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I. INTRODUCTION

Although the discriminator circuits for the detection of F-M
gignals are familiar and widely used, little has been published that
gives a thorough discussion of the linearity of detection as well as

many design considerations. The purpose of the present work is:

A. to study the linearity of the ordinary discriminator circuit under
idealized conditions.

B. to investigate the effects of the departures from the idealized
case and the methods of minimizing them.

C. to formulate a definite design procedure in the light of the theo-
retical and experimental results.

D. to construct by following the design procedure An actusl dis-

criminator eircuit that will work as the theory predicts.



II. GENERAL THEORETICAL INVESTIGATIONS

An ordinary discriminator circuit is shown in Figure 2-1. One
chief part of the circuit is formed by the twe resonant circuits shown

gseparately from the remaining part in Figure 2-2, where

R R;!
Ry = ﬁETiﬁﬁT Rp being the plate resistance of the tube (2-1)
p i
L, Lo-M% L,Ly-M? L,Lo-M®
Le, = T b, " T W™ Tw k2-2)

The special arrangement of Figure 2-1 (a) where one end of the
coupling condenser Cc is connected to the center of the primary induc-
tance will be investigated at length. The voltages applied to the
two diodes ares

5 (E;~Ez) and 3 (B,+E;) respectively (2-3)
Vhere £, %5 and I; are assumed as peak values. Assuming the dipdes
as perfect peak rectifiers, the detected voltage is therefore,

V=3 |EB-Ep| =5 | Ey+Ey| (2-4)

It has been pointed out by Professor Arguimbau that the trestment
of resonant circuits can be simplified by normalizing the quantitiesl.
It can easily be shown that the complex impedance of a parallel R, Le’

C network is given by2

R
14-ix

Q:

/. o = 3 Arguimbau “No'fe.s on Tuned Cfrcur"l‘b‘il M. ). T Communieations Labovatovies Note, (343

2. See A/apendr‘x /.
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3.

Where X = Qo(% - %”)
(s}
_ R - et
Q°_2m'oL 2Mf,CR =R

e

fo =57 ]Lec

L (2-5)

L

el

The above relations will be used in discussing the discriminator

circuit.

The circuit of Figure 2-1 (a) with L,=L,=L, C,=C,=C, and

R;=R,=R will be first considered (Figure 2-3)

Then M = k Lng - :
L =1 =1 =Xk
e; ez e L(1-k)
_1-kR T
Lm = L a3
£2 = 1 s 4
4TE(1+k)LC  4WRLC

(14k) L =L
(2-6)

For this particular special case with L;=L. =L, C;=C,=C, and

R;=Rz;=R, a simple expression easily accessible to mathematical inter-

pretation can readily be derived, as is given in the M. I. T. Laboratories

Note already citeds. The expression is:

=R

1

v _ 1
I, 2 f(y) where f£(y) Gz

Il

Where y

X-a
: J
8= 0 TF * K

The significance of the expression (2-7) has to be discussed.

T[T+ (y+a)= (2-7)

(2-8)

The

; 1 i e
expresulonsJT:T§jET§-and}T;T;:ETg'are recognized as those representing

resonance Curvese.

by combining the two resonance curves as

See A,bpendix 2

The curve representing the expression (2-7) is obtained

indicated by the heavy line in






Figure 2-4. The linearity of the resultant curve in the range -asysa

depends on the value of a.

Let the unmodulated i-f frequency be f;. At f; , f(y) should be O.

Hence, y = 0 at f;. Remembering

y=Q F-1)-a

hence (F) - -S-— i
o Q

= 2
and fi= a +|8 +1x1+-2%+-§%—2f:-1+-2-3—- (2-9)
f, 20 | 4Q3 o SR o

This expression reveals an interesting fact that f3 should not be
equal to, though very nesr, the resonant frequency f, of Le and C.

Let the instantaneous frequency f be

£f=1f3 +&f (2-10)
T G
—o (L 1241 £
Y= Q (f; o f ??) —-a
N &t a® a it J'—da—z_ e
!"' =2 4f 575, 40
h 22Q, |1+ 2= F o~ 20, % g1t
ence v 20 2 1 T ( )

The expression (2-11) shows the important fact that if the resultant curve

of Figure 2-4 is essentislly linear, distorticnless detection is achieved,
. _ af . : Af _ : .
Suppose that -E" has a maximum value T Cm where Af is usually egual

to 75 kec. Denote the value of y for ‘%@ =m by Y and express Y in terms
1



of a as Y = «a where ol £ 1 usually; then

a®
oa » 20, [1+ 702 m
sl

2 o m® oLa "
= = (30 e S (2-12)

G > 25 4= A2 T 2m 2m =
. a 2m / 2m m= 2m

By (2-8) ko2 =28 = 2 () 22 (2-13)
G~ & JIE W 2 P

The expression (2-7) will be investigated more closely. Since,

by the well-known property of Legendres polynomials,

— ) 2]-2
[+ 2] 2 =y [ 1 - 9 o+ |
:ﬁ-l}az [Po(il+iz)+ Pl&i,f?')(l-ra )+P2957aa1')( +a )2+'“]
end similarly |1+(y+a)?| —%ﬁg[l’os%gg) Py (rir) () +P2(J_1_E?) (Jﬁ%?)?._.]

where Pn is the Legendre's polynominal of the nth order, thevefore

: 2 = a 2n+l
$y) =i . P e ! (2-15)

n=o

(2-14)

If the frequency modulation is sinusoidal, then
y=Y sin27tfat =dasin2 7 fat (2-16)

where f'a is the audio frecuency, then
a \Zn+l . 2n+l
( ) sin

(2]
e
2) = 2 Py (T (e

By the principle of Fourier Analysis, assume

2 ’FCi‘at {2-17)

£y) = 2 A,y sin [27(2m+l) £, t] (2-18)
m=0 -
__2 < a da .2n+l 2 . 2n+2
b =g >! P2n+l (W) (ﬁ?} = J sin“" g 48

n=o "]



T
. . 2n+2 _1.3.5e--(2ntl) o _ _ T (2n+l) 4
Since L sin g dg = 2e4.6---(20+2) = 22n+l (n+l) | nl hence

2n+1

o0
iy = P [ a A8 Le3.5--+(2n+l)

246 (2n+2)

o

T
) 2n+l
_ 2 g a da 2n+tl 2 J sin ¢ sin(2m+1) 0 df (2-20)
A2111|+l ”fl-l»ag Z 1:‘,'2n+l 9f+a§) §l+a§) ™
‘ n=o

(2-21)
LI 2 P _ m sy Le2e5-+(2n+1)
Now L sin f sin(2m+l)6d6 =(-1)" 7 2n(2n-2)..- (2n-2m+2) 2.4.6-(2ntoni?)
" oL (nimtl)t(n-m)! if n2m and mz1
610?21y san(2m+1)pas = 0 if n¢m

oc
- 4 a da 2n+l S T s | I
hence, A, . =(-1f5r= Eé; Ponvy Tie®) (Goe) (2n) (2n-2)-+(2n-2m+2)

1.3. - (20+1) 5
2460 (2ntomtz) (2-22)

Where mzl. The magnitudes of the various harmonies relative to that
of the fundamental can therefore be computed if & and« are given.

Define sensitivity S as

Fundamental of V{ J—F (2-23)
I, —{'—
. _2RA) _ 2R 1 Zi: o ) yentl L.3.5-{entl) (2-24)
m [lta® m b zn+191+aE 2uhe6(2n+2) -
How R A Yo 44
27 f;-AC Z;JT‘F Cm
. _da 1 2n+l l.,. (2n+1)
S =oxfc n2 [T 9 :E: Pontl 9L+a5)( e (2n+2)
=0

The design procedure is based on choosing a and o as two parameters.

A
It would be desirable to compute 5 and the first few }_QE.‘_'”_]J for
1



. Ny 2
different values of a and o . Unfortunately, the factor & )dn+l in
I+a

the expressions (2-19), (2-22) and (2-24) decreases slowly unless
1’1%7 < 0.5 (say). These expressiong, therefore, conve::qewsfowly and
the numerical computation will be tedious. ithen Pj (ﬁ.-f?' =0, i. e.,
when a = %, the first term contributing the third harmonic vanishes.
This means that if Y=¢la is very small, there ig practically no third

2

condition since the remaining terms contributing the third harmonic and

harmonic when a ——-F. If Y is not small, a =E is not the optimum

the terms contributing higher harmonics become important.

To simplify the numerical computations, the problem can be approached
in a somewhat different, though a |ittle artificial, manner. The
resultant curve of Fig. 2-4 is redrawn in Fig. 2-5. The range actually
utilized lies between y = -Y = —da and y =Y = « a where &= 1 usually.
In this range the curve can be approximated by a straight line RS whose

equation is

H|<
e_jn

g, () =hy =% (2-25)

s

fihere VS is the fictitious value of the detected voltage if the curve

were the straight line RS. Let

_ fgxl-.f (y) L 1 - 1 .
P =55 'wﬁuwﬂv ﬂﬂﬁﬂJ‘l \2e26s)

The expression (2-26) is a measure of the percentage distortion. The

instantaneous "distortion" D(y) in db is defined as

i d 1 1 1 .
D(y) = 20 log;,§ (v) = 20 log, i [m -myz] (2-27)
The value of A is so chosen that within the range -da g y< «a

Max. D(y) = Mex [-D(y)] = -Min. D(y) = D, e

- /0..
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D, is a measure of the overall distortion within the given range.

: _ 1 1 1 ,
Mim. D(y) = 20 Min. log i x - 5 ~ 20 log, -A
S v 20814 ¥ {1+ (y-a)® Jl+ €y+a)® %810

=4 ; L1 L s e i
log A = E{Max. Log,q :Y[Jl‘r (y-a)? T1+ (y+é‘j¢] + Min. log, ¥

(2-29)
W _ 1
L+ (y-a)® [+ Cy+a)3]
- 1 1 1 S|
and Dy = LOiMax. loglO ¥ [JI;—(y:ajz —fl+ (y+a)4-—hhﬂm LOElO -
1’ 1 _ 1 ] (2-30)
I+ (y=a)* J1 + (y+a)®
By the change of variable z = g
log, A = Q{Max log & 1 {
107 T 2)ReE. lOz[ s i, ]+'ﬁlin.log 1
[L+a=(z-1) 1+a=(z+1) 10 z
(2-29a)
i - 1 ] - logy, 4
I+a<(z-1)< [L+a<(z+1)<
_ 4 1 1 ’ 1
Dy = lOiMax. loglO 5 [Jl+a2(z~l)2 _J1+a3(z+l)é]" Min. 1og10 .
(2-30a)
( 1 - 1 ]
[1+a2(2-1)2  [1+a2(z+1)2
Re-define sensitivity S as
_ | Vs 1
T éf
£
- =B L1, X ;
Then S 5 fs(y) it - SRA it (2-31)
1i fi

- !2-



In virtue of (2-11)

~ RAQ, = 5%@— -81—3@31132 o< Alwa)? (2-32)
In order to get good sensitivity C is preferably small, but limited by
the consideration that C should be much larger than the stray capaci-
tances between the coils. In actual designs f3; and m are chosen in
conformity with many considerations not concerned in the present investi-
gations. The permissible distortion D, is also & given quantity.
Hence, Ald2)® is a measure of sensitivity. The magnitudes of D, and
A(da)? ror different values of a and o can be tound once and for all
by carrying out the actual computations. The optimum design corresponds
to the choice of a and o such that Alda)® is a maximum, while D, is
not larger than the allowable limit.

For the arrangement of Figure 2-1 (b) with L; =L, =L, C; = Cy =
Cy Ry = Rz = R, it can easily be proved that the detected voltage V is
given by the relation

E
Byt
-l

(2-33)

] jﬁ_j. (y+a) jﬁ (y-a)= [ jrl*'(Y"—)E ﬁ'*(Y-'_)z]

Eq+

2

Where y = x - a, a = %_Q% >~ kQ, as before.

In this paper, if no particular mention is made, the circuit of

Figure 2-1 (a) is understood.



IIT. OTHER CONSIDERATIONS

In the foregoing discussions idealized conditions have been assumed.
Departures therefrom have to be studied.

A. Clipping of High Modulating Audio Frequency.

The time constant R O of the diode circuit (Figure 2-1) should
be much larger than the period of the i-f frequency, but small enough
to avoid slipping of modulation. The voltage across either diode is an
amplitude-modulated wave in the sense that the amplitude of the wave
bears a definite relation to the frequency deviation, though evidently
the envelope has no resemblance to the original wave form of the audio
modulating signal. Assume

y = ola sin 27Efat (3-1)

The peak value of the i-f voltage applied to either diode at any instant

is
il I 16 |
fl+a2 (1+ ot sing )< where 0= 2mE b

Lo
Lo}
I+

Near a positive peak of the i-f swing, the load condenser CL is charged
to approximately E, and then discharges until the next peak swing
occurs. To insure no clipping of the modulation, let the magnitude of
the initial time rate of discharge of CL through RL larger than the mag-

nitude of the time variation of the envelope of the i-f wave. Hence

1
s i, I dF,
P R C > —t
B a® oL = |at ) for any value of @

T =0



SRI, a® (l+odsin )
E_+a2 (1+ ot sin 9)2] e

A 21T cosﬁ{
a

1 3R 11! >
oY . A = £
RLCL fl+a2 (1+ x=inf) =

i glzﬂ%oe a2 (l+olsin #) cos#
RS 1+a® (l+atsin @)=

Therefore

This expression cannot be further simplified unless some approxima-

tion is made. It ig on the safe side to let

i = l 2mfa o a? (l+asin £ )
RLCL 1+a? (1+ dsin g )=

The right-hand side is of the form 1f§§ which is a maximum when x=1.

Equating-—;—- to the maximum value of the right-hand gquantity gives

G

1
RSy

= daf, (3-3)

RL should be large to increase the efficiency of deteétion. Hence
CL should be small so long as it remains much larger than tne stray
capacitances across the diodes. By (3-3), CL having been chosen, it

is possible to compute the maximum value of RL if fa ig ¥mown. Strictly
speaking, the above derivation holds only for a pure sinusoidal fre-
guency modulation, but it can serve as a guide for complex-wave modula-
tion. In speech and music very high audio frequencies are not present
as fundamentals, but as harmonies necessary for the exact reproduction
of the signal. In (3-3) if & is the actual value used, f need not

be the highest useful harmonic frequency. It is sufficient to choose

a value reaconably higher than the highest useful fundamental frecguency.

B. Diode Loading Effect.

It has been so far assumed that the diode circuit takes no appreciable

Sk
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power. As the value of RL cannot be made large without limit in order
to avoid the clipping of modulation, the diode loading effect is ac-
tually important. It can be shownREhat the loading effect of a diode
is equal to a resistance of value-Eﬁ where 7 is the efficiency of
detection, thus resulting in the equivalent circuit of Figure 3-1,
where D denotes an ideal detector with an infinite input impedance and
the efficiency of detection 1 .

This circuit can be solved by setting up and solving a set of simul-
taneous equations. The result thus obtained, however, is too compli-
cated to be accessible to the simple interpretation as permitted when
the diode locading effect is negligible. Unfortunately, the theory
based on the expression (2-7) holds only for the special case when the

assumption that there is no diode loading effect is justified. The

general case remains to be solved.

C. Circuit Unbalance.

The first type of unbalance is due to the stray capacitive couplirngs.
Their effects must be made negligible.

The second type of unbalance is due to the distributed natures of
the self-inductance and the mutual inductence. A simple example will
make this point clear. Consider two coupled circuits as shown in Figure
3-2. If B is thegpometrical center of the secondary winding AC, then
evidently L' = Lp". Let M' and M" be the mutual inductances between
the primary winding and the sections of the secondary AB and BC respec-
tively. Then obviously M'>M" and E;'> Ey". If the diode loading

effect is negligible the idesl condition 1is Ep' = E," = Zwhile L,

- !7_



and Ly," do not necessarily have to be equal. Hence, under this assumption
B should not be chosen as the geometrical center, but rather the point
such that ' = Eg" = 22, When the diode loading effect is important i
can be seen that the following conditions must be satisfied in order to
achieve perfect bzlance.

1. The four half-gsections of the two windings must have the same
self-inductance.

2. The mutual inductance between either half-section cof the
primary winding and either half-section of the secondary winding must
be the same.

3. The two half-sections of both the primary and the secondary

must be closely coupled.

D. Change of iffective Coupling between the Two Resonent Circuits Due

to Stray Capacitive Couplings.

Congider two coils magnetically coupled together as shomn in

L,
Figure 3-4 Due to the magnetic coupling E; and By is related by & =
1

kJ-%i where k :fff%;- This relation is no longer true if the stray
capacitive couplings cannot be neglected. Nevertheless, their presence
does not impair the validity of the expression (2-7) provided that the
circuit balance is still preserved, except that the value of a is now
not the same as with the case of pure magnetic coupling. This is true
because the frequency deviation A f is a very small fraction of fj

and it does not matter what kind of coupling actually exists between
the two ecoils. If in Figure 3-4 the effective coefficient of coupling

keff is defined as

-18-



Kore =

gj LE}:

’ Ly
Lg

where B, and E, are the actual values, then the expression (2-7) is always

kerr

Tk 2, = Yerr %

true if a = Q4
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IV. OUTLINE OF DESIGN PROCEDURE

As already pointed out the computations needed for the design of
the discriminator circuit can be worked out once @nd for all by using
expressions (2-29a) and (2-30a). For various values of a and «, D,
and A(ea)® are computed snd listed in a table. The optimum desien is
accomplished by choosing a and o such that Ala)® is a maximum while '
D, remains less than the prescribed limit. Having determined a and &«
the data for the coil design are complete. The useful expressions are
grouped together for convenient reference.

da ~%a

QD = 2p 1o(2 Zm

e 2 ? 2 me . . 2 o
ko~ ,,(—m ‘PJ‘T‘L@ = 'f (I5) = = (4-2)
o

(-L 2012) 2m (4’1)

L =7 ~. — TR T (4-3)
8 '

Qe Qo {1+ 200 - Qs (4-4)

2'}“Lf = 2'?tfi & 291;1‘1 e H

C is chosen to be small but still much larger than the stray capacitances
between the coils. & includes the effective shunt resistances due to the
losses in the coll and the diode loading effect.

By taking into consideration the non-unity efficiency of detec-
tion 7 y the sensitivity S is given by

_l_ i{oa)® (4-5)
ér 7 8T L, C m*®
£;

hw;;

-2_}—



Another useful expression is

1
stz gl g P E (4-6)
R.LCL a
CL is chosen to be small but still much larger than the stray capa-
citances across the diode.

To construct the table first compute for various values of a

and A the values of

— ; ,"‘2‘ lz e =
F(‘J) lo%oz [ l+a Z—l)‘ Jl+a2 %Z+l)2 ]' (/4—7)
9 =1
F(o) = logi, Q—‘_l,fza)g (4-8

—22-—
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TABLE I.

(a) a =F;1

z 0 0.1 8.2 0.3

5 8 0.5 0.6 0.7

0.8 0.9 1.0
F(z) 0.880-1 0.280-1 0.280-1 0.820-1 0.878-1 0.875-1 0.872=1 0.859=1 0.843-1 0.822-1 0.794-1
(b) a=]2

~

z 0 0.1 0.2 0.2 0.4 0.5 0.6 0.7 0.8
F(z) 0.887-1 0.887-1 0.888-1 0.290-1 0.894-1 0.892-1 0.890-1 0.884-1 0.872-1 0.852-1 0.824~1

0.9 1.0
(¢) a=[3

Z 0 0.1 0.2 0.3

0.4 0.5 0.6 0.7

0.2 0.9 0.95 1.0
F(z) 0.875-1 0.875-1 0.881-1 0.886~1 0,.891-1 0,.898-1 0,904-1 0.207-1 0,903-1 0.887-1 0.873-1 0.859-1
(d) a=2

z 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 % )
F(z) 0.855-1 0.857-1 0,862-1 0.870-1 0.880-1 0.893-1 0.905-1 0.914~1 0.917-1 0.907-1 0.880-1 0.832-1
(e) a=3.

z 0 Q.1 0.2 0.3

L

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
F(z) 0.755-1 0,759-1 0,768-1 0.781-1 0,802-1 0.830-1 0.861-1 0.896~1 0,926-1 0.940-1 0.922-1 0.862-1

L2
0.771-1



Table II

0.23
0.334

0.38

3.75
0.374

0.465

D
AZia)z

0.6

0.29
0.484]

0.50

1.06
0.546

0.695

DO
Alda)®

0.7

0.32
0.660

0.50

.41
0.751

0.985

D
A%ia)z

D.32

0-863

B.62

L.71

0.985 1.33

Azxa)z

0.32

1.091

0.62

.55
1.247

147

D
Azda)z

1.0

0.62

1.85

1.54 2.11

AZia)z

1.1

0.85

1.85

1.813 2596

D
Azia)z

1.85
3.04

A%Xa)z

0.351 214

D
AzXa)z

._24,_




From Table II it is seen that the practical values of a lie between
|3 and 2. a2 =[2 and &= 0.8 gives excellent linearity. a =[3 and
o = 1 gives greater sensitivity and yet still very good linearity.
If higher values of a are used, there is no reason to choose o less than
1. The sensitivity increases with the value of a.
Example 1.

Given datas fi =5 X 106 cycles, Af =75 X 103 cycles.

D, & 0.7 db ¢ = 50 put
From Table II, choose a =2, o= 1, then,D, = 0.62, Ada)? = 1.5,
Af 75 X107 g
From (4-1) W = fi %}‘ﬁ{’ = 15 x 10
}
Qo = ““"*'éLjE;' = 66.7
2x15x10

From (4-2) k ~ 2 X 15 X 107~ = 0.02

2 _ 2
From (4-3) L = Ll* 2"66 7) 5 = 20.3 X 10~ heney

Mtfaxzsxlo x50x10™ %1, 020
N
From (4-4) R = 66.7 X 1t2X 26'7 ~=~——37 = 43100 ohms
2 TUX 5 x 10° X 50 X 10
Assume 7 = 0.8, from (4-5)
S =0.8 A l‘5fl,, v = 0.872 x 10°
8 TUX5X10 X50XL0™ - “X225%10
Assume G_ = 2000 X 10—6 mho, |E_ |= 1 peak value, then
m 1" "8
\Il= GmlE| = 2000 X 107
§f 1
For & ===
§ 100
4 -6 _
l VS] 2~ 0,872 X 107 X 2000 X 10 ~ = 17.4 volts.

= BB~



Fron (46) L _,af,
RO &
Choose C, =50 ppt £ = 10000 ~ then
1

= _. 6
R = S7xa0000% soxi0-az ~ = 0.318 X 107 ohms.

Use RL = 3 X ILO6 ohms

Example 2.

Given Data: f, = 5 X 100, Af = 7500

D, £ 0.4 db C = 50 munf
By Table II, choose a =[3, o= 0.95
Then Dy = 0.35 Alla)® = 1.212

_3
m=15 x 10~
[3 x 0.95

% = 3 X 15 X 10 3 ~ 249
-3
kK = &g%_g__ = 0.0316

3 2
L. 569 _
% T 2X25X1012X50K10- TAx1.032

0.2 X 10'6 henry

)
= Z *o-— = 35500 ohms
2 T 5X10 X50x10 12
Assume 1= 0.8
S~ 0.8 pr=2de 6 = 0.686 x 10°

g T X5X1L0 X50X10 12x225X10

Assume G .= 2000 x 10-6 mhos, IESI = 1 peak value.

For &

H

-
100

|

i
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|vs1. ~ 0.686 x 10% x 2000 x 1070 = 13.7 volts
1l _ _
R G 0,95 x [3 M T =527
- Y _ 1 1
S £(az) "|l ¥ af(z-1)% J1 + a=(z+l)* (4-9)

The two useful vslues of a are a = 2 and a =‘f§:

1. a =2

z 0 0.1 0.2 0.3 0.4 0,5 0.6 0.7 0.8 0.9 1.0
f(=2z) 0 0.0716 0.146 0.222 0.304 0.391 0.482 0.576 0.660 0.726 0.758

2. a =.f§

Z O O.l Oc2 003 Ocl{', 095 0-6 007 008 009 100
f(az) 0 0.0752 0.152 0.220 0.212 0.396 04&50.565 0.629 0.694 0.7225

These curves are plotted in Figure 4-1 and Figure 4-2.
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BoapE e / [
az)= —
fe l1+a*z-1*  [1+a*cz+1)?

o8 dU=2
o7
0.6
05
04
0.3
0.2

o-f

w02 0 02 a4 0.6 Y] 70 Z

Lo F

~0.6]

-8

Ff'g. 4=
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fwz)=—u - '
1 +arz-1» |1+ e(z+1)

faz)
08 d= j—3_

-08

Fl'j. 4-2

D)=



V. EXPERIMENTAL SETUP AND RESULTS

The complete experimental discriminator circuit is shown in Figure

5-1. A list of parts is given below:

i commercially made discriminator transformer
L, = 46.8 X 10 1 Q = 53
B unmounted and without shield.
Ly = 42.4 X 10 " h Qe = 55

The more balanced winding is chosen as the secondary.
Unfortunately L; and L; are not exactly equal.

Cy
} adjusted to fo= 3.8 me.
Ce

R,, Rzt subjected to choice.
Ri, Rg: 2MQ carbon resistors.

R5: 250.02 carbon resistor.

R6: 62500 () carbon resistor.
R7: 1M 0 carbon resistor.

RB: 0.5 M carbon resistor.

sz 50000 ). ecarbon resistor

Rloz 0.5M 2 ecarbon resistor.

C 100 Mﬁt? mica condenser.

3
G,y C.5 Cpoz 0,001 w§ mica condensers.
4 75% 76

CT: lOOAMA% mica condenser.

08: 50 pL% electrolytic condenser.

C,.: Electrolytic condenger contained in the a-c voltage power

9

supply rectifier circuit.

..-33—
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The time constant of R3; + Ry and C3; is seen to be too large to
avoid the clipping of high audio modulating frequencies. As the
present purpose is to check the results derived from the expression
(2-7), it is advisable in the experiment to use a low modulating
frequency and high values for Rz and R4 so that the diode loading
offect is minimized. The 6F5 stage is a cathode follower introduced
to eliminate the effect of the measuring instrument on the diode load.
This stage introduces distortion less than 0.1%.

The entire experimental setup is shown in Figure 5-2. The modu-
lating frequency is chosen as 100. The filter used is a simple band-
pass filter formed by two coupled resonant circuits.

Measurements were first made on the coils of the discriminator
transformer. The better balanced winding is chosen as the secondary.
Ais measured with a @ -meter, the primary and the secondary inductances,

unmounted and without the shield, are

Ly = 757 (2.6)280 = 46.8 X 15~ heavy

Ly = 5 e = = 42 ol % 1076 heavy
LTR (2.6)288.4

Qy = 53 at f = 3.7 mc.

Qe = 55 at f = 3.7 mc.

The condensers associated with the coilg are variable air condensers
ranging approximately from 7 wm§ to 40,A9u{‘- The mutual inductive
coupling is measured with the arrangement of Figure 5-3.

The condenser C is adjusted to give null output in the earphone. At

balance, since C L C;, and C « Gy
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: _ _ 1 C
2t & ks = 575562 Eé

C
4m* £2 [1,Ls C4Cp

or o (5-1)

Now C = 517ﬂ;:f y C1 =0z = 11M¥ gives the balance point, hence

-
—

_ 517 5
LR X 242 % 10" X [42.4 X 46.8 X 10

k = 0.051

To check with the thelry, the value of a is made small for two
reasons: (l)\when a is small, the Q's of the resonants are low and
consaquently the diode loading effect is less important, (2) when
a is small the expressions (2-19) and (2-22) converge more quickly,
resulting in easier numerical computations.

Let fi = 3.8 mec. After mounting it was found Q; = 45, Qg = 47.
Neglecting the diode loading effeet and taking into consideration the
sffect of the plate resistance of the ©@SK7 tubs on the primary it
can be shown that for Q = 30, R; = 114000 , R, = 84200 (Fig. 5-1)

a > kQ, = 0.051 X 30 = 1.53 = [2.5
The value of a is further checked by utilizing the relation (4-1). In
the arrangement of Figure 5-2, the freguency deviation is increased

until the peak detected voltage corresponding toeol = 1 is just reached,

as indicated by the osciliograph. It was found that at f, = 3.8 mc

i
o = 1 occurs at A f = 100 XC. Hence,
>
a:2><£)0—x~]-'ggx30:l.58=}2.5
3.8 X 10

It is to be pointed out that the assumption that the diode loading

effect is negligible may not be quite justified in the present case.
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The theoretical computations using the expression (4-9) are tabu-
lated below:

a= [EZ:; = 1.58

Z 0 0.1 0.2 0«3 0u4 0.5 0.6 0.7 0.8 0.9 1.0
f(az) 0 0.0765 0.1539 0.2325 0.313 0.3955 0.4775 0.554 0.6225 0.671 0.6985

To compare with the computed values the detected voltage at different
frequency deviations was measured with the i-f input voltage kept con-
stant. BSince RL is very high, n is zlmost unity and essentially con-

stant. The experimental resulis are:

filke) 100 75 70 60 50 40 30 20 10

ol 1.0 0.75 0.70 0.60 0.50 0.40 0.30 0.20 0.10

¥(volts) 1.16 1.02 0.98 0.89 0.75 0.61 0.46 0.3 0.13
0.535V 0.62 0.546 0.525 0.476 0.401 0.326 0.246 0.16 0.0695

0.535V is plotted sgainst o« in Pigure 5-4 and compared with the curve
of f(az) vs. z plotted in the same figure. The discrepency will be
discussed later:

The harmonic contents for a = fﬁ?g.are computed using the formulss
(2-19) and (2-22). The experimental values measured with a wave analyzer
do not check with computed ones. This is not surprising because the
ingtruments used are not adequate when small distortions are to be
measured. Actually, it is possible that the linearity of the F-M signal
generator used is worse than the linearity of the discriminator for
a = fﬁf@l The following quotation is taken from an article by the
designers of the signal generatorA: "At swings of plus and minus 75ke,
the departure from linearity does not exceed 1%. This is for the
modulator only. In order that the overall distortion of the complete
signal generator shall not greatly exceed thig figure, it has been found

4 AW Barber, C.J. Franks, and Richardson, “A signal G,-mem%oj:rrrequency Modulation E|ectronics.

vel. 14 pp. 3p-38,92-95 . April g4
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necessary to drive the reactance tube modulator from a low-impedance

source."

was kept constant instead of the i-f input voltage.

Computed narmonic contents:

&

g.1
0.0765

e b

A
5
(A,
100—= 0.0482
Al
agt
1002 0
Al

3 _3609 X 10—6
-0.0891 X 10"6

0.2
0.153
-0.000295

0.193

~25.9 X 10~

0.4 0.5
0312 0.393
-0.000861 -0.00184 -0.00289
6

0.590 0.735

0.0365 0.0764

In measuring the harmonic contents the audio output voltage

006 0.7
0.473 552
-0.00329 -0.00204

-0.000114 -0.000300 -0.00106 -0.0025

0.697 0.37

&
.
N
Do
g~
&)
.
4~
\n
Lo

In this table although three significant figures are given, there is

no claim to accuracy to threse significant figures.

¥easurda harmonic contents

2. Let @= 11, then R; = 1660002, R; = 14500 and a =2 0.577 ZI—:f
=

£ (ke) 100 75
o 1
2nd(%) 0.28 0.4 0.22
3rd (%) 84 L.4
4Th( %)

J.75 0.70

0.5 0.45 0.26
5th%) 0.53 0.25 0.21

60 50 40 30

0.60 050 0.40 0.30.

0.3 0.5 0.57 0.54
3.2 23 1.85 AT
0.28 0.1 0.06 G.O7
0.25 G35 0.38 0.46

1

The computed third harmonic contents are listed in the following table.
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ol 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Jl:?2 8 g.0125 0.025 0.0369 00487 0.06 0.0706 0.0806

. -5 -5 o5 -5
IEIEE " 6.84 X 10-6 547 x 10 18.4 X 10 43.3 X 10 81,9 x 10 0.001435 0.00222

4 3
!éi; 100 0.0547 0.219 0.50 0.889 139 2.05 2.76
1

It is observed that the distortion of the signal generator is still far from negligible in come

parison. The measured harmonic contents are as given belows

At(ke) 100 75 70 60 50 40
2nd(%) 0.73 0.54 0.61L 0.54 0.45 0,36
3rd(%) 6.7 3.90 3.6 2.8 2.0 1.65
5th(%) 0.35 0.25 0.28 0.3 0.33 0.36

The fourth harmonic was found very small.



The following point might be pointed out. The two resonant ecir-
cuits must be tuned to the same frequency, together with the shunt
stray capacitances. It was fpund not very practical to tune the cir-
cuits separately with a vacuum-tube voltmeter as an indicator of
resonance without affecting the circuit. Hence, the circuit was
adjusted by the criterion that the even harmonies should be & minimum,
theoretically zero. As the signal generator introduces a large amount
of second harmonies, the fact that the second harmonic is a minimum
in the detected output voltage does not indicate the right tuning
adjustment. In fact, the adjustment to give the least second harmonic
in the detected output voltage wes found to vary with the frequency
deviation, as might be expected in the presence of actual imperfections.

But due to the lack of other good methods, this method of adjustment

was used.

The measured distortion is the overall magnitude contributed both
by the signal generator and the discriminator. Although of no theo-
retical interest, it might be mentioned that with some cut-and-try
adjustments, small overall distortion can be achieved. For example,
if Ry = 0.5 M , Ry = 0.25 M2 (Figure 5-1), the measured harmonic con-
tents are as listed below.

Af (k) 75 70 60 50 40 30
o 0.75 0,70 0.60 0.50 0.40 0.30
2ndW 0.51 0.35 0.34 0.41 0.48 0.58
3rd#1l.20 1.1 0.66 0.64 0,88 1,20

4th(%0.16 0.09 0.09 0.1 0.1 0.11

5th(%)0.55 0.38 0.7 0.3 0.37 0.45
The pictures of the patterns shown by the oscilloscope for different

values of a are given in Figures 5-5, 5-6 and 5-7. The picture shown in

Figure 5-8 illustrates the clipping of high sudio modulating freguencies.
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VI. CONCLUSION

The whole theoretical discussion involves many sporoximations based
on the assumption that m =—%§- is very emall, which is usually true.
Furthermore, it is assumed that the diode loading effect is negligible.
Unfortunately, the latter assumption is probably not quite justified in
most cases, and this problem remains to be solved. Experimentally, it
was found that with the diode load resistance as low as 0,1 M the ®&'s
of the resonant circuits can be adjusted to give practically as low
distortions as when the diode load resistance is high, slthough no
numerical check with the idealized theory is to be expected. Hence,
while not presenting any serious difficulty in achieving low-distortion
detection of F-M signals, the diode loading effect does impeir the sim-
plicity and the elegance of the theoretical treatment of the idealized
case.

In the experiment many imperfections are present. The most serious
of g11 is the error of the instrumsnts as discussed in the preceding
section. They prevent accurate measurements with reliable resulis.
Other minor imperfections are due to the inaccuracy of the circuit
constants such ag L, C, ¢ etc. and due to stray capacitive couplings.

In spite of the ideslized assumption that there is no diode loading
effect in the theoretical discussions, the work is useful in that it is
the first approach to the problem. With the ideslized assumption the
whole treatment is simple and nice and the desipgn procedure can be con-

structed on a rational basis. A good check with the idealized theory

can be expected if a distortionless F-M signal generator is available

By



and if great care is taken in winding the coils and measuring the cir-
cuit constants and, of course, if the diode load registances are high

enough.
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APPENDIX 1.

The Derivation of fxpressions (2=5)

— !
» 7 = - (A1-1)
; 1 e
jwh —=— _
C
where 2' = &R =
= o JjwhL_ + 1 I e
LeTe jwe By, L1 fa)
R=
2 _ 9 - R
= £z F e
Fig M-I J%% -5 J% G-7F
0" 0
= £ _1ia
Let x=0Q ( i #) then
A (A1-2)
R2
Z = —-;ix — it (Al—B)
R+R_ by X
ix
APPENDIX 2.

The Derivation of Expressions (2-7) and (2-8)

Consider the circuit of Figure 3(b), which can be redrawn as in

Figure AZ2-1,
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R

where Z =

I+ jx
F. =1 7 (Z + jwlm)
17 7T 27 + jwLm
g = [. & (Z + jwLm) 7 =7
- v 27 + jwlm 7 + jwLm !
By + By _ Z(Z + julm) __ 2% - g7 = R
3y 27 + jwLm 27 + jwLm 1+jx
By = B =  Z(Z+ jwlm) 22 _ _jwLmZ
Iy 27 + jwlm 27 + jwlm 27 + jwlm
k2
Let Lm = kL k= 1];: ”'1%
: P f R R
wim = ] =— kew,L = j= k = ke =
.] :.] fo e¥o e J fO er J e QO
. R R . ke
_E.:J_%..lj.a A Jke Q. 1+ix B J Q. R
= 2R R ~ 2+ : ke .
T+jx T e TQ, ) g, (LX)
or Fq = Fo - R
T
e

Let a=90 = G 7o7= ki
e

and Yy = X-a
Then E+Es, = R
L 1+ j (y+a)
B = & R
I 1+ j (y-=)

_4_8..

(A2-1)

(42-2)

(42-3)

(A2-4)

(A2-5)

(A2-6)

(A2-7)

(A2-8)



2 = E (A2-9)
1+(y-a)® ~ jl+iy+ajE
= - 1+(y-a
+
E
E.-E } ..I E- I
% -1
¥ -
f(Y) = %fl‘ ’
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APPENDIX 3.

List of Ingtruments Used.

1. F-M signal generator (modulated by an external audio oscillator)
Type 150-A, Boonton Radio Corporation
2. Audio oscillator
Type 205-A, Boonton Radio Corporation
3. V-T voltmeter
Type 726-A, General Radio Company
Lo Wave analyzer
Type 736-A, General Radio Company
5. Oscilloscope
Type 208, Dumont Laboratories Inc.
6. Precision condenser
Type 722-D, General Radio Company

7. Audio amplifier
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