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SUMMARY

of Thesis

LINIARITY OF SOL®  HODTLATION CIRCUITS

by I C Hately

The work consists of a detailled study of the
methods of analogue modulation and democdulation of
electrical carrier waves by amplitude and fregusncy
with the object of presenting improved technigues
where necessary.

The thesis 1s divided into fivs parts of which
the last is devoted to the conclusions.

The first and second parts deal with amplitude
modulation a2nd demodulation. A novel form of
m1 smatched diode wodulator circuit 1s proposed to
1nrove the linearity of such processes., Developed
formJ are tested with sinusoidsl carrier drive,
It is shown that the mismsiched demodulator will
eliminate distortion due to diagonal clipping.

By Fourier analysis it is shown that chopped
sine wave modulators, of which there are many types
presently used, cannot be deeply modulated and
rompin linear. The mismatched modulators are
re-tested with square wave drive and improved
performance is obtained.

- The third and fourth parts are givan to an
examination of freaquency modulation and demodulation,
For applicetions of low cost, two simple linesr
frequency modulators are recomnended. For receivers,
a new thecretical approach to the spectrum of a
frequency modulated wave 1s presented, in which the

essel seriss are derived using a straightforward
expansion technique The sensitivity and linesrity
of the Foster-S%eeley type discriminectors are
investigated in dvtull

oS
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OBJECTIVE

The objective of the work has been to consider
the linearity of presently used modulation circuits
both in theory and practice with a view to devising

improved techniques where necessary.

Owing to the early application of new electronic
inventions to communications, many of the established
circuits were introduced practically before the theory

of their operation had been fully analysed.

In this project the general procedure will be to:-

EXAMINE | Previous Techniques

Previous Theories

in order to:-

DEVISE ,New Theories

iNew Techniques
verified by tests leading to:-

New Applications
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Part A AMPLITUDS  LODITATION

Section Al Previous Technigues and Theories

Al.1 Previous Technigues

Al. 1.1 Resistive Modulation

The most elementary technigue for modulation
has been the control of a current flowing from source
to load by means of a varisble resistance under the
command of the signal to be modulated upon the carrier,
Such a device is exampled by the carbon microphone usually
attributed to kdison though earlier invented by Henning
in Britain. The electromagnetic microphone ( identical to
the receiver headphone ) invented by Bell had provided such
a feeble current that as soon as the signals passed through
a few switch contacts they became inaadible. Edison's use
of the carbon microphone to modulate & comparatively
large direct current from a battery enabled the previous
difficulties to be overcome.

The basic system of Resisgtive Modulation is shown
in Figure Al.1.1 . The resistor R, is tightly controlled
by.the signal voltage in some way, and thercefore changes
the current flow to the load resistor Ry across which
changes of voltage occur, v, .

wor the crude d.c. telephone mentioned above,
the source is the battery and the control resistor is

varied by air pressure, or an &.c. modulation circuit, vg



the source, will be an a.c. generator ( here taken to be

constant voltage and zero impedance ) and the control resistor

will be either a field effect transistcer below pinch-off
or & bipclar transistor biased to a region

e
of linear thransconductaence

or a tet pentode; or heptode valve
orr some variable transconductance regicn

SUD S 3 = P
suppcse R, Re/ vy
v.R
then Vo = —-CTL
Ry, ¢ Ry/vy
Ve

. -1
- Yo o (1 + Ry/Rov )
Ve AN L/“l
c
2 2
L e
- RLV/:‘ ‘\R VA D &6 0 & © © 5 €

by Bincmial Theorem

which is linear only for small fractional depths

i
of modulation, since Rzﬁmust exceed Ri greatly)to neglect/ﬁhsi

gimilar deductions result if output current , or

output power is calculated.
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Al. 1.2 DNon-linearity Modulation

The application of carrier wsve and signal wave
added together across a non-linear device has been the
most usual form of a.c. modulator. It is the basis of
the following devices 1) diode modulator ®ig Al.l.%. 1
ii) switch modulator Mg Al. 1.2 ii
iii) Class C mcdulators such as
Crid modulated valve Fig Al.1.2.iii
Screen mocdulated wvalve
Anode modulated valve

Base bias modulated transistor

It may be said of a3ll these circuits the load
element receives from the non-linear device a chopped
carrier wave in which the fraction of the original sinusoid
is changed by the instantaneous magnitude of the signal.

The phenomenon is illustrated in Figure Al.l.2.1ivVv

Considering the long history of such devices
and the number installed throughout every field of
radio and telecommunication engineering, it may secem
churlish to say that such circuits are inherently
distorting. ( The term non-linear must unfortunately be
retained here for the waveform chopping device ).

Such distortion is hinted at in some distinguished
radio engineering circles. Schwartz (26) page 102
speaking of the Class C plate modulated amplifier
says ' the magnitude of the plate current varies very
nearly linearly with the plate voltage ', BBC

television transmitters contain a video pre-distortion



o

circuit prior to the modulator. However the full
investigation of linearity neceasitates a degree of
academic ruthlcssness, and so careful analysisg of

a chopped-up sinusoidal wave train is made below, in

paragraph AZ.2 and Appendix A2 .2



Al. 2 Previous Theo

AN e et

There have been threce approaches to amplitude modulation
theory. kach has produced some facts, but none alone has been
found to give the explanation under all conditions. The
approaches may be degignated;-

i) polynomials ( and multiplication )

ii) switching functions ( and Fourier analysis )

iil) grephics and waveform sketching

These will be looked al in succession. The best
of cach will be extracted in order to synthecise an

improved viewpoint for the future,

Al.2.1) Polynomiale end Lultiplicaticn

Assuming that modulation lg multiplication of
sinusoidal functions, and gssuming that a fair approximation
to a non-linear churacteristic may be represented by a
polynomial expression some useful general deductions
have been msde, Hor instance Everitt (11) page 398 uses
a polynomial to show that first order terms are harmless;
second order are the necessary function, third corder
are harmful and that higher order terms are negligibvle

provided signal magnitudes are small.

A more recent authority, Betts ( 8 ) introduces the
second chapter "Modulation" by attenpting a pure multiplication
method., Unfortunately there results immediately,double

sidevand suppressed carrier modulation



and he must therefore sbandon multitiplication

o

and re-introduce another method leading to " full AM ',

Brovn & Glazier (9 ) page 60 say that modulation is

"theoretically very simple'" but thence proceed to remark

that the multiplier devices quoted, such as pentode,

Hall effect device, the analogue computer multiplier, are
either insufficiently linear or low in output or complex.

A normal polynomial approach is given for low level
modulation and then finally a " carrier frequency valve"

is cited as the ultimate in high quality, though why is

not explained,

Al.2.ii) Switching Functions ( and Fourier Analysis )

For simplicity the switching function approach
is based upon piecewise linear representations of the
non-linear devices and large valued sinusoidal functions.
Thus initially pure sinusoids become broken up into
harmonic geries reducitle to algebraic functions only by
Fourier analysis., The list of references to this mathematical
technigue is not large apparently cormencing with Bennett
( 7 ) hypergeometric series, Belevich ( 2), (3),( 4) studyirg
the effect cf changing restance values for source , lcad
and dicde, followed very clcsely by Tucker (32, involving
much mathematics and later follcowing & thesis by Belevich
of 1959 Tucker published a renewed attack on the problem
in a book (31l) in which the Fourier series are taken away
from the voltages and assigned to the resistors,reactors

and other circuit componehts. Unfortunately the mathematics
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remains as intrasctable as ever. "We have an infinite number

of eguations with an infirite number of terms" ibid p 21.
But the subject was kept alive at this time by Howson

and Tucker (£g) embarking on the more significant problem

of intermodulation products. Latterly there have been

Z

pepers by Gardiner & Surana (13), Gordiner (14) , Yousif
& Gardiner(32), and Gardiner(1l8), most being concerned
with the piecewiese linear and switched current functions

but with more extensive appliication of these ideas. In ref(14)

5

Gardiner actually reaches the point of saying that "benefit

is obtained from the offset!" (meaning dicde offsect voltage)
which he has added into the Tucker thcory to make it more
realistic. A crude experimental technique in which shunt
connected capacitor-resistor pairs are connected in series with
the diodes to increase the offset volfage artificially

is s8id to produce results which verify the theory. Possitly
somie unsuspected resonance phenormenon between the large
capacitor used ( 10 00C pF ) and the reverse current pulse

due to diocde charge storage ( not considered by Gardiner )

may have given rise to the apparent improvement. It can

hardly be true that the larger the diode forward voltage
("offsetof Gardiner ) the better the dicde is as a lcw
distortion modulator. A more meaningful method of artificially
increasing forward voltasge would have been to use two or
three diodes in series,

interesting to note that the

m

9]

To swz up, it 1
last reference brings Gardiner right to the position in which

the present author found himself in regard to mismatch as the



o
best way to reduce internodulaticns Patent Application

23 April 1971, (20 ).

Al.2.1i1) Graphice and Waveform sketching

o e

In most of the elementary textbooks there has
been a graphical first acceount to the technicues of
amplitude modulation., Some presentations have given a
piecewise linesr representation of the non-linear device.
gome have given & smootnly changed conductance picture,
But in either casc the result has been a very good
introduction to waveform reproduction frem signal freguency
up onto the carrier wave, Unfortunately such drawings have
loocked rather too convincing. It has been assumed that
linear modulation has been achieved when a train of
part sinusoids of linearly changing peak amplitude has
been supplied to the output element., It will be shown

below a more careful snalysis should be performed as & check.

Al. 3 Conclusions on Previcus Technicgues & Theories

The three basic theoretical apprcaches to
amplitude meodulaticon which apply to the two mainstream
technigues have been reviewed and fcund tc have contributed
a partial understanding to any of the research workers
concerned. It may therefore be deduced that a better
understanding ( in the absence of a better non-linear
mathematical calculus ) must be based upon a selective

application of theories as scems best in the circumstances.
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Section a 2

by Tihmaton

Vigve Cal”]’j_ er

AR 1 Al Linearity vy Mismatch

A2.1. 1 “*nglemfnuea dismatched Modulator

e

A well establisghed axiom of measurement technique
ig to construct esch instrument so as to ceuse the least
disturbence to the physical gituation in which it is
operating., Thus an ideal voltmeter would be one which took
zero current from the electro-motive source it sought to
observe. An ideal cmmeter would be on¢ which could indicate
en accurate current value without developing any voltage

drcp by resistance,

Secondly, it is a further axiom of good practice
in physical mecasurement to see that any non-linear
tendency is overwhelmed by exterior major phenomena whose

Y

linecarity can be relied upon.

Since the above measurement principles apply tc
the modulation process ( a signal amplitude measured in the
Lase btand is to be accurately reproduced in the carrier btand )
and since the chief vague feature of the previously known
nodulateors has been their characteristic curvature, it would

seem wise tc try to devise a modulater whose behaviour in

regard to the above points can be preperly designed.

Such prcper designation will be most nearly
achieved if the diode is employed in its most appropriate
rcle Viz. A CURRENT SWITCH. In other words the diode

will be acting as the current control element between a
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current socurce and a current sink. To ensure that the
desircd conditions can never alter, it is arranged that
the diode lies between a high impedance ( or high impedances )

and a low impedance. In other words a MISKATCHID cendition.

Pregently used modulator circuits de not follow
such principles. Taking for exam le the diode detector
( a modulator in strictly theoretical terms by virtue of its
ability to take a carrier plus two side frequencies and
generate the new base~band Crequency from the triple ).

4

into a medium or

)

A diode works between a low lmpedance sourc
high ijmpedance loacd., Presumably an arrangement which is a legacy
from the days of power rectification when efficiency was the

prime objective,

Under thege circumstances:

i) the conducticn interval is a very shori
part of the cycle

ii) the diode operates near its bend for most
of the conduction interval

iii) the diode peak current is ve
that carrier storage effects be
pronounced.

For guch reasons the behaviour is analytically intractable,

and also there are few evident possibilities for practicsal

improvement.

If a re-appraisal of the situation is made in the
light of the abcve measuremcnt axioms, then a new family
of mismatched diode modulator or demnodulators is created

of which the Single-ended Mismatched Modulator is the

first exaniple,
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The basic Single-ended
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ghown in #Mig.A2.1l.1lsi.The circuit consists of two current
sources feeding through a single junction to a diode to a
current sink, One current scurce is that of the carrier

the other is that of the signzl,

It is well known that modulaticn canrot be

3 A =3

chieved by simple addition of two trains of sinuscidal
currents ( or voltages ). Such an attempt viewed on an
scillogcope would be seen as a serpentine wave of the
. Y - - 1‘ .
higher frequency lifted up and dewn by the lower. Subsequent
application to a band pass filter near carrier {reguency

would reuove the audio frequency component of the sum, and

restore on unmodulated carrier wave.

IT however the serpentine wave is eliced in half
n

by a diode in series ( or shunt ), therec is formed a train

of part sine waves of carrier frequency undulating in

2 A

magnitude according to the signal wsve ( provided it is
not greater than the carrier wave amplitude ). Filtration
of this train in a band pass filter centred arcund carrier
frequency will give an approximation to s modulated wave,

B Suwwsside
The chopped nature of the part sinusoids are r€stored>§y the

Q of the filter.

Practical realisation of the current sources is

9]

usually approximated by connecting high impedances in serie
with input sources of a more or less constant voltage
charzcteristic from which come carrier and signal in

5

commonly found arrangements. Resistors of between 2 and 40

T see Photograph Page AR.1.1.R.1 7photo 16
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thousand ohis are useful for this requirvement, see Migh2.1.1.1i
Provided the source e.m. . of the carrvier is more than

2 volts peak, the curvilinear region of the diode is

of minimweal significance because during the wave the

only curved portion traversed by the voltage is between

the high impedance reverse biased diode resistance and

the lforwards biased region having less resistance than

the current liwmiting resistor delibterately included above,

The action is explained graphically in figure A2.1.1.iii -

The signal source may bve similarly connected.
So that "over modulation" may not be caused, the current
peak value from the signal current source arrangement must

not exceed the peak current value of the carrier; RFig A2.1.1.1iv .

Moving to consideration of the currvent sink, it is
clear that it should be a low impedance atv all frcouencies; i.e.
low compared with the diode and its two or more current
sources. Ideally the current sink shouid be resigstive
in nature and preferably uni-lateral so that the effects of
subsequent circuit voltage phenomena cannot react back to the
diode, IMuinently siutable current sinks may be engineered in

several ways such as 1) a shunt fed back common emitter
: transistor circuit shown in rig AZ.1.1.V .

ii) & coumion base circuit as showm
in Figure A2, 1.1.vi
The d.c. conditions imay be balanced in various
ways, Those shown enstle a silicon diode to be biased to the
knee by the transistor emitter-base junction potential.

diodes
If germanimm diodes or Schottky varrier silicon>\are used
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there is a net ferward bLias of 0.5 V or 0.2 V which

will probably be a negligible amcunt compared with the carrier
peak €.t L. Both sources should have a d.c. path to earth
within . If ac coupling is mendatory, it may be possible to
arrange some kind of d.c. restoration circuit such as the

counterbalance circuit shown in #igure A2.1.1.vii

TYRT

Charge storage in the PN Jjuncltion is not
excessively troublescme in the Single-ended Mismatched
Modulator using gsinusgoidal carrier waves because the
forward current is controlled in magnitude and also because
the current 1s brought smoothly down to zero before

TEVErsal occurs. Nevertheless &

n

¢

sluggish diode will spoil

the action of the modulator at high frequencies,

A2.1.1.R RESULTE  ( by photograph )

Photographs page A2:.1.1.R.1

The top group are all taken with a carrier
frequency of 5 kHz and a signal freguency of 200 Hz
synchronised to the carrier so that clear stationary

oscillegrams are produced. Photographs are referred by number.

16 GSignal wave

alo
Carrier and signal waves added

2 ©Silgnal wave alone
Carrier and signal waves applied to the Single-ended
Iii smatched .cdulavor

4 Similar to photograph but with signal wave shifted

2
to illustrate linearity



1l Signel wave alone.
Wave train »7 photo 2 or & above fed through a
band pass filter, It is of interest to note the delay
cauged by the filter and that the resultant depth of
moculation is approximstcly ©1i7 only ( Refer para
AZ. 2 below ).

The last palr were chcseﬂ to illustrate the
apparent linearity of the Single-ended Mismatched Modulator
driven by sinuscidal carrier when exemined before filtering
and the disappointing linearity afterwards.

11 Signal wave alones 27 Hz trisngular wave 8 V pk to pk .
Carrier sine 4 V pk plus signal applied to Single-ended

Mismuatched Modulator having diode of oppreosite polarity
( as between figures A42.1.1.v and vi for example ),

41 Similar to photo 11 tut hraving diode cf original peclarity.
Wave train filtered in bvand pass filter. Distinct
impression of non-lincarity at crests and troughs. No 1low

frequency phase error problemn.

A2.1.2 Balanced kismatched icdulator

Many applications of wodulators reguire balance to zerc
for one or other of the input waves, ior instance in the
telecommunications multiplex modulating terminals using
selective filters to obtzin single sideband it is helpful if
the carrier is balanced out before application to the filters.
In generators of single sideband supwnressed carrier by the
Phasing Method or the Thirzd ( or Weaver's ) Method, it is
necessary to construct two or four well balanced modulators

having a good prespect of remaining balanced in service,

In the light of these well known reguirements for good
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carrier balance, early conglderation was given to the
development of a Balanced Mismatched Modulator, And the

circuit turns out to be very simple, see Figure AZ.1.2.1

-

The source to be balanced out ( usually the carrier )
must originate from a balanced source, Then cancellation
is achieved by connection of thé diodes in contrary
directions to a coumon low impedance load. The signal
is applied in phage to the diodes so that it may push
or pull current at appropriate parts of its cycle, under
over-riding contrel of the larger carrier half cycles,
Photograph page A2.,1.2.R No 8 shows the phenomenon
quite clearly. It is at the extreme condition of
signal wave current peak just as large as the carrier current
wave peak magnitude, Circuit impl@mentation of the wide
band low impedance uni~lateral lcad can take the form of
others found suitable for the Single-ended Mismatched
Modulator. There is however some simplification of
de cs biasing considerations due to the natural self
balancing form of the counter connected diodes, so a.c.
connection to the transistor base is suitable. figure AZ2.1.2.1i
ghows a typical full circuit with typical values. The
diagram also shows a technique for fine adjustment of

carrier balance, a manceuvre performed with zero volts at the

signal input.

ghould strict d.c. coupling be desired, the circuit
of Figure A2.,1.2.1iii1i may be adopted. Having reliable
balance and completely direct coupling the Balanced Mismatched

Modulator in this form has the remarkable preoperty of being
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phase precise right through zero volts input. In other words
it may be used as a measurement control in an instrument or in
a negative fecdback system. The magnitude of the output
carrier will follow a gradually descending positive voltage
input by a gradually reducing output magnitude until at

zero it will continue to follow the input into the negative
guadrent by reversal of carrier phase. The Photograph
A2.1.2.R No 8 1illustrates the effect at sine wave cross-over,
Whilst possessing phase precision down to d.c. this modulator
still retains high freguency capabilities so that if there
should ever be an application for balanced wide band modulation
( e.g. balanced television mcdulation or double sideband
television with suppressed carrier#®) the circuit shown will

perform to design.

Returning to more normal applications, it should be
noted that a very interesting behaviour is seen if this
moculator is connected to accept balanced audio signals
but having larger single phase carrier supplied at the
terminal usually allocated to base band. The output
wave train at the collector of the amplifier transistor is
a remarkably good repregentation of a modulated carrier wave
even though it has not passed through any filter. If the
Photograph A2.1.2.R No 6 is examined, the claim can be verified.
However it will be noted that some of the carrier wave is

missing from areas less than half height. A remedy for

such events is explained in chapter AZ. Z.

* Such as would be necessary to generate phase modulated TV
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A2.1.2.R RESTULTS

U

]

ing an audio tone of 200 Hz syncnronised
by a carrier of b kHz the following waveforms were

she Balanced kismatched Modulator.

c.:.

observed on

Photographs page A2:.l.2.R.1

8 Signal wave unbalanced 4 V pk .
Carrier sine wave balanced 2 V pk . Wideband output

© As photo 8 above but to a slower time base and the
output taken through a band pass filter.

By reference to the audio wave st the top it is seen
that a double sideband supprressed carrier wave has an

outline ‘'beat" appearance ccntaining principally
second harmonic ( see Part BZizpage 6o ).

.6 Signal wave balanced, carrier wave balancecd sine
magnitude 8 Vpk . Wideband output.

20 4as photo ©6 sabove except that the original signal
wave is shown as well, It is brought dowm close to
the modulated train proving that the output 1is a
fairly gcod reproduction and that there is no delay
( as there is no filter ). Wideband output.

[4Y)
!

As photo 20 above but reduced carrier wave anplitude
to show that amplitude clipping occurs btoth top and
bottom. Wideband output.

17 4s photo 8 above with lower trace having the carrier
magnitude increased until it sguares off, showing the

improvement which could come with deliberate sguare wave

carrier input.



Photographs Page A2.1l.2.R.2

These show a seguence with the exacting triangular wave
modulated upon a &5 kHz sinusoidal carrier wave in which the
effect of the magnitude of the carrier wave is gradually

redugced to ZEXCs

15 JCarrier wave overlarge and being clipped by the
modulator to the peak magnitude o the signal

14 Carrier wave only just sufficient

13 Carrier wave distinctly insufficient and cross-over
distortion is evident

12 Zero carrier wave ant the signal is cut into two
linear parts by the o.4 V forward bias needed by the
Schettky diodes,
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A2.1l.3 Doubly Balenced lMismstched Wodulator

Encouraged by the achievement of single belance,
thought was given to the establishment of double balance
in the mismatched mocduleator form. This weould then be
analogous to the RING LODULATOR. tviously both sources
nust be balanced to eérth, and must feed two normal balanced
mocdulators whose output current pulses are subiracted in a
current difference unit of low impedance over a wide vand.

A first attempt at such a circuit looked as
Mgure A2.1.3.1 , which when redrawn appears as Pigure A2.1.3.11i
having a great similarity in appearance to the Ring lModulator

see (( 31) page 87 ).

The wide band low impedance difference device may
be realised asg elther

a) the emitter coupled shunt fedback pair shown
in Figure AL.1l. 3,11l

or b) a centre-tapped primary transformer enjoying
' good balance to carrier frequency band currents,
as shown in #igure A% 1.3.iv . Coupling to d.c.
will still ve achieved since the currents are
here carrier waves chopped.

A2, 1. 3. R RESULTS

The results of this se¢ction were measured on a
Doubly Balanced Mismatched iodulator comprising the
circuit of Pigure A2.1l.3.11 connected to & circuit cf
Mgure AZ.1.3.1ii with all resistoers des;gnated R chesen

to be 33 ko .

0

The effects cof the variation of carrier and signal
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magnitude are shown by the first group of phctographs
page AZ,ledsRel & The secend group show in a graphic
manner, the excellent lcw frequency capabilities of

this connection of mismatched modulator. The signal and
carrier Trequencies are brought to almeost the same value.
Multiple exposurc photographs indicate the events at

different parts of the cycle.

Photographs page AZ.1le3.R.1

All have carrier wave sinusoidal at & kHz and the signal

frequency is 200 Hz .

43 Signal 11 V pk to pk
Modulation with carrier &0 V pk to pk

44 Gignal 3.6 V pk to pk

Carrie: 5 . .
Signa 14 VvV pk to pk } Carrier 15 V pk to Dk

45 The same as phcto 44 above but with expanded time scale

47 As upper trace of 44, after band pass filter.

49 As photo 45 above but after band pass filter.

It should be noted in these photographs how very
nearly square wave the carrier component becomes when the

signal voltage is small.

Photographs page A2.1l.3.R.2

46 Signal 27 Hz unbalanced to earth, applied to one
input terminal and earth. Balancing capability of
the test circuit is good enough to produce an ocutput
apparently of half the magnitude and balanced.

86 Carrier fregquency &00 kEz
Signal frequency 20 kHz. Shown at two different
time base speeds.

57 As photo 56 with further increased time base speed.
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B0 Carrier frequency o klz

; o . Signal Trequency 200 Hz
Carrier frequency 1.5 kHz ' = = v

51\ Interaction of 300 Hz and 200 Hz at various times
52} by multiple exposure. "Carrier" 10 times magnitude of
547 Ygignal'ls

55 Interaction of two sine waves of same freguency 200 Hz
"Carrier' 10 times '"signal'y slightly slipping phase,

o
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AZ. 1.4 Coenclusions and Comments

e = et s

At the end of the first experimental section of
thie thesis comments can already be made concerning the

achievementg of the simple tyres of mismatched modulators

Oe

Congideringbthat epreviously used forms of
mnoGulator have been found to gufTer from one or more of
the following:=
i) uncertainty of precise non-linearity of diode
or other active device
ii) difficulties of source addition due to their
ugually being both unbalanced to earth and single phase
iii) low freguency end of base band being restricted
because of the need for transformers to add e.m.f.'s in ii).
iv) uncertsinty in regard to balance ( eand maintcnance
of balsnce ) both in manufaeture and ambience for those
required to give carrier cancellation.

esessswnessesll May be said that the

Mismatehed Modulateor circuit provides a fair degree of

advantage, for instance i) 1is overcome by the series
resistances used to simulate current sources,

ii) is of no difficulty whatsoever
as both sources may have one terminal earthed and are
actually well isolated from co~influence by virtue of the
large resistor in scries with each.

iii) tase band may extend to 4d.c.
as there are no transformers or capacitors necessary.

iv) balance is retained over

4]

considerable ranges of dicde characteristic thanks to the

-
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overwhelming influence of the high impedance feed and low

impedance load.

To sum up, the family of Kismatched Mcdulators
are distinguished in regard to good designability and useful

circuit configuration.
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AN T S+ Bans b g 3.8 7 e O
A2 2 AM Linearity by Sguare Wave Carrier

Consideration must now be given to the inherent
distortion which arises in all typeg of Nen-linear Modulators
including Mismatched modulators but alsc including the

long used Class C meodulators.

Referring to the basic waveform diagram in
Figure A2 1.1.iv , it will be observed that nesar the troughs
of modulation the remaining Ifraction of the sinuscid
chopped by the non-linearity is not only semall in emplitude,
it is also small in time-flow. Consequently the cenergy
impulses supplied to the next tuned circuit ( the band
pass Tilter ) are unnecessarily weak. Thus the troughs

sink too fast towards zero.

On.the same diagram, 1t will be seen that near the
crests of the modulation, the part sinusoids are both
large in amplitude and also large in time-~flow. Conceguently
mich of the energy arrives in the wrong phase and actually

hindergs the fundamental carrier wave see Figure A2.2.1

If a Fourier analysis is made for vsrious sample
fractions of choppéd sinusoid ( Appendix A22) the graph
shows there will be significant distortion see Figure A2.2.11 .
Surprieingly the slope of the centre recgion is 25% greater
than the expected average linear input-output slope.
This may cause unexpected undermodulation for if a signal

say x volts causes 5b0% modulation, then a signel of 2x volts



will produce cnly 90% modulation.

Or to expresg the curvature in a more alarming way,
modulation which is almost 100% will contain 20% third

harmonic distortion,

These facts explain g)the mysterious undermoculation
experienced in most Cleegs C
modulators, which has in the
vrast been overcome by modulating
carrier drive stage as well,

b)the necessity for pre-distortion
of the video wave in television
transmitters.
Having arrived at these values it will be unwise to use
sinusoidal carrier waveforms in modulators reguired to
give either deep modulation or very low interinodulation
products. Third order components have béen long known to

be the cause of intermodulation (11).

The obvious way to cure these troubles is to use
a carrier waveform which may ve correctly amplitude

mocdulated without any accompanying time-flow modulation.

ju]

Now if square wave carrier is used, there will be(Fig A2.92,1iii)

a constant time-flow of half cycles and the ourier component
of the chopped waves will be proportional to the amplitude
alone, Thus there will be a truly linear modulation
characteristic, For these reasons the remainder of the
experimental work in this part concerns Mismaiched

Modulators with square wave carrier input.



Bguare wave carrier currents have been used before (12).

It cannot be claimed that their application is original.

e s

However it is possible that the previous practice has been

[67]

sccidental or unintentional. Certainly it came to the author's
attention accidentally in 19564 that a2 much overdriven Class C
anode modulated stage gives a highly linear modulation
characteristic, and does not suffer from undermodulation.
Concelvably such behaviour may be due to the drive waveform

becoming squered by a limiting action ( for instance excessive

grid voltage swallowing up enode current ).

Undoubtedly the application of square waves in the
White ( or was it Blumlein?) oscillator redescribed in (1g)
by Poss & Sizmurygives it the ancilliary property of being
modulable, Figure AZ.2.iv shows an adaption for a student
laboratory experiment designed by the author which is so
linear that demonstrators have reported that students do not
appreciate previous difficulties. A second equipment has been
constructed using transistor base characteristic curvaiure
to illustrate the point{ 1 ). When the former circuii was
used to illustrate a public lecture (19) a considerable
impression was made upon a critical audience in regard to its

good linearity of modulation.

Furthermore, a successful low power ( milliwatt )
UBF television modulatcr has been designed using the

concept of a controlled current supplied to an emitter coupled



£
rald

pair of transistors driven by a square wave on one base,
The circuit of the complete oscillator-multiplier-modulator
chain is shown in Figure AZ.2.v This equipment is in
daily use by Aberdeen University Television Service for
modulating PAL cocded Colour TV signals up to a carrier
freguency of 663 WHz. The photographs page AZ. 2. R

shows the quality achieved using the exacting new test card
format, and demodulsting on a Decca 26" Monitor receiver,
with & Grampian TV Test Card as a receiver & photograph

comparison check of qguality.
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A2, 2.] Sinpgle-~ended iismatched Modulator

with Square "Wave Carrier

Lo

The circuit components of this are exactly the

same as previously described for the sine wave version(A2.1.1).

The description of ection is alsc similaf to that
described before. However there iz now more effect noticable
due to capacitive and semiconductor charge storage. The diode
must switch very rapidly from forwards to reverse condition of
bias, which is the condition most difficult to fulfil. Even so
it should be bormein mind that the mismatched modulators of any
form have smaller forwarag current than many octher forms of
diode modulator , so charge storage effects may not be tco bad.
As a precaution the experiments here employed a Schottky

diode ( a type notable for lcw values of charge storage Y.

A2.2.1.R RESULTS

Photographs Page A2:.2.1.R.1

4 Carrier wave rectangular ©

.6 V pk b5 klz
Signal sine wave 1.2 V pk 20 Z

O Hz

40 Carrier wave scguare & klz
Signal wave &7 Hz triangular.
Top trace is wideband before Tilter.
Lower trace is after band pass Tfilter.
It is noticable that there is not so much distortion
as therewas in the sine wave carrier modulation of this
test ( see pare A2.1.1.R photo 41

78 Carrier square wave of 900 kHgz
Signal sine of 42 Xz
There is a small reverse current spike near the trough
of mocdulation., The small amcunt of energy thus indicated
represents a very slight distortion.



7z
s

Photographs Page AZ.2.1:.R. 2

These are Spectrum -~ Waveform pairs. The top two
are spectra with the spectrum analyser horizontal scale
set to 4.5 mm per Wiz hig they show the harmonics
of the carrier wave., The firgt tall reading being the
zero frequency mark of the instrumént9 the others are
spaced by intervals of 900 kHz . Signal freguency is 400 Hz

The two lower spectra are centred at 900 kiz
and have a horigontal scaling of 4.5 mm per B0 kHz .

Here the signal frequency is 42 kHz ( as photo's 78 & 80 )
and so it is possible to see the carrier and its accompanying
sideband set.

The vertical scale of the spectra is logarithmic,
being 3.5 ma per 10 dB .

It is poseible to see that the band pass filter
used in these experiments has not encugh bandwidth to pess
the 42 kHz sidebands without attenuations.

The waveform oscillograms show ocn the upper trece
the input signal wave, and on the lower trace the waveform
at the wideband output terminal of the Single-ended ilismatched
lioudulator. They are simultancous exposures.

Certain dark patches over parts of the spectra

(&7

are caused by interference between the sweep velocity and

the shutter time.

°



Group of Intermodulation Tests.

Racal Communications Receiver Ra 17L used as a refer back
voltmeter., Laboratory attenuators used to mcasure magnitude

of the components as number of decibels down.

Composite audio signal couprising added toncs of constant
amplitude 1 V pkto pk at 4 kHz , with variable amplitude
( as marked on table ) signal 1.5 kHz. Carrier 900 kHz
square wave.

TNTERMODULATION

4 N

Freg. kHz 200 ©01.51{902.58] 203 Q04 90&.5} 206.6 207 908
Input 1.Q =13 0 &0 32 0 o0 4d 44 40
\ 0.5 }-153 6 56 40 0 56 60 56 40
Pk to 0.28-13 12 49 o2 0 42 610} 60 40

pk

Accompanied by similar set the other side of 200 kiz.



A2. 2.2 Balanced Miasmatched iodulstor

— i e

with Square Wave Carrier

The Balanced Mismatched llodulator with Square
Wave Carrier may have s circuit exactly the same as any one
suggested for the sine wave carrier forms. Cf course there
must be a balanced squafe wave source of carrier frequency.
Such a device is available in the form of an integrated
circuit flip~flop driven by a sinusoidal scurce of
double the reguired frequency. In the experimental work
in which this circuit was tested in the laboratory, 3an
oscillator at 1.8 MHz was used to drive a dual D tyne
edge triggered flip-flop type SN 7474 . Output waves were
very fast &5 V pk to pk sqguares , which were a.c. coupled to
P

the high impedance input terminals of the modulator under test.

Since some reverse current spikes were seen in the
case of the single-ended mismatched modulator test under
square wave conditions , then & capacitive balance arrangement
was used ., This consisted of the extra capacitor of 4.7
from one diode to earth and a varisble of 2 - 8 p# from the
opposite diode to earth, sece Figure A2.2.2.1 . Taking fullest
precautions against stored charge , Schottky diodes were used.
The quoted minority carrier lifetime for the Hewlett-Packard
5082-2800 being typically 100 picosecond. There are more

comments concerning diodes and their departure from ideal

behaviour in Part B (para B2.1.1 ).
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ARy 2525 R RESULTS

Experiments were performed in two groups.

The first group coneisted of straightforward wavelorm

and spectrum measurements using photographic records

as given for the modulators investigated earlier.

The second group consisted of intermnodulation measurements.

Here the objective was to test the linearity of modulation
in the most perceptive manner. The results are measured

by spectrum analysis using either a Hewlett-Packard
spectrum analyser type 8558B. , or a communications

receiver previously carefully checked for gain flatness over
the band.

Hirst Group

Photographs page AL, 2.2.R.1
Waveform measurements at carrier frequency © kiz sguare,

10 Carrier 5 V pk to pk square balanced.
Signal sine wave 4 V pk 200 Hz . Videband .

The outline of the wave train follows the shape of
the sinusoid even crossing over the zero line with
vart of the next carrier half square positive and

negative.

18 Carrier wave & V pk to pk Unbalanced
Signal sine wave 5 V pk to pk Balanced. Wideband.
Signal trace brought down to show time coincidence and
fidelity.

The product is a symuetrical normal amplitude mocdulated

wave undelayed because it has passed through ne filter,

It contains carrier harmonics only. It would be suitable
for wmany applications of amplitude modulated waves.

19 As photo 18 above but with the sine wave peak exceeding
the carrier half peak magnitude, to show effect of
distortion resulting, and its balance!



Photographs page A2.2.2.R., 2
Spectrum measurcments at 900 kliz with square wave carrier,

87 ©Spectrum of sideband components around 900 kHz with
signal a sine of 40 kHz. Wideband.
Some indication both on the waveform and the spectrum
that the sine wave is too large and is csusing third
haruonic distortion,

88 As for photo 87 but with reduced signal magnitude.
Filtered.

Second Group INT ERUODULATION
at 900 kHy

Photecgraphs page A2.2.2.R.3

90 ©Shows spectrum of sideband components around ©00 kHz
with carrier modulated by sines of 40 kHz snd 65 kHz.
Wideband.

Vertical scale 3,56 mm per 10 4B
Carrvier pnalance about =50 dB below Wanted sidebands
Highest intermodulation product about -~37 dB

82 As photo 90 above but filtered in band pass filter,
81 As photo 89 but frequencies of modulations 40 kllz & 26 kHez.

Carrier balance scems to have degenerated.
Intermmocdulation products similar to previous pair.

Composite audio signal comprising added tones of constant
amplitude 1 V pk to pk at 4 kllz , with variable amplitude

(as marked on table) at 1.5 kHz.

Racal RA 17 L Comnunications receiver used as refer back

voltmeter with laboratory attcecnuators for magnitudes of dbE down.

Interimodulation

S
Freg. kHz [p00 ©01.5 90%.5 903 ©04 905,5f56605 507! 908
Input 1.0} 40 0 46 40 0 56 20 0l B2
V. 0.51 40 5 52 46 0 56 41 40 52
Pk to o, 28 40 12 58 54 0 60 46 46| B2
pk _
with similar set other side of carrier freg.
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A2. 2.3 Doubly Balanced Mismatched Mcdulator

with Sqguare Wave Csrrier

The Doubly kalanced Hismatched Modulator which was

used for experiments to verify the cxpected good linearity
and low intermodulation figures was the esame circuit
as figure A2.1l.3.11 connected to the emitter coupled type
of low impedance difference device shown in Figure A2.1.3.1ii .
The high valued resistors in the Balanced Mismatched Modulator
end in the feedback circuits of the transistors were

either &3 k ohm or 12 k ohm . There was very little

difference in the figures or waveforms either way.

The carrier freguency was 1.6 MHz, and the
squarer was &an emitter coupled pair switched by @ sinusoidal

oscillator input. The square wave was @2 V pk to pk

AZ. 2. 8. R RESULTS

Photograph page AL.2.3:.R INT ERMODU LATION TESTS

73 Shows waveform with signals toth sinusoidal at
2.2 and 2.9 kHz and equal samplitude.

75 Shows the above two balanced mmodulations one st a time
Top trace 2.2 kHz
Middle trace 2.9 kHz
Lower trace shows zero audio & is a check on carrier
balance adjustment.

76 Showsoneof the above single audio balanced,at the time
of audio cross over. ixpanded time scale.

.‘

60 Shows another pair of frequencies of equal amplitude
applied to the doubly balanced mismatched modulator
a

The frequencies are & kHz and 2.0 kHz

Lower trace is 2 balance check testi, showing SOme error.

r of sines of equal amplitude.

77 Shows another pa
Lo } ) & 20 9 kz}?;;

Trequencneo o 6

0N



Composite audio signal comprising added ton

]

& Of =

Constent amplitude 2 V pk to pk at 2 kHz.

Variable auplitude as given in table &t 3 kHye

Carrier input square wave at 1.6 iz

Balance relied on electric shielding and resistor accuracye.

Racal Ra 17L Comnunications receiver used as refer back
voltmeter with laboratory attenuators for magnitudes

of decibels down.

INTEREI 8D LLATLON
Freg kHz | 1600 001 002 CO03 004 00EL [CO6 007 (C08 009 010
Input 4 28 28 0 -6 29 35| A6 35| 23 25 36
vV 2 . 2 28 0 O 22 45| 44 ©bB0O| 55 2£° n
pk to 1 28 n O 6 23 E6| 87 bE| 56 n n
pk -

Corresponding set the other side of carrier freq.

n indicates no measurement recorded.
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gection A3 Developments and further Work on Mismatched

Modulators.

Opportunity was taken during the work to propose
a design for the fabrication of a Balanced Mismatched

Modulator in the form of an Integrated Circuit,

Having consulted the member of staff who kindly
offered to assist in the drawing of masks and diffusion,
a desgign having a quiescent current of © mA in the
transistor and 12 k ohm resistors for diode feeds
and feedback was designed. The circuit is showvn in

Figure A3.1 and & photograph of the resultant slice

on page A3.R and telow an unmounted slice ( failed tests ).

The results obtained indicated that the successful
samples produced had similar characteristics to those
of the discrete component versions more thoroughly
investigated. Perhaps a second attempt at the design
would aveoid some of the mistakes made through no fault of
the fabricators, but the diode feed resistors have been
packed so close together in the present arrangement that

there is an undue amcunt of unexpected carrier unbalance,

Presumably had there been time and finance available an

improved version could have been made.

During the last few months of the project it came
to the notice of the author that Gingell (1) had devised
a novel new approach to the phasing method of generating

SSB in which two similar balanced modulators are of course



required. Interestingly enough the inventor himself

remarks ((17) page 25 ) "one of the most important

e £ i

ractical

3

problems that has to be overcome is the design of satisfactory

modulators',

Out of curiosity a gqguick design of a polyphase
network covering 340Hzto 3.4 kHz was made and tested
for the generation of S3B with two of the balanced
mismatched modulators of this thesis. There was an immediate
indication of the possibilities in the system for a 30 dB

wanted to unwanted sideband suppression was measured.

Another problem which is said to be in need of a
solution is the cross-modulation of co-sited transmitter
signals on to a receiver tuned to a different frequency.
With the mismatched modulator as a receiver front end mixer
it should be interesting to see if a third input ( that is
beside 1local oscillator and r.f.input )} can be added in
parallel in such a polarity and magnitude to cancel the
unwanted cross modulation with some signal picked up

on a wideband probe in the transmitter field.

It is confidently anticipated that the mismatched
modulators will provide solutions to msny circuit situations
in which previous modulators have been difficult to trust.
Hor instance it should be possible to include a modulator
within a fecdback loop. For instance companders could

be constructed with characteristics tailored by feedback,



gection A4 Conclusions on lilsmatched N

=

The mismatched modulator has been thought out from

rist principles and fully developed and tested in the

course of this Part of the work.

The difficulties and disadvantages of previous
forms of modulator circuilt hseve been examined and describved.
It has been suggested that by compariscn the mismatched
modulator allows the circuit designer more freedom and at the

same time gives him a more reliable design capability.

The non-linearity of the device 1s contreclled and
precise because it depends principally on the passive

resistors forming the approxzimated constant current sourcec.

The mean voltage of the input waves is maintained
at the diode bend as there is no charge store in circuit.
In fact scme balanced versions are so self balencing, thet

they do not need bias trimuing at all.

h

=

signal circuit is directly connected end thus

=

m

may be used for signals whose potential veries slowly or
not all. The modulator may be used as a controlled

attenuator.

The sources :may be all directly connected to earth.
No transformers are necessary and so there need be no

problen of phase towards zero frequency.

N

The sources have minimal mutual effect upon eachother.



This is particularly true in the balanced forms where it
is a fact of circuitry that there is always a dicde ON

and so there ig always a low impedance at the centre of

. ' o

the resis

1

tor—dliode~resisgtor chain which exiets between the

8}

sl nal source and its carrier source partner., It is for this

4.1

reason that the outlines of the output wave tears the

jaV]

perfect outline of the constituent signal and carrier waves.

For the above reason & further advantage is gained.
The signal end carrier frequencies do not have to be

dissimilar. They nay even be the same frequency.

The modulation sensitivity of the single-ended

square wave driven modulator is precisely calculable:-

ig
: . o rur S
Depth of lModulaticn fFraction m =
i
e
Where is = peak signal current

i = square wave carrier

current

Or if approximated current sources have been used:-

Ve Ry Where v, = pesak signal voltage
n = [
Ys By v, = square wave carrier

voltage

R & Rc are series
resistors

Now if, as is usual R_ = R,

Then m =




O
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The ocutput voltage is calenisted hy the following:-

For the shunt fedback amplifier Vo = Rei

21 T . - o]
But 1ii, m.i,
v\
= s _ 5
'l R )
\\c\ ¢
_ s
R,
Re
= v L s e ¢ 5
5o Vg s But often it is arranged
c

that Rf = R,

In other words the mismatched modulator is a unity gain
modulator ( or mixer ) provided all the resistors mentioned

are the same, and the transistor has high gain at the frequency.

Balanced forms of the mismatched modulater are
not depecndent upon diode toierance as such variations are
swamped by the current source impedances. So in producticn
and in service adequate balance may be achieved with minimum

fuss.

The distortion produced by the residual non-linearity
is less than conparable circuits of a less precise nature,
Proviced square wave carrier drive is employed, it has been
indicated that the modulation 1inearity is as good 8s can

be achieved in an electronic amplifier. The problem of
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intermodulation will always be present, for the following
T eason,

. If a sinusoidal wave is in process of Yveing
linearly modulated in a square wave driven mismatched
modulator, and if a third wave ( probably sinusoidal ) is
alsc added, the third wave will behave as if it had been
applied to a sine wave driven moculator ( the larger sine

dcting as '"carrier" for the smaller ).

srom the circuit waveform criterion, a linear

modulator subjected to two sines is the same as a piecewise
non-linear diode sulbjected to two sines. Thus it may be
assumed that the curve of fMgure A2.2.11 ottained from

the Fourier analysis, will in these circumstances apply to
he square wave driven modulator. So the curvature of the
#ourier function will relate the two sinusoids, and the
modulation on the larger will be to a small extent

transferred to the smaller.
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Part B

AMPLITUDE DEMODULATION



Part B AMPLITUDE DREIOLULATION
Section Bl Previous Techniques and Theories

Bl.1l Previous Technigues

RPl.1.1 Power Conversion Devices

w s oD

The earliest radio freguency detectors were devices
which experienced the power in the radio frequency current
and converted the power into heat ( to unbalance a bridge
for instance ) or into light ( Hertz & iarconi sought
a spark ) or into ionic deposition ( as in certain pen
reccorders ).

"

With the arrival of modern semi-conductor techniques
such high frequency detection devices have received a new lease
of life, They are more sensitive than before , and can
be incorporated in negative Ffeedback loops so that their
non-linear characteristic behaviour may be straightened out.
In the form of the light emitting diode the possibilities

are only Jjust being investigated, Perhaps the LED should

(o7}

be categorised in the next section, for whether it 1
operating by rectified r.f. current or by the conversion
of unidirectional pulses of radio freguency power into light,
is a debatable guestion. Unfortunately whatever its
novelty-and applicability the usefulness of the LED will
for ever be restricted by the variability of the sensitivity

of the human eye.
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Notwithstanding the increased utilisation of
power conversion devices for instruments, they are all
slow in response, As a result though in principle these
detectors would perform the correct function electrieally,

they dare of no use in communications as demodulators

Bl. 1. 2 Rectification Devices

Commnunicationg carrier freguency demodulation
is almost exclusively based on the alternating voltage
peak rectifier., The carrier frequency voltages bearing
the signal modulated upon them as amplitude variations
are peak rectified by a dicde so as to charge a low

pass filter or integrator circuit.

The basic circuit is shown in figure Bl. 1l. 2.1 .
for so long its suprenacy has remained almost
unchallenged. The only variations which have
appeared were valve or transistor circuits which

imitated the voltage peak rectification idea using

the grid or base electrode for the purpose.

It was the tremendous agility of the electron
current in changing from forwards conduction to reverse

insulation which led
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Pleming to suggest the theraionic diode to Marconi for
r, f.rectification. In order to produce the greatest
possible output voltage in the base band circuit on the
right of the diagram, the load resister is usually chosen
to be as great as is found to be useful. In order to
by-pass the r.f, current the capacitor is chosen to be
as large as possible in view of the requirenent that the
£

potential across 1t must follow the signal changes as

rapidly as necessary.

It will be cbserved that in these circuits the
diode is working from a low impedance source into a high
impedance load. Presumably the endeavour has always been
towards efficiency. Perhaps this is partly because the
peak rectifier circuit has been worked-up in parallel
with a.c. to d.c. conversion activities in the
world of power engineering, Or perhaps there has been the

unsaid feeling of fidelity following from efficiency.

Unhappily, under the arrangements developed:-

a) the diode operates near its bend for most of the
conduction interval

b) the conduction interval is a very short part of

the cycle

¢) the diode peak current is large, and so charge
storage phencuena become Lmportant,
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Bl. 2 DPrevious Theories

Most of the published attempts to give a theoretical
basis for the understanding of the rectification type
“devices for the demodulation of amplitude modulated carriers
have been either highly descriptive or have been based on the

-

piecewise linear approach to the diode characteristic,

[ =5

.

Perhaps the most thorough has been that given pages
427 to 433 of (11} It is noteworthy to Ffind a value
calculated for the loading presented to the source by the
diode demodulator circuit. Not many texts manage to
give their students this importaent information, since it
is needed to calculate the actual ¢ of the final filter
circuit in the r,f.amplifier. It will be shown that
it is not necessary to use such a long derivation to
deduce a rough loading formula which applies for the
generally used situation of load resistance as high as
possible. Of course LEveritt pre-dates the semi-conductor
era, so there is no help concerning reverse current in

PN junctions due to minority carrier life time,

Tragically most texts dc not warn the designer
against using too large a by-pass capacitor. Even a
recent text of considerable merit ( 8 ) has no menticen of
the problem of diagonal clipping see figure Bl.2.1 .
The investigatof who wishes to establish the best
possible arrangements for linearity must do his best to
avoid the hazard. Perhaps too much reliance has been
Placed in the assumption that amplitude modulation from
broadcast stations will have an average depth of only

30%, so that diagonal clipping will not often be noticed.
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Other situations may be considered to be "comrmunications
quality" systems, and the signals carried are there said to
be so distorted that a little more will not matter! It could
now ( 1974 ) be argued detection distortion will not be of
the form of diagonal clipping since the suppressed carrier
systems now bulili rcquire coherent detectors. The large
re~inserted carrier Siénal at the coherent detector fixes

<4

the resultant depth of modulation at a small value, 8o
diagonal clipping is no longer important. However there
is another distortion which is to be investigated in
paragraph B2.1l.2 caused by the single sideband phascr

implanting a gquadrature component,

Credit must be given for Ekveritt in the thorough
description of the implications of single sideband modulation
( page 408 Op cit.). He shows that Ffor distortionless
demodulation SSB requires a second order non-linear device
whereas normal AM is distorted by secord order and therefore
requires first order non-linearity, or as will be seen later,

odd order linearity.

Bl. 3 Conclusions on Previous Technioues and

Theories.

The principal conclusion which is forced upon the
investigator who looks intce the literature on Democdulation
is one of disappointment., There is so much uncritical
usagé of the circuit which has always been employed, and so
little fresh theoretical investigation, Tt is hoped to

supply some contributions in this work.
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gection B2 Linearity of amplitude Demodulestion

v

BZGIo}N Loading hkffect of Peak Rectifying Demodulators

e

When the peak rectifying demodulator is in use

el

11 filter of the r.f. amplifier of a

o

across the fin

Qo

radio receiver, it is of interest end importance to know the
magnitude of the circult loading it causes. The analysis

in (11) wuses a piecewise linear approximation to the

diode characteristic and that procedure will be followed here.
It will not be necessary to derive g transcendental eguation
which Everitt evaluates. It can be assumed that in the role
of efficient rectifier, the democdulator is passing very

short current pulses and that the capacitor is sufficiently
large to allow little droop on the output between half cycle

charge impulses, see figure B2.1l.1l.1 .

Assuming t the time during which diode current
flows is a very small fraction of a cycle, it may be said
that(T)length of time represented by DP 1is approximatel

the cycle time T +5t

But by Similar Triangles gg = g@

Oor Time Constant of Lonad Resisgtor-Capscitor
Rectilied Voltage V

_cycle Time(T +5t)
Ripple Voltage v

. T+ &é}
Or v ==V R A formula of interest to the

designer of demodulators for knowing how small may be C .



Butlt occasionally load current IT ig knowm
A

instead of load resistance RI

=}

go the last formula for ripple voltage becomes:-

T .
- L . . . .
¥ = = which is sometimes of importance.

Further it foldows that as the ripple voltage

XG <§§:RL thus the charging circuit is effectively

as shown in figure B2.l.1l.1ii

Sc the charging current iC ig given by

But from congervation of energy,
Charge drained into load per cycle

Charge input per cycle =
. - T t
So i, = IL(“i““l
7
11 (T8
¢ L %
\_f
But ¥ = V So ic o= “;E
5 v
And Iy = Ry, So the above equation may be written
¢
YW XEat)
r L

a RL



or Ry
m;(:;_{-.. -

N R o, .\

Bat 1, 1T Y
IL t
1 oo

S0 —-—-9 = El:_f
, _Ta

Now to work out the efffective loading of a deamodulator

upon its source it is possible

to very quickly reach

Iveritt's valuc by the following procedure:;:-—

Assume the peak rectifier detector is an efficient device,

Then Power in = Power out
If the effective load the device causes to its socurce isg
Reff and i1if the scurce voltage is Vigsprics
mY Q’ 2
A
Then . v
Repe RL
But V is approximately the peak voltage (2 % ¥ s

r?’ V’z
So Vigg 4 TS

Repp &
" R

Tow experiments were

whether this formula for the

was born out in practice., 1

+
Y

made on a Q meter to check

loading of a diode detector
h
was foud that in the csse

-
>
S
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ol present day detectors comprising semi-conductor dicdes of

3

reagonable or good guality ( i.e. fast diodes recommended

for h.f. detectors ), there was usually too little loading

4 4

P higher than Iveritt theory ) and that the

o~
By
(o]

loading went up as freguency was increased,

ct
[95]
P
a

In order to e¢xplain these fac assumptions

are made;-

a) that an adjustment should be made for the
diode forward voltage

b) that there will be a frequency dependent loss

terra due to reverse current caused by charge storage

within the junction .

To describe these theories in detaill

a) Forwaerds Voltage Adjustment

Whereas the above thecory deduces that the conductance

loading caused by the diode 1is

Gepr™ Siemens
R

4

It is proposed to reduce this vslue by a factor 1/1 + ve

Ve

_ 2 Where Vo = PC Voltage
So Gerr = Re ((+““§/\a) across  Joad.

Now when this was done, the agrecment between the theory
and measurement was quite good at frequencies lesgs than 7 MHz

The measurement procedure and values are given in Appendix 22 1
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b) Charge Storage Loss Term

2 9 O s

From semi-conductor theory, it is well established
that charge stored is proportional to the peak forward

current.

Suppoge the charge stored 1s g coulomb

ct
=y
Q]

Then frou above argument

f 0% 4
But 1 oL I

S0 qa COL I

Say q = KIj, Where X is a constant ( heving
the dimension TIME |

Now the extrz power drawn from the source due te the

charge stored may be estimated:-

Ixtra Power = Vg 1 where f = frequency

rut Power = Vrms vhere Reppe = new loading
A —
Reff“ [ASARTH
73 "7 1’- 2 G
Or Power = Vyme Yerfro
2
e - - Q1tF UV =Re
S \ifl{'[l - VI’IHS “effe But ‘QC'—' \,2 xvrmg
H(—)I’lce GCff? = gf}://RL




o
D

The new c¢ffective conductance due to charge
storage may be added to the effective conductance due to
the piecewise or pulse opeération of the diode converting

alternating currcnt energy into the direet current

energy inthe load.

2 2rK
R

2 {
e | e R DK
Gepr = Ry\ Ty, +2 @)

s - A e S L Y A,

T

Experimental check of this new combined theory
was made at frequencies from 29 KHz to less than 8!“’\%&

and the results for several types of diode are plotted

in the second part of Appendix BZ.1.1
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BZ.1.2 gingle-ended Nismatched Demodulator

S - S — - S

The Single-ended Mismatched Kodulator circuit
can wilitheout modification be used as an Qdd Order
or linear detector., The circuit is shown in figure B2.1.2.1i .
The feorwards bias from the transistor is used to forward bias
the 81 diode to the knee and thus linear demodulatiocn
right dovn to the trough of 100% modulated carrier waves
is assured, The diode provides a stream of half sine pulses
which flow out of the transistor shunt feedback resistor
into the transistor load across which the collector veltage
changes. The magnitudes of the half sine ocutput voltage
chenges are exactly the same as the input waves' peak
voltages provided Rp 1s the same as Rg -

When averaged in a low pass filter, the stream of half
sines forms aa accurate reproduction of the original
modulation, Distortion due to diagonal clipping cannot
occur because there is no reaction back to the diode
from the averaged voltage across the filter. There cannot
be any reaction because the transistor acts as & uni-

lateral device and isolates load and source.

There is no distortion of any kind similar to the
chopped sinusoid distortion of the mismatched modulator,
All the waves coming from & modulated tuned r. . amplifier

<+

will be of the true half sine duration and they will
have a truly constant average value strictly proportional to
the peak magnitude of each wave. Thus the aversge wave

existing at the output will be as far as the demodulator



ig concerncd absolutely distortionless at all devths

’
of modulation for all frequencies in which the carrier
freguency ig sufficiently higher than the modulation
frequency to allow reasconable separestion of one from the

other by filter,

Another notable feature of the Single-ended
Mismatched Demodulator is the constant loading of resistance

equal to R which it throws upon ites source. As current

S
flows for the whole of half a cycle, it is the equivalent of
%+ the resistance placed across the source for the whole
cycle, The peak rectifying demodulator previously

used throws upon its scurce an average resistance lcading

of zR; ( see paragraph B2.1.1 ) but the lcading varies
during the ecycle of moduleation, being more than average
during upward slopes and less than average on delines of
modulation., Such variations themselves can cause

distertion of the incoming wave unless sone special

precautions are taken,

Turning to the problem of coherent detection, it is
found that the Single-ended kismatched Demodulator is an
attractive proposition. The re-insgertion oscillator mey be
switched or off without any disturbance to the actual
r. f.circuitry see Figure B2d£&lt may be switched in its
power supply only. From the arguments of the last Part of
this thesis it may be deduced that for this purpose a

gguare Wwave carrier will bpe advantageous from the point
of view of lower distortion than sine wave, But the difference

will probably be slight when one considers that the

distortion that is prevented by the use of square waves



ig chieflly for waves deeply modulated. The magnitude of
the S5bL phasor must be considerabvly smaller than that of
the re-inserted oscillator or there will be second harmonic

distortion due to the phase modulation implicit in the

gemodulation of thie nature, see belcw.

To explain the action of SSB phasors as they
become demodulated on a single-ended detector of any type,
a diagram such as Higure B2.1l.2.11 may be used. The SSB
phasor and the oscillator add vectorially snd the resultant
continually shifts in magnitude and phase, The diocde
peak rectifies the resultant phasor and the lew pass filter

simoothes the output to an audic component alone.

Designating the SSB phasor as A , and the re-inserted
carrier phasor as C , the resultant as R , the analysis

proceeds thus:- Audio @ rad/s Carrier (3 rad/s

Resultant iagnitude

\/(C""ACM?):**("3\'34;“’5)2 ihere 8 = f .at

=
1 2 2. 2 -2 Ji
= (C + 2AC a8 =+ A“ex@ T A .m‘ﬁ)
2 2 %
- (€ +28Cd - A?)
5 2AC L
=[c ”‘2’( ’ cum}“‘%gf
1 .
5 AR og )
By Binowial =[ (1 +4{}sb * ”ET”CM& .

there the wanted audic frequency component is represented



by the tewm in cosl with the unwanted second harmonic

being indicated by the cos28 term.

So tractional distortion msy be calculated;-

end. Earmonic Voltage
lst. Harmonic Voltage

“iAC
A R Y arry

Which for less than 1% harmonic distortion for esxample
requires there to be C2 268A , or in other words the
peak re-ingerticn carrier voltage is to be 25 times the

normal SSB phasor magnjtudeg

It is the presence of the implanted phase modulatiocon
which is the cause of the distortion term. If the wave

had been normal AM it would have consisted of three phasors

Carrier C cos wt
USB 1A cosfestpt
LSB 1A cos(w-p)t

and the resultant of such a comtinatiocn moves up and down
the carrier phasor, from the same total amplitude to the
same Gifference amplitude but always on the carrier phase.

s€e Figure B2.,l.2.1iv .

Here is seen the difference between V"BEAT"
between two waves and "HODULATION" of a carrier by a
low frequency wave. When one wave is much smaller than

the cther, a beat phenomenon may have certain resemblance

to modulation. But when the waves approach one another in



magnitude, the outline appearance will be gquite different.
This can be seen for example on Photo 22 page B2, 1.2.R

The top trace shows sn 18 kHz wave modulated by 400 Hz
to 95% Dbeing detected in & single-ended mismatched
daemodulator, The third trace shows the beat Letween

a wave of 17 kHz of smaller magnitude. The fourth trace

shows the beat between equal amplitude 17 kHz and 18 kHyz

waves, Here the second harmcnic is perhaps 5O or 680 percent.

The cure for second harmonic distortion is to
use a detector with second order non-linearity as Everitt
suggested ((11) page 408). OFf course the small signal
which has to be applied to find such s portion on any
practical diode means that this procedure is not of much use
to the eqguipment designer. In the next paragraph B2. 2.
there will be given a mismatched demodulator design

which will fulfil the need.

B2.1l. 2. R RESULTS

A test of Single—-ended kiematched Demodulator was
performed using the circuit of #igure BZ.l.2.v , driven
from either a laboratory signal generator

or an IF output from a communicstions receiver .

Photographs page B2.1l.2.R

70 Shows Carrier of 100 kHz mocdulated to 98% by sinuscidal
wave of 1.9 kHgz,firstly before detection,then at the
demodulator btefore Piltering, then after the filter.

It is notable that there is no diagonal clipring.
( Marconi 15 kHz to 30 MHz Signal Generater )
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65 Waveform at the demodulator before filtering, showing
66 decply modulsted music { pisno-accorcion ) on the
IF output at 100 kiHz from the communicotions recelver,
tuned to a broadeast station.
( Racal RA 17 L |

72 Hall sine waves at the demodulator before filtering
using nuch faster time base speed. Top shows
unmodulated carrier. Lower shows various ccecurences

during active modulation., Communications receiver again.

<!

&)

22 Shows & group of four traceg:-
Top 18 kiz modulated by 400 Hz.
end. Unmcodulated cerrier of 18 kHyz.
drd. Beat between carrier 18 kHz and some 17 kHz.
4th. Beat between carrier 1€ kHz and egual 17 kHz.
All waveforms at the demodulator before the filter,

B2.2.1. Balanced Demodulators

As deduced in the last theorctical snalysis, there
is a requirement during the demodulation of S8B with a

re~-inserted carrier for there to Le a second order

non-linearity, in order to cancel second harmonic cdistortion

in the audio output.

If the same nomenclature is used, it mdy be seen
from the diagrsm Rigure B2.2.1.i that a circuit such as
Figure BS.2.1.ii (or its equivalent in the miematched form
such as figure B2, 2.1.iii) will fulfil the following

nalysis.

2
Diode 1 pesak rectifies ‘52‘ ﬁ\[@; -rAm&)x+(Aézﬁw9>

s I/ 2 7/ ; 2
Diode 2 peak rectiries Rz -J{C-ACMQ) +(Aa~ 6)

1
Gﬂ + 2AC 0 +R9

D1 = (C
j 5
2 )2
D 2 = <¢x ~ 2A8Cenl ?(\)



I i by Binomial Ixpension
D 2
P
. ay 1E4) e 2 $C4)2) 93 3
D 1 ~E :Z(‘g +‘§:{ gfi{f@ + %%gc;@ + ;}:’{gwﬂ@ +---~)
( : 1), .2 YAV R
2o <[ P 4f Jeoo + g0 - CPr furosnn)

The output taken is the difference between these two peak
values. It is evident that odd order components add

and even order components cancel, Therefore the second
harmonic disappears and the majoy remaining distortion is

the third harmonic,
But cos®@ = 2;?(?3(%@ + o0 36)

i . ) 3
So there is a small contribution to the fundsmental from cog 6

3 : 2
dré Harmonic Voltage 3% g § - §j§{ ¢
lgt Harmonic Voltage © 5 z = = ¢ a2

{3+mfl  trsil

Then

Which for less than 1% harmonic distortion for a corres-
ponding example ( ref page 58) requires there to be

C 2316A , or in other words the peak re-insertion carrier
need be only J.le times the normal SSB phasor magnitude.
Compared with the single-ended devices, this form of

detector is obviously the best choice for SSB demodulation.

Such balanced modulators have been used for this
purpose for many years. The so called Product Detector
being the description given to a commionly used form.

A late reference to a scuare wave carrier type of
this form is (13 ) though the apvplication discussed is

frequency changing.
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An experimental Balanced kismetched Demodulator
has been tested using some simulated SSB sigazis and the
waveforms have becn photographed below. In addition a
dual purpcse demodulator has been made for use with the
communications receiver in the laboratory. Having an
undetected IF output at 100 kHz a switchable Balanced or
Unbalanced Mismatched Demodulator unit plus audio
amplifier and speaker unit it has been possible to compare
quality of sounc for received SSB transmissions. Listening
tests have shown thet there is a generally agreed improvement,
according to a dozen or more persons to whom it has been

demonstrated.

Photographs page BZ.2.1.R

24 shows the demodulation of a bvalanced 18 kHz "SSB phasor!
with a 17 kHz ‘'carrier"

\

4 with

)

3l Top trace shows a situation eimilar to photo
larger signals.
Lower trace shows the output after one stage of low pase
filtering.

30 Shows two overl

apping traces. The larger is simulation
of SSE at 40 kH

T a
z and the output after filtering.



B2, 3 Conclusions on Linearity of

2

Amplitude Demodulation

The subject of the demodulation of smplitude
modulated carrier waves has been a fairly stagnant torpic
for a long time., The peak rectifying detector has

reigned unchallenged in the realm of normal Al . The

move towards SSB in the radio application has stimulated some

activity there, but the interest in linearity has been
slight. In the realm of multiplex telephony the néed for
balance to achieve tolerable guality in demodulation of
SSB signsls has been well understood and applied. However
desire for efficiency has inhibited experimentation wit?

diodes fed from high limpedance sources.

It is hoped the Mismatched licdulator technique
presented here may be a worthwhile contribution to the

subject, Certainly the iMismatched Demodulator is free

c-&
=
O

L
C+
o
1]

from the long known '"diagonal clipving' distortion of
peak rectifying detector. and certainly for coherent
detection it is useful to have the local carrier
re-inserted in parallel with the SSB phasor voltages
arriving from the modulated source., The t¢nergy from the

oscillator is very largely isolated from the preceding

stage, a fact which in receivers should make the design of an

automatic wain control a little more easy. finally the
Mismatched Demodulators can be d.c. coupled so that there
is then no difficulty with phase linearity down to zero

freguency. So applications to video, facsimile , data,



telegraphy, phase modulation and others would be ideal

tasks for one of the forus of this versatile device.

It is intended to pursue further investigations
towards the improvement of VHy demodulators for TV
intermediate frequency amplifiers, or other wideband system
There are few reguirements for demcdulation of freguencies
higher than VHe since by application of the superhet
principle all rizher carriér fregquencies may be brought

down before demodulation to base band.
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part C FREQUENCY MODULATION LINEARITY

R

gection Cl Previoug Techniques and Theories

R ST S 3 A ek

Cle 1 Previous Techniques

The classical methods of producing Freguency
Modulation which are given in the textbooks are;-
i) variable reactance device ( valve or transistor )
ii) armstrong's method ( or Phase Modulator )

They will bte exawined in terms of their ability to produce

linear freguency modulation,

i) Variable Reactance Device

The oscillator to be modulated has a rescnant circuit
vart of whose reactive component is formed by the output
impedance of the variable regctance under the control of
the input signal to be impressed as a frequency change of the
carrier. By means of a capacitor-resistor potential divider
some of the device output veltage is fedback into its cwn
input terminal at a phase different from the output voltage.
Within the device, gain gives to the output a greater or
lesser proportion of the wrongly phased energy depending upon
the transconductance of the device at that instant set by the
instantaneous voltage of the signal. Thus there appears
at the wtput the desired variable reactance for oscillator

change,

In terms of linearity, such circuits have three
roints of criticiem.

(a) the transconductance variation of pentode valves was

an 'ad noc' feature of the particular spccimen since it



e

depended upon the grid wire spacing progressively in step

gradations.

(b) the trensconductance of the itransistor is aifferent
at different temperaitures

(c) the variations in resctance are accompanied by
simultaneous resisgtance variations which cause

inevitably some amplitude changes as well,

ii) Armstrong's lethod

& fracticn of the output from a quartz crystal
controlled oscillator is modulated in a balanced modulator
80 that double sideband suppressed carrier results. Addition
to the remaining fraction of the original phase shifted 90
gives Phase Mcdulation. Such phase modulation has a degree
of freqguency modulation which is linearly vproportional to
the signal frequency. The desired relationship being
independent of signal frequency, there therefore has to be
rmmltiplication by an inverse proportionality with respect to
signal frequency. Armstrong's achievement was to produce
the necessary relationship by interposing a predistortion
circuit in the audio input taking the form of & very simple
C~-R integration circuit.(( 8) page 65 ). Betts here adds
that for reasonable phase linearity one must not ask for more
than about 0.2 rad peak phase deviation of the phase
modulator, and this nececsitates a X 7500 multiplication
for the subseguent stages of the transmitter. In practice
X 81 or X 729 is enough to contemplate for otherwise
at the higher frequency end of the audio band the inpuv

signale will Tte so small that tremendous amplification will
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be obligatory and noige will become troublesome.
In addition multiplication factors of X 7500 may

produce phase jitler vhich also appears as noise to a user,

Present (1974) brouadcast transmitters employ &

S

feedback technigue not usually described in subject texts,

called "Freguency lModulated Quartz or FiMQ. In the FMQ

~N
N

generator there is a reactance controlled oscillator

whose output is sampled and democdulated in two parallel
frequency discriminators. Onée of which is narrow band,

high Q and stable: being actually a guartz crystal, is used
to return the mean frequency to a maintained value,

The other discriminator is wide band and very linear ( in the
sense of output versus freqguency ) and is used in an

a.c, feedback path to linearise the freguency modulation

characteristic of the whole varisasble reactor - coscillator -

discriminator lcop.

With careful adjustment and maintained standards
it is conceivable that such eguipuentsg will produce highly
linear ¥M. Nevertheless it is probably only in the realm
of public broadcasting cen sufficient investment be
provided to accept such complication in construction and

such care in maintenance.
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Cl. 2 Previous Theories

Nearly all the expounded theoretical presentations

have folltwed the mistaken guidance of the circuit eéngineers

"
t .

able reactance device

m

vno sought to produce in the va

a method of producing a linear reactance versus voltage

3

2
W

charecteristic and then to apply such a component to an
oscillator in order to cause a linear frequency vVersus
voltage effect ultimately. Using the principles of

differential calculus upon the resonant frequency equation

2ML, = 1/[iC
it is shown that for small proportiocnal changes in
frequency, the change is almost linearly prortional to
reactance, and therby justify the linear variable reactance
device provided. The most recent textbook maintaining the
same misteken viewpoint is Betts ( 8 ) page 63, though he
quotes the modern component namely the varactor dicode,
remarking that it is & pity it coes not have the linear

reactance versus voltage characteristic.

Cl.3 (Conclusicns on Previcus Technigues & Theories

The conclusicn of the present position both on
technigque and theory of N generaticn is one of misdirected
effort., Only in the case of the Armstrong open loop device
and the FMQ closed loop circuit has there been an approach to

good linesrity. And even these have perceivable limitations.
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gection C 2 Fil Linearity by Square -~ Law Reactance

and Sguare Wave Oscillator

C

av]

«1 Fii Linearity by Sguare - Iaw Reactance

Reconsideraticn of the resonant frequency equation
shows that for an unrestricted change of freguency, the
fregquency is strictly inversely proportional to

the square of reuactance,

2L = 1//1C

In consequence of this simple fact, any reactive
component which has a reactance proportional to the
square of voltage will produce linear freguency modulation.
Thus any oscillator across whose reactive circuit is
shunted a square law proportional reactance device will

have the desired linear freguency versus voltage characteristic.

Now it is a well known fact of semiconductor
electronics that an abwyjunction diode has a capacity

proporticnal to /W Where V, = Reverse voltage
R R

ises Cip 64 1/ JWR

2
or Cjn ol 1/Vy

Thus a semiconductor junction diode will
broduce linear frequency versus voltage modulation of an

oscillator, without restricticn.

C2: 1.1 ™M Oscillator Circuit
L€

For the sake of completeness an oscillator based

on the above principles is shown in Figure CZ. 1.1
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Ceo 2 FlL Linearity by ESquare Wave Oscillator (Astsble)

s T PRSI

The Astable Multivibrator may be used as a generator

of frequency modulation if slightly modified according to

Figure 2.2.1 . The signal to be used as frequency control
is arrenged to add tc or svuvtract from the supply rail

potential for the base resistors only. It thereby raises
or lowers the aiming voltage ( Vaim ) to which the inside
plates of the base capacitors attempt to charge. The

charging current they receive is controlled by the base

resisters,

Using the designations of Rigure C2. 2.1 and applying
these to Figure C2. 2. ii it may be shown that the pulse time

I can be calculated from

_ Yalim
“T= CR logeg ot _
Vaim ~ Vrige

Where Vg4, is almost exactly A 15 -

Since the Dbase-collector-capacitor group fall a voltage

VS at each conduction event.

PFor simplicity in the following analysis

V represents 2Vgy and also V., and also 2Vrise
T & CR logg L
V- V/2
G = CR log, 2

T = 0.7 CR



But

Suppose the

potential.

T+ £T

frequency of oscillation

from last page
= 1/ 1.4CR

signal adds &

sniall increme

fo is given by
nt gv to the aiming

Then a new pulse time G + 8T arises as follows:-

which by the Binomial Theorom

T +87

So
Theréfore

Or

Negetive proportionality sincctﬁ‘ShO

V o+ v
= CR logg - -
V+év ~ V2
2 <
N v 28
= OR loge 2 {1+ TN+ "2""\
SU\ t-sv
£ CR log, 2 (i* v (l s IR Al
. _ 2$V v
= CR loge 2 (i < * T?)
= CR loge 2 (l'-é;)
=
£ CR loge £ + CR 1og€(l—-v
. 8w
= T + CR loge ([ - <7
d S / i
= CR loge(iw”\}') But logekl-i‘ﬁ): -
T, P
sT ., _ CR
Sv \Y
$T . _ CR
S ' PAVES

A
0

er when V lifted.
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Now fe=  1f

g0 two decductions follow

. sh s ¢f
i) 2oL, and ii) r_ 5y %
§9 29 Sv ST S$wv
S S .
T (fR Tegez)”
Hence
s _g' . J_! - ( C?x)
Bv - Z(CR(Lse2) N Y
O ( \I) ( J»" 2)
.ot t 2 2 :
LU0 S . S— But (loge2)” = 0.7% = 0.5

|
—

So 2(1oge)2

o SE . '

or Sbho !

sv - CR2Vs Units are Hertz per volt

Positive proportionality since freguency goes higher

when input voltage lifted.

02.2.1 3xperimental Verification

In order to wmake measurenents to check the snalysis

(e}

given above99n astable oscillator for L60 XHz was designed,

The circuit was built as the first section of an il

modulation and demodulation experiment of which greater detail

is given later in parasgraph D2.2.1

Owing to switching +ime of transistors totalling

over 100 ns easch and since ithe normal mid@ range mesnual

setting of the freguency control would bs slichtlyv down

-

from the full supply voltage, the nominsl desien fraeouency

vas raised to 2% above the value desired.



\n
=
£
=3

J

C
v
~,

Nominal Desion Freduency L60 x 1.25 =

©

e P i 1 SN %
Ressonable value for vese fregusncy 18 ki

From £ =1/ 1.LCR

Calculate C value 68 pr

- v

RISULT Mid ilanual Control  LHO XkHgz

modnlation Sensitivity

il

From 9% 1/ CR 2Vg

Celculate  Semsitivity = PO, Hy/V
68x10 ' x (g x10°v2xe )

€
_ te = io
68 x {.@ x 2x 9 Hz/

1l

5.3 kHz/V

But a similar allowance has to be made for switching time etc.
So the expected iodulation Sensitivity will Dbe:-
= 45.3 x 1.25

= 56.6 XHz/V

REISULT veasured lodulation Sensitivity 58 kHz/V




C2.3 Conclusions on Linearity of PFreguency Modulation

B L — = > s a

..... e

To summarise the position respecting A it may
be said that with intelligent application of the techniques

tion is now availsble in

®

suggested, very linear modul
un-complicated circuit arrangements, If there is sufficient
component investment much morec sophisticated negative
feedback systems can be engineered in guite small space.

For instance a voltage controlled oscillator of rough
linearity may be incorporated into a phase lock loop

using a phase sensitive detector and a digital counter.

Time does not aliow full coverage to be made here.
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PART D

FREQUENCTY DEMNODULATION
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part D LCY  DEMODULATION LINEARITY

vious Techniques and Theories,

e T —, et

D1. 1 Previous Techniques.

T I Y T DR AT KD

The history of the design of @ Demodulators

( or discriminators ) has been one of gradual development.

The most naiive circult design has been the
Off~tune Resonsnt Circuit followed by peak detector (rectifisr).
Unfortunately as illustrated in Figure Di.l.i there is

likxely to be considerable distortion.

The form next in sequence takes the curvature
of one end and cuancels it by use of another off-tune
circuit set the other side of the mean frequency. Two
peak rectifying detectors are used and their ocutput
voltages are subtracted, see Ffigure Dl.l.ii
The arrengement shown whereby energy is fed to the two
separate circuits by mutual induction from a single primary
is called the Crosby Discriminator. It has an extended
straight line region but has approximately the same slope
a8 either single off-tune civecuit alone. A great advantage
which arises in consequence of the cancellation procedure
is the elimination of d.c. output voltage at the mean
frequency. Since output d.c. polarity changes at
cross-~over, the circuit enabled automatic frequency control

receivers to be made for the first time. -

¥rom the Crosby discriminator there followed the

Foster-geeley Discriminator in which the double secondary
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evolves into a single tuned circuit with centre tap. Inergy

4

is obtained from the primary in itwo ways simaltaneously,

see Figure Dl.l.iii . The full voltage of the primary

is placed upon the centre tap by the low reactance capacitor
( designatec LT ) but there is also a mutual inductive
eff'ect which initiates a circulating current of crthogonal

phase ( designated 1 ), see Figure Dl.l.iv . Both the

{ie]

primary and secondary inductors are influenced by the

mutual inductance but are re-resonated by adjustment elements
so that they are each tuned to the centre frequency. Fer the
sake of simplicity in writing the mathematics it is taken
that they are both the same value L henry ( actually M will
increase primary inductance and reduce secondary inductance )
and consequently the capacitors of primary and secondary

will be also equal, say C farad. In the section to follow

a theoretical attack will be made to derive & sensitivity

formula and a comment on the likely linearity,

Finally as in so much of modern €lectronic
engineering there are two M demodulators which depend
upon switching techniques and will not be studied extensively

in this review.

The Pulse Counter Discriminator ig constructed so
that an actual pulse count per second is estimated by
conversion of each carrier wave into a uni-directional
Pulse. The resultant train of egual energy pulses is
fed via a diode into a leaking integrator which reaches

an equilibrium voltage roughly proportional to the number
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of pulses per second, Vhilst the Pulse Counter Discriminator

-

has appealing features, there are so many disadvantag

.1'

that it will bLe little used in fulture. To enumerate:

a) it must be operated at amean frequeney only about
1% times the peak deviation frequency or the
sensitivity is poor.

b) the linearity is an exponential function.

c) due to a) a double superhet receiver is required

so that image interference may be avoided.

The Phase Lock Loop may bve used as a highly linear

Fi demodulavor. In principle the input freguency modulated
carrier is used as one input to a phase sensitive detector
comparing the phase erra relative to a controlled oscillator
responsive to the phase sensibive detector output voltage.
Thus during frequency change by the input carrier, there is
& change of output voltage due tc the detector forcing the

scillator to follow the original. Phase should never slip
but will elastically strain back and forth within the
plus and minus 9C available, The development of integrated
circuits has enabled such complicated circuits to be
incorporated in domestic entertainment equipment in recent

years ( 1974 ).

There will be seen integrated circuits designated
"complete M discriminator" in certain catalogues. These
are actually a chain of limiting amplifiers followed by a

Phase sensitive detector of a switching type. However they

e€quire an external tuned circuit to produce a shift of phase
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linearly proportional to freguency., They ar

[

simply
integrated circult Foster-Seeley devices. Their cirecuit

behaviour follows Koster-Seeley theory end restriciions.

Dl. 2 Previous Theories,

R e 150 3 A Yl RN A PR

The standard texts are surprisingly scant in
the guantity of useful theory in regard to the explanation
of the Fourier gpectyrum of an M wave and also in regard

to the sensitivity and linearity of practical M discriminators.

It is hoped to fill the gaps in subseguent analyses below.

Dl.d Conclusions on Previous Techniqgues and Theories

e

Undoubtedly there have been a number of very useful
Fii demodulator circuits devised and implemented with success.
To some extent they have been successful because they have
been engineered with genercus tclerances in regard to

bandwidth snd cost. The field of P has been both the

>

0

4. %
the

sphere of the high-fidelity enthusiast and also o:
Professicnal communications engineer with a capital P,

Each group has been able to ask for ( and usually get ) as

)

la

0]

mich bandwidth as he feels he needs. Generally there
been little pressure to design to minimum bandwidth or
design to minimum cost. Consequently certein lexiiy in

theory of discriminators has become tolerated.

If & comment is to be made concerning the spectral



gnalyeis 1t cén only be said that the theory has been
sketched in and very 1ittle more. ey texts do more than
put forward the Jacobi solution to the puzzling equation
containing the strenge terms cos(m sin t) and sin(m sin ©)

which arise quite early in the mathematics o i, A solution

by seriecs which are cemmonly known ies given here, see D2 1 .
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gection D2 FM Receiver Bandwidth and Linearity

D2.1 Spectral Components of an FM Wave and their

Consequence upon Receiver Bandwidth.

In order to calculate the bandwidth necessary
for an FM receiver it has been necessary to analyse the

Fourier Spectrum of an FM wave,

Consider a general signal ﬂrzzliaa(gtfé)which is
to be frequency moduleted upon a general carrier wave‘vrﬁané%tfé)
At all times the instantaneous frequency of the carrier
is to be a representation of the instahtaneous magnitude
the signal voltage., The amplitude of the carrier wave

is to remain unchanged throughcut.

Time origins for each wave may be chosen so as

to allow phase terms @ & 0 to be equal zero and dropped out.

So a general M wave is given by

A= Amﬁw-fi’aﬁcmpt)&t

where k is the modulator sensitivity

in rad/s per volt

The mean angular freguency is « rad/s

The peak angular freguency deviation is 4R rad/s

which is symbolised &3 .

Integrating the general wave to obtain instantaneous
angle

Vo= Aw(wt + “—’MP)
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which departs plus and minus T radiens from the mean angle.

ol
J i

Now the angle w?“ ig important in the theory because it is
both the peak sngle of departure on the phasor diagram, and also
because it 1s the argument of the Bessel functions whose
magnitudes determinre the component magnitudes,

The term ‘“‘J-zé is nemed the modulation index and designated m .,

4B
since D¢ = - B and g T e
d

P

: &J
Then bA = T
F

It is cenvenient to discover that the modulation index has

the same numerical value whether the deviation and signal

frequencies are expressed in rad/s or in Hertz. The 2w
divides out.
i p }
So W = Where%al is deviation freq. peak in Hz

2

f*’ is signal freqg. in Hz

So the general wave can now be written
= A coo(wt + MA‘:"‘-()C)
or A = A[&z-gwt. Cod CMM?&) “M';‘wt'm(m’é“‘“?t)]

45 LoD - /&"«;\ AMB

P

Since 0015(!5‘- +B) =
Both involve ‘'cos of gin' or ‘'sin of sin'

Using Fuler's Formuls

.

(o E)
Cm(m,;«;wpt) + 34 M&(mfwm?‘:‘?} .= eg(
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The expansions in

Bessel functions of the first kind

square brackets

are the series for

Tulw) see (23),

the
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which may be skctched at the tine vhen the resultant has

s}

rement 1. e, when the carrier frequency

is equal to the mean freguency. This occurs when cospt
is zero , or Fi ls W2 , 3% etc
v I - =, KR |
At this time cosgtzgg . 8in gl =1
§ 5
cos2 Pt = -1 SLES?t = -]
cosdpl = +1 b.l.l’lBé:»t = 41 e€etc.
i

These prime phasors of altermsting length but
unchanging angle reistive to the carrier phasor, may be

£

trensformed into pairs of side freguency phasors of

:

unchanging length but contrary rotational angle relative to the

reference carrier phasor by use of the relationship

Coo A cesB = § [ccalprB) + cor (A-3)]

50 N = A [:}f}(m) «.Cm’«-’t - 2 J;(m)/}i;\,&h:fréw;\,?t + 2 J’z(;m){:e-;.ut ggsﬁpt

~ 2 Fg(m) el 0lse 3t + 2Jaleorwt cmdpt < - ”E

Becomesg
RV

A = A [“j‘; Gl ooyl = U’t(w}%m(w -t « o (wfp)i‘.} + Tefeoslio-2p3 + conlio 425503

- Z(M){cm@:«-'}»p)t’ 4 ChB .fc.:-*ﬁio}“c} g wmmrn ]

Which is a carrier frequency component and a family of

rairs of side frequencies. Fortunately in any practical system
with )yrestricted, s 1is large only when ? is small.

The values of the Begsel series may be obtained from

published tables, and arc found to constitute sets of

terms which either decay rapidly for small m or remain

significant out to the deviation freguency and subsequently

decay within snother 15% to 20% of that frequency.



For example, in the unlikely event of a lcud sound of

~

a O kHz tone occuring in a programme s peak deviation of
60 kHz would be allowable on the British standard system

for UHF TV Sound .

o A= 25 o 10

Then the medulation index ok

From Tables of Begsel functions it is seen
that the sideband terms become less than 3% of the voltage
of the original carrier ( less than 1% of the power )
by the thirteenth order. Consequently 987 of the energy
will always be found within +twice 13 times the signal
frequency band around the nmean frequencys i.e. within a

band of 156 kHz.

Hence the whole receiving system should be
designed to have a pass band of at least 156 kHz
Elementary logic rashly &applied would have resulted in

a bandwidth of 120 kHz adjudged sufficient.

A working rule which has been distilled from the
analyses similar to that given abecve is to assume
that an FM receiver system should be given a bandwidth
cf 2.8 times the peak deviation freguency, giving

here a figure of 168 kHz .

In conclusion Reference (18) also gives a
graphical method of evaluating the Bessel functions, but
its inclusgion here would be an unnecessary diversion from

the objective.
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For the presentation of an approach to a
simple formula for the sensitivity of the Foster-Seeley

Discriminator, the diagram and designati

w

s of Pigures

o

‘,-l

Dlesleiid and Dl.1.iv wil be usecd.

It is assumed that both primary and secondary
are resonated at the cenitire frequency iriciuding the
effect of their mutual inductance. It will further be
agssumed that each circuit has the same L and C values.

It is assumed that the primary has sufficient bandwidth to

oy

pass all significant energy. The secondary 1lcsses are

hovn & two small equal valued series resistors

[el]
)

totalled an

]

r/2 on opposite halves of the secondary. The diodes

peak rectify so all voltages may be considered ‘peak' .
5 . : !

Diode 1 Voltage 1is approximately Viow + 2V

Diode 2 voltage is approximately Vi = SV

But Vi = «i.(" ,‘? x:)

And also (Induced voltage due toM) = 4ié)$n

50 45§ ¥ = (iR -4 Xe o)

4 X
So i’ = - e é‘;&

Put Ay = 77 = from considerations of primary



But M = R v b La Where 5. is coupling factor

il

b

& L

11

XN QJ&L

— e = P
30 X o - wh = =
But A C 7 ¥ ‘1)

. o / .
Vien %\/(M o k"‘é)(f«) o
%\XL w +3: (;’{L *XL‘)

<

_iXe
e b :

—_— I,
i el j’(x:. "Xc)
Ve S (—~;j)
wC (fr +3’ (e ~7<¢))
* /o
T oma Ve A \ 1) normalising to the mean

R ¥,
fr( + (.':.“ - ’.‘_")) ) ,
wC t :)\’1‘ v angular frequency

Vo b (4)

- e W 7 Wol. e _L
. o & “o, )
C\‘o C’V" a’o \! ‘*‘2 -TFQV Es s Q:C’l"),
(ATS J

But e =
i Q e C 4
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Diode 1 is given Viw (E +1‘;,.(*E§'.)@(

Q
T . s . 5 :-\ ,
Dicde 2 is given YVt (E m;(g} —""—“l )
As shown in Figure D2.2.1

At the meen frequency () = Qe and SO)(_ = Zero
and each diode has the same resultsnt voltage applied, es
in the FPigure D2.2.1.1 . If the input freaquency changes
2 smell amount Sw from the mean and therefore becomes

L.)@+5co s, the principal effect is the change of sign

=

of }3 with consequent change of phase of the VU~ term,

(N
There is a negligible effect on the magnitude of w. .
©

8o the phascr diagram becomes as shown in Figure D2.2.1.1

. }C Qe+ Sw AN e 2 Sw
ow = o = =
o FATY e ¥ gw (o

And M = archen ——

S0 in the region of sumall % where 't.’?ne = 6

o q 2
v Lo
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Thus it is seen that the sensitivity of
Foster-Seeley Discriminator is:-—

a) proportional to coupling factor

b) inversely proporiional to msan freguency

¢) proportional to secoadary circuit squared.

from practical considerations based on the estavlished
normal centre intsrimmediate frequencies of 10 Ll

6 1iHz ) for Fi with peek deviation of 7

5
the sescondary values come out to be about 30 .
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of the ros ij”u((](v

2. 2.2 The Lines
In considering the possible linearity of the
FPoster-Seeley Discriminator, the most significant

epproximations are:-

b) the eguating of tan B and @ .,

Firstly :- Geonetry
In the spproximation, the erc lengths
taken as correct. From the new Figure 1t is seen

that the diode resultant voltag

e 2 - 2 2 1
Diode 1 m‘/fw:,:{@w;nﬁmw,@} + v (5 £ Qs §)

Dicde 2 ’U’E;u U 5 80 fﬂm@) :.(‘5;.@62 0}39)2

which when subtracted are exactly analogous to the

Z\')
'—.—
,__:
[

Balanced Demodulator ( for AM ) given in Bz,

Thus even order distortion will cancel ( the chief

idea of the Foster-Seeley ) and thus the third order

will be the main distortion left. As in the earlie:
analysis third order terms are naturellyv swmall in
triangles with ths ’%&-&& phasor less than 1/2 V.

and with 0 being less than L5° normally,

Secondly:~ Tan 9 and.@ .

The actual series expansion for swmsll engle

tan @ is Cer @ = 8 -q,-gv + == oo

Now if the approximation of the use of the first
term only is employed, the error is L.6% by

20° and 9.19% by 30°,



a) “ P ey P o L TN S - T O 2 P Ty . - 3
If 2 systenm of bandwidth 830 %Hz at an IF of

10 iHz is assuned to have a suitsble §, it will b= 30

For 2C° arctan 0.36L comes from QX
364 ]
ana X o 228
<L ‘» )(;
285w 0264
00 o — i
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which for 10 lHz gives gg- == 60 kHz a value
less than the peak deviation used for the British
VHE Fi& Service. So the inference from such an
estimate must be that for linearity a discriminator

should not be expected to produce too much &nﬁbﬁdy

D2. 2. 3 Two Variants of the roster-Seeley

In order to agonclude on the Foster-Seeley, it may be

of importance to recerd a useful version which can be called

the Modified foster~Seeley Discriminator disclosed in Ref’(lo),

Now it will be clear that in certain production situations

the normal Foster-Seeley circuit is slightly awkward to

reproduce begcause mutual coupling 1s reguired between the

primary and secondary inductors. Mutual coupling does not

. - o N
Supply energy transfer, it is merely to ensure 90 phase

reilationship between secondary and primery voltages at
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the mean freguency. Dougharty suggested the phase of the
secondary voltage could be set to 90° if some current from
the plenitude circulating there ig bled away to eérth
through @ high reactance. ITf the resctance is an inductance
it provides a de.c. return path for the diode rectified
current and replaces the radio frequency choke of the
original foster-Sceley. The circult of the Modified
Foster-8eeley Discriminator is shown in Figure D2.2.3.i .
A typical phase shifting inductor can be 1C times the
magnitude of the tuning component, All three coils may

be within their own individual screening can, and thus

production line variability is diminished.

Very often two other variants of the Foster-Sceley
Discriminator have been supplied in domestic FM receivers.
One has the circuit form shown in fgure D2, 2. 3.ii.Here the
mutual coupling ard phase shift is provided by a few turns
of the secondary being tightly coupled to the primery.
Perhaps it may be named the Low Inductance Coupled foster-Secley
Discriminator., It is presumably more reproducible than the
elementary form, though there is still a disadvatageous
three wire connection between primary and secondary { compared
with the last mentioned modification ) and the r.f. choke

is still needed.

Variant number two is the Ratio Detector, which is

8 Foster-Seeley having oppositely connected diodes and a
large time constant smoothing circuit across one diode-load.

The diasgram of Figure D2, 2.3.1i1 gives a simplified circuit
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of the secondary side. The operational behaviour is of the
same kind as the other foster-Sceley discriminators; at mean
frequency the diodes peak rectify equal resultant veoltages.
Equal currents flow in oppositc directions towards Rl
and therefcre cancel out and flow elsewhere. The resistor R

has the same ohmic value but is forced to carry both currents,

In consequence it has a de.c. voltage of twice the expected

b=

peak value across itselfs It is shunted by a large

capacitor G? which
a) maintains the double d.c. voltage across R,

2

unchanging during audic frequency events

b) passes audio currents easily fron diode 2 to

appear .in Ry

As the carrier swings above or below the mean frequency,
the output audio currents flow in opposite directions
towards Rl so there is alternately net current one way
end then the other way through it. Thus an audio voltage

is availavle at the terminal shovne.

There has bheen a misconception concerning the
ability of this type of discriminator to mitigate
amplitude modulated noise . It has often been said that
as the voltage across Rg may vary it will eliminate noise.
Unfortunately this is not true because the noise modulation
which is & nuisance is audio spectrum noise. The voltage
across R2

kind of rapidity, and therefore the variations due to noise

is specifically prevented from varying with this

Will appear across Ry just as 1f they were desirable signals,



Perhaps the misconceptiocn hues persisted because guch

G SRV RS

discriminators always follow a limiter of the conventionsl

form eénd it is this limiter which provides the noise

reduction attributed to the Ratic Detector. The only
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advantage
as it would better have been called ) is its ability
to perform the output subtraction., In the days of valve

receivcers this probably meant that s valve could be

dispensed with. In the days of semiconductors end JI/C
electronics such a procedure is unnecessary. One further
gctive component is nelther here nor there,

D3 M Experimental qulpmcru Photogreph

R S e

page L&, R. i
In order to make measuremeénts to check the

analyses given above, an ¥l demonstration unit was
designed and a pair constructed for student experimentation.
A low mean frequency enabled simple oscilloscopes to be
employed for observation and simplified the acqguisition
of filter components. The circuit comprises an 2s%t2ble

scillator with band pass filter which is connectable to
g limiter and Modified Foster-Seeley Discriminator. There
is also provided a crude spectrum analyser by which the
Fourier spectrum may be verified., This has a simple diode
mixer circuit and low pass filter. If a signal generator 1is

sewpt slowly through the expected band of a freguency

modulated carrier, a low frequency signal will appear at every

side frequency. The low pass filter has a cut off



Frequency of 300Hz and so components
separated by as little as 1 kHz can b2 obsarved by use

of & gsen

[
w0

. K B . _ . / B .
itive millivoltmeter { s.c. ) conn=scied at the

output terminel. See Figurass D 3.1 and D 3,1i

The Astable Kredquency lodulatsd Oscillstor desicn

has slready been descri

following a long tail pair limiter stage. As the phase
shifting inductor has a reactsnce 10 times the secondery
tuning inductor , the effective counling

design is 0.1 « A reasonable secondary @ for devistion

of 16 kHz is calculated from Q = f,/fy

30 o = 28

Load resistors for the dlodes chosen eg 39 ki
S'rom paragraph it is knowvn that the loading

conductance of each diode is twice the loading of its own
load resistor.
But there are two diodes effectively in psarallel

So the total loading cond

Rut from Q = wCR with R = 28
O o= 13L + 12

B . 3 -2
R = 2Q//kw X460 A0 x (46 % (O

.64 Lo

1



50 conductance =]

S0 extra conductance

provided by a physical resistor of 22 k&l wired across
secondary.
Sensitivity of the Discriminstor
smeasured input voltage Vin 18 1.66 V pk
2
4 <
N 8V, .. 286
So  from —_— A
[N
oﬁ o
-
) LH¥Z %Ol 28 /-
Calculate ‘§!é . L6e 2 8 T/
S% d6oxid?
. D €7
- Aber2220 ¥3% . v/He

SV, )

460

2* - 0,056 V/kHz
o
The discrimlaator response is plotted on Figure D3.iii

Prom the grs h it is

[

Dividing out the measursd gain of

gives a final value

-0, 05l

/b7

asrecment

=]

which is in good

from ths theory presentad

earlier,

gecn that the

the amplifier

slope 1is

i.e, 0.138 V/kHz

with the design value ontains

d

( x 2.55 )
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1y in order to show the linearity of the

vhole systen of modulator-filter—discriminsator some active

- L o 3 e LR .. - A o N ey on e p ¢ il D
tests are shovm in the waveform phoforraphs 81 and 82

The photograpnh No. 81 shows 2 sinusoidal wave of

L kHz before and after passage through the equivment.,

The wmagnitude of signal level 1is approximately L V px to pk

give the same sized display magnitude., It may be noted
that the output wave is distinguishadble only by the 1/6 th
wave delay ( caused by the filtar circuits ) and a slight

thickening of the trace due to noise.

The photograph o 82 is a 1 kHgz triangular wave,
The input here being placed above the output trace,

Delay 1s proportionally less, The wave appears to be a

faithful reproduction of the input signal.



Part E

FINAL CONCLUSION
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Part B fMinal Conclusion to

Linearity of Some icdulation Circuits

The objective set dovmn at the beginning has been
kept in mind at all stages of this work, though a multi-
directional approach has been taken. The considerations
have included Amplitude and KFrequency Lodulation and their

converse Demnodulation processes,

Whilst the direction may have appeared confused,
nonetheless it has been held tc a pattern, The pattern has
constituted the investigation of the present day impl@mentation
of each process and the examination thereof to see 1f there has
been achieved the highest possible degree of linear
reproduction of the initial gignal., In each of the four
circuit functions reviewed some points have been found in

which present practice could be improved.

In Part A ( concerning Amplitude iodulation )
the consideration of present methods of modulation ( and
mixing ) revealed that in most cases the design-of such
circuits has been based largely on empirical methods.
Sensitivity has been guessed at. Distortion has been
minimised by "recommended procedures" adopted initially as

expedients & then handed dovm without re-~examination.

Starting from first principles, a thorough

appraisal of the modulation pProcess has been performed
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and the mismatched modulator i1s developed and put forward
as the best answer to the difficulties of ;-

a) modulator gain

b) moculater linearity

¢) miodulator source interaction

d) modulator 1. f. phase response

e) retention of modulator balance

It has been proved that a modulator must be driven
with square wave carrier if it is to be linear for deep

modulation,

In the realm of amplifier design, negative feedback
has usually been relied on to enable non-linearity to be
reduced, #for communications engineers the use of feedback
has been tco risky since the uncertainty concerning gain
and phase has precludec attempts to enclose amplitude
modulatecrs within feedback loops. Perhaps the new circuits
suggested will allow designers to contemplate negative

feedback in the future.

In Part B ( concerning Amplitude Demodulation )
. N ﬁ
it has been explained that the pracipal distortion of the

peak rectifier type of modulator has never been cured.
The disgonsal clipping has always been hidden by the

dpplication of "safety factor" engineering. Since the
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trouble occurs with deep moculation, for this (and other)
reascns deep modulation has always been avoided in
broadcasting., Since there is tremencous international

demand for allocations of freguency on the Al broadcast radio

~ R

bands, i1t has never been possille

<

to transmit frequencies

high

]

r than 8 kHz , and therefore the aggravation
of the diagonal clipping problem has in practice been

prevented,

Analyses are also performed to investigate the
linearity poseible in the coherent detection of single
sideband amplitude modulation with suppressed carrier,

Here again commercially there has been 1little effort
directed towards getting good guality, since the microphones
and operating circumstances have formed a convenient excuse
to accept the present distortion values. It is possible to
contend with scme justification that operator fatigue

could be reduced if '"communications quality" were improved.

Convinced that the cure for the problems of

modulation would probably be also a curc for the problems

of demodulation ( for there is much theory to prove that

demodulation is a particular kind of modulation ), the
mismatched modulator has been investigated in the role

of democdulator. It has been found to be very useful
particularly because the mismatched demodulator eliminates

diagonal clipping.

The mismatched modulator and demodulator and -

variations have been accepted as having some novelty as is
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shown by the acceptance by the exsminers of the Patent 0rffice
and the referees of the International Conference
"Communications 74" to be held in June 1974 ( see Additional

Evidence ).

In part C a small amount of new work is
given concerning the linearity of elementary freguency
iwodulated oscillators. Of course the professional
broadcasting engineering effort has been directed towards the
attainment of good linearity in frequency modulation for many
years. Thus there are few areas of criticism remaining for
research of the type pursued in this project. The items
given will be found of interest for small scale systems
in which economic considerations demand circuit simplicity

together with good performance.

In Part D ( concerning Freguency Demodulation )
there is a review of the principles of frequency discriminators
following an approximately historical seguence, it which it is
shown that the Foster-Seeley type is likely to remain the
archetype of future open loop forms. It is analysed in'
detall so that a sensitivity Tormula is obtained and so that

the linearity may ke evaluated.

A new approach to the theory of the spectrum
of a frequency modulated wave is given., The mathematical

derivation can be followed step by step to the full series



103

for the Bessel functions assuming only the series for
€ and Iuler's formula. The method has been well
received by Honours students over a number of years and

was accepted lor publication in 1967 (18).

In concluding Part D some figures are given
which have been measured during experiments on a demonstration
il Experimental Equipment. The resultes have given verification
to the formulae which have been derived for the sensitivity
of both the astable oscillator and of the modified Foster-

Seeley discriminator.

Minally it may be said that throughout this work

there has been a continucus desire to ensure that the
énalogue aspect of communications engineering is developed
to the full. The draft topic under which the work was
originally registered was "The linearity of ilodulation
Processes'". The research work has proceded closely aleng
these lines and the final title has been made almost the

Sdaril€.

Perhaps 1t is somewhat ironic that the best
analogue modulators discovered have nearly all included
square wave phenomena, with their overtones of digital

electronic circuitry.
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It is hoped that this project will enabvle
conmunications circuit engineers to have at their command
a family of modulator designs for which they may confidently
calculate sensitivity, and know that the linearity

approaches the best that is possible.



APPENDIX AZ. 2

Fourier Analysis of Fundamental Component of Chopped Sinusoild

by Graphical Integration

Technigue

The wave is divided into vertical strips 100 wide
and theAarea standing above the zero line at each strip
is multiplied by the sine of the mid angle. Totals of
integrals adding energy less totals subtracting energy ( due
to their occuring when the fundamental is antiphase ) up to
9 strips of each kind, are then averaged by division by 9.
Thus the equivalent of multiply by 2 and divide by 18 ( to
take 18 10° strips in half a cycle ) is achieved in one

step, see attached Figure A2.2.i(graph).

Signal Sine gagnituae

.05 .10] .20 | .20 . 40 .50 | JMpuT
Carrier R T A T R T T BT e e R S
Sine
5 . 007
15 .015 | .067
25° <017 | 087 | .180
35° . 097 .218 | .330
45° .162 | .220 | .361 | 50O
55°¢ .016 | .180 | .344 | .B17 | .672
65° .026 | ,281 | .463 | .6844 | .823
75" 1,067 |.164 | .63 | .B42 | .686 | .937
85° 1,096 |.199 | .398 | .589 | .847 | .992
Total |, 1683 | .475 |1.384 |2.270 {%. 585 |4.508
£0 X10}.181 {.5928 |1.B2 2,525 3.76 |5.00
l- :10 §.018 [.055 |.154 |.253 |.zv6 | .s00 f==PHOT OUTTH




contd Appendix AL2.2

Signal Sine Magnitude
Carrierf 0,60 0.70 0. 80 0. 90 0. 95 1uoqj
G e

5| .05 | .042 | .059 | .o77 | .086 | .095

15| .119 . 170 212 . 274 « 300 . 326

o5°| . 264 . 348 o434 . 518 . 560 . 603

35| . 444 « 560 . 674 784 . 847 . 905

45°| . 649 . 784 .927 | 1.067 | 1.140 | 1.208
55°] .837 | 1.000 | 1.165 | 1.2927 | 1.410 | 1.49¢2

65°11.005 | 1.185 | 1.368 | 1.547 | 1.640 | 1.730

75| 1. 1% 1.320 | 1.512 | 1.707 | 1.805 | 1.900

e5°l1.190 | 1.395 | 1.590 | 1.790 | 1.888 | 1.988

Total|s, 656 6,804 | 7.941 | 9.090 Q0,676 |10. 247

from these subtract the following

Sineai . 060 . 026 . 048 . 060 .071 .078

-15 . 052 . 093 . 161 . 199 . 221

- 25 . 085 . 169 . 212 . 250

~ 85, . 017 . 126 . 942 . 299

- 4:5)0 ® Or?l ° 14:1 ° 212

-5B . 074 1473

-65° .082

-8 . 024

-85 . 008

Total | 060 . 078 L2473 . 589 . 832 | 1.317

Giving the following net values
Net |5,506 |6.796 |7.698 |8.504 |8.844 | 8.930
<9 X10 6. 22 7.48 8. 55 9,45 9.73 9.94

+10 f.e22 | .748 | .855 | .945 | .973 :
S— 1

INPUT

. 594 f=f—— FLOT

Result is plotted Figure A2,2.11i

JQUTPUT
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on QUALITY oF OSCILLOGRAMS 78 81 & 82

Oscillogruams 78 81 & 82 pagesAl.2.1.R& D3,R.2
been reproduced by Xerography from the negative of the

Polarcoid instant pnotographs exposed on the CRO camera,

It has been found that the Xerox machine cannot
reproduce oscillograms of the proper positive form. The
machine having been designed for reproducing print on white
background becomes inhibited by a thin white trace on a
black background., However the negative side of the
Polaroid film pack which is usuaily thrown away contains
a black trace on white background. Unfortunately the
silver halides of the wﬁite btackground guickly darken
in the ambient room light. The author preserves these
by peeling the negative away in a situation away from

strong light and places immediately in a bath of acid hypo

fixer, They can then be clipped free of the chemical sachets

‘washed,dried, and stored in a place away from direct light

until needed for Xerographic reproduction.

The only remaining snag is thetlhtime base is
shown in the reverse direction. As a reminder the author
marks his prints with index mark in the top right corner

( instead of top left with normal prints ).

have



APPENDIX B2.1.1

Experiments on Loading hffect of Peak Rectifying Demodulators

Taking three typical diodes;-

Germanium AAY 11

Silicon BAX 13 Q Meter Marconi T# 1245
Si Schottky H~P 2800 Lab No. 605/R

Experiments were performed at a series ol frequencies in

the HP region with two different values of load resistor.

The by~pass capacitor was maintained the same 100 pf,polystyrene.

From measurement of the Q of a tuned circuit before and
after attachment of the diode and its load, it was
possible to calculate the actual loading caused by the

peak rectifying modulator so formed. Inductor L = 143PH

86 308 345 |-37
41 270 286 |-16 |Check

7.4 |47 225 95 -2.4 52 413
7.44V) |47 232 95 -2,0 59 365

Test 1 AAY 11 with 4.7 k ohm load Vf taken as 0.2 V
Freq X Qu Gu AC Qd Gtot Vrf Gnet Gsub|GT Notes
MHz €L pS pF Hs ’LS rLS ’Ls

29 182 320 17 -1.8 13,7 400 .13 383 167 |216

23 145 348 19.8 -1.8 18.8 387 ,19 347 207 | 140

18 113 3856 27 ~l.4 24,5 346 .30 319 258 |63

15 94 3056 35 -1.6 29 367 .32 332 281 |51

12 75 282 47 ~-l.6 36 372 .52 324 307 |17

S -1 566 248 72 -1l.4 46 386 72 313 333 |-20

of unloaded cct

il
O

Synibolss- X = reactance in ohms Qu
Vrf = RF Voltage QG = @ when diode on
Gu = Conductance of unloaded ccf, Gtot = Conductance loaded ccte.

Gnet = Difference between above.

Gsub Conductance subtracted by forwards voltage adjustment.

il

Gf = Conductance attributable to Storage Loss.



Appendix B2.1l.1 Contd.

Test 2 AAY 11 with 30 k ohm load Vf taken as 0.2 V
I'reg X Qu Gu C Qd Gtot Vrf Gnet Gsub| Gf Notes
29 183 320 17 -2.4 32 172 .87 164 49 1086
23 145 348 20 -0.5 48 142 .96 122 65 e7
18 113 326 27 -0.6 68 129 1.36 102 58 44
15 94 303 35 -0.8 872 129 1.75 956 60 34
12 75 280 47 -0.6 135 135 2.16 87 61 26
9 56 245 72 -0.8 1156 154 2.861 82 62 20
7.4 46 2256 95 -1.0 123 175 £.82 80 67 14
7.45V) |46 225 95 -1.0 124 175 1.33 80 58 |22 |Check
Test 3 BAX 13 with 4.7 k ohm load Ve taken as 0.7 V
Freq X Qu Gu C Qd Gtot Vrf Gnet Gsub|Gf Notes
29 163 324 17 -1.8 27 202 .18 185 g7 o7
23 145 348 20 -1.8 32 218 .29 1¢4 1256 | 70
18 113 330 27 ~-1.8 38 2356 .41 207 187 | BO
15 94 306 33 -2. 2 43 249 .62 216 1&4 | 32
12 75 284 47 -3.0 50 266 .67 220 208 | 12
9 87 248 71 -2.4 E8 305 .88 236 237 |2
Tod 47 225 96 -3.6 65 321 1l.04 226 254 | -28
7.4bV)| 47 232 96 -3.6 €0 267 .46 172 169 | -3 | Check
Test 4 RAX 13 with 30 k ohm load Vp taken as 0.5 V
Freq X Qu Gu C Qd Gtot Vrf Gnet Gsub Gf | Notes
29 185 &22 17 -1.8 84 101 .95 85 44 41
23 145 338 20 -1.8 72 96 1. 32 76 49 27
18 113 324 27 -l.4 92 o7 1.92 70 653 17
185 94 312 33 -1.2 106 100 £2.31 67 55 12
2 75 282 47 -1.2 121 111G 2.70 63 56 /4
9 5 260 71 -1.4 135 131 3.08 60 87 )
Ted 47 225 96 -1.5 139 185 3.20 60 658 2
7.44V)| 47 280 94 -1.5 150 144 1.47 50 50 |0 | check
Test 5 E-P 2800 with 4.7 k ohm load Vf taken as 0.7 V
Freq X Qu Gu C Qd Gtot Vrf Gnet Gsub| Gf | Notes
29 183 32 17 -1.8 27 202 .18 1€&5 87 c8
23 145 348 20 -1.8 32 215 .29 194 126 | 69
18 113 330 =7 -1l.8 38 235 .41 207 187 | 80
15 94 306 33 -2.2 42,6 249 .52 216 184 | 32
12 75 284 47 -3.0 80 20 .67 220 208 |12
9 o7 248 71 -3.4 58 3056 .88 236 -237 |0
7.4 47 2256 96 -3.6 65 321 1.04 226 244 | -2°2
‘7~4%ﬁ 47 232 96 -3.6 81 268 .46 172 169 | 3 Check
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Contd.

Test 6 H-P 2800 with 30 k ohm lcad Ve taken as 0.6 V

freq X Qu Gu C Qd Gtot Vrf Gnet Gsub|Gf | Noteg
29 183 326 17 -1.5 23 240 9 228 % ?

23 145 350 2 -1.4 28 246 0.4 225 170 |55

18 113 332 27 -le4 33 270 0.54 242 201 (41

15 94 305 B3 -1.7 37 286 0.64 963 219 |34

12 79 282 47 -1.8 43 310 0.78 263 240 |22

9 o7 245 71 -1l.8 92 340 0.89 270 264 |6

7ol 47 228 96 -2.0 B8 371 1.14 275 278 |-3

7.45v)| 47 2382 96 -2.0 67 321 295 224 |1 | Check

0. 56




APPENDIX D2, 2. 1.

Table Dp2.2.1.T

Foster-Seceley Discriminator

Output voltage after d.c. amplifier with Gain X 2,55
Measurements made at d.c. output terminal on AVO 8,

Frequency on Dawe digital frequency counter.

Volts Frequency kHz
5. 00 466. 4 Routine established for check 6f both
5. 80 wvr 470.0 randomness in reading and of drift
6. 00 473. 7 with time. The start is made in
6. 80 477. 4 mid scale, moving to top return via
7.00 481.4 intermediate values to bottom turn
7. 50 485. 8 round & up to centre finishing on
8. 00 3 490.7 | the starting value. See graph
& B0 _“Sl_ 4C7. 7 Figure D2 2.1.1ii

v ToRN Contd:-
8. 25 493. 1

Dows Volts Frequency kHz

7.76 7 487.5

INTER e pinTe e e | 446.4
7.25 VAHUES 483,11 i tatl
5 1.75 V 441.86
6,75 479.0 g TURN
! 1.80 ,,| 489.0
6. 25 475. 2 A
f 2, 00 444,11
5.75 471.6
' 2, 50 448. 3
5. 25 468. 1
3. 00 452.1
4,75 464.5
3. 50 458,9
4,25 | 460.9
4,00 459. 5
3.75 |  4B7.5
f 4. 50 463, 0
3. 25 . 453.9
S | 5.00 V 466.7 <— RIFT
2. 75 { 450.4 | FINGH ERROR
S ——— AT STARTING oniLY

Down CONTD VALUE 0.3 hHz
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Page A2.1. 1R SINGLY-ENDED KISKATCHLD IOLULATOK

L | il " ,umll 1
,;mm, 'Mmu' ,,HHH,, 'uml”“”Hln“ M
lmm L

I

Filtersd

Carrier 5 kHz sine 4 V pk  Signal 200 Hz 3.6 V pk

Piltered

Carrier & kiHz sine . Signal 27 Hz triangular wave



Page A2.l.Z2.R. 1 BALANCED MISMATCHED MODULATOR

Carrier 6 kliz sine Signal 200 Hz

Carrier Balanced Carrier Balenced
wideband Mltered

All three Signal Balanced
Widetand



Page A2.1.2.R.2 BALANCED MISHMATCHED MODULATOR
Sequence of gradually reducing carrier magnitude,.

Carrier © kHz sine wave Signal 27 Hz triangular wave

Carrier over large

Carrier just sufficient

Carrier insufficient

Carrier Zero




Page 42.1.3.R. 1 DOUBLY RBALANCED MISMATCHED MODULATOR

All photographs are with Carrier sinusoidal wave 5 kH4

Signal 200 Hz

Signal 11 V pk to pk Sig. 3.6 V ptp .
Carrier 30 V pk to pk sig 14 V ptp Carrier 15 V ptp

As for 44 but
faster time base

W

e ,
gl
Al
I

As upper tr of 44 As lower tr of 486
but filtered but filtered




Page

.A.go 10 60 Ro 2

DOUBLY

SALANCED  MISMATCHED MODULATOR

All photographs of wideband waveforms

Carrier 5 kHz;Signal 27 Hz Carrier 500 kHz Signal 20 kiHz
Unbalanced

As No. B56 Time base

“Carrier"

faster Garrier 5 kHz

@arrier 1.5 kstlgnal 200 Hz

300 Hz 10 times '"Signal'" 200 Hz

As Bl

and 52

Both same freqguency



Page A2.2 R

Photograph of Philips Electronic Test Card

Via UHRF TV Modulator

Comparison Photograph of Grampian TV

Test Card Received




Page A2. 2. 1.R.1 SINGLE-ENDED MI SMATCHED MODULATOR

Carrier rectangular Carrier square wave
5 kHz 5 kliz
gignal 200 Hz Signal 27 Hz triangular
78
WK"%

£ o s

"(‘h‘r’ R AR G IS S ,_“\) wﬁ@‘w LD 8 e M G S
i X pa %

Carrier 900 kiiz square wave 5 V pk to pk
Signal 4% kHz sine 2.4 V Pk

( some synch jitter )

Por note on Quality of this oscillogram

see Appendix AR. 2.1



Page AZ2.2.1.R.E SINGLE~- ENDXD wmISMATCHED MOLDULATOR
with SQUARE WAVE CARRIER

83

teband

(o]

—
Vil

DG te 10 MHz Signal 400 By

.

Band Pass
Filtered

Yideband

900 kHz * 9250 kHz Signal 40 kHz
85

Band Pass

Filtered




Page A2.Z2.2.R.1 BALANCED MISMATCHED MODULATOR

with SQUARL WAVE CARRIER

Carrier 5 kHz Sguare Balanced & V pk to pk
Signal 200 Hz sine 4 V pk

Carrier © kHz Square Unbalanced 5 V pk to pk
signal 200 Hz sine £2.8% V pk BALANCED

T Vessie’

As 18 avove but excessive Sinusoid



Page AZ. 20 24 Re 2 BALANCED MISHATCHED MODULATOR

with SQUARE WAVE CARRIER

Wideband

900 kiz + 250 kHz Signal 40 kiz

Filtered
and
smaller

signal

input

Spectrum Analyser Vertical Scale &.5 mm per 10 4R



Page AZ.2.2.R.3 BALANCED MISMATCHED HNODULATOR

with SQUARE WAVE CARRIER

90

900 kHz + 280 kHz Sines 40 & 65 kHz
wWideband

29

AS photo 90 above but band pass filtered

As others above but Sines 40 & 26 kiz



Page AZ2.2.3.R DOUBLY BALANCED MISMATCHED NMODULATOR

with SQUARE WAVE CARRIER

Two equal sines
as signal

2,2 & 2.9 ki

Above signals
one at a time

Top 2.2 kilz
Middle 2.9 kHz

Lower carrier,no
signal.

Expanded time
scale of zero
crossing time
of one of above

h.

uunHll'li I umlwuu.m i e B

as signal.

2.6 & & 0 kHz

2
o
o
ca
o

itz bkqual amplitude sines 2.66 & 2.9 kHz



Page Ad. R INTEGRATED CIRCUIT

Microscope Photograph of Slice
of Balanced lismatched

Modulator/Demcdulator

Aactual Speciumen

( Failed Tests )



Page B2.1. 2. R SINGLE ~ENDED MISMATCHED DEMODULATOR
with NORMAL AM APPLIED

100 kHz AM by 1.2 kHz

e

HILL

18 kHz AW by 400 Hz
and besats with 17 kHz



Page B2. 2. 1 BALANCID LISvATCEED DEuOLULATOR

with SIiULsTRD 8Sb s#PPLILD

T

17 k¥Hz Carrier, 18 kLz "SSP

“'Hun

l.WW

gimilar to 24 above
Larger Signeals
Lower trace filtered

40 kHz Carrier, 42 kHz "SSB"
Output filtered also



Page L3 R. 1 i, EXPRRIMENTAL EQUIPMENT

Knob on left is manual contrcl of mean frequency.

Sceening can on left is band pass filter.

Three screening cans on right are the three
independent coils comprising the Modified Foster-Seeley
disgcriminator. -

Length is sbout 38 cm .
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