S
1

-x

i

= pulse ‘repetition f'requency of the mpuls:.ve :mterference

ratio of amplitude of wanted carrler to umt step of
mterference : ;

Wg, f
cut-off frequency of a low pass filter used in con,)unct:.on
-with de-emphasis in the audio portion of a F.M. recelver

i

1

i

Ya = audio or video low pess filter out-off frequenoy or
2n  .reciprocal cf the product of 27 and the de-emphasis
‘ time constant or . where R and C are the de-
. 2mRC
emphas:.s resistance and capacztance respect:.vely

=a modified value - of‘ f, for converting low pass fz.lter f‘ornulae

to de-emphas:.s f‘ormulae or. to- aural results
= any’ angular frequency
= a noise voltage integrated over.a frequency spectrum

= the phase angle between carrier and interference \(ectors |
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the pnase modulation produced by a.noise vector,

> W
ll 1]

: the dlsorlmnator co~-efficient in. volts out per volt in
- per k:.locycle per second f‘requency deviatlon

¢(Jw) = the f’requency ‘mate of‘ a voltage t:.me i‘unct:.on, V( t)

Z o= transfer :unpedance of a band pass ooupled ci*'cuit network_

(45}
1]

the slope in amperes per volt of‘ an 1deal pentode valve

u = a var:.able of integration R
'y = nat rad:.a.ns .
8 = random phase angle between a wanted carrier and the. |
, osc:l.llat::.on of a noise pulse in an electric o:.rouit
2C O :
C  =a Wanted carrier amplitude
Rp H -

the resultant vector of the wanted carrier and the noise
pulse envelope veotor : . : : .

R = the mean value of R over the range of all possible_values of 6

E = an elliptic integral

Mp and |
“Mn = the mean. of all p051tive and negatn.ve go:mg pulses, respect:.vely
e = en I.F. output voltage _

ey = the A.M. I,F, wanted signal output voltage ampl:.tude

e2 = the F.M disorlm:.nator Wa.nted signal output voltage amp_lituo.e '
e(t) = the AM. I .F, noise output pulse : e |

V]_(t) = the AM.. envelOpe of e(t) after detect:.on |

Vo(t) - the 'F._M. _dlscrmnator output noise pulse envelo"p‘e

::é_ .—;“the"A.M". fean square I.F. output s:r.gnal voltage :

' evag' = the F.M. mean square disormunator output signal volta,ge

Via(t)= the A.M, audio noise voltsge as a time function

LA




P

i

o

J’ <
N
o
—

ot
~
L

won

i

#

u

m o

-

~y

-3‘_

the F.M, audio nci'ee "voitag'e' as & it fﬁﬁction
the A, mean' square au‘df?o nci’se‘“ vol‘ta‘gé'"
the F.M, mean square aud:l.o no::.se voltage K

the_A.M.,mea.n square I, F detected no:.se voltage

--.-the F M. mean square dlscrmnator output noise voltage

the percussion or arca of a un:.t impulse

t
1

- the maximum ncwh"' cof an 1mpulse of percuss:.on U B -
and durationT , Lo

the time \@u;-étiou‘ of aum.t :|.mpulse ,.
‘a uetector discharge t:.me ccustallt'
‘a detector charge time ‘constant

a pulse W""‘th

& mean detcc ted current

W

————

‘ ‘, (1/t, -w)/rm

(t) represents a time -"‘wnctio*:, us1 ally due to u.nxt step exc:.ting f‘orce

[p] represents the oneratlonal equlvalent to a time function, thus

where & meens " Operatlonally eqnvalent to" :

(t) = gv]

*(t) repre-sen s the ~Ll:me function response to- un:.t imP‘llse

P.

v

cceffic1ent of' the T r\on.se utput represent:.ng the no:u.se i
to carrler ratio _ v

the vur:l.alble phase mgle of the IF no:.se output with respect
to IF centre frequency ' , ‘
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Bquation 9

hppendix 3,

BEqguation 37

Appendix 3,
"Bquation 10

Appendix 3,
Equation 38

Appenaix 3,
Equation 11

bppendix 3,
Equation 4.0

. appendix 11

Quantity Expressed o . Matb

e(t), the I.7.
voltage due to unit

cxpression for it

step iuput current.

V1 (t), the envelope of e(t)

-~k
wOLe ein ngt

. 3
Vp(t), the I discriminator o Y ae(1402)2
noise output voltage ‘ B 2701 1nQ
Peak Vi, the greatest value -~ wln
of Vp(t T T
1(t) :eéyajl+n2
Peak Vo, the greatest value of A2 (14n2)
v, (t) —
RER ] Y
1 J
& _D__._"‘Gna.._ , ) . n
I.7. Output Peak (1o§ae ) AL o £ (n)e
' -1 —
2AfF AA+n2
1.4, Output Peak (S;;’_fil) R - ﬁ12(n )
2(l+n2)Af

-

output AR woLe  sin not. cos Wyt

sin(nat - d')

Remarks

After A.u. detection in company with
a steady carrier wave of amplitude
greater than its own peak valus,

Wented carrier enflitudc agsumed
greater then the peak value of Vo(t)

"This is for 100y modulation

-This is for 100% NOdUlathn that is,
for a Irequency dev1at ion of Af
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. ‘ _ : : ’ - Page 5.
/ . ‘
Where to find Quantity Bupressed _ ' Mathematical ‘[expression for it- , ‘ Remarks
it - ' N — B —
. e [mF () T \ |
Appendix I.F. Output Signal : o 1 » -
nguatiozgw put RMS (NOILSG ) A, S qf——-' 1 4 02 ’ ) "This is for 1004 modulation, This
, ,, : fr A,f _ ) - ratio should be increased by 4 db.
to convert from peak to mean KMS noise
: : ' : : - ) , : , : due to random phasing of the individual
. o ‘ ' ‘ input noize pulses,
Appenaix 3, \I ¥, Output RMS (Sl nal) ) £ - ‘ o ‘ o , . . .
Equation L Noise / 7.1 n =2 [faw () This is for 1004 modulation, This
S Lanf el ratio should be increased by 4 db.
f.Af ' to convert from peak to mean RS noise
: due to random phasing m the individual
input noise pulses '
. : . . . ) \ pr ey L . ’ }
Appendix 3, I.F. Output Noise (£S2K) : . - d'/n RTAF :  Add 4 db. for peak to mean RUS noise,
Equation 17 : . RS ° A.M. o 2e /f F'f(l ) ‘ _ S : |
| (Peak. : ' ’ ‘ ) ' o :
Appendix. 3 : I.F. Out ut Noise ' » ; Add 4 db. for peak to mean RMS noise,
pgquatlon’ 1_‘_5 P s P, M, ; 2 2TASP ' ‘
o | A R E(n) \ , o
Appendix 2, .F Outoui: Peak (§.}£.3P.i]:.) ' : nzfo , - 1 - Por 100% modulation and wherein t has
Equation 1 oise © A.IL _ 1 — o ' that valuec which satisfies the
. : -  2F,(14n% )sind -Qt -at transcendental equation
y ' : 4 . : sinde -e  sin(nat+d)
| . | | . xsind = sin(dat-5-3")
\ . - ) . T, ) o _ Jl+n2 : O<t<£

v : ' na




© Where to fimi_

it

Appendix 2,
Equatj.on 2.

Appendix 3,
- Equation 26,

Appendix 3,
Bquation 27,

Quantity Expressed

AP, Ot pesc(J0A),

A.F. Output RUS gSi nal

Noise, ) A, M,

AP, Output RMS @ﬁ—ﬁi—%‘—‘;‘i)& y
for x< 1

appendix 11
Page 6,

- Mathematical expression for it

. n?f Fq(n)

2£,(14n2) sin b

- a)at,

sinf{d-3")e

sin{neot+d-3')

° (14n° )£
\

/ (14n®)=

[

x24+2nX+1 0l
10 X =2nx + 140

Remarks

" For 100% modulation, that is,

for a frequency deviation of
Af and wherein t has that'
value which satisfies the
transcendental equation

(0-cg)t -

3 - .
x sin(d-%') = sin(nat+d-28")

: TC
o< t'<_°ﬁ’a

100% modulation is assumed,
Increase this ratio by 4 db.to
convert fram peak to mean RMS
noise due o random phasing of
noise input’ pulses. When
using an audio (or video) low
pass filter of cut~off L, let
fo = £5 . Vhen using de-
emphasis of time constant RC
-1 v
let £ TG
the aural signal to noise ratio
consider the ear as a 5 ko/s
low pass filter., Add the 4
db, . If a.e-emphasis»\ is used

let £, = 3= erctan 20 RO

To obtain

where RC is in millisecomds s
Af, £, and £, in kilogyoles
per secord,  Add 'the 4 db,
This is the limiting case of
the above formula when x is

very small, but it applies with
adequate accuracy if x < 1,

n



Wﬁere to find
it

Appendixbj s
Equation 53

Appendix 3,

- BEquation 54

“Quantity Express ed

@

i

AT, Output RS (Signaly

T\Iozl.se F. M.,

A, F Output R (Signal)

Noise "B,M,”

Appendiz 11
Page 7. /

Mathematical expression for it -

) T S
' . ]_+n2 LIS "/Zn arctam..;.%z_?*z-j loglo
' : : (1+n° je

. X2 42nx 11402
/ » —2le+l+n

1]1[’ 3..fgoAf
2 Je p3
rta

: Té obtain the aural signal to noise

Remaxrks

This is for 100% modulation, that is,
for a frequency deviation of Af, This
ratio should be increased by 4 db, to

convert from peak tomean RS noise due

" t0 random phasing of the individual

input noise pulses, When using ah
audio low pass filter of cut-off f, let
£y = fo.  When using de-emphasis Of
time constant RC in conjunction with s
low pass filter of cut-off f, let f =
1l s ' )

- 2ZTRG .

G-

[ 3(2ch£°- arctan 2MRCE,) ]

*

ratio consider the ear as an 8 ko/s low
pass filter, Add the 4 db, If de-
emphasis of time constant RC is used
then let N

1 o ;L 3
o= 5hng L3(16MRC-arctan 167RC)]
RC in mS., Af, fo, fy. in ke/s,

'Add the 4 db

*

This is the limiting case of the above
formula when x is small, but it applies
with adequate ‘accuracy lf x <1, ‘




Vihere to 'findl ,

Appendlx 2,
Equat:.on 3

dppendix 2,
Equation &4

Appendix 2,
Equation 5

Appendix 2,
Equation 6

Quantity Expressed

 Signal/Noise (Felle) Ry
gnal/N e(A.M.)BMS

kY

' S:Lgnal oise (£eMe) Rus
: /N .(A M )

| Signal/Noise (i_»_.-_.}il;-_) RMS
: . .

(Aural impression)

Signal/Noise (%&%&) RMS

i

- (Aural impression)

e

Appendix ‘3._]_._

?age 8.

Mathematical expression for i“’b'_ :

A arctan 5/f,

Lo

fa ' [ 8/t ~arctan(8/f,)

r-——-u.S A;‘: A /A

T8 B
\/ﬁa (77 - arotan 7=)

a

. Af

' follwed by the ear, Also the I P, half width is
Jassumed greater than audio, ‘

Remarks

This assumes 100§ modulation and jidemtical I.F,
and A, 7, circuits in the two cases, Also the A ¥
circuits are assumed to consist of a low pass
filter of cut-off frequency fg = f,..  The I.P.:
circuits have been taken as wider than the audio
circuits, that is, the formulae used to obtain the
given expression are those limiting cases obtalned
for x< 1. :

This assumes 100% modulation, identical I.F.
eircuits, the same de-emph&s:l.s of ‘time constant
i
WL,

filter of cut-off frequency fg, In addition, in ‘bhe'

audio cireuits of the F,il. receiver, If the @M.
receiver audio CJ.I‘Clll'tS contain no low pass filter
then let f, = AP, Also it is assumed that the

in both audio circuits, and a low pass

I.#. half wa.dth is greater than audio,

This assumes 1009 modulatlon 1dentlca1, 1.7, and
AP, circuits, the latter GODSJ.S‘blng of a de~

emphasis circuit of time constant ' ——Z-;E-f-r-"

Also it is assumed that the I P, half‘ width
1s greater than auvdio,

" This assumes 100% modulation, ~A,M, A,F. cireuits

assumed limited only by the ear. (5 kc/s) FM, AF,

circuits with de-emphasis of, tlme comtant—-—é-—-u

2’Itfa




Appendix 11
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Where to find Quantity Expressed ' Mathematical expression for it - v ‘ Remarks
) it . 3 .’ ’ . . - 7
i y ' g - wJL2 =ab T2 - 1T | .
Appendix 35, ‘Envelope of ep(t) . g0 o (nat)+4 sin“not-2not sin 2nat This is the envelope of the Al pulse
Equation 13 S 8no 7 - : o . due to unit step input, emerging from
- ‘ . . the output. of two bandpass coupled ,
cirouit networks cobnected by an ideal
o peatode of mubual conductance S,
Appendix 5, - Envelope of ey(t) o m_____..__eo,l'(l*nz) =06 /(not)24h sinnat-2not sin 2not  This is the envelope of the AUl pulse
Equation 19 _ - L,.nz . ' due to unit step input, emerging from .
. ' ' the output of two bandpass coupled
circuit networks connected by an ideal
i pentode of such mutual conductance
as to equate the steady state midband
. ‘ gain to that of a single bandpass
' = coupled circuit network alone, This
equation may be compared, therefore,
with Appendix 3, equation 9,
Appendix 6, ~ The mean value R of all .2 ‘ o/ ‘ : ' ‘
Equation 3 _ the resultants R of a T (l+C) E,Qg ? 1+g- ) : S C> 1.
" carrier vector and a’ ‘
noise vector having the -
- same freguency but random . . : , . :
phase angles, : , . _ ‘ ' .
: . . . ! 1 S
Appendix 6, . The means of the detected - Mp = g_(%:_c)E (-Q s %:-‘/(-:—E)_ -,%C S . S C>L.
Equations 9 .  randaon amplitude noise : _ e , '
and 8 pulses for positive , : -
: and negative directions, - M, = C+MP - R
respectively, : ‘ .
Appendix 10, - = PM/AM improvement n o= L2 | K . This is the RP input carrier to noise
Equation 3 and -threshold, ~ on - , X . ‘ratio above which the full Fil/AM :

Paragraph 5 . : Qe " . _ : ' improvement is attained,
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