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STMULTANEOUS TRANSMISSION AND RECEPTION 7ITH A COMMON ANTENNA

J.V. Tilston
Sinclair Radio Laboratories Ltd.
Downsview, Ontario, Canada.

The problems involved in operating
two or more equipments on one antenna are
discussed and some methods are given for
their solution. These involve the use of
various types of linear passive filters,

The particular type of filter to be
used depends on the number of transmitters
and receivers to be coupled, on the
frequency separation between them, and
whether the frecuencies are to be fixed or
variable.

Practical information is given on
how the various types of filters, may be
constructed and used in the different
frequency bands from 2 Mc. to 10,000 Mc.

Introduction

thenever transmitters and receivers
are operated simultaneously, it is
necessary to provide a feitgin amount of
isolation between them."'< The most
obvious method of providing this isolation
is to use a separate antenna for each
equipment.

For antennas which are spaced far
apart, more than enough isolation can be
obtained in this way, so that no inter-
ference problem arises.

As the number of systems in a given
area steadily increases, the distance
between the various antenna sites
decreases, thus reducing the isolation
between adjacent stations. In addition,
the frequency spectrum becomes more
crowded. Both these factors contribute
to a rise in interference. This inter-
ference may again be restored to a non-
objectionable level by the insertion of
appropriate filters into the antenna feed
lines. However, it is often more
economical to connect two or more
equipments to a common antenna by means
of a diplexer or multicoupler. This
arrangement can often be made to provide
the required isolation and to eliminate
the need for multiple antennas and cable
runs.

In addition to the problem of inter-
ference vhich is encountered in multiple-
antenna installations, there is the
problem of pattern distortion. This is
particularly serjous in many shipborne
applications and it was primarily from
pattern considerations that some of the
earlier multicouplers were developedlz.A
Single favourable antenna location could
then be made to serve several -transmitters

and receivers operating on different
frequencies. Similarly, at repeater
sites, a diplexer makes possible the
use of a single antenna located at the
top of a tower for both reception and
transmission.

When a common antenna is to be used
it is first necessary to establish the
amount of isolation needed, over the
band of frequencies to be used. This may
be done by examining the properties of
the transmitters and receivers.

) Once the isolation~-frequency relat-
ionship has been established, the next
consideration is the manner in which the
isolation is to be achieved. Here
several pogsibilities exist, and of
these, only those containing solely
passive linear networks will be examined.

Determination of the Isolation-Frequency
Relationshig when a Transmitter on

Irequency f* and a Receiver on Frequency
I< are to be connected to a Common
Antenna.

Let £ frequency to which the

transmitter is tuned.

Let fy = frequency to which the
receiver is tuned.

VR (f3)= amplitude of the interfering
voltage which the receiver
can withstand without
disensitizing, at its
resonant frecuency f£j.

Vp (£f1)= the amplitude of the output
voltage from the transmitter
at its resonant frequency fj.

Lp(fy,f - £f)) = the number of db by

which the transmitter
output, at frequency f,
is below the transmitter
carrier at frequency fj

Lr(f2,f - f£2) = the number of db above
the reference voltage
on frequency fj, which
an interfering signal,
on frequency £, may
attain without densen-
sitizing the receiver.

- the required isolation, in adb,

between transmitter and
receiver, at the frequency f.

N (f)

It can be shown that:



N (£f) = 20 logjg VT (£f1)
VR (£2)

- Lp (f1,£f-£f))-Lp(£y, £-£,)

Curves of Lp and Lg can, in many
instances, be obtained from the manufact-
urer. In most cases, the curves supplied
are for a typical transmitter ar receiver,
and some safety factor must be applied to
allow for variations between sets and for
such things as tube aging. Additional
isolation must also be provided at those
points where intermodulation products are
a problem, '

A typical transmitter spectrum is
shown in figure l.. This would give Lq.

Figure 2 shows a typical receiver
desensitizing voltage curve and so gives
Lr. Values of Vp(fy), and VR(£f2), are, of
course, supplied with the equipment data.

In general it is found that the
required isolation X frequency curve has
two frequencies, namely the transmitter
frequency and the receiver frequency,
where the isolation must be much greater
than at all other frequencies. This is
because the main interference problems
arise from the transmitter carrier, and
from noise, or spurious radiation fram
the transmitiir, on the receiver
frequency."’

Figure 3, illustrates how the
necessary attenuation at these two
frequencies varies as the frequency
separation between transmitter and
receiver is varied. While these curves
are applicable to many V.H.F. installations
the same type of curves may be obtained
for‘other frequency ranges. It should be
noticed that for fairly wide frequency
separations the main cause of trouble is
the transmitter carrier, so that more
attenuation is required at this frequency
than at the receiver frequency. As the
frequency separation becomes narrower, a
point is reached where the same amount of
attenuation is required at the receiver
frequency as at the transmitter frequency.

At even cloger spacings the receiver
frequency requires more attenuation than
does the transmitter frequency. As an
example of this latter case, figure 4
illustrates the required isolation
between a V.H.F., receiver on frequency
f,, and a transmitter tuned 180 Kc. away
from fo.~

It should be stressed, however that
in any given installation, spurious
responses could alter this picture some-

what. In addition, from the example in
gigure 4, it would seem that no isolation:
18 required at frequency £, + 0.090, orx
mid-way between the transmitter and
receiver frequencies. ' This is because
intermodulation has not been taken into
account,

A more accurate estimate can be made
if the intermodulation patterns of the
transmitter and receiver are measured.
If this is done, interference may be
seen to result on the receiver frequency
due to a product formed by the transmitter
carrier and transmitter noise near £, +
0.090. Additional isolation will
Qrobably also be needed to take care of
intermodulation products which could be
formed in such non-linear devices as
imperfect antenna joints. In practice,
for a 0.4 percent frequency separation
in the 150 Mc. band, a minimum isolation
of about 30 db should be furnished
everywhere in the band.

Throughout the present discussion it
has been assumed that the transmitter
and receiver are properly aligned. It is
sometimes stipulated in specifications
that no densensitizing is to take place
under any conditions of transmitter
tuning. Since varying the tuning contro-
ls on most transmitters has a marked
effect on the noise output, much more
isolation must be provided in this case.
In fact in the example given the
isolation at the receiver frequency may
well need to be over 100 db instead of
75 db,

Methods of Obtaining the Necessary
Isolation.

Once the amount of isolation over
the band has been determined, the next
step is to choose the best method for
achieving it. Some of these methods are:

Separate Antennas.

One way to provide-the necessary
isolation is to use separate antennas
for each frequency. This method often
pProves undesirable from the standpoint
of both cost and size.

Common Antenna with Diplexerx

In the diplexer method of operation,
the transmission lines from the trans-
mitter and receiver pass through their
respective filtering sections and are
then connected to a common antenna
temminal as in figure 5.



The number of filters in each arm depends
on the filter type used and on the
frequency separation.

The system must be designed so that
the transmit frequency is passed with
little attenuation fmm the Tx terminal
to the antenna terminal, while at the
same time being sufficiently isolated
from the receive terminal. The receive
frequency must pass freely fram the
antenna terminal to the receive terminal.

In order to accomplish this end a
large variety of filter types may be
employed. These include low-pass, high-
pass, band-pass, band-reject, double-
tuned band-reject and hybrid ring types.

Filter Types used in Diplexers

High-Pass and Low-Pass Filters

A diplexer may be made with high-
pass filters on one side of the antenna
terminal and low-pass filters on the
other.4:,5 1In this system there are two
broad useable frequency bands separated
by a relatively narrow crossover region.
The use of complimentary filters leads to
a good impedance match.

Diplexers of this type can be readily
designed in the various frequency bands
from 100 Mc. to 5000 Mc. by the use of
fairly simple image-parameter methods.

An advantage of this type of system is
that within wide bands of operation,
either the transmitter frequency or the
receiver frequency can be changed with-
out any change being made in the
diplexer. In general the crossover
region is not as narrow, for the same
resonant insertion loss, as can be
achieved with band-reject filters, nor is
the system as flexible as some of those
comprising band-pass filters.

Band-Pass Filters

A common way to construct a diplexer
is to_make the filters of the band-pass
type.6'7l One advantage of using the
band-pass filter is the ease with which
the system can be designed,® due to the
fact that there exist universal formulae
which are applicable regardless of the
physical configuration used. This point
18 brought out in figure 6. Here, three
different types of band-pass filters arec
analized. It should be noticed that the
formulae dealing with insertion loss on
resonance, and with the frequency
response of the filter, are in terms of
the unloaded 0 or 0y, and the loaded Q
or O, and these formulae are the same for

all band-pass filters. These fornmulae
are however approximations, but it is
found that they can often be applied,
with fairly good accuracy, even over
bandwidths as wide as 2:1.

Once the desired values of Qg and C
have been established, it can be decide
what physical form the filter will take.
Usually, lumped elements are used in the
MF and HF ranges, while coaxial elements
are used at V.H.F., U.H.F. and L band.
Occasionally coaxial band-pass filters
are used at much higher frequencies,
although more often waveguide sections
are used in the frequency bands where the
waveguide sizes prove to be convenient.

Upon examing band-pass responses, it
becomes evident that they fundamentally
pass one frequency, while rejecting all
others, except for any secondary pass
bands. In addition as the frequencies
become further and further removed from
the resonant frequency of the filter,
they become attenuated more and more.

This latter feature might, in some
cases, be desirable, but it should be
remembered that in the example cited
earlier it was not necessary.

Moreover, it is a feature, that is
paid for with a higher insertion loss
than could be obtained with other filter
types.

It is true that by the use of modern
network theory a more nearly optimum
stop-band response may be obtained but
this often entails the use of several
band-pass filters in cascade and may
still not be as economical as using fewer
filters of a different type.

Band-~Reject Filters

As can be seen from figure 7, band-
reject filters also possess universal
insertion loss, and response formulae,
so that ease of design is a feature here
too. Again the attenuation loss on
resonance, and the frequency response may
be obtained by properly choosing Qg and
oL«

The band-reject filter attenuates
one frequency by a given amount, and
attenuates all others by a lesser
amount. The further removed a frequency
is from resonance, the less it is
attenuated. The response of the band-
reject filter closely resembles that
which is needed to give the type of
frequency-isolation curve of the previous
example.



It has an advantage over the band-pass
filter in many applications, since for
the same size, and the same insertion loss
for the frequency to be passed, it offers
much more attenuation to a single
frequency to be stopped, than does a
band-pass filter. The single band-reject
filter has the disadvantage, when used in
diplexers, that if the insertion loss of
the frequency to be passed is to be kept
under a given limit, then the loaded Q of
the filter must be changed when the
frequency separation is changed.

Two Section Band-Reject Filters

One of the most useful, and easily
constructed filters for diplexer use is
the two-section Band-Reject filter,
whose behaviour is described in figure 8.
In this case also, it has been found that
universal formulae apply, although a
quantity o~ has been defined instead of
the loaded Q. The behaviour, although a
little more complicated than either of
the two former examples, is still reason-
ably easy to predict.

To pass one frequency and reject
another, with this type of filter, it is
merely necessary to tune one section for
a null at the frequency to be stopped,
and to tune the other section so that the
frequency to be passed is attenuated as
little as possible. In practice there is
usually some interaction between these
two sections and so the tuning procedure
may have to be repeated two or three
times. The behaviour of this type of
section also has the type of response
which was found to be desirable previous-
ly. At MF and HF frequencies the filter
may be constructed of lumped constant
elements.

At V.H.F, and U,H,F, the resonant
sections are readily formed from coaxial,
open~circuited, quarter-wave sections
which are placed in parallel with the
main transmigsion line. At still higher
frequencies wave-guide sections may be
used, the resonant frequency being
changed by means of posts of variable
length which may be inserted into the
guide walls,

Comparison of Band-Pass, Band-Reject and
Two-Section Band-Reject Filters.

In figure 9, the performance of the
band-pass, band-reject and two-section
band-reject filters are compared. Each
filter gives an insertion loss of 1 db
at frequency fo. The unloaded Q ox Qo
of the band-pass filter was made equal to
that of the band-reject filter, and the

_volume of the two-section band-reject

filter was made equal to the volume of
the band-pass filter. These curves
illustrate many of the points mentioned
earlier.

An isolation-frequency curve for a
diplexer containing two, two-section,
band-reject filters in the receive arm,
and one in the transmit arm is shown in
figure 10. This type of response has
proven quite satisfactory for frequency
separations of about three per-cent or
more.

Hybrid Ring Filters

when the frequency-separation between
transmitter and receiver becomes in the
order of one per-cent or less, the type
of frequency response given in figure 10
turns out to be inadequate. At first
glance, this seems unusual since it
approximates the shape of curve calculat-
ed in figure 4 which.was for a frequency
separation of only 0.1l per cent.

The trouble is that in practice there
is usually more noise in the system than
was anticipated and also a certain amount
of rectification occurring in joints and
connectors, and this noise becomes more
and more objectionable as the frequency
separation decreases. In fact as was
mentioned earlier for a 0.4 per cent
separation it is desirable to drop the
whole isolation curve, such as that of
fiqure 4 or figure 10, by about thirty
decibels so that at least this amount of
isolation is present at any frequency
within about plus or minus ten per cent of
those actually being used to transmit or
receive. This does not mean that band-
pass filters need be used in the
diplexer since it is not desirable to
have their relatively high resonant
insertion loss if it can be avoided.

What is needed is a minimum of perhaps
thirty or forty db everywhere, plus the
calculated isolation at the transmit and
receive frequencies. Thus it would seem
desirable to somehow combine the good
features of both the band-pass and band-
reject types.

One type of isolating network, not
yet considered here is the hybrid ring
(or magic T in waveguide).. This circuit
will theoretically isolate a transmitter
from a receiver by an infinite amount
provided a three db insertion loss can be
tolerated. A more easily.attainable
isolation figure is forty db since the
loads are seldom perfectly matched and
the ring is not perfectly balanced.



The arrangement of figure 11 is one
way in which a diplexer arm may be
constructed using a hybrid ring and a
band-reject filter. The lines here
represent coaxial cables. If the
parallel stub and band-reject filter
were removed from the circuit then very
little transmitted signal would reach the
antenna, since the two possible paths to
‘the antenna terminal differ in length by
a half-wave.

When the band-reject filter is
installed as shown, and tuned to the
transmitter frequency, a short-circuit is
effectively placed across the ring at a
point a quarter-wavelength removed from
the transmitter junction. Thus the
transmitter signal travels clockwise to
the antenna terminal with little attenua-
tion,

At other frequencies it is desirable
for signals from the transmit terminal,
travelling clockwise, to arrive at the
antenna terminal with the same amplitude,
but opposite phase, to those travelling
anti-clockwise. This is the reason for
the parallel stub which is really a
compensating network to balance the ring
at the receiver frequency.

A similar ring is used in the receive
arm of the diplexer.

Figure 12 illustrates the desirable
type of response which is obtained from
a diplexer which used hybrid ring elements.

Multicouplers

When it is desired to combine more
than two equipments on one common
antenna a multicoupler is used. As with
diplexers, a large variety of filters
may be employed. One of the earliest
and most successful designs for V.H.F.
and U.H.F. use consists of a_number of
parallel band-pass channels.l11,12,13 4
modified version of S¥8h a multicoupler
is shown in figure 13-". Equipments Tj,
T2,73,T4 are connected through their
respective band-pass filters F),P; etc.
to a common antenna junction. Line B
is a matching section which compensates
for the varying input impedance of the
filters over the band of frequencies used.
Early parallel type multicouplers used
only one type of resonator filter such as
F1,F,,F3,F4. Thus the number of channels
that could be accommodated in this
scheme depended to a large extent on how
many resonators could surround the antenna
junction with quarter wave coupling lines
Ly,L2,L3,L4. As the desired frequency
separation became smaller, the isolation

required between channels became larger,
so that larger and larger band-pass
filters were needed.

However, if the problem of switching
the various frequencies into the proper
channels is divorced from that of
supplying enough isolation between
channels, then it is possible to use
smaller resonators, designated in figure
13 by Py,P,,P3,P4, to switch the
frequencies, and larges ones, F1,F;,F3,Fy
to supply most of the isolation needed.
Even so, the system is limited by the
number of switching filters P1,P3,P3,P4
that can be fitted.

Besides the disadvantage of the
limited number of channels, the system
described above has the disadvantage that
it must be designed for a specified
number of channels which cannot be
changed without a major change in the
matching. Thus channels cannot be added
or subtracted at will.

Figure 14 shows a system in which
channels can be added or subtracted.
Equipments T; to T4 may be transmitters
or receivers. The lower part of this
figure shows the "through" transmission
line terminated in a parallel multicoup-
ler. In many cases this lower section
would be replaced by a dummy load or by a
short circuit. Thus only the action of
the upper four channels will be discussed
here, and, these can be understood by
considering the first channel which is
shown surrounded by dashed line.

If equipment Tyg is tuned to freg-
uency f£j0, then there is a path of very
low attenuation at f£3p through filter
F10. On the other hand filter W1g stops
frequency f;g, but lets all other
frequencies pass with little attenuation.
At the same time filter Fypo., stops all
other frequencies but fjg. Nine channel
tuneable multicouplers based on this
scheme have been built in the 225-400 Mc.
range and twelve channel units have been
designed in the 150 Mc. communications
band. These systems have proven to be
much more flexible than previous systems
and seem to be limited mainly by the
losses and power handling capacity of the
"through" line as the number of channels
is increased.

Conclusions
An outline has been given of various
ways in which two or more equipments may

be connected to a common antenna.

The particular type used in any given



instance will depend on several factors

such as frequency separation, power level,

size limitations and allowable insertion
loss. In many cases it is evident that
band-pass filters do not supply the best
answer to the diplexing problem. On the
other hand for fixed-tuned two-channel
systems the two-~section band-reject and
the hybrid-ring diplexers, offer a reas-
onable solution by providing the requir-
ed isolation with low insertion loss.

In multicouplers, however, band-pass
filters, sometimes in conjunction with
band-reject filters, can be used to
advantage in systems which are not only
tuneable, but are also flexible from the
standpoint of the number of channels
needed.
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AN IMPROVED FM OSCILLATOR-MODULATOR

A. R. Cumming
General Electric Company
Lynchburg, Va.

Abstract

This paper presents the design considerations of an oscillator
modulator particularly suitable for use in radio transmitters in-
tended for the Personal Communications. The design under dis-
cussion derives a frequency modulated signal by varying the
capacitance of a non-linear diode in the crystal oscillator circuit
with the input audio signal. The main design aspects are the
stability of the crystal oscillator and obtaining the maximum
deviation without exceeding the maximum allowable distortion
of the output waveform. A theoretical and practical investigation
of the optimum operating point of the crystal oscillator to meet
the requirement is presented.
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AN EXPERIMENTAL FAST ACTING AGC CIRCUIT

A. L. Hopper
Bell Telephone Laboratories, Incorporated
Murray Hill, New Jersey

Summary

Conventional backward-acting AGC
circuilts acting fast enough to counteract
rapid fading will, 1f stable, suppress
neighboring volce frequencies. However,
forward-acting AGC is inherently stable,
so 1t can be made very fast by 1nserting
a sharp cut-off fillter in the control
path. Thils permits the suppression of
200 cps. fading with negligible effect on
the 300-3,000 cps. voice band. Analysis
and tests show that fading modulation
products are suppressed by about 20 db.

Introduction

Mobile telephone systems of the
future will probably require hundreds
of channels operating in the UHF band.
Bandwidth will have to be conserved, and
i1f thls requires the use of AM, ragid
fading will pose an AGC problem.l’ »3
For example, at 850 mc, vehicle speeds of
60 miles per hour produce fading rates of
more than 100 cycles per second. This
rate cannot be suppressed by conventional
(1.e., backward-acting) AGC without
significantly cutting into the voilce
band, because the filter in the feedback
path must haVﬁ a gradual cutoff to avoid
regeneration,

The conventional AGC problem is il-
lustrated in Fig. 1. The incoming r-f
wave 1s modulated at a voice frequency
of 300 cps. and also a fading frequency
of 100 eps. The AGC must suppress the
modulation at the fading, but not the
signal frequency. Some typical suppres-
sion plots are shown in Fig. 1. 1In (a)
it will be seen that only 10 db suppres-
sion is provided at 100 cps. 1In (b) this
suppression 18 increased to about 22.5 db,
but the volce band 1s seriously affected.
It 1s apparent that other techniques are
needed to suppress rapid fading. We will
therefore consider the use of forward-
acting AGC.

Operation of Forward-Acting AGC (FAAGC)

The recelived 1-f wave modulated at
100 and 300 cps. 1s fed to an envelope
detector whose output is shown in Fig.
2(a). The signal modulation is removed
by the low-pass filter (LPF) which delays
the control wave as shown at (b). This
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deiay must be matched in the signal path
by a band-pass filter (BPF). Resulting
signal (c¢) 1is divided by control (b) to
produce wave (d) containing the signal
but not the fading modulation.

Thils circuit will suppress 100 cps.
fading by at least 30 db with negligible
effect at 300 cps. Moreover, it will
suppress fading and signal intermodula-
tion products, which fall in the voice
band of frequencies, by about 20 db.

Because of its limited range of
control, forward-acting AGC should be
used in combinatlion with conventional AGC,
which should precede it in the circuilt.
Thus conventional AGC will accommodate
the large slow variations in input level,
leaving only the rapid fading to be sup-
pressed by FAAGC.

Low-Pass Fllter Characteristics

The LPF should have a sharp cutoff
between 200 and 300 cps., but the phase
shift in the passband should be as small
and as linear as possible since it must
be matched by the BPF. If we were to use
a conventional LPF, we would find that
the slope of the phase characteristic
corresponded to a delay of some three
mllliseconds which would probably be
impractical to match. However, by permit-
ting some transmission in the region
above cutaff, the phase shift can be re-
duced by a factor of three and a very
good delay match achieved up to at least
100 cps. The measured transmission and
phase characteristics of such a special
LPF are shown in Fig. 3. The phase is
qulte linear up to 200 cps. where the
transmission 1is down only 3.5 db. At
300 cps. 1t is down about 14 db, a cut-
off rate of about 18 db per octave. 1In
the region above cutoff, the transmission
is down 17.5 db.

The special LPF was designed as a
five-section maximally flat filter ap-
proximated by two semi-infinite slopesd
having corner frequencies at 200 and 300
¢ps. as shown in Fig, 4(a). For this
filter the angles of the poles and zeros
are equal and at 0°, 36° and 72°, re-
spectively. To permit realizing an



unbalanced bridge structure, the largest
angle was reduced to 70° resulting in the
configuration shown in Fig. 4(b).

The filter was syntheslzed in the
form of three constant resistance
bridged-T networks connected in cascade.
This synthesis results in an "all-pass"
loss of 4.5 db (in addition to that shown
in Fig. 3).

Matching Delay With Band-Pass Filter

Although FAAGC may be used to ad-
vantage with any type of AM, and possibly
FM too, we will assume in the following
analysis that SSB modulation is used to
conserve bandwidth. To simplify the
analysis, it is assumed that only two
modulations are present at a time, a sine
wave signal modulation with index mg and

a modulation due to fading with index Me.

It 1s further assumed that m

a e
. nd me ar

small compared to unity.

As shown in Fig. 2(a) and (b), the
output of the envelope detector 1is de-
layed in passing through the LPF. The
amount of this delay, assuming slne wave
modulation since me 1s small, 1s the

phase delay of the filter ¢/f. For 200
cps. this i1s the slope of the dashed line

in Fig. 3.

In the signal path the BPF should
provide the same delay. In this case,
however, we assume an upper SSB signal
with a single sine wave modulation. The
envelope delay of such a signal 1is:

Psideband ~ ®Pcarrier

= 59
fs1deband ~

f

¢

fcarrier

wWith the foregoing assumptions, we
may normalize the carrier frequency phase
in the band-pass (signal) circuilt to the
zero frequency phase in the low-pass
(control) circuit. This is shown in Fig.
5. After this normalization, the en-

Q.
velope delay 29 BFE

Ap _ “BPF
AT f
directly to phase delay

may be compared
®LPF

e
and delay errors are then (wLPF -

? -9
and LPF . BPF

The phase

Pgpr)
, respectively.

In addition to matching the LPF de-
lay, the BPF should provide "flat" trans-
mission in the voice band, otherwise
sideband amplitude will vary with fre-
quency. To obtain sufficient delay (ap-
proximately one millisecond) at i-f, a
palr of Collins Radio 455 kc mechanical
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filters were connected in cascade.6

Envelope Detector and Variolosser

The envelope detector uses a dlode
operating at high voltage levels to pro-
vide linear detection. The result 1s a
nearly ideal transfer characterlstic over
a range of output between 0.1 and 10.0
volts. The variolosser uses a forward-
biased dlode to provide a small signal
conductance which varies directly with
control current, Both signal and control
currents are fed from constant current
sources, the former through blockling
capacitors as shown in Fig. 6. These
capacltors provide high and low 1mpedance
for control and signal currents, re-
spectively, to keep the control from ap-
pearing in the output.

When the control current is large
compared to the signal (and also to the
saturation current of the diode), the
small signal resistance of the varilolos-
ser dlode 1s:

kT

.
B a——

qicontrol

=

where k is Boltzmann's constant, T the
absolute temperature and q the charge on
an electron.

The variolosser voltage,

de

E =1 it

out signal

- kT . 1signal
Q icontrol

This shows that the variolosser out-
put 1s proportional to the ratlo of sig-
nal to control currents, which is the re-
lationship assumed 1in the analysis.

The detector-variolosser combination
has a control range in excess of 24 db.
This is believed to be adequate since
only a small percentage of rapld fades
are expected to exceed this depth.2

To measure suppression due to FAAGC,
the loop is alternately opened and closed
as shown in Fig. 6. Since the control
current has a dc¢ component, the proper
bias current must be maintained in the
variolosser diode in the open loop con-
dition. The LPF and the following low-
frequency amplifier must also pass dc.
The amplifiers-shown in Fig. 6 provide
proper levels and impedances in the ex-
perimental circult. Further development
should reduce the circuit complexity.



Simulation of Fade - SSB Signal

A very simple model of fading assumes
a receiver moving directly toward a fixed
transmitter and directly away from a
fixed reflector as shown in Fig. 7. If
the transmitted carrier is at frequency
fo and the receiver velocity 1s v, the

fade frequency

F=2 % fo = Doppler frequency

where
¢ = velocity of light
For f_ = 850 me and v = 60 mph.,
F = 152 cps.
When v = o (no fading), the received

(upper sideband) signal 1s:
E

cos 2rf t + my cos [2r(fo+s)t+es]

(1)

8

where

m

. index of signal modulation

and S = slgnal frequency

With fading, the received signal E
1s made up of four voltage vectors as
shown in Fig. 7. These are:

Direct carrier

E. = cos[2w(f°+F/2)t + 6,)

D
Direct sideband =
E

g = Mg cos[2v(f°+F/2+S)t + 6, + es]

Reflected carrier

E cos[2w(fo-F/2)t -8

R = Mp ¢
Reflected sideband =

E cos[2m(f -F/2+8)t - 6, + 6]

(2)

where the relative amplitude of the re-
flected wave, Me, may be considered as a

RS = Mg

fading modulation index.

We note that the direct and re-
flected wavss have been shifted up and
down, respectively, in frequency, by one-
nalf the fading frequency, F.

For the frequencies and path length
differences being considered, we may
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assume that the sldebands fade always 1in
phase with the carrier, and (2) is based
on this assumption. As this equation
shows, there are four different fre-
quency components in the received signal.
But at a particular instant of time, the
four corresponding voltage vectors ED,

ES, ER’ and ERS will appear as shown in

Fig. 7. The relatlve phases of these
vectors at this instant may then be
found by comparing the arguments of the
cosines in (2). From this we find that

/B "B _/Bs " Br _ 4o

which shows that the carrier-to-sideband
phase difference 1s always the same for
both direct and reflected waves, This is
shown in Fig. 7. It is, important that
the experimental fade simulator maintain
this correct phase relationship.

The maximum fading frequency, F,
which must be accommodated 1s being in-
vestigated by other members of the
Laboratories. For the purposes of this
paper, we may assume that Fm 150 cps.

ax
Suppression by FAAGC - Analysis

For small values of me and mgs &

Taylor seriles expansion gives an ap-
proximation to the detected envelope at
frequencies F, S, 2F, (S+F) and (S-F).
This 1s the envelope of the varlolosser
output with the FAAGC loop open, since
the variolosser diode resistance 1s
constant.

Frequency Magnitude
F (fading) me
S (signal) mg
mf2
oF T (3)
m
S+F g?s
m.m
S -F g s

With the FAAGC loop closed, the en-
velope given by (3) is modified by the
amplitude and phase characteristics of
the LPF and applied to the control lead
to vary the variolosser diode resistance.
Envelope (3) is thus divided by the con-
trol envelope. An approximate analysis
shows that with the FAAGC loop closed the
envelope of the variolosser output is:



Frequency Magnitude
2 2\1/2
F mf<(1-7fcosﬁf) + (7fsin6f) >
( 2 2\1/2
S my (l-yscosﬁs) + (7ssinﬁs)
m 2.
2F - (1-y,.co8B, -2 2cos2B +2y .cosp )2
S Yor or~<Yr Y iy
o o 1/2
+ (72fsin62f+27f sinQBf-nysian) }
Mellg
S+ F ) {(1-7S+fcosﬁs+f+27fyscos(Bf+as)-7scosﬁs-7fcosﬁf)2 (4)
’ 1/2
+ (7S+fs1nas+f-2yfyss1n(sf+ss)+7ssings+7fs1naf)2}
S -F Zt7s 1- cos +2 cos(B.-B_)-y_cosp_-y.cosp =
2 Ys-r Bs—f 7£7s £ Ps/ s s 7f f
1/2
+ <7S_fsinss_f—27fyssin(Bf-ﬁs)-7ssinas+7fsinsf>2}
where frequency 1s (453.8 kc-F). The direct
and reflected sidebands are simulated
7 = unity based transmission factor by the modulation of signal frequency, S,

of the LPF at the subsecript
frequency, e.g., in Fig, 3, if
F = 200 cps., the transmission
1s down 3.5 db, therefore

7e = 0.668.

phaée error 1n radians at the
subscript frequency. This 1is

(QLPF - (pBPF)/S'?'B in Figo 5.

If F = 200 cps., the phase error
is 18.8° and Bp = 0.328.

The suppression of each frequency
component by FAAGC is given by the ratio
of the corresponding magnitudes shown in
(3) and (4) with the loop open and closed.
The calculation of these suppressions was
made using a high-speed digital computer.

Measuring Suppression by FAAGC

An approximate simulation of the
type of fading being considered is shown
in Fig. 8. The direct carrier 1s simu-
lated by a fixed oscillator operating at
453,.8 ke, The reflected carrier, at-
tenuated by m,., the fading modulation
index, 1is simﬁlated by an adjustable
osclllator differing in frequency by F,
the fading frequency; therefore, 1ts
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with the fixed and adjustable oscillators,
respectively; the latter output being
attenuated by me to simulate the proper

magnitude of the reflected sideband. The
SSB filter suppresses the unwanted
(lower) sidebands produced by the modu-

lators. Modulation indices Mps and mg

may be adjusted as shown.

As shown in Fig. 8, the output of
the fade simulator 1s fed to the experi-
mental FAAGC circult. 1Its output is in
turn connected through an envelope de-
tector to an audio frequency wave
analyzer which measures the magnitude of
frequency components F, S, 2F, etc, With

frequencies F and S and indices me and mg

adjusted to the desired values, the sup-
presslon due to FAAGC 1s measured by ob-
serving on the wave analyzer the reduc-
tion in output when the FAAGC loop is
closed.

The wave analyzer must be able to
discriminate between closely spaced
frequencies, and this selectivity demands
a high degree of frequency stability in
the fixed and adjustable oscillators.
However, the fade simulator shown in Fig,



8 1s quite satisfactory where frequency S
is to be varied. Where S is held con-
stant for a series of measurements, the
phase shift tgpe of SSB generation 1s
preferable.”>® The use of a rotating
phase shifter to simulate the fading
frequency has also been considered; how-
ever, the required speeds are unusually
high, for example, i1f F = 150 cps. the
phase shifter must rotate at 9,000 rpm.

It has been found that the magnitude
of the (S+F) and (S-F) components of the
envelope are sensitive to slight ampli-
tude and phase variations in the com-
posite fading signal, l.e., the vectors
shown 1in Fig. 7 must have the correct
magnitudes, and angles "o" must be equal.

If the magnitude at ERS is in error by 1

db, (S-F) is changed by 2 db. Because of
this sensitivity, precise design and ad-
Justment of the measuring circuit 1s re-
quired for valld suppression measurements,

Suppression of Fading Frequencies

With the loop open, the magnitudes
of F and S relative to unity (the magni-
tude of the direct carrier) are given by
(3). with m, = mg = 0.2, these magni-

tudes are equal and are plotted as O db
in Fig. 9. With the loop closed, these
magnitudes are reduced to those shown in
(4%, and the dashed lines in Fig. 9.
Note that the suppression peak at 100
cps. corresponds, as would be expected,
to the frequency of zero phase error
shown in Filg. 5.

The calculated suppressions for
F = 100 and S = 300 cps. are 39 db and
1.5 db, respectively. The measured sup-
pressions are seen to be in good agree-
ment except at the lower frequencles.

The suppression of 2F 1s somewhat
poorer than that of F especially at the
lower frequencles. However, the second
harmonic of the fading frequency is
usually conslderably below the funda-
mental wilthout suppression, for example,
if m, = 0.2, (3) shows that 2F/F 1s -26
db., "If F = 100 cps., the suppression of
2F 1s approximately 7 db. In this case,
suppressed 2F 1s 33 db below unsuppressed

Suppresslion of Modulation Products

The suppression of the modulation
products of freguencies (StF) 1s im-
portant, since most of these products
fall in the volce band between 300 and
3,000 cps. and, therefore, cannot be re-
moved by subsequent filtering.

As 1In the case of F and S, the
relative magnitudes of these components
with the loop open 1s given in (3). Com-
pared to the signal, S, (StF) will be
down by mf/2, i.e., 20 db if me = 0.2,

This loop open (no suppression) level is
normalized to O db in Fig. 10.

With the loop closed, the magnitudes
of (S*F) are reduced to those shown in
(4). These magnitudes are plotted by
dashed lines in Fig. 10 for S = 300,
1,000 and 3,000 cps. When F = 100 cps.,
Fig. 10 shows the followlng suppressions
for frequencies within the voice band:

Suggression
S Freq. Calculate easured

300 cps. S + F -13.5 db -13.0 db
1,000 cps. S - F =17 db -16 db
1,000 cps. S + F -22 db -20 db
3,000 cps. S - F =12 db -2 db
It will be and Fig. 10 that

noted from (4%
the suppressions of (S+F) and (S-F) are
not equal. Furthermore, the suppressions
of these modulation products do not in-
crease markedly with increasing frequency
S. These rather unexpected effects ap-
pear to be the result of transmission (y)
in the voice band combined with frequency
dependent phase errors (B) gsee Figs. 3
and 5). It 18 true that a "conventional"
sharp cutoff LPF would improve the (S%F)
suppression, especlally in the upper part
of the voice band. However, as mentioned
previously, 1t would appear to be im-
practlical to match the delay of such a
filter.

By inspection of (3) and (4), 1t
willl be noted that the suppressions shown
in Flgs. 9 and 10 are independent of me

and mgs based on the approximation that
these indices are small.

Discussion of Results

Suppressions by conventional AGC and
FAAGC may be compared by examination of
Figs. 1, 9 and 10. For example, with
F = 100 cps. and S = 300 cps., Figs. 1(a)
and 9 show the following suppressions:

Frequency Conventional AGC FAAGC
100 cps. -10 db -39 db
300 cps. - 3 ddb - 1.5 db

The advantage of FAAGC i1s even more
apparent in the suppression of modulation
products, since Fig. 1{a) shows practi-
cally no suppression of these products by
conventional AGC.
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It 1s posslble that some combination
of backward-acting AGC and filtering
might yleld some suppression of these
components; however, the inabllity to
match delays appears to be a basic dif-
ficulty.

As mentioned previously, maxlmum
suppression by FAAGC requires matching
delays at the fade frequencies and "flat"
transmission in the signal path. In
practice 1t may be difficult to obtaln
these characteristics with the required
accuracy. To determine this accuracy,
the analysis glven herein 1s belng ex-
tended to include signal path transmis-
sion irregularities.

Conclusions

A forward-acting AGC circult for
combating the effects of rapid fading in
UHF mobile telephone systems has been
subjected to preliminary analysis and
test. Considerable improvement in the
suppression of fading and fading modu-
lation products has been shown. Results
of suppression measurements are in fair
agreement wlth theory; however, more
exact analyses and test methods are 1in-
dicated. Also, the advantages have yet
to be confirmed by subjective testing.

Forward-acting AGC, especlally after
further development, should be an im-
portant contribution to the solutlon of
the rapid fading problem.
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A MINIATURE TUNED REED SEILECTOR OF HIGH
SENSITIVITY AND STABILITY

L. G. Bostwick
Bell Telephone Iaboratories, Incorporated
New York, New York

Summary

This paper describes a selective contact-
ing device that 1s responsive only to sustained
frequencies in a discrete narrow band and is
insensitive to speech and noise interference. It
is of small size suitable for use in a pocket
carried radio receiver and is sufficiently stable
to permit 33 discrete resonant frequencies, spaced
15 cycles apart in less than an octave between
517.5 and 997.5 cycles per second. It has a
threshold sensitivity of about 35 microwatts and
other operating characteristics that are es-
sential in large cepacity systems.

Introduction

Tuned reed selectors used as selective
receivers in multifrequency systems involving
large numbers of individual selections, such as
Personal Radlo Signaling} must operate withih
close and specifiable limits in order to avoid
false signaling and to assure satisfactory per-
formance under devious environmental and circuit
conditions. 1In particular three operating char-
acteristics, or their equivalent, must be con-
trolled; namely, the resonant frequency, the
sensitivity (current or power needed at the most
sensitive frequency), and the bandwidth (the
frequency band in which contacting occurs with an
input power twice that needed at the most sensi-
tive frequency).

The permissible variation in these char-
acteristics is much smaller than would seem
necessary from first considerations. Resonant
frequency changes that seem negligible compared
to the frequency spacing between adjacent se-
lectors often become important when other system
requirements are considered simultaneously. For
example, the frequency range over which contact-
ing will occur depends upon the electrical input
level and the selector bandwidth. Consequently,
feasible limits for both of these latter quan-
tities must be considered and in determining al-
lowable frequency deviations from nominal, the
lowest probable input level and the narrowest
bandwidth must be taken into account. On the
other hand excessively high input levels cannot
be allowed even in these unusual instances where
conserving power is unimportant because this
necessitates wider channel separations in order
to avoid transient operation of adjacent se-
lectors particularly those having high sensitiv-
ities. Furthermore high input levels result in
longer decay times which often cannot be toler-
ated. When these and other related factors are
considered and the widest manufacturing toler-
ances are sought, it is found that the above

three selector characteristics are closely inter-
related and one cannot be relaxed without making
one or both of the others more stringent.

The tuned reed selectors described in this
paper have factory adjustment provisions and suf-
ficient structural stability to control in a
practical manner the resonant frequencies, the
sensitivities, and the bandwidths within adequate
and compatible limits. As a result it is feasi-
ble to use 33 discrete resonant frequencies, 15
cycles apart, in less than an octave between
517.5 and 997.5 cycles. An available electrical
power of 35 microwatts at each individual resomant
frequency will just operate the contact and a
power level of 100 microwatts will close the con-
tact to & low resistance over 20 per cent or more
of the reed period. These and other capabilities
to be described distinguish these selectors from
many others that are not adequate for reliable
operation in large systems.

General Description

Fig. 1 is a photograph showing one complete
reed selector and another with the outside shell
removed. Flg. 2 1s a partially exploded view
showing the subassemblies and indicating how the
parts are fitted together. The shell is formed
from permalloy sheet and serves as an effective
shield from extraneous fields and as a high
permeability flux path for the internal magnetic
circuit. All parts are electrically insulated
from the shell. The over-all dimensions exclud-
ing the terminals are 3/8" x 15/32" x 1-7/16"
and the complete selector weighs about 8 grams.

As shown in these photographs, a tuning
fork formed from two reeds brazed to a base block
serves as the resonant element. This balanced
type of structure does not require a massive
support as would a single cantilever reed in order
to isolate it from extraneous influences, an
important matter for a miniature device. Tais
fork 1s freely supported within the shell by a
compliant frame that further isolates any small
residual vibration of the fork base from the rest
of the selector and yet is sufficiently stable
to permit the vibrating contact on the end of the
tuning fork tine to be precisely positioned with
respect to the stationary contact. This latter
contact is carried by a loop of wire spot welded
to a rotatable stud that fits into a tapered hole
in an insulating bushing in the frame between the
tines. A magnetic polepiece is positioned between
the open ends of the tines forming two equal gaps.
Polarizing magnetic flux is set up in these gaps
by a small permanent megnet attached to the op-
posite end of the polepiece. The energizing coil
surrounds the center portion of the polepiece.

The tuning fork is made of a nickel-iron-
molybdenum alloy? (vibralloy) having controlled
elastic and magnetic properties. Annealled per-
malloy with low coercive force and high permea-
bility is used for the polepiece and shell to
reduce magnetic flux changes. The materials and
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shapes of other parts are chosen to minimize
dimensional changes with time and environmental
conditions.

Frequency Selection and Fine Tuning

The range of resonant frequencies is
obtained with tuning forks that have the same
over-all length but verying free tine lengths.
The small dimensions of these forks require the
brazing fillets and the free reed lengths and
thicknesses to be precisely controlled. By
special attention to rolling of the reed stock,
precise jigging of the reeds and base block, and
brazing with minimum fillet dimensions, it is
feasible to produce forks in which the individual
tine frequencies are sufficiently close to chosen
nominal frequencies spaced 15 cycles apart so
that they may then be accurately tuned to these
desired frequencies.

Precise or fine tuning is accomplished with
spring sliders that may be moved along the tines.
This requires a slider that will stay in place
under shock and vibration, will provide an
adequate tuning range, and will allow the neces-
sary fineness of frequency adjustment. This is
achieved by means of small spring clips that snap
on and ride along the edges of the tines. These
sliders are shaped so that pressure at the center
releases th= force with which the slider seizes
the reed and permits it to be moved. Each slider
has a mass of about 1 milligrem and provides a
tuning range of about 10 cycles on forks near
500 cycles and about 25 cycles on forks near 1000
cycles. The sliders may be moved in increments
less than a thousandth of an inch, permitting
the resonant frequencies to be readily set to a
desired value within *0.05 cycle. The seizure
forces are large so that shock and vibration ac-
celeration in excess of 1500 G are required to
move the sliders.

Contact Facility and Sensitivity Adjustment

The sensitivity is adjusted in manufacture
by changing the contact gap separation. A fine
rhodium wire having a resonance frequency above

the frequency range of the tuning forks is sup-
ported by a loop of larger wire that may be
rotated on a tapered stud through the frame. The
fine wire is pretensioned with a prescribed force
against the loop wire to form a lift-off type

of contact that is accurately positioned and will
follow large tine excursions without objectionable
interference with the tine motion. This con-
struction’ results in a contact that mekes to a
low resistance with the vibrating contact on the
reed for intervals of time that may be 25 per
cent or more of the reed period depending on the
applied power. The operating sensitivity of the
selector is precisely set by rotating the loop

on the stud axis and thereby causing the end of
the contact wire to move toward or away from the
reed contact. The point of contact is close to
the axis of rotation so that a fine control of
the contact gap may be achieved.

Bandwidth Control

The bandwidth or sharpness of the resonance
curve is determined primarily by three dissipative
factors, namely: internal frictional losses in
the reed material, viscous losses in the air
surrounding the reeds, and eddy current losses in
electrically conducting parts. The last factor
has been chosen as the adjustment or control
means for bandwidth. A copper washer is placed
around the poleplece and where flux changes due
to motion of the reeds induce eddy currents in
the copper. By selecting the proper washer
thickness and diameter and setting the magnet
strength to yield the proper flux density, eddy
currents are developed when the tines vibrate
that absorb energy and reflect into the system as
an effective mechanical resistance that broadens
the resonance curve by ths desired amount.

Vibrating System Parameters

Tabulated below are some measured and
derived data that show the magnitudes of the more
important vibrating system constants of two se-
lector samples with resonant frequencies nearly
an octave apart. These are typical values that
will be of interest to those concerned with the
vibrational mechanics, electromechanical coupling,
and other analytical design factors.
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Reed Dimensions

Effective Reed Stiffness

Resonant Freq. as Brazed

Resonant Freq. with Contact

Resonant Freq. with Slider

as tuned

Effective Reed Mass as
Brazed

Effective Reed Mass with
Contact

Effective Reed Mass with
Slider as tuned

Electrical Impedance at
Resonant Frequency

Electrical Blocked
Impedance at seame freq.

Electrical Motional
Impedance at same freq.

Current to Just close
Contact

Bandwidth

Effective Mechanical
Resistance of Fork
at Resonance

Electromechanical
Coupling Factor

Effective Msgnetic Gap
Stiffness (each gap -
from freq. shift
measurements )

Corres. Gap Flux
Density

Mex. Tine Flux Density
(assuming Fringe Flux
equal to Gap Flux)

TABLE 1

Ncminal Freq.
517.5

Iength 1.4 cm
Thickness 0.015 cm
Width 0.254% cm

l.ll»leO5 dynes/cm
560 cycles
530 cycles

517.? cycles
.0118 grams
.0130 grams
.0138 grams
478 3231

220 +3277

258 -346

.275 milliamps
1.1 cycles

.19 mech. ohms

2.24x10° I 50 dyaes/abamp 1.88x10° l 7.20 dynes/abamp

-.02x10” dynes/cm

200 gauss

L4000 gauss

Nominal Freq.
997.5

1.01 cm
0.015 cm
0.254 cnm

3.88x105 dynes/cm
1068 cycles
1011 cycles

997.5 cycles
.0087 grams

.0096 grams

.0099 grams

L8 +3430

235 +j485

213 =355

.275 milliamps
1.3 cycles

.16 mech. ohms

-.O2xlO5 dynes/cm

200 gauss

4000 gauss
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Performance QObjectives

Consideration of the over-all system oper-
ating requirements for Personal Radio Signaling
pertaining to such factors as the needed number of
individual selections, practical radio receiver
power levels, calling rates, and environmental
conditions, led to the following objectives for
the performance of the reed selectors.

(1) Nominal Frequency Range - 517.5 to 997.5
cycles

(2) Nominal Frequency Separation - 15 cycles
(3) Frequency Deviation Limits - *0.3 cycle

Including adjustment tolerances, aging,
shock, magnetic changes and all other in-
stabilities except those due to temper-
ature changes.

(4) Temperature-frequency deviation limits -
+0.2 cycle

Over temperature range of 35°F to 110°F
(2°C to 43°C).

- (5) Nominal bandwidth - 1.0 cycle

(6) Bandwidth deviation limits - 0.8 - L.4
cycles

Resulting from temperature changes and
all other causes.

(7) Nominal current to just operate contact -
0.25 milliamps

For a nominal 500 ohm coil impedance at
resonance.

(8) Just operate current deviation limits -
+3.0 db

Resulting from temperature changes and
all other causes.

These ohjectives are mutually consistent in
that the limits given in each case are as large as
can be tolerated without reducing the limits on
some other factor. There are other important
design\ponsiderations that must not be neglected
such as weight, size and shape, contact life,
shock tolerances, corrosion resistance, magnetic
interaction and so forth, and with respect to
which the selectors must, of course, be adequate.
However, the above-tabulated characteristics are
the most significant from an operating stand-
point and are sufficient under marginal conditions
to assure positive operation and avoid false
signaling.

Typical Measured Data

Presented below are measured data showing
that the above-described reed selector meets these

\

objectives. By means of the spring sliders the
two tine frequencies are made alike within a small
fraction of a cycle and of values to give a com-
bined fork frequency well within requirements.
Attention is given in the assembly and adjustment
procedure to magnetically and mechanically
stabilize the whole structure. The magnet is
stabilized well below 1ts maximum remanence, the
whole final assembly is subjected to a moderately
high temperature to relieve residual stresses, and
the tines are vibrated at a suitable level to
bring them into a normalized magnetic state prior
to final adjustment. The resulting selectors have
resonant frequencies that will remain within

0.3 cycle from their nominal frequencies at
normal room temperatures and undsr reasonable con-
ditions of mechanical shock and electrical over-
load. Negligible changes occur under shocks up to
1500 G (2 milliseconds duration) or with input
levels 20 db above the just operate values.

Frequency stability with temperature is
achieved by making the forks of a nickel-iron-
molybdenum alloy of such a composition that
magnetic permeability changes are small and the
temperature coefficient of Young's modulus is low
and of a magnitude to compensate for dimensional
changes with temperature. Operate current
stability is realized by additional attention to
the design geometry and materials so that changes
in temperature cause variations in contact separa-
tion that are a small fraction of a mil-inch.

Fig. 3 and Fig. 4 are graphs of measured
data showing variations with tempersture in the
resonance frequency, just operate current, and
bandwidth of two typlcal samples, one at each eni
of the nominal frequency range. The range
covered by these graphs is much wider than that
required for most applications. 1In the more com-
mon temperature range of 35°F to 110°F (2°C to
43°C), the deviations are well within the limits
tabulated above.

Fig. 5 and Fig. 6 are electrical impedance
diagrams of the same two selector samples with
resistance and reactance as coordinates and
frequency as the variable parameter. This form
of plot emphasizes the interesting values near
resonance and may be used for analytical purposes
From these graphs, it can be determined that the
conversion of electrical to effective mechanical
power is about 46 per cent and the available
electric power necessary to just operate the
contact is about 33 microwatts.

Nominal Operating levels and Times

The electrical power source supplying
selectors in a system must have an available
power capacity sufficient to cause dependable con-
tacting under the worst temperature and adjust-
ment conditions. These worst conditions obtain
when the frequency deviation from nominal and the
just operate current are at their maximum values.
Considering the limits permitted in these se-
lectors and making allowance for contact quality
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and life with some statistical advantage taken of
the small chance of all limiting conditions occur-
ring simultaneocusly, it was determined that the
minimum electrical input power should be 6 db
above that needed to barely close the contact of
a nominal selector. At this level, the time
required to close the contact after energizing the
coil is equal to the time needed for the reed
amplitude to decay below contacting amplitude
after the coil current is stopped. For nominal
selector constants, this time is approximately

225 milliseconds. Input levels higher than 6 db
above just operate will result in faster operat-
ing times and slower decay times but the sum of
the operate and decay times will increase less
than 20 per cent up to input levels 12 db above
the nominal just operate value.

Contact Capacity and Life

The contact has greater capability than
would at first seem likely. Such a light contact
is most frequently used in circuits to change the
potential on a tube or transistor and thereby
trigger some desired signaling or switching
function without the contact current exceeding a
few milliamperes. The contact closure is inter-
mittent at a rate corresponding to the frequency
of the selector and the duration of the individual
closures is a small fraction of a millisecond
depending upon the frequency and input level.
These short closures, however, occurring at a
rate of several hundred times per second may con-
trol current pulses that have an integrated or
averaged power that is a substantial fraction of
a watt.

The maximum power that can be controlled
depends mostly upon the reactive elements in the
contact circuit and the life needed from the
selector. As an example of what may be expected,
Fig. 7 shows changes that occurred in the
resonance frequency and the sensitivity of a
typical selector when operated continuously
(except for a few minutes sbout every 100 hours
during check test) over a period of 1500 hours.
The electrical input was 9 db above the just oper-
ate value and the contact closed a 12 volt battery
through a 240 ohm resistor giving a closure cur-
rent of 50 milliamperes. Throughout the test
period the resonance frequency changed only
slightly and the just operate current increased
about 20 per cent. This later change was due to
erosion of the contact wire which increased the
contact gap. Erosion was minimized by connecting
the fine contact wire to the negative side of the
battery. At the end of the test the diameter of
the contact wire was approximately half its
original value.

Applications

The manner in which these selectors are
used in the circuits of the BELLBOY Personal Radio
Signaling system will be described in a paper to
be published on the pocket radio receiver. 1In
this system three tuned reed selectors are oper-
ated simultaneously in the receilver and these

25

trigger a transistor oscillator that gives an
audible signal. The power controlled by the con-
tacts in this case is small.

The substantial power capacity of the con-
tacts can be used to operate relays and other
devices directly. Pulses of current from a bat-
tery at the selector frequency can be supplied to
a smoothing or integrating capacitor and the
relatively constant voltage across the capacitor
used to operate & sensitive dc relay. The battery
may be at the location of the reed selector
or may be supplied by superposition over the same
circuit used to transmit the selector frequency.

The contact may also be used as a synchro-
nous rectifying means to generate dc from the same
ac source that operates the selector as shown in
Figure 8. When the source frequency corresponds
with that of the reed selector, the contact
of the selector closes in synchronism once each
cycle to send unidirectional pulses to the capac-
itor and relay in parallel. The capacitor
smoothes the pulses and gives a nearly constant
current in the relay winding. For maximum
sensitivity it is desirable that the contact
closures occur near the peaks of the supply volt-
age wave and this is accomplished by connecting a
large reactance (either inductive or capacitative)
in series with the selector winding. This
reactance also serves to attenuate the supply
voltage applied to the selector winding to avoid
overdriving the reeds because a supply voltage
large enough to operate a relay is ordinarily many
times that needed to operate the reed selector.
Combination circuits using reed selectors and
mercury wetted contact relays provide a simple
means of selectively controlling substantial
povwers to perform a multipliecity of functions over
a single palr of wires.

When operated just below the contacting
level these selectors have a Q (resonant frequency
to bandwidth ratio) in the range of 500 to 1000
and therefore may be used effectively in a
selective bridge or filter circuit as described
in a previous papers. The use of suce a selective
circuit in the feedback loop of a single tran-
sistor oscillator results in an attractively
simple source of frequency having a precision
corresponding to that of the selector.
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