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FOREWORD

HIS is one of a series of Engineering Monographs
I published by the British Breadcasting Corporation.

About six are produced every year, each dealing
with a technical subject within the field of television and
sound broadcasting. Each Monograph describes work
that has been done by the Engineering Division of the
BBC and includes, where appropriate, a survey of earlier
work on the same subject. From time to time the series
may include selected reprints of articles by BBC authors
that have appeared in technical journals. Papers dealing
with general engineering developments in broadcasting
may also be included occasionally.

This series should be of interest and value to engineers
engaged in the fields of broadcasting and of telecom-
munications generally.

Individual copies cost Ss. or 5s. 9d. by post, while the
annual subscription is £1 post free. Orders can be placed
with newsagents and booksellers, or BBC PUBLICATIONS,
35 MARYLEBONE HIGH STREET, LONDON, W. 1.
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THE VARIABLE INDUCTANCE FREQUENCY MODULATOR

SUMMARY

The monograph describes an electronic method of varying the effective value of an inductance and derives the theoretical
value of this inductance. This method is exploited in an oscillator whose frequency is determined by a control voltage. An
expression is obtained for the voltage required to cause a certain deviation in frequency, and in the course of this analysis
it is shown that the centre frequency should be reasonably stable over a period of time. An evaluation is made of the dis-
tortion which may be introduced by this circuit when driven by a sinusoidal waveform, and of the conditions to be ful-
filled for minimum distortion. It is further shown that it is possible to produce a pre-emphasized frequency response
without the use of an external network,

A practical modulator design is described and the performance analysed theoretically. The results are compared with
those obtained in practice. It is thereby shown that the apparatus would be of adequate performance to be used in broad-

cast transmitters for a pilot tone stereophonic transmission system.

SYMBOLS

A ratio of deviation to carrier frequency

a ratio of carrier currents in the total secondary to
primary

C  tuning capacitance (F)

C, coupling capacitance (F)

5}

instantaneous e.n.f. induced in the primary winding
(volts)

amplitude of carrier voltage at TRT collector (volts)
Fp  peak deviation (Hz)

f»  instantanecus deviation (Hz)

f. carrier frequency (Hz)

Ty

. F . . . )
h ratio 5 for minimum distortion
3

I amplitude of carrier current in primary winding
{amps)

[, amplitude of carrier current in TR2 collector (amps)

A amplitude of carrier current in TR3 collector (amps)

I,  total current excluding carrier (d.c. 4-1.f.) in TR2
collector (amps)

I total current excluding carrier (d.c. --1.1.) in TR3
collector (amps)

I steady d.c. current in TR2 or TR3 (amps)

j operator equal to v/ —1

K quotient of transistor transconductance (mhos)

divided by collector current (amps) =37 x (volts)-?

coupling coefficient of transformer

L primary inductance of transformer (Henrys)

Ls  half secondary inductance of transformer (Henrys)

M mutual inductance of total primary to half-second-
ary (Henrys)

m  a factor proportional to the unbalance of carrier
current in the two halves of the secondary

turns ratio of half-secondary to total primary
product of kna
product of 2R,

=

o v =

R, value of the resistors in the emitter circuits of TR2
and TR3 (ohms)

T pre-emphasis time constant (scconds)

t time (seconds)

¥V bias voltage for TR2 and TR3 (volts)

V.  amplitude of modulating voltage at TR 2 base (volts)

¥, amplitude of modulating voltage at TR3 base (volts)

V,, emitter-base voltage of TR2 and TR3 {volls)

¥, instantaneous value of ¥, (volts)

v,  instantaneous value of ¥, (volts)

@ angular velocity of the modulating voltage vector
(rads/sec)

w, angular velocity of the carrier voltage vector
(rads/sec)

w, angular velocity of the deviation (rads/sec})

Y,, forward transfer admittance of TR2 and TR3
in common-hase coafiguration {mhos)

Z, common base forward transfer impedance of TR2
{ohms)

1. Introduction

1.1 Gerneral

The performance specification of a frequency-modulat-
ed transmitter for broadcast use includes two require-
ments which are difficult to satisfy simultaneously. One
is that its frequency can be varied linearly by the pro-
gramme signal and the other is that the mean frequency
shall remain constant over a period of time within a limit
that is much smaller than the maximum deviation fre-
quency.

1.2 Possible Systems for Frequency Modulation

There are at least three ways of overcoming this prob-
lem. One is to have a modulator which does not inherently
have good frequency stability, compare its mean output
frequency with a crystal oscillator, and adjust the modu-



lator frequency by means of a closed loop servo system. A
second way is to deviaie a crystal oscillator in frequency.
The third way is to have a modulator operating at a much
lower frequency than that broadcast but producing the
full deviation and mixing to the final frequency with a
stable crystal oscillator. It is usvally possible to achieve a
better percentage stability at lower oscillator frequencies
since stray capacitances etc, are a smaller proportion of
the whole and hence the first two systems often use a low
frequency modulator and reach the final frequency by
multiplication.

The first system has the disadvantage of complexity and
the possibility of *drop-outs’ if there is an interruption of
the supply. It does, however, have the advantage that it
can be locked to a multiple of line frequency in colour
television transmitters and make intermodulation pro-
ducts have a frequency corresponding to minimum visi-
bility on the picture.

The second system which deviates a crystal oscillator
obviously does not take full advantage of the inherent
stability of such an oscillator, Hence the frequency stabil-
ity is degraded compared with that of a normal crystal
oscillator but is still considerably better than with a non-
crystal oscillator. Moreover, small deviation necessitates
multiplication and this also multiplies the frequency error.,

The third system will have an increasing stability the
mote the modulator centre frequency is lowered but a
correspondingly worse linearity since the fractional
deviation becomes higher. If the centre frequency is care-
fully chosen a compromise can be reached which gives
adequate performance on both requirements. Care has
to be taken in mixing to the final frequency to avoid
spurious products, but otherwise the system introduces no
serious complications. This system has been used in the
VRFM modulator described in an earlier BBC Engineer-
ing Monograph.

2. Essential Design Considerations

This monograph deals with the design of a modulator
using the third system, and its application to a high quality
broadcast transmitter suitable for stereophonic or mono-
phonic signals. Basic design considerations are those of
centre frequency and allowable distortion.

2.1 Choice of Centre Frequency

It is possible to build an LC oscillator that has a centre
frequency stability of 1 part in 10* over a pertod of several
weeks. If 250 Hz were considered to be the limit of mean
frequency excursion this would imply a centre frequency
of 2-5 HMz, This would be well within the limits laid
down in the BBC which, in turn, are well within the inter-
national limit of 43,750 Hz. The rated system deviation
in use in the BBC is 475 kHz, which represents a 3 per
cent deviation of 2-5 MHz. This is not high enough to
cause undue distortion, as will be seen later.

It is not advisable to translate the frequency of the
modulator to Band Il (88-100 MHz) in one step as this
would make it difficult to reduce the level of other mixer

products in the output to a reasonable level and would
involve designing a special filter for each cutput frequency.
It has therefore been found convenient initially to raise
the frequency to a standard intermediate frequency of
10-7 MHz and to use a single design of filter to remove
spurious mixer products. This standard intermediate fre-
quency could be higher if used in a television transmitter
where 30-40 MHz is more common. The disadvantage of
the higher frequency is offset by only requiring one design
of filter. Alternatively, the modulator could have a 6 MHz
centre frequency and this could be mixed with the vision
LF. oscillator output.

2.2 Performance Requirements

A frequency modulator should have sufficient frequency
response to enable coded stereophonic signals to be passed
without undue degradation. The pilot tone system adopted
by the BBC transmits the monophonic (left plus right)
information as a normal compatible signal and the stereo-
phonic information (left minus right) in a double sideband
amplitude modulation of a suppressed sub-carrier of
38 kHz. In addition, a low level pilot tone of 19 kHz is
transmitted for receiver decoding purposes. Unequal
transmission of sum and difference signals will cavse
crosstalk between left and right channels. The fre-
quency response must therefore be very flat between 30 Hz
and 53 kHz, assuming an audio range on each channel of
30 Hz to 15 kHz. Typical requirements are that the gain
difference shall not exceed 0-5 dB and the phase difference
4°,

Non-linearity in the modulator naturally gives rise to
harmonic distortion, but with a stereophonic system it
also causes crosstalk between the decoded left and right
hand signals. When the modulating frequency is high these
components may not be harmonically related. As an
example, assume that the modulating frequency is 12 kHz,
thus producing normal multiplex components of 12, 26,
and 50 kHz. Second order distortion will produce in-band
components at 14, 24, 38, and 52 kHz, giving rise to a
decoded signal at 14 kHz in both left and right output
channels. Third order distortion will produce in-band
components at 2, 36, 38, and 40 kHz, giving rise to a de-
coded signal at 2 kHz in both channels. As these 2 kHz
components are derived from a high frequency signal with
considerable pre-emphasis they will be at a relatively high
level. Therefore, to achieve a reasonable performance the
linearity requirements are stringent, A suitable specifica-
tion limit for harmonic distortion of a single tone, fed
directly into the modulator, would be 0:25 per cent
(— 52 dB), maintained at all frequencies up to 53 kHz.

3. The Principle of Variable Inductance

The value of an inductance is determined by the magni-
tude of the back e.m.f. produced when a change of current
is made. If this change is produced by an alternating cur-
rent, and an e.m.f. of the same frequency and phase can be
induced into the inductance from a mutually coupled cir-
cuit, there is an apparent change of inductance. If the



amplitude of the signal in the secondary circuit can be
controlled then such an inductance can be used in the
tuned circuit of a frequency-moedulated oscillator.
Consider the transformer in Fig. 1, in which currents
are fed into the primary and each half of the secondary
winding by three current transformers. The phase rela-
tionship of the currents in the two halves of the secondary
is such that their magnetic fields are in opposition.
If L 1s the primary inductance
M is the mutual inductance of total primary to half
secondary
a is the ratio of carrier currents in the total secondary
to primary
m is a factor proportional to the unbalance of carrier
current in the two halves of the secondary, being
zero when the currents are equal

e =fw, LT sin e -f—jmc—ﬂ?(] —H1) 5iN w,t

-»jwcﬂ?r—](l ) Sin et

M, M. ’
=jow J sin w,¢ [L —|——;(1 —m) —Ta(l —i—m)J
=jwd sin w t[L —Mam]

Inana.c, circuit
Instantaneous Voltage = jwL % Instantaneous Current

. Apparent Primary Inductance :jm

=L — Mam n

If L.= Actual inductance of one half-secondary

and & =Coupling coefficient of primary to secondary
M =kVLL,

If » =turns ratio of half-secondary to primary
L;=r*Lassuminga high degree of inter-turn coupling

M =k Inil =hknL (2)
Substituting (2) in (1)
Apparent Primary Inductance = L(1 — knam) (3)

M
orimary

4. Deviation Produced by an
Inductance Change

An expression can be obtained for the deviation pro-
duced by an inductance change which, by expansion, will
also give the amplitude of the distortion components.

Equation (3) shows that as &, », and & are constants, the
inductance varies linearly with m, the unbalance of the
secondary currents. If the primary inductance is used as
part of the tuned circuit in an LC oscillator, then the fre-
quency will vary with the unbalance, but not according
to a linear law.

Suppose that, if m =0, i.e. there is no unbalance in the
secondary currents, such an oscillator has a frequency
given by:

I . 1
w, = '\/E& 1.e.ﬂ :2_17‘\/[‘_(,‘ (4)

T€ =20, then the oscillator will deviate to a frequency
(/. +f5), where /3 is the amount of deviation

1
A2 fid fy) et
and 2ot fo) = p= Tnam)C
B 1
VLC V1 —knam

1
but, from (4) aboveTEE: 2af,

2af,
2701 ) :ﬁ =27f 1 —knam)~}

kna
whence £, = f.[{(1 -—knam)t —1]

By binomial expansion this equals:

fo=fe [ Jrg-(knam)g—(' 15()5 {(knam)? + ., ]

knam
2

(3)

The first term represents a linear variation of /3, with m;
the remaining terms represent non-linear elements, Thus
if m were made directly proportional to the amplitude of
a modulating signal a certain degree of non-linearity
would ensue. However, a simple method for reducing
this non-linearity will be outlined Iater.

secondary

g nIblr\.m:l

alil-mlsinw t

Isin uctT eT

2
{

3!
i

1+ m)sin et

Fig. | — Transformer circuit illustrating the principle of variable inductance
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Fig. 3 — Oscillator coupled to variable inductance circuit

5. Application to a Practical Circuit

5.1 Circuit Derivation

The next step is to design an oscillator which will satisty
the eondition of equation (4). A suitable basic oscillator
is shown in Fig. 2.

At the resonant frequency of L and C, the left-hand
transistor has maximum gain and a phase shift of 1807,
from base to collector. The right-hand transistor always
has a phase shift of 180° from base to collector. No other
components produce phase shift provided that they are
correctly chosen. Thus the circuit oscillates at the resonant
frequency of L and C at an amplitude governed by the
limiter diodes. To accommodate the transformer and
secondary current generators the circuit can be modified

as shown in Fig. 3, in which TR1 corresponds to the left-
hand (tuned amplifier) transistor of Fig. 2, and the phase
inverter transistor is not shown.

If the impedance of the coupling capacitars, C,, is low
at the r.f. oscillation frequency (although high at Lf.} and
if the resistance of R, is large compared with the emitter
impedance of TR2 and TR3, the flow of oscillator current
is principally from the tuned circuit, through TRI, the
coupling capacitors, the transistors TR2 and TR3, and
the two halves of the transformer sccondary. It should be
noted that these currents flow into opposite ends of the
complete secondary and emerge together at the centre
point. The magnetic fields which they generate are there-
fore in opposition.




Transistors TR2 and TR3 are effectively current gener-
ators and hence the currents in the half-secondary wind-
ings are not affected by any back e.m.f. from the primary
winding. The sharing of the currents in TR2 and TR3 is
governed by their relative emitter input impedances.
These input impedances can be altered by varying the Lf.
currents through these transistors by means of the voltage
on their respective bases. Hence the current batance, and
thus the frequency deviation is controlled by the base-to-
base voltage on TR2 and TR3. This modulation effect
exploits one of the most stable characteristics of a trans-
istor, namely the forward transfer admittance ¥y, which
for all transistors is about 37 I, mhos where 7, is the collec-
tor current in amperes.

In Fig. 3, the modulation input instantaneous voltages
v, and v, are not assumed equal for reasons that will be-
come apparent when distortion is being evaluated.

5.2 Sensitivity of the Practical Circuit
Let f, = Amplitude of r.f. collector current in TR2
f,=Amplitude of r.f. collector current in TR3

These are equivalent to the currents in the secondary of
the transformer of Fig. 1.

%I(l L) sin wt =1, sin w2

(-1;(1 —m) sin @t = I; sin w,¢

s l+m =a—21f2 (6)
2
I —m :a—lfs @)

Subtracting (7) from (6)
2
2m = a(—f s —15)

But from adding (6) to {7)

aI: fg +.f3
I—1I
=2 ‘1 (8)
LI
But 7, sin wp — S0 @ ©)
‘22
where ¢ —amplitude of input carrier voltage (the same
for TR2 and TR3) ,
and Z,=common base forward transfer impedance of
TR2
L
Y21
_1
A

where K is a constant { =37 volts™)
and [, is the collector current of TR2 (as defined)
Substituting in (9)

I, sin w,t =KI,8 sin w,f

s f=KI,é
similarly 7, = KI,é
Thus (8) becomes
_b—14
m=TTT (10)

If the modulation input is sinusoidal and of angular
velocity w the voltage on the emitter of TR2 is:

V=V, +V,sinwt

7 is the bias voltage (see Fig. 3)

V., is the base emitter voltage of TR2 and TR3
¥, is the amplitude of v, (see Fig. 3)

where

Similarly, the voltage on the emitter of TR3 is:
V—V,—V, sin wt
where ¥, is the amplitude of v, (see Fig. 3)
V, is assumed negative since it will normally be in anti-
phase to V.

As the collector currents are practically equal to the
emitter currents

12:%(1/— V- Vy sin wt)
and 13:1%(1/— V., P, sinwr)

Substituting in {10) L
(Vo V) sin et

TV Vo) + (Pa— Py sin e
The steady-state emitter current of TR2 and TR3 is
given by:

Y—Va
R,

_ (Py+ Vy) sin wt (1)
2R, +(Vy—Vy) sin wt

Total instantaneous modulating input voltage = vy + v,
i.e. vy and v, are assumed to be in phase opposition.

To evaluate a simple, approximate formula for the
semsitivity, all unbalance will be ignored and ¥, assumed
equal to .

Then total inst. mod. volt. = (¥, + ¥;) sin ot =2V, sinwt
and also, FEquaticn (11) becomes:

Iy=

o 2F, sin wt
2R,
substituting in the first term of Equation (5)
kna(2V, sin wt) na .
= " % (inst. mod. volt.
f.U j‘C 413R f4I,s (l )

or, in peak values

kena

AT.R. —— _f. x (peak modulating voltage) (12}

Fp=




5.3 Srtability of the Centre Frequency

The basic oscillator shown in Fig. 2 operates at a fre-
quency governed only by L and C provided that all other
components have a negligible, or at least stable, phase
shift, If L and C can be kept stable, then the basic oscillator
will have a stable centre frequency.

When considering the effect of the deviation producing
circuit o the stability it will be appreciated that only
oppositely sensed drifts in the two halves of the circuit will
cause a centre frequency shift. Thus the frequency drift
will be proportional to the difference in parameters in the
sensitivity Equation (12) likely to arise between the two
halves and any terms that are assumed equal during the
course of this derivation. Consider in turn each of the
parameters in (12):

The product of I,R,. This is base-emitter ¥, subtracted
from the bras voltage. The bias voltage is common to the
two halves and will therefore have no effect. ¥, is a basic
property of the semi-conductor matenal used in the
transistors and is not liable to significant change. Tn any
event it would generally be small in relation to the bias
voltage. Since R, is an external component it may be
formed of a high stability resistor. I, is therefore also
fixed.

The tronsformer coupling coefficient k. 1f an enclosed
dust iron assembly is used for the transformer core, the
coupling will not be varied by external effects. Consider-
ing that it is only the difference of the coupling coefficients

of each half-secondary to the primary that can cause a fre-
guency shift, there is unlikely to be a drift on this account,

The transformer turns ratio n. This clearly will not
change.

The current ratio a. Since all other parts of the circuit
are commaon, only a relative change in the common-base
current gains of the modulating pair of transistors will
cause a frequency shift. These gains very closely approach
unity and do not normally significantly change during the
life of a transistor.

D.C. voltage from modulating source. This would ob-
viously cause a frequency shift but could be completely
avoided by coupling to the source via capacitors, Since,
in most practical cases, these will have to be of such a large
value as to require electrolytic types, they should be of
tantalum and not of aluminium construction to avoid the
effects of leakage current. Other low leakage types will
also be suitable.

The forward transfer admittance Y. This is one of the
most stable of transistor characteristics and a relative
change between transistors would therefore be most un-
likely.

The coupling capacitors C,. If these are large enough
they will not cause a frequency shift if they change in value.
However, as will be seen later when discussing pre-em-
phasis they cannot be very large. Indeed, they may even
be series resonant circuits, in which case a relative change
of L or C would cause an unbalance of oscillator current

2,600,030
. {
2,600.020 1
equivaient to
00,010 1-5%
2600 ] (approx)
— oven 3
£ oft oven lemp. coeff,
z . otf =32Hz2/%C
E 2,600,000 .+ oven
u on
- .
» .
2,599,990 . !
2,599,980 ML -“:-.
2,599970
(4] i 2 3 4 5

time

minutes

Fig 4 — Short-term frequency stability of VIFM, showing effects of oven temperature cycling




and hence a frequency shift. But as both elements of these
resonant circoits are fixed they can be made stable.

It would appear that the most likely source of drift
would be the main tuning circuit. The capacitor of this
must be variable in order to set the centre frequency, and
therefore will be large and more liable to proximity
effects, unless adequate precautions are taken. The very
fact that it is variable may also give rise to frequency
changes unless caution is exercised, The mechanical
clamping of the enclosed magnetic circuit of the trans-
former must also be arranged with care. In order to avoid
changes due to thermal variations, the modulator should
be enclosed in a temperature controlled oven. The unit
designed for broadcast use has been housed in a small
commercial oven with a simple mercury contact thermo-
meter operating a heater via a transistor switch. The
operating temperature was chosen to be 45°C, so as to
be high enough to accommeodate most ambient tempera-
tures, The differential was +0-7°C, and the effect of this
differential is shown in Fig. 4. The overall frequency
swing of about 50 Hz is quite satisfactory to meet any
usual service requirement.

The long-term stability is shown in Fig. 5, which shows
only a typical case and relates in particular to a new unit,
Once ‘run-in’ the initial drift is much lower. Some units
have been known to drift down in frequency, but they

usually tend to a small positive drift such that a 1 kHz
change takes more than three months to build up. The
reasons for this drift are not clear but would appear to be
associated with the core material of the main tuning in-
ductance.

The mechanical construction chosen is shown in Fig. 6.
The modulator, but not the phase splitter, is mounted on
a printed circuit and housed in an oven whose dimensions
just fit a BBC standard chassis. The main tuning capacitor
is split into large-swing and small-swing types, the former
being accessible for adjustment only by means of a screw-
driver, thus avoiding any mechanical stress on its shaft,

5.4 Harmonic Distortion

Examination of Equations {3) and (5) shows that there
is some non-linearity because it is the inductance and not
the frequency which is linearly related to the unbalance
factor m1. But when Equation (11) is examined it is seen
that, provided V, does not equal V,, m does not vary
linearly with the input voltage (¥, + V) sin wt. Clearly
there must be a relative value of ¥, and V, which will give
optimum linearity.

The condition for this can be determined by expanding
the expressions for m, m?2, and m® obtained from Equation
(11} and substituting these in Equation (5), ignoring all
ultimate terms greater than third order.
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Fig. 5 — Long-term frequency stability of a typical VIFM when new



Fig. 6 — General view of the modulator and of the umit housed in an oven

For convenience let 2I;R, = Q and using this in Equation (11)

Vot Vs . [ PV ]—1 Pat Vs [ Pa— Vs (Pa— V) . ]

m=———"sinwt|l+— Fsinwt| =—2"Csinwf|]l——2_—sinwt+--2_"5% sin?wf... (13)
0 0 0 0 T
A 24 [ 1T =] 7 7 \2 7. 1
up Lot VD sinﬂwz[lJrL a sinwt] MR sin2wt[l———2(V2 V) sinwt—l—...] (14)
o? o Q
P O Vi AR 7 -3 7 73

m3=W2Q‘—3V3) sin3 wt[l —I—V;ZQE sin cut] :% sin? wt[l. ) ] (15)

Now let P = kna and substitute this and the values of 2, m?, and n® given by (13), (14), and (15) in Equation (5),

fo_[Pm 3Pt sPwmt . [EPA V] oo [ PPt V(Pa—Vy)  3PHPat 173)2]
fcg[ i T6 ...]--sm t[—zg—ﬁ} L sin wt[ 20° i 80°
0[PPt V)(Pa =V 3PPy + V(Y — V) | SPA(Py+ 173)3}
-l-sin r.ut[ 207 108 -1 1600 ...
fjg:P__(V; g V"'){sin - +é [3——P(Vf L£° . 17’3)] sin? wt
@13[5"2”’%* R e R —1“/3)2} Sind ot .. } (16)
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Now sin® wt = }{1 —cos 2wt} which represents a centre
frequency shift together with second harmonic distortion,
Netither of these is desirable and both should be elimin-
ated. This condition would be achieved if:

3P(Fy+ V)

2 (17)

=(f’2#1?3)

Butas V,cc P, let ¥, = 1V, where Ais a constant, whence
3P+ 1) =4k —1)
M4—3P)=443P

g dt3P

4_3p (18)

If s made equal to this, then Equation (17) is satisfied
and both the centre frequency shift and second harmonic
distortion will be avoided. As all the quantities involved
are constants the condition will hold for all modulating
frequencies and all deviations.

If Equation (17) is then used to simplify Equation {16)
the sin® terms disappear and the equation becomes:

fo PPV PV, + V)
fi 20 3208

PV, +Vy)
20

sin wt + sin® wt (19)

Now let 4 =

o

. Ad
T2 = A sin wt —I--I sin? w

e

2
=A [sin wt--l—%@ sin ewi—sin 3 (u[):l

2 2
:A[(1+3']4—6) sin wz—’]iﬁ sin 3 mt] (20)
From which it follows that the percentage of third har-
monic is:
AE

——-16+3A2><100

(21)

Now from (12)
Fy_kna(Vy4-Vy) p
I 4I.R,

.. for a centre frequency of 2-5 MHz and a deviation of
75 kHz

~5x10?
T 2.5 108

0+03 and, of course, smaller for lesser
“deviation

Whenever A is of this order 342 is negligible compared
with 16 and the expression for the third harmonic be-
comes:

2
% » 100 per cent

Substituting this value for 4 in Equation {20) gives

22)

13

'%:0-03(1 00017 sin wr —0-00056 sin 3wi)

c

== A sin wt (23)
thus confirming that, for this order of practical deviation
and centre frequency, the approximation of Equation (12)
is justified. From Equation (22) the percentage of third
harmonic in this case is:

% = 0-0056 per cent corresponding to — 85 dB

Evenif 4 =0-1 the third harmonic would only amount

1

to ST 0-062 per cent corresponding to — 64 dB

5.5 Pre-emphasis

Examination of Fig. 3 will show that for signals applied
to the bases of TR2 and TR3 in anti-phase, the emitter
resistors R, have the coupling capacitors C, in parallel,
the junction of the two coupling capacitors being a virtual
earth. Thus, if the modulating frequency is high enough,
the value of R, is effectively decreased. Equation (12)
shows that this will produce an increase in sensitivity.

If such a frequency modulation system requires a pre-
emphasis characteristic of T seconds then it can be simply
obtained by making

C.R,=T 24

This will avoid the use of external networks and the asso-
ciated amplification to compensate for their loss.

If no pre-emphasis is required a circuit modification will
usupally be required. Af the r.f oscillator frequency the
reactance of the coupling capacitors must be small com-
pared with the common-base input impedance of TR2
and TR3 in parallel and this is a low impedance. At the
highest modulation frequency the reactance of these
capacitors must be large compared with R, which, in turn,
is typically large compared with the transistor input im-
pedance. To meet this condition the carrier frequency
should be very much greater than the highest modulation
frequency. In practice, the coupling capacitors are reduced
to a value acceptable to the modulation frequency and
then series resonated with an inductance at the carrier
frequency to produce a low impedance. The circunit must
be designed so that these tuned circuits do not become a
controlling influence on the frequency. Often a com-
promise will be necessary such that any remaining pre-
emphasis is removed by an external de-emphasis network.

6. Practical Design of a Broadcast Modulator

6.1 Band I FM Service

Since this modulator is capable of a wide deviation with
very little distortion it 1s advisable to keep the centre fre-
quency as low as possible so that any drift off centre fre-
quency is correspondingly as low as possible. For this



reason, and for compatibility with existing designs of
BBC transmitting equipment, a centre frequency of
2.6 MHz was chosen, at which the full standard deviation
of 75 kHz was to be produced. In order to be suitable fora
multiplex signal of a pilot-tone sterco system the modula-
tion frequency must be able to vary between 30 Hz and
53 kHz with very little phase or amplitude variation. The
actual noise must be at least 70 d B below the peak modula-
tion and distortion components must be at least 50 dB
below the fundamental.

From Equation (20), ignoring the third harmonic terms

2
fo_ (1+ﬂ) §in w!

£ 16
F, 342
hence TC—A(1+ 16)
F, 75x10 ~
.f=—-—=2'88><10 2
but 726 X 10°

and from this it is obvious that, as 4 is much less than 1,

34T - .
Wwﬂl be negligible compared with 1

s A=2-88 %102
The third harmonic distortion, from (22) is

A2 100 ¢
T * 100 per cen

—=0+0052 per cent corresponding to — 85+7 dB.

In practice the conditions of Equation (18) may be
difficult to meet exactly and a residue of second harmonic
may remain. The correction is virtually applied by making
the gain of one input of the modulating signal exactly #
times that of the other. Tt is instructive to determine the
amount of distortion which would result from making the
amplitudes of each input the same, i.e. V3= V.. Equation
{(16) then becomes:

[—D—: A sin mt+%A2 sin? wt+%A3 sin® wt

[

(25)

2
=A [sin w —&—%(1 —cos 2wl) + %{3 sin wt — sin 3wt)]

34 154%
—4171 0
A[4 +( -+ 3

2
) Sin wf — éf oo} 2w!—5TA sin 3wl’]

which represents:
24
(i) acentre frequency shift of 14+ 154* x 75 kHz at
8

maximum modulation deviation of 75 kHz

4504

= P4 Ly
8 s
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(i) Second harmonic of
—20[log (8 +154%) —log 64] dB

(ii) Third harmonic of
—20[log (8§ +154%) —log 54°] dB

For the design under consideration 4 =2-88 x 102
whence

centre frequency shift at full modulation=1-62 kHz
second harmonic= — 33-3 dB
third harmonic= —65-7 dB

If it 15 feasible to obtain, and hold, 20 dB of cancellation
of the sin? term in Equation (25) this can be rewritten:

fa , 3 .
2= A sin e +—— A% sin? wt
- o + 20 w
(It has been shown that the effect of the sin® term can be
ignored in these practical cases.)

J%: (%-,— sin mz—%cos 2wl)

which represents a centre frequency shift of only 162 Hz
and second harmonic of —53-3 dB.

These values of centre frequency shift and second har-
monic are quite acceptable in practice and appropriate
values have been assigned to the basic components of
Fig. 3 to satisfy these conditions.

The resultant practical cireuit is shown in Fig. 7.

In this, TR1, 2, 3, and 4 form the modulator as previ-
ously described. Each transistor is biased such that a
steady current of 1 mA flows and the attenuator across the
limiter diodes in the collector of TR4 sets the oscillator
current in TR1 emitter to I mA d.a.p. The oscillator cur-
rent is passed to TR2 and TR3 by a series resonant circuit
in order to avoid excessive increase in sensitivity at the
higher modulation frequencies. The 4 pH inductor is
resonant with the 910 pF capacitor in series and this with
R, = 5ka gives a time constant of 4+55 usec. The current
then passes through TR2 and TR3 to the secondary of
the transformer.

Since slight phase shifts occur between the primary and
secondary of the transformer in practice, they are correct-
ed by a 510 pF capacitor at TR1 collector. If this is not
done a variable damping appears across the transformer
primary resulting in amplitude modulation. A choke
which introduces loss above 2-6 MHz is placed in the
centre tap of the secondary to reduce high frequency gain
which might otherwise result in instability. The signal is
then phase inverted and limited by TR4, the limiter con-
sisting of two silicon diodes back to back. To compensate
for phase shifts at this stage there is an undecoupled
emitter impedance of 220 ¢ and 220 pF in parallel. At
frequencies high compared with 2-6 MHz 220 pF will
fully decouple the 220 o emitter resistance, and this will
give TR4 a high gain. A 68 @ resistor is therefore placed in
series 1o avoid this. The attenunated output is fed back to
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TR.1 where the tuned circuit across TR1 emitter selects
the fundamental.

The unbalanced input from the modulation source is
phase split by a long-tailed pair TR5 and TR, the long
tail being formed by TR7. Unequal collector loads cause
the unbalance required for distortion correction and the
outputis taken to a 600 2 load formed by the bias resistors
of TR2 and TR3, The capacitor Cp corrects the frequency
response of the modulator,

Values are given on this circuit for most compenents.
Other parameters not shown are given below:

L=23-2 uH a =0-6 (estimated)
k=0-84 L=L=I=1mA
n=0-63 V=5-6 volts
From Equation (12)
P -~ 4F,I.R
V V Ll k-
stV fikna

By substitating known values ¥V, + ¥V, = 1-762 volts.

From Equation (18), for minimum distortion

_4H3P e h— 2 and P— kna—0-3276

)
4—3P 7,

/1:@: 1+651
3-017

But P+ V,=(h1-1DF,

_ I};_I«“’er Vy_1-762
TETUR L 24655

=0-665 volts

Vy ==V, = 1655 x 0-663 = 1-097 volts

In the practical circuit shown in Fig. 7, ¥,+ ¥, was
found to be 2-04 volts for 75 kHz deviation, making the
modulator 1-3 dB less sensitive than predicted. The
separate components of the input were 1-23 volts and
0-81 volts, i.e. a ratio of 1-52, whereas theory predicts a
ratio of 1-651.

The distortion characteristics of this modulator are
shown 1n Fig. 8, with 2 modulating frequency of 1 kHz
applied as a monophonic signal, The drive voltage as-
svmetry had been adjusted to give a second harmonic
separation of 34 dB, which was about the limit of the test
apparatus available, A roughly comparable centre fre-
quency shift was produced. The third harmonic shown
was almost entirely produced by the phase splitter, whose
performance was somewhat restricted by the practical
necessity of having only a 12-volt supply.

The demodulated, but not decoded, output of the modu-
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Fig. 8 — Harmonic distortion of a typical VIFM with asymmetrical drive voltages



Fig. 9 — Demodulated output with pilot tone stereophonic
transmission and 1 -5 kHz in one channel only

Fig. 10 — Demodulated output with pilot tone stereophonic
transmission and 30 Hz in one channel only

lator is shown in Figs. 9 and 10. The former shows a 1-5
kHz signal present on either the left or the right channel
so that the sum and difference signals are equal. Fig. 10
shows the effect of reducing this frequency to 30 Hz. The
base line is no longer straight because of phase shifts,
caused by coupling capacitors, between the components
at 30 Hz and 38 kHz. If this base line is not straight it signi-
fies the presence of linear crosstalk. Fig. 11 shows the
variation of crosstalk with frequency. Except at high fre-
quencies the linear component is predominant, and tends
towards a 6 dB per octave slope at low frequencies. Mid-
band figures of about 50 dB can usually be attained by
careful adjustment of the compensating capacitor C, in
Fig. 7. At high frequencies the non-linear components
become predominant for the reasons explained in Section
2.2,
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6.1.1 Possible Simplifications for Monophonic Operation

The phase splitter formed by TRS, 6, and 7 may be re-
placed by a transformer if it is not required to operate
above about 20 kHz, The secondary of this transformer
must be tapped and returned to the bias zener. The un-
balance can be achieved either by having an unequal
number of turns each side of the centre tap or by intro-
ducing a resistance into one leg. This will usually require
a higher input level since the phase splitter has been de-
signed to have gain. The transformer will allow balanced
or unbalanced input.

The coupling capacitors C, need not be series resonated
it a built-in pre-emphasis characteristic is required. For
BBC use, a 50 ps time constant is standard. Thus from
Equation (21)

C.R,=50 us

HE=10,0000F

6.2 625-line Television Sound

If the modulator runs at 6 MHz centre frequency its
output may be mixed with a vision carrier to produce the
required r.f. channel for television sound. In this case the
importance of the other mixer products is reduced since
the alternative sideband of the complete transmission
would be rejected by existing vestigial-sideband shaping
filters; also the transfer oscillator signal is the vision carrier
and hence a breakthrough of this, even only 30 dB below
sound carrier, is not an embarrassment. The peak devia-
tion requirement is only 50 kHz and not 75 kHz.

Lt
Fp SxM°_ 5.833 x 10
& B

108
As has been shown, it can be assumed that this is the
value of A. (Page 14.) To evaluate the basic distortion of
the modulator under balanced drive conditions, this value
is inserted into Equation (25) as before.

Now

Then centre frequency shift at full modulation=469 Hz
=—44-8dB
——87-2dB

These are already within acceptable limits and it is
therefore unnecessary to resort to assymetrical input volt-
ages for further correction. Indeed, since stereophony is
not required, the pre-emphasis can be made integral to the
unit and the input isolated by a transformer. This gives a
very simple and cheap modulator. The one performance
parameter that will be degraded is the centre frequency
stability since temperature and possibly other effects are
worse at the higher centre frequency. This is somewhat
alleviated by the lower percentage deviation requiring less
sensitive circuits.

There is no reason why assymetrical input voltages
should not be used if it is wished to improve the perform-
ance beyond 0+6 per cent distortion. The pre-emphasis
can be retained since Equation (18) does not contain the
magnitude of Re and so the correction will still be main-
tained at all operating frequencies.

If it is desired to keep the centre frequency at an exact

second harmonic
third harmonic
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Fig. 11 — Interchannel crosstalk characteristics with de-emphasis

figure, the modulator centre frequency may be auto-
matically controlled by a d.c. input added to the pro-
gramme, To obtain this control signal a standard fre-
quency and that of the modulator are compared in a dis-
criminator and the resultant programme output integrated
to obtain the d.c. signal which can be used for correction.

7. Application to a Band IT Transmitter

The block diagram of a Band Il drive or low power
trapsmitter is shown in Fig, 12. The modulator output is
limited to remove any spurious amplitude modulation
and mixed with the output of a 133 MHz crystal oscil-
lator. The desired output band centred on [0-7 MHz is

selected by a filter that has sufficient selectivity to reject
the fourth harmonic of the modulator at 10-4 MHz. This
10-7 MHz signal is then mixed with the output of a second
crystal oscillator to produce the desired Band II signal
which is then increased in level by a tuned amplifier until
an output of some 15 watts is obtained, If the unit is being
used as a transmitter in its own right a filter to stop har-
monics is added to the output circuit. This drive unit is
completely solid-state and is already in service at a number
of BBC transmitting stations including Wrotham and
Holme Moss, which radiate stereophonic programmes.
Numerous monophonic versions are in use in remote un-
attended stations.

The complete drive unit is shown in Fig. 13. From left

Yariable 10:7MHz tuned I
multiplex _, | phase Inductunce.__ imi — i —band pass |—{ mixer |— une oW pass — output
_mPPut splitter Frequency limiter mixer filtfr amplifier filter PY
M oduiator
13-3MHz crystol
oscillator ascillator

Fig. 12 — Block diagram of 1ypical Band IT transmitter using VIFM
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Fig. 13 — General view of a complete Band I drive

to right the units of Fig. 12 are accommodated as follows:

(a) The modulator and oven assemblies.

(b) Phase splitter, limiter, and mixer.

(¢) Second oscillator, second mixer, and first stages of

output amplifier.

{(d) Oven power supplies and first oscillator.

{e) D.C. power supply.

(f) Final stages of output amplifier.

All the plug-in units carrying r.f. signals contain indi-
vidually screened boxes and use a multi-way co-axial type
of back connector.,

8. Conclusions

It has been shown that a simple and inexpensive linear
frequency modulator can be constructed on the principle
described. It accepts a wide band of modulating frequen-
cies and iniroduces very little phase or amplitude distor-
tion. The noise performance of the practical unit is ade-
quate even for multiplex stereo systems, producing a sig-
nal-to-noise ratio of about 60 dB in either the left or right
output channel.
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Two versions have been designed for BBC use, the
MD3/1A, with integral pre-emphasis for monophonic
systems and the MD3/2 without pre-emphasis, primarily
for stereophony. The former requires a UNI1/33 input
unit, and the latter a UN1/78. When provided with an ex-
ternal pre-emphasis unit, such as the NE1/6, this latter
unit is suitable for monophony.

The design of this modulator is covered by BBC Patent
No. 1076831.
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