Limiters and Discriminators

2—Foster-Seeley Discriminator ;

By G. G. JOHNSTONE*, B.Sc.

THE basic type of Foster-Seeley discriminator is
shown in Fig. 1. A number of variants exist in
practice, and these are discussed later. The audio
output is the difference between the output voltages
developed by the two diodes D1 and D2. At the
centre frequency of the circuit, this output is zero,
and the output swings above or below zero as the
frequency of the applied signal shifts from its centre
value., We shall assume initially that the diodes
have 100 per cent rectification efficiency; the audio
output is then equal to the difference of the peak
values of the two r.f. voltages applied to the diodes.
Now let us analyse the r.f. side of the circuit.
The transformation we shall employ is that shown
in Fig. 2, the development of which was given in the
first part of this article. The phase-difference trans-
former of Fig. 1 is then identical in performance
with the arrangement of three tuned circuits shown.
The ¢ ideal ” transformer T serves only to ensure
that the current fed to its centre tap divides equally
between the branches connected to its ends. We
shall concentrate initially on the two tuned circuits
connected between terminals 2, 3 and 2, 4. The
parameters used are x = 2Q.dfif, and Ry/2; the
dynamic resistance of the tuned circuits. In the
expression for x, df is the shift of the signal from its
centre frequency f,, whilst the value of Q, is given
by Ry/L;. The centre frequency f, is given by f, =

1/27/L,C, = 1/211\/L C,. The special values
of x = 4 x, give the dlsplacement of the resonant
frequencies of each of the two circuits from the
centre frequency. In the circuit shown in Fig. 2, the
resonant frequency of one tuned circuit is given by
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Fig. 1.

Basic foster-Seeley discriminater circuit.
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f, and (1 + —M—) f, respectively, and hence

% = 2Q,M/4L, = Q;M/2L,. This canberearranged
into a more convenient form as follows.

QM

2L,

_Q&VLL,

D

_kQ, A/Ls

2ANL,
It is shown in the Appendix that if E, and E; are
peak values voltages across the primary and second-
ary winding of the phase-difference transformer at

resonance, then

= (E,/2)/E,

Wlth a constant-current input 1/2 to each of the
two tuned circuits connected between terminals
2, 3 and 3, 4 the difference between the peak r.f.
voltages between terminals 2, 3 and 2, 4 is given by

E =1IR,/4(a;x + asx® + asx5 . . .)
where

a; = 2x,(1 + x,5)%"

ag = %,(2%,® — 3)(1 + %,3)-"% - A

as = }x;, (8x%;* — 40x® + 15) (1 + %511~
E is equal to the a.f. output provided that rectification
efficiency is 100 per cent.

Except for the special case when the elements of
the tuned circuit connected between terminals 1 and

Xy =

where k is the coupling coefficient

* 2 become of infinite impedance, the input current,

1, to the centre tap of the ‘“ideal * transformer T
is not constant, Its value can however be calculated.
If the input current to terminals 1, 2 is I,,, then I
is equal to I,, less the current flowing in the tuned
circuit connected between terminals 1 and 2.

In order to simplify the treatment, we shall assume
that the Q-values of the two circuits of the phase
difference discriminator transformer are equal
Additionally, we shall employ the relationship
p=Ly/L,. The equivalent circuit can then be
1edrawn as shown in Fig. 3.

The relationship between I and I,, is then given by

L ol —%1%) 1 b
2 L A4
poq Lt L+ 2 iy T X T
=1, o
7 (1 —n?) 1
=T %] 14 2x2 +xt
a2 T T
wheren = kQ (see Appendix).

At first sight it would appear that the output
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In the first article of this series an equivalent circuit for the phase-difference traasformer employed with the
Foster-Seeley discriminator and the ratio detector was derived. This equivalent circuit enables these two forms
of detector to be treated in the same manner as the Round-Travis circuit, already discussed, and in this part
we shall discuss the Foster-Seeley circuit in greater detail.

yoltage depends upon three variables, x, p and 7.
This is however, not true because

xl_sz’\/_:%

Thus there are only two mdependent variables.

From the equation for I, it will be apparent that I
is independent of x only if %, =mn. This is the
spucml case referred to above, when the inductance
1’ becomes infinite, capacitor C’ becomes zero, and
R’ becomes infinite. In these conditions 4/p = 2,
and hence I = I, as would be expected.

It was shown in Part I that the coefficient a; in the
expression of the output voltage is zero when x; =

1.5. In the phase-difference transformer, the
same conditions apply when # = 4/1.5, and L, =
4L,
1f1 the general case, when x; does not equal 7,
we can express I as a power series in x, as follows

1 2
T=T, 5 (b, 4 byx? 4 bext . . )
1 + %, £
where
b, =1
by — 1 —x? _ 1 —n?
2 (1 _{_ixlz)z a + nz)z
b — 2x,*% 1—4n2+n4ﬁ 1—x2 1—n?
YT EFRD T A 0 A

Inserting this value for I in the expression for E
gives
Ii”Rs 1 + x-lz

E= 1 .p+x2(clx+63xa+55x5..-)
4 1
where
Cl=(a1bo)

¢; = (a1 b; + asb,)
¢s = (a1 by + agb, + a3 by)

The distortion introduced is represgnted by the
terms in x? and x°. To minimize distortion, therefore,
it is desirable that the coefficients of these terms
should be as small as possible. The dominant term
is the coefficient of x8, and this can be made equal
to zero by appropriate choice of parameters. For
this condition, @, by + a3 by = 0, and substituting
values this gives

—%22x,2 —3) A + %72 = 2x, (1 + x,2)~%"2 X
[A—-—xA 42392 —-A —n)A + n37
This reduces to
1 2(n? — 1)
(I + x2t (L + n?)?
The graph of x, plotted against 7 is given in Fig, 4.
is shows that if # is less than 1, ¢, cannot equal
zero. It also shows that if # is between 1and 1.2
approximately, there is little margin for error in
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Fig. 2. (@) Phase-difference transformer, and (b) its
equivalent circuit.
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Fig. 3. Equivalent circuit of phase-difference transformer
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for Q.= Qu; p = LJL
adjustment of », since x, is varying rapidly. The
minimum value of x, occurs when # = 4/3; at this

value x, = 1. Above n = 4/3, the slope of the
curve is positive. This is of some importance, since
%, is itself proportional to n. If n departs from its
correct value; it is desirable that x; should change in
the same sense to minimize the value of cs.

The graph of x; plotted against # does not mdlmte
any specific optimum value for # and x,. However,
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Fig. 4. Graph of x, against n for cg = 0.
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Fig. 5. Variation of ¢, and cg with n, for ¢z = 0.

this can be found by considering the coefficient of
x5 in the expansion. The value of this coefficient
is plotted in the Fig. 5; at each value of # the value of
x, is that which makes ¢; = 0. Additionally the
graph shows the value of ‘the coefficient of x; mini-
mum distortion occurs when the ratio of the co-
efficient of x%to that of x is minimum. The optimum
values would appear to be near » = 2.0. Consider
n = 2; in this region the coefficient of x5 is approxi-
mately — 0.008. From Fig. 4, x, = 1 approximately.
From x; = } ny/p, p = 1, '

i.e. the two tuned circuits

To evaluate the distortion present with the
circuit constants chosen, consider an input signal
x, cosw,t. The a.f, output is then

E = 0.41,, R, {0.7x, cos w,t —0.008 (x, COs ,2)}
We can expand cos®w,z by means of the identity

cos® 8 :%6 {cos 56+ 5cos3 8- 10 cos 0}
giving .
E=041I,, Rs{ (0.7x, — 0.005x,%)cOs w2

— 0.0025 x,>cos 3waz}
— 0.0005 x,° cos 5,2
The reduction of the fundamental frequency com-
ponent is negligible for the range of values of x; of
interest, i.e. x, <1. The percentage of third harmonic
0.0025 x 100 X x.
At
0.7
x, = 1, this is 0.35 per cent. By employing a smaller
value of x, a lower value of distortion is obtained, the
distortion decreasing with x,¢.

Consider a broadcast signal, with a deviation of
75 ke/s. If it is desired to operate the discriminator
with 75 kc/s corresponding to x, = 1, the parameters
of the circuit are determined by x = 2Q df f,. With
df = 75ke/s at x = 1, and a centre frequency f,
of 10.7 Mc/s, the value of Q is 71. If we assume
the two tuned circuits of the phase-difference trans-
former each employ a tuning capacitor of 50 pF,
the dynamic resistance (R,) is 22’kQ. The input
current I;,, is the peak value of the fundamental
frequency component in the output of the preceding
limiter stage; a typical value is 1 mA. The peak audio
ourput is given by 0.28 I,,R,, and in this example is
6.2 volts approximately.

It can be seen, from the expression for E, that the
audio output is proportional to I,,x, where I, is the
input current, and x is a measure of the frequency

(Continued on page 73)

distortion is thus given by
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audio output voltage is then
E = 04 IR, (0.7x
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The range of validity of
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this expression can be seen
from Fig. 6. In this graph

are two curves. Curve
(a) is that obtained from
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the orthodox graphical

solution for the Foster- N
Seeley response curve,

precise means of evaluating =04 N
distortion; curve (b) is that ]
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which does not give any
sion above. It will be seen a N

that the two curves are in 08 N
very close agreement up - i
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This then is the limit of
validity of the expansion
above.
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5
Fig. 6. Response of Foster-Seeley discriminator ‘derived by (a) orthodox graphical
sotution (b) expansion given in text.
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Fig. 7. Alternative form of Foster-Seeley discriminator.

shift. If there is amplitude modulation present,
the magnitude of I,, varies, but if x = 0, i.e. the
signal is at the centre frequency there is no output due
to a.m, For any other value of x, i.e. if the signal is
mistuned or frequency-modulated, there is an
output due to the amplitude modulation. Because
the output is proportional to I;,x, the a.m. and f.m.
signals are multiplied together and there is complete
cross-modulation. Thus a Foster-Seeley discrimina-
tor must be preceded by a limiter stage.

To complete the survey of the Foster-Seeley
circuit, there are a number of practical points to be
considered. The first of these concerns the diode
load resistors. These should not be too large, as
otherwise ‘‘ diagonal clipping > can occur. Briefly
this happens if the input to one diode falls rapidly.
If the time constant of the load circuit is too great,
the cathode potential cannot fall sufficiently quickly,
and the diode may be cut off. For this reason, the
diode load resistors are usually limited to 100 kQ,
and the shunt capacitors to 50 pF.

This relatively low value of diode load in turn
means that the damping imposed in the tuned cir-
cuits cannot be neglected. The input resistance of
each diode at r.f. is Ry/29, where R, is its load
resistance and 7 is the rectification efficiency. In
the equivalent circuit of Fig. 3, the

LIMITER

(b)

Fig. 8. Further alternative forms of Foster-Seeley circuit,
with the secondary circuit centre taps produced by
the capacitors.

Fig. 9. Foster-Seeley discriminator with tapped primary
circuit.

relationship between the resistances
of the two tuned circuits connected
between terminals 2, 3and 2, 4 and
that connected between terminals 1,

2 then differs from that postulated.
The condition can, however, be re- T
established if an additional resistor Ep
equal to R, /(p—4) is connected be- |
tween terminals 1 and 2, i.e. across
the primary winding of the original
circuit.  However, the values of p
employed in practice are often less
than 4, implying that a negative re-
sistance is required, This obviously
cannot be realised in practice. It
Suggests, however, that the Q values
can be equalized if the secondary Q
value without the diodes connected
Is lower than the primary Q value.
Given equal initial Q values, a
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resistor can be connected in parallel with the
secondary circuit to achieve this result. Its value
can be calculated if it is remembered that the
damping imposed on the primary circuit is Ry/47,
whilst that imposed on the secondary circuit is
Ry/9. In the example considered above, with equal
primary and secondary circuit, the resistance would
be Ry/39. _

It is common practice to omit the r.f. choke L,
shown in Fig. 1, giving the circuit of Fig. 7. In this
case it must be remembered that there is then
additional damping equal to R;/2 imposed on the
primary circuit, since the primary circuit can ““see”
the two resistors Ry, in parallel.

An alternative form of Foster-Seeley circuit is
that shown in Figs. 8(a) and 8(b). In the arrange-
ment, the secondary centre-tap is provided by the
capacitors. Because there is no longer d.c. con-
tinuity for the diodes of Fig. 8(b), the diodes are
shunt-fed. The damping imposed on the secondary
circuit is the Ry/% in parallel with 2R;, whilst that

on the primary is Ry/47 in parallel with Ry/2. In
one other variant the primary as well as the secondary
is tapped, as shown in Fig. 9. If the ratio of voltage
tapped off to the total primary voltage is a, then tais
circuit can be analysed by replacing the primary
circuit by a single un-tapped circuit, with parameters
as follows: §

L', = L,a® E, = aE,
C, = Cyla M’ = Ma
R, = Ry o=k
I'' = T Q = Q

This circuit has one particular advantage. If
a = }, i.e. the primary circuit is centre-tapped, the
damping applied to primary and secondary circuits
by the diode loads is automatically equalized. In
such a circuit, the value of p in the équivalent circuit
is equal to 4, i.e. the analysis simplifies to the case,
when the tuned circuit in parallel with the input
terminals vanishes. For this condition of operation,
the optimum value of # = 4/1.5.

APPENDIX

The equivalent diagram for two circuits coupled by
mutual inductance is shown below. The circuit equations
are -
Es =17 Xcsla. .
E, = fxqw(l—l_az) .
0 = Z,i, — joMi, — jX 0
0 = Zj, — joMi,
where X, = 1/oC,
X = 1/eC,

. 1
Z, =]pr +]TJC—,”+'.”

; 1
Zs = 1 st + m + Ts
In the region near the resonants frequency (f,) of the
two circuits, 7, > 7. Then
oM ;
N ZoZy + w2M2
5 Z ;
s
P Z,Z, + w*M?2
Near resonance wL, — 1/wC, is approximately equal to

2L,8w, where 8w is the departure from w,(= 2nf,).
Similarly, wL, — 1/wC, = 2L,8w. This gives

Es_ = ——].XM,X

E, =X

. oM ‘
B =ik oo 50y . & B + oPME"
E, = X2 et Bl e
(rp + 2jL8w) (rs + 2jL,00w) + w*M
Let
Lrwo_xcp__ ,sta_)ici_ . — 8_‘_"_ 8_/
"» a Tn _Qm L oo '_Qs’y_zwn—zfn
and 7 = k v/Q,Q, where & = M/y/L,L,
—10Q,X P
E, = = QX 2, UL,
TT7Q @ + Qo) e *Q VDo
Q,Xe» . .
E, = . . . {1 A
TG A a7 @ T
L=M LM

74

— _ ijs '\/Lx/LD E

1 +7Qy ?
let p = L,/L,, and y = 0, i.e., the circuits are at the
resonant frequency. Then if |E,| is the magnitude of
E,, and |E,| is the magnitude of E,,

14Q, vp = CIEI2)E,|
Finally if Q, = Q Q)X = Ry, and Qy = 22% —

B Rdl+7m) |
P+ xR+ m?

In the equivalent circuit discussed in the text, this voltage
is that applied to the tuned circuit connected between
erminals 1 and 2 wheni = I,,. Inthetextp = L,/L, =
R,R, = C,/€,. Thus the tuned circuit between ter-
minals 1 and 2 consists of three branches in parallel;
(a)_ inductor L,/(p — 4); (b) capacitor (p — 4)Cg (c)
resistor R,/(p — 4) (see fig. 3). Then the current I’
flowing into the three elements is given by

whence E,

I' = E,Y

where Y = (p — 4)fjuL, + juCyp — 4) + (p — H/R,
= (1fjoL, + juC, + 1/R)) (p — 4)
_r—4 :
=X (1 + jx)

s R+ p—4 ;
Thus I' = T+t K A + jx) L.
p—4 (A +jx2

p A+ xE+n?
But the current I fed to the centre-tap of transformer T is
equal to I,, — I’ Hence

o p (142 +n?
pn® + 4 (1 + jx)?
pn® + p (1 + jx)?
4 x® + (1 + 7x)?
P
1 +x2  1— 22/ + x2) + 27x/(1 + %%
_{; + oxg? 1 — x2/(1 + n%) + 27x/(1 + #2)

If |I| is the magnitude of I and |I,,| that of I,, then

I = |L,| 1 + x,2 {1 + 2x%(1 — %)/ + P2 £
M= ilal 2 W+ 2@ = @A + ¢ +
=5 %

A1 + x#)z}f
A1 F P
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