Sky-Wave F-M Receilver

Multipath reception, generally considered more troublesome for f-m than a-m, is explained

and a receiver capable of such reception described. Simulated cochannel tests indicate that

transatlantic f-m broadcasting is possible with a 150-kc bandwidth

By L. B. ARGUIMBAU and J. GRANLUND

T THE PRESENT TIME there are

two main technical obstacles to
completely reliable transatlantic
communication, noise and multipath
fading. In a sense these difficulties
are merely two aspects of the same
problem, that of trying to receive
a desired signal in the presence of
unwanted disturbances. The dis-
turbances may consist of atmos-
pheric noise, signals from other
transmitters or signals from the
desired transmitter that arrive
from subsidiary transmission paths
and interfere with the main signal.

A-M Interference

1t has been known for a long time
that with amplitude modulation the
signal-to-noise ratio is not essen-
tially modified by the detection
process. Thus if we wish to sup-
press interference by 40 decibels in
the output of a receiver we must
make sure that there is a similar
difference in level between the
radio-frequency signals. In the case
of multipath interference the situ-
ation is not quite so serious because
in practice the interference from a
delayed version of the same audio
signal is not usually so bothersome
as a totally new signal. However,
when the desired and undesired sig-
nals are of comparable magnitude,
the envelope distortion becomes in-
tolerable.

By the use of proper frequency-
modulation equipment and present
standards it is possible to reduce
the effect of interference by thirty-
odd decibels. These facts might
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lead one to feel that frequency mod-
ulation could be substituted for
amplitude modulation under multi-
path conditions with great advan-
tage.

Early experiments"*® indicated
that the contrary is true, that fre-
quency modulation is more highly
susceptible to multipath interfer-
ence than is amplitude modulation.
The results were very bad when the
signals from the various paths be-
came of comparable magnitude.

This result was not surprising
because it has usually been assumed
that the advantages of frequency
modulation only apply when the sig-
nal exceeds the interference by a
considerable amount, perhaps by
two or three to one. This idea of a
thresho!d perhaps arose from the
difficulties of computing the inter-
ference from ratios near unity and
from the fact that with heavy inter-
ference receivers depart from our
idealized notions of what they
should do.

In the case of multipath trans-
mission, or deep selective fading,
the desired signal and the interfer-
ence are likely to be of comparable
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magnitude. It is not safe, there-
fore, to assume a two- or three-to-
one voltage ratio.

Average vs. Instantaneous Frequency

It has been shown by the writ-
ers® “®°® that no such threshold or
necessity for difference in level ac-
tually exists if a receiver is care-
fully designed. The reasons for this
can be summarized briefly. If two
signals of constant but different
frequency and of nearly equal am-
plitude are superposed their sum
has an average frequency which is
exactly the frequency of the larger
signal. However, the instantaneous
frequency varies widely. Most of
the time the frequency is very
nearly the average frequency of the
two signals. However, when the
two signals are near phase opposi-
tion the phase of their sum jumps
by approximately 180 degrees in a
very short time interval. This gives
rise to a frequency spike or im-
pulse. The nature of the frequency
variations has been studied care-
fully by several writers.™*°® If
two signals of frequencies f, and f.
differ in amplitude by a small frac-

Portion of the receiver built into a 10-cm waveguide for good shielding
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tion, 1—a, then the instantaneous
frequency may vary over a band-
width of approximately 2 (ﬁ‘:{:)
For example, if the two signals dif-
fer in frequency by 150 kilocycles
and in amplitude by 5 percent a
band of around 6 megacycles may
be covered.

Of course the frequency spectrum
of two superposed signals is merely
the sum of the spectra of the two
signals and is not widened by linear
superposition. However, the ampli-
tude of the combined signal varies
from the sum of the two amplitudes
to the difference. Our 5-percent ex-
ample corresponds to an amplitude
variation of 39 to 1. If this ampli-
tude variation is removed the re-
sultant constant-amplitude signal
has a spectrum corresponding to the
variation of instantaneous fre-
quency and in our numerical case
covers at least a six-megacycle band.

In order to receive a desired sig-
nal in the presence of deep fading
or interference we may make a re-
ceiver that gives a rectified output
which varies linearly with fre-
quency over the widened band re-

should be followed by a de-empha-
sis circuit and a filter arranged to
remove the ultrasonic components
generated by the interference.

The Receiver

In order to illustrate the princi-
ples involved it may be useful to
describe the special features of a
receiver designed to separate a sig-
nal and noise differing by only a
half decibel (5 percent in voltage).
In order to give a very good check
on the theory, the receiver design
has been kept ultraconservative. No
effort has been made to use one
vacuum tube where three will work
as well. The receiver was built in
10-centimeter waveguide, not be-
cause this was necessary but be-
cause it eliminated shielding prob-
lems. The general scheme of the
receiver is indicated in Fig. 1.

There is little unconventional in
the early portions up to the limiter.
This part must supply a signal of
fair peak amplitude to the limiter.
Furthermore it must have adequate
selectivity but must have a very
nearly constant response over its
150-kilocycle pass band. This re-

amplitudes of the signal and inter-
ference from changing while their
frequencies vary. Failure to use
due care at this point may cause
the signal and interference to inter-
change during the audio cycle. In
the particular receiver under dis-
cussion the response was Kkept
within one percent over this range.

The limiter section consists of
four stages, one of which is shown
in Fig. 2. It is capable of removing
the 39-to-1 variations in amplitude
corresponding to the 5-percent mar-
gin even when these occur at a 150-
kilocycle rate. In fact, such ampli-
tude wvariations are reduced to
something like one percent, a total
70-decibel reduction of amplitude
variations. The limiter has a flat
response over a bandwidth of 6
megacycles centered at 13.

The discriminator circuit is
shown in Fig. 3. This rather un-
conventional arrangement was used
in preference to the more usual
Foster-Seeley circuit. Its chief rela-
tive advantage is that it is much
less subject to diagonal clipping by
the detectors. The single radio-
frequency bypass capacitor, C, is
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FIG. 1—Block diagram of long-distance f-m receiver showing the main circuit elements
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FIG. 2—Representative limiter stage.

There are four similar stages used in

the

prototype receiver to reduce amplitude variations
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FIG. 4—Interference as a function of
transmitter deviation
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by the crystal diodes as they take
turns in conducting. The rates of
charging and discharging the ca-
pacitor are alike. It must be remem-
bered that diagonal clipping is a
serious problem in the present re-
ceiver, since its output must follow
faithfully the extremely rapid fluc-
tuations of instantaneous fre-
quency.

Tt will be noticed that no resistors
are indicated in the active part of
the detector circuit, either in the
two tank circuits or shunting the
bypass capacitor, C. Under these
loss-free conditions the output
varies linearly with frequency be-
tween f, and f., the resonant fre-
quencies of the two tank circuits.
The alignment procedure consists
simply of tuning the two tuned cir-
cuits so that f. — f, is the desired
bandwidth, and 3(f,+f) is the
desired center frequency.

A necessary condition for proper
operation is that both diodes con-
duct during each radio-frequency
cycle. If this condition is fulfilled,
the output at a particular frequency
is proportional to the bias (6 volts
in this circuit). The output is not
proportional to the instantaneous
signal amplitude. Thus it is seen
that a limiter stage is incorporated
in the discriminator.

RMS Interference

In the foregoing paragraphs we
have indicated that with an ideal
receiver, interference can be kept
very small. It is not difficult to show
that the signal-to-noise ratio at the
output of the receiver is increased
relative to that at the input by a
factor very roughly equal to the
ratio of peak frequency deviation
to de-emphasis frequency, as long
as the signal is greater than the
interference.

A somewhat more careful analy-
sis gives the results shown in Fig.
4. These curves were computed for
the case in which a sinusoidally
modulated signal is interfering
with an unmodulated signal. The
abscissas show the peak deviation
of the interfering signal and the
ordinates show the equivalent peak
frequency deviation of the resultant
root-mean-square interference. No-
tice that the largest interference is
about 2 ke, a value which should
be compared with the peak swing of
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FIG. 5—Simulated transatlantic reception showing unfiltered (above) and filtered
{below) signals with input noise-to-signal ratio 0.9 (left) and 1.1 (right)

75 ke. Notice that the ratio corre-
sponds to a suppression of 36-to-1
or about 31 decibels.

Although these results were com-
puted for cochannel interference
with only the interference modu-
lated, they are directly applicable
to multipath conditions provided
the abscissas are found by multiply-
ing the peak signal deviation by
twice the sine of half the audio de-
lay angle between the paths. In the
worst case this means that the ab-
scissas are doubled without change
in the ordinates.

In order to simulate a transatlan-
tic link an ultrasonic mercury de-
lay line” corresponding to about 100
miles of space or a half millisecond
was paralleled with a capacitive at-
tenuator. When it was tried out
with amplitude-modulated signals
the combination gave the selective
fading that is so characteristic of
transatlantic reception.

Under frequency-modulation con-
ditions the results given by Fig. 4
checked fairly closely. Listening
tests showed that reception compa-
rable to local broadcast quality is
possible as long as the level differ-
ence between the paths is less than
a half decibel. The chief interfer-
ence observable is a relatively high-
pitched swishing noise, the audible
residue of the frequency spikes.

When more than two paths are
present the results are similar un-
less the peak value of the interfer-
ence exceeds the strongest path.
Even in this case the resultant in-
terference is not very bad unless the
total interference exceeds the larg-
est signal by something like fifty

percent. A small excess is tolerable.

Although the receiver was pri-
marily designed to suppress selec-
tive fading it is of course applicable
to the common-channel conditions
of interference between two differ-
ent stations. Figure 5 shows the
output of the receiver during such
a test, before and after passing the
detected output through the de-
emphasis and filter circuits.

The results described indicate
that technically it should be possible
to establish a high—ﬁdeli}y trans-
atlantic link for relaying speech and
music with a freedom from inter-
ference comparable to that associ-
ated with local reception. The
question of the desirability of doing
this depends upon whether or not
the 150-k¢ channel width can be
spared in the short-wave band.
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