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plex versions can be compared and contrasted with it alterwards; at the

same time the overall system is heing treated from a practieal point of
(6 -1) ; ‘ i
( - T Q,.AOSU Q. doccdalan, arac ale Su.f%‘.ﬂﬁ}'&fcdrw MW\
/\) 7-2.1 RF Section and Characteristics

A radio receiver always has an RF section, which is a tuned (and
tunable) circuit, connected to the antenna terminals. It is there to select
the wanted frequency and reject some of the unwanted frequencies.
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Fig. 7-2 The superheterodyme receiver.

_ constant frequency difference is maintained Dbetween the local
oscillator and the R circuits, normally through capacitance tuning, in
which all the capacitors are ganged together and operated in unison by
one control knob. The IF amplifier generally uses two or three trans-
formers, each consisting of a pair of mutually coupled tuned circuits.
With this large number of double-tuned circuits operating at a constant,
specially chosen frequency, the IF amplifier provides most of the gain
(and therefore sensitivity) and bandwidth requirements of the receiver.
Since the characteristics of the IF amplifier are independent of the
frequency to which the receiver is tuned, the selectivity and sensitivity of
the superhet are usually fairly uniform throughout its tuning range, and
not subject to the variations that beset the TRIT receiver. The RF circuits
_are now usced mainly to select the wanted frequency, to reject interference
such as the image frequency and (especially at high frequencies) to
reduce the noise figure of the receiver.

p The advantages of the superheterodyne receiver make it the most
suitable type for the great majority of radio receiver applications; AM,
M, communications, single-sideband, television and even radar receivers
all use it, with only slight modifications in principle. It may be considered
as today’s standard form of radio receiver, and as such it will now be
examined in some detail, section by section.

7-2 AM RECEIVERS

Since the type of receiver is much the same for the various forms of
modulation, it has ben found most convenient to explain the principles
of a superheterodyne receiver in general while dealing with AM receivers
in particular. In this way, a basis is formed with the aid of a simple
example of the use of the superheterodyne principle, so that more com-

[Towever, such a receiver need not have an RF amplifier following this
tuned circuit. Il there is an amplifier, its output is fed to the mixer, at

whose input another tunable circuit is present. In many instances, how-

ever, the tuned circuit connected to the antenna is the actual input
circuit of the mixer; the receiver is then said to have no RIF amplifier or,
more simply, no RI¥ stage.

Reasons for use and {unctions of RF amplifier The recciver having an

RIF stage is undoubtedly superior in performance to the receiver without

one, all else being equal. On the other hand, there are some instances in

which an RFF amplifier is uncconomical, i.e., where its inclusion would
increase the cost of the receiver significantly but would improve per-

[ormance only marginally. The best example of this kind of receiver is

one which is used for entertainment purposas in a high-signal-strength

area, such as the metropolitan area of any large city.
The benefits accruing from the use of an RF amplifier are as follows

(reasons 4 to 7 are either more specialized or less important):

) 1. Greater gain, i.e., better sensitivity

5 Improved image-frequency rejection

. Improved signal-to-noise ratio _

. Improved rejection of adjacent unwanted signals, ie., Detter

selectivity .

5. Better coupling of the receiver to the antenna (important at VIII®
and above)

6. Prevention of spurious frequencies from entering the mixer and
heterodyning there to produce an interfering frequency equal to
the IF from the desired signal

7. Prevention of reradiation of the local oscillator through the
antenna of the receiver (rare)

L0 MO

i

The single-tuned, transformer-coupled type is the amplifier most
commonly employed for REF amplification, as illustrated in Fig. 7-3. Both
diagrams in the figure are seen to have an RI gain control, which is very
rare with domestic receivers but quite common in communications
receivers. Whereas the medium-frequency amplifier of Fig. 7-3a is quite
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Fig. 7-3  Transistor RF amplifiers. (a) Medium frequency; (b) VHI.

straightforward, the VIIF amplifier of Fig. 7-3b contains a number of
refinements. Feedthrough capacitors are used as bypass capacitors and, in
conjunction with the RI" choke, to decouple the output from the HT.
Such feedthrough capacitors are almost invariably provided for by-
passing at VHF, and often have a value of 1000 pF. In addition, a
single-tuned circuit is used at the input, and is coupled to the antenna
by means of a trimmer (the latter being manually adjustable for match-
ing to different antennas). Such coupling is used here because of the
high frequencies involved. It should also be mentioned that integrated
circuits, rather than discrete ones as shown, are used in some receivers.
Finally, RF amplifiers have the input and output tuning capacitors
ganged to each other and to the one tuning the local oscillator.

Sensitivity The sensitivity of a radio receiver is its ability to amplify
weak signals. It is often defined in terms of the voltage that must be
applied to the receiver input terminals to give a standard output power,
measured at the output terminals. For AN broadcast receivers several
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of the relevant quantities have been standardized. Thus 30 percent modu-
lation by a 400-Hz sine wave is used, and the signal is applied to the
receiver through a standard coupling network known as a dummy
antenna. The standard output is 50 mW, and for all types ol receivers
the loudspeaker is replaced by a load resistance of equal value.

Sensitivity is often expressed in microvolts or in decibels below one /“V N ABV

volt, and measured at three points along the tuning range when a
production receiver is lined up. It is seen that Fig. 7-4 shows the
sensitivity curve to vary over the tuning hand. At 1000 kIlz input fre-
quency, this particular receiver has a sensitivity of 12.7 .V, or —98 dBV
(dB below 1 V). Sometimes the above definition is extended, and a
manufacturer may quote the sensitivity to be, not merely -12.7 .V for
this receiver, but “12.7 uV for a signal-to-noise ratio of 20 dB in the
output of the receiver.” For professional receivers, there is a tendency to
quote the sensitivity in terms of signal power required to produce a
minimum acceptable output signal with a minimum acceptable output
noise level. The measurements are made under the conditions described.
For instance, if the sensitivity of the receiver of Fig. 7-4 at 1000 kHz were
to be quoted in this way, we might assume that its input impedance was
50 @, and 50 mW happened to be the minimum acceptable value for the
(output) signal-to-noise ratio. The minimum input power would thus be
P=E/R = (127 x 10-%)2/50 = 3.23 x 10-'* = 3.23 -pW. This is awk-
ward, and is best converted to dB below 1 m\WV o dBm Finally, therefore,
under the heading of “Sensitivity” in the specifieations of a receiver, a
manufacturer might quote “a —85-dBm 1-MHz signal, 30 percent modu-
lated with a 400-Hz sine wave will, when applied to the input terminals of
this receiver through a dummy antenna, produce an output of at least
50 mW with a signal-to-noise ratio not less than 20 dB in the output.”

The most important factors determining the sensitivity of a super-
heterodyne receiver are the gain of the IF amplifier(s) and that of the
RF amplifier, if there is one. It is also obvious from the foregoing that
the noise figure plays an important part. Figure 7-4 shows the noise
figure plot of a rather good domestic or car radio. Portable and other
small receivers used only for the broadcast band might have a sensitivity

15 R e (S =
14 S— //..__,_‘._
>
E 3
51 //
= /
3 12 ] < S [ N
& M~] 1
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Fig. 7-4  Sensitivity curve for good
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Fig. 7-5 Typical selectivity curve.

in the vicinity of 15() 1V, whereas the sensitivity of quality communica-
tions receivers may be below 1 nVin the IIF band.

Selectivity The selectivity of a receiver is its ability to reject (adjacent)
unwanted signals. It is expressed as a curve, such as the one of Fig. 7-5,
which virtually shows the attenuation that the receiver offers to signals
at frequencies adjacent to the one to which it is tuned. Selectivity is
measured at the end of a seusitivity test with conditions the same as for
sensitivity, except that now the frequency of the generator is varied to
either side of the frequency to which the receiver is tuned. Naturally the
output of the receiver falls since the input frequency is now incorrect.
Thus the input voltage must be increased until the output is the same as
it was originally. The ratio of the voltage required off resonance to the
voltage required when the generator is tuned to the receiver’s frequency
is calculated at a number of points, and then plotted in decibels to give
a curve, of which the one in Fig. 7-5 is representative. Looking at the
curve, we sce that, for example, at 20 kHz below the receiver tuned
frequency, an interfering signal would have to be 60 dB greater than
the wanted signal to come out with the same amplitude,

Selectivity varies with receiving frequency, and hecomes somewhat
worse when the receiving frequency is raised. In general, it is determined
by the response of the IF section, with the mixer and RI amplifier input
circuits playing a small hut significant part. It should be noted that it is
selectivity that determines the adjacent-channel rejection of a receiver.,

Image frequency and its rejection In a standard broadcast receiver
(and, in fact, in the vast majority of all receivers made) the local oscil-
lator frequency is made higher than the incoming signal frequency for
reasons that will become apparent. It is made equal to the signal
frequency plus the intermediate frequency at all times. Thus fo=fs + fi,
or f, = f, — fi, no matter what the signal frequency may be. When fs and
fo are mixed in the frequency changer, the difference frequency, which
is one of the byproducts. is equal to f;. As such, it is the only one passed
and amplified by the IF stage.
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If a frequency f,; manages to reach the mixer, such that foi = fa + fi,
thatis, f,; = f, + 2f;, then this frequency will also produce f; when mixed
with f,. Unfortunately, this spurious intermediate frequency signal will
also be amplified by the IF stage, and will therefore provide interference.
This has the effect of two stations being received simultancously and is
naturally undesirable. fsi is called the image frequency, and is defined as
the signal frequency plus twice the intermediate frequency. Reiterating,
we have

fni:fa+2fi (7-1)
The rejection of an image frequency by a single-tuned circuit, i.e., the

ratio of the gain at the signal frequency to the gain at the image fre-
quency, is given by

= \/1 + Q2p2 (7;2)
where -

=fi _fo 7.3
Pi = fs fsi ( )

Q = loaded Q of tuned circuit

If the receiver has an RF stage, then there are two tuned circuits,
both tuned to f,; the rejection of each will be calculated by the same
formula, and the total rejection will be the product of the two. Whatever
applies to gain calculations applies also to those mvolving rejection.

I'mage rejection depends on the [ront-end selectivity of the receiver
and must be achieved before the IF stage. Once the spurious frequency
enters the first IF amplifier, it becomes impossible to remove it from the
wanted signal. It can be seen that if fsi/fs is large, as it is in the broad-
cast band, the use of an RF stage is not essential for good image-
frequency rejection, but it does become necessary in the short-wave
rauge and beyond.

Example 7-1 1In a broadcast superheterodyne receiver having no RF
amplifier, the loaded Q of the antenna coupling circuit (at the input to the
mixer) is 100. If the intermediate frequency is 455 kllz, calculate (a)
the image frequency and its rejection ratio at 1000 kllz and (L) the
image frequency and its rejection ratio at 25 MHz.

(@) fii= 1000+ 2 X 455 = 1910 kHz

1910 1000 _
P =1000 ~ 1570 = 1-910 — 0.524 = 1.386

a«=1+1002x 1.386* = v/1 4 138.6° = 138.6
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This is 42 dB, and is considered adequate for domestic receivers in
the MF band.
(b) f.i=25+2x 0455 =25.91 MHz
2591 95

p= 98 T 9501~ 1.0364 — 0.9649 = 0.0715

a =1+ 100% x 0.0715? = /1 4 7.152 = 7.92
It is apparent that this rejection is insufficient for a practical receiver
. in the HF band.
Example 7-1 shows, as it was meant to, that although image rejec-
tion need not be a problem for a broadcast receiver without an RF stage,
special precautions must be taken at HTF. This will be seen in Sec. 7-3,
but two possibilities can be explored now, in Example 7-2.

Example 7-2 In order to make the image frequency rejection of the
receiver of Example 7-1 as good at 25 MHz as it was at 1000 kITz, cal-
culate (@) the loaded Q which an RF amplifier for this receiver would
have to have and (b) the new intermediate frequency that would be
nceded (if there is to be no REF amplifier).

(a) Since the mixer already has a rejection of 7.22, the image rejec-
‘ tion of the RIF stage will have to be

38.
o = 1386 _ 19.2 = V14 Q2 x 0.07152

729 =
19901
‘ Q" =~50718

V 367.6

0.0715

‘ Understandably, of course, a well-designed receiver would have the
‘ same Q for both tuned circuits. Here this works out to 164 each, that
being the geometric mean of 100 and 268,
(b) If the rejection is to be the same as initially, through a change in
the intermediate frequency, it is apparent that p will have to be the same
as in Example 7-1 a, since the Q is also the same. Thus

Q' = = 268

fo fi 1000 1910
£ _ 1910 _
fi T 1000 e
95 + ofi
= =]

25 4+ 2fi =191 x 25

,_191x25—-925 091x295
fi= B ==

=114 MHz

Double spotting This is a well-known phenomenon, which manifests
itself by the picking up of the same short-wave station at two nearby
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points on the receiver dial. It is caused by poor front-end selectivity, i.e.,
inadequate image-frequency rejection. That is to say, the front end of
the receiver does not select different adjacent signals very well, but,
fortunately, the IF stage takes care of eliminating almost all of them.
This being the case, it is obvious that the precise tuning of the local
oscillator is what determines which signal will be amplified by the [IF
stage. Within broad limits, the setting of the tuned circuit at the input of
the mixer is far less important (it being assumed that there is no RF
amplifier in a receiver which badly suffers from double spotting). Con-
sider such a receiver at F, having an IF of 455 kllz. If there is a strong
station at (say) 14.7 Mz, the receiver will naturally pick it up—note
that, when it does, the local oscillator frequency will be 15.155 NIz
However, the receiver will also pick up this strong station when it (the
receiver) is tuned to 13.790 MIIz. When the receiver is tuned to the
second frequency, its local oscillator will be adjusted to 14.245 NIz
Since this is exactly 455 kHz below the frequency of the strong station,
the two signals will produce 455 kllz when they are mixed, and ol
course the IF amplifier will not reject this signal. If there had been an
RF amplifier, the 14.7-MIz signal might have been rejected before
reaching the mixer, but without an RIF amplifier this receiver cannot
adequately reject 14.7 Mz when it is tuned to 13.79 M1Iz.

Double spotting is harmful to the extent that a weak station may be
masked by the reception of a nearby strong station at the spurious point
on the dial. As a matter of fact, double spotting may be used to caleulate
the intermediate frequency of an unknown recciver, since the spurious
point on the dial is precisely 2f; below the correct frequency.

As expected, an improvement in image-frequency rejection will
produce a corresponding reduction in double spotting.

7-2.2 Frequency Changing and Tracking

Generally speaking, a frequency changer' is a nonlinear resistance having
two sets of input terminals and one set ol output terminals. The signal
from the antenna or from the preceding RE amplifier is fed to one set
of input terminals, while the output of the local oscillator is fed to the
other set. As was shown in Eq. (6-8), such a nonlinear resistance will
have several frequencies present in its output, including the difference
between the two input frequencies—in modulation work this was called
the lower sideband. The difference frequency here is the intermediate
frequency, and is the one to which the output circuit of the mixer is
tuned.

The most common types of mixers are the bipolar transistor, FET
and integrated circuit. All three are generally self-excited, so that the

! More commonly called a miver, sometimes a converter, and. in the carly days of
radio, the first detector.
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device acts as both oscillator and mixer. When tubes were common, the
pentagrid and triode-hexode were made specially for self-excited mixer
duty. At UHF and above, crystal (i.e., silicon) diodes have been used
as mixers.since hefore World War II, because of their low noise figures.
These and other diodes, with even lower noise figures, are still so used, as
will be seen in the microwave chapters. Naturally, diode mixers are
separately excited.

Conversion transconductance It will be recalled that the coeflicient of
nonlinearity of most nonlinear resistances is rather low, so that the IF
output of the mixer will be very low indeed unless some preventive steps
are taken. The usual step is to make the local oscillator voltage quite
large, 1 V rms or more to a mixer whose signal input voltage might be
100 1V or less. That this has the desired effect is shown by term (V) of
Eq. (6-8). It is then said that the local oscillator varies the bias on the
miver from zero to cutoff, thus varying the transconductance in a non-
linear manner. The mixer amplifies the signal with this varying g, and
an IF output results.

Like any other amplifying device, a mixer has a transconductance.
However, the situation here is a little more complicated, since the output
frequency is different from the input frequency. Conversion transcon-
ductance is defined as

A, (at the intermediate frequency ) (7-4)
7 Ae, (at the signal frequency)

Ao — OHT
_[C IF
b
T a M o .
IFT1
Mixer
coil Oscillator

|

E JHr N D coil ’ T2
R T
C G C
_ b g - L
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Ap 5 ? ;f '—{ Cr,

L A
Men \
N \\
\\ \\
\\ Ganged A

Fig. 7-6  Separately excited FET mixer.
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The conversion transconductance of a transistor mixer is of the order
of 6 mS, which is decidedly lower than the g, of the same transistor used
as an amplifier. Since g, depends on the size of the Tocal oscillator voltage,
the above value refers to optimum conditions.

Separately excited mixer In this circuit, which is shown in Fig. 7-6, one
device acts as a mixer while the other supplies the necessary oscillations.
In this case, T, the FET, is the mixer, to whose gate is fed the output of
T., the bipolar transistor Hartley oscillator. A FET is well snited for mixer
duty, because of the square-law characteristic of its drain current. Note
the ganging together of the tuning capacitors across the mixer and
oscillator coils, and that each in practice has a trimmer (C+,) across it for
fine adjustment by the manufacturer. Note further that the output is
taken via a double-tuned transformer (the first IF transformer) in the
drain of the mixer, and fed to the IF amplifier. The arrangement as
shown is most common at higher frequencies, whereas in domestic
reccivers a sclf-excited mixer is more likely to be encountered.

Self-excited transistor mixer[1] The transistor circuit of Fig. 7-7 is best
considered at each frequency in turn. First, however, the significance of
the L.~L, arrangement must be explained; it is necessary that the tuned
circuit L,~C,; be placed between collector and ground, but only for ac
purposes. Furthermore, the construction of a ganged capacitor (C,; is one
of its sections) is such that in all the various sections the rotating plates
are connected to one another via the rotor shaft. To avoid difficulties, the
rotor of the gang is grounded. Thus one end of C,; must naturally go to

Antenna coil

Oscillator coil
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ground, and yet there must be a continuous path for direct current from
HT to collector. One of the solutions to this problem would be the use
of an RF choke instead of L,, and the connection of a coupling capacitor
from the bottom of L, to the top of L,, but the arrangement as shown is
equally effective and happens to be simpler and cheaper. It is merely
inductive coupling instead of a coupling capacitor, and an extra trans-
former winding instead of an RF choke.

Now, at the signal frequency, the collector and emitter tuned circuits
may be considered as being effectively short-circuited so that (at the RF)
we have an amplifier with an input tuned circuit and an output that is
indeterminate. At the IF, on the other hand, the base and emitter circuits
are the ones which may be considered short-circuited. Thus, at the IF, we
have an amplifier whose input comes from an indeterminate source, and
whose output is tuned to the IF. Both these “amplifiers” are common-
emitter amplifiers.

At the local oscillator frequency, the RF and IF tuned circuits may
both be considered as though they were short-circuited, so that the equiva-
lent circuit of Fig. 7-8 results (at f, only). This is seen to be a tuned-
collector Armstrong oscillator of the common-base variety.

We have considered each function of the frequency changer indi-
vidually, but the circuit performs them all simultaneously, of course.
Thus, the circuit oscillates, the transconductance of the transistor is
varied in a nonlinear manner at the local oscillator rate, and this variable
g is used by the transistor to amplify the incoming R signal. Hence
heterodyning occurs, with the resulting production of the required inter-
mediate frequency.

Superheterodyne tracking The superheterodyne receiver (or any re-
ceiver for that matter) has a number of tunable circuits which must all be
tuned correctly if any given station is to be received. For obvious reasons,
the various tuned circuits are coupled mechanically so that only one
tuning control and dial are required. In turn, this means that no matter
what the received frequency, the RFF and mixer input tuned circuits must
be tuned to it. The local oscillator must simultaneously be tuned to a
frequency precisely higher than this, by the intermediate frequency. Any
errors that exist in this frequency difference will result in an incorrect

Fig. 7-8 Mixer equivalent at fo.
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frequency being fed to the IF amplifier, and must naturally be avoided.
Such errors as exist are called tracking errors, and they result in stations
appearing away from their correct position on the dial.

Keeping a constant frequency difference between the local oscillator
and the front-end circuits is possible neither in theory nor in practice;
thus some tracking errors must always occur. The best that can be
accomplished is a difference frequency that is equal to the 1T at two
preselected points on the dial, along with some errors at all other points.
However, if a coil is placed in series with the local oscillutor ganged
capacitor, or, more commonly, a capacitor in series with the local oscillator
coil, then three-point tracking results and has the appearance of the solid
curve of Fig. 7-9. The capacitor in question is called a padding capacitor
or a padder and is shown (labeled C,) in Figs. 7-6 and 7-7. The wanted
result has been obtained because the variation of the local oscillator coil
reactance with frequency has heen altered. The three [requencies of
correct tracking may be chosen in the design of the receiver and are often
as shown in Fig. 7-9, that is, just above the bottom end of the band (600
kITz), somewhat below the top end (1500 kllz), and at the geometric
mean of the two (950 kHz).

It is entirely possible to keep maximum tracking error below 3 kIlz,
as shown; a value as low as that is generally considered negligible.
However, since the padder has a fixed value, it provides correct three-
point tracking only if the adjustable local oscillator coil has been
preadjusted, i.e., aligned, to the correct value. If this has not been done,
then incorrect three-point tracking results, or the center point may dis-
appear completely, as shown in Fig. 7-9.

Local oscillator In receivers operating up to the limit of short-wave
broadeasting, that is, 36 MIIz, the most common types of local oscillators
are the Armstrong and the Hartley. The Colpitts, Clapp, or Ultra Audion
oscillators are used at VIHEF and above, with the Iartley also having
some use if frequencies do not exceed ahout 120 NIz, Note that all
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these oscillators are LC and that cach employs only one tuned circuit to
determine its frequency. Where, for some reason, the frequency stability
of the local oscillator must be particularly high, AFC (see Secs. 5-3.3 and
7-3.2) or a frequency synthesizer (see Secs. 3-5 and 7-5.2) may be used.
Ordinary local oscillator circuits are shown in Figs. 7-6 and 7-7.

The frequency range of a broadcast receiver local oscillator is calcu-
lated on the basis of a signal frequency range from 540 to 1650 klTz, and
an intermediate frequency which is (very often) 455 kllz. Tor the usual
case of local oscillator frequency above signal frequency, this range is 995 to
2105 kHz, giving a ratio of maximum to minimum frequencies of 2.2:1.
If the local oscillator had been designed to be below signal frequency,

the range would have been 85 to 1195 kHz, and the ratio would have

been 14:1. The normal tunable capacitor has a capacitance ratio of
approximately 10:1, giving a frequency ratio of 3.2:1. Hence the 2.2:1
ratio required of the local oscillator operating above signal frequency is
well within range, whereas the other system has a frequency range that
cannot be covered in one sweep. This is why the local oscillator frequency
is always made higher than the signal frequency in receivers with
variable-frequency oscillators.

It may be shown that tracking dificulties would disappear if the
frequency ratio (instead of the frequency difference) were made constant.
Now, in the usual system, the ratio of local oscillator frequency to signal
frequency is 995/540 = 1.84 at the hottom of the broadcast band, and
2105/1650 = 1.28 at the top of the band. In a local-oscillator-below-signal-
frequency system, these ratios would he 6.35 and 1.38, respectively. This
is a much greater variation in frequency ratio, and would result in far
more troublesome tracking problems.

7.2.3 Intermediate Frequencies and IF Amplifiers

Choice of frequency The intermediate frequency of a receiving system
is usually a compromise, since there are reasons why it should be neither
low nor high, nor between the two. The following are the major factors
influencing the choice of the intermediate frequency in any particular
system:

1. If the intermediate frequency is too high, poor selectivity and
poor adjacent-channel rejection result.

2. A high value of intermediate frequency increases tracking diffi-
culties.

3. As the intermediate frequency is lowered, image-frequency rejec-
tion becomes poorer. Equations (7-1), (7-2) and (7-3) showed
that rejection is* improved as the ratio of image [requency to
signal frequency is increased, and this, naturally, requires a high
intermediate frequency. Extrapaolating, it is seen that image-
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frequency rejection becomes worse as signal frequency is raised,
as was shown by Example 7-1a and b.

4. A very low intermediate frequency makes the selectivity too
sharp, cutting off the sidebands. This problem arises because the
Q must be low when the TF is low, and hence the gain per stage
is low. Thus a designer is more likely to raise the Q than to in-
crease the number of IF amplifiers.

5. If the IF is very low, the frequency stability of the local oscillator
must be made correspondingly higher because any frequency
drift is now a larger proportion of the low IT than of a high IF.

6. The intermediate frequency must not fall within the tuning range
of the receiver, or else instability will occur and heterodyne
whistles will be heard, making it impossible to tunc to the
frequency band immediately adjacent to the intermediate fre-
quency.

Frequencies used As a result of many years’ experience, the foregoing
requirements have been translated into specific frequencies. whose use is
fairly well standardized throughout the world (but by no means com-
pulsory). These are as follows:

1. Standard broadcast AM receivers [tuning to 540 to 1650 kllz,
perhaps 6 to 18 MHz, and possibly even the European long-wave
band (150 to 350 kHz)] use an IF within the 438- to 465-kHz
range, with 455 kHz the most popular frequency and becoming
even more so.

2. AM, SSB and other receivers employed for short-wave or VIIF
reception have a first IF often in the range from about 1.6 to 2.3
MHz. (Such receivers have two or more different intermediate
frequencies. See Sec. 7-3.1.)

3. FM receivers using the standard 88- to 108-MHz band have an
IF which is almost always 10.7 MHz.

4. Television receivers in the VIIF band (54 to 223 MIIz) and in the
UHT band (470 to 940 MIlz) use an IIF between 26 and 46 M1z,
with about 36 and 46 MHz the two most popular values.

5. Microwave and radar receivers, operating on frequencies in the
1- to 10-GHz range, use intermediate {requencies depending on
the application, with 30, 60 and 70 MHz among the most popular.

By and large, services covering a wide frequency range have II's
somewhat below the lowest receiving frequency, whereas other services,
especially fixed-frequency microwave ones, may use intermediate fre-
quencies as much as 40 times lower than the receiving frequency.

IF amplifiers The IF amplifier is a fixed-frequency amplifier, with the

o
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Fig. 7-10 Two-stage IF amplifier.

very important function of rejecting adjacent unwanted frequencies. It
should thus have a frequency response with steep skirts. When the desire
for a flat-topped response is added, the resulting recipe is for a double-
tuned or stagger-tuned amplifier. Whereas FET and integrated circuit IF
amplifiers generally are (and vacuum-tube ones always were) double
tuned at the input and at the output, bipolar transistor amplifiers often
are single tuned. A typical bipolar IF amplifier for a domestic receiver
is shown in Fig. 7-10. It is seen to be a two-stage amplifier, with all IF
transformers single tuned. This departure from a single-stage, double-
tuned amplifier is for the sake of extra gain, and hence receiver sensitivity.

Although a double-tuned circuit rejects adjacent frequencies far
better than a single-tuned circuit, bipolar transistor amplifiers, on the
whole, use single-tuned circuits for interstage coupling. The reason is
simply that greater gain may be achieved in this way because of the
need for tapping coils in tuned circuits. This tapping may be required to
obtain maximum power transfer and a reduction of the damping of the
circuit involved. It will be recalled that the bandwidth of a tuned circuit
depends on its Joaded Q, which depends on the unloaded Q and the
external damping resistance. Since transistor impedances may be low,
tapping is employed, together with somewhat lower inductances than
would have been used with tube circuits. If a double-tuned trans-
former is used, both sides of it might have to be tapped, rather than just
one side as with a single-tuned transformer. Thus a reduction in voltage
would be applied to each transistor electrode, and hence a general reduc-
tion in gain. Note also that neutralization may have to be used in the
transistor IF amplifier, depending on the frequency and the type of
transistor employed.

When double tuning is used, the coefficient of coupling varies from
0.8 times critical to critical; overcoupling is not normally used with-
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() Circuit diagram (b) Input and oulpul voltages

Fig. 7-11 Simple diode detectar.

out a special reason. Finally, the IF transformers are often all made
identical so that they are interchangeable.

7-2.4 Detection and Automatic Gain Control (AGC)

Operation of diode detector The diode is by far the most common
device used for demodulation (or detection), and its operation will now
be considered in detail. On the circuit of Fig. 7-11a, C is a small capaci-
tance and R is a large resistance; the parallel combination of R and C is
the load resistance across which the rectified output voltage E, is
developed. At each positive peak of the RF cycle, C charges up to a
potential almost equal to the peak signal voltage E,. The difference is due
to the diode drop, since the forward resistance of the diode is small (but
not zero). Between peaks a little of the charge in C decays through R, to
be replenished at the next positive peak. The result is the voltage E,,
which reproduces the modulating voltage accurately, except for the small
amount of RF ripple. Note that the time constant of the RC combination
must be slow enough to keep the RF ripple as small as possible, but
sufficiently fast for the detector circuit to follow the fastest modulation
variations.

This simple diode detector has the disadvantages that E,, in addition
to being proportional to the modulating voltage, also has a dc component,
which represents the average envelope amplitude (i.e., carrier strength),
and a small RF ripple. However, the unwanted components are removed
in a practical detector, leaving only the intelligence and some second
harmonic of the modulating signal. -

Practical diode detector A number of additions have been made to the
simple detector, and its practical version is shown in Fig, 7-12. The circuit
operates in the following manner. The diode kas been reversed, so that
now the negative envelope is demodulated. This has no effect on detec-

* tion, but it does ensure that a negative AGC voltage will be available, as
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Exponential

T Fig. 7-15 Diagonal clipping.

to follow the change. As a result, the currrent will decay exponentially,
as shown in Fig. 7-15, instead of following the waveform; this is called
diagonal clipping. It does not normally occur when percentage modula-
tion (at the highest modulation frequency) is below about 60 percent,
so that it is possible to design a diode detector that is free from this type
of distortion. Nevertheless, one should still be aware of its existence as
a limiting factor on the size of the RF filter capacitors.

7-3 COMMUNICATIONS RECEIVERS

A communications receiver is one whose main function is the recep-
tion of signals used for communications rather than for entertainment.
It is a radio receiver designed to perform the tasks of low- and
high-frequency reception better than the type of set found in the average
houschold. In turn, this makes the communications receiver useful in
other applications, such as the detection of signals from high-frequency
impedance bridges (where it is used virtually as a high-sensitivity tuned
voltmeter), signal-strength measurement, fairly accurate frequency mea-
surement, and even detection and display of individual components of a
high-frequency wave (such as an FM wave with its many sidebands).
It is often operated by electronically qualified people, so that any added
complications in its tuning and operation are not necessarily detrimental,
as they would have been in a receiver to be used by the general public.

The communications receiver is similar in many respects to the
ordinary home receiver, as the block diagram of Fig. 7-16 and the photo-
graph of Fig. 7-17 demonstrate. Both are, for example, superheterodyne
receivers, but in order to perform its tasks the communications receiver
has a number of modifications and added features. These are the subject
of this scction, in which the strange new blocks of Fig. 7-16 will also be
treated.

7-3.1 Extensions of the Superheterodyne Principle

Whereas some of the circuits found in communications receivers, such
as tuning indicators and beat-freuency oscillators, may be said to be
mere additions, other circuits appear to extend the superheterodyne
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Fig. 7-16  Basic block diagram of communications recejver.

Detector

princip-le further. Delayed AGC and double conversion are but two of
these circuits. It has thus been found convenient to subdivide the topic

into. extensions of the superheterodyne principle on the one hand, and
additions to it on the other.

Input stages It is common to have one, or sometimes even two, stages

of RI* amplification. Two stages are preferable if extremely high sensi-
tivity and low noise are required, although some complications in track-
ing are bound to occur. Regardless of the number of input stages, some
system of band changing will have to be used if the receiver is to cover

Fig. 7.17  Communications receiver. (Courtesy of Racal Electronics Pty. Ltd.)
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a wide frequency range, as nearly all communications receivers do. This
is compounded by the fact that the normal variable capacitor cannot be
relied upon to cover a frequency ratio much in excess of 2:1 at high fre-
quencies. Band changing is accomplished in either of two ways: by
switching in the required RF, mixer, and local oscillator coils, or by
frequency synthesis.

In order to obtain maximum efficiency from different antenna sys-
tems, or at different frequencies, provision is made in many good-quality
communications receivers for matching various antenna input imped-
ances. For this purpose, different sockets and trimmers, tapped trans-
formers or cven whole matching networks may be provided (sec also
Sec. 10-5). The coupling network, if adjustable, is not normally meant
to be continuously tunable, but it is simply tuned for optimum results
in the middle of each band.

Bandspread A bandspread control is an essential adjunct of communi-
cations receivers. As the name implies, bandspreading permits stations
transmitting on frequencics very close to each other to be resolved by the
receiver. This is achieved by increasing the physical distance between
them on the dial, or by providing a subsidiary dial on which they can be
separated. Either mechanical or electrical means may be used to pro-
vide bandspread.

In the mechanical system, the bandspread control is geared to the
main tuning control. The gearing is made such that the fine control is
very similar to a vernier, and one turn of the main control corresponds
to several turns of the fine tuning. In one such commercial receiver, the
fine-tuning mechanism is gear-driven, and the bandspread reduction is
140:1. The receiver of Fig. 7-17 produces the same results with synthesis
and a digital frequency display as shown. Some provision must be made
for the disconnection of the mechanical type of bandspread to permit
rapid access from one end of the dial to the other.

In the clectrical bandspread system, the ganged capacitor is shunted
by a ganged trimmer, which may give a variation of 30 pF for a full
revolution where the main tuning control gives 300 pF. The close sta-
tions are separated once again, but this time on a separate dial. Mechan-
ical bandspread is quite common in current rececivers, electrical band-
spread is in decline, and frequency synthesis is very much on the
upswing,

Double conversion Comunications receivers, and some high-quality
domestic AM receivers, have more than one intermediate frequency—
generally two, but sometimes even more. When a receiver has two di.f—
ferent ITs, as does the one shown in block form in Fig. 7-16, it is then said
to be a double-conversion receiver. The first IT" is high, generally sev-
eral megahertz, and the second one quite low, of the order of 200 kHz
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or even less. After leaving the RF amplifier, the signal in such a receiver
is still mixed with the output of a local oscillator. This is similar in all
respects to the local oscillator of a domestic receiver, except that now
the resulting frequency difference is a good deal higher than the usual
455 kHz. The high intermediate frequency is then amplified by the high-
frequency IF amplifier, and the output is fed to a second mixer and
mixed with that of a second local oscillator. Since the second local oscil-
lator frequency is normally fixed, this could be a crystal oscillator, and
in fact very often is, in nonsynthesized receivers. The low second inter-
mediate frequency is amplified by an LF IF amplifier, and then detected
in the usual manner.

Double conversion is essential in communications receivers. As will
be recalled from Sec. 7-2.3, the intermediate frequency selected for any
receiver is bound to be a compromise since there are equally compelling
reasons why it should be both higher and lower. Double conversion
avoids this compromise. The high first intermediate frequency pushes
the image frequency further away from the signal frequency, and there-
fore permits much better attenuation of it. The low sccond IF, on the
other hand, has all the virtues of a low fixed operating frequency, par-
ticularly sharp selectivity and hence good adjacent-channel rejection.

Please note that the high intermediate frequency must come first.
If this does not happen, the image frequency will he insufficiently rejected
at the input and will become inextricably mixed with the proper signal,
so that no amount of high IF stages will make any difference afterward.

The result of having two such intermediate frequencies is that
double-conversion receivers provide a combination of higher image and
adjacent-frequency rejection than can be achieved with the simple
superheterodyne system. It should be noted, on the other hand, that
double conversion offers no great advantages for broadcast or other
medium-frequency receivers. However, it is essential for receivers operat-
ing in the crowded short-wave bands. See also Sec. 7-5.1 and Ref. 2 for
a further discussion of double conversion and its achievement with novel
techniques.

Delayed AGC  Simple AGC, as treated in Sec. 7-2.4, is clearly an im-
provement on no AGC at all, in that the gain of the receiver is reduced
for strong signals. Unfortunately, as Figs. 7-13 and 7-18 both show, even
weak signals do not escape this reduction. Figure 7-18 also shows two
other AGC characteristics. The first is the “ideal” characteristic. In this
no AGC is applied until signal strength is considered adequate, and
after this point a constant average output is obtained no matter how
much more the signal strength rises. The second is the delayed AGC
curve. This shows that AGC bias is not applied until the signal strength
has reached a predetermined level, after which bias is applied as with
normal AGC, but more strongly. As the signal strength then rises, re-
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ceiver output also rises, but relatively slightly. The problem of reducing
the gain of the receiver for weak signals has thus been avoided, as with
“ideal” AGC.

A very common method of obtaining delayed AGC is shown in Fig,
7-19. It uses two separate diodes: the detector and the AGC detector.
These can be connected either to separate transformer windings as
shown, or both to the secondary without too much interference. As
indicated, a positive bias is applied to the cathode of the AGC diode, to
prevent conduction until a predetermined signal level has been reached.
A control is often provided, as shown, to allow manual adjustment of
the bias on the AGC diode, and hence of the signal level at which AGC
is applied. If mostly weak stations are likely to be received, the delay
control setting may be quite high (i.e., no AGC until signal level is fairly
high). Nevertheless, it should be made as low as possible, to prevent
overloading of the last IF amplifier by unexpected stronger signals.

The method just described works well with FETs, and also with
bipolar transistors if the number of stages controlled is large enough.
If in the latter case fewer than three stages are being controlled, it may
not be possible to reduce the gain of the receiver sufficiently for very
strong signals, because of collector leakage current. If that is so, a scc-
ondary method of AGC is sometimes used together with simple AGC, the
overall result being not unlike delayed AGC. A diode is here employed
for variable damping, in a manner akin to that used in the ratio de-
tector, as described in Sec. 7-4.4.

Variable sensitivity and selectivity The ratio of the highest to the lowest
signal strengths which a communications receiver may have to cope with
could be as high as 10°:1. This means that the receiver must have suffi-
cient sensitivity to amplify fully very weak signals, and it must also be
capable of having its gain reduced by AGC action by a ratio of 10°:1, or
100 dB, so as not to overload on the strongest signal. Even the best
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AGC system is not capable of this performance. Apart from the alarm-
ing variations in output that may occur, there is also the risk of over-
loading several of the IF amplifiers, especially the last one, and also the
demodulator diode. To prevent the distortion which. would follow, and
also possibly the permanent damage, the most sensitive communications
receivers incorporate a sensitivity control.' This generally consists of a
potentiometer which varies the bias on the RF amplifier, and is, in fact,
an RI" gain control. The AGC is still present, but it now acts to keep the
sensitivity of the receiver to the level determined by the setting of the
potentiometer. The receiver is now considerably more versatile in han-
dling varying input signal levels.

The selectivity, or, to be more precise, the bandwidth, of the low-
frequency IF amplifier may be made variable over a range that is com-
monly 1 to 12 kHz. The largest bandwidth permits reception of high-
quality broadecasts, whereas the smallest (although it greatly impairs
this quality) reduces noise and therefore increases intelligibly, and will
also reduce adjacent-channel interference. Variable selectivity is achieved
in practice by switching in (noninductive) resistors across the primary
and secondary of the last LF IF transformer. For instance, if this IF is
110 kHz, Q, = (v/2 x 110)/1 = 155 for a bandwidth of 1 kHz This
value is quite feasible, of course. A set of resistors is provided, any of
which may be switched across the tank to give bandwidths of (say)
2,4, 6,8, 10, and 12 kHz. Alternatively, a crystal filter may be used in
a similar manner to provide the narrower bandwidths. Receivers designed
for radiotelegraphy reception may have minimum bandwidths as low as

300 Hz.

A notch filter is sometimes found in a communications receiver. This

! Unfortunately, this statement does not work in reverse. Mere possession of a sensi-
tivity control by a receiver does not guarantee that it is, in fact, a sensitive receiver.

by
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is a wavetrap, or a stop filter, designed to reduce receiver gain at some
specific frequency and therefore help to reject it. It often consists simply
of a series-resonant circuit across one of the LF IF transformers. The
frequency at which this trap is resonant will naturally be rejected since
the load impedance of that amplifier will then be almost short-circuited.
If the capacitor in the series-resonant circuit is made variable, the posi-
tion of the notch can be adjusted so that any one adjacent spurious
signal may be rejected on either side of the IF passband. A crystal gate
(cf. Sec. 3-1.2) may be used similarly. The versatility of the receiver
has naturally been enhanced, since it now has the notch filter, variable
sclectivity and double conversion for suppressing unwanted nearby
signals.

Blocking If a radio receiver is tuned to a weak signal, naturally the
developed AGC will be low and the front-end gain high. If a strong
signal not too distant in frequency is now received, then unless it is
properly rejected, it could develop substantial AGC voltage. Such a high
AGC, caused by a spurious signal, could reduce the gain of the receiver,
perhaps to the point of making the wanted signal inaudible. This situa-
tion is unwelcome and, if the interfering signal is intermittent, it is
intolerable. A receiver whose AGC system has very little reaction to the
nearby spurious signals is said to have good blocking. A good way of
showing how blocking is defined and measured is to state how it is
quoted in receiver specifications. The Redifon R 551 is a receiver with
very good blocking performance, quoted by the manufacturers as fol-
lows: “With a 1 mV EMT A0 (SSB, 1000 Iz tone) wanted signal, a
simultaneous 6 V EMF AQ unwanted signal (at least 20 kHz from
wanted signal) will not reduce the wanted AT output by more than
3dB.”

Needless to say, very high IF rejection of adjacent signals is needed
to produce such excellent blocking performance. Yet this performance
is required in SSB receivers, and all other instances of working in
crowded frequency bands.

7-3.2 Additional Circuits

Whereas the foregoing circuits and characteristics were most easily
classified as extensions of the superheterodyne system, the following are
best thought of as additions. It must however be admitted that the
subdivision, although convenient, is at times a little artificial.

Tuning calibration This consists of having a built-in crystal oscillator,
usually operating at 500 to 1000 kHz, whose output may be fed to the
input of the receiver by throwing the appropriate switch. With the beat-
frequency oscillator in operation (to follow), whistles will now be heard
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at 500- or 1000-kHz intervals, especially since the crystal oscillator works
into a resistive load, so as not to attenuate harmonics of the fundamental
frequency. The calibration of the receiver may now be corrected by
adjustment of the pointer or cursor, which must, of course, be movable
independently of the gang. An elaborate receiver, which is also tunable
to fregencies above 30 MHz, may have a built-in crystal amplificr, whose
function is to amplify the higher harmonics of the crystal oscillator to
make frequency calibration easier at those frequencics. Synthesized
receivers do not require this facility.

Beat-frequency oscillator (BFO) A communications receiver should be
capable of receiving transmissions of Morse Code, i.e., pulse-modulated
RF carrier. In the diode detector of a normal receiver, since there is
no provision for registering the difference hetween the presence and the
absence of a carrier,' such pulse-modulated dots, dashes and spaces
would produce no output whatever from the detector.

In order to make Morse Code audible, the receiver has a l)mlt in
beat-frequency oscillator, normally at the detector, as shown on the
block diagram of Fig. 7-16. The BFO is not really a beat-frequency
oscillator at all; it is merely a simple LC oscillator. The Hartley BIFO is
one of the favorites, operating at a freqency of 1 kHz or 400 Iz above
or below the last intermediate frequency. When the latter is present, a
whistle is heard in the loudspeaker, so that it is the combination of the
receiver, detector, input signal and this extra oscillator which has now
become a beat-frequency oscillator. Since signal is present only during
a dot or a dash in Morse Code, only these are heard; thus the code can
be received satisfactorily, as can radiotelegraphy. To prevent interfer-
ence, the BFO is switched off when normal reception is resumed.

Noise limiter A fair proportion of communications rcccivers are pro-
vided with noise limiters. The name is a little misleading since it is
patently not possible to do anything about random mnoisc in an AM
recciving system (it is possible to reduce random noise in M, as will be
seen). Such a noise limiter is really an impulse-noise limiter, a circuit
for eliminating, or at least reducing, the interfering noise pulses created
by ignition systems, electrical storms or electrical machinery of various
types. This is often done by automatic silencing of the receiver for the
duration of a noise pulse, which is preferable to a loud, sharp noise in the
loudspeaker or headphones. In a common type of noise limiter, a diode
is used in conjunction with a differentiating circuit. The limiter circuit
provides a negative voltage as a result of the noise impulse or any very

' This is not strictly true since there are two ways of doing this, but neither is satis-
factory for Morse Code and dial calibration. First, there is the fact that noise comes
up strongly when the carrier disappears, and second, a signal-strength meter or tuning
indicator wonld show the presence of a carrier, but much too slowly.
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sharp voltage rise, and this negative voltage is applied to the detector,
which is thus cut off. The detector then remains cut off for the duration
of the noise pulse, a period that gencrally does not exceed a few hundred
milliseconds. It is essential to provide a facility for switching off the
noise limiter, or else it will interfere with Morse Code or radiotelegraphy
reception.

There are many different types of noise limiters, all used to suppress
impulse noise; cf. Ref. 3.

Squelch (muting)  When no carrier is present at the input of a sensi-
tive receiver, i.e., in the absence of transmissions on a given channel
or between stations, a sensitive recciver will produce a disagreeable
amount of noise. This is because AGC disappears in the absence of any
carrier, the recciver acquires its maximum sensitivity, and amplifies the
noise present at its input. In many circumstances this is not particularly
important, but in many others it can bc annoying and tiring. Systems
such as those used by the police, ambulances, and coast radio stations, in
which a receiver must be tuned and manned at all times but transmis-
sion is sporadic, are the principal beneficiaries of squelch. This enables
the receiver’s output to remain cut off unless the carrier is present. Apart
from eliminating inconvenience, such a system must naturally increase
the cfficiency of the operator. Squelch is also called muting or quieting.
Quiescent (or quiet) AGC and Codan (carriers operated device, anti-
noise) are similar systems.

The squelch circuit, as shown in Fig. 7-20, consists of a dc amplifier
to which AGC is applied and which operates upon the first audio ampli-
fier of the receiver. When the AGC voltage is low or zero, the de am-
plifier, T,, draws current so that the voltage drop across its load resistor
R, cuts off the audio amplifier, T,; thus no signal or noise is passed.
When the AGC voltage becomes sufficiently negative to cut off T, this
dc amplifier no longer draws collector current, so that the only bias now
on T, is its sclf-bias, furnished by the bypassed emitter resistor R. and
also by the base potentiometer resistors. The audio amplifier now func-
tions as though the squelch circuit were not there.

R, is a dropping resistor, whose function it is to ensure that the
high tension supplied to the collector and base potentiometer of T, is
higher than the high tension supplied (indirectly) to its emitter. Manual
adjustment of R, will allow the cut-in bias of T, to be varied so that
quieting may be applied for a range of selected values of AGC. This
facility must be provided, otherwise weak stations, not generating suffi-
cient AGC, might be cut off. The squelch circuit is normally inserted
immediately after the detector, as shown in Figs. 7-16 and 7-20.

Automatic frequency control As will be recalled from Sec. 5-3.3, the
heart of an ATC circuit is a frequeney-sensitive device, such as the phase
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Fig. 7-20  Typical squelch circuit.

discriminator, which produces a dc voltage whose amplitude and polarity
are proportional to the amount and direction of the local oscillator fre-
quency error. This de control voltage is then used to vary, automatically
the bias on a variable-reactance device, whose output cai)ncitance is thus,
changed. This variable capacitance appears across the (first) local oscil-
]nt.m‘ coil, and (in the manner described in Sec. 5-3.3) the [requency of
this VFO® is automatically kept from drifting with temperature, line
voltage changes or component aging. A block diagram of a rccciver'AFC
system is shown in Fig. 7-21.

It is worth noting that the number of extra stages required to pro-
vide AFC is much smaller in a double-conversion receiver than in the
stabilized reactance modulator, since most of the functions required are
already present. On the other hand, not all receivers require AFC, espe-
cially not synthesized ones. Those that benefit most from its inc’:lusion
are undoubtedly SSB receivers, whose local oscillator stability must be

exceptionally good to prevent drastic frequency variations in the de-
modulated signal.

Metering A built-in meter with a function switch is very often provided
It is very helpful in diagnosing any faults that may occur, since it mea;
sures voltages at key points in the receiver. One of the functions (some-
times the sole function) of this meter is to measure the incoming signal

P J
Variable-frequency oscillator, a commonly used term in such a situation.

3
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Fig. 721 Block diagram of receiver with AFC.

strength. It is then called an S meter, and very often reads the collector
current of an IF amplifier to which AGC is applied, as shown in Fig.
7-22. Since this collector current decreases as the AGC goes up, the
meter has its zero on the right-hand side. The S meter may sometimes
be in an unbalanced bridge and hence forward-reading. In cither case,
the calibration of the meter is likely to be quite arbitrary because of the
great variation of the sensitivity of the receiver through the bands, espe-
cially if there is a sensitivity control or adjustable delayed AGC.

A recciver with an S meter is more versatile than one without, not
only because tuning to a wanted signal can now be more accurate, but
also because the receiver can now be used as a relative signal-strength
mcter and also as the detector for an RF impedance bridge. It can also
be used for applications such as tuning individually to the various side-
band frequencies of an FM signal. This can determine the presence of
those components and demonstrate the disappearance of the carrier for
certain values of modulation index, from which readings deviation and
linearity of the M source may be determined (see Scc. 5-1.3).

FM and SSB reception Some receivers have provision for the reception
of I'M, either the narrowband FM used by mobile networks or the high-
quality broadcast transmissions in the 88- to 108-MHz band. To allow
M reproduction, a receiver requires broadband IF stages, an FM
demodulator and an amplitude limiter; these are described later in this
chapter.

More and more present-day communications receivers have facilities
for single-sideband reception. Basically this means that a product de-
tector (see Sec. 7-5) must be provided, but it is also very helpful if there
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is an AFC system present, as well as variable sclectivity (preferably
with a crystal filter), since the bandwidth used for SSB is narrower than
for ordinary AM.

Diversity reception This is not so much an additional circuit in a com-
munications receiver as a specialized method of using such receivers.
There are two forms: space diversity and frequency diversity.

Whereas AGC helps greatly to minimize some of the cffects of
fading, it cannot help when the signal fades into the noisc level. Diver-
sity-reception systems make use of the fact that although fading may be
severe at some instant of time, some frequency, and some point on carth,
it is extremely unlikely that signals at different points or dilferent fre-
quencies will fade simultaneously. (See also Sec. 9-2.2 for a detailed
description of fading, its various causes and its effects upon reception.)

Both systems are in constant use, by communications authorities,
commercial point-to-point links and the military. In space diversity,
two or more receiving antennas are employed, separated by nine or more
wavelengths. There are as many receivers as antennas, and arrangements
are made to ensure that the AGC from the receiver with the strongest
signal at the moment cuts off the other receivers. Thus only the signal
from the strongest receiver is passed to the common output stages.

Frequency diversity works in much the same way, but now the
same antenna is used for the receivers, which work with simultancous
transmissions at two or more frequencies. Since frequency diversity is
more wasteful of the frequency spectrum, it is used only where space
diversity cannot be employed, such as in restricted spaces where receiv-
ing antennas could not have been separated sufficiently. Ship-to-shore
and ship-to-ship communications are the greatest users of frequency
diversity at HF.

As described, hoth systems are known as double-diversity systems,
in that there arc two reccivers employed in a diversity pattern. Where
conditions are known to be critical, as in tropospheric scatter communi-
ations, quadruple diversity is used. This is a space-diversity system
which has receiver arrangements as just described, with two transmitters
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Fig. 723 FM receiver block diagram.

at each end of the link arranged just like the receivers. This ensures that
s?gnals of adequate quality will be received under even the worsf )o;-
sible conditions. (See Sec. 9-2.4, where tropospher.ic scatter is descrilbed
fully and the use of diversity with it is discussed, and also Ref. 7:) '

'Ijhe'rc is one snag, unfortunately, that applies to diversity systems
and limits their use in voice communications. Since, in general eqcl;
signal travels over a slightly different path, the audi(; output wili h"lve
a phase difference when compared with that of the other receiver(‘s)
As a result, diversity reception is used very often for telegraph orl
data transmission (i.e., pulses), but present diversity systems for voice
communications leave much to be desired, unless some form of pulse
modu'lntion is employed for the voice transmission (the most popular
form is pulse-code modulation, as described in Sec. 15-2.4)

.9, Quky h
o Gl ‘L‘*TZ’“ i vae M.
~7 9.4, 7-4 FM RECEIVE

RS

The FM receiver is a superheterodyne receiver, and the block diagram

of Fig. 7-23 shows just how similar it is to an AM rcceiver. The basic
difference are as follows:

. Much higher operating frequencies in FM.
. Need for limiting and de-emphasis in FM.
. Totally different methods of demodulation.
Different methods of obtaining AGC.

N A

7-4.1 Common Circuits—Comparison with AM Receivers

Alnuml)er of sections of the FM recciver correspond exactly to those of

o i q

t}It er receivers already treated; for example, the same criteria apply in
1e selection of the intermediate frequency, and IF amplifiers are basi-
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cally similar. Again, a number of concepts have very similar meanings so
that only the differences and special applications need be pointed out.

RF amplifiers An RF amplifier is always used in an FM receiver. The
main reason is to reduce the noisc figure, which could otherwise be a
problem because of the large bandwidths needed for M. It is also
required to match the input impedance of the receiver to that of the
antenna. To meet the second requirement, grounded gate (or base) or
cascode amplifiers are employed. Both types have the property of low
input impedance, matching the antenna, and neither requires neutraliza-
tion. This is because the input electrode is grounded in either type of
amplifier, effectively isolating input from output. A typical FET grounded-
gate RF amplifier is shown in Fig. 7-24. It has all the good points men-
tioned, and the added features of low distortion and simple operation.

Frequency changers The oscillator circuit takes any of the usual forms,
with the Colpitts and Clapp predominant, being suited to VHI" opera-
tion. Tracking is not normally much of a problem in I'M broadcast re-
ceivers. This is because the tuning frequency range is only 1.25:1, much
less than in AM broadcasting.

A very satisfactory arrangement for the front end of an FM receiver
consists of FETs for the RF amplifier and mixer, and a bipolar transistor
oscillator. As implied by this statement, separately excited oscillators are
normally used, with an arrangement as shown in Fig. 7-6.

Intermediate frequency and IF amplifiers Again, the types and opera-
tion do not differ much from their AM counterparts. It is worth noting,
however, that the intermediate frequency and the bandwidth required
arc far higher than in AM broadcast receivers. Typical figures for re-
ceivers operating in the 88- to 108-MHz band are an IF of 10.7 MHz
and a bandwidth of 200 kHz. As a consequence of the large bandwidth,
gain per stage may be low. Hence two IF amplifier stages are often
provided, in which case the shrinkage of bandwidth as stages are cas-
caded must be taken into account.

Fig. 7-24 Grounded-gate FET RT amplifier.
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Fig. 7-25 Amplitude limiter.

7-4.2 Amplitude Limiting

In order to make full use of the advantages offered by I'M, a demodu-
lator' must be preceded by an amplitude limiter, as discussed in Chap.
5. This is on the grounds that any amplitude changes in the signal fed
to the 'M demodulator are spurious. They must therefore be removed
if distortion is to be avoided. The point is significant, since most FM
demodulators react to amplitude changes as well as frequency changes.
As can be gathered, the limiter is a form of clipping device, a circuit
whose output tends to remain constant despite changes in the input
signal. Most limiters behave in this fashion, provided that the input
voltage remains within a certain range. The common type of limiter uses
two separate electrical effects to provide a relatively constant output.
These are leak-type bias and early (collector) saturation.

Operation of the amplitude limiter Figure 7-25 shows a typical FET
amplitude limiter. Iixamination of the dc conditions shows that the
drain supply voltage has been dropped through resistor Ry. Also, the
bias on the gate is leak-type bias supplied by the parallel R,~C, com-
bination. Finally, the FET is shown ncutralized by means of capacitor
Cy, in consideration of the high frequency of operation. '

Leak-type bias provides limiting, as shown in Fig. 7-26. When input
signal voltage rises, current flows in the R,~C, bias circuit, and a nega-
tive voltage is developed across the capacitor. It is scen that the bias
on the FET is increased in proportion to the size of the input voltage.
As a result, the gain of the amplifier is lowered, and the output voltage
tends to remain constant.

Although some limiting is achieved by this process, it is insufficient
by itself—the action just described would occur only with rather large
input voltages. To overcome this, early saturation of the output current
is used, achieved by means of a low drain supply voltage. This is the

1 This does not include the ratio detector which (as is shown in Sec. 7-4.4) provides
a fair amount of limiting.
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Fig. 726 Amplitude limiter transfer characteristic.

reason for the drain dropping resistor of Fig. 7-25. The supply voltage
for a limiter is typically one-half of the normal dc drain voltage. The
result of early saturation is to ensure limiting for conveniently low input
voltages. However, it is possible for the gate-drain section to become
forward-biased under saturation conditions, causing a short circuit be-
tween input and output. To avert this, a resistance of a few hundred
ohms is placed between the drain and its tank. This is R of Fig. 7-25.
Figure 7-27 shows the response characteristic of the amplitude
limiter. It indicates clearly that limiting takes place only for a certain
range of input voltages, outside which output varies with input. Re-
ferring simultaneously to Fig. 7-26, we see that as input increases from
value 1 to value 2, output current also rises. Thus no limiting has yet
taken place. However, comparison of 2 and 3 shows that they both yield
the same output current and voltage. Thus limiting has now begun.
Value 2 is the point at which limiting starts, and is called the threshold

Limiting
threshold
1 |
|
3 |
s 2 4
|
|
1 Fe—Limiting range —» 5
]
[ |
i |
| |
o 1 ! Fig. 7-27 Typical limiter response
0.4V av i characteristic.
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of limiting. As input increases from 3 to 4, there is no rise in output; all
that happens is that the output current flows for a somewhat shorter
portion of the input cycle. This, of course, suggests operation like that
of a class C amplifier. Thus the flywheel effect of the output tank circuit
is used here also, to ensure that the output voltage is sinusoidal, even
though the output current flows in pulses. When the input voltage in-
creases sufficiently, as in value 5, the angle of output current flow is
reduced so much that less power is fed to the output tank. Therefore
the output voltage is reduced. This happens here for all input voltages
greater than 4, and this value marks the upper end of the limiting range,
as shown in Fig. 7-27.

Performance of the amplitude limiter It has been shown that the range
of input voltages, over which the amplitude limiter will operate satis-
factorily, is itself limited. The limits are the threshold point at one end
and the reduced angle of output current flow at the other end. In a typi-
cal practical limiter, the input voltage 2 may correspond to 0.4 V, and
4 may correspond to 4 V. The output will be about 5 V for both values
and all voltages in between (note that all these voltages are peak-to-
peak values). The practical limiter will therefore be fed a voltage which
is normally in the middle of this range, that is, 2.2 V peak-to-peak or
approximately 0.8 V rms. It will thus have a possible range of variation
of 1.8 V (peak-to-peak) within which limiting will take place. In turn,
this means that any spurious amplitude variations must be quite large
compared to the signal to escape being limited.

Further limiting It is quite possible for the amplitude limiter described
to be inadequate to its task, because signal-strength variations may easily
take the average signal amplitude outside the limiting range. As a result,
further limiting is required in a practical I'M receiver.

Double limiter

This consists of two amplitude limiters in cascade, an arrangement that
increases the limiting range very satisfactorily. Numerical values given
to illustrate limiter performance showed an output voltage (all values
peak-to-peak, as before) of 5§ V for any input within the 0.4- to 4-V
range, above which output gradually decreases. It is quite possible that
an output of 0.6 V is not reached until the input to the first limiter is
about 20 V. If the range of the second limiter is 0.6 to 6 V, it follows
that all voltages between 0.4 and 20 V fed to the double limiter will be
limited. This will be donce by either one or both of the stages, and will
yield constant output of 6 V. The use of the double limiter is thus seen
to have increased the limiting range quite considerably.
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AGC

A suitable alternative to the double limiter is automatic gain control.
This is to ensure that the signal fed to the limiter is within its limiting
range, regardless of the input signal strength, and also to prevent over-
loading of the last IF amplifier. If the limiter used has leak-type bias,
then this bias voltage will vary in proportion to the input voltage (as
shown in Fig. 7-26) and may therefore be used for AGC. If (as with a
number of transistor limiters) leak-type bias is not used [4], a separate
AGC detector is required. This stage takes part of the output of the last
[F amplifier and rectifies and filters in the usual manner.

7-4.3 Basic ¥M Demodulators

The function of a frequency-to-amplitude changer, or FM demodulator,
is to change the frequency deviation of the incoming carrier into an AF
amplitude variation (identical to the one that originally caused the
frequency variation). This conversion should be done efficiently and
linearly. In addition, the detection circuit should (if at all possible) be
insensitive to amplitude changes and should not be too critical in its
adjustment and operation. Generally speaking, this type of circuit con-
verts the frequency-modulated IF voltage of constant amplitude into
a voltage that is both frequency- and amplitude-modulated. This latter
voltage is then applied to a detector arrangement, which detccts the
amplitude change but ignores the frequency variations. It is now neces-
sary to devise a circuit which has an output whose amplitude depends
on the frequency deviation of the input voltage.

Slope detection Consider a frequency-modulated signal fed to a tuned
circuit whose resonant frequency is to one side of the center frequency
of the M signal. The output of this tuned circuit will have an ampli-
tude that depends on the frequency deviation of the input signal; this is
illustrated in Fig. 7-28. As shown, the circuit is detuned by an amount
8f, to bring the carrier center frequency to point A on the selectivity
curve (note that A’ would have done just as well). Frequency variation
produces an output voltage proportional to the frequency deviation of
the carrier, as shown.

This output voltage is applied to a diode detector with an RC load
of suitable time constant. The circuit is, in fact, identical to that of an
AM detector, except that the secondary winding of the IF transformer is

off-tuned. (In a desperate emergency, it is possible, after a fashion, to

reccive FM with an AM receiver, with the simple expedient of giving the
slug of the coil to which the detector is connected two turns clockwise.
Remember to reverse the procedure after the emergency is over!)

The slope detector does not really satisfy any of the conditions

b¢
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