Aids in the Design of Intermediate-Frequency Systems’
PAUL C. GARDINERTY, ASSOCIATE, ILR.E., AND J. E. MAYNARD, ASSOCIATE, I.R.E.

Svmmary—A set of design curves has been developed by means
of which the over-all selective performance of an intermediate-
frequency amplifier may be predicted with the expenditure of little
time or effort. The design chart is based on identical circuits, but
with the appropriate conversions, variations in circuit Q can be ac-
commodated readily by determination of the equivalent identical
circuits. The design method permits a prediction of the allowable
spacing between equal desired and undesired signals in the fre-
quency spectrum to maintain the desired signal within 6 decibels
of resonant output and the undesired signal at more than 60 decibels
below resonant output, when variations in frequency due to such
causes as modulation, drift, and setting are taken into account.
Methods of arriving at a rapid approximation to the over-all curve,
in those cases in which circuits of different coupling are cascaded,
are discussed.

radio engineer works is the resonant circuit.

Fortunately, in most of its applications, this is a
linear device and its performance may be accurately
determined by calculation. Furthermore, when resonant
circuits are used with class A amplifiers, as in an inter-
mediate-frequency amplifier, the whole system is linear
and its over-all performance is calculable. While the
information obtainable from such a calculation does
not provide all that is necessary to lay out and build a
successful intermediate-frequency amplifier, it does pro-
vide a criterion of performance. The selected values of
coil Q for the design may be measured in the laboratory,
the coils set up on a coil form and adjusted for the de-
sired proportion of critical coupling in a single-amplifier
stage and the experimental results matched with the
calculated design for these elements. From this basis
the amplifier is then constructed. Usually the over-all
amplifier will not exhibit the calculated characteristic
because of unpredicted regeneration or circuit loading.
Then the sources of difficulty are traced down and
finally the over-all amplifier characteristic is brought
into agreement with the calculated design.

@NE‘ OF the important devices with which the

DESIGN REQUIREMENTS

This paper will be limited to the design calculation
of the selectivity characteristic of a coupled circuit
amplifier. The first step would be to set up the require-
ments which must be met. Suppose we have a com-
munication system to provide, in which a transmitter
and a receiver are to maintain communication after
being tuned to a predetermined frequency by their
calibrated charts or dials. In addition we shall assume
a frequency spacing for adjacent-channel operation.
The problem is, then, to find the intermediate-fre-
quency characteristic which is required to hold the
desired signal and reject an adjacent undesired signal.

* Decimal classification: R141.2XR363.1. Original manuscript
received by the Institute, May 29, 1944.
t General Electric Company, Schenectady, New York.
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These requirements specify two features of the char-
acteristic. First, to hold the desired signal requires a
portion of the characteristic to pass a range of frequen-
cies with only slight variations in output. Second, after
sufficient width of the frequency characteristic has been
provided for the desired signal, a certain sharpness is
required on the sides of the characteristic to reduce the
output from an undesired adjacent signal to a level
assumed to be sufficiently small to avoid interference.
General practice has established the level of varia-
tions for satisfactory reception to lie within a'6-decibel
range. While the amount of attenuation required on an
undesired signal (which may be much stronger than the
desired signal) is different for each interfering situation,
a general accepted amount of attenuation for this pur-
pose is 60 decibels. Both the acceptance width of the
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Fig. 1—Communication setup.
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frequency characteristic and the attenuation at the ad-
jacent channel for our hypothetical communication
system depend upon several factors. The acceptance

'band must encompass modulation sidebands (frequency

or amplitude modulation) and it must allow for errors
in chart or dial reading and calibration inaccuracies.
Further, it must allow for frequency variations during
unattended operation which implies accommodation
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4 85 6 78901

3

4 B 6 78901

3

Gardiner and Maynard: Intermediate- Frequency-System Design 675

Owie O B (2] [ “OMme O B <@ 2] 3] O W © B W R ] -

4 5 6 78901

3

4 5 6 7801

3

(-]
®
=: te
=: 21 FEEEEeH ©
11 = PO
)
= > ¥
3 : i o = : B
3 b :
s - b
e t o i miati pauad
mﬂn T —— : ) 1 T + 1 f & a
: 1 1 7
mmmu K il -2 T T i1 f
IN = aman
X ii v N
u;m ...+ i T
wlx = I P
i Jl
-t
)
£
b
siesesass e a ee: = ©
Bt st e A o
: =)
<
T A BSa - ¥ = 3
X SE
o A =
a1 1aen s et -
B SRR e =i
T 1 I X T 11 T s n
3 -
i i A ! - A AT é
13 e T u =
1 TXT 1 T I 3]
] ; Za TAVAY LT, =
4 ] 1 i ! I P -=
T\ T (i I i T D 1 Q.
- g
=K <
2 X
—— e w
= + 1 T = a b
=3 e =—R5° 3
S e fe e P e Sa = e e e e S 5= .
<
< 3
= = o
= 3 i SEE= Q
c = 3 8 Y - N
= 1 32 === S
: = e 2 i
inas sux: ; v sum O I
11 ; a g
1t T 7 3]
1 X - i
i e s ¢
- : e - 20
I | ot 1 N. 0
i 1 T [T ] o
I 1 , Ty ' (@)
it i NN [ "
= oz ik s = -y
SR = «
: = = ®
= = o4
== = =~ &
HERRE : =S els
;: - o : =
= e — =)
= -«
e e R R e ss s e s S ot R e e
3% : T : :
H T : T
E et LI o &
1131 §
a it i T
1 T T T
i
I il TN
¥ S0 HEH L NG -
- — z=3 e B3 t333 == -
= shmtis = )
== - ®
= ™~
S =k °
S Ietas =1 |Ea et gaa=s
St )
W e S «
H == H : N H.ﬂl N
S
4 TN ¥
B s
f
f I : s H o
T 1 HN s
T
N1 L t
LT L
(]
d i 1
b N N
X ! W TN N -
QOO B <« © [] OO O K W ) L] - EEEGEEG) a -




676

of frequency drifts due to climatic or power-supply
changes. Since tuning and modulation excursion may
not only cause deviations from the desired-signal fre-
quency at receiver and transmitter, but also may cause
approaches to and of the undesired signal, these fre-
quency deviations must be considered to occur equally
at each attenuation level. The situation is illustrated
graphically in Fig. 1. 4 represents the total frequency
deviation allowable to maintain the desired signal (fo)
within a 6-decibel range on the selectivity curve; it also
represents the frequency deviation allowable to main-
tain adjacent signals (fi, fo) outside the interference
level of 60 decibels below the desired signal. The selec-
tivity curve required to provide a channel spacing D
will therefore be specified by the “shape factor” F or
ratio of frequency deviations B/A. The shape factor
required of the intermediate-frequency amplifier, there-
fore, is F=D/A — 1. (1)
As a concrete illustration we shall use a fictitious
set of figures. Assume that a transmitter operates at a
frequency of 10 megacycles and that the maximum
frequency drifts of transmitter and receiver add up to
not more than +0.1 per cent of the operating fre-
quency, that errors in setting both transmitter and re-
ceiver add up to 0.05 per cent or less of the operating
frequency and that the maximum modulation side-
bands require +35 kilocycles. In addition assume that
the channel spacing desired between adjacent signals
is 80 kilocycles. The acceptance band will be
= 10 4+ 5 + 5 = 20 kilocycles (2)
and the shape factor of the required selectivity curve

will be F = 80/20 — 1 = 3. 3)

DEsSIGN CHART

A chart, Fig. 2, has been prepared by means of which
the required shape factor may be translated into a
definite answer in terms of coil Q, number of circuits
and coupling between circuits. The basis of the chartisa
set of universal selectivity curves. It may be shown!
that any pair of coupled resonant circuits may be repre-

sented by

VA + = 5) 48 @

14 C?

where U is the attenuation through the circuits (unity
at resonant frequency), S is a selective variable pro-
portional to frequency deviation from resonance, and
C is a coupling parameter expressing proportionality to
critical coupling (C=1). Critical is used here todefine
the transition point between single- and double-peaked
resonant curves. These terms are specxﬁcally defined as

follows: U = Go/Gy (5)
= (BW/f)Q (6)

14 C? = (Q.,/Q)(1 + K*Q0?) N

= (Q4/Q)Q, (8)

J. E. Maynard, “Tuned transformers,” Gen. Elec. Rev., vol. 46,
pPp. 559—561 gctober and pp. 606-609; November, 1943.
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where G, is amplifier gain at resonant frequency fo, and
Gy is amplifier gain at the frequency under considera-
tion, BW is the bandwidth of the selectivity curve
(twice frequency deviation from resonance), K is the
coefficient of coupling between the two circuits, Q,
is the geometric mean, and Q, the arithmetic mean of the
primary and secondary Q's. The approximations used
in the development of (4) result in selectivity curves
which are symmetrical about resonant frequency; lack
of agreement with these curves in practice will be found
to be largely in this lack of symmetry which is usually,
except for very low values of Q, negligible. Since the
results are symmetrical, the curves may be plotted on
one side of resonance only, as in the chart.

By means of the ratio lines at the left of, the chart
the attenuation to be obtained for any ratio of band-
width to resonant frequency may be determined for a
given circuit Q by following the Q ordinate to the ratio
line, crossing over to the curve for the coupling to be
used along the value of S so determined, and then down
from the intersection with the selectivity curve to the -
corresponding value of attenuation U. For instance,
using Q=50, BW/fs=0.10, we find S=5.0 and for
critical coupling (C =1.0), the attenuation will be
U=12.5.

In order to extend the use of the curves to an ampli-
fier containing several such pairs of tuned coupled
circuits, a set of curves based on the curve for two
coupled circuits at C=1 have been drawn for cascaded
pairs of circuits. If the value of C=1.0 is substituted in
(4) the formula for a critically coupled pair of circuits

is obtained:
=14 5*/4. 9)

For four circuits cascaded in critically coupled pairs the
attenuation is the square of (9), for six circuits the
attenuation is the cube of (9), etc. This implies identical
values of Q and C in the coupled circuits. Since for any
value of S we move up in attenuation exponentially
in the same degree for each pair of cascaded circuits,
the whole set of curves for two circuits can be extended
graphically to any number of cascaded pairs for which
we have the basic critically coupled curve. A numerical
example will best illustrate this point. Suppose we wish
an attenuation of 100 from eight circuits cascaded in
pairs for BW/f,=0.10 and wish to use 25 per cent over-
coupling (C=1.25). Following U=100 to the curve for
eight circuits we find S=2.44; following this back to
the two circuit curve for C=1 we arrive at a point
corresponding to U=23.16; following this up to the two
circuit for C=1.25 we find a value of S=2.9. Follow
this value of S to the ratio line BW/fo=0.10 and we
have the required Q=29.

The shape-factor chart in the lower right corner is
a plot of the ratio of bandwidth obtained at 60 to that at
6 decibels attenuation, for various amounts of coupling,
against the number of circuits used in the amplifier.
These curves are obtainable from the other curvesin the
chart by taking ratios of S at U=1000 to those at U=2.
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APPLICATION

Returning to (3), we wish to design an amplifier to
have a shape factor F=3.0. First it is necessary to
choose a resonant frequency. This involves several in-
terference considerations such as images and harmonic
beats; we will assume, however, that 2.0 megacycles is a
satisfactory choice.” From the shape-factor chart F=3
might be obtained with a slight margin from eight cir-
cuits cascaded in critically coupled pairs. This would
require three amplifier stages containing four inter-
mediate-frequency transformers. The ratio BW/f,
required is 24 /fo at 6 decibels, or from (2) BW/fs
=40/2000=0.02. Follow U=2 to the curve for eight
circuits to find S=1.14 and following .S to BW/f,=0.02,
we find the Q required to be 57.

Ordinarily, a radio-frequency amplifier would precede
the intermediate-frequency system. Suppose this con-
sisted of two cascaded single circuits. The attenuation
would then be found on the two-circuit curve for C=0.
The resonant frequency for these circuits is 10,000
kilocycles and at the bandwidth for 6 decibels in the
intermediate-frequency system, BW/f, for the radio-
frequency system is 40/10,000=0.004. Assume a Q of
50 in the radio-frequency circuits, then U=1.05 so that
the over-all attenuation at 40 kilocycles bandwidth will
be slightly in excess of 6 decibels. At the intermediate-
frequency bandwidth of 120 kilocycles (60 decibels), the
radio-frequency attenuation for BW/fo=120/10,000
=0.012 will be U=1.35 so that the over-all attenuation
at 120 kilocycles bandwidth will be well over 60 decibels.
It will be somewhat more than 1350 since the shape
factor F is actually 2.9. This might suggest the possi-
bility of using fewer intermediate-frequency circuits and
utilizing the additional attenuation in the radio-fre-
quency amplifier to meet the requirements. Going back
to the shape factor curves, it will be noticed that we are
just slightly short of F=3 if we use six circuits at 25
per cent overcoupling (C=1.25). The question then will
occur: Is this amount of overcoupling desirable? For
two circuits the attenuation minimum occurs at
U=0.975, cubing this for six circuits the over-all
intermediate-frequency minimum will be U=0.925.
Since this will be somewhat alleviated by the radio-
frequency characteristic’ we shall assume it is not ob-
jectionable. For six circuits at U=2, $=1.23; crossing
to two circuits at C=1 we find U=1.25; and up to the
curve for C=1.25, S=1.61; over to BW/f,=0.02 we
find that a Q of 80 is required in the intermediate-fre-
quency circuits. The attenuation at BW=120 kilo-
cycles would be traced from the intersection of Q=280
and BW/fs=0.06 which occurs at S=4.8, following to
the two-circuit curve for C=1.25 we arrive at U=38.8,
coming down to the two-circuit curve for C=1.0 and
across to the six-circuit curve along S=4.2, the attenua-
tion is U=700. Applying the radio-frequency attenua-
tion of 1.35, the over-all attenuation 60 kilocycles from
resonance will be (1.35) (700) or 950.
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GENERAL OBSERVATIONS

Several pertinent observations' on the character of
these curves will aid in their use. By differentiating (4)
with respect to .S and solving for zero slope, the mini-
mum points are found to occur at

Si=++C*—-1 (10)
Uy = 2C/(C*+ 1). (11)

It will be observed that, on a log-log plot, all the curves
for two circuits approach asymptotically a line of the
same slope. By taking the limit of (4) as S becomes
large, it can be seen that this is a line of slope 2/1 on
the chart. Similarly, for any number of circuits N the
asymptotic line has a slope N regardless of Q or cou-
pling. This is obviously also true if the curves are plotted
against frequency deviation from resonance on a log-
log scale.- The general outline of any selectivity curve
is, therefore, a line of slope N intersecting the line
U=1 at some value of S. By solving the equation. for
the asymptotic line (two circuits) for S at U=1, the

So=++/C2+ 1. (12)
At this value of .S the actual attenuation on the curve
will be ~

Uo = 2/S.. (13)
The actual curve intersects U=1 at a value of S
Se’ = +4/285.. (14)

In those cases in which the selectivity curve approaches
its asymptote from the outside, it crosses to the inside
of the asymptote in the lower part of the curve; this
intersection with the asymptote occurs at

Sa = + S?/S¢ (15)

Ua = Su/SO’- (16)
All asymptotes, regardless of slope N, pass through
‘U=1 at the same point S=.S,, for a given coupling.

We have been considering, up to this point, designs
in which the coupled pairs of circuits could be repre-
sented by equivalent identical coupled pairs. Although
this is usually quite practicable, and in fact usually de-
sirable so that intermediate-frequency transformers are
alike, there*may be occasions in which it is desired to
make succeeding transformers appreciably different.
In such cases it is necessary to calculate the character-
istic against frequency of each transformer or identical
group of transformers and combine the curves so ob-
tained by taking the product of attenuations, in order to
obtain an accurate characteristic. It is possible, how-
ever, to approximate the over-all characteristic in one
operation. The asymptote to any pair of coupled cir-
cuits from (4) will be

U = (S/Sy)> 17
It is apparent that for N circuits cascaded the over-all
or product attenuation will be

U = (S/Som)¥ (18)
along the asymptote, where Son is the geometric mean
of all the values of S, for the individual pairs of circuits.
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Taking logarithms of each side of this equation it'can be
seen that the plot on log-log paper will be a line of slope
N starting from So. at U=1. All factors or products
of S or Som cause a lateral shift in the curve (Fig. 3)

A'Fom LOGU

LOG af~——

Fig. 3—Approximate boundary of selectivity
curve for N circuits.

and can be absorbed in the mean value of Som. This
means that (18) expresses the asymptote for N circuits
regardless of how they are coupled or of what Q they
have. This may include single circuits if we think of S,
as unity for a single circuit (zero coupling). Since each
value of S, is proportional to the product of frequency
deviation from resonance (Af) and Q, the mean Sy, is
proportional to the product of a mean deviation (Afon)
and a mean Qn. Therefore when a plot of attenuation
against frequency deviation is made on log-log paper
the asymptote will start from Afon and have a slope N
(Fig. 3), where

Afom = Somfo/20m (19)
Qn = V0:1Q0:0s - - - On (20)
Som = \”/‘SmSo»S'os < Sov (21)

with the following interpretation. For a single circuit
Qn is the Q of the n* circuit; for a coupled pair of cir-
cuits (n, n+1) the product Q.Qn+1 is the square of the
Q in (8). For a single circuit So, is unity; for a coupled
pair of circuits (n, n+41) the product So.So(nsn
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is 14C?, as in (7). To obtain a closer approximation
to the over-all curve an equivalent mean coupling from
the value of Si» may be used. This remains, however, an
approximdtion which is particularly likely to be in-
accurate where there is considerable curvature since the
cascading of different characteristics will not neces-
sarily give us an over-all shape identical with any
power of a curve for a coupled pair. In such cases the
use of the shape factor chart needs to be seasoned with
good judgment since the curve shape at 6 decibels
attenuation may depart appreciably from that used to
develop the shape-factor chart.

It should be noted that nowhere has the impedance
or the tuning capacity of the circuits entered into the
discussion. This occurs because we have beén limited
to a discussion of selectivity which is a ratio of gains so
that impedances cancel out in this ratio. Selectivity,
furthermore, is a function of Q which includes the
effects of all losses whether in coil, capacitor, or circuit
and which is a ratio of kilovolts-amperes to kilowatts
so that tuning capacity has no direct bearing on the
characteristic except through this Q ratio. As long
as Q is 10 or more, all losses may be lumped into an
equivalent constant Q in this manner with negligible
errors. The preceding definition of Q is somewhat more
general than reactance-to-resistance ratio.

CONCLUSION

A general inspection of the chart will reveal some
conclusions of interest. In most applications the shape
factor will fall between 2% and 5. Further improvement
in shape factor becomes increasingly more difficult of
attainment as the number of circuits used increases.
Beyond eight or ten circuits, improvement in shape fac-
tor is very expensive in terms of circuits required.
Increasing coupling to more than 25 per cent over
critical is not very effective in improving shape factor.
Shape factors using a permissible amount of over-
coupling attain a figure approximately half that ob-
tained by cascading the same number of circuits singly
(C=0). Overcoupling of an amount in the region of
125 per cent critical is usually quite acceptable; a pair
of circuits coupled at C=1.25 will produce a response
curve with 2.5 per cent rise at the double peaks
(U=0.975).



