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PREFACE

The need for a ready reference to the many subjects encountered in the
field of electronics has long been apparent. This need has been expressed by
the engineer, technician, student, experimenter, and others who are associated
with electronics either as a profession or as a hobby.

This book consists of various issues of the Aerovox Research Worker
which is edited and published by the Aerovox Corporation. The outstanding
articles of these issues were selected and categorized to provide coverage of
several subjects. Each category contains those articles of related subjects for
easy reference.

Covered in this book is the design, application, and theory of operation of
various TV circuits, oscillator circuits, transistors, meters, components, and
specialized equipment such as Geiger counters, photoelectric cells, and printed
circuits. Other equally important subjects are treated and will prove to be a
valuable aid for both training and reference to anyone interested in electronics.
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SECTION I

TV CIRCUITS AND APPLICATIONS

Television Inter-Carrier Sound Reception

IN all present-day television sys-
tems, the sound, picture and syn-
chronization information are trans-
mitted simultaneously over a six-meg-
acycle-wide television channel. Prior
to 1942, this was accomplished solely
by the use of an amplitude-modula-
tion (AM) method, in which the aud-
io intelligence and the video intelli-
gence were each impressed on two
completely separate carriers which
differed in frequency by 4.5 mega-
cycles. Subsequent developments in
the art demonstrated the desirability
of utilizing the much-enhanced fidel-
ity and noise reduction properties in-
herent in frequency-modulation (FM)
to improve the audio performance of
the television system, and as a direct
consequence to increase listener en-
joyment and acceptance of the then
new mode of entertainment. This
combination of AM for the video car-
rier and FM for the sound carrier,
with transmission standards as estab-
lished by the F. C. C, is currently in
use by all television broadcasting sta-
tions in this country. This change-
over from AM sound to FM sound,
while requiring rather extensive modi-
fication of the transmitter, did not in-
volve obsolescence of existing TV re-
ceivers, since the FM sound could be
received by the slope detection meth-
od. Fig 1 graphically illustrates a
typical spectrum analysis for one of
the 12 U. S. channels in use at the
present time,

In recent years, a number of schemes

have been disclosed for the simultan-
eous transmission of both picture and

sound on a single carrier. In general
these systems were based on the use
of a multiplex or time-division meth-
od of transmission in which it was pro-
posed that the audio modulation be
impressed on the video carrier during
the intervals normally reserved for
the synchronization pulses. Because
of the fact that these sync pulses oc-
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cur only during the blanked portion
of the kinescope trace, audio signals
transmitted during the retrace or fly
back period should cause no interfer-
ence with the picture. However, since
the ratio of sync pulse duration to
video pulse duration is quite small,
roughly 10%, the average audio pow-
er which can be transmitted during
the sync pulse interval, with a given
carrier, is correspondingly reduced by
a factor of 10. This could be over-
come to some degree by increasing
either the sensitivity of the receiver
or the transmitter power. Another
serious objection exists in the fact

that adoption of such a system would
not only require a major modification
of the transmitters but would also
make existing receivers obsolete.

In 1947, exposition was made in
papers by L. W. Parker, and R. B.
Dome, of the development of a new
method for recovery of the audio in-
telligence contained in a composite
television signal. In this system, a
4.5 Mc. beat frequency, usually pres-
ent as an undesired signal in the con-
trol grid circuit of the kinescope, is
made to serve as what may be termed
an audio sub-if. signal which can be
amplified, clipped or limited and then
demodulated in the usual manner.
That such a 4.5 Mc. signal can exist
may readily be seen from the follow-
ing generalized consideration. It may
be mentioned in passing that even
though this ordinarily undesired sig-
nal is usually present in greater or
lesser degree in all T V receivers, only
one manufacturer, to the writers
knowledge, has made particular pro-
vision for 4.5 Mc. trapping in the
video amplifier circuit.

1t will be remembered that in a con-
ventional superheterodyne receiver,
an incoming signal of frequency F and
a locally generated oscillator signal
of frequency f, are both passed
through some non-linear device, var-
iously termed the mixer, converter or
first detector. In the conversion pro-
cess the two signals are combined and
form an if. signal of frequency equal
to the difference between F and f. It
must be stressed at this point however
that this heterodyne or beat frequency
will be generated only if the mixing
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device (vacuum tube, crystal diode,
thermistor, etc.) possesses some non-
linearity in its impedance characteris-
tic.

In the conventional dual-i. f. tele-
vision receiver, both the picture and
sound carriers, comprising the com-
posite television signal, are amplified
by a common broad-band r. f. stage,
heterodyned with a single local os-
cillator signal and converted to a
complex signal containing video and
audio i.f. components. Although the
conversion process lowers the frequen-
cy of the two carriers, the 4.5 Mc. fre-
quency difference between them re-
mains unaltered. If, as is usually the
case, the oscillator is operated on the
high frequency side of the signal, a
sideband reversal takes place, i. e,
the relative positions of the video and
audio carriers are interchanged.

The use of a common r. {. amplifier,
mixer and oscillator for both picture
and sound adds to ease of operation
dnd at the same time affords a mater-
ial saving in cost. A natural exten-
sion of this dual function technique
to the i. f. portion of the receiver has
resulted in the recent appearance on
the market of several commercially
designed TV receivers in which one,
or even two of the if. stages are made
to function as combined picture and
sound amplifiers. From this point on,
two signals are separated by appro-
priate filters or traps, amplified fur-
ther as required and then demodulat-
ed, as shown in Fig. 2.

In the intercarrier sound system,
Fig. 3, both the picture and sound i. f.

signals are handled simultaneously by
a common wide band multistage i. f.
amplifier. In the video detector, us-
ually a vacuum tube or germanium
crystal diode, the frequency modulat-
ed sound i. f. signal is heterodyned
with the amplitude modulated video
i. f. signal. The resulting 4.5 Mec.
beat, produced by the non-linearity
of the detector characteristic, is both
frequency modulated by the sound
and amplitude modulated by the vid-
eo, It has been shown, however, that
if a low level FM signal is heterodyn-
ed with a high level AM signal, the
resultant signal is largely frequency
modulated and is relatively free of
AM. This 4.5 Mc. sub-i. f. is further
amplified by the video amplifier,
passed through one or more ampli-
fier limiter stages where the residual
AM is removed, and is finally de-
modulated by any of the well-known
methods of FM detection. Use of the
ratio detector for this function pro-
vides adequate AM clipping without
resort to a separate limiter.

Although not adequately demon-
strated by the simple block-diagrams
of Figs. 2 and 3, the intercarrier sys-
tem represents a considerable simpli-
fication in circuitry when compared
with the actual schematic of the dual-
i. f. system of television reception.
In addition to this advantage, with its
attendant economy, the Parker system
possesses several other desirable char-
acteristics among which may be men-
tioned simplicity of tuning, freedom
from oscillator drift and microphon-
ism, and reduction of inter-channel
crosstalk.

The dual-if. television receiver
suffers from the serious disadvan-
tage that even comparatively slight
mistuning or drift of the local oscil-
lator seriously affects both audio qual-
ity and discriminator impulse-noise
susceptability. In common with other
types of FM receptor, background
noise and hiss are also increased by
such oscillator maladjustment. Auto-
matic frequency control of the oscil-
lator has been applied in certain tele-
vision models as a means of reducing
these shortcomings, but this of course
adds to the complexity and consequently
to the cost. A commentary on the effi-
cacy of AFC circuits as applied to TV
receivers may be made by noting that
one manufacturer, after marketing a
receiver using AFC, subsequently issued
a modification kit for adding a fine tun-
ing control to sets in the field.

These conditions are further aggra-
vated by the fact that the TV sound
deviation is only 12.5 kc. as compared
with 37.5 kc. for standard FM broad-
cast transmissions. The discrimin-
ator coil Q can therefore usually be
made higher, requiring almost pin-
point, accuracy in TV set tuning.

Sixty-cycle frequency modulation
of the local oscillator in the standard
dual -i. f. system, due to insufficient
filtering or cathode-heater leakage, is
cften manifested as objectional hum
in the speaker. In one commercially
built set, it was found necessary to
include a small dry-disc rectifier and
filter to supply pure d. c. to the heat-
er of the local oscillator to reduce
such hum. Acoustic feedback from
the speaker diaphragm to any micro-
phonic portion of the oscillator cir-
cuit, such as trimmer condenser plates,
switch contacts, coil slugs, tube ele-
ments, and the like, can cause annoy-
ing ringing or even audio howl at high
volume.

The Parker System, in which eon-
stancy of the 4.5 Mc. frequency differ-
ence between carriers, which is used as
the sound i.f., is maintained by accurate
control at the transmitter rather than
by the relationship existing between re-
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ceived and locally generated signals, is
immune to these troubles. Since the
video i.f. is normally of the wide band
type, misadjustment or drift of the local
oscillator sufficient to cause severe dis-
tortion of the sound in dual-i.f. receivers,
causes no appreciable degradation of
either picture or sound quality in sets
equipped for intercarrier sound recep-
tion.

The discussion thus far of the com-
parison between the two systems has
been confined to the credit side of
the inter-carrier ledger. There are, of
course, the ever present debits. Chief
among these is the susceptability of
the inter-carrier system to audio in-
terference caused by; (a) frequency
or phase modulation of the video car-
rier, (b) momentary disappearance
of the video carrier during modula-
tion peaks, (c) failure at the trans-
mitter to accurately maintain the
prescribed 4.5 Mc. difference between
video and audio carriers, and (d)
drift of the receiver discriminator
tuned circuits.

The remedial measures necessary
to reduce the above effects present no
insurmountable problems, as may be
seen from the following considera-
tions:

(a) Frequency or phase modula-
tion of the video carrier appears, in
the Parker system, as undesired mod-
ulation and distortion products in the
reproduced sound. This can be pre-
vented, or at least minimized, by prop-
er transmitter design and adjustment.

(b) Since the inter-carrier system
depends upon both carriers for its
sound reproduction, it is evident that
momentary disappearance of the
video carrier, such as might be caused
by over-modulation of the transmit-
ter, also causes interruption of the
sound. By imposing the limitation
at the transmitter that the picture
carrier shall never fall below 10 or
15% of maximum amplitude, the pos-
sibility of such sound “break-up”
prevented. Another effect which has
symptoms very similar to sound
break-up by video carrier disappear-
ance is that occasioned when one of
the video i. f. amplifier stages is driv-

en to cutoff, as it is sometimes pos-
sible to do by improper adjustment
of the contrast control. Since the
peak signals are the “sync” pulses,
which are in the infra-black region,
this type of operation is not neces-
sarily deleterious to the performance
of the dual-i. f. sets. In the Parker
system, however, operation at cutoff
results in sound break-up.

(¢) Failure at the transmitter to
accurately maintain the 4.5 Mc. spac-
ing between the video and audio car-
riers results in the same kind of audio
performance degradation as that caus-
ed by misadjustment of the tuning
control or discriminator circuit in the
conventional dual-i. f. system. Where-
as this condition can easily be cor-
rected by the user of the older system
by adjustment of the fine-tuning con-
trol, the inter-carrier arrangement
must depend upon the broadcaster for
the correction of this condition.

(d) The effects of drift in the dis-
criminator circuit of the inter-carrier
sound system are usually slight since
the sound sub-i. f. is at a relatively
low frequency and can be virtually
eliminated by careful design and the
Jjudicious use of small fixed capacitors
having the proper capacitance versus
temperature characteristic.

Figs. 4 and 5 show the overall re-
sponse curves for the two TV systems
discussed above. The only difference
lies in the shape of the curves in the
vicinity of the sound portion of the
spectrum. In the dual-if. system,
full response over at least a 25 kc.
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band-width, centered on the sound
“resting” frequency is desired, while
in the inter-carrier method the sound
acceptance notch is in the form of a
small shelf of similar width and cen-
ter frequency. The reason for a plat-
eau rather than a gradual roll-off for
the intercarrier sound response is
that in this way partial demodulation
of the FM sound by slope detection,
and possible picture interference is
prevented. As shown by Fig. 5, the
response at the sound shelf should not
exceed 5% of full amplitude. This,
as mentioned earlier, reduces the
video amplitude modulation of the
sound sub-i. f. to a negligible value
and also prevents possible distortion
of the picture by the sound modula-
tion.

The sound trapping requirements
in the Parker system are not nearly
so stringent as in conventional sets.
A single trap, providing about 26 db.
of attenuation is required immediately
preceding the video detector to re-
duce the sound response to the 5%
level. This rather large attenuation
is subsequently compensated for by
the additional gain of the one or two
video amplifier stages.

In closing, it may be remarked that
the results of rather extensive field
tests, and the likelihood of industry-
F. C. C. cooperation in setting up the
transmission standards necessary for
insuring satisfactory performance,
may well lead to the eventual com-
plete adoption of the inter-carrier
system for television sound reception.
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Video 1. F. Amplifier Design

N modern radio communication and
pulse ranging equipment, the neces-
sity of transmitting and receiving a
large amount of intelligence per unit

time, or of handling wave forms which .

contain high frequency components,
imposes difficult requirements upon
the bandwidth of the circuits involved.
In the radar system, for instance, the
modulation of the transmitter by very
short, rectangular pulses of energy,
results in the r.f. output occupying
a broad band or spectrum of fre-
quencies. The width in megacycles
of the band required for the trans-
mission of such rectangular pulse sig-
nals is expressed, to a rough approx-
imation, by:

1

2
Bandwidth (mc.) =

Pulse length { Microseconds)

Thus, a radar transmitter being mod-
ulated by .5 microsecond pulses would
occupy a band (exclusive of minor
side bands) of 2 divided .5 or 4 meg-
acycles. In television, the transmis-
sion of high-definition picture infor-
mation consisting of several million
elements per second, as well as syn-
chronizing pulses and sound, requires
the allocation of a 6 megacycle chan-
nel for each transmitter in operation.

In any such broad bandwidth sys-
tem, if the receiver is to recover as
much of the transmitted signal as
possible, it must be capable of simul-
taneously accepting the entire band
of frequencies transmitted and am-
plifying each equally. In the super-
heterodyne type of receiver, the sat-
isfaction of this requirement greatly
affects the design of the i. f. ampli-
fier, since it is this channel of the
receiver which determines the over-
all selectivity to a large extent.

Fortunately, the design of broad-

band or “video” intermediate-fre-
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quency amplifiers has been greatly
simplified by war-time research work.
As a result, the design of high gain
amplifiers capable of essentially “flat”
band-pass characteristics as wide as
10 megacycles is relatively uncom-
plicated.

The bandwidth of an if. amplifier
is taken as the frequency difference
between points 3 db. down from max-
imum amplitude on each side of the
response curve and is symbolized by
Of. See Fig. 1. In the simplest form
of amplifier stage, which is the single-
tuned circuit shown in Fig, 2, the
bandwidth in megacycles is given by:

(2)

Bandwidth (Af) = -
2TIRC
R = the total resistonce shunting
the tuned coil in ohms.

C = the total capocitance shunting
the coil in mmt.

As this relation shows, the band-
width of a single-tuned stage is in-
versly proportional to both the shunt
capacity and the shunt resistance.
In practice it is the resistance which
is varied to control the shape of the
response curve. The addition of
“loading resistors” across the tuned
circuits, common in television and
other video if. circuits, broadens the
response as is illustrated by the dot-
ted curve in Fig. 1. Loading the res-
onant circuit lowers the circuit Q and
thus reduces the maximum response
or gain as is shown. The bandwidth
at the new 3 db. point has been in-
creased but the peak response has
been sacrificed proportionately in
favor of bandwidth. This demon-
strates the important fact that the
gain-bandwidth product of such an
amplifier is a constant. This means
that a stage giving a gain of 10 over
a bandwidth of 1 megacycle may also
be made to deliver a gain of 5§ at a

2 megacycle band-pass, or any other
combination whose gain-bandwidth
product (G x B) is equal to ten. The
gain-bandwidth product, which is the
accepted “figure of merit” of an am-
plifier stage, depends on the trans-
conductance (gm) of the tube type
used and the fotfal distributed shunt
capacity in the following manner:

Im
2T1C

(3)

G x B (mc)=

Since the gain-bandwidth product
is inversely proportional to C, which
includes the distributed wiring capac-
ity as well as the tube interelectrode
capacitances appearing across L, it is
very important in circuit lay-out to
reduce stray capacity to a minimum.
In practical circuits using modern
tubes, the total C may be limited to
10 mmf. Table I shows the GxB
products for some frequently used
tubes, allowing 5 mmf{. for distributed
circuit capacity.

ain-
e || iy | e
(Micromhos)| +5mmf. | (Megacycles)
6ACT 9000 21 68.7
6AUS 5200 15.5 53.6
6B8A6 4400 15.5 45.3
6AGS 5000 13.3 59.95
6AKS 5000 1.4 69.4
TABLE I
Unfortunately, when single-tuned

amplifier stages resonated to the same
frequency (synchronously tuned) are
cascaded, the overall band-pass does
not remain that of the individual
stages, but is reduced radically with
the number of stages. Four stages,
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each 4 megacycles broad at the 3 db.
point, when cascaded would thus have
an overall band-pass of only 1.75 meg-
acycles. This is evident from the
fact that if the voltage gain at the
center frequency (fo) is 10, the gain
at the 3 db. points is only 7.07. Up-
on amplification by a second identical
stage, the gain at fo is 10 x 10 or 100,
while the gain at the former 3 db.

points is now only 7.07 x 7.07 or 50,

which is 6 db. down in voltage. The
bandwidth at the 3 db. points has
been reduced to 649, of that for
the single stage. Further amplifica-
tion by similar stages would result in
the overall bandwidth being reduced
to 519 for a third stage, 449, for a
fourth stage, 399 for the fifth, etc.

In addition to the undesirable fea-
ture of rapidly decreasing pass-band
for multiple stages, the synchronously
single-tuned system does not satisfy
the requirements of the television
video if. since it is incapable of pro-
ducing the flat-topped response curve
required for picture reproduction.
The shape of the video if. response
which is accepted as the standard in
television practice is shown in Fig.
3. An essentially “flat” band-pass of
nearly 4 megacycles is required for
high-definition picture reproduction
on large-screen cathode-ray tubes, al-
though sets using small tubes may get
along with much less. The gradual,
nearly linear decrease in the response
at the picture-carrier end of the curve
is intended to compensate for the
presence in the transmitted signal of
the first 1.25 mec. of the lower side-
band. (The rest is suppressed at the

transmitter). When the picture-car-
rier if. frequency is aligned to the
mid-point of this slope, the small por-
tion of the vestigal lower side-band
which is under the response curve is
compensated for by the omission of
a similar area from the lower 1.25 mc.
of the upper side-band. ‘Therefore,
the response to the lower video fre-
quencies is made nearly equal to the
higher ones, although derived partially
from both upper and (vestigal) low-
er transmitted side-bands.

Considerable improvement over the
performance of synchronous single-
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tuned amplifiers may be obtained by
the use of multiple-tuned circuits.
In a double-tuned, transformer-coup-
led stage such as is shown in Fig. 4,
the coefficient of coupling (k) and
the primary and secondary circuit Q’s
may be adjusted so that the response
curve is essentially flat topped. Such
maximally flat or “transitional” coup-
ling occurs when the circuit Q’s and
the coefficient of coupling are related
as shown in Fig. 4. The term “tran-
sitional coupling” is derived from the
fact that the coupling is adjusted to
the point of transition between the
single and double-humped response
curve. It will be recalled that, as the
coupling coefficient of the tuned trans-
former is increased from a very small
value, the curve of secondary current
versus frequency changes from a small
sharp peak when the circuits are un-
der-coupled, to a broad double-peaked
response when the circuits are over-
coupled. (Dotted lines, Fig. 4). The
coefficient of coupling of the inter-
stage transformer may be determined
by measuring the capacity values
necessary to resonate the primary to
a given frequency when the secondary
is alternately open- and short-cir-
cuited. (Co and Cs respectively.)
Knowing the ratio of these capacities:

4) Co

Coefficient of coupling (k) = \/1— C
s

At the value of k corresponding to
critical coupling, the transfer of ener-
gy to the secondary is maximum and
the curve is flat-topped. The response
characteristic obtained in this manner
is more nearly that required by the
television video i.f. Furthermore, be-
cause of the more uniform response
over the pass-band, the overall band-
width does not decrease as rapidly
when identical stages are cascaded as
in the case of synchronous single-
tuned stages. When two double-tuned.
transitionally-coupled amplifier stages
are cascaded, the output bandwidth
is reduced to 809, of the width of
an individual stage. The corres-
ponding figure for synchronous single-
tuned stages is 64%.
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Further improvement in gain-band-
width performance may be obtained
by the use of more complicated inter-
stage coupling networks. These in-
clude; double-tuned stagger damped,
triple-tuned transformer-coupled, sin-
gle-tuned inverse-feedback and com-
plex filter-coupled stages.- Most of
these types are difficult to design and
troublesome to construct and align,
so will not be discussed here in de-
tail.

One type of band-pass amplifier
which does retain the simplicity of
design and alignment of the synchron-
ous single-tuned type, and yet over-
comes most of its disadvantages, ex-
ists in the stagger-tuned amplifier.
Wallman and others have shown
that if the successive stages of a
simple single-tuned amplifier are ad-
justed to slightly different frequen-
cies (staggered) throughout the de-
sired pass-band, the composite re-
sponse curve may be made flat-topped
and the gain high. Furthermore, the
design work requires only high school
math and a few simple tables, the
construction done with common tools
and the alignment may be accomp-
lished in a few minutes with the aid
of a spot-frequency signal generator
and an output meter. The double-
tuned and other more complex types
previously mentioned require the use
of a swept-frequency signal generator
and an oscilloscope. Stagger-tuned
systems are being used extensively in
commercial television practice.

Since the individual stages of the
stagger-tuned amplifier are merely the
single-tuned type shown in Fig. 2,
the design equasions (2) and (3)

5



* STAGGER-TUNING TABLE-
Af = Required overoll bondwidth, f, = Center frequency, d = %f—-
o
NUMBER OF CIRCUITS CIRCUIT FREQUENCY CIRCUIT BANDWIDTH
Staggered - pair fy=1fg +.35a+ T1d (fy)
fo= 1 —.35af Tdfy)
Staqqgered - triple f,= 14 Af
fo= 1o +.434f 54 (;)
fy=fy -.43Af 5d (fy)
Staggered - quodruple f,= 1o +.46 At .38d (fy )
f,=fo —.46 At .38d (1)
fi=f5 +.19Af .92¢ { 13)
fo= 1y ~.19 Af 924 (14)
Staggered -quintuple fy = 1o Af
o= 15 +.29af .81d (fy)
fi= 15 —.29 a1 B1d ()
fo= f, +.48 At 31d(f,)
fg= fo —.48 Af 314 (fg)
TABLE I

which were presented in connection
with the synchronously tuned ampli-
fier may be used. These, used in con-
junction with the tablé of stagger-
tuning and bandwidth factors shown
in Table II (after Wallman) and a
method of cutting the coils to reson-
ance, are all that are needed to com-
plete the design.

To illustrate the method of pro-
cedure, suppose that a video if. am-
plifier using 6AK5 pentodes is to have
a uniform gain of 75 d b over a band-
width of 4 mc. centered at 24 mc. Re-
ferring to Table I it is seen that the
6AKS has a gm of 5000 micromhos
and the total interstage capacity may
be limited to 11 mmf. The gain-band-
width product (Eq. 3) then becomes
5000/6.28 x 11 or 72.4 megacycles.
JIf this stage “figure of merit” is di-
vided by the required overall band-
width of the amplifier, the result
(18.1 or about 25 db.) is the mean
stage gain available using 6AKS5’s.
Therefore, three stages, properly stag-
gered should be capable of providing
the specified 75 db. gain. Table II
gives the value of frequency and
bandwidth to which each of the four

Cathode-Ray

THE widespread use of the cathode-
ray tube in television viewers
and in test instruments has occasion-
ed the use of high-voltage, direct-
current supplies of rather unconven-
tional design. Such departures from
the standard 60-cycle power supply
are due to the special requirement
of ’scope tubes for accelerating volt-
ages ranging up to 30,000 volts at
current drains less than one milli-
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coupling networks associated with the
three stages must be adjusted to form
a flat staggered-quadruple. In this
example, the factor d, which is
equal to the bandwidth divided by
the center frequency, is 4/24 — .166.

Using this figure in Table II indicates
the four circuits should be stagger-
tuned to: 24.76, 23.24, 25.84 and 22.16
megacycles with the bandwidths ad-
justed to; 3.77, 3.56, 1.63 and 1.39
megacycles, respectively. Knowing the
required bandwidths and the value
of total C per stage, the values of the
needed loading resistors may easily
be found from the equation for the
bandwidth of a single-tuned stage (Eq.
2). Solving for R in this equation
yields values of 3845, 4060, 8900 and
10,400 ohms, in the order of decreas-
ing bandwidth. In practice, the next
higher standard values of resistance
may be used, since other tube and
circuit resistances are in parallel with
the loading resistors and lower thz
total effective value somewhat. The
inductances required to resonate with
11 mmf. distributed circuit capaci-
tance at the above stagger-frequencies
may be determined by the use of a

reactance calculator, a “Q Meter”’
where available, or by emperical for-
mulas. Since additional capacitance
is very detrimental to the gain-band-
width product of the stage, the coils
should be self-resonant with the cir-
cuit capacity or tuned with high qual-
ity powered-iron slugs.

When resistors and inductors cor-
responding to the values determined
for R and L are inserted in typical
single-tuned stages such as that shown
in Fig. 2, and these stages are con-
nected in cascade, the resulting stag-
ger-tuned amplifier is non-critical to
adjust and will compare favorably
with more complex types in perform-
ance. The overall gain-bandwidtl
product is better than a synchronously
tuned amplifier of the same number
of stages by a factor greater than two.
Alignment is accomplished by con-
necting a standard AM signal gener-
ator to the input of the amplifier and
an amplitude indicating device such
as a voltmeter to the output. The
signal generator may then be set to
the recommended stagger frequencies
in succession and the individual stage
corresponding to that frequency peak-
ed for maximum output response. Due
to the isolating action of the tubes,
there is virtually no interaction be-
tween stages while tuning. This is
in sharp contrast to the procedure
with double-tuned or triple-tuned cir-
cuits. In this case, a swept-frequency
signal source and an oscilloscope must
usually be connected to the input and
output (respectively) of each stage
in succession and the coupled circuits
tuned and retuned until the desired
response is observed on the ’scope.
If adjacent-channel and sound carrier
frequency “traps” such as are found
in most television video if. amplifiers
are incorporated in the single-tuned
system, some slight tuning interaction
may be noted.

Tube High-Voltage Supplies

ampere. The production of such volt-
ages by linefrequency, iron-core
transformers is impractical because
the process of winding high-voltage
secondaries with extremely fine wire
is expensive, The problem of main-
taining adequate insulation between
the secondary and the other parts of
the transformer is also troublesome.
In addition, the network required to
filter the low ripple-frequency is dan-

gerous and bulky. For these reasons,
the use of this type of supply for
high potentials has been virtually
superseded by the more modern high-
frequency supplies.

There are three general types of
special high-voltage, low-current sup-
plies in common use for cathode-ray
tube applications. In the order of
popularity, they are;



(a) The Flyback, or “Kick”
Supply.

(b) The Radio-Frequency Supply

(c¢) The Pulse-type Supply.

Each of these types has special ad-
vantages with respect to the require-
ments of economy, efficiency, com-
pactness, ease of construction, and
lack of interference with other cir-
cuits. We will presently discuss the
operating principles and relative ad-
vantages of each type.

The Flyback Supply

The high-potential supply most
widely used in television sets having
magnetic deflection systems is the
horizontal return-sweep, or “flyback”
supply. The popularity of this ar-
rangement is due to the fact that it
requires the least number of addi-
tional parts and it functions during
the retrace period during which the
picture-tube beam is blanked out. In

this manner, the interference which

may be caused in adjacent circuits
is not visable in the television pic-
ture. This type of supply also re-
quires no additional source of power,
since it uses energy from a “transient”
voltage in the horizontal sweep cir-
cuit which would otherwise be wast-
ed.

ore components
of horizontal
sweep circuit

8016
H.V. RECTIFIER
SUPPLY
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A typical high-voltage supply of
the flyback, or “kick”, variety is shown
schematically in Fig. 1. This circuit
makes use of the fact that a high-
voltage pulse of short duration is de-
veloped across the primary winding
of the horizontal deflection trans-
former during the flyback period of
the saw-tooth current pulse which
is generated in the plate circuit of
the horizontal amplifier tube. The
amplitude of this inductive voltage
surge is expressed approximately by:

Voltage (e} = L9+

Where: { is the primary winding inductance,
%:— is the time rate of change ot current
or the slope of the current saw-tooth.

Thus, it is seen that the amplitude of
the voltage “kick” developed depends
upon the inductance of the transform-
er primary winding and the rapidity
with which the current flowing
through it is changing. Since the
current in the transformer builds up
during the sweep period of about 57
microseconds, and collapses rapidly
during the flyback time of approxi-
mately 7 microseconds, the rate of
current change, and hence the induced
voltage, is more than eight times
greater during the retrace period. This
inductive voltage “kick” is further
stepped-up by a third winding on the
horizontal deflection transformer
which is connected with the primary
to form an auto transformer. In ad-
dition to the high-voltage rectifier and
filter circuit shown in Fig. 1, this
special horizontal deflection trans-
former having a tertiary winding for
the high-voltage supply is the only
extra component needed for the fly-
back supply, since all other parts are
standard components of the horizon-
tal deflection system. The transform-

flyback supply is also practically
standard for the other types of high-
potential supplies to be discussed.
For this reason, these components
will be discussed in some detail here.

To rectify the high-voltage alter-
nating or pulse wave, a specially de-
signed diode rectifier tube is almost
universally used. This tube, desig-
nated the 1B3-GT/8016, is rated at
33 kilovolts maximum peak inverse
voltage. Maximum diode current is
rated at 2.2 milliamperes. The spec-
ial low-drain filament requires only
1.2 volts at 200 milliamperes for
heating. This low filament power
consumption feature of the 8016 rec-
tifier, (less than one-quarter watt)
enables the tube to be heated direct-
ly from the source of high-frequency
energy. The filament circuit is in-
ductively coupled to the high-voltage
step-up transformer by means of a
one- or two-turn link, as indicated
in Fig. 1. A 3.3 ohm resistor is
sometimes used in series with the
filament circuit to protect the tube
from burnout in case of over-coup-
ling. The low-voltage link coupling
feature of the 8016 facilitates isolat-
ing the rectifier filament circuit, which
is operated at full output voltage
above ground.

The design of the smoothing filter
used with all modern types of high-
frequency supplies is greatly simpli-
fied because of the low current re-
quirement and the high ripple-fre-
quency used. In the “kick” and the
pulse-type supplies, the operating fre-
quency is the same as the horizontal
sweep frequency of 15,750 cps. In
the r.f. supply, the frequency of op-
erating is usually above 50 kc. When
such high-frequency waves are rec-
tified, the resulting high ripple-fre-
quency can be filtered by relatively
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1, frequently consists only of the con-
ductor-to-shield capacity of the high-
voltage output cable.

Because of the low storage capacity
of this filter design, the high-frequen-
cy supply is much less dangerous to
operating personnel than a line-fre-
quency supply using a “brute force”
filter.

Voltage doubling and tripling ar-
rangements are frequently resorted
to in high-frequency supplies to ob-
tain higher potentials, or to provide
convenient taps for intermediate volt-
ages. Fig 2 illustrates some repre-
sentative voltage-multiplying circuits.
It will be noted that the techniques
used are similar to those practiced
with conventional line-frequency pow-
er supplies.

The Radio-Frequency Supply

The basic circuit of the radio-fre-
quency type of high-voltage supply
is shown in Fig. 3. In this arrange-
mient, the rf. output voltage of a
class C self-excited oscillator is trans-
formed to a very high value by a tight-
ly coupled, double-tuned, step-up
transformer. Since the frequency of
operation may be between 50 to 200
kilocycles per seccnd, the voltage
step-up is accomplished by a light-
weight, economical, air-wound trans-
former.

The power oscillator usually con-
sists of a beam pentode of the 6V6
or 6L6 type, used in a tuned-plate,
grid-feedback circuit. Class C opera-

tion is used for high efficiency. Anode:

voltage ranging from 250 to 400 volts
d.c. is applied to the oscillator tube,
depending on the type used and the
high-voltage value required. In ap-
plications where accelerating poten-
tials as high as 27,000 volts are re-
quired for projection television kine-
scopes, two or more oscillator tubes

as large as the type 807 may be oper-
ated in parallel.

The step-up transformer which
couples the r.f. oscillator to the rec-
tifier and filter circuit is designed to
fulfill several special requirements. It
must be sufficiently insulated between
the primary and secondary windings
to windstand the full output voltage
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and yet these windings must be tight-
ly coupled to provide efficient energy
transfer. It must dissipate consider-
able heat and must be designed to
minimize stray current leakage. The
secondary winding must have a high
Q when resonated at the operating
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PULSE-TYPE H.V. SUPPLY

frequency with the distributed capac-
ity of the wiring and rectifier tube.
Windings for the rectifier filament
and grid-feedback “tickler” must also"
be provided.

Fig. 4 shows a typical r.f. supply
transformer design. The coil form is
usually of thin-walled, impregnated
bakelite tubing of low power factor.
To decrease leakage currents between
windings, and to facilitate the free
circulation of air for cooling, a series
of long circumferential slots is made
in the coil form, as shown in Fig. 4.
The primary, secondary, and grid-
tickler windings are wound with Litz
wire to minimize losses. The high-
voltage secondary is made up of uni-
versal-wound “pies”, spaced sufficient-
ly to prevent corona discharge be-
tween them.

The overall efficiency of the r.f. os-
cillator type of high-voltage sup-
ply is between 25 and 45 percent.

Its principle disadvantage lies in the
fact that sufficient harmonic radia-
tion is sometimes present to cause in-
terference with other circuits. Com-
plete shielding and supply-lead filter-
ing is therefore necessary.

The Pulse-Type Supply

Although not enjoying the wide
useage of the high-voltage supply
types discussed above, the pulse-type
supply is used in some applications.
Like the flyback supply, the pulse
generated is synchronized to occur
during the blanking period of the
horizontal sweep cycle, so that mini-
mum radiation interference is caused
in television sets. In common with
the r.f. supply, it has the disadvan-
tage of requiring additional compon-
ent parts and power, but can be used
for cathode-ray tubes having electro-
static deflection.

The circuit arrangement of the
pulse-type high-potential supply is il-
lustrated in Fig. 5. The essential
parts consist of; a blocking oscillator
pulse generator, a pulse amplifier
stage, a step-up pulse transformer,
and a rectifier-filter section similar
to those used with supplies of the r.f.
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and “kick” types. As in the “kick”
supply, the amplitude of the high
voltage developed is dependent upon
the rapid change of current flowing in
the pulse transformer inductance dur-
ing the pulse.

The pulse generated by the block-
ing oscillator is usually synchron-
ized with the horizontal sweep so that
it occurs during the 7 microsecond re-
trace period. Synchronization is ef-
fected by injecting horizontal sweep
voltage into the blocking oscillator
circuit at the point marked “Sync”
in Fig. 5. The synchronizing voltage
permits oscillation of the blocking
oscillator, which is held normally in-
operative by a bias voltage developed
across the cathode resistor, R2. In
addition to preventing picture tube
“hash” by restricting the high-voltage
pulse to the “dark”, retrace period
of the sweep, this system of synchron-
ization also protects the kinescope
from screen burning by holding the

high-voltage supply inactive in case
of sweep failure.

Service Notes

In performing any operation on ac-
tive high-voltage supply circuits, it
must be remembered that LETHAL
VOLTAGES ARE PRESENT! Al-
though the poor over-load regulation
of the high-frequency types renders
them much less dangerous than the
older 60-cycle supplies, direct con-
tact with the voltages developed is ex-
tremely painful and can be fatal.
Therefore, due caution should be ex-
ercised.

The trouble most frequently en-
countered with high-potential supplies
is corona discharge from the high-
voltage portion of the circuit. Cor-
ona, identified by a blue glow or brush
discharge around the parts effected,
caused erratic output voltage with
attendant poor picture brilliance, It
is caused by high voltage gradients

Television Interference

HE advent of television broad-

casting has brought about many
new problems in interference elim-
ination. Much of this interference is
caused by spurious radiations from
transmitters of other services. The
burden of finding solutions to such
problems rests upon the licensee of
the transmitter causing the interfer-
ence, and upon the owner of the set
being interfered with — or his ser-
vice technician. Usually, a satisac-
tory solution can only be arrived at
through the complete cooperation of
all parties concerned.

The American amateur radio oper-
ator, because of greater numbers,
closer proximity to owners of TV
sets, has spear-headed the technical
battle to find cures for this threat to
his hobby. Now, with many “hams”
again able to cperate at full one-kilo-
watt input in the midst of dozens of
TV receivers, the battle has been
won. There remains only the job of
educating others in the methods em-
ployed.

The most powerful tool which has
been applied to the elimination of tele-
vision interference (TVI) is the fre-
quency selective filter. The application
of filter networks to television interfer-
ence elimination and the construction of
practical filters for use at the source of

the interference, as well as at the TV
set, will be discussed here.

Causes of Interference

Because of the lack of selectivity in-
herent in modern television receivers,
they are particularly prone to inter-
ference by spurious signals of many
kinds. When one considers that the
minimum band-pass for tuned receiv-
er “front-ends” is about 6 mc. and
that many using untuned grounded-
grid r.f. stages will accept signals over
a band many times this width, it is
seen why this is so. For example,
an amateur transmitter operating at
7 mc. may radiate a small amount
of power at each of the harmonics
(multiples) of this frequency. The
amplitudes of these harmonics dimin-
ish rapidly with frequency, but mul-
tiples up to the sixteenth or eight-
teenth may be of sufficient strength
to interfere with a weak television
signal, depending upon the proximity
of the amateur transmitter and its ad-
justment. Thus, with a harmonic
falling every 7 mc., the transmitter
stands a good chance of interfering
with TV channels 2, 3, 4, and 5, since
the 8th through 11th harmonics of 7
mc. fall within them. The degree of
interference is usually determined by
the proximity of the harmonic to the
frequency of the picture carrier. If

between adjacent parts, resulting in
ionization of the surrounding air. To
reduce corona effects, commercial sup-
plies are designed with all compon-
ents and conductors having large ra-
dius contours, since sharp corners or

-points aggrevate' corona discharge.

For this reason, when working on
high-voltage sources, care should be
taken to avoid introducing high grad-
ient points such as rough, sharp sol-
der joints or sharp bends in wiring.

Actual current leakage on the sur-
face or through insulation material is
another problem in cathode-ray tube
supplies. This effect tends to load
the supply excessively and frequently
results in complete breakdown and
carbonization of the leakage path. In
such cases, replacement of the defec-
tive part is the only effective remedy.
Leakage can be reduced by prevent-
ing the formation of greasy, dusty
films on the surfaces of insulating ma-
terial.

Filters

it is close, the harmonic must be weak-
er by about 50 db. to avoid interfer-
ence,

By far the most serious harmonic
interference is that caused by the sec-
ond harmonic of “ham” stations op-
erating in the 28 mc. band, since this
harmonic falls directly in channel 2
and is usually quite strong. Another
such case of troublesome interference
is occasioned by the second harmonics
of FM stations which fall within the
high-band TV channels. The com-
mercial solution to this problem has
been similar to that adopted by ama-
teurs — the use of filters to prevent
spurious radiation.

TVI may also be caused by low-
frequency signals getting into the re-
ceiver if. stages, either through the
tuner or by direct pick-up in the set
wiring. Cases have been observed
where picture reception was prevent-
ed by signals from European short-
wave broadcast stations leaking into
the 21.25-25.75 mec. if. channel. This
type of interference is usually char-
acterized by the fact that all TV chan-
nels are effected, regardless of tuning.

TVI1 Reduction at the Transmitter

Of course, the most effective ap-
proach to interference elimination is
to start at the source. The harmonic
content of the transmitter signal is

9
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tremendously affected by circuit ad-
justments such as grid bias, grid drive,
modulation percentage, and tank cir-
cuit L-C ratio. If the generation of
harmonics and parasitics is first min-
imized by the selection of the proper
values for these variables, the job of
preventing the radiation of the re-
mainder is considerably simplified.

In addition, it has usually proven
necessary to completely shield the of-
fending transmitter before the work
of harmonic suppression by the use
of filters can proceed. Otherwise, har-
monic radiation may occur from the
final tank coil and other parts of the
transmitter. Since the wavelength of
the harmonics which cause TVI are
relatively short, leads of moderate
length may act as efficient antennas.

The need for shielding may be de-
termined by loading the transmitter
with a “dummy” lamp-load substi-
tuted for the antenna. If the TVI
clears up, it indicates that the inter-
fering signal is being radiated by the
antenna and that the present degree
of shielding is adequate. If this test
shows that more shielding is needed,
the type required need not be elab-
orate, but must be complete. Com-
mercially built metal cabinets, al-
though neat in appearance, do not
always provide effective shielding
because of poorly-bonded joints,
doors, cracks, and ventilating louvers.
The most popular method of shield-
ing employed in amateur practice is
to enclose the entire transmitter r.f.
chassis in a box made up of close-
mesh copper screening, soldered at
all junctions to make it absolutely
rf-proof. This shielded chassis and
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panel may then be mounted in a
standard rack or cabinet to improve
the appearance.

With the r.f. portions of the trans-
mitter thus completely shielded, it
becomes a relatively simple matter to
filter all leads entering this metal
enclosure, in the manner indicated in
Fig 1. It must be remembered that
the key or microphone lead is a
potential source of r.f. leakage and
must be either shielded or filtered.
Any a.c. power leads which enter the
chassis must also be filtered. For this
purpose, a balanced single pi-section,
low-pass filter as shown in Fig. 2 may
be employed. A unit of this type may
be constructed in a small metal box
and bonded solidly to the outside of
transmitter shield box for maximum
effectiveness. The line filter should
not be assembled inside of the trans-
mitter housing because of the danger
of the components coupling to har-
monics from the tank circuit.
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For d.c. leads which enter the
shielded compartment, a single L-sec:
tion low-pass filter of the type illu-
strated in Fig. 3 has proven effec-
tive in preventing r.f. leakage. The
values of the componentss are not
critical, but they should be of high
quality. Inductances should be of a
universal-wound type so that distri-
buted capacitance i§ reduced. Mica
capacitors should be chosen, accord-
ing to voltage requirements. A filter of

this kind should be used in each d.c.
lead which might conduct r.f. out of
the shielded housing. Like the line
filter, these d.c. filters should also be
assembled in a separate metal box
which is fastened to the outside of
the main shield compartment. A com-
mon housing may be used for all pow-
er lead filters.

After the job of shielding the trans-
mitter and filtering all power leads
has been completed, it should be
checked again for TVIL. If all signs
of interference to nearby television
receivers have disappeared when full
transmitter power is applied to a
dummy load inside of the shielded
compartment under conditions of full
modulation or keying, this part of the
job is satisfactory.

If the interference appears when
the antenna is again connected, the
TVI is reaching the receiver by rad-
iation from the antenna. It may be
of the harmonic type or the receiver
overloading type. At this point it is
well to determine which, since further
changes at the transmitter will not
eliminate the latter type. The har-
monic content of the transmitter sig-
nal may be checked by listening on
the multiples of the operating fre-
quency with a good VHF receiver, or
by building a crystal “harmonic
checker.” The circuit of a simple de-
vice which fulfills this requirement is
shown in Fig. 4. It consists of a
parallel L-C circuit which tunes to
the low TV frequencies and which is
link coupled to a crystal rectifier and
indicating meter. The tuned circuit
must be calibrated in frequency so
that harmonics may be identified.
Several of the commercial absorp-
tion wavemeters may be used for har-
monic checking by the addition of
the crystal indicating circuit. Alter-
natively, a grid-dip meter of the type
which has provisions for operating
the oscillator tube as a diode detector
may be employed for locating har-
monics.

The harmonic checker should be
loosely coupled to the output of the
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transmitter and a systematic search
for spurious frequencies made. The
sensitivity of the indicator will be
better if a low range microammeter
is used. The frequency of all signals
detected, other than the -carrier,
should be carefully tabulated, since
this information will prove of value
in determining filter requirements.

If any radiation is detected in the
television bands, a filter between the
transmitter and the antenna is neces-
sary. Ideally, this filter should be a
unit which transmits the amateur fre-
quencies without loss, while present-
ing infinite attenuation to all TV band
frequencies.  Actually, these condi-
tions may be approached with mod-
ern low-pass filters of the “m-derived”
type. With such networks of rela-
tively simple design it is possible to
obtain attenuations greater than 100
db. at all television frequencies. If
high quality components are used, the
“insertion loss” in the amateur bands
below 30 mc. may be less than .2
db. In addition, the attenuation at
any given frequency within the re-
jection band may be “peaked up” by
special design. In this way, added at-
tenuation may be provided at specific
frequencies where harmonic output
is greatest.

A practical low-pass filter for use
with amateur transmitters is shown
in Fig. 5. This network starts at-
tenuating at 45 mc. and should pro-
vide over 65 db. attenuation at all
frequencies above 55 mc. It con-
sists of four sections; two series m-
derived end sections, one constant-K
type intermediate section with max-
imum rejection at infinite frequency,
and one series m-derived intermed-
iate section with maximum attenua-
tion at 71.25 mc. The filter is de-
signed for use with shiclded coaxial
transmission line having 52 ohms
characteristic impedance. The prob-
lems associated with transmitter

‘matic (Fig. 5).

shielding and output filtering are ap-
preciably simplified if shielded cable
is used.

The filter is assembled in a suitable
metal shield can having a tight-fitting
cover. The transmission line enters
the filter box through coaxial cable
connectors which are soldered solid-
ly to the metal box for perfect shield-
ing. The lay-out of the parts is ap-
proximately as indicated in the sche-
The capacitors are
small air-padders which have suf-
ficient spacing for the power to be
handled. They should be adjusted to
the capacitance values indicated in
Fig. 5. All coils are self-supporting
and must be kept one diameter away
from other metal objects to insure
accurate inductance values. The coil
lengths specified in Fig. S are meas-
ured between the ends of the first and
last turns. Lead lengths should be
limited to about one-half inch.

The completed filter should be
tested for proper functioning. A
rough check may be made by ex-
ploring the frequency range near the
intended cut-off frequency by means
of a signal generator coupled to the
input of the filter and an indicating
device coupled to the filter output. If
sufficient output is available from the
signal source, a 50 ohm terminating
resistor may be placed across the
filter output and the power in it mon-
itored with the crystal harmonic
checker. The power transmitted
through the filter should drop very
abruptly at 45 mc.

TVI Reduction at the Receiver

A transmitter of another service
may cause television interference
even though its signal is in accord-
ance with the best engineering prac-
tices. If it is located in the imme-
diate vicinity of the TV set, as is
usually the case with amateur trans-
mitters, it may produce picture in-
terference by overloading the TV
receiver front-end and so produce
local harmonics. This, of course, is
not the fault of the transmitter, be it
amateur or commercial. It is merely
a consequence of the close spacing be-
tween the transmitter and the receiv-
er, and of certain deficiencies in the
TV set front-end design. Most re-
ceivers now incorporate one or two
high-pass filter sections between the
antenna terminals and the first r.f. or
mixer stage. This filter is intended to
prevent the passage of strong, low-
frequency signals into the tuner, but
to accept the TV signals.

In many cases, where the TV an-
tenna intercepts a very strong low-
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frequency signal, the built-in high-
pass filter may not provide adequate
attenuation to prevent interference
of the “overloading” type. It usually
becomes the responsibility of the TV
service technician to diagnose this
trouble and to provide a cure. For
this purpose several additional sec-
tions of high-pass filter may be neces-
sary. Such filters are available com-
mercially or may be made up. A typi-
cal design is detailed in Fig. 6. This
filter is a balanced configuration for
300 ohm “twin-lead” and is of the
double pi-section type. It is design-
ed to have a high-pass cut-off at about
53 mc. so as to provide maximum at-
tenuation to all amateur frequencies
up to the ten-meter band (30 mc.).

The high-pass receiver filter should
be constructed in a metal box similar
to that described for the low-pass
transmitter filter. Complete shield-
ing is not too important in this case,
since unshielded transmission line is
used. High quality components should
be selected. The capacitors should
be of the silvered mica variety.
Two 10-micromicrofarad units may
be used in parallel to form the re-
quired capacitance value and to min-
imize lead inductance. The coils are
close-wound on a three-sixteenth inch
low-loss form and are center-tapped
by twisting a half-inch loop in the
center turn of each. These loops are
then tinned and soldered to ground,
leaving a quarter-inch lead. All coils
should be mounted at least one inch
apart to avoid coupling.

Receiver interference of the “if.
channel” type mentioned above will
also be reduced by the high-pass filter
if it is being picked up by the an-
tenna. However, interference of both
this type and the “overloading” type
may gain access to the receiver
through the power line, or by exposed
wiring in the receiver. In such cases,
a low-pass line filter of the type shown
in Fig. 2 should be used. It may also
be necessary to improve the receivet
shielding by adding a bottom plate
to the chassis.

1



Television Reception at “Shadowed” Locations

NE of the most prevalent prob-

lems confronting the rural TV
viewer and his service technician is
that of providing reception at receiv-
ing sites well within the normal ser-
vice range of one or more transmit-
ters but “shadowed” by topographical
details. In hilly or mountainous ter-
rain, many communities and, indeed,
whole cities, are in the vexing posi-
tion of having strong, steady televis-
ion signals going by a few hundred
feet overhead, but with little or no
signal available to antennas of prac-
tical height in the valley. A typical
situation of this kind is depicted in
Fig. 1.

The social and economic implica-
tions of this common situation are
many and seem a high price to pay
for a wrinkle on the surface of the
earth formed long before anyone
had television transmission in mind.
To the viewer, it means missing out
on the educational and entertain-
ment miracle of television. To the
TV dealer and serviceman it means
whole fields of potential set sales
and servicing lying fallow. And, of
course, to the television broadcaster
and advertiser, it means reduced cover-
age. The following paragraphs are de-
voted to a discussion of some of the
solutions which have or might be re-
sorted to in such instances.

There are several approaches which
might be used in “illuminating” a
television receiver or community sit-
uated as in Fig. 1. They include:

(a) A booster station located on
the hill top at “A” and relay-
ing the signal on the same fre-
quency.

(b) A sattelite station situated at

“A” rebroadcasting the signal

on another frequency, such as

a UHF channel.

A “passive relay” antenna at

“A” receiving the television

signal and re-radiating it into

the valley.

A community antenna located

on the hill top with a trans-

mission line distribution sys-
tem feeding receivers in the
valley.

(c)

(d)

In evaluating the applicability of
these approaches to specific locations,
there are many legal, economical, and
technical factors to be considered.
We will now examine some of these.
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The Booster Station

The operation of a relay transmit-
ter modulated by the distant TV sta-
tion involves considerable legal and
technical complication. Legally it
would require a license by the Fed-
eral Communications Commission as
well as an agreement with the tele-
vision station whose programs were
to be relayed. It also requires a
source of electrical power at the re-
lay station site as well as frequent
or continuous attendance. In gen-
eral, the expense involved makes
this the type of endeavor which must
be financed on a commercial basis,
rather than run as a community en-
terprise. Nevertheless, experimental
booster stations of this kind have
been authorized by the F. C. C.

The block diagram of a typical
equipment lay-out required by a
booster station is given in Fig. 2. A
high gain receiving antenna oriented
to receive the signal of the desired
TV station, to the exclusion of any
other on the same channel, feeds a
low-noise r.f. amplifier. This drives
a linear power amplifier which builds
the signal up to the level required

e o ? e
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~ Radio “Shadow”
D of Natural Obstacle

for re-radiation by a second antenna
oriented to illuminate the desired
coverage area. For single channel
relaying, the bandwidth of the overall
system must be at least six megacy-
cles. The total system gain will de-
pend, of course, upon the signal
strength available from the master
station. In “fringe” areas, at least
100 decibels of overall gain must be
provided if the coverage angle is
large. Usually the power fed to the
transmitting antenna need only be a
few watts.

One of the technical difficulties
encountered in the operation of a
booster re-radiating on the same
channel as the master station is that
of feed-back. Enough isolation must
be provided between the output and
input to prevent such regeneration.
This is usually accomplished by util-
izing antennas with high front-to-back
ratios placed back-to-back. Addition-
al isolation is also available by plac-
ing the receiving antenna and asso-
ciated low-level preamplifier equip-
ment a few hundred feet from the
power amplifier and transmitting an-
tenna. A high grade coaxial cable is
used to interconmect the two.

Low Noise  Stagger Class A Class B
Amp.  Tuned Amp. Power Amp. Linear PR
S YU N ,__L__‘

L o __I
—> OO0 000 ONONO) —_—
SIGNAL A O SIGNAL

IN. Coaxial ouT.
POWER POWER
SUPPLY SUPPLY

ELEMENTS OF BOOSTER RELAY STATION

FIG. 2
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One economic factor in favor of
the booster approach is the fact that
no expensive frequency control and
sweep generator standards are re-
quired. Since the booster station is
essentially a linear amplifier, all of
the standards are established by the
master station. Thus, the cost of an
installation of this type is much
less than that of a small station cap-
able of originating programs, but is
still prohibitive for the isolated view-
er or small community.

Satellite Stations

Relaying the television signal on
another channel frequency, such as
a UHF channel, is even more compli-
cated than same-channel relaying in
many respects. In addition to requir-
ing FCC authorization and master
station permission, considerably more
equipment is needed. Since the only

SATELLITE TV STATION EQUIPMENT
F16.3

eral instances.

manner in which the channel fre-
quency can be changed is by hetero-
dyning the master station carrier to
a new frequency or by modulating a
locally generated carrier on the new
frequency with the video signal of
the master station, facilities for main-
taining the required frequency sta-
bility will be required in either case.
On the other hand, the problem of
input-output isolation is eliminated
in a relaying system of this kind, since
the frequency transmitted is differ-
ent from that received from the mas-
ter station. The satellite station can
be arranged to select any one of
several master station signals avail-
able and relay them on the allocated
frequency.

Block diagrams of two possible
equipments for satellite station relay-
ing are shown in Fig. 3.

Receiving Array
y

" PASSIVE"

FIG.4

Transmiﬁilng Array

TV RELAY

Passive TV Relaying

Another interesting possibility for
television relaying in locations where
a strong signal from the master sta-
tion is available might be called “pas-
sive” relaying. The essentials of this
scheme are illustrated in Fig. 4. A
high gain antenna situated on a high
place within line-of-sight of both the
transmitter and the shadowed receiv-
er sites receives the signal from the
TV station and feeds it to another
high-gain antenna oriented to re-rad-
iate the signal into the valley. This
system has proven practical in sev-
It has many advan-
tages over the foregoing systems
which put it within the reach of the
single isolated receiving site or the
small community.

Since this system is totally “pas-
sive”, i. e., does not employ amplify-
ing or transmitting equipment of any
kind, F. C. C. approval has not been
required. For the same reason, no
source of electrical power is required
at the relaying site and a minimum
of maintenance is necessary. These
are decided advantages since the sites
which are suitable for relaying of this
kind are usually quite inaccessible.
Another advantage offered by the
passive antenna system is that of mul-
ti-channel operation. If several
strong stations are located in the
same direction, it will usually be pos-
sible to relay all of them simultan-
eously. Tn general, multi-channel
installations will require the use of
more elaborate antenna arrays, how-
ever.

If the site available for relaying is
sufficiently large the rhombic antenna
offers high gain and broadbanded op-
eration while involving little expense.
It can be constructed of wire, as con-
trasted to the more expensive alum-
inum tubing required in some other
high gain designs. If the site is
wooded, trees can usually be pressed
into service to support the corners of
the rhombics. Because the radiation
pattern of a large rhombic is rather
sharp, care must be taken to proper-
ly align both the receiving and the
transmitting antennas. The major
lobe of the rhombic is usually tilted
a few degrees above the plane of the
antenna. For this reason, it might
be convenient to place the two anten-
nas on opposite sides of the obstruct-
ing hill and interconnect them with
a low-loss, high-impedance transmis-
sion line. Fig. 5 shows the dimen-
sions of a rhombic antenna design
which would be suitable at some lo-
cations. The gain of the-rhombic in-
creases with the number of wave-
lengths per leg.
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Another antenna type which could
be used is the “chicken-wire horn”
illustrated in Fig. 6. This design
provides all-channel operation and
reasonably high gain while requir-
ing less space than the rhombic. Two
such antennas could be used back-to-
back at the crest of the hill or separ-
ated by some distance and connected
with 300 ohm line. Of course, the
length of the line should be kept to
a minimum since its losses detract
from the gain provided by the an-
tennas.

Other high gain TV antenna de-.

signs could be utilized for passive re-
laying. In instances where only sin-
gle channel operation is desired,
multi-element stacked Yagi designs,
cut for the proper frequency will pro-
vide good gain and directivity in
small space. Antennas of the “bill-
board” type should also be useful.

In the choice of the transmitting
antenna, attention must be given to
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the angle of radiation. If the receiv-
ers are spread out over considerable
area close to the re-radiating antenna,
the pattern of this antenna must be
wide enough to illuminate all of
them. Since the object of the relay-
ing system is to provide as much tot-
al system gain as possible, the an-
tennas at the receiving sites must
also be high gain designs of the
variety usually employed in fringe
areas. They, in turn, must be accur-
ately oriented on the hill-top relaying
antenna.

Community Antenna Systems

At locations where the receiving
sites are only a few hundred yards
from an elevated place where rela-
tively strong television signals can be
received, the community antenna
scheme has been used successfully.
As illustrated in Fig. 7, this system
utilizes a high gain antenna on a high
place and a long, low loss transmis-
sion line distribution system to
“pipe” the signal to one or more re-
ceivers.

DISTANT TV STATION
e

__.—-RHOMBIC
ANTENNA

COMMUNITY ANTENNA SYSTEM
FIG.7

Technically, the problems associat-
ed with the community antenna ap-
proach are very similar to those in-
volved in providing reception in large
apartment buildings. The gain of
the receiving antenna must be suf-
ficient to off-set the losses of the
feed line, and provisions must be
made to isolate the various receiv-
ers to prevent interaction between
them. Cathode-follower isolation
stages or resistive isolation pads are
usually employed for the latter pur-
pose. Special attention must also be
given to lightning protection in such
installations, since an antenna on a
high place is especially prone to such
phenomena.

Low losses, consistent with economy,
is the main factor to be considered in the
choice of the transmission line between
the hill-top antenna and the receiver
distribution point. Special consideration
should be given to the high impedance,
open wire line and the surface wave
transmission line. The cost of installa-
tion of the latter decreases with fre-
quency, making it attractive for UHF
use.




SECTION II
CIRCUITS

Electronic Oscillators

IN the past 25 years of progress,
probably no other basic electronic
circuit has increased its scope and
versatility as much as the vacuum
tube osciilator. Practically every
radio receiver contains at least one
oscillator, and TV receivers normally
contain three. Every transmitter
must contain a carrier-generating and
frequency-controlling oscillator, and
special types (such as those employ-
ing single sideband output) employ
several in many cases. The wide use
of oscillators in test equipment, such
as audio and radio frequency signal
generators, frequency meters, grid-
dip meters etc., and in magnetic re-
corders is well known.

The engineer, service technician, ama-
teur and experimenter are thus vitally
affected by the operation of oscillators
in general, and important commonly
used types in particular. The important
fundamental concepts and design fac-
tors, and their application to every-day
use of oscillators will be the objective of
this discussion.

Definition of an Oscillator

An oscillator is any device which
can be induced into cyclic repetitive
action. Mechanically, an example is
the clock pendulum; its electrical
counterpart is a tuned resonant cir-
cuit. In hoth cases, the period of
each cycle, and thus the frequency
of oscillation is controlled, but en-
ergy must be added to overcome the
loss in the device if sustained oscil-
lations are to be obtained. Since we
are primarily interested in sustained
oscillations without damping, a com-
plete oscillator must have two main
parts: a frequency-controlling device
which is usually a resonant circuit,
and another part which applies en-

Part 1

ergy to the frequency-controlling de-
vice in the proper manner to sustain
oscillation. The latter is usually an
amplifier,

The Institute of Radio Engineers
defines an oscillator as

A non-rotating device for pro-
ducing alternating current, the out-
put frequency of which is deter-
mined by the characteristics of the
device. (Standards on Antennas,
Modulation Systems and Transmit-
ters, Definitions of Terms — IRE
1948.)

This definition is broad enough to
cover all electriccl oscillators. We
are concerned here with the electron-
ic oscillator which is an electrical os-
cillator employing one or more vac-
uum tubes.

An electronic oscillator requires in-
put energy to overcome tube and cir-
cuit losses and to supply the required
output power. This input energy it
obtains by means of electrical energy
or from the plate power supply, and
indirectly from the heater or filament
current to the tube. Basically, it can
be considered a converter more prop-
erly than a generator, since it con-
nects electrical energy from one fre-
quency to another usually higher than
the input frequency.

Negative Resistance Requirement

For oscillation, energy must flow
from the output (usually the plate)
circuit to the input circuit (usually
the grid) in such magnitude and
phase as to overcome the losses of
the system. But the basic amplify-
ing action of a vacuum tube is to
produce plate voltage which is ap-
proximately (exactly with a resist-
ance load) 180 degrees out of phase

with the grid voltage which produces
it. Part of this output voltage must
be applied to the grid circuit in
phase with the grid voltage. This is
done by reversing the phase (either
actually or effectively) of that part
of the plate voltage fed back to the
grid circuit.

When this condition exists the net-
work develops a megative resistance
in the circuit. In a negative resist-
ance, the current increases as the
voltage decreases; thus the current
and voltage changes are out of phase
180 degrees.

There are three main ways in which
a negative resistance can be provided
in vacuum tube circuits for oscilla-
tion:

(1) By actually transmitting a de-
sired portion of the output signal
voltage to the input circuit in a feed-
back circuit which reverses the phase.

(2) By the design of a tube, or
the adjustment of the applied poten-
tials to the tube, so that it exhibits
a negative resistance characteristic.

In this discussion, we will concern
ourselves with the basic functional fac-
tors in types la and 1b. Type 2 will be
considered later.

A—Inductively

B—Capacitatively, through the grid-
plate capacitance or external ca-
pacitance

Criterion For Oscillation

In the consideration of any given
oscillator circuit, it is important to
know under what conditions of cir-
cuit design and adjustment oscillation
will take place, as these conditions are
limited.

For any oscillator of the feedback
type, the Barkhausen criterion of Fig.
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1 is applicable. This figure shows the
oscillator broken up into its two basic
parts, the amplifier and the feedback
link. The input voltage to the am-
plifier Egc is the voltage fed back
through the feedback circuit. This
simple derivation shows that the frac-
tion of the output voltage which is
fed back (B), must be equal to the
reciprocal of the gain. Both of these
factors are complex, because both
the amplifier and the feedback ecir-
cuits do, in generel, introduce phase
shifts. For osciilation, the phase
shifts must cancel.

Equations 2 and 3 apply the criter-
ion to a grounded-cathode amplifier.
This expressior: is general, and can

TUNED GRID FEEDBACK
CIRCUIT

For sustained oscillation: Eg= BKEg
[Eat] or BK=1and B=:—( {Barkhausen Criterion)

Let Z=eff. plate load impedance {with feedback network)
| { rp+2
) (Kandp are usually bath Complex)

BARKHAUSEN CRITERION FOR OSCILLATION
FIGURE |

be applied to any particular circuit
by evaluating load impedance and B
in terms of the circuit parameters in-
volved and substituting them in the
general expression equation 3.

Inductive Feedback Circuits

From a theoretical standpoint, prob-
ably the most dircct method of pro-
viding negative resistance for osoil-
lation is by mutual inductance be-
tween coils in the plate and grid cir-
cuits respectively. The two most
common circuits of this type are il-
lustrated, along with their equivalent
circuits, in Fig. 2 and 3 respectively.

I

Lg
M { ”
Lp

C

B+

TUNED PLATE FEEDBACK
CIRCUIT

FIGURE 3

FIGURE 2
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It will be noted that they differ only
in the choice of which circuit is
tuned.

These circuits can be analyzed
either by setting up simultaneous
equations equating the voltages
around each loop, or by substituting
appropriate expressions for Z and B
in eq 3. For these circuits one meth-
od is about as easy as the other.
The solution in each case results in
an equation containing complex quan-
tities. Equating the imaginary (j)
terms provides an expression for the
actual frequency of oscillation com-
pared to the resonant frequency of
the tuned circuit. Equating the real
terms gives a relation showing the
conditions necessary for oscillation.
The detailed steps of the analysis are
available in the literature, and
will thus not be repeated here. The
results are as follows:

As might be expected, the expres-
sions have similar forms for the two
circuits. However, one interesting
difference is that in the tuned grid
circuit the frequency of oscillation is
lower than the tuned circuit resonant
frequency (Eq: 4) while in the tuned
plate oscillator it is higher (Eq. 7).

Tuned Grid Oscillator

L i | [54
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Where A Lgrp ond W=2m X reso-
nant freq of
tuned cicuit

Tuned Plate Oscillator
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P
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These frequency equations are use-
ful primarily in a qualitative way;
quantitatively since w is ordinarily
very close to Wo, the values of L and
C are usually adjusted at least partly



by empirical means, starting with
values which by themselves resonate
at the frequency of oscillation. But
these expressions are important in
indicating the direction of frequency
change with change of Q and external
loading.

In comparing the two circuits, the
expression A is signicant. Because
the feedback “tickler” coil Lp in the
tuned grid circuit is usually much
smaller than L¢ and R is very much
smaller than rp, the value of A is
for less than 1. Because of the pres-
ence of the ratio of inductances in A,
and the fact that the plate coil is
normally much smaller than the grid
coil in the tuned grid circuit, it will
be noted that the frequency of this
circuit is less sensitive to changes
in R (and thus Q) than in the tuned
plate circuit. Also, in the expressions
for M and gm, the plate inductance
appears in the numerator of the first
fraction for both oscillators. Accord-
ingly, since the plate inductance is
relatively much smaller in the tuned
grid circuit, the latter will oscillate
with smaller values of M and gm than
will the tuned plate circuit.

In addition to the above-mentioned
relative disadvantages, the tuned
plate circuit requires of its designer
that he make the unpleasant choice
between (1) having plate d-c voltage
applied to the coil and -capacitor
with series feed or (2) adding an
r-f choke, with its added expense and
danger of self-resonance somewhere
in the tuning range, with shunt feed.
On the other hand, in the tuned grid
circuit, the plate coil is aperiodic,
isolated from tuning adjustments, is
easily insulated and adapts itself nice-
ly to series feed, which is always used.

In defense of the tuned plate cir-
cuit, it should be said that it is less
sensitive to power supply voltage var-
iations. This arises from the fact
that space-charge capacitance, a func-
tion of plate voltage, is greater be-
tween grid and cathode than between
plate and cathode. The space-charge
effect is thus greater upon the fre-
quency when the frequency-determin-
ing circuit is connected to the grid
than when it is connected to the plate.

It is important to note some of the
assumptions made in the derivation
of the equations 4 through 9. First,
the effect of rectified grid current,
present in nearly all oscillators, has
been neglected. The vacuum tube
and its circuit has been considered
as a linear device, whereas ordinar-
ily it must be non-linear for oscillator
operation. However, this is not too
bad an assumption. Nowadays, the
power oscillator is a thing of the
past except in special applications,

arKi

and the usual circuit is designed for
stability and flexibility. For the at-
tainment of the best stability, the
grid current must be kept relatively
low, making the equations nearly
valid.

Another assumption in the analysis
of the inductive feedback oscillators
is that grid-plate capacitance is neg-
ligible. This is a reasonable assump-
tion, since, although it does add a
certain amount of loading effect to
the input circuit, this capacitance
does not materially affect the action
of the inductively-coupled feedback.

In general, an advantage of induc-
tively-coupled feedback oscillators is
that M provides a convenient para-

meter for adjustment of operating

characteristics by adjustment of the
size of the feedback coil and its phy-
sical position. A general disadvantage
in multi-range circuits is that band-
switching is complicated by the ad-
ditional coil terminals.

[Eq 10]Rg= ——— K=amplification= Kr+jKi

[Eq.1i] Cg= Cgk +(1-Kr) Cgp
INPUT IMPEDANCE OF A TRIODE
FIGURE 4

Capacitive Fecdback Circuits

Under certain conditions, a delib-
erate circuit feedback path is not
necessary for the support of oscilla-
tions. One common instance of this
is the regenerative effect, especially
in triodes, of the grid-plate capaci-
tance. This effect becomes evident
upon examination of the expression
for the input resistance of a triode.
Figure 4 illustrates the input im-
pedance, which includes, in general,
both a resistive and a capacitive com-
ponent. ‘The values of these depend
upon the nature and magnitude of
the plate load impedance as well as
the grid-plate capacitance. When the
plate load is a pure resistance, the
resistive component of input imped-
ance becomes infinite and the input
impedance becomes a pure capaci-
tance. (Amplification K depending
upon plate load impedance.)

Cap
G

Lg

Lg ;g(:g Cpﬂﬁ' Lp Eg ﬂ\CgR

= 2

= Os+
TUNED PLATE TUNED GRID CIRCUIT
FIGURE 5
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However, when the plate load im-
pedance becomes inductive, and Ki
becomes negative, the input resist-
ance becomes negative. If the nega-
tive resistance exceeds grid losses,
oscillation can take place. Thus a
simple amplifier can become an os-
cillator if the plate load is inductive
and the grid-plate capacitance is suf-
ficient. As can be seen from Eq. 10,
the frequency, grid-plate capacitance,
and phase shift of gain are all interre-
lated in determining whether the in-
put resistance is to be negative and
oscillations will take place.

As in our previous discussions of
inductive feedback oscillators, the ef-
fect of grid current is neglected and
the tube is assumed to be a linear de-
vice, both permissable for most prac-
tical oscillators. It is also assumed
that grid-plate capacitance has neg-
ligible effect on the gain.

About the only common type of

oscillator depending primarily upon
grid-plate capacitance for oscillation

L, = Effective inductance of plate tonk
" » grid

SIMPLE EQUIVALENT OF TUNED PLATE
TUNED GRID GIRGUIT

FIGURE 6

is the tuned-plate-tuned-grid type il-
lustrated in Fig. 5, with its equivalent
circuit. In essence, it is simply a
tuned-circuit amplifier adjusted to
oscillate. Sometimes an external ca-
pacitor is connected between plate
and grid; its purpose would be either
to increase feedback at !ow frequen-
cies or to improve stability by re-
ducing the effect of variations in the
grid-plate capacitance.

From the equivalent circuit it will
be noted that the feedback coupling
is the result of the fact the grid cir-
cuit and the grid-plate capacitance
are connected in series across the
plate signal voltage.

As was explained above, this type
of circuit will oscillate if the plate
load is inductive. Since the plate
load here is a parallel tuned circuit,
the resonant frequency of this tuned
circuit must be made higher than the
expected frequency of oscillation. The
net reactance of the parallel com-
bination is then inductive as desired.
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HARTLEY OSCILLATOR

FIGURE 7
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It can also be shown that the grid
tuned circuit must be tuned to be
inductive, but slightly less inductive
than the plate circuit.

The basic effective setup can per-
haps be more clearly visualized by
substituting inductances of the effec-
tive values for the two resonant cir-
cuits respectively, as illustrated in
Fig. 6. It can be seen that for steady-
state oscillation conditions, the effec-
tive inductances of the two tuned
circuits and the grid-plate capacitance
must resonate at the oscillation fre-
quency.

The tuned-plate-tuned-grid oscilla-
tor has the disadvantage of depending
upon the grid-plate capacitance of the
tube for a vital part of its operation.
Its stability of fregquency is thus af-
fected by the thermal and other caus-
es of variation of this factor. Be-
sides, the fact that the grid-plate ca-
pacitance is fixed causes the degree
of feedback to vary in an undesirable
manner when an appreciable frequen-
cy range is to be covered. These dif-
ficulties, added to the inconvenience
and expense of providing two tuned
circuits, are undoubtedly the reasons
that this circuit is not often encount-
ered.

A slight varation of the tuned-plate-
tuned-grid circuit is the “TNT” ver-
sion, in which the principle is the
same, but the grid circuit is adjusted
to its proper effective inductance by
the distributed capacitance of the
grid coil, instead of the grid capaci-
tor. Although this eliminates the
need for one capacitor, this circuit
still retains all the other disadvan-
tages of the tuned-plate-tuned-grid
circuit.

Tuned-Circuit Feedback

Other types of oscillators do not
employ either inductive or capacitive
feedback in the manner described
above, but derive the feedback phase
and amplitude relation from a tuned
circuit. This tuned circuit is ordin-
arily the same one which determines
the frequency of oscillation.

Probably the best-known example
of this type is the Hartley, illustrated
with its equivalent circuit in Fig. 7.
The tuned circuit is divided into two
parts by the cathode tap. Grid and
plate signal voltages of opposite phase
are then obtained from the two ends,
respectively, of the resonant circuit.

By analysis of the equivalent cir-
cuit in the same manner as for the
inductive-feedback circuit earlier in
this article, the following relations
are obtained:



HARTLEY OSCILLATOR

1+ R, N [
~ p =wovi+ 7 Eq l2
WY (T+ Lz+2N) C P
C (R#R2) (Li+L2+2M)
= Eq 13
gm (Li+M) (L2+M) [ 9
C(R*RCi+L2) .
if M=0: gm= Eq 14
if M=0 [ 7lo [Eq
_CRL where R= total tuned cnrcun

Eq I5] OF gm=—"— L Ly

Li+M

Crp R(Li+L2+2 M)

resistance (in L

L= totalLintuned circuit

M=
L2+M

Note that the frequency relation
Eq. 12 is the same as that for the
tuned plate oscillator (Eq. 7) ex-
cept that in this case it is the resist-
ance of the plate section of the coil,
instead of the total resistance of the
coil, which influences frequency of
operation. Thus it would be, expect-
ed that for equivalent coils, the sta-
bility would be better for the Hart-
ley.

From the expression for u, it can
be seen that the greater the ratio of

(Li+M) (L2 + M)

[Eq

It is interesting to note that it is
not necessary to have either grid-
plate capacitance or mutual induc-
tance between the sections of the coil
to support oscillation. The expres-
sions are derived containing M be-
cause such M is usually present.
However, if the two sections of the
coil are entirely separated oscilla-
tion takes place. In fact, oscillation
is even more vigorous without mut-
ual inductance. Of course, the num-
ber of turns in each section of the

pacitance voltage divider instead of
a tap on the coil. It is shown with
equivalent circuit in Fig. 8. The ex-
pressions for this oscillator are as
follows:

W= woJ|+R

Gz ) [Eq.17

+C2

'“=C_2 __D_R_(M [Eq I8

R §C|+ C2)

3 [Eq.19

gm=

Note that the tuned circuit must
be adjusted for a resonant frequency
slightly below the actual frequency
of oscillation. The expressions for
u and gMm are similar to those for
the Hartley, except that they contain
the divider capacitances instead of
the sections of the coil. The values
of both u and gM necessary for oscil-
lation are small. In the expression
for frequency, the capacitance values
play an important part. It is note-
worthy that a relatively high value
for C. makes for less easy oscilla-
tion and poorer stability.

One of the important advantages
of the Colpitts oscillator is the rela-
tively large capacitances (C; and C.)
are shunted across the plate-to-cath-

_ode and grid-to-cathode interelectrode

capacitances of the tube. This mini-

COLPITTS OSCILLATOR

the grid-to-cathode section of the
coil to the plate-to-cathode section,
the easier it is for oscillation to take
place. However. the plate section
cannot be too small, since then there
will not be sufficient transfer of en-
ergy from the plate to the coil.

FIGURE 8

coil must be somewhat greater, to
make up for the loss of M, if the
same frequency is to be maintained
with the same tuning capacitor.
The Colpitts oscillator is a varia-
tion of the Hartley principle in which
the tuned circuit is divided by a ca-

mizes the effect of the latter on the
stability of the oscillator, which de-
pends almost altogether upon the ex-
ternal capacitances. The latter are
within the control of the designer,
whereas tube capacitance variations
are not.

19



Electronic Oscillators
Part 2: Local Oscillators in A-M Receivers

Agreat majority of the local oscillators
in AM receivers are part of conver-
ter-tube circuits. In short-wave com-
munications receivers, separate-tube ar-
rangements are frequently encountered,
especially when the coverage extends to
frequencies of 30 mc or higher.

Arrangements Used.

The most popular oscillator circuit
in AM receivers is the Hartley, al-
though it does not usually appear in
its basic form. Mosti frequently it is
found as the grounded-plate version.

A typical pentagrid converter os-
cillator circuit is shown in Fig. 1
(A). The basic triode grounded-plate
Hartley is shown at (B) for compari-
son. In the pentagrid converter,
grids 2 and 4 take the place of the
triode plate.

The circuit variation of Fig. 2 is
particularly popular in small, low-
priced AM receivers. An additional
winding L1 is interwound with L2.
L1 is called a “bifilar” winding. One
end is left open. The capacitance be-
tween L1 and L2 takes the place of
the capacitor C1 in Fig. 1.

Two examples of the use of induc-
tive feedback in AM receivers are

shown in Fig. 3 and 4, respectively.
The circuit of Fig. 3 employs the
pentagrid converter version of the
“tuned grid feedback” type. Figure
4 shows a cathode-coupled feedback
arrangement. The latter can be pic-
tured as the circuit of Fig. 3 with
the plate feedback coil moved
through the plate power supply and
into the cathode circuit.

Inductive feedback circuits are not
very frequently encountered in me-
dium and higher-frequency receivers
because of the expense of the ad-
ditional coil winding and its connec-
tions, and because of the inconven-
ience of switching frequency bands.
However, at low and very low fre-
quencies, inductive feedback is often
employed because of the difficulty in
obtaining sufficient feedback other
ways.

A typical dual triode oscillator-
mixer circuit is shown in Fig. 5. This
arrangement is popular in TV and
communications receivers where low
noise level and minimum oscillator/
rf interaction are required. Some-
times a small capacitor connected be-
tween grid or cathode of the oscilla-
tor and mixer grid is used for inject-

ing oscillator voltage to the mixer.
In other cases, the cathodes of the
mixer and oscillator are either com-
mon or coupled together.

Requirements.

The following are important re-
quirements in the design of oscilla-
tors in low-frequency AM receivers:

(1) East of oscillation

(2) Freedom from undesired res-

onances

(3) Constant output amplitude

(4) Frequency stability

(5) Minimum of harmonic output

(6) Tracking

Ease of Oscillation

Conditions for oscillation must be
well fulfilled, so there is no tendency
toward delay or failure in starting
or maintaining oscillation. The na-
ture of these conditions was discussed
in the first article of this series. Os-
cillation criteria show that from a
general theoretical standpoint, the
tuned grid feedback and Hartley are
the easiest oscillators. The Colpitts
circuit also oscillates easily, but is
seldom used in receivers because of
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the added components required (ca-
pacitors in the tank circuit).

If the basic design does not allow
easy oscillation, then excessive plate
and/or grid currents may be neces-
sary, with resulting overheating and
instability as well as excessive power
requirement.

Undesired Resonances

Undesired resonances are most
likely to occur in the inductive feed-
back type of circuits (tuned grid and
tuned plate types). In these circuits
the feedback or tickler coil may res-
onate with its distributed capacitance
or with stray circuit capacitance. If
the resonant frequency is within the
tuning range, sufficient power may be
absorbed to stop oscillation at and
around that frequency. At least op-
eration in the vicinity of the fre-
quency of undesired resonance be-
comes unstable and undependable.

If the receiver is of the multi-range
type, the coil of one range which is
unused may self-resonate within the
tuning range of the coil in use, with
results similar to those mentioned
above. The unwanted frequencies
of resonance and their effects are
often referred to as “dead spots” and
“suck-outs”.

Undesired resonances can, to an
appreciable extent, be avoided by
careful initial design. However, all
possible resonances naturally cannot
be anticipated, so a breadboard test
for suck-outs is a sensible precau-
tion. The best test is observation of
the value of rectified grid current as
the oscillator is tuned through its

range. The rectified current of the
mixer injection grid is also a good
indicator if separate oscillator and
mixer tubes are used. Any tendency
toward unwanted resonances will
show up as sharp variations of this
grid current as the resonant frequen-
cies are approached. Such condi-
tions can also be traced-with a grid-
dip oscillator, but it must be remem-
bered that such an analysis is not
complete unless the tuning capacitor
of the tested oscillator is varied
through its complete range. Some-
times the tuning capacitor is part of
the undesired resonant circuit.

No general formula for eliminating
unwanted resonances can be given;
it’s just a matter of changing the cir-
cuit constants so that these reson-
ances are moved outside the tuning
range, or better, but seldom possible,
eliminated altogether. In multi-
range receivers in which the coils of
different ranges interfere with each
other, the resonant frequency can be
moved out of the range by adding a
section of the switch which shorts
each unused coil. On some ranges
it may be better to leave the coil
open when unused. In any event, a
large percentage of troubles can be
avoided by careéful initial study of the
inductances and capacitances involv-
ed, and the checking of each coil as
to its self-resonance and its mutual
inductance with other coils after in-
stallation in the circuit.

Constant Amplitude

The amplitude of oscillator injec-
tion voltage has an important effect

FIG.3

on the operation of a superhetero-
dyne receiver. If the amplitude is ex-

cessive, and the mixer is driven be-
yond cutoff, sharp discontinuities in
the conversion characteristic occur,
and excessive oscillator harmonics re-
sult. These harmonics lead to many
spurious responses, manifested by
whistles and “birdies” in reception.
On the other hand, if the injection
voltage is too low, conversion trans-
conductance falls off sharply, and re-
ceiver sensitivity is limited.

Thus it is important that the out-
put amplitude of the oscillator re-
main constant over the tuning range.
Unless compensated, the output of a,
capacitance-tuned oscillator increases
as it is tuned from the low to the high
frequency end of its tuning range.
To compensate for this, some method
of reducing relative output toward
the high frequency end must be em-
ployed.

One convenient method employs
the grid-cathode capacitance of the
tube, with an added resistor to form a
voltage divider, as shown in Fig. 6.
Since the grid cathode capacitance
portion of the divider is a lower im-
pedance at the higher frequencies,
less voltage is applied to the grid
from the grid circuit. Compensa-
tion for high frequency amplitude
increase is thus afforded. Typical ef-
fect of compensation is illustrated in
Fig. 7.

The circuit of Fig. 6 also compen-
sates amplitude by its loading effect
on the grid coil. The resistor and
capacitor in series damp the coil with
a shunt resistance which decreases
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with frequency, thus compensating
for the normal oscillator amplitude
increase. The effective shunting re-
sistance is the reciprocal of the real
part of the admittance of the two
components in series, which can be
derived as

1 +w’ Cgy R?
w? Cg’ R?

For example, if the tube has a grid-
cathode capacitance of 10 uuf, a 1000-
ohm resistor produces the following
loading effect when connected in ser-
ies with it:

Reff =

at 550 ke 840,000 ohms
1000 ke 253,000 ohms
1600 ke 112,500 ohms
5 me 10,100 ohms
10 me 2,525 ohms

Obviously, the value chosen for the
compensating element R depends up-
on the loaded effective Q of the cir-
cuit as well as the degree of original
amplitude variation to be compen-
sated.

Other methods for amplitude sta-
bilization have been employed, but
in most AM receivers cost limitations
prevent use of any elaborate arrange-
ments. Often the constancy of injec-
tion voltage is compromised some-
what so as to vary from the minimum
allowable for sensitivity at the low
frequency end to maximum which
will sensibly limit spurious response
at the high end.

22

Frequency-Stability

Since the frequency of the i-f sig-
nal, and thus proper reception, de-
pends upon the frequency of the os-
cillator signal, frequency stability is
very important. Its importance in-
creases as receiver selectivity rela-
tive to received signal bandwidth in-
creases.

For example, suppose an AM broad-
cast station transmitting audio modu-
lation signals up to 12 ke is to be re-
ceived. If the receiver has a pass
band of just 24 ke, any drift in the
local oscillator causes attenuation in
the receiver of some of the high fre-
quency modulation signal compon-
ents. But suppose the same receiver
is employed for a communications
signal in which modulation frequen-
cies are limited to a maximum of 3
ke, or a bandwidth of 6 ke. If this
signal is originally tuned exactly in
the center of the 12-kc receiver pass
*band, the oscillator can drift 3 ke
either way without sideband clipping.

Oscillator drift is thus not as an-
noying if extra pass band is available
at the receiver. However, in practi-
cal design, such extra response width
is not ordinarily feasible (1) because
of resulting increased noise and (2)
because of adjacent channel inter-
ference effects.

Accordingly, appreciable atten-
tion must always be given to frequen-
cy stability. There are many factors

FIG. 5

involved in stability and probably
more work has been done with it
than with any other feature of oscil-
lator operation. Since frequency sta-
bility is discussed in detail in a later
article covering transmitter oscilla-
tors, we shall not attempt full analy-
sis at this point.

Frequency instability may arise
from one or more of the following
causes:

(1) Variation in tuned circuit res-
onant frequency due to changes in L
or C resulting from changes of tem-
perature or humidity.

(2) Changes in interelectrode ca-
pacitance values in the tube.

(3) Fluctuation of operating volt-
ages.

(4) Changes in the load offered by
the mixer.

One instability effect important in
connection with oscillators in AM re-
ceivers is known as “pulling”. Ef-
forts to align the r-f tuned circuits to
a received (or signal generator) sig-
nal result in a shift of oscillator fre-
quency, detuning the receiver from
the desired signal. This makes it
difficult to obtain optimum alignment.
The interaction is due to (1) space-
charge coupling in the converter tube
and (2) any direct coupling present
between the oscillator and signal-
grid coils or circuits.

If “pulling” cannot be completely
eliminated in design, its effect can be
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minimized by the “rocking” method
of alignment. Better still, if a noise
source is available, alignment by
noise output will be free of pulling
effects.

Harmonics

Harmonie output from the local
oscillator is undesirable because it
can lead to a number of different in-
terference effects. Chief among these
is the beating of an oscillator har-
monic against a higher frequency
station from which the harmonic is
separated by the intermediate fre-
quency. Harmonics also adversely
affect stability of the fundamental.

A certain amount of harmeonic out-
put is inevitable for all r-f oscillators
since non-linearity is essential to
their operation. However, harmon-
ics can be kept very low by careful
attention to the following factors:

(1) Use of a low L/C ratio. The
selectivity of the tuned circuit is
then much greater because of the
high Q of the tuned circuit.
tunately, in capacitance tuned oscil-
ators, a low L/C ratio at the high
frequency end of the tuning range
is not consistent with full tuning
range possible from a given tuning
capacitor. Ordinary tuning capaci-
tors, when connected into an oscil-
lator circuit, provide a maximum tun-
ing ratio of about 3 to 1. This ratio
is attained only at the expense of a
relatively high L/C ratio at the high
frequency end of the tuning range.
This problem can be overcome by in-
ductance tuning, but such tuning is
not practical or desirable in many re-
ceiver applications. Thus if harmon-
ic output is to be minimized in wide-
range tuning, other harmonic-reduc-
tion measures must be considered.

(2) Increased coil Q. Higher ef-
fective Q during operation can of

FIG. 6

CONNECTION OF AMPLITUDE-COMPENSATING
IN GRID CIRCUIT

course be obtained by increasing coil
Q as much as possible. Use .of Litz
wire within its favorable frequency
range, use of bank and other spec-
ial windings, and optimum dimen-
sional relations are well known
methods. In the appropriate frequen-
cy ranges, addition of a powdered
iron core can provide an appreciable
increase in Q.

(3) Limited power and drive. In
most AM receivers, injection power
requirements of the mixer are low
enough to allow good operation with
relatively low oscillator power out-
put. Since harmonic content is
greatly increased by use of large bias

feedback be reduced to a minimum
necessary for easy oscillation. For
lowest harmonic content with appre-
ciable output, most oscillators should
approach class B operation. The de-

'sign procedure would be as follows:

(a) With no limitation on feedback
path, adjust operating conditions, in-
cluding feedback ratio, for maximum
grid current. This would include ad-
justment of the tap on Hartley coil,
capacitors in Colpitts divider ete.
The objective of this step is to ob-
tain optijmum feedback phase rela-
tion.

(b) Reduce applied plate and/or
screen voltage to minimum values
necessary for easy oscillation, also

(¢) simultaneously decouple the
resonant circuit to minimize grid
current for desired output. Great-
est reduction of feedback amplitude
with maintenance of optimum feed-
back phase should be the objective.

If the frequency range of the os-
cillator is such that a suitable sen-
sitive radio receiver covering the fun-
damental and several harmonic fre-
quencies is available, the method of
Fig. 8 can be used for testing har-
monic output. The signal generator
should be of the laboratory type,
with low leakage and dependable at-
tenuator and output voltage read-
ings. The coupling to the tested os-
cillator should be light and through
a shielded link with as little capaci-
tive coupling as possible. The re-
ceiver must be well shielded, and

Unfor- '
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TEST SETUP FOR CHECKING HARMONIC OUTPUT

does not have a signal meter, VIVM
measurement of AVC or detector d-¢
voltage output can be used. The
coaxial lead should be terminated at
the receiver with a composition re-
sistor matching the characteristic
impedance of the cable. The switch
should be completely shielded in a
box, to which connections are made
through coaxial connectors.

The receiver is first tuned to the
fundamental frequency of the oscil-
lator, which should be the highest
frequency of its range (for worst

F16.8

harmonics). The signal generator
is shut off. The receiver controls
and the coupling to the oscillator are
adjusted for convenient reference in-
dication on the indicating meter.

Now switch S is thrown to the sig-
nal generator. The latter is turned
on and the oscillator turned off. The
signal generator attenuator is now
adjusted for the same receiver out-
put and its output voltage indication
noted.

Next, without touching the coup-
ling to the oscillator, repeat the

whole process, with the receiver tun-
ed to the second harmonie of the os-
cillator frequency. The ratio of the
signal generator voltages is the ratio
of harmonic to fundamental. The
same process should be repeated
through at least the third, and pre-
ferably the fifth harmonic.

The final important requirement for
the oscillator in the low frequency AM
receiver is tracking. Since tracking is so
important, it is discussed by itself in
Part 3.

Electronic Oscillators

ONE of the most important prob-
lems connected with local os-
cillators in gang-tuned radio receiv-
ers is tracking. Lower-priced AM
broadcast receivers dispense with
variable oscillator padders because
tolerances of tracking and dial ac-
curacy are relatively large. On the
other hand, the better AM broad-
cast receivers, all-wave receivers, and
especially communications receivers,
are designed rather carefully for
good tracking. Even in a receiver
in which the oscillator padder is not
variable, the fixed padder capacitor
value should be carefully calculated.
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Part 3 - Tracking

The local oscillator frequency
must, of course, tune so as to be al-
ways separated from the resonant fre-
quency of the r-f tuned circuits by
an amount equal to the intermediate
frequency. This means that the oscil-
lator tuning range in kilocycles or
megacycles must be exactly equal to
the tuning range of the r-f tuned cir-
cuit.

Suppose the r-f circuit and the os-
cillator circuit are both tuned by
identical sections of a gang capaci-
tor, and the oscillator coil induc-
tance made smaller accordingly. The
oscillator frequency cannot be kept

equally spaced from the resonant fre-
quency of the r-f section without spec-
ial tracking measures. Instead, the
oscillator frequency varies as indi-
cated by curve b of Fig. 1 where
curve a is that of the r-f tuned cir-
cuit. Note that the actual heterodyne
signal frequency changes from a rela-
tively small difference frequency at
the low end of the range to a rela-
tively high difference frequency at
the high end. It is the purpose of
tracking circuits to make the oscil-
lator frequency variation such that
the r-f to oscillator frequency differ-
ence approaches a constant value
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equal to the intermediate frequency,
as illustrated by curve c.

One simple way of providing track-
ing is by use of a smaller gang capaci-
tor section for the oscillator, and
“shaping” the rotor plates of the sec-
tion. This shaping changes the capa-
citance vs rotation relation of the
oscillator section of the capacitor so
that it compensates for the deviation
of curve b from the desired curve
¢. A typical shaped plate appearance
is illustrated by Fig. 2. This meth-
od of tracking is widely used in low-
priced AM broadcast receivers. It
has two limitations: (1) it cannot be
used in receivers providing more
than one frequency band, because the
plate shaping is good for only one
range and (2) it provides no align-
ment adjustment for future correc-
tion for changes in the circuit con-
stants due to temperature, humidity,
dust, aging, etc.

Because of these limitations, the
best available tracking method is
considered to be that in which two
adjustable capacitors are added to
the oscillator circuit, as illustrated

DECREASE Oscillator R-F and
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in Fig. 3. One is connected across
the variable tuning capacitor (CTt)
and is called a “shunt trimmer” or
sometimes just “trimmer.” The oth-
er is connected in series with one of
the leads between the variable tuning
capacitor and the oscillator coil (Cp)
and is called a “series padder” or just
“padder.”

At the high frequency end of the
tuning range, the tuning capacitor C
is at its minimum value, and the
shunt trimmer has a relatively appre-
ciable capacitance. Accordingly the
shunt trimmer has a marked effect
on the oscillator tuning curve at and
near the high frequency end of the
range, but negligible effect toward
the low frequency end, where the
tuning capacitor value becomes very
large in comparison.

On the other hand, the series pad-
der has an important effect at and
near the low frequency end of the
tuning range and negligible effect
toward the high frequency end. This
follows from the basic fact that when
two capacitors are connected in ser-
ies, variation of one capacitor has
its greatest effect on the combined
series capacitance when the other
capacitor is at its maximum value.

Thus, when the oscillator tuning
inductance is properly chosen, the
shunt trimmer corrects the high fre-
quency portion of the tuning curve,
and the series padder corrects the
low portion. If close tracking is re-
quired, both of these adjustments are
necessary to overcome production
tolerances in induetance, distributed
capacitance and stray capacitance.

Method of Calculating Tracking
Component Values

In order to ensure good tracking,
the designer must compute the prop-
er values of L, Cr and Cp to make the
oscillator tuning curve approach per-
fect relation to the r-f tuning curve.
To do this, expressions can be set
up for the resonant frequency of the
combination of the three components
in the tuned circuit plus the tuning
capacitor section for each point at
which oscillator tracking error is to
be zero. Absolutely zero tracking
error is of course not possible over
the entire tuning range. However,
the maximum error anywhere can be
kept small by calculating circuit con-
stants to give zero error at one or
more frequencies. If these frequen-
cies have been properly chosen, the
remainder of the tuning curve will
be very close to that desired.

The quality of a tracking circuit
can be expressed by plotting the os-
cillator frequency error against fre-
quencies in the r-f tuning range of

BASIC OSCILLATOR
TRACKING CIRCUIT

e F1G. 3

the receiver, as shown in Fig. 4. Posi-
tive errors (oscillator frequency too
high) are plotted above the line, neg-
ative errors (oscillator frequency too
low) below the line. The graph of
Fig. 4 shows approximately the error
variation resulting from the untrack-
ed curve of Fig. 1, curve b.

It can be shown that, as L, Ct and
Cp approach their proper values, the
error curve takes the approximate
form shown in Fig. 5. Because of
the three variables, the curve equa-
tion is a cubic, and crosses the zero
axis in three places. These three
places are the frequencies of zero
error. The proper locations of these
frequencies can be determined by
making certain assumptions. First,
it is assumed that tracking is near-
est perfect when the maximum error
is the same at all four maximum
points; in other words when the
curve is symmetrical. By substitut-
ing boundary conditions in the gen-
eral cubic equation, one derives the
fact that the zero-error frequencies
should be .
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fy="f - (fc-Ta)
f2=fc
fy =T+ (fo—Tq)

where
fy, T, and 3 are the zero-error
tracking frequencies
fe is the center frequency of the r-f
tuning range
fq is the frequency at the low edge
of the r-f tuning range

For the standard U. S. AM broad-
cast band of 550-1600 ke, these fre-
quencies come out to be f; — 620.35
ke, fa — 1075 ke, and f; — 1529.65
ke. Of course, individual manufac-
turers may have other considerations
which have led to the use of different
tracking frequencies; 600 kc and 1400
ke are widely used for the low and
high points. These points (fy and
f,) are the ones at which the pad-
der and trimmer capacitors, respec-
tively, are adjusted. The center
point should then fall automatically
into place, providing the inductance
is correct.

In the derivation of design expres-
sions for the values of the shunt and
series padder and the oscillator coil
inductance, a general expression for
the resonant frequency of the oscil-
lator tank including the padder and
trimmer plus tuning capacitor is set
up. This general expression is then
modified to form three expressions,
one for each tracking frequency.
These are in terms of the r-f tuning
capacitor value (usually the same as
the oscillator capacitor) and r-f tun-
ing inductance. Solution of these
three expressions simultaneously re-
sults in equations for the trimmer,
padder and inductance. These mathe-
matical operations and the resulting
expressions for trimmer and padder

capacitance and inductance are quite
cumbersome, so will not be repeat-
ed here. However, several approach-
es will be found in the literature,

Practical Modifying Factors

The previously-described treat-
ment is one of several similar ap-
proaches to the problem. As men-
tioned above, other positions may
be assumed for the end tracking fre-
quencies, so they are within the tun-
ing ravnge instead of at its edges.
Thus, it is common practice to use
600 ke and 1400 kc as low and high
frequency alignment points, respec-
tively, for the 550-1600 ke AM broad-
cast band. The design may also call
for the center “zero-error” point to
fall at the geometric mean (895 ke
for the above range) instead of at
the arithmetic mean frequency. Of
course, this center tracking frequen-
¢y is important only in initial design,

If the latter is correct the zero
point automatically falls into place
in subsequent alignment.

In practice, there must always be
a certain amount of “cut-and-dry” ad-
justment of design values, after the
latter have been theoretically deter-
mined. This is necessary because of
modifying factors such as mutual in-
ductance.

One of the assumptions of most
analyses of tracking is that both the
signal and oscillator tuned -circuits
are isolated and that the tuned coil
and connected capacitance are the
sole factors determining resonant
frequency. Without this assumption,
the mathematical expressions would
become overly cumbersome.

Obviously signal and oscillator
coils would be of no use if not coup-
led to anything. The practical ap-
proach is to minimize the reactive

component due to coupling, so the
calculated tracking values still have
practical meaning,

In the signal circuits, this would
seem to favor the use of inductive
coupling over capacitive coupling.
It would also encourage the use of
an electrostatic shield between pri-
mary and secondary windings of each
tuned r-f transformer. By the same
token, the oscillator would prefer-
ably te inductively coupled to the
mixer, when separate tubes are em-
ployed, and such coupling would be
as loose as possible. In pentagrid
converters, a certain amount of
space-charge capacitance coupling is
of course inevitable.

When the oscillator is of the in-
ductive feedback type, serious modi-
fication of the tracking design can
result if the tickler coil has too much
Inductance. Tight coupling with low
inductance is best, so that the self-
resonant frequency of the tickler
coil is well above the tuning range
limits. If the coupled reactance is
too large, it also limits the tuning
range, an important factor when the
latter is required to be relatively
large.

Use of Slug-tuned Coils

In the idealized three-point track-
ing arrangement of Fig. 5, it is as-
sumed that, although the series and
shunt capacitance is adjustable dur-
ing alignment, the inductance is fix-
ed. This is true in a majority of
cases.

Thus, in practical design, the en-
gineer must anticipate what toler-
ance in fixed inductance value can
be allowed consistent with permis-
sible maximum tracking error. Fig-
ure 6 shows the effect on three-point
tracking of changes in inductance,
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assuming that, each time the induc-
tance is changed, the trimmer and
padder capacitors are readjusted to
the predetermined edge or tracking
frequencies. Note that as the induc-
tance gets far away from its proper
value, there becomes only one point
of maximum tracking error, instead
of two in the ideal case. The new
maximum-error point is also shifted
in frequency from its proper value.

7 In some receivers, notably those of
the communications type, the oscil-
lator coil is “slug-tuned” so its induc-
tance can be varied for alignment

purposes. Normally, this adjustment
substitutes for the series padder ad-
justment, so the latter can be made
fixed. However, since there is only
one pair of values for inductance and
series capacitance which will satisfy
the three-point design, the tolerance
of the fixed padder capacitor is now
the factor governing the maximum
tracking error. The variation of
tracking by adjustment of L when
the padder capacitance is fixed is
shown in Fig. 7. It can be seen that
for perfect coincidence with the
ideal tracking curve (Fig. 5) both L
and series C, as well as shunt capaci-

tance, must be adjustable. This is
seldom done in receivers, except in
those in which both amplitude and
Dphase of tracking must meet un-
usually rigid specifications (such as,
for example, receivers used with?
goniometers.)

In many selective communications
receivers, the signal circuits also
have series padders or are slug tuned.
This is necessary to overcome manu-
facturing tolerances in both oscil-
lator and signal circuit components,
and provides a high degree of track-
ing accuracy.

Electronic Oscillators
Part 4. VHF and UHF Oscillator Circuits

The last decade has seen a vast
development of the frequencies
above 30 mec, particularly the VHF
(30-300 me¢) and UHF (300-3,000 me)
ranges. The most important influ-
ences in this development have been
radar, aircraft communications, and
FM and TV broadcast services. In
all these; oscillators play a vital role.
This Part discusses the features of oscil-
lators designed for operation in these
ranges and using vacuum tubes of con-
ventional design.

Special Problems at Higher
Frequencies

Vacuum tubes of conventional
(although sometimes somewhat mod-
ified) design are now being used in
commercially-available equipment as
oscillators operating as high as 1,000
mc and above. However, successful
operation in the VHF and UHF re-
gions of the spectrum requires that
certain difficulties be overcome.
These difficulties arise from vacuum
tube factors, and circuit factors,
which, although not noticeable at
low frequencies, take on special
significance in the higher frequency
ranges. Figure 1 illustrates these
factors, which are, as far as the
tube itself is concerned, transit timre,
lead inductance, and interelectrode
capacitance. These electrical tube
factors are discussed first, followed
by additional important circuit and
physical factors.

Transit time is the time it takes
an electron in the tube’s electron
stream to travel from cathode to
plate. If this transit time is appre-
ciable compared to the period of 1

cycle at the desired frequency of
oscillation, it is extremely difficult
to sustain oscillation. This is be-
cause, as the transit time approaches
the period of 1 cycle, the phasing
between plate and grid voltages is
affected in such a way as to intro-
duce the effect of shunting resistance
(conductance) between grid and
cathode. Since all or part of the
tuned circuit is connected or coupled
between grid and cathode, the oscil-
lating circuit is adversely loaded by
this resistance effect. @ An undue

TRANSIT

TUBE FACTORS
WHICH BECOME
ESPECIALLY IMPORTANT
AT HIGH FREQUENCIES

FIG.1

amount of power may thus be dis-
sipated, and in severe cases (higher
frequencies and unsuitable tubes)
sufficient energy cannot be fed back
to sustain oscillation. Many tubes
which have input impedances as
high as 5 to 20 megohms at low
frequencies (below 3 mc) have val-
ues as low as 20 to 200 ohms at 500
mc and higher.

Transit time is obviously a fune-
tion of the spacing between the cath-
ode and the plate of the tube; the
greater the spacing, the longer it
takes for the electrons to traverse
the span. It is also a function of
the relative grid-to-cathode spacing,
since the effect on the relation
between the grid and the plate is
important. The G. (transconduct-
ance) of the tube, which of course
is influenced by these spacings, also
affects transit-time. The conduct-
ance, which is the harmful effect,
resulting from transit time, is di-
rectly proportional to G. and in-
versely proportional to the square
of the frequency. However, the Gm
must be kept high to support oscil-
lation and provide stability, so the
transit time must be kept down by
minimizing spacings and interelec-
trode capacitance. An increase in
plate voltage reduces transit time
by speeding up the electron stream,
but increasing plate voltage over its
rated value is likely to overload the
tube, and so is not a satisfactory

[ method.

The magnitude of the effect of
transit time on input loading can
be gauged from the following ex-
pression:
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Gy= KGnf®T®
where :
Gg= grid input conductance due to
transit fime.

Gm= tube transconductance.
T = frequency of oscillation.
T = transit time from cathode to grid.

K = constant depending on tube
construction.

Although this expression is derived
for a negative grid, it is just as
useful qualitatively in the case of
an oscillator.

Note that the input conductance
increases (resistance_decreases) with
the square of the frequency. Thus
the input resistance of a tube at 100
me can be expected to be only one
ten-thousandth of its value at 1 mec.

Lead inductance the self-induct-
ance of the wire connecting each
tube element to its corresponding
pin, cap or connector. At high fre-
quencies it represents an appreciable
reactance between the tube elements
and the external oscillator circuit.

In the conventional grounded-
cathode oscillator circuits, cathode
lead inductance is of particular im-
portance. The reason for this is
illustrated in Fig. 2(A). The cath-
ode lead inductance L. is in series
with both the plate and the grid rf
return circuits. It therefore devel-
ops a feedback voltage E which is
degenerative, the same as in the
case of an unbypassed cathode re-
sistor in an audio amplifier. At high
enough frequencies, the degenera-
tive effect seriously interferes with
oscillation. The presence of cathode
lead inductance (L:) causes the ef-
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fective voltage between grid and
cathode of the tube to have a differ-
ent phase angle than that of the
externally-applied voltage. The dif-
ference is due to the feedback vol-
tage across L: due to plate current.
The result is a conductance com-
ponent in input admittance which
adds to the conductance due to the
transit time.

It has been shown that input con-
ductance due to Lk is

Gg = U.)z Gm Lk Cgk
where:
Gg = input conductance due to Ly.
w = anqular velocity of oscillation (21F)
Gm= tube transconductance.
Lk = cathode fead inductance.

Cqk = grid-cathode interelectrode
capacitance.

Bad effects also result from in-
ductances of other leads, as is dis:
cussed later,

To reduce the effect of lead in-
ductance, many tubes designed for
high frequency use are supplied
with two or more leads and external
connections from the same element.
The two or more leads can then be
connected together right at the sock-
et. This tonnects the lead induct-
ances in parallel, thus reducing the
total lead inductance effect to the
inductance of one lead divided by
the number of leads so connected.
This is illustrated for a cathode lead
in Fig. 2(B).

Interelectrode capacitances have
a shunting effect due to their re-
latively low reactance value at high
frequencies. The charging current

EXTERNAL SHORT CIRCUIT\

LIMIT OF HIGHEST
FREQUENCY BY LEAD
INDUCTANCE AND INTER-
ELECTRODE CAPACITANCE

FIG. 3

through these capacitances results
in power loss in the resistance of the
circuit and adds to the power loss
in the dielectric, which is the in-
sulating material of the tube.

Limitation by Tube of Minimum
Tuned Circuit Size

The oscillation frequency is de-
termined not by the external tuned
circuit constants alone, but by the
external tuned circuit plus the lead
inductance and interelectrode capa-
citances of the tube. The combined
effective tuned circuit thus reaches
an irreducible minimum size (and
maximum resonant frequency) when
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the external tank is replaced by a
direct short circuit. The effective
tuned circuit is then composed of
the lead inductances and the inter-
electrode capacitance, as illustrated
in Fig. 3. Since nothing further can
be done to decrease inductance or
capacitance, the tube has reached
its upper frequency limit even
though transit time might allow it
to operate at a higher frequency.

Thus, if a tube is to oscillate at
a very high frequency, its lead in-
ductance and interelectrode capaci-
tance must be small enough to allow
resonance with some sort of external
tuned circuit. Preferably, the plate,
grid and cathode must be located so
that a high frequency tuned circuit
can be directly connected without
intervening leads.

Triodes are by far the most pop-
ular tube type for high frequency
oscillators, because of their low in-
terelectrode capacitance. Types with
the highest G. are of course the
most suitable. As has been previ-
ously explained, having several leads
from each of the active elements
is also helpful.

Influence of Circuit Construction

on High Frequency Overation

Even when the vacuum tube is
properly chosen, high frequency op-
eration may be adversely affected
by the character and construction
of the circuit.

All kinds of circuit losses increase
rapidly with frequency, and, if not
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properly controlled, may keep feed-
back from being sufficient to support
oscillation. Wiring must be direct
and of heavy-guage wire to combat
skin effect, wherever rf current
flows. Any points of rf voltage
should be either suspended in air
or mounted on low-loss material
such as polystyrene or polyethylene.
Although chassis grounding should
be as direct as possible, it should
all be done at one point in each cir-
cuit, to prevent bad effects of r-f
currents in the chassis. Soldered
connections must be the best pos-
sible; any tendency toward a “cold
joint” or “rosin joint” can introduce
extreme losses and may prevent os-
cillation.

Operating the Heater at Cathode
R-F Potential

The construction of modern vacu-
um tubes is such that there is an
appreciable capacitance between the
heater and the cathode (2 to 10
uuf). Thus, in circuits in which the
cathode is operated above ground,
serious shunting of the cathode can

occur through this capacitance to
the grounded heater, as shown in
Fig. 4. This can be overcome by
isolating the heater from ground
as far as rf is concerned, and op-
erating it in the fube at the same
r-f potential as the cathode. One
way of doing this is shown at (B)
in Fig. 4. An rf choke is connected
in each heater lead; the cathode
r-f voltage can build up across the
reactance of each choke, although
the 60-cps alternating current for
the heater is allowed to pass.

Another arrangement is shown in
Fig. 4(C). Here the heater is isolat-
ed from rf ground by means of a
quarter-wave resonant transmission
line section in each lead. Both line
sections are short-circuited to r-f at
the bottom (one directly, the other
through capacitor C). This means
that there is a high impedance at
the other end between the inner con-
ductor and the grounded outer con-
ductor. The heater leads are fed
through these inner conductors and
are thus at a high impedance to
ground, thus preventing shunting of
the cathode.

/" HAIRPIN"
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ULTRAUDION OSCILLATOR
FIG. 8
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Types of Circuits Used

Many of the same types of circuits
used at low frequencies are also pop-
ular in the VHF and UHF ranges.
Such circuits as the Hartley are fre-
quently encountered, especially in
the “grounded plate” form (see Part
2 of this series). High frequency
versions may be a little difficult to
recognize at first, as special tank
circuits and other construction are
often employed.

Of particular importance is the
Colpitts circuit of Fig. 5, not only
because it is sometimes used itself,
but mainly because it is the basis
of the very popular ultraudion cir-
cuit, which will be explained pre-
sently.

The Colpitts oscillator circuit is
the same as the Hartley except that
the cathode is tapped into the re-
sonant circuit by means of a capa-
citance voltage divider C1-C2, in-
stead of a tap on the coil. One ad-
vantage of this arrangement is that
the two interelectrode capacitances
Cix and Ci are not connected di-
rectly across parts of the coil, as
they are in the Hartley. They are
shunted by tuned circuit capacitors
Cl and C2. The latter have large
values, since they combine in series
to provide the total external reson-
ant circuit capacitance. The effect
of interelectrode capacitance varia-
tion on the frequency of oscillation
is thus minimized. There is one dis-
advantage in the Colpitts circuit
when the oscillator is to be tuned
over a range, as in receiver local
oscillators. Either C1 and C2 must
be tuned together, or another capa-
citor must be added across all or
part of the coil to provide tuning
adjustment. The relative values of



C1 and C2 determine the amount of
feedback, just as adjustment of the
tap did in the Hartley oscillator. Thus
variation of either of these capaci-
tors alone would vary feedback as
well as frequency, an obviously un-
satisfactory condition.

The Ultraudion

The ultraudion circuit is undoubt-
edly the most popular of any of the
circuits used for the VHF and UHF
ranges. It is widely used as the local
oscillator in communications, FM
broadcast and TV broadcast receiv-
ers, because of its simplicity. The
circuit is actually simply a Colpitts
type in which the plate-cathode and
grid-cathode interelectrode capaci-
tances form the voltage divider a-
cross the coil. No external capaci-
tors are then needed, although of
course some form of trimmer or
adjusting capacitor must usually be
added across the coil, so the fre-
quency can be set or varied.

The principle of the ultraudion is
illustrated in Fig. 6. which shows
how the interelectrode capacitances
form the Colpitts-type voltage di-
vider.

As with other oscillator types, any
desired point in the r-f circuit can
be chosen as ground, to suit conven-
ience in the particular application.
Two examples of ultraudion local
oscillator circuits used in TV re-
ceivers are shown in Fig. 7. In
the type at (A), the cathode is
grounded. The plate is shunt fed
through R1, which keeps it at rf
potential above ground. Optimum
efficiency and power output would
call for an r-f choke instead of R1.
However, in this case, sufficient re-
ceiver injection voltage, and better
stability can be obtained with the
lower-priced resistor, because a volt-
age dropping resistor is probably
necessary anyway. In the circuit at
(B), the plate is grounded to r-f,
through C1. This means that both
the grid and the cathode must op-

erate at above-ground r{f potential.
The cathode is kept above ground
by means of the cathode choke L,
which allows d-¢c cathode current to
pass through from ground to the
tube.

Use of Transmission Lines
as Tank Circuits

Because of the relatively high cir-
cuit losses and the effects of trans-
it time at high frequencies, the in-
herent stability of an oscillator less-
ens as the frequency is increased
into the VHF and UHF regions. One
way to compensate for this is to de-
sign the resonant (tank) circuit so
it has a very high Q, and thus tends
to stabilize the oscillator as a whole.
This can be done by using a reson-
ant section of a transmission line
as the tank circuit, instead of the
ordinary coil and capacitor. For
example, a quarter-wavelength sec-
tion of transmission line, short-cir-
cuited at one end, exhibits at the
other end the characteristics of a
very high Q parallel-resonant cir-
cuit. By slight adjustment of the
length of the line section, it can be
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made to combine with circuit and
tube reactances plus added tuning
capacitance if desired, to resonate at
the required operating frequency.
An open-ended line section a half-
wavelength long can be used in the
same way.

An example of the use of a line
section for the tank circuit of an
oscillator is shown in Fig. 8. Because
of the appearance of the shorted
line, which is usually fashioned from
a single piece bent into shape, this
arrangement is often referred to as
the “hairpin” oscillator. Actually
the circuit is an ultraudion, and the
construction is about the simplest
of any practical oscillator.

This application is not limited to
open wire lines, but coaxial line
sections also can be used. A Hartley
circuit using a quarter-wave coaxial
section is shown in Fig. 9. The line
is shorted and grounded at the bot-
tom, where the plate is also connect-
ed through Cl1. The circuit is thus
a grounded-plate Hartley. The leads
from the cathode and grid respec-
tively are fed through the outer con-
ductor of the line section and tapped
onto the inner conductor. This sim-
ulates the connection of these leads
to the tap and top respectively of a
conventional coil. C3 is added for
variation or adjustment of frequency.
Sometimes frequency adjustment is
provided by a shorting plug of metal
between the inner and outer con-
ductors, which is moved to change
the electrical position of the bottom
short circuit.

Push-pull oscillator circuits have
the advantage at high frequencies
that the combined effective intere-
lectrode capacitances are lower than
those of each tube alone. A typical
push-pull tuned-plate-tuned-grid os-
cillator circuit using transmission
line tanks is shown in Fig. 10.

31



Regulated Power Supply Design

A source of well-regulated plate
voltage is a prerequisite for the
modern laboratory, service bench or
amateur station. An ever increasing
number of electronic devices, such as
audio amplifiers, r.f. oscillators, ama-
eur vfo’s, oscilloscopes, synchroscopes,
timing circuitry, and many others, de-
pend for their proper functioning upon
a power supply which is hum free
and delivers a constant voltage regard-
less of load. Fortunately, the devel-
opment of electronically regulated
sources has advanced to the state
where their design and construction
is well within the scope of the average
user. The theory, design and construc-
tion of a representative supply of this
type will be outlined here. With a firm
understanding of the design principles
to be discussed, the reader should be
able to adapt the practical supply pre-
sented here to other requirements which
might exist.

Modern regulated supplies of the
type to be described make available
an output voltage which is continu-
ously variable over a considerable
range and which will not vary more
than a fraction of one percent between
no-load and full-load conditions.
Normal line voltage fluctuations also
have little effect on output voltage.
In addition, the regulation may be
made of such a high order that ripple
voltages in the output are almost en-
tirely cancelled, thus eliminating the
need for the usual “brute force” filter.
This saving in weight and space helps
to compensate for the additional com-
plexity of the electronic regulator.

Theory of Operation

To achieve precise voltage regula-
tion, an electronic voltage control el-
ement must be introduced in the con-
ventional supply circuit. In most re-
gulated supplies, this electronically
variable element takes the form of a
high current vacuum tube, usually
called the “pass tube” or “regulator
tube” in this application. This tube

PASS TUBE

Eg
( variable)

I?<—~E (supply)—)?-f

ILLUSTRATING ACTION OF PASS TUBE

is connected in series with the load
resistance across the output of the
supply, as in Fig. 1. Since the resist-
ance of the triode varies as a function
of its grid voltage, this combination
acts as an electronically controlled
voltage divider. A small change in
the regulator tube grid  voltage
changes the effective ratio of the di-
vider and thus varies the wvoltage
appearing across the output load.

The ability to vary the output vol-
tage of the supply by a minute grid
voltage change suggests that automa-
tic voltage regulation could be accom-
plished by feeding any attempted out-
put voltage fluctuation back to this
grid at such a polarity as to oppose
that change. In other words, if the
voltage across the load in Fig. 1
attempted to rise, the grid of the pass
tube (V1) should be made more neg-
ative so that its internal resistance
would increase and lower the load
voltage. If the load voltage attempt-
ed to decrease, the converse action
should occur.

This action is achieved by the cir-
cuit shown in simplified form in Fig.
2. Auxiliary circuitry consisting of a
second vacuum tube, usually called
the “control tube”, and a constant
voltage source such as a battery or
“VR” tube is added to the circuit of
Fig. 1. A sample of the output volt-
age is applied to the grid of the con-
trol tube by a tap on the ocutput
bleeder R1. The control tube de-
termines the bias on the regulator tube
(V1) since the load resistor (R2)
for the control tube is also the bias
resistor for the regulator tube. The
control tube therefore performs two
functions; it amplifies voltage fluctu-
ations impressed upon its grid by the
output circuit, and it reverses the
phase of those fluctuations so that
they may be applied to the grid of
the pass tube in the right direction
to effect regulation. The precision
of the regulation attained increases
with the gain of the control tube
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since, with greater gain, a small
change in control tube grid voltage
will cause a greater control tube cur-
rent change and hence a greater
change in pass tube bias. Thus,
smaller attempted output voltage
excursions will be corrected.

The battery or VR tube maintains
the cathode of the control tube at a
constant voltage above ground, and
thus provides a standard reference
voltage to which voltage fluctuations
at the output divider (R1) are com-
pared. The voltage at the grid of
the control tube is the difference be-
tween the voltage at the output
bleeder tap and the reference bias
voltage provided by the VR tube.
This difference voltage sets the
“target” voltage to which the supply
regulates. By changing the output
bleeder tap with a potentiometer at
R1, the regulated output voltage of
the supply may be adjusted within
certain limits.

Summarized briefly, the action of
the electronic regulator of Fig. 2 is
as follows: The position of the bleed-
er tap on R1 determines the output
voltage level to which the supply will
regulate. If the voltage across the
bleeder attempts to rise above that
level, the bias on the control tube
{V2) becomes more positive, causing
it to draw more current through its
load resistor (R2). The increased
current through R2 causes the grid
of the regulator tube (V1) to be
driven more negative, with the result
that the resistance of the regulator
tube increases sufficiently to prevent
the original attempted excursion of
output voltage and return it to the
regulated level. If the output vol-
tage attempts to decrease, the se-



quence of events is exactly opposite.
The action is practically instantane-
ous, so that excursions are corrected
for while still very small.

Practical Design Considerations

With a working knowledge of the
functions of all component parts, the
design of regulated power supply
equipment is no more complicated
than that of other electronic circuitry
usually designed and constructed by
the. user.

As with any power supply design,
the first step is to determine the de-
sired output voltage and current re-
quirements. This permits the selec-
tion of the proper power transformer,
filter components, and pass tube. The
supply section differs from standard
design only in that considerably more
voltage than the required output vol-
tage must be provided since there is
an appreciable minimum voltage drop
across the regulator tube. Usually
the unregulated section of the supply
must furnish from 50 to 200 volts
more than the desired regulated
output.

For a sample design, let us suppose
that a regulated output of about 300
volts at 75 milliamperes is required
for a general utility supply. The
practical circuit for such a supply is
shown in Fig. 3. Knowing the current
requirement, a suitable pass tube may
be selected from Table I. Any triode
or triode-connected pentode capable
of passing the required current at a
reasonable voltage drop may be em-
ployed. Tubes may readily be used
in parallel where greater current is
required or when greater plate dis-
sipation is needed. Special types,
such as the 6AS7 which was designed
for pass tube applications, are also
available. For our present design,
a smaller tube such as the 2A3 or its
6.3 volt equivalent, the 6A3, will
suffice,

The power transformer and filter
choke must be conservatively rated

TABLE I
TUBE TYPE CURRENT (Ma.)
B6AS7G 250
6A3 75
2A3 75
6B4G 75
6A5G 75
807 * 80
6L6 * 75
6V6 * 45
6F6 * 40
Y6 * 60
% Screen connected to plate through

500 Ohm, 1 Watt resistor

Line
Switch
145 V. .
A.C. +
o [ )¢
% : X R re ]
L
X c2 == S REGULATED
OUTPUT
R1-7
g .|
R1,R5,R6 — See text Ci-.25 ufd, Aerovox Type B4
R2— .47 Megohm, {1 Watt C2- Bufd, Electrolytic, Aerovox Type GL-EP Vi- 6A3
R3- 12,000 Ohms, 5 WO‘H T4 -~ Power Tronsf., 550-0-550V.@ 100 Ma V2~ 6547
R4 -18,000 " SV.@ 3A. and 6.3 V.@ 1A V3~ VR150
Lt — Filter choke, 8 Hy., 100 Ma. T2-Filament Tronsf., 6.3V.@ 14 V4- 504G

PRACTICAL REGULATED SUPPLY

Fi

for the full load current. Otherwise,
the regulation of the supply will be
poor. The required voltage rating
for the transformer is determined by
finding the sum of the voltage drops
around the circuit for the condition
of maximum output voltage and cur-
rent. ‘The drop across the pass tube
is minimum for maximum output vol-
tage and may be found by referring
to the plate characteristic curves for
the pass tube being used. For the
6A3 used in the present design, the
minimum tube drop for the required
load current is about 80 volts at zero
bias. Actually, somewhat - greater
values should be designed for to pro-
vide a margin for low line voltage
conditions. For the 6A3, a minimum
drop of 140 volts is typical. Thus,
the d.c. output of the supply section
ahead of the regulator must be about
440 volts; 300 volts for the load and
140 minimum drop across the pass
tube. Reference to the rectifier tube
operating characteristics will indicate
the r.m.s. voltage rating of the power
transformer required to supply this
voltage when a single section choke-
input filter is used. With the 5U4-G
employed in the present design, and
allowing sufficient margin for voltage
drop across the choke, low line volt-
age, etc, a transformer delivering
550 volts each side of center-tap at
100 ma. is indicated. The choke
should also be rated at 100 ma.

At this point, having selected the
pass tube and determined the char-
acteristics of the unregulated supply
section, it is well to examine the pass
tube operating conditions to deter-
mine if the allowable plate dissipa-
tion is being exceeded. The 6A3 is
rated at 15 watts maximum dissipa-
tion. At full current and voltage
from the supply, the drop across the

G.3

pass tube estimated above was 140
volts. The plate dissipation under
this condition is 140v. times .075
amps. or 10.5 watts. The low voltage
limit to which the supply can safely
be adjusted at full current may now
be determined, since the voltage drop
across the pass tube, and hence its
plate dissipation, is maximum at the
lowest regulated output voltage. The
allowable drop for 15 watts plate
dissipation is now calculated as 15
watts, .075 amp. or 200 volts. With
a total unregulated voltage of 440v.
available, the minimum regulated
output of the supply is thus 240
volts. By usmg a larger pass tube,
or several in parallel, the range of
regulated voltage adjustment can be
appreciably extended.

The choice of a control tube is
rather arbitrary. Almost any pentode
having a sharp cut-off characteristic
may be used. The type most fre-
quently employed in electronically
regulated supplies is the 6SJ7, which
is chosen for its low cost, ready avail-
ability, and high gain. Miniature
types having similar characteristics
may be used in applications where
space is at a premium. The 6S]7.
will do nicely for. the design under
consideration.

Although batteries may be used for
the source of control tube reference
bias voltage, the gaseous voltage reg-
ulator tube is " usually preferred.
Tubes of the “VR” series give excel-
lent life and stabilization in this ap-
plication. The choice of VR type,
VR75, 90, 105 or 150, depends on the
unregulated voltage available and the
portion of this which must be reserved
for drop across the load-bias resistor
(R2) and the control tube. It is
desirable to utilize the highest volt-
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age VR tube possible under these
conditions, since this subjects the grid
of the control tube to a larger portion
of output voltage fluctuations. A
VR150 is sufficient for the design
being discussed, since the bias devel-
oped across R2 to reduce the output
voltage to minimum is only about -30
volts, as indicated by the plate curves
for the 6A3. The plate load resistor
(R2) is chosen to be about equal to
the plate resistance of the control
tube. Values between .47 and .68
megohm are typical for the 6SJ7.

)
\,

The by-pass capacitor, Cl, is usu-
ally about .25 microfarads. It pro-
vides a path for 120 cycle ripple
voltages and other high frequency
fluctuations between the regulated out-
put and the grid of the control tube.

The dropping resistors R3 and R4
are designed to provide 150 volts
across the VR tube at the 8 ma. min-
imum current required for regulation
and to provide a tap for control tube
screen voltage. In computing the
values of these resistors, the minimum

unregulated supply output voltage
must be used. Allowing for 10%
drop in line voltage, this would be
396 volts in the present case. The
required drop is then 396 minus 150
or 246 volts. At .008 ampere drain,
the total resistance required (R3 and
R4) is 246/.008 or 30,750 ohms.
The portion of this resistance between
the cathode and screen of the control
tube to furnish a screen voltage of
100 volts should be 100/.008 or
12,500 ohms. Thus the nearest
standard values of 12,000 and 18,000
ohms will suffice for R3 and R4
respectively.

The total resistance value for the
output bleeder is usually about .25
megohm, made up of a 50,000 wire-
wound potentiometer for the voltage
output adjustment and fixed carbon
resistors (R5 and R6) above and
below it to complete the total. The
exact values of these for any particu-
lar regulated supply are most easily
determined experimentally by substi-
tuting a .25 megohm potentiometer
temporarily in place of R1, R5 and
R6. Then, with the supply operating,
the settings of the potentiometer tap
for the minimum and maximum
output voltages allowable under full

load conditions can be determined..

The potentiometer is then discon-
nected and the resistances measured
with an ohmmeter. The resistance
between the slider position for low
voltage output and the ground end
of the “pot” is the value for RS5. Sim-
ilarly, the resistance measured be-
tween the slider setting for high out-
put voltage and the “hot” end of the
potentiometer is the value for R6.

The correct value for R1 is then R5
plus R6 subtracted from .25 megohm.,

Construction

Standard power supply wiring
practices apply to all portions of the
regulated supply except the control
tube section. Since this tube is act-
ing as a high gain d.c. amplifier, it is
very susceptable to hum pick-up
which will appear as ripple in the
output voltage. To minimize this,
all leads associated with the control
tube, and especially the grid lead
from R1, must be as short as pos-
sible. The best practice is to mount
the wvoltage control potentiometer
adjacent to the control tube socket
at a location as far as possible from
the power transformer, filter chokes,
filament transformers, and other com-
ponents which produce hum fields.

A chassis lay-out which is suit-
able for the design discussed above
is shown in Fig. 4. All parts are
mounted on a 7 x 11 x 2 inch metal
chassis. Well-shielded components
should be used and all a.c. leads must
be twisted in pairs to reduce hum
radiation. A separate filament wind-
ing is required for the regulator tube
since the filament of this tube is op-
erated at the full supply output volt-
age above ground. When the special
6AS7G pass tube is used, this pre-
caution is not necessary because the
heater-cathode insulation in this tybe
is sufficient to withstand 300 volts.

The completed supply should be
checked for satisfactory regulation
by varying the load current from the
full design rating to zero. Under
these conditions, the change in output
voltage should be negligible. Ripple
content can be checked qualitatively
with earphones coupled through a
suitable condenser, although an oscil-
loscope is very much preferable.

Ferroresonant Circuits

f a saturable reactor is made the

inductive element of a tuned cir-
cuit, either series-resonant or paral-
lel-resonant, varying the current
through the reactor will vary the
resonant frequency of the combina-
tion, This is the simple basis of all
ferroresonant circuits. The most ef-
ficient manifestation of this effect
occurs when a large resonant fre-
quency shift is obtained as the result
of a small change in control current,
usually through a separate winding.
The ferroresonant effect may be ut-
ilized in various ways in electronic
and electrical equipment.
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Ferroresonant circuits recently
have been designed to perform as
amplifiers, triggers, switches, flip-
flops, gates and oscillators. Ferro-
resonant elements find application
in electronic counters, computers
and other digital devices, frequency
dividers, signal amplifiers, and auto-
matic control circuits. Closely re-
lated to the magnetic amplifier, the
ferroresonant circuit is tubeless and
has unlimited life. Ferroresonant
elements are rugged and can be
made extremely small in size. Un-
like the magnetic amplifier, ferro-
resonant devices may be operated

at high supply-voltage frequencies,
enabling high-speed switching per-
formance and high-frequency ampli-
fication.

Basic Ferroresonant Circuit

In Figure 1, a coil having a sat-
urable core is connected in series
with a conventional capacitor, re-
sistor, and continuously variable
a-c source. This is the basic ferro-
resonant circuit. The zero-current
inductance of coil L. and the capa-
citance C are chosen such that the
series-resonant frequency, f., of the
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combination is somewhat lower than
the supply-voltage frequency.

Figure 2 shows the response of
this simple circuit. As the supply
voltage is increased, the current
(I..) through the coil, capacitor, and
resistor increases, as shown in Fig-
ure 2(B), and the voltage (ELc)
across the inductance-capacitance leg
increases from zero to a maximum
at point A. As the current is in-
creased beyond this level, voltage
ELc would continue to increase ex-
cept that the core of the coil begins
to saturate and this lowers the in-
ductance. Accordingly, the voltage
begins to fall after point A.

The decreasing inductance of the
coil causes the circuit to approach
resonance, the impedance of the LC
arm decreasing. The voltage drop
ELc accordingly decreases, dropping
to point B at resonance. Although
X1 = Xc at this point, B does not
dip completely to the zero-voltage
line because of resistive losses, chief-
ly in the coil.

As the current is increased beyond
this point, further saturation of the
core and consequent lowering of the
inductance tunes the circuit beyond
resonance, and voltage ELc again
rises, as from B to C. Figure 2(A)
shows the variation of circuit re-
actance with current. At resonance,
the voltage drop, IR, is due only to
resistive losses mainly in the coil
copper. Before this point, the cir-
cuit reactance is inductive, and after
this point is capacitive.

The plot of Figure 2(B) is seen
to have the S-curve shape which is
typical of the characteristics of cer-
tain bistable and oscillating systems.
Thus, the response is characterized
by two stable regions of ‘“positive
impedance” (OA and BC) connected
by an unstable region of “negative

impedance” (AB).

FIGURE |I.

m
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This circuit can exhibit true bis-
tability. That is, its current may
have either a high or a low discrete
value at a particular voltage, and
this current value can be maintained
indefinitely unless the operator
switches it to its second value. Thus,
referring to Figure 2(B), the current
might have a low value X or a high
value Y along the inscribed non-
linear load line. The current will
not hold along the unstable negative
slope, AB, but can be made to shift
from some point along OA to a point
along BC, quickly traversing AB and
locking along BC. If the ferrore-
sonant element is operated in a suit-
able circuit, conduction may be trig-
gered back and forth between the
two stable states. This action suits
the ferroresonant element ideally as
a binary device.

Ferroresonant Flip-Flops

One of the most promising and
already exploited applications of

small ferroresonant elements is as
flip-flops in digital computers, count-
ers, and frequency dividers.

A second, coupled winding might
be added to the simple circuit of
Figure 1. This modification is shown
in Figure 3. Here, the control wind-
ing actually consists of two coils
(L; and L.) which are connected
series-bucking to isolate the TRIG-
GER INPUT terminals from the a-c
supply. A d-c trigger pulse of either
polarity applied to the control wind-
ing then would reduce momentarily
the inductance of L; and allow the
current to jump from X (Figure 2B)
to Y. The current then would latch
at the second value and would be
unaffected by further pulses applied
to the control winding, since the
high current at point X would be
sufficient to maintain the core satu-
rated.

The fact that the current in this
simple circuit cannot be returned to

RE AC TANGCE

RESPONSE CURVES OF FERRORESONANT CIRCUIT

FIGURE 2.
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its initial level by alternate pulses
but only by a momentary interrup-
tion of the a-c supply line prevents
use of the circuit directly as a flip-
flop even though it is bistable.
Figure 4 is an arrangement of two
ferroresonant elements in parallel.
Each has a separate control coil.
This arrangement provides good flip-

Isborn. Here, L3C2: and L;C3 corre-
spond to the simple elements shown
previously in Figure 1. Capacitor C;
provides a series reactance which is
common to both ferroresonant legs.
The control winding for the left leg
consists of coils L, and L. connected
in series-bucking to prevent trans-
mission of the a-c supply energy back

the control winding of the right leg
consists of L; and Ly connected in
series-bucking to prevent a-c coupling
back to the INPUT 2 terminals.
With the proper magnitude of re-
actance at C,, only one ferroresonant
leg can conduct in the high-current
state at one time. If both legs should
attempt to operate at this level sim-
ultaneously at high current, the in-

flop action. The circuit is due to to the INPUT 1 terminals. Similarly,
A.C.INPUT
Cy % i
X
L
INPUT | Lz
L2

l O
OUTPUT

l
FERRORESONANT FLIP-FLOP

O

OUTPUT
2
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TRIEST'S IMPROVED FLIP-FLOP

creased voltage drop at point X would
reduce the leg drops (ErLsc: and
ELsc3) below the resonant value and
neither one could latch-in at high
current. When both legs drop to
Jow-current conduction (or attempt
to do so), the drop across C; falls
and the voltage at point X rises to
such a high value that either the
left or right leg will “fire.”

In order to examine operation of
this circuit, assume that the left leg
(L3zc>) is conducting high and that
the right leg (Lsc3) is conducting
low. Output 1 will be high (TRUE
or 1 in binary notation) and output
2 will be low (binary FALSE or 0).
A pulse applied to INPUT 1 will
have no effect, since the core al-
ready is saturated in this leg of the
circuit. Coil L4, however, is carry-
ing low current and its core is not
saturated. A pulse applied to IN-
PUT 2 therefore will lower the in-
ductance of L, saturating the core
of this coil and moving the L;C; leg
into resonance. The high current
then will reduce the voltage at point
X momentarily to such an extent
that L3C. is detuned from resonance
and drops to the low current condi-
tion. High conduction then shifts
to the right leg, and OUTPUT 2
becomes high. Thus, the two out-
puts always are of opposite phase
and change states with respect to
each other.

FIGURE 5.
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For single-input operation, INPUT
1 and INPUT 2 may be connected to-
gether and the triggering pulse thus
applied simultaneously to L;L. and
L;Lg. Successive pulses then will
cause high conduction to flip back
and forth between the two legs, and
a given pair of OUTPUT terminals
will have high output during only
half of the number of input pulses.
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MACKAY'S FERRORESONANT
RELAXATION OSCILLATOR

FIGURE 6.

The circuit thus acts as a frequency
halver.

Appreciable power gain is obtain-
ed. Rutishauser has pointed out
that by providing control coils of
many turns, the required triggering
current can be made very small. One
flipflop thus can drive others with-
out intermediate driver stages. In
this way, it is comparatively simple
to set up tubeless binary counters,
ring counters, and similar circuits.
Rutishauser has had a ring of 32
stages operating satisfactorily and
states that about 50 stages would
appear to be the upper limit.

Aside from being tubeless, simple,
and capable of extreme miniaturiza-
tion, ferroresonant flip-flops with
small cores of thin material may be
operated at high power-supply fre-
quencies (1 Mc and higher) allowing
rapid switching. Isborn mentions
that the entire switching operation
takes place in a period equal to ap-
proximately 5 cycles of the supply
frequency. Another considerable
advantage of the ferroresonant flip-
flop is its low power requirement.

‘This results from the use of reactive

components in the circuit. Further-
more, although high current is shift-
ing from one leg to the other, the
load on the power supply is constant.
Another advantage is the low heat
radiation which results from low
power dissipation and the absence of
tube- filaments.
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Triest of International Business
Machines Corp. has patented an im-
proved ferroresonant flip-flop , shown
in basic arrangement in Figure 5.
This circuit employs a pair of sat-
urating windings (L.L3 and L,L;)
on each core and cross-couples them.

A low, lagging current flows in the
less saturated leg and a high, leading
current in the more saturated leg.
The patent claims that the cross coup-
ling increases the difference between
the two current magnitudes, creating
in fact a wide gap. The common
resistance, R, in Figure 5 serves the
same purpose as the common capa-
citance, C;, in Figure 4.

The main saturable inductor wind-
ings are Lo and Ly. Coils L3 and L
are the auxiliary windings. When
the left leg is resonant, high lead-
ing current in L; produces flux in
the core of the right leg to induce
an e. m. f. in Ly This voltage op-
poses the lagging current in Ly. The
net result of this action is a reduct-
ion of the current in the right leg
and an increase in the current in the
left leg. It is in this way that the
gap between the values of voltage
drop across capacitors C; and C. is
widened. Outputs are taken from
across these two capacitors.

Additional Applications

Mackay has developed several in-
teresting circuits of a highly practi-
cal nature in which ferroresonant
elements are combined with the non-
linearity of tungsten lamp filaments
to obtain relaxation oscillations and
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FIGURE 7.

LAMP

the intermittent operation of lamps.
This scheme has been described also
in the popular literature.

Figures 6 and 7 show two of Mac-
kay’s circuits. In Figure 6, L is the
primary winding of a small filament
transformer (Stancor P-6135) and
serves well enough as a saturable
reactor at the current levels invol-
ved. C is a 12-microfarad capacitor
(non-electrolytic) and R is a 100-
watt lamp. The latter exhibits low
resistance (high current) when its
filament is cold, and high resistance
(low current) when hot. The L and
C combination behaves like the sim-
ple ferroresonant circuit shown in
Figure 1 when the curfent is high
enough to start saturation of the coil,
L. The circuit is operated from the
115-volt ac power line through a vari-
able autotransformer such as a Vari-
ac.

When the circuit is switched-on,
the filament is cold and its resistance
low. The lamp accordingly lights
from the correspondingly high cur-
rent flow and the ferroresonant cir-
cuit operates at its high-current
point. As the filament heats, its re-
sistance increases, the current ac-
cordingly drops and will snap (flip-
flop fashion) to the low-current point
on the ferroresonant response curve.
The lamp therefore extinguishes. As
the filament then cools, its resistance
decreases, current again rises and
soon snaps back to the high-level
point to repeat the cycle of opera-
tions. When the input voltage is
adjusted to a certain critical point,
the lamp flashes on and off at a

regular rate as the result of this
ferroresonant action. Mackay gives
a 5%-second ON rate with the cir-
cuit constants shown here.

The circuit shown in Figure 7 will
be seen to resemble the ferroresonant
flipflop of Figure 4, minus control
(trigger) windings. It consists of
two “blinker” circuits of the type
just described, with the addition of
the common capacitor, C;. In this
circuit, L; and L. are the primary
windings of small filament trans-
formers, as before, and C, is a 16
microfarad non-electrolytic capaci-
tor. C» and C3 each are 12 micro-
farads, also non-electrolytic. Each
lamp is of 100-watt size. Both lamps
cannot light simultaneously because
the large voltage drop across C,, due
to the resulting high current flow,
would reduce the voltage across each
leg of the circuit to a value much.
lower than the ferroresonant value
and insufficient to light the lamps.
However, one leg always will have
enough voltage for the lamp in that
leg to glow. When that lamp extin-
guishes, the one in the other leg
ignites. Mackay has operated a num-
ber of legs through the common capa-
citor and observed that the lamps
flash cyclically.

An obvious application of this low-
frequency type of ferroresonant cir-
cuit would be as a high-intensity
blinker in such applications as traffic
signal beacons, railroad signals, ete.
where all moving parts, relay con-
tacts, and the like would be elimin-
ated and continuous, unattended op-
eration secured.



SECTION III
COMPONENTS

Fixed Capacitors in Modern Circuitry

NO other electrical component is
called upon to perform such a
wide variety of functions in electronic
circuits as the capacitor. Most of
these applications are based upon the
ability of the condenser to differen-
tiate between electrical currents of
various frequencies. Such applications
include; d.c. blocking, ripple filtering,
r.f. and audio by-passing, coupling, fre-
quency determination, R-C timing, and
energy storage. Because of the varied
requirements of these uses, fixed ca-
pacitors are made in many types and
sizes, each especially engineered to
fulfill a specific application or func-
tion. An important part of modern
circuit design is therefore the choice
of the proper capacitor for the cir-
cuit appplication at hand. In many
cases, the success or failure of the
design will actually depend upon this
choice. The radio engineer, experi-
menter, and amateur must therefore
have a firm background in capacitor
design and application.

Probably the most direct route to
a mastery of the “safe and sane” use
of capacitors is to establish a thor-
ough understanding of the character-
istics and limitations of each general
type. The choice of the proper type
for each circuit application then be-
comes merely a matter of following
good engineering practice. For this
reason, we will commence with a dis-
cussion of the basic types of fixed
capacitors which are encountered in
electronic circuitry.

Insulation resistance -

_.-~Capacitance
ot
LY A

’

Lead and plate inductance

CAPACITOR EQUIVALENT CIRCUIT

Since a capacitor is fundamentally
two metallic conducting sheets isola-
ted by a suitable dielectric material,
the basic types are classified accord-
ing to the type of dielectric used.
They include:

Air Dielectric Capacitors
Mica Capacitors
Ceramic Capacitors
Paper Capacitors
Electrolytic Capacitors

Just as all inductances have distri-
buted capacity and resistance, and
everyday resistors have some induc-
tance and “end-to-end” capacitance,
practical condensers are not perfect
capacitances. All have a certain
amount of residual inductance asso-
ciated with the leads and plates, and
also a finite value of resistance call-
ed the “insulation resistance”. Thus,
the equivalent circuit of any capacitor
can be considered as in Fig. 1. The
magnitudes of these unwanted charac-
teristics vary through wide limits as
a function of mechanical design and
type of insulation or “impregnant”
used, and must be considered along
with such other characteristics as
capacitance value, voltage and cur-
rent ratings, temperature coefficient,
stability, etc, in selecting a conden-
ser for a particular job. The actual
choice is usually a compromise be-
tween mechanical and electrical per-
fection on one hand, and the dictates
of economy, space, and the practical
requirements of the application on
the other.

The Air Dielectric Capacitor

From the standpoint of low losses
(high capacitor) and coustancy of
capacity value, the most nearly ideal
capacitors are built with air (or vac-
uum) as the dielectric between the
plates. Such capacitors are not per-
fect, however, for although air is a

perfect dielectric having zero power
factor, some losses arise due to di-
electric hysteresis in the insulating
material used to support the plates.
Charging currents flowing in the leads
and plates cause additional power
losses and give rise to some residual
reactance.

The air-dielectric condenser occu-
pies much more volume for a given
capacitance and is usually more ex-
pensive than any of the other general
types. The reasons for this are ap-
parent from an inspection of one of
the simpler empirical formulas for
the capacitance between parallel
plates whose dimensions are large
compared with the spacing between
them, so that “fringing” may be ne-
glected:

CAPAGITANCE (pupfds) = 2244 K Ay

Where: | . .
K is the dielectric constant of the

material between plates.
A is the areo of the smaliest plate.(Sg.In.)
d is the distonce between the plates ( In.)

From this it is seen that the capaci-
tance is directly proportional to the
dielectric constant and the plate area,
and inversely proportional to the
spacing. Since the dielectric con-
stant of air is only 1.0, but is greater
than unity for all other insulating
materials used in condenser construc-
tion, greater areas must be used in
air capacitors to achieve a given ca-
pacitance. In addition, the dielec-
tric strength of air is considerably
lower than that of the other dielec-
trics, so that greater electrode spacings
are necessary for a given working
voltage. As a result, the volume oc-
cupied by an air-dielectric condenser
will be at least 500 times greater than
that of a comparable capacitor using
a high grade mica dielectric.
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Because of these factors, air as a
-dielectric is used only to a very limit-
ed extent in fixed capacitors, such as
in certain laboratory capacitance
standards. Fixed capacitors using
vacuum or an inert gas under press-
ure are used to a greater extent, since
the breakdown voltage is increased
about four to ten times thereby. Air
dielectric variable capacitors are, of
course, widely used for tuning r.f. cir-
cuits because of their mechanical sim-
plicity.

Mica Capacitors.

Mica is widely used as the insulat-
ing material in capacitors manufac-
tured primarily for r.f. applications.
The mica capacitor is characterized
by low power factor, high puncture
voltage, good stability, high insula-
tion resistance, and reasonable cost.
As mentioned above, the size for a
given capacity is considerably small-
er than that of a comparable air-di-
electric condenser. Due to the stack-
ed construction usually employed, the
inductance is quite low. A common
construction is illustrated in Fig. 2.
The plates consist of metal foil sand-
wiched between thin sheets of mica
dielectric material. The ends of al-
ternate foil strips extend beyond the
mica sheets at opposite ends of the
stack and each group is clamped to-
gether and connected to a lead. Thus,
the charging currents which flow into
each plate do so through a relatively
short, broad path. Therefore, the in-
ductance is low, being mainly that
contributed by the wire leads.

METAL FOILZ-"  MICA PIGTAIL
ELECTRODES DIELECTRIC LEAD
TYPICAL MICA CAPACGITOR
CONSTRUCTION
FiG.2

Mica capacitors are used in a mul-
titude of clectronic applications
where a high degree of capacitor ex-
cellence is required. Such uses in-
clude; rf. fixed tuned circuits, r.f.
by-passing, r.f. coupling, d.c. blocking,
r.f. neutralizing, r.f. filtering, a.f. tone
control, a.f. degenerative feedback,
a.f. coupling where ‘high insulation re-
sistance is important (as in certain
RC-coupled amplifiers), and many
others.

In radio frequency applications,
mica capacitors are rated according
to r.f. current handling capability as
well as maximum instantaneous volt-
age. The observance of both of these
ratings are equally important in prac-
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tice. Excessive r.f. current results
in capacitor heating, which, in turn,
causes increased dielectric losses, ca-

pacitance deviation, and lowered
breakdown voltage. The effect is
thus cumulative. The rf. current

through a capacitor in any given ap-
plication can be determined by con-
necting a suitable r.f. thermoammeter
in series with it.

In applications where stability of
capacitance value is important, as in
tuned circuits, r.f. filters, and other
critical circuits, capacitors of the “sil-
vered mica” variety are used. These
units have extreme capacitance stabil-
ity and low temperature coefficients.
These excellent characteristics are ob-
tained by depositing a silver coating on
the opposite surfaces of mica wafers and
“sintering” this assembly at high tem-
perature to form highly conducting
metal “plates” in intimate contact with
the mica. The variable factor of stack-

ing pressure is thus drastically reduced,

with correspondingly improved stqbiﬁfy.

NEGATIVE TEMP.
COEFFICIENT CAPACITOR

USE OF TEMPERATURE
COMPENSATING CAPACITOR

FIG.3

High quality mica units are manu-
factured with either positive, zero, or
negative temperature coefficients of
capacitance. Capacitors of this type
can be used for temperature compen-
sation in tuned LC circuits in which
low frequency drift with ambient tem-
perature change is important. By
such means, self-excited r.f. oscilla-
tors having frequency stability com-
parable to crystal controlled oscilla-
tors can be built. Stabilized oscilla-
tors of this type are used far receiver
local oscillators, amateur v.f.0.’s, pow-
er oscillators where crystal control
is impractical, etc. An example of
the application of temperature com-
pensating mica capacitors is given in
Fig. 3. Here it is desired to main-
tain the LC product (and hence the
frequency) of an R.F. oscillator “tank”
circuit at a constant value over a wide
temperature range. This may be ac-
complished by determining the ap-
proximate temperature coefficient of
the uncompensated circuit in terms
of capacitance deviation in parts per
million per degree Centigrade. This
coefficient will usually be positive
with common circuit elements, i.e.,
the frequency decreases with increas-
ing temperature. Temperature com-

pensation then consists of the selection
of a capacitor having a negative tem-
perature coefficient approximately
equal to the positive characteristic of
the other circuit elements. Thus, with
all circuit elements subjected to the
same ambient temperature changes,
frequency “drift” is compensated. A
trick frequently resorted to by circuit
designers consists of placing the com-
pensating capacitor at a location in
the equivalent where a temperature
gradient exists, such as near a vacuum
tube. A “vernier control” of temper-
ature compensation is thcn obtained
by adjusting the position of the ca-
pacitor within this gradient by trial
and error until a point of best fre-
quency stability is located.

The Ceramic Capacitor

Another type of condenser which
in some cases is comparable to the
mica capacitor in electrical charac-
teristics uses a ceramic as the dielec-
tric material. A typical design is
shown in Fig. 4. The capacitor plates
are deposited on the inner and outer
surfaces of a ceramic tube with con-
necting leads at either end. This
unit is then sealed in a second cera-
mic tube and the whole assembly is
wax impregnated for moisture proof-
ing.

Ceramic capacitors are manufac-
tured in a wide variety of characteris-
tics, depending upon the type of cera-
mic used for the tube upon which the
electrodes are deposited. Since some
of the ceramics have very high dielec-
tric constants, the volume efficiency
(micromicrofarads, cubic inch) is
high. Titanium dioxide ceramics, for
instance, are used extensively for
their high dielectric constants (90-
170), low losses, and low tempera-
ture coefficients. Since the tempera-
ture coefficient can be controlled by
the ceramic mixture, units ranging
from essentially zero to high negative
values of temperature coefficient are
available for temperature compen-
sation. Due to the coaxial type of
construction, tubular ceramic capaci-
tors have low values of residual in-
ductance,

METAL FILM - CERAMIC TUBE
OUTER
PLATE
I o
PIGTAIL METAL FILM
LEAD INNER PLATE

CERAMIC CAPACITOR CONSTRUCTION
FiG.4

One grade of ceramic capacitor is
used interchangeably with mica ca-
pacitors in critical r.f. circuits, while
a lower quality variety which has



very high volume efficiencies but poor
stability, is used for general purpose
applications such as by-passing. Cer-
amic tubular capacitors are usually
more expensive than equivalent mica
units. However, disk type ceramic

capacitors are less expensive than"

equivalent mica capacitors and are
sold on a “guaranteed minimum
value” basis. Disk ceramics are used
in high frequency by-pass applica-
tions only.

Paper Capacitors

Capacitors using wax or oil im-
pregnated paper dielectric are em-
ployed extensively in d.c., audio, and
low frequency r.f. applications where
high capacitance per unit volume and
low cost is required. They are char-
acterized by generally poorer electri-
cal characteristics than mica or cera-
mic capacitors, including; higher pow-
er factor, larger temperature coeffi-
cients, lower operating voltages, high-
er inductance and shorter life. These
factors depend to a large extent up-
-on the type of impregnant used, the
purity of the impregnant, the method
of construction, and the casing em-
ployed.

Wax is used as the impregnant in
a large variety of utility capacitors
for the lower voltage ratings, where
small size and economy are import-
ant. The tubular capacitors used in
receiver audio, blocking, and by-pass
work are examples. Moisture absorp-
tion shortens the life of cardboard-
cased wax capacitors to some extent,
as does high ambient temperature.
Castor oil, mineral oil, and chlorinated
synthetic oils such as ‘‘askerels” are
used in paper capacitors for higher oper-
ating voltages and greater dependability.
Mineral oil filled units have the best
temperature characteristics and lower
power factors, but are about 359 larger
in volume because of the lower dielectric
constant. For this reason, castor oil filled
condensers are used in most noncritical
applications or where space is at a pre-
mium,

Typical paper condensers have
temperature coefficients of capacit-

ance approximately ten times larger
than high grade mica capacitors, such
as the silvered-mica types. Power
factors are greater by at least one or-
der of magnitude and inductances are
larger, especially in the types using
paper-foil rolled construction in which
the contact tabs are at the ends of
the rolled foil plates. In paper capacitors
of advanced design, residual inductance
is minimized by the use of the extended
electrode construction, in which’ electri-
cal contact is made at the edges of the
rolled electrodes, so that charging-cur-
rent paths are short.

In applications where a wide range

of frequencies must be effectively by-.

passed, as in the TV line filter shown
in Fig. 5, a high capacitance paper
capacitor may be used in parallel
with a small mica unit. Otherwise,
the residual inductance of the paper
condenser may make it ineffective
as a by-pass for the high r.f. frequen-

ILLUSTRATING USE
OF DUAL BY-PASSING
FI1G.5

Another by-passing device used in
video if. amplifier design consists of
using capacitors which are self-reson-
ant at the frequency to be by-passed.
A value of capacitance is chosen which
is series resonant with the inherent
inductance of the capacitor and its
leads. This type of single-frequency
by-passing is very effective.

The Electrolytic Condenser

The familiar electrolytic capacitor
is the “work horse” of the receiver
power supply filter field. These units
have extremely high volume efficien-
cies, occupying omnly about 159 of
the space required for equivalent
paper capacitors. The cost per micro-
farad is also very low. For these
reasons, although inferior in most oth-

er respects to the other types, the
electrolytic capacitor is extensively
used for filter and by-pass applica-
tions.

An electrolytic capacitor may be
made either by immersing two alum-
inum electrodes in an electrolytic
solution such as ammonium borate
or sodium phosphate (a “wet” elec-
trolytic) or by filling the space be-
tween rolled foil electrodes with a
thick paste of similar material (the
“dry” electrolytic). A“forming volt-
age” applied between the plates de-
posits a film of aluminum oxide on
the positive plate. See Fig. 6. This
film is the dielectric material of the
capacitor. Because it is extremely
thin-being only .000025 inch thick in
some cases — the capacitance per un-
it area is very high. For the same
reason, the operating voltage of the
unit is limited to about 450 volts.
Electrolytics may, however, be used
in series for higher voltages with the
use of the usual voltage equalizing
resistors shunting each unit, as must
be used with mica and paper capaci-
tors which have higher insulation re-
sistances.

P _-ALUMINUM
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The electrolytic condenser is essen-
tially for d.c. applications, since to
maintain the oxide film, the plate
bearing it must never become nega-
tive. If a.c. components are present,
they must be smaller in voltage than
the steady d.c. voltage impressed.

The high leakage current of the
electrolytic becomes much greater
after prolonged inactivity, but soon
drops to a normal value of about 200
microamperes per microfarad. The
wet electrolytic has been used in volt-
age limiting applications because of
its particularly steep leakage-current
versus applied voltage characteristic.

Proper Use of By-Pass Condensers

N modern electronic circuits the

capacitor is used more frequently
for the function known as “by-passing”
than for any other single application.
The selection of a capacitor of the
proper type and value for a given job
is an important aspect of circuit de-
sign. Such critical performance char-

acteristics as frequency response,
phase distortion, circuit stability, and
freedom from parasitic oscillations
are determined by the by-passing
used. This discussion is intended to
provide a review of this subject for
the benefit of the amateur, experi-
menter, young engineer, or anyone

who has been puzzled by the problem
of what by-pass to use for a specific
purpose. The factors underlying the
choice of capacitors in typical circuits
will be pointed up by the use of
examples.

“By-passing” can be defined as pro-
viding a short, low impedance path
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around certain circuit components for
electrical currents of some frequen-
cies, while maintaining a high imped-
ance path for other frequencies. The
circuit designer is repeatedly con-
fronted with the need of components
having this property of passing cur-
rents of a desired periodicity while
excluding others. Actually, both in-
ductances and capacitors qualify un-
der this definition because of the fre-
quency discriminating action of these
simple filters. , An inductance, or
“choke”, may be considered to be a
low trequency by-pass element since
it presents a low impedance path for
d.c. and low frequencies while pre-
senting a high reactive impedance for
high frequencies. The condenser, on
the hand, is a simple high-pass filter,
having a high reactance at low fre-
quencies and becoming more nearly
a short circuit as frequency is increas-
ed. It is when this latter property is
used to provide a “detour” around
some part of a circuit that the term
by-passing is most commonly em-
ployed.

10,000,000

N 1
100,000 'Oo,
%

1,000,000

L

10,000

1000

100

Xc (OHMS)

N

10 40% 10® 10* 10°® 10° 107 1«C
FREQUENCY (C.P.S.)

FI1G.1

10

For a capacitor to function as an
effective by-pass, its impedance must
be much lower than the impedance
of the circuit element being by-pass-
ed. Of course, the reactive imped-
ance of a capacitor of any value is
easily calculated for any given fre-
quency from the basic expression:

(1) oot
¢ 21mrfg
Where :

X¢ is the capacitive reactance in ohms
T is the frequency in cycles per second
C is the capacitance in farads

Provided that Xc> >XL.XL—= lead
reactance,

Needless to say, this relationship is
of constant use in designing proper
by-pass circuits. It shows that the
reactance of a given unit decreases
with frequency or that, for a given
frequency, a value of capacity can be
chosen to give any desired value of
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capacitive reactance. To aid in vis-
ualizing this function, we have plotted
the reactance of a .001 mfd. condenser
versus frequency in Fig. 1.

Cathode Resistor By-Passing

The most frequent use of the by-
pass condenser is illustrated in Fig. 2,
where the capacitor is used as a
cathode resistor by-pass. The neces-
sity for this is obvious when the char-
acteristics of the circuit are consid-
ered. As is well known, any vacuum
tube stage which uses cathode bias
exhibits strong degeneration if the
signal current is allowed to flow
through the bias resistor. This is
so, as the a.c. component of the
plate current flowing through the bias
resistor develops a voltage drop
across it during signal peaks which
increases the bias applied to the grid
of the tube. This has the effect of
reducing the signal voltage on the
tube grid and thus reducing the stage
gain and introducing phase distortion
and other undesirable results.

In Fig. 2, this degenerative effect
is prevented by shunting the cathode
bias resistor with a capacitor which
by-passes the a.c. signal component
around it. Let us now consider the
requirements placed upon this capa-
citor.

Assume that the stage depicted in
Fig. 2 is an audio amplifier intended
to work over the frequency range of
200 to 5000 c.p.s. and that the cath-
ode resistor recommended for the
tube type used is 300 ohms. A by-
pass capacitor must be provided
across this resistance which will pre-
vent most of the audio frequency
plate signal current from flowing
through it. Since the reactive imped-
ance of the condenser becomes lower
with increasing frequency, as shown
by Eq. 1, one which is satisfactory at
the low frequency end of the desired
range will do for the entire range.
Therefore, in the present example,
a capacitor which effectively by-
passes the 300 ohm cathode resistor
at 200 c.p.s. should be adequate.
Most circuit designers consider a ratio
of bias resistance to by-pass reactance
of about 10-to-1 to be a safe rule-

= = B+
USE OF CATHODE BY-PASS
FIG.2

of-thumb for most work. With this
ratio more than 999, of the total
a.c. current Hows through the by-pass
condenser. Ratios up to 20-to-1 may
be used in high fidelity amplifier work
where space and economical consid-
erations permit, however.

Assuming a by-pass ratio of 10-to-1
to be sufficient, a capacitor having a
reactance of one-tenth the resistance
of the bias resistor at 200 c.p.s. is
necessary. By rewriting Eq. 1 to
solve for a value of capacitance hav-
ing a reactance of 30 ohms, an answer
of 26 microfarads is obtained. There-
fore, the nearest standard value of
25 microfarads would be used. An
electrolytic condenser is, usually used
in this application since leakage resis-
ance is not important in this case and
these units are compact and economi-
cal. The capacitor must be rated for
a working voltage greater than the
maximum bias voltage developed.
This may be obtained from Ohm’s
Law, using the bias resistance and the
maximum d.c. current which flows
through it. For pentodes, this means
both the plate and screen current,
and for classes of amplification other
than Class A requires the maximum-
signal current. A voltage rating of
25 or 50 volts is usually sufficient for
cathode by-passing.

LOW X,
FOR R.F.

HIGH X¢
FOR AUDIO

In the example discussed above,
the cathode by-pass could have been,
made large without limit, without de-
trimental effects on circuit perform-
ance. Circuits exist, however, in
which there is an upper limit to the
capacitance which can be used to by-
pass an impedance in the cathode cir-
cuit. As an example, consider the
cathode-modulated Class C r.f. am-
plifier shown in Fig. 3. Here the
condenser is required to by-pass r.f.
around the modulated transformer.
Otherwise regeneration may result
from feedback into the grid bias cir-
cuit. However, if the cathode by-pass
is made too large, the modulation fre-
quencies will be shunted to ground.
A value of capacitance must be chosen
which has very low reactance at the
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carrier frequency, but a high one at
the highest modulation frequency.
Fortunately, this is easily done in this
case because of the wide difference
in the frequencies involved; a .002
microfarad condenser has a reactance
of about 8.0 ohms at an r.f. frequency
of 10 Mc. but almost 16,000 ohms im-
pedance at 5000 c.p.s. A good mica
or ceramic condenser of low induc-
tance would be used in this applica-
tion.

Of course, not all cathode bias re-
sistors must be by-passed.
high fidelity audio amplifiers and
television if. amplifiers controlled
amounts of negative feedback are
introduced to improve the over-all
performance. In such cases, the loss
of gain is compensated by adding
extra stages. Cathode by-passing is
also omitted in Class A push-pull am-
plifiers, since the a.c. signal compon-
ents of both tubes flowing in the re-
sistor are out of phase and cancel out.

Screen By-Passing

The screen element of tetrode and
pentode electron tubes must be effect-
ively by-passed to ground for all sig-
nal voltages present. This is neces-
sary to prevent degeneration of a
type very similar to that discussed
above, For example, consider the tel-
evision if. amplifier stage shown in
Fig. 4. Here the screen voltage is
derived from the plate supply through
a dropping resistor. If the a.c. signal
component is allowed to pass through
the screen dropping resistor, the gain
of the stage will be reduced. For
this reason, a by-pass condenser is
used to ground the screen for signal
voltage without interfering with the

In many:

application of the d.c. screen voltage.
If the screen by-passing is imperfect
at any frequency, the response of
the amplifier will fall off there or it
may oscillate. It is common practice
to make the screen by-pass reactance
small compared with the cathode-to-
screen impedance. This is obtamned
by dividing the screen voltage by the
screen current.

Mica or ceramic condensers are
used in values ranging from 100 mi-
cromicrofarads to .01 microfarads for
radio frequencies, while high quality
paper units and electrolytics are used
for audio screen by-passing. As in
cathode resistor by-passing, certain
circuits require screen by-passing su-
fficiently heavy to ground the screen
for r.f. but not for audio frequencies.
A typical example of such selective
by-passing would be the plate and
screen modulated Class C amplifier
shown in Fig. 5. In this circuit the
screen voltage must vary with the
modulation and so should not be by-
passed for audio frequencies. A .002
microfarad condenser is sufficient in
most cases and does not result in a
loss of “highs”.

Plate Circuit By-Passing

As in the cathode and screen cir-
cuits discussed above, any impedance
in the plate circuit of a vacuum tube
stage is common to another stage,
or another part of the same stage,
can cause feedback and instability if
not properly by-passed. The reasons
for this are obvious from Fig 6a.
Here the plate voltage for two stages
of an if. amplifier are taken from the
same power supply and no decoupling
is employed. The internal imped-
ance of the power supply is represent-
ed by Rs. Since the plate signal cur-
rent is allowed to flow through Rs, a
voltage drop is developed across it
which is introduced into the plate
circuit of the preceding stage via the
plate lead. This signal voltage is
then fed to the grid circuit of the
second stage, with the result that os-
cillation will occur if the stage gain
is high enough.

Instability due to plate circuit feed-
back is prevented by the use of de-
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coupling filters consisting of series
isolating resistors and by-pass con-
densers, as shown in Fig. 6b. Such
decoupling networks are most easily
understood if thought of as voltage
dividers at the feedback signal fre-
quency. For example, in Fig. 6b
assume that the internal impedance
of the power supply (Rs) is imper-
fectly by-passed by C1 at the signal
frequency. A small signal voltage
(Es) is therefore developed across
the power supply impedance and
travels down the plate lead to the
preceding stage. The function of the
decoupling filter Rd and C2 is to
greatly attenuate this signal since
they divide it in the ratio of their
impedances. Thus. if the reactive
impedance of C2 is only 1 ohm and
the resistance of Rd is 1000 ohms,
the fed-back signal is divided by that
ratio so that only 1/1000th of the
voltage developed across the power
supply impedance is applied to the
preceding stage. Of course, the d.c.
plate voltage is unaffected except for
a small IR drop across Rd. In cases
where this drop couldn’t be tolerated,
an inductance could be used in place
of Rd. Several such RC or LC de-
coupling filters are sometimes used in
series in cases where feedback is par-
ticularly troublesome.

By-Passing Precautions

By-Pass wiring in some circuitry,
including high gain amplifiers and
VHF circuits, must be done with ex-
treme care to avoid common imped-
ances which introduce feedback. The

Feedback Loop

FEEDBACK DUE TO

FIG.6a
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safest rule for by-passing multi-stage
amplifiers is to ground all by-passes
associated with the output of one
stage and the input of the next stage
to a single ground point, as in Fig. 7.

In applications where very effec-
tive by-passing at a single frequency
is required, some designers have re-
sorted to the use of series resonant
by-passing. By this method, the cap-
acitance of the condenser is resonant-
ed with the inductance of its wire
leads to obtain the theoretically zero

ill

ILLUSTRATING USE OF BY-PASS GROUND POINTS
FIG.7
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impedance of a series resonant LC
circuit.

The self inductance of certain
types of windings can be used and
capacitors made which will have self
resonant characteristics at any fre-
quency. Such capacitors have been
used in LF. by-pass circuits of AM
receivers to trap LF. voltages.

The self-resonance of the capacitor
may be found by connecting the ends
of the leads together and measuring
the frequency at which this L-C com-
bination produces a response on a

grid-dip meter or other absorption
indicating device. The exact length
of the wire lead to be used in the
circuit must be used in this measure-
ment for precise results. This is il-
lustrated by the fact that the resonant
frequency of a tubular .01-mfd unit
having leads of #20 wire Y4-inch
long is about 1i mc. However, if
the leads are trimmed to V-inch, the
self-resonance is raised to about 40
m.c.

For capacitor types which, do not
have flexible lead wires, the term-
inals may be connected by a wire of
known or calculated inductance and
then correcting for this added induct-
ance to find the true resonance.

Dual by-passing is frequently used
where effective by-passing must be
provided over a wide band of fre-
quencies. A small, low inductance
unit for r.f. is connected in parallel
with a large condenser of poorer qua-
lity for audio frequencies. ‘The high
capacitance unit, if used alone, would
contain too much residual inductance
to be effective for r.f. and economy
prevents the use of a mica or other
high quality condenser of sufficient
capacity to by-pass all frequencies.

Non-Linear Resistors

A FEW electrical devices are dis-
tinguished by their non-linear
current-vs-voltage characteristics of a
magnitude sufficiently great to affect
performance. Often this phenomen-
on is a characteristic. For example;
non-linearity is observed in the plate
characteristic of a vacuum tube un-
der certain operating conditions, the
extremity of a diode tube response,
iron-cored inductors operated in the
region of saturation, and in biased
capacitors having special ceramic
dielectrics (dielectric amplifiers).
These are only a few examples. The
non-linearity of certain 2-terminal de-
vices such as resistor also may be
employed to modify the operating
characteristics of some circuits. These
latter non-linear resistors do not obey
the simple relationship R —E/I of
Ohm’s Law.

Simple non-linear resistors are used
in oscillators, wave shaping networks,
voltage regulators, current regula-
tors, constant-output potentiometers
and voltage dividers, voltage-selective
circuits, amplitude limiters, frequency
multipliers, surge suppressors, etc.
Their use in electronics is increasing
as new requirements for non-linear
current-voltage response arise.
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The general characteristics of some
common 2-terminal non-linear resistors
of several classes will be described here.
In some instances, as will be seen, these
devices have other prime uses and their
application as non-linear resistors is sec-
ondary. Typical applications will be
shown.

Thyrite
Thyrite resistors were introduced
by General Electric Company and

were applied in the electric power
field some number of years before en-
tering electronics. Thyrite resistors
are made of silicon carbide, bound
with a filler, then pressed and fired
at high temperature. They are fabri-
cated in the form of pigtailed rods
(identical to “radio resistors”), discs,
washers, and stacks. Small units
suitable for electronic applications
are supplied up to 10 watts power
rating (continuous).
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The non-linearity of the Thyrite re-
sistor is expressed by I — kE=», where
I is the instantaneous alternating or
direct current (amperes), E the in-
stantaneous applied voltage, k a con-
stant (amperes at 1 volt), and n an
exponent between 3.5 and 7 governed
by the manufacturing process. Figure
1 shows a set of typical Thyrite cur-
rent-voltage curves for several types
of G. E. Thyrite resistors. The curve
for a conventional 1-megohm linear
resistor is plotted for comparison.
From these curves, it may be seen
that large current changes result from
small applied-voltage changes.

Figure 2 is a plot of resistance vs
current for resistor B from Figure
1. Note in Figure 2 that a change

CURRENT LEVEL

THYRITE RESISTANCE VS CURRENT LEVEL
{RESISTOR B FROM FIGURE L)
FIGURE 2
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Current resulting from

sine-wave of applied

voltage
A.C.DISTORTION DUE TO THYRITE

of 10,000 to 1 in current flowing
through this resistor changes the re-
sistance of the laiter approximately
375:1.

Thyrite resistors have the advan-
tage of operating in both a. c. and d.
c. circuits. Any rectification effects
are negligible. (Figure 3 shows a
typical static positive-negative con-
duction curve). High-frequency a.
c. operation of Thyrite is possible,
the limiting factor appearing to be
capacitance. It should be noted, how-
ever, that in a. c¢. operation the non-
linearity of the Thyrite volt-ampere
characteristic causes distortion of the
current waveform. Figure 4 shows
the distorted current wave accomp-
anying a sine wave of applied volt-
age. Observe that odd-ordered har-

FIGURE 4

monies are prevalent. This phenom-
enon is utilized in simple frequency
multipliers and harmonic accentuat-
ors.

The temperature coefficient of Thy-
rite resistance is negative in sign and
varies from —0.4 to —0.73 percent
per degree Centigrade in the range
0 to 100°C.

Figure 5 shows several typical cir-
cuits utilizing the properties of Thy-
rite resistors.

Figure 5(A) is a simple voltage
regulator or compressor for smooth-
ing variations in supply voltage. The
fluctuating input voltage produces
fluctuating current which flows
through the Thyrite resistor (T) and
a linear limiting resistor (R) in

(A) Voltage Re;ﬂator,
Compressor

AC-DC
INPUT

Ry OUTPUT]

?

Voltage Divider.

(D) Stabilized Potentiometer,

(OCOMMON

13 é OUTPUT

TYPICAL THYRITE CIRCUITS

FIGURE 5

(E)Frequency Multiplier, Harmonic

Accentuator

45



o VOLTS —»

MILL IAMPERES——

STATIC DC. CHARACTERISTIC
OF THERMISTOR

b FIGURE 6

series. Fluctuations in the resulting
voltage drop across the Thyrite re-
sistor are considerably lower in am-
plitude than those in the supply volt-
age, due to the non-linear E/I rela-
tionship in the Thyrite. It should be
noted that a voltage reduction un-
avoidably occurs because of poten-
tiometer action between R and T.
In the expander circuit in Figure
5(B), the opposite action is secured.
Small fluctuations in applied voltage
produce Jarge fluctuations in cur-
rent through Thyrite resistor T. These
current fluctuations in turn produce

a fluctuating output-voltage drop
across R. Since the resistance of R
must be small with respect to that
of T, voltage divider action between
the Thyrite and linear resistance legs
of the circuit produces a drop in volt-
age level. Several TR sections may
be cascaded, as shown in Figure 5(C),
to secure additional expander.action,
at the expense of course of further
voltage division in each section.

Figure 5(D) shows a potentiometer
or voltage divider with Thyrite sec-
tions. The non-linear E/I charac-
teristic of the Thyrite sections yields
a nearly constant output voltage at
each tap, although supply and load
currents are variable.

For efficient operation of the cir-
cuits shown in Figures 5(A) and (D),
the Thyrite current must be high
with respect to the output load cur-
rent. In Figures 5(B) and (C), cwr-
rent in resistor R must be high with
respect to output load current.

Figure 5(E) shows how a Thyrite
resistor can be connected into a cir-
cuit to accentuate harmonics and act
as a simple frequency multiplier. Al-
ternating current is fed into the cir-
cuit and undergoes distortion in pass-
ing through the Thyrite. The tuned

o MILLIAMPERES-»

SECONDS ——»

TIME-DELAY ACTION
OF THERMISTOR

FIGURE 7

circuit, LC, is adjusted to the desired
multiple frequency. It has been
shown already in Figure 4 that odd
harmonics are favored by this type
of operation. The Thyrite frequency
multiplier thus is most practical for
tripling, yuintupling, etc. The Thy-
rite resistor is a dissipative element,
however, and its insertion into a cir-
cuit in the manner shown in Figure
5(E) results in some power loss. In
applications where a considerable
amount of power is available, the rel-
ative simplicity of the Thyrite fre-
quency multiplier can offset its un-
avoidable power absorption.
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TYPICAL THERMISTOR CIRCUITS
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Thermistors

The thermistor, a product of re-
search by Bell Telephone Laborator-
ies and manufactured by Western
Electric Company, is another inter-
esting non-linear resistance device.
Its action results from internal heat-
ing effects in special materials.

Thermistors basically are thermal-
ly-sensitive resistance devices. They
are manufactured in the shape of
rods, dises, beads, wafers, and flakes
and are made of various semiconduc-
tor materials. Like Thyrite, the ther-
mistor can be used with either a. c.
or d. c.

Figures 6 and 7 show two import-
ant response curves describing ther-
mistor action. From Figure 6, it is
seen that the voltage drop across the
thermistor increases non-linearly and
rapidly, with current flow up to a
point beyond which the rate of in-
crease falls. Finally, a peak is reach-
ed and beyond this latter point, the
voltage drop decreases with increas-
ing current, displaying negative re-
sistance. An interesting side obser-
vation is that this negative-resistance
property has been utilized to obtain
low-frequency tubeless oscillation and
amplification with thermistors.

In Figure 7, the plot shows how at
a particular applied voltage internal
heating causes the magnitude of ther-
mistor current to vary as a function
of time. This property has been util-
ized in various simple time-delay de-
vices.

Figure 8 shows several simple cir-
cuits employing thermistors. In all
except Figure 8(A), a small current-
limiting resistor, r, is indicated. Fig-
ure 8(A) is a time-delay d. ¢. relay
based upon the action illustrated by
the curve in Figure 7. Some seconds
after the switch, S, is closed, the cir-
cuit current rises {0 a value high
enough to close the relay. The de-
lay intervsl depends upon thermistor

characteristics and supply voltage
level, and can be adjusted to some
extent by means of linear series re-
sistance.

Figure 8(B) is the circuit of a reg-
ulator for supply-voltage variatiohs
and is somewhat similar to the Thy-
rite voltage regulator. Its operation
is based upon the non-linearity of
the thermistor which results in small-
er variations in thermistor voltage
drop than the fluctuations occurring
in supply voltage.and current.

Action of the limiter circuit, shown
in Figure 8(C), is similar to that of
the voltage regulator, amplitude ex-
cursions in the input signal being re-
duced in the output without clipping
or slicing action.

Operation of the thermistor ex-
pander circuit, Figure 8(D), is the
opposite of that of the limiter. The
thermistor and load resistor are in-
terchanged in position, output being
taken across the resistor. A small
signal-voltage change produces a
large thermistor current change and
a large voltage change across the out-
put resistor.

A voltage division takes place in
the circuits shown in Figures 8(B),
(C), and (D), as the result of poten-
tiometer action between the ther-
mistor and the linear series resistor.
Because of this action, the absolute
level of the applied voltage is re-
duced in the output.

Figure 8(E) shows a lockout-type
switching circuit employing thermist-
ors. In each leg of the circuit, r is
a load resistor or represents some
device, such as a relay, which is to
be actuated by current flowing
through the associated thermistor.
The supply voltage and the value of
linear series resistor R are chosen
such that this resistor will support
the current of only one leg before
its voltage drop becomes excessive.

When one switch (say, S;) is closed,
the associated thermistor ‘“breaks
down” allowing current to flow
through and operate the associated
device, r;. This lowers the voltage
at the inside of R, so that no other
thermistor can “fire.” Only after S;
is opened, can either of the other
circuit legs be operated. Operation
of any one thermistor leg thus locks
out all of the other legs. An arrange-
ment of this type would enable a
number of devices having similar
volt-ampere characteristics to be con-
nected across a single voltage pair,
but with only one device operable at
a- time.

Filamentary Devices

The tungsten-filament incandes-
cent lamp is fairly well known as a
non-linear resistor in which current
change lags a corresponding change
in applied voltage. Up to the point
at which heating effects begin' to evi-
dence, the filament volt-ampere char-
acteristic is linear, or very nearly so.
The non-linear region of lamp-fila-
ment resistance has been utilized in
voltage-stabilization bridges, simple
regulators, and allied devices.

In a common application, the lamp-
type resistor is used as an automatic
regulator of degeneration voltage in
low-distortion, RC-tuned oscillators.
A typical circuit is shown in Figure
9.

In Figure 9, the lamp (R.) is the
cathode resistor of the first pentode,
Vi. Feedback current from the out-
put of Vs flows through capacitor C
to the frequency-selective RC network
in the grid circuit of V;. A portion
of this current also flows through re-
sistor R; and the lamp, R., establish-
ing a negative feedback voltage
across the latter. The lamp resist-
ance is low when the feedback cur-
rent is small, and is high when this
current is large. Thus; strong oscil-
lations result in large amounts of
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inverse feedback voltage across Ra,
and this degeneration in turn reduces
the amplitude. The opposite also is
true; at weak oscillation amplitudes;
there are lesser amounts of degen-
eration, and gain through the two-
tube circuit automatically rises. The
net result is uniform amplitude of os-
cillation.

Thermistors also are used occas-
ionally in some RC-tuned oscillator
circuits to stabilize oscillation ampli-
tude.

Small filamentary, low-current
fuses exhibit a type of non-linearity
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somewhat similar to that of the tung-
sten filament. Figure 10 shows the
static d. c. volt-ampere characteris
tic of a sample Type 8AG 10-milliam
pere Littelfuse. In this instance, re-
sponse is linear from zero up to the
0.8 v., 4 ma. point. Beyond this, the
non-linearity is apparent.

When d. c. -biased to a point with-
in the square-law region of their non-
linearity, such fuses often are used
as bolometer-type detectors in micro-
wave work. This provides an ex-
tremely simple and inexpensive de-
modulator at frequencies up to many
hundreds of megacycles.
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Diode-Type Resistor

Non-linearity in the forward con-
duction characteristic of the german-
ium diode suits this simple compon-
ent to use as a non-linear resistor in
applications within its current capa-
bilities. While the reverse-conduc-
tion (back-current) characteristic of
the diode also is non-linear, it does
not in general offer the same possi-
bilities of application that are avail-
able with the front conduction.

Figure 11 shows a plot of forward
resistance vs applied voltage for a
high-conduction-type germanium di-
ode. Here, the polarity of the applied
voltage is such that the anode of the
diode is positive. Diodes may be
connected in series, parallel, series-
parallel, and parallel-series to obtain
many attractive non-linear resistance
effects.

Various portions of the forward
volt-ampere characteristic of the ger-
manium diode exhibit square law,
logarithmic, and finally approximate-
1y linear relationships between E and
I. By operating the diode in a de-
sired one of these regions, the par-
ticular corresponding portion of the
curve can be utilized to correct or
modify the E/I characteristic of an-
other circnit. For example, a linear
microammeter may be converted in-
to a square-law instrument by using
the forward resistance of the diode
as the meter series resistance (mul-
tiplier).

Diodes suffer somewhat in compari-
son with other 2-terminal non-linear
resistors because the diode is a rec-
tifier. This limits application in some
cases to direct-current use only.
However, small a. ¢. signals may be
superimposed upon a d. e. forward
bias current applied to the diode, the
two currents being so proportioned
that the net diode voltage never be-
comes zero or negative. Diodes also
are relatively low current devices, as
compared with some other non-linear
resistors.

Like tha Thyrite resistor, the for-
ward-conducting diode is capable of
distorting an a. ¢. current waveform
and occasionally is used to accen-
tuate harmonics. The requirement
is that the diode current magnitude
be such as to operate the diode in
its most non-linear region. Thus, the
simple series connection of a diode
in the plate or grid lead of an oscil-
lator or amplifier can accentuate
harmonic content of the current wave-
form when this type of operation is
required. An example, is the dis-
tortion of waveform of a standard-
frequency oscillator to produce high-
order harmonics for calibration pur-
poses.



Amateur Applications of Crystal Diodes

The extensive development in elec-
tronics during World War II saw
the return to active service of many
circuits and devices which had pre-
viously been considered obsolete.
Such things as the superregenerative
detector, the magnetron oscillator, and
the rotary spark gap were “resurrect-
ed”, subjected to further development,
and ultimately found important appli-
cations in military radio and radar
equipment.

Not the least important among
these “rediscovered” devices is the
crystal detector. For, although the
silicon, galena, or iron pyrites crystal,
with its ever-present “catwhisker”,
was a household item during the early
days of broadcast radio, it was ultim-
ately replaced by the vacuum tube.
Then, when transit time and noise
limitations ruled out the vacuum tube
as a detector or mixer for microwave
radar, the crystal detector was again
resorted to.

As a result of this war-time re-
juvenation, the clumsy crystal detec-
tor of old has emerged as the remark-
ably dependable, efficient, and com-
pact unit known as the “semiconductor
diode”. These units are finding ex-
tensive usage in many types of cir-
cuitry. The amateur radio operator
and experimenter has been especially
quick to adapt the versatile, economical
crystal to an ever-widening variety of
uses. We will discuss here some of* the
more recent uses for crystal diodes in
amateur practice, and present informa-
tion on recommended types for specific
applications.

Constructional Features

The present popularity of the crys-
tal diode is due to the fact that its
modernized construction makes it a
practical circuit element which is
capable of outperforming the vacuum
tube in many instances. The elimin-
ation of the vexing process of search-
ing for a “hot-spot” with a movable
catwhisker by the use of a fixed rect-
ifying contact makes it possible to
package the crystal in a very compact
capsule: This unit is also quite rug-
ged and moisture-proof, since the cap-
sule containing the diode elements is
impregnated with a wax filler.

The general construction of a point-
contact rectifier is illustrated in Fig,
1. The essential elements are the
small “wafer” of a specially processed
semiconductive material, a fine tungs-
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ten-wire catwhisker which is sharply
pointed at the end in contact with the
semiconductor, and an insulating body
or capsule which holds these two parts
in rigid contact and provides exter-
nal electrical connections to them.
There are several constructional var-
iations which meet these specifica-
tions, each intended for a specific type
of application. Some crystal diodes
for r. f. applications are designed for
insertion into a “socket” consisting of
spring contact fingers, while others
intended primarily for low-frequency
and video work, are equipped with
pig-tail leads and have the general
appearance of small resistors or tub-
ular capacitors. More recently, units
which are hermetically sealed in glass
envelopes have become available.

Electrical Advantages

In addition to the mechanical ad-
vantages of small size and ruggedness
enumerated above, the point-contact
rectifier has several important electri-

cal attributes which make it preferable
to vacuum tube rectifiers for many
uses. Of course, one obvious advan-
tage is the elimination of filament
power consumption. This adds to
the overall efficiency and makes it
easy to use the crystal rectifier where
the circuit must have low capacity
to ground.

At extremely high radio frequencies,
the two electrical characteristics which
are most responsible for the useful-
ness of the crystal diode are the low
inter-electrode capacitance and the
short transit time. Since the sharpen-
ed point of the tungsten wire makes
contact with the semiconductor over
a very small area, the capacitance of
modern crystal rectifiers may be less
than one micromicrofarad. Transit
time is negligible in most crystals
because the rectifying “barrier layer”
through which electrons must flow
between the semiconductor and the
metal contact may be only one
millionth of a centimeter in thickness
—much closer than it is possible to
space the electrodes of a vacuum tube.
For these reasons, the crystal has been
used to detect r. f. energy well into
the millimeter wave region.

Crystal Types

Crystal diodes may be divided into
two major catagories; the high sensi-
tivity types for high frequency detec-
tor and mixer applications, and the
high-back-voltage variety which serve
as general purpose rectifiers and sec-
ond detectors. The high sensitivity
kind are usually silicon crystals, while
the high-back-voltage types use a ger-
manium semiconductor.

TABLE I

CRYSTAL TYPES

USE

IN33 .. | ____ . u "

_ _High-Back-volt {G)_ _|
1N 5 _______ __ " "o
IN36-4INTO____ | - “ v __]

UPPER FREQ. (Mc.) REMARKS
_________ 3000
,,,,,,,, v ______ ..} __Improved iIN21A
_________ w _______J) ____Most Sensitive
10000

[ 00 _ 4" Gen. Purpose

.

o _______] | ___Improved 1N23
_____ Most Sensitive
_____ High Burnout

_____ High Burnout

High Sensitivity
,,,,,,,,,,,, High Burnout
oo | __Matched Pair 1N34's
o] _ 2nd. Detectors,

D.C. Restorers etc.

(S) Denotes silicon crystal (G) Denotes

germanium crystal
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Table 1 lists some of the various
types which are, or have been com-
mercially available, and gives the re-
commended use and upper frequency
limit. As a general rule, crystal
rectifiers can be used with good recti-
fication efficiency and performance at
any frequency below this limit.

To date, the high-back-voltage fam-
ily of cyrstal diodes has enjoyed the
greatest popularity in amateur radio
applications. This is due to the fact
that a greater variety of low freguen-
cy uses for crystals as vacuum tube
substitutes have been found. The
1N34 germanium diode, in particular,
is used in dozens of circuit applica-
tions where a vacuum-tube diode such
as the 6H6 or the 6ALS5 would other-
wise be employed. The high-back-
voltage types are usually limited to
freguencies below 100 mc. because
the rectification efficiency of german-
ium falls off above this frequency.

With the growing use of the micro-
wave amateur bands, it is expected
that the silicon diode will be used
to a much greater extent in amateur
gear. At frequencies above the 420
mc. band the crystal mixer has de-
cided advantages over vacuum tubes
from noise considerations. Crystal
mixers have been produced which

have noise figures approaching the.

theoretical optimum—the noise which
would be produced in an equivlent
resistor. Of course, since the crystal
contributes no signal gain, the first
i. f. stage succeeding it must also have
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a good noise figure. The low-noise
cascode amplifier is ideal for this

purpose,
Applications of Germanium Crystals

Most of the uses of germanium diodes
in amateur work to date have been as
meter rectifiers in r.f. detecting devices
such as the TVI harmonic checker for
locating spurious transmitter radiations
which was described in Section I under
Television Interference Filters. Detect-
ing instruments of this kind, when
tightly coupled and used with a mi-
croammeter, will indicate r.f. energy of
only a few microwatts,

Other indicating devices which
have basic circuits very similar to the
harmonic checker are the crystal field-
strength meter, the absorption wave-
meter, and the modulation monitor.
An interesting variation of this cir-
cuit is the carrier failure alartm shown
in Fig. 2. It may be employed to
indicate the presence of r. f. power at
the antenna of ’phone transmitters
and so prevent “lost” transmissions
due to the failure of the antenna
change-over relay, transmission line,
or other components. The alarm re-
lay used must be of a sensitive type
which will pull up at about one milli-
ampere. The alarm indicator may
be a signal light or a buzzer.

Another family of circuits which
commonly use germanium diodes are
the directional coupler type of stand-

ing-wave indicators and power moni-
tors. Fig. 3 is the schematic of a
typical resistance bridge standing-
wave indicator which illustrates the
principle of these very useful instru-
ments. This simple circuit can be
used to measure the standing wave
ratio existing on a transmission line
and thus determine the impedance of
the antenna or other terminating de-
vice at its end. It consists of a re-
sistance bridge which is balanced
when the cable terminating resistance
(Rx) is equal to Rl. Under this con-
dition, no current flows through the
germanium crystal and the meter
reading will be zero. If, however,
the load resistance does not equal R1,
the bridge is unbalanced and a cur-
rent which is proportional to the de-
gree of impedance mismatch flows
through the crystal and is indicated
on the meter. The value of R1 must
be equal to the surge impedance of
the transmission line with which the
bridge is to used. Calibration may
be accomplished by connecting vari-
ous non-inductive resistors of known
value greater than R1 across the out-
put transmission line and noting the
meter deflection. The voltage stand-
ing-wave ratio is then equal to Rx/R1.
A graph of VSWR versus meter read-
ing may be plotted, or a special scale
on the meter may be marked directly
in VSWR. Before readings are
taken, the meter deflection is adjusted
to full scale by open-circuiting the
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terminals to Rx and varying the r. f.
input. This variety of standing-wave
indicator must be used at low input
levels—preferably only a few watts.
Other varieties, using other bridge
configurations, are capable of hand-
ling greater powers.

The germanium diode may also be
used to provide a cheap and conven-
ient source of low bias voltage. Fig.
4 shows a bias supply in which the
a. ¢. heater voltage in the receiver or
transmitter is rectified by the crystal
diode and filtered by an RC filter.
The output voltage may be adjusted

by varying the filter resistance. Other
rectifier circuits, such as full-wave and
bridge connectiond may be used.

Still another type of application for
the germanium diode family makes
use of the negative resistance portion
of the blocking voltage curve. This
unique characteristic, which occurs
when a negative voltage on the cat-
whisker is allowed to exceed the peak
“blocking” voltage, has enabled the
1N34 and other high-back-voltage
types to function as sine-wave oscilla-
tors and voltage regulators. Fig. 5
depicts basic circuits for these uses.

Uses of Silicon Crystals

For frequencies above 100 mc. a
silicon crystal should be used in r. f.
rectifying devices such as the harmon
ic checker, field-strength meter, carrier
failure alarm, and standing-wave in-
dicator discussed above. The 1N22
is an instrument rectifier which is
well suited to such applications.

The silicon crystal diode is also
employed in other high frequency cir-
cuits where high sensitivity is re-
quired. The circuit of a typical h. f.
superheterodyne crystal mixer is
shown in Fig. 6. The bypass con-
denser (C1) must have a low value
of reactance at the carrier frequency
but a high value at the i. f. frequency.
Tuning is done by varying the capa-
citance between the inner and outer
conductors of the coaxial circuit.

Care of Crystal Rectifiers

In using crystal rectifiers of any
type it is necessary to observe certain
precautions to prevent damage to the
unit. At no time should the rectified
current be allowed to exceed the rated
maximum value for that type. Other-
wise, “burn-out” will occur and the
unit will become useless. Although
some will withstand instantaneous
surges of current of many times the
rated average value, it is good prac-
tice to prevent such conditions where
possible.

Crystal elements must also be pro-
tacted from high temperatures. When
soldering a unit with pig-tail leads
into a circuit, excessive heating may
be prevented by grasping the part of
the lead between the crystal and the
connection being soldered with a pair
of long-nose pliers.

A suitable test to determine the
general condition of a crystal recti-
fier may be made with a high resis-
tance ohmmeter, care being taken to
avoid subjecting the crystal to excess-
ive currents. The d. c. resistance of
the unit is measured both ways by
reversing the meter leads and noting
the resistance in each direction. The
“figure-of-merit” is the ratio of these
“forward” and “back” resistances. A
good unit should have a “front-to-
back” ratio of at least 10:1 for silicon
crystals and much higher (100:1)
for germanium.

Proper Electronic Wiring Techniques

HE old adage that warns that

“a chain is no stronger than its
weakest link” is nowhere truer than
in the art of electronic wiring. Es-
pecially in today’s advanced circuit-
ry, where ruggedization and reliabil-
ity are the keynotes, proper wiring
is a prerequisite. Where the destin-
ation of a guided missile, the proper
functioning of an airport blind land-
ing radar equipment, or the final an-
swer of an electronic computer may
depend upon any one of thousands
of tiny soldered connections, meticu-
lous attention must be paid to such
small details. Even in the research
and development field, it is impos-
sible to estimate how many import-
ant experiments may have failed be-
cause trivial circuit troubles masked
the desired results. And in less
glamorous applications, such as the
telephone industry and the radio and
television manufacturing and servic-

ing fields, the extra effort expended
in producing dependable wiring has
been found to pay dividends. For
these reasons, a working knowledge
of the proper methods of producing a
neat, dependable wiring job are re-
quired of every technician and engin-
eer in the field of electronics.

The basic steps in wiring an elec-
tronic device are essentially the same
regardless of whether the unit is an
entire telephone central office or an
a.c./d.c. midget radio chassis. They
are:

(a) Mounting the circuit compon-
ents.

(b) Wiring and cabling.

(c) Connecting and lead dress.

(d) Visual inspection.

(e) Electrical inspection.

We will discuss here these wiring opera-
tions in some detail, with special em-
phasis on (b) and (c).

Mounting Circuit Components

Here it is assumed that the circuit
lay-out has been engineered so that
the components are located in the
unit in positions which give short
lead lengths for critical circuits, min-
imize the effects of hum fields radia-
ted by chokes and transformers, and
places temperature sensitive com-
ponents in the most desirable envir-
onmental locations. This lay-out is
usually arrived at by using a “mock-
up” of the unit and parts and moving
the parts around until a suitable ar-
rangement is found. The lay-out en-
gineering should also provide for the
use of the components which have the
most suitable terminal arrangements
for that particular job.
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When all parts have been located,
the chassis holes required to mount
them are drilled or punched. For
reliability, all parts except small ca-
pacitors, r.f. chokes, and resistors
which are light enough to be self-
supported on their wire leads must
be securely fastened to the chassis.
Strip-type terminal boards of the
kind illustrated in Fig. 1 are useful
for mounting such small components.
All other components must be secure-
ly attached to the chassis. Where
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FIG. 2

COMPARISON BETWEEN "CUSTOM" AND "STANDARD" WIRING

wires must go through metal panels
or chassis, the holes should be suit-
ably insulated. Rubber grommets
are used for low voltage leads and
ceramic feed-thru insulators are em-

‘ployed for high voltage circuits. These

precautions improve the reliability
of the circuit by providing additional
electrical insulation and prevent the
rough edges of the hole from chafing
the wire insulation.

Wiring and Cabling

When all circuit components are
mounted, the unit is ready for wiring,
If the unit is a one-of-a-kind wiring
job, the wires may be run individually
from one terminal to another, work-
ing from the wiring diagram. The
routing of the wires depends upon
the nature of the circuit, the perman-
ence of the wiring, and the allowable
cost of the job. In low-cost produc-
tion wiring, such as is found in broad-

cast receivers and television sets,
is em-’

direct point-to-point wiring
ployed, without much regard to ap-
pearance. In “custom” wired units,
such as commercial communication
equipment, telephone central office

equipment, and quality audio equip-
ment, all wiring and component parts
are kept parallel to the sides of the
chassis, so that the finished job pre-
sents a neat, “right-angled” appear-
ance. Where groups of wires take
the same path, they are “cabled” or
“laced” together with waxed cord. The
comparison between a chassis wired
in this manner and one in which
point-to-point wiring is employed, is
shown in Fig 2.

The proper use of the techniques
of lacing wire forms is a sure mark
of the skilled wiring technician. The
lacing stitch illustrated in Fig. 3 is
standard throughout the Bell System
and is simple and efficient. Note that
the parts of the lacing cord which run
parallel to the wires emerge from
under the part that encircles the
wires. This stitch is self-locking and
will remain tight even when the stitch-
es on either side of it are cut. Wire
forms which run from one chassis to
another in a relay rack, as well as
within-the-chassis wiring, present a
much neater appearance and are
stronger and more dependable if laced
together in this manner to form a com-
pact cable. Lacing also provides an
index to the proper location of wires
on a terminal strip or other circuit
component by “breaking-out” each
wire at its proper location with a
separate stitch, as illustrated in Fig.
4. This allows the wires to be dis-
connected at any future time and
subsequently returned to the proper
terminals.

If more than one unit of a kind is
to be wired with cabled wires, or if an
especially neat job is desired, the
production . technique of using a
“forming board” is employed. This
consists of a large wooden board
(Fig. 5) on which pegs or nails are
laid out to represent the shape the
laced wire form must take. Holes
may also be drilled through the
board at the location of each terminal
to which the wires must be connect-

‘ed. The location of bends and ter-

minals on the forming board are de-
termined by carefully measuring the
corresponding distances between the
components in the chassis or between
chassis. Then the individual wires
are run between the proper points on
the board as indicated by the wiring
diagram. Unskilled labor can per-
form complex wiring in this manner
with few mistakes, since the forming
board can be clearly marked with
numbers or color coding to indicate
the proper points of attachment for
each wire as well as its proper rout-
ing and sequence in the wiring oper-
ation. The end of each wire is an-
chored on the board by wrapping it



around a nail or peg placed in a posi-
tion representing the location of the
terminal it will ultimately be connect-
ed to. Enough excess should be al-
lowed to permit stripping the insul-
ation to the proper length. If holes
are used in the board to “fan” the
wires through at the desired loca-
tions, the points of attachment will
be on the back side of the forming
board.

When all of the wires have been
run on the forming board, they are
cabled together while still on the
board. Here they are usually more
accessible than in the chassis, making
for a faster and neater job. The wires
may also be stripped of their insulation
and readied for connecting after the
cabling is complete so that they are
held firmly in the positions they will
assume in the chassis.

Connecting and Lead Dress

Connecting is the operation of
electrically attaching the wires to the
component terminals. The type of
connection employed depends on the
kind of terminals provided on the
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USE OF LACING STITCH AT TERMINAL STRIP

circuit components. These may be
binding screws, soldering lugs, or di-
rectly soldered connections. Solder-
ing in some form is employed in all
of these methods but in none of them
should the strength of the joint de-
pend upon the strength of the solder.
A firm mechanical attachment must
be made between the wire and the
terminal which is independent of the
solder.

In the binding screw type of con-
nection where soldering lugs are not
used, the wire should be “tinned”
with solder and then formed into a
clockwise loop around the screw, so
that it will tighten as the screw is
tightened. If soldering lugs are used,
the grippers on the lug are crimped
around the insulation on the wire for
mechanical strength and the bared
tip of the wire is soldered to the lug.
For directly soldered connections, the
well-cleaned wire is wound once
around the pre-tinned terminal for
strength before soldering. Winding
the wire around the terminal more
than once usually makes subsequent
removal of the connection difficult.

The main secrets of producing good
soldered connections are the prepar-
ation of the joint to be soldered and
the maintenance of the soldering
iron. Of course, the materials used
play an important part also. Tinned
wire of the “push-back” variety
should be used where possible for
ease of “skinning” and connecting.
The solder for all radio wiring should
have a rosin flux in the core and be
a high tin content alloy.

If enameled wire is used, the insu-
lation must be stripped back and the
enamel scraped off to expose the bare
metal. Otherwise, a dependable sol-
dered joint cannot be made. The
methods used to strip the insulation
from hook-up wire depend upon the
kind used. Most types are conven-
iently stripped by crushing the insu-
lation with long nose pliers and dress-
ing the frayed ends with the diag-
onals. For the tougher types of in-
sulation, such as the cellulose acetate
braided kinds, a stripping tool is re-

~S~~WIPING
PAD

PROPER TINNING OF
SOLDERING IRON TIP
'—————— FIG. 6

quired. Care must be exercised to
prevent ‘“nicking” the wire during
stripping and cleaning, as this fre-
guently results in a broken connection
later. As mentioned above, when
the wiring is done by running the
wires between holes in a forming
board, the wires can all be skinned at
one time by reversing the board and
removing the insulation to the right’
length.

To produce a clean, dependable sol-
dered connection, the soldering iron
must be of a type well adapted to the
job and carefully maintained. A ver-
satile type of soldering iron tip for
general connecting is shown in Fig. 6.,
The tip should be dressed frequently
with a file and tinned while still
bright only on the surface indicated
in the drawing. The remaining parts
of the tip should be allowed to oxi-
dize. An iron tinned in this manner
can be used in close places where it
is necessary for it to touch other con-
nections without flowing them since
the oxide acts as a heat insulator.

The tinned portion of the soldering
iron tip should be wiped on a canvas
or leather pad attached to the solder-
ing iron stand before each use. This
removes excess solder and “slag” and
delays erosion of the tip. This oper-
ation greatly improves the quality of
the job.

In the actual mechanics of solder-
ing a connection, the professional
wireman does not apply the solder to
the iron and transfer it to the joint
being soldered. Little flux reaches
a joint soldered in this manner. In-
stead, the well cleaned iron is ap-
plied to the junction of the wire and
terminal until both have been heat-
ed to near the soldering temperature.
Then the solder is applied between the
iron and the connection until it flows
freely around the junction. A rotary
motion of the wrist which “rocks” the
iron tip on the joint will serve to
work the solder into the joint. The
finished connection should be round-
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ed and smooth and the solder should
have a bright, shiny appearance. If
the joint is disturbed before the molt-
en solder has solidified, the solder
will look dull and “sugary” and must
be melted again.

After the wires have been connect-
ed, the leads are dressed to improve
the appearance of the wiring job. The
insulation on each wire is pushed up
against the terminal so that no. ex-
posed wire is visible. A small amount
of slack is left in each wire to facili-
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tate future reconnecting and to re-
move tension from the soldered joint.

Visual and Electrical Inspection

Before a newly wired circuit is
placed in actual operation, it should
be subjected to both a visual and
electrical inspection so that any wir-
ing errors can be eliminated before
the application of operating voltages
causes damage to circuit components.

The first inspection should consist
of a thorough visual examination of

the wiring to detect shorts caused by
blobs of solder or loose wire ends
between terminals, poorly soldered

_joints, broken wires or terminals, etc.

When such defects have been recti-
fied, the circuit should be given an
electrical continuity test with an ohm-
meter or lamp or buzzer tester. Short
circuits between wires and to ground
should be tested for as well as electri-
cal continuity between points indi-
cated as common on the circuit dia-
gram.



SECTION 1V

WAVE FORMS AND WAVE SHAPING

Non-Sinusoidal Wave Forms

Part 1, Passive Wave-Shaping Circuits

THE recent rapid advance of such
developments as radar, all-elec-
tronic television, pulse modulation
systems , electronic navigational aids,
computers, and other electronic de-
vices has focussed attention to an ev-
er-increasing extent upon the “care
and feeding” of non-sinusoidal elec-
trical impulses of special shapes. As
used in modern terminology, a non-
sinusoidal voltage or current may be
described as one whose variation with
time does not satisfy the equation:

(a) SINE WAVE

{b) SQUARE WAVE

(c) SAWTOOTH WAVE

(N

This admittedly “back-handed” way
of defining what a non-sinusoidal im-
pulse isn’t is perhaps simpler and
more concise than a lengthy defini-
tion of what one is. Fig. 1 depicts
graphically several of the more com-
mon types of voltage waveforms
which may be encountered in modern
timing circuits. A more or less gen-
eral discussion of the generation,
shaping, amplification, and use of
some of these waveforms, using tech-
niques available to the circuit engineer,
will comprise the bulk of this discussion.
Part 1 of this discussion is confined to
the passive circuits which may be used
to form non-siniusoidal waves, while the
succeeding part will treat self-sustaining
generators and other wave forming cir-
cuits which employ non-linear elements
such as vacuum tubes.

Perhaps the simplest types of wave-
form shapers, or “pulse shapers” as
they are called, are the circuits com-
posed of various combinations of the
passive, linear network elements,
namely; resistors, capacitors, and in-
ductors. Consider first for example
the circuit of Fig. 2, in which are
shown a hypothetical signal generator
capable of producing any of the wave-

[N\

(d) RECTIFIED SINE WAVE
FIG.1

E4 = Emgy sin wt

forms of Fig. 1, a pulse shaper in
which AA and BB denote terminals to
which may be connected any of the
passive circuit elements so that var-
ious network configurations may be
studied, and an oscilloscope for view-
ing the output voltage of the pulse
shaper. The series combination of re-
sistance and capacitance shown con-
nected to the terminals in this case is
usually termed an “R-C differentia-
tor” or “pulse sharpener,” since the
output voltage measured across the

(g) PULSE

(f) EXPONENTIAL WAVE

o

(e) TRAPEZOIDAL WAVE
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resistor is, within certain limits,
closely proportional to the fime de-
rivitive of the input voltage. Other
basic configurations of passive ele-
ments which are of importance are
shown in Fig. 3.

We will first consider the R-C dif-
ferentiator in some detail. It may be
seen from a mathematical considera-
tion that if the applied voltage in
Fig. 2 is a pure sine wave, such as
may be obtained from a good audio
oscillator, the steady state output
of the shaper will also be a pure sin-
usoid of identical frequency and
waveform. In general, the only dif-
ference between the two will be their
relative amplitudes and phases; the
output leading the input by a phase

angle given by:
= arc tan [ ! J
WRC

(2)
and reduced in amplitude as shown
by the equation:

3) e, -c, !
Vi+i /e

Inspection of Egs. 2 and 3 shows
that the phase angle and attenuation
both decrease with increasing fre-
quency. It should also be noted that
the phase angle may approach but
never quite reach 90 electrical de-
grees for a single R-C differentiator,
since a phase shift of 90 degrees re-
quires that the total series circuit re-
sistance be zero — in which case the
output voltage would also be zero.
Thus, the output voltage of an electri-
cal differentiating circuit is never, in
the mathematical sense, an exact time
derivitive of the input voltage.

A set of somewhat similar equa-
tions governing the phase and atten-

uation characteristics of the so-called
R-L differentiators (Fig. 3b) “for
which the output voltage is propor-
tional to the time derivitive of the
input current, rather than the input
voltage as in the previous case, may
be found in the literature . The
phase shifting characteristic of resis-
tor-capacitor and resistor-inductor net-
works is made use of where an ac-
curately predetermined time or phase
difference is required between trig-
ger pulses. A typical phase shifter
circuit which may be used to accomp-
lish this is shown in Fig. 4. With this
device, relative phase differences of
almost 180 electrical degrees between
input and either of the outputs, or
nearly 360 degrees between outputs,
may be readily achieved. Thus, al-
though the phase shift for a single
R-C or R-L network is limited to
somewhat less than 90 degrees, it is
possible to increase the total shift to
any desired value by cascading two
or more networks.

The “integrator” circuits (Fig. 3c
and 3d) are so-named because of the
fact that the output voltage is pro-
portional to the time integral of eith-
er the circuit current (3¢) or the ap-
plied voltage (3d). It should be
mentioned in passing that the phase
and attenuation characteristics of in-
tegrator circuits, which are essentially
low-pass filters, are frequency depend-
ant, like those of the differentiators
(or high-pass filters) mentioned
above. The major difference between
the two is that integrators display (1)
a lagging, rather than a leading phase
angle, and (2) attenuation and phase
angle which increase rather than de-
crease with increasing frequency.

Another type of differentiator cir-
cuit which, although little used in the

past, is of sufficient interest to war-
rant a brief discussion here is the
transformer or “mutual inductance”
type shown in Fig. 5. This circuit
offers several distinct advantages over
the previously described types. As
in the standard R-L differentiator,
the output voltage is again propor-
tional to the time derivitive of the
input current as shown by the equa-
tion:

.
(4) Cout = 1 4

where M (the mutual inductance) is
the proportionality factor relating the
coefficient of coupling and the pri-
mary and secondary inductances. The
transformer, like the R-C differen-
tiator, is an a.c. coupled device, and
as such provides more flexability than
does the R-L circuit, in which the in-
put and output are conductively coup-
led. Thus, it is possible to use the
transformer differentiator as a coup-
ling device between two circuits op-
erating at different d.c. levels (as in
the plate and grid circuits of amplifier
stages) without resorting to compli-
cated biasing arrangements. Another
advantage to the circuit is the com-
parative ease with which polarity re-
versal and voltage step-up may be
effected, if desired.

An important concept which will
aid in gaining a clearer understanding
of the behavior of the passive wave
shaping circuits of Fig. 3 is that of
the time constant, T. Simply defined,
T is the time in seconds required for
an uncharged condenser C to charge
through a resistor R to 639 of the
applied voltage V. Conversely, for
a charged condenser discharging
through a resistance, T is equal to the
time required for the voltage to decay
exponentially to 379 of its initial
value. In similar manner, T may be
defined for an R-L circuit as the time
required for the current to rise to
63% of its maximum value E/R, or
as the time in which the current will
fall to 37% of the initial value. The
equations;

(5)

are the mathematical
which have been adopted.

(a) T=R¢ (b) T=1+/k
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Let us now consider the response
of the circuits of Fig. 3 to non-sinu-
soidal waveforms. It will be remem-
bered that for these circuits the input
and output waveforms were identical
under conditions of sine wave excita-
tion, as mentioned above. Such is
not the case for the non-sinusoidal
waveforms, however. If, for example,
a square wave of voltage (Fig. 1b)
is applied to the input of either
type of differentiator shown in Fig.
3, the nature of the output voltage de-
veloped depends on the value of the
time constant T in relation to the
period t occupied by one cycle of
the input voltage. If the ratio T/t
is small, the output under these con-
ditions will appear as a succession
of alternatively positive and negative
pulses. which are narrow near the
peaks but broader at the base as in
Fig. 6a.

The output of an integrator circuit,
on the other hand, with similar square

M

Ly Lo
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wave excitation and time constant,
will resemble Fig. 6b. As may be in-
ferred by comparison of Figs. 6a and
6b with the original square wave, it
can be said in a more or less qualita-
tive manner that the differentiator cir-
cuits transmit only the higher order
frequencies contained in a complex
waveform, while the integrator net-
works, conversely, pass only the low-
er frequency components,

The qualitative analysis of the
preceding paragraph may be extend-
ed to include waveforms other than
the square wave. For example, con-
sider the sawtooth wave shown in
Fig. 1c. The output of a differen-
tiator with sawtooth excitation will,
for large values of T, resemble the
input in shape. As T decreases, the
waveform will in general be distort-
ed as shown by Fig, 6¢c. This distor-
tion of a given complex waveform
by passive networks has been recog-
nized by Waidelich3, Rockett4, and
others as providing a rapid method of
checking circuit and amplifier charac-
teristics. Since the sawtooth wave-
form contains both even and add har-
monics of the fundamental, as com-
pared with the square wave which
contains only odd harmonics, the use
of the former in such applications will
result in a much more complete pic-
ture of amplifier performance.

Integrator and differentiator cir-
cuits have received their widest ap-
plications in the home television re-
ceiver field. Here they serve the
function of separating the high fre-

(a}
DIFFERENTIATED SQUARE WAVE

{p)
INTEGRATED SQUARE WAVE

LARGE T

LSMALL T

(c)
SAWTOOTH RESPONSE

FIG.6

quency horizontal pulses and the low
frequency vertical pulses from the
composite “sync” signal which con-
tains both horizontal and vertical syn-
chronization information. The time
constants of the sync separators must
be so adjusted that none of the hori-
zontal sync pulses appear at the out-
put of the integrator, and none of the
vertical sync pulses appear at the out-
put of the differentiator. In this ap-
plication, the integrators are usually
made up of two or three cascaded
sections in order to assure more per-
fect separation and also to provide
comparative freedom from random
electrical disturbances such as auto
ignition interference.

Part 2 will discuss typical generators for
production of non-sinusoidal waveforms
as well as wave shaping networks em-
ploying non-linear elements.

Non-Sinusoidal Wave Forms

Part 2, Generators and Non-Linear Shapers

IN Part 1, the response of four-terminal
passive wave-shaping networks to
various types of applied waveforms was
discussed without regard to the actual
generation of these waveforms. The fol-

lowing paragraphs will be concerned
with a description and discussion of
several of the more basic methods of
generating non-sinusoidal waves.

Pulse generators as a general class

fall into two rather loosely defined
categories; the self-excited or self-sus-
taining generators such as the gas tube
relaxation oscillator, the block oscil-
lator, the multivibrator, etc., and the
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“driven” generators such as the squar-
ing amplifiers, limiters and rectifiers.
‘The self-excited generators require no
input other than the usual d.c. operat-
ing potentials (plus a synchronizing or
triggering signal if desired for improv-
ed stability), and are self sustaining
as long as the d. c. power is applied.
They operate on the rather simple
principle that any system—electrical,
acoustical, or mechanical—having two
stable states of equilibrium may oscil-
late between these states if a sufficient
amount of its output energy is fed
back to the input in the correct phase.
Thus, it will be readily seen that the
escapement of a watch movement
satisfies these conditions and is there-
fore a mechanical relaxation oscillator,
The primary source of energy in this
case is the potential energy stored in
the spring.

Among the electronic pulse genera-
tors to be discussed is the familiar gas
tube relaxation oscillator first used in
the “dark ages” of electronics as an
oscilloscope  time-base  generator.
Briefly, the sequence of action in such
a device, shown diagramatically in
Fig. 1, is as follows. After switch
closure, condenser C charges expon-
entially through resistor R, the con-
denser voltage at any time being

given by:
.
e=E (1—6 “°)

Where:
e is the instontaneous condenser voltage
E is the battery voitage
€ is the base of Naperian logarithms
t

is the time in seconds after switch
clasure

R is the resistance in ohms

C is the capacitance in pufds

LARGE SMALL
TIME CONSTANT

TIME CONSTANT

€~\\
-
~,
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If the gas tube were not in the
circuit, the condenser voltage would
in time be equal to the full battery
voltage. However, when a gas diode
having an “ignition” potential some-
what lower than the battery voltage
is connected as shown in Fig. 1, the
condenser voltage at some point on
the charging curve will be sufficient
to ionize the gas, rendering it conduc-
tive. In this condition the tube
serves as a discharge path for the
charge stored on the condenser. The
condenser voltage will decay expon-
entially toward zero until it reaches
the “extincition” voltage of the gas
tube permitting deionization to take
place, where upon the condenser vol-
tage again charges toward the ignition
potential and the cycle repeats, The
output voltage for large values of the
RC time constant is the distorted
sawtooth shown as the solid line of
Fig. 2. Also shown (dotted lines)
is the output voltage for identical
battery voltage and gas tube condi-
tions but with a small time constant
(RC). With this simple relaxation
generator, the output must be limited
to about 5 or 10 percent of the supply
voltage if a linear sawtooth is desired.
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As a refinement, the gas diode of
Fig. 1 may be replaced by a gas-filled
triode, or thyratron, and the charging
resistor by a constant current source
such as the plate resistance of a pen-
tode . With these modifications, a
much larger portion of the supply
voltage appears as linear sawtooth at
the output of the generator. In ad-
dition, it is relatively easy to inject
a synchronizing pulse into the grid
circuit to insure that the sawtooth
generator will “lock in” synchronously
with some desired repetition frequen-
cy.

(a)
GRID VOLTAGE OUTPUT

(b)
PLATE VOLTAGE OUTPUT

BLOCKING OSCILLATOR WAVEFORMS
FiG.4

A pulse of very short duration may
be obtained from the gas tube type
of generator by inserting a resistor
into the cathode circuit of the thyra-
tron. The voltage pulse across this
resistor is, of course, proportional to
the discharge current pulse of the
condenser, and may be made of short
duration by the proper choice of tube
and circuit parameters.

The blocking oscillator , Fig. 3, has
been widely used in television receiv-
ers as a pulse generator for accurately
timing the sweep generator. Here
again the modus operandi is the re-
laxation principle, with an iron core
transformer serving as the feedback
coupling mechanism. The transform-
er must of necessity be so phased that
an increase in plate current causes
an increase in grid voltage in the pos-
itive direction, and vice versa. Under
these conditions the slightest fluctua-
tion of plate current is sufficient to
drive the tube either to cutoff or
plate-saturation, depending on the
polarity of the initial disturbance.
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For a positive-going disturbance, the
plate current will increase until the
rate of rise of plate current decreases
sufficiently to make the rate of change
of net grid voltage negative, at which
time the plate current falls to zero.
During the fall of plate current, as
well as during the rise, the transform-
er phasing dictates that the rate of
change of current shall be extremely
rapid. Since the grid draws appre-
ciable current during a portion of
the cycle, once the plate current has
fallen to zero, it will remain cut off
until the accumulated negative charge
on the grid condenser (and conse-
quently the net grid voltage) be-
comes sufficiently small to again per-
mit the flow of plate current. As may
be seen, the cycle is repetitive and
self-sustaining.

Fig. 4 depicts typical grid and plate
voltage waveforms observed in block-
ing oscillators. The grid voltage
may be used as the trigger pulse to
fire a discharge-tube type of televis-
ion sweep generator which will be dis-
cussed later, or the plate output may
be used directly as the shaped sweep
waveform. Both methods have been
used satisfactorily in commercial tel-
evision receivers.

Synchronization of a blocking os-
cillator may be accomplished by in-
jecting a positive sync pulse into the
grid circuit as shown in Fig. 3. For
best results, the free-running frequen-
cy of the blocking oscillator (controll-
ed by R; of the above figure) should
be slightly lower than the frequency
of the sync pulses, although syn-
chronization with multiples or sub-
multiples is possible.

Several modifications of the free-
running blocking oscillator should also
be mentioned. For example, if suf-
ficient negative bias is applied to the
grid, self-sustained oscillations may
be prevented. This circuit, called a
“driven blocking oscillator”, will os-
cillate for only one cycle each time a
trigger pulse is applied. Another

B+

R2

useful variation is the “positive grid
blocking oscillator,” in which the grid
is operated with a slight positive bias
to reduce randon pulse-to-pulse time
“jitter”.

Closely related  to the ordinary
blocking oscillator is the generator
first referred to in British literature
as the “squegging” oscillator. In this
circuit, the feedback mechanism is
an r.f. transformer. The action of
this type is similar to that of the
blocking oscillator, with the significant
exception that, instead of the single
burst of plate current normally oc-
curring in the blocking oscillator,
there may be several cycles of r.f. os-
cillations generated before sufficient
charge accumulates on the grid con-
denser to cut the tube off. This ac-
tion, incidentally, is identical with
that occurring in superregenerative de-
tectors. Squegging oscillators have
been tried as rather primitive radar
transmitters, but the synchronization
problems involved have precluded
their wide usage.

Another circuit which may be used
as a non-sinusoidal wave generator is
the multivibrator. In its simplest
form (Fig. 5), this may be thought
of as a two stage, resistance coupled
amplifier whose output and input are
regeneratively coupled. The circuit
operation may be readily understood
by recognizing that two stable states
are possible; tube No. 1 conducting
when tube No. 2 is cut off, and vice
versa. The tube that is cut off will
remain in that condition until the
negative voltage charge accumulated
on its grid condenser during the grid
conduction period has decayed suf-

ficiently to permit plate current to
flow. The light feedback coupling
makes the build-up of current ex-
tremely rapid. When this occurs, the
phasing is so arranged that the other
tube will be cut off, and the cycle re-
peats. Like the blocking oscillator,
the multivibrator may be synchron-
ized by injecting a sync pulse into
either grid circuit.

c
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As mentioned above for the block-
ing oscillator, the free-running multi-
vibrator may be altered in several
ways from varying applications. If,
for example, the circuit is arranged so
that one tube is permanently biased
to cutoff, and a positive trigger pulse
is applied to its grid, the circuit will
complete only one cycle of multivibra-
tor action and return to the most
stable state — that of the perman-
ently biased cutoff condition. This
type of multivibrator, called a Kipp
relay, may be further modified by re-
moving the condensers and providing
conductive feedback paths. With this
circuit, the tube that is cut off will
remain in that condition until trig-
gered by a positive pulse. The circuit
will flip to the other equilibrium con-
dition with the other tube cut off, and
will remain that way until it too is
triggered similarly. The shift occurs
only once for each triggering impulse
applied.

The output of a symmetrical mul-
tivibrator will be the square wave il-
lustrated in Fig. 1b of Part 1. The
term “symmetrical” implies that the
values of resistance and capacitance
in the grid and plate circuits of one
of the tubes are equal, part for part,
to those of the other tube. For this
circuit, the frequency of oscillation is
given by:

1
@ F=ZRe

Where:
F = frequency in cycles per second

R = resistance of the grid resistor
in ohms

C = capacitance of the coupling
condenser in ohms

A convenient method of varying the
frequency is by using a dual potentio-
meter as the grid resistors.

In the unsymmetrical multivibrator,
ie., one in which unequal values of
grid resistors and coupling condensers
are employed, the output waveforms
will resemble Fig. 1g of Part 1.
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The sawtooth sweep generator re-
ferred to as the “discharge tube” in
commercial television practice is a
simple circuit (Fig. 6) whose opera-

tion is quite similar to that of the
gas tube relaxation oscillator dis-
cussed above. Here, however, the dis-

charge occurs when the grid potential
is made positive enough to reduce the
plate resistance of the tube to a small
value. Between pulses, of course, the
voltage across the storage condenser
rises more or less linearly and, if lim-
ited to about 5% of the supply volt-

age, may be used as the sweep voltage
waveform of a television receiver.

In conclusion, a brief description
of typical driven waveform genera-
tors, such as the overdriven amplifier
and the limiting diode circuits, will
be given. The overdriven amplifier
(Fig. 7) consists of a conventional
amplifier tube and associated circuit
which is operated in such a manner
that both plate and grid limiting oc-
cur. If a large sinusoidal voltage is
applied to the input, the tube is driv-
en beyond cutoff during most of the
negative excursion of the sine wave.

During the positive portion, however,
the grid will draw current, which is
limited by the series grid resistor. Un-
der these conditions, it is impossible
for the grid voltage to rise more than
just a few volts positive, no matter
how high the input signal goes. Thus,
the plate current is also limited. The
output will be a square wave. By
properly choosing the values of the
circuit elements, the limiting action
may be made to occur over a wide
range of signal amplitudes. Thus, it
is possible to convert any complex
waveform into a flat-topped wave-
form.

The circuit of Fig. 8, variously term-
ed a diode clipper, clamper, or limit-
er, performs a similar function. Any
waveform applied at the input ter-
minals will be clipped at a voltage
level determined by the bias voltage
in series with each diode. This cir-
cuit provides a simple method of con-
verting a sine wave to a square wave.
Diodes of either the vacuum tube
type or the crystal type may be em-
ployed.

Audio Frequency Distortion Measurements
Part 1, Methods of Measurement

'HIS is Part 1 of a series of two which

will deal with audio frequency dis-
tortion measurements. Part 2 will give
details of a simple, practical instrument
designed to measure distortion in audio
amplifiers.

The acoustical quality of an audio
amplifier is related to the amount of
distortion prevalent in the amplifier.
If conforming to true Class A opera-
tion, the output plate current wave-
shape of the amplifier should dupli-
cate the waveshape of the grid volt-
age input. Such not being the case,
the amplifier has a certain percentage
of harmonic distortion which, if ex-
cessive, deteriorates the audio quality
and becomes annoying to the listener.

Types of Distortion

There are three types of distortion
found in an amplifier; (1) amplitude
distortion (2) frequency distortion,
and (3) phase shift. In amplitude
distortion, the fundamental plus har-
monics are observed in the output.
Frequency distortion is caused by the
amplifier’s inability to amplify all
frequencies equally. Phase shift is
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present when the amplifier has dif-
ferent delays for all frequencies. The
amount of distortion increases as the
tube is operated outside of the linear
portion of the tube characteristic
curve, as shown in Fig. 1.

OUTPUT
SIGNAL

{ H ]
INPUT SIGNAL

DISTORTION IN
NON-LINEAR AMPLIFIER

FIG.1

In addition to harmonic distortion,
there is intermodulation distortion in
audio amplifiers. Both are caused by
non-linearity in the amplifier. In-
termodulation results in the produc-
tion of frequencies equal to the sums
and differences of a low and high fre-
quency (and harmonics). The inter-
modulation products of fundamental
frequencies F1 and F2 are as follows:

F,+F, oand F,—F,
2F, + F, ond 2F,~F,
F,+2F, and F,—2F,, etc.

The intermodulation products do not
resemble the original tones in the in-
put.

Intermodulation distortion meas-
urements more closely correspond to
the non-linear distortion detected by
the average radio listener than does
a measurement of total harmonic dis-
tortion. It is interesting to note that
intermodulation distortion can be ob-
served even after no harmonic dis-
tortion is measureable.

The percentage of total harmonic
distortion, represented as the distor-
tion factor, is equal to:



1N

Sum of squares
of harmonic amplitudes
X 100%

Sum of squares of fundamental
and harmonic amplitudes

and is measured on the distortion
meter. The distorted wave shape can
be represented by the Fourier series,
and the relative values of the terms
of the series indicate the amplitudes
of the harmonics in the complex wave.

The harmonic content of the sig-
nal includes all of the components
which are higher in frequency than
the fundamental. Signal components
which are lower than the fundamental,
such as noise from the power supply,
are not usually measured. Total har-
monic distortion measurements are
most frequently made at 400 or 100
cycles per second. Even though this
is the standard practice, additional
distortion will usually be present at
the lower frequencies. The Federal
Communications Commission recom-
mends a measurement of harmonics
in audio equipment at frequencies of
30, 50, 100, 400, 1000, 5000, 7500,
and 15,000 cps.

Distortion Meter

Audio frequency distortion meas-
urements can be made by using dis-
tortion meters, harmonic wave an-
alyzers and intermodulation analyzers.
The distortion meter will be discussed
first.

A distortion meter gives the per-
centage of total harmonic content and
does not show how much of each har-
monic is present in the output. A
block diagram of the meter is shown
in Fig. 2. Basically, it consists of a
null bridge and a vacuum tube volt-
meter. The null bridge is tuned to
the fundamental such as 400 cycles
per second and the bridge is balanced
at this frequency to entirely remove
the fundamental. The vacuum tube
voltmeter will then measure only the
amplitude of the harmonics. For ac-
curate measurements, the oscillator
generating the fundamental test fre-
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quency should be completely free of
harmonics. In addition, the VIVM
should represent the RMS voltage as
truly as possible. This can be insured
by operating the VIVM in a manner
such that the square root of the plate
current versus grid voltage is a lin-
ear function.

The distortion meter does not in-
dicate which frequencies are present
in the complex-distorted wave and
the relative amplitude of each. In
addition, certain random noises may
be very disturbing to the listener and
yet show only a small indication on
the meter. Therefore, as i many
test measurements, the operator must
show sufficient skill to translate the
results obtained with the meter into
useful data.

A typical commercial distortion
meter has a frequency range from 50
to 15,000 cps. The distortion per-
centage is read directly from a meter
with calibrated full-scale deflections
of 0.3%, 1%, 3%, 10% and 30% dis-
tortion. A diode vacuum tube volt-
meter is used for measuring the per-
centage of total harmonic distortion.
The scale is also calibrated in deci-
bels. A 100,000 ohm unbalanced and
a 600 ohm balanced bridge input cir-
cuit are provided. Distortion meas-
urements are made on this instrument
with an accuracy of approximately
5%. A distortion-free sine wave os-
cillator should be used with the meter.
Otherwise a residual reading will be
measured which represents the oscil-
lator distortion rather than that of
the amplifier or other audio device be-
ing tested. There should be no dis-
tortion even at the very low audio
frequencies.

Harmonic Wave Analyzer

Unlike the distortion meter, the
harmonic wave-analyzer is a precision
method of measuring distortion and
indicating separate components. The
wave-analyzer tells the operator
which frequencies other than the fun-
damental are in the complex wave-
form and also gives the amplitude of
each harmonic.

Since the analyzer must determine
the fundamental frequency and all
of the harmonics, it is necessary that
the instrument be capable of tuning
to each of these frequencies and of
measuring the amplitude of each. The
analyzer is really nothing more than
a highly selective vacuum tube volt-
meter, and is similar to the conven-
tional superheterodyne receiver ex-
cept that the intermediate frequency
is much higher than the input audio
signal under observation. The wave
analyzer has a very narrow band-
width, otherwise measurements of
harmonics components at the very
low audio frequencies would be im-
possible.

The most commonly known wave
analyzer is the heterodyne type. A
block diagram is shown in Fig. 3 and
is representative of a commercial
analyzer. The incoming audio signal
is heterodyned with the frequency
from a variable frequency oscillator
and the resultant frequency is am-
plified by the narrow bandwidth IF
amplifier and read on a vacuum tube
voltmeter. When the difference be-
tween the oscillator and the input
signal frequency is 50Kc, the signal
will be tuned to the IF amplifier and
the amplitude can be measured on
the VIVM. The three-crystal filter

Input 50KC. LF.
BALANCED DET.
—— — -
ATTENUATOR AMPLIFIER J— MODULATOR (Sr;isfu)l }—a AMP L—— V.T.VM.
ilter
HETERODYNE
OSCILLATOR
BLOCK DIAGRAM OF WAVE ANALYZER
FIG. 3
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incorporated in the IF amplifier as-
sures a very high selectivity. A re-
sponse curve of the crystal filter is
shown in Fig. 4. The heterodyne os-
cillator covers a frequency range of
34,000 to 49,980 cycles per second
but the dial is calibrated from 0 to
16,000 c.p.s. Assume that the incom-
ing signal is 500 c.p.s. This would
correspond to an oscillator frequency
of 49,500 since 49,500 plus 500 c.p.s.
equals 50 kilocycles. A difference
frequency f1-f2 (49,500—500) can-
not be amplified. The bandwidth is
only 4 cycles and harmonics can be
measured easily at the lowest audio
frequencies. The input impedance is
one megohm, which is sufficiently
high to make loading effects negli-
gible. The VTVM is directly calibrat-
ed in volts and decibels and a 5%
voltage accuracy is obtained on all
ranges from 300 microvolts to 300
volts full scale. The frequency cali-
bration is accurate to + (2% — 1
cycle).

Another commercial wave-analyzer
has the feature of variable selectivity
for rapid analysis of the complex wave.
Where the harmonics are spaced far
apart, the bandwidth may be increas-
ed, thus making it easier to make
measurements. If the harmonics are
closely spaced, as at the very low
frequencies, the instrument may be
made more selective, to separate
harmonics 30 cycles apart. A response
curve of this analyzer is shown in
Fig. 5.

The operation of a wave analyzer
involves first tuning the oscillator dial
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to the fundamental and then adjust-
ing the attenuator until the meter
reads full scale. Then the harmonics
are found by changing the oscillator
frequency dial and recording the am-
plitude of each.

In addition to its use for measur-
ing the distortion in an amplifier, the
wave-analyzer can be used for meas-
uring distortion in oscillators, trans-
mitters and telephone systems. It
can also be used to determine the
harmonics in power machinery and
to analyze noise characteristics.

The Intermodulation Analyzer

A block diagram of a typical com-
mercial intermodulation distortion
meter is shown in Fig. 6. The amount
of distortion is maximum at the high-
est and lowest transmitted frequen-
cies. However, this discussion will
be concerned mainly with intermodu-
lation distortion measurements at the
very low audio frequencies. At low
frequencies, maximum power output
from a tube is not realized because of
impedance changes in transformers
and reactances. The power output is
similarly reduced at the higher fre-
quency because of increased leakage
and distributed capacity.

The operation, two frequencies
shown on the diagram (Fig. 6) as
100 and 7000 c.p.s. are combined in
the mixer. The purpose of the 7000
c.p.s. signal is to act as a carrier for
the low frequency components. These
two frequencies are commonly used,
but a lower frequency ratio must be
used if the amplifier under observa-
tion has insufficient bandpass. For
best sensitivity, the amplitude of the
lowest frequency should be 12db
above the higher frequency—a volt-
age ratio of 4 to 1. The output of
the mixer is fed to the amplifier un-
der test and its harmonics. The re-
sultant signal, which is 7000 c.p.s.
modulated by 100 c.p.s., is amplified
and demodulated by the rectifier. It
is then fed to a low pass filter to elim-
inate 7000 c.ps., and the output is
fed to a VTVM where the intermodu-
lation products are present and the
percent of intermodulation distortion
is read directly from the meter.

There is no direct relationship be-
tween the percentage of total har-
monic content and the percentage of
intermodulation distortion. With a
12 db ratio for the above frequen-
cies, some authorities claim the per-
cent intermodulation distortion is

0SC.
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equivalent to;
hy hy....... hp) X (n)

where hl, h2, etc. are the harmonics
and is the order of harmonics. As
an example, 10% intermodulation dis-
tortion is often equivalent to about

2.5% total harmonic distortion. Since
there are no definite standards for
these measurements, any figure of in-
termodulation distortion must be ac-
companied by a statement of test
conditions,

It is hoped that this brief discus-
sion of audio frequency distortion

measurements will be helpful in clari-
fying the general subject distortion
measurements. Part 2 will be especially
helpful to those who wish to construct a
simple meter for rapid measurement of
the percentage of total harmonic dis-
tortion and identification of harmonic
wave components.

Audio Frequency Distortion Measurements

Part 2, A Practical Distortion Analyzer

Part 1 of this series contained a dis-
cussion of the nature of audio fre-
quency distortion and a survey of the
methods employed in making quant-
itative distortion measurements on
audio equipment. The present discussion
details the design and construction of a
simple and practical distortion analyzer
which is a very useful adjunct to any
amplifier service shop or audio high fidel-
ity experimenters bench. The instru-
ment is compact, easy to adjust and
use, and costs little to build. Yet, the
results obtained are sufficiently accurate
to permit evaluation of the performance
of most audio equipment and observa-
tion of the results of even minor design
changes.

As was pointed out in Part 1, the
simplest form of distortion meter
employs a null bridge to suppress the
fundamental test frequency being am-
plified under test and a vacuum tube
voltmeter to read the amplitude of
any signals which pass unattenuated
through the null bridge. If the signal
input to the amplifier is a pure sine
wave of frequency equal to the null
frequency of the bridge, the only sig-
nals indicated by the voltmeter will
be the harmonics introduced by dis-
tortion in the amplifier being tested.
If the response of the voltmeter is
linear, it is easy to express the total
harmonic content thus indicated as
a percentage of the amplifier output.

The Distortion Analyzer

The major shortcoming of the null
bridge type of distortion meter, as it
is usually employed, lies in its inabil-
ity to identify the order of the har-
monic content indicated. It reads
total percentage of distortion and thus

~-may only be classed as a distortion
meter. To be considered a distortion
analyzer, the instrument should be
capable of indentifying each harmonic
component present and indicating
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their relative amplitudes. Commer-
cial distortion analyzers which ac-
complish this are both complicated
and costly. However, a simple sys-
tem is available which is not appre-
ciably more complicated than the com-
mon null bridge distortion meter,
but is capable of considerablly better
results. Its use is predicated upon
the availability of a second audio
oscillator.

The circuit of a typical null bridge
distortion meter is shown in Fig. 1.
The components L, C1, C2 and R1

constitute the null bridge network
which suppresses the frequency at
which L and the series combination
of C1 and C2 are resonant, as given

by:
(1

1.414
Null frequency (f) =

2MyLC

Where: | ic the choke inductance in henries.

C=C4=C2 is the capacitance
of each unit in farads.

cycles per sec.

The circuit configuration will be
recognized as the “bridge-T” type of
network. ‘The resistance (R1) is
used to adjust the null reading to
minimum. If the circuit constants
are chosen properly, and distributed
capacitance is minimized, virtually
zero transmission will occur at the
null frequency. If the null circuit “Q”
is high, the null will be very sharp
and nearby frequencies will be very
slightly affected. The voltmeter is
used to measure both total amplifier
output and harmonic output by shunt-
ing out the bridge circuit with the
switch (S1) during the former mea-
surement. A vacuum tube voltmeter
may be employed, as illustrated in
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Fig. 1, or a simple crystal diode volt-
meter may be used with only a slight
sacrifice in accuracy.

To convert the distortion meter of
Fig | to a distortion analyzer, the
modification shown in Fig. 2 is made.
An audio transformer is added to
permit the insertion of a sine wave
signal from a second audio oscillator.
This signal is used to identify individ-
ual harmonic components present in

the bridge output by the beat method.

To accomplish this, the second oscil-
lator is swept through the frequency
range containing the harmonics of the
fundamental test signal. Fig. 3 is a
block diagram of the complete test
set up. Near the frequency of each
harmonic present, a “beat” will be
observed in the distortion meter read-
ing. ‘The amplitudes of the beats are
indicative of the relative magnitude
of each harmonic component identi-
fied. Thus, a quantitative indication
of harmonic content, as well as total
harmonic percentage, is obtained.

As an example, suppose that the
test frequency is 400 cycles and the
distortion meter indicates a total har-
monic distortion of 109¢ before the
introduction of the “search” oscillator.
If there is both second and third har-

Read
/ Adjust
[0 e

monic distortion, an amplitude beat
will be observed when the second
oscillator is swept through 800 and
1200 cycles. If the second harmonic
predominates, the beat at 800 cycles
will be greater than the one at 1200
c.p:s. in the same proportion. Know-
ing the total harmonic distortion, it
is ea§y to evaluate the percentage of
each harmonic component.  The
search oscillator frequency should be
adjusted close enough to the harmonic
frequency to give nearly zero beat, so
that the meter needle can follow.
The oscillator used for searching
should be relatively free of harmonic
output.

Construction Details

The practical circuit diagram of the
distortion analyzer is given in Fig, 4.
Since no vacuum tubes or power
sources are required for its operation,
the unit may be assembled in very
compact form. A crackle-finish metal
cabinet measuring 6”x6”x6” affords
more than sufficient space to mount
all components, No chassis'is used;
all parts are mounted on the front
panel except the choke (L) and the
audio transformer (T) which are
supported by a sheet-metal shelf fast-
ened to the back of the removable
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DETAILS OF SHELF
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front panel by means of the shaft
bushings of R1, R2, and S2 (Fig. 4).
The dimensions of this shelf and the
approximate locations of the parts
mounted on it are shown in Fig. 5.
The suggested front panel lay-out is
shown in Fig. 6.

To assure maximum versatility,
three null bridge frequencies; 400,
1000 and 5000 cycles, are provided.
These frequencies are selected by sub-
stituting the proper capacitance values
for C1 and C2. Capacitor switching
is done with a two-circuit, three-posi-
tion wafer switch. If additional or
alternative test frequencies are re-
quired, the necessary capacitor values
may be computed from:

(2)
Ct=C2= —t ¢ fgrhenry

choke )
f is the desired null frequency.

YT farads

Where:

For most routine amplifier testing,
the three frequencies for which val-
ues are given in Fig. 4 will be suf-
ficient,

For effective fundamental frequen-
cy rejection with low harmonic fre-
quency attenuation, the “Q” of the
null bridge components must be high.
Best quality components should be
used for the resonant circuit com-
prising Cl, C2 and L1. The choice
of the choke is important since the
resistance as well as the inductance
of this unit is critical. The resist-
ance of the choke will adversely af-
fect the “Q” of the null circuit if too
high.

Some selection of capacitors may
be necessary to arrive at any given
test frequency, although for most
practical purposes it is not necessary
to measure distortion at exactly the
frequencies specified.

The null resistor (R1) is a variable
one megohm potentiometer mounted



on the front panel and provided with
a small knob. This control is used to
adjust the null response to minimum
at each of the test frequencies. The
setting of R1 usually remains fixed
for any given frequency.

The crystal diode voltmeter uses
a 1IN34 or any of the germanium
crystals as a rectifier. It gives a re-
sponse that is aproximately linear
with input voltage if a high sensitivity
meter is used. A O-100 microampere
meter is ideal, since the scale calibra-
tion can be used to indicate distor-
tion percentage directly. Otherwise,
any meter requiring less than about
250 microamperes for full scale de-
flection may be employed. Above this
current, the average crystal diode
characteristic departs markedly from
linearity.

Two meter ranges are provided to
allow more accurate reading of dis-
tortion percentages. These ranges,
0-100% and O-10%, are selected by
switching meter multiplier resistors
R3 and R4 by means of a toggle
switch (82). The multiplier resistor
for the O-10% scale is selected to give
full scale deflection at 1/10th the rms

input voltage required to give full
scale reading on the O-100% range.

The audio transformer (T) may be
almost any unit of good quality which
the experimenter might have avail-
able. ‘The characteristics are not
critical, since this transformer is used
merely to introduce a small audio
voltage from the search oscillator into
the voltmeter circuit. A good 3:1
interstage audio transformer will usu-
ally be found satisfactory.

The audio input cable to the bridge
circuit, as well as the external lead to
the search oscillator, are run through
holes in the left hand side of the met-
al cabinet and wired permanently to
the circuit. These leads are of stand-
ard single-conductor shielded audio
cable and are fitted with alligator
clips at the input ends. The cabinet
holes should be fitted with rubber
grommets.

Using the Distortion Analyzer

The use of the instrument is rela-
tively simple. After the construction
has been completed, the operation of
the null bridge circuit is tested at each
of the test frequencies. To do this,
the bridge input cable is connected
directly to the output terminals of
the test oscillator. With the toggle
switch S1 in the “Adjust” position
and the test oscillator and frequency
selector switch set at the proper test
frequency, the output of the test os-
cillator and the gain control (R2) are
adjusted to give full scale deflection
of the distortion meter. Then, when
S1 is thrown to the “Read” position,
the meter reading should drop to a
very low value. To minimize the
reading, the null resistor (R1) and the
test oscillator frequency must be
varied simultaneously. If the null
bridge is functioning properly, the
adjusted null at some frequency near
the desired test frequency will be
quite sharp and the meter reading
will be very nearly zero.

If an incomplete null is obtained,
the bridge components are faulty or

the test oscillator has some harmonic
output which is being indicated on
the meter. The nature of this resi-
dual reading can be readily deter-
mined by the use of the search oscil-
lator. With the distortion meter op-
erating as above in the “Read” posi-
tion, the search oscillator is connected
to the audio transformer input leads
and enough search signal is injected
to about double the residual reading
on the meter. The frequency range
of the test signal and its harmonics
is then explored by varying the fre-
quency dial of the search oscillator
slowly. If there is a large beat fluc-
tuation of the meter pointer at the
fundamental frequency and little at
its multiples, the residual reading is
caused by imperfect bridge balance.
If the converse is true, the harmonic
content of the test oscillator is to
blame for the incomplete null. The
harmonic output of the test oscillator
should be carefully recorded so that
it can be discounted when actual am-
plifier tests are being made.

In using the bridge to analyze the
distortion introduced by an amplifier,
the procedure followed is the same as
that used above for determining the
distortion content of the oscillator
except that the amplifier is introduced
between the test oscillator and the
bridge, as shown in Fig. 3. The bridge
input leads are connected directly
across the speaker voice coil or other
normal amplifier load. The gain of
the amplifier is set to the value at
which it is desired to determine the
distortion. The null reading is then
obtained as above and, expressed as
a percentage of the full scale reading
of the meter minus the residual read-
ing, is the total distortion percentage
introduced by the amplifier. The
harmonic components may then be
individually identified by the use of
the search oscillator. Each beat not-
ed indicated a component-of that fre-
quency (read from the search oscil-
lator) and relative magnitude pres-
ent in the output of the amplifier.
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SECTION V

METERS AND MEASUREMENTS

The Direct-Current Meter

LTHOUGH the d.c. meter is a

standard tool around the labora-
tory, service bench or “ham shack,”
it's usefulness may be greatly en-
hanced by a better understanding of
the principles underlying it’'s con-
struction and applications. Despite
the fact that the judicious use of elec-
trical instruments is an unfailing hall-
mark of the skilled electronics tech-
nician, there is a tendency on the
part of many to accept the meter at
its face value without ever gaining
an intimate knowledge of its internal
functioning. Actually, a complete
familiarity with the capabilities and
limitations of the d.c. meter can be
gained only through a study of its
electrical and mechanical characteristics.
We will presently discuss these charac-
teristics and point out certain precau-
tions to be observed in the use of such
measuring instruments. Because the
moving-coil permanent-magnet type
known as the D’Arsonval meter forms
the basis of about 90% of the meters in
common use, being used to measure
current, voltage and resistance with dif-
ferent auxiliary circuitry, the present
discussion will be restricted to this type.

The D’Arsonval Movement

The fundamental principle of all
general types of electrical meters is
the same; the electrical quantity to
be measured is converted into a me-
chanical motion which is calibrated
in terms of that electrical quantity by
means of a scale and pointer. In the
D’Arsonval type, direct current flow-
ing in the turns of a coil suspended
in a steady magnetic field produces
an electromotive force which rotates
the armature against the counter-
torque of a hair—by an amount pro-
portional to the current flowing. A
light attached to the armature indi-
cates the rotation of the coil, and

therefore the current value, on a semi-
circular calibrated scale. Figure 1
illustrates the usual form of this ar-
rangement. The current-carrying coil
is wound on a light-weight frame or
armature which, in turn, is supported
between sapphire-jewelled pivot bear-
ings which allow it to rotate freely.
The electrical connections to the coil
are made through spiral hair-springs
at each end of the armature. These
fine alloy springs perform several vit-
al functions. Besides providing the
current-carrying path between the
armature and the stationary parts of
the meter, they provide the counter-
force against which the meter torque
or rotational force acts, as well as
supplying the restorative force which
returns the pointer to zero when cur-
rent ceases to flow. The coil thus
mounted is immersed in a strong mag-
netic field which is usually provided
by a permanent magnet. The stabil-
ity and permanency of this magnet
are of importance, as well as the uni-
formity of the magnetic field pro-
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duced between its poles. The pole
tips are usually semicircular in shape
to fit closely around the moving coil.
The uniformity of field is greatly im-
proved by the use of a cylinderical
core of soft iron mounted in the cen-
ter of the armature so that the moving
coil revolves around it. The indicat-
ing pointer is affixed to the armature
at one end and a system of small
adjustable counterweights is used on
the tail-piece and cross arm of the
pointer to balance the complete ar-
mature assembly. The angular move-
ment of the moving coil assembly is
restricted by a set of cushioned stops.

The completed assembly is ex-
tremely delicate and precise. It is
interesting to note that most of the
components serve several purposes.
For instance, the armature frame not
only provides the form upon which
the current-carrying coil is support-
ed, but is also a closed-loop conduct-
or in which eddy currents are induced
which oppose the motion of the ar-
mature and so provide damping of
the meter movement. Excessive over-
swing or oscillation of the pointer is
thus avoided.

The Current Meter

Essentially, the D’Arsonval meter
is a current measuring device. The
flow of current through the moving
coil sets up a magnetic field around
the coil which interacts with the fixed
field produced by the permanent
magnet to cause rotation of the coil.
The turning torque developed is pro-
portional to the strength of the per-
manent magnet. The number of turns
in the coil, and the amount of cur-
rent flowing in the coil. The pointer
deflection which results is determin-
ed by the strength or counter-torque
of the spiral springs. At any given
meter deflection, the torque produced
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by the interaction of the current in
the coil and the magnetic field is
exactly equal to the countertorque
of the hair springs and an equilibrium
results. Since in any given meter
design the current in the coil is the
only variable, the deflection of the
pointer is directly proportional to
the amount of current flowing. The
scale graduations in properly designed
d.c. meters of this type are there-
fore linear.

The amount of direct current re-
quired to deflect the pointer to the
highest graduation on the scale is call-
ed the full scale sensitivity of the
meter. Instruments are manufactur-
ed in a wide range of sensitivities
ranging from amperes down to a prac-
tical limit of about 20 microamperes.
In addition to the above, high-sen-
sitivity instruments are available with
sensitivities of 12 microamperes for
full scale deflection. Such high sen-
sitivities are achieved by the use of
powerful permanent magnets, light-
weight multi-turn coils, and very del-
icate hair-springs.

Meters having sensitivities of one
milliampere or less may be used for
measuring any larger value of current
by the proper use of shunts. If a con-
ductor having a resistance equal to

MULTIPLIER
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) /{100,000
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s 100V, R
= Load
N
.__—l_-_ I=.001A.

E = IR =100 Volts

USE OF D.C. METER
AS VOLTMETER

FIG. 3

the internal resistance of the meter
is connected in parallel with it, the
current will divide equally between
the two paths and hence twice as
much current will be required to give
full-scale deflection of the meter.
If a shunt is chosen which has one-
fourth the resistance of the meter
coil, the currents through the parallel
resistances divide in the ratio of 4 to
1, and since only one-fifth of the total
current flows through the meter, it’s
full-scale indication is multiplied by
a factor of five. Figure 2 shows the
connection of a shunt to a direct-
current meter and the equation com-
monly used to determine the shunt
resistance required to extend the scale
by a factor N. The internal resist-
ance of the meter may be determined
from the published characteristics of
that type, or by measurement. In mul-
ti-range instruments it is usual to
select shunts which multiply the scale
calibration by multiples of ten for
ease in reading.

The D. C. Voltmeter

The same basic movement which
is used to measure direct current is
also employed in voltmeters. In this
case, resistance is added in series with
the meter in the manner shown in
Fig. 3. Such external multiplier re-
sistors may be used with a high sen-
sitivity milliameter or microameter
to measure voltages ranging from mil-
livolts to kilovolts. The meter is
still performing its original function
as a current measuring instrument, but
in this case it is measuring the cur-
rent which an unknown voltage causes
to flow in a known resistance. The
voltage is therefore determined by
Ohm’s Law (E=IR) and the meter
scale may be calibrated directly in
terms of voltage. Meters for volt-
meter applications are classified ac-
cording to “ohms-per-volt” ratings,
i.e., the number of ohms which much
be contained in the voltmeter circuit
for each volt which the meter is to
indicate. For example, to limit a
voltmeter using a one-milliampere
basic movement to full scale deflec-
tion when 10 volts is impressed, the
total resistance of the circuit must
equal 10,000 ohms, by Ohm’s Law.
A total of 15,000 ohms would be re-
quired for 15 volts full scale, etc.
Thus a .001 ampere meter one milli-
ampere full scale is rated at “1000
ohms-per-volt”. The same meter can
be made to read 500 volts full scale
by using a 500,000 ohm multiplier
in series with it. In such cases, where
the required multiplier resistance is
very large compared with the inter-
nal meter resistance, the latter is usu-
ally ignored since the error introduced
is much less than the reading accur-
acy of the meter. However, if it
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were desired to make a 1000 ohms-
per-volt meter read 1 volt full scale,
it would be necessary to include the
meter resistance in the total value of
1000 ohms required. If the internal
resistance of the meter is 100 ohms,
the correct value of the multiplier
would be 900 ohms since a 109 er-
ror would be introduced if the meter
resistance were neglected.

Since the voltmeter is always con-
nected across the voltage drop being
measured, it is important to use an
instrument having a total resistance
which is large compared to the cir-
cuit to which it is connected. Other-
wise, serious inaccuracies result since
a low resistance meter “loads” the
circuit being measured so that the
voltage drops indicated are not those
which exist in the undisturbed circuit.
A simplified example of such misuse
of the voltmeter is illustrated in Fig.
4. To reduce such errors, basic met-
ers having full-scale sensitivities of
50 microamperes (20,000 ohms-volt)
or 100 microamperes (10,000 ohms
volt) are used in high quality volt-
meters.

The Ohmmeter

Just as the D’Arsonval current met-
er is used to determine voltage when
the current and resistence are known,
it may be used equally well to read
resistance by indicating the current
which flows when a known voltage is
impressed across an unknown value
of resistance.

Such an instrument, calibrated di-
rectly in ohms, is called an “ohmmet-
er” and is widely used in a variety of
circuit types of which Fig. 5 is a
typical example. In this circuit, a
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TYPICAL OHMMETER CIRCUIT
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battery or other source of voltage is
provided which is capable of produc-
ing a full-scale deflection on the met-
er when the test terminals (A and B
in Fig, 5) are shorted. Variations in
battery voltage and other circuit con-
stants are compensated for by ad-
justment of a reostat (R2). If an
unknown resistance is inserted be-
tween the test terminals, the meter
deflection will be reduced propor-
tionately. The meter scale can, there-
fore, be calibrated directly in terms
of the external resistance required
to limit the meter current to that
value. When the unknown resistance
is equal to the internal resistance of
the ohmmeter circuit, the meter will
read half-scale. The formula used
for the calibration of this simple ochm-
meter type is also shown in Fig. 5.
For the measurement of extremely
low or high value of resistance, more
complex ohmmeter circuits are em-
ployed.

Meter Accuracy

Direct current meters are supplied
in many degrees of accuracy accord-
ing to the requirements of the appli-
cation. Such applications vary ex-
tremely from meters for use as pri-
mary laboratory standards having
rated accuracies of .1 of 1 percent to
mere indicators of the presence or
absence of electricity.

Meters rated at better than 1%
accuracy fall into the “precision lab-
oratory” catagory and should be used
only in protected, “well behaved”
circuits requiring such high accuracy.
They are usually of the “portable”
type which are used with the needle
in a horizontal position for greater
accuracy and have mirror-scales to
reduce parallax errors in reading.

In the accuracy range below 1%
are the great majority of “general
utility” or “panel” meters which are
the “work horses” of the electrical in-
strument family. They are usually
mounted in test equipment panels and
switchboards in a vertical position.
The average accuracy of this class of
meters is about 29.

The accuracy rating of all d.c. meter
types is usually given in terms of the
percentage of full-scale reading to
which the meter is guaranteed. A
single range meter reading 100 volts
full scale and rated at 19 accuracy
would thus read within 1 volt of the
correct value at any deflection. At
10 volts this meter could, therefore,
be in error by as much as 1 volt, or
109%. Good engineering practice
dictates that meters be used at a min-
imum of one-third full-scale deflection
for this and other reasons.

Factors Effecting Meter Accuracy

The manufacturers nominal accur-
acy rating does not insure accurate
results from a meter in the hands of
an inexperienced technician or an in-
strument which has been subjected to
abuse. The following tabulates some
of the mechanical and operational
factors which may cause large errors
in the reading of d.c. meters of the
D’Arsonval type:

(a) Stray Magnetic Field Errors.
Since the deflection of the meter de-
pends on the strength of the perman-
ent magnet, serious errors may be in-
troduced by stray magnetic fields
from other meters, current carrying
conductors, magnets and other fer-
rous materials. Expensvie meters are
usually provided with adequate mag-
netic shielding. Some errors are also
caused by mounting small meters in
heavy steel panels. Meters especial-
ly calibrated for such mounting are
usually so marked.

METER ZERO
POSITION SCALE
NORMAL HORIZONTAL

ZERO SCALE VERTICAL
TEST FOR MOVEMENT BALANCE
FIG.6

(b) Balance Errors. The delicate
system of counterweights which bal-
ance the moving-coil assembly may
cause “zeroing” or reading errors if
improperly adjusted. The balance of
the movement may be checked by
holding the meter. in the three posi-
tions shown in Fig. 6. If the pointer
does not indicate zero in each posi-
tion, the movement is not perfectly
balanced. Unbalance is most serious
in vertical mounted meters.

(c) Overload Errors. Permanent
damage or burn-out may be caused
by repeated or heavy overloads of the
meter movement. Excessive current
through moving-coil types causes
heating of the coil and springs. Heat-
ing of the latter results in “anneal-
ing” or loss of spring tension which
impairs accuracy. Overloads also cause
needle “banging” which may damage
pointer or pivots.

(d) Sticky Movement Errors. The
meter movement may be prevented
from moving freely by several me-
chanical defects. Chief among these
is chipped jewels or damaged pivots
due to rough handling. Sticking may
be manifest in the failure of the met-
er to reproduce a known reading when
approached from values above and
below the known value. Light tapping
of the meter case is frequently re-
sorted to as a cure. Meter sticking is
also caused by small magnetic par-
ticles which may be gathered by the
magnet of a meter which is removed
from its case and left unprotected.

High-Resistance Non-Electronic D. C. Voltmeters

in order to minimize circuit loading.
The d. c¢. vacuum-tube voltmeter
meets this requirement and has been

obtainable in the service category
for about 15 years. Most of these
electronic voltmeters have input re-

A VOLTMETER used to check high-
resistance electronic circuits
must have high internal resistance,
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sistances of 11 megohms, constant
for all ranges, although some service-
type models go as high as 20 meg-
ohms.

The non-electronic d. ¢. voltmeter
offers the advantages of complete
portability, simplicity, freedom from
drift and zero adjusting, and the abil-
ity to operate without any sort of
power supply. These features often
are definitely required in field test-
ing and are desirable also in the lab-
oratory when removal from power
line and batteries is a requisite. But
the common non-electronic voltmeter
has relatively low input resistance.

It is of interest to note that a non-
electronic d. c. voltmeter having high
input resistance can be obtained with
a sensitive d. ¢. microammeter and
high-resistance multiplier. The full-
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scale deflection of the microammeter
must be somewhat lower than is com-
mon in meters ordinarily used in
conventional voltmeters. Thus, a 0-10
d. ¢. microammeter with a 25-meg-
ohm series resistor provides a 0-250
d. c. voltmeter. Note that the input
resistance in this case is higher than
that of the conventional d. c. vac-
uum-tube voltmeter. The instru-
ment sensitivity is 100,000 ohms per
volt.

Ultra-high-resistance, non-electron-
ic d. c. voltmeters of this type are
entirely practical. Multiplier resist-
ors may be switched in the instru-
ment circuit, in the conventional man-
ner, to change ranges. D. C. micro-
ammeters are available with full-scale
deflections of 2, 5, 10, 15, 20, and 30
microamperes.

SCALE METER RESISTANCE, Al
(ma.) rm (ohms) (ohms per volt)
0—2 10,000 500,000
0—s 8000 200,000
0—10 2000—4000 100,000 |
0—15 5000 66,666
0—20 1520 50,000
B 0—30 1520 33,333
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FIGURE 2

TABLE OF MICROAMMETER DATA

U. H. R. Voltmeter Circuits

Figure 1 shows the circuit of a mul-
tirange ultra-high-resistance d. c.
voltmeter having 100,000 ohms per-
volt sensitivity. A 0-10 d. c¢. micro-
ammeter is employed. The voltage
ranges provided are 0-1, 0-5, 0-10, 0-50,
0-100, 0-250, 0-500, and 0-1000 volts.
Other ranges, more desirable to the
reader can be added or substituted
for those shown. The multiplier re-
sistor values are calculated by means
of Ohm’s Law, R = E/I where R is
the required multiplier resistance
in ohms, E is the desired full-scale
voltage deflection in volts, and I is
the full-scale current deflection of the
microammeter in amperes. Figure 4
is a chart listing calculated multi-
plier resistance values for 23 com-
mon voltage ranges for use with sen-
sitive microammeters of six different
full-scale deflections.

The internal resistance (rm) of
high-sensitivity microammeters is
comparatively high. In the 0-10 mi-
croammeter, for example, this value
lies between 2000 and 4000 ohms, de-
pending upon manufacture and mod-
el number. For best accuracy, the
meter resistance value, rm must be
subtracted from the calculated multi-
plier resistance, R, whenever R/r is
100 or less. Thus in Figure 1, the
calculated value of the 1-volt multi-
plier would be 100,000 ohms. But
the meter internal resistance is 2000
ohms and 100,000/2000 = 50, so we
must subtract the meter resistance,
giving the accurate multiplier value
of 98,000 ohms. On each other vol-
tagé range, R/rm is higher than 100,
so the calculated multiplier resist-
ance values are used.

Figure 2 is a table showing pertin-
ent data for commercially available
sensitive d. c¢. microammeters with
full-scale deflections between 2 and
30 microamperes. Displayed in this
chart are the internal resistance (rm)
values and the voltmeter sensitivities
(in ohms per volt) which the meters
will provide in voltmeter circuits.
All except the 2 microampere model
are panel-type instruments. The 0-2
microammeter is a portable case-type,
but can be mounted on the panel of
an assembled u. h. r. voltmeter.

Figure 3 shows a useful variation
of the u. h. r. volt-meter circuit. Here,
a centerzero type of microammeter
is employed. The right half of the
scale is graduated from zero up to
the maximum positive voltage, and
the left half from zero down to the
maximum negative voltage of the
same value. When a test voltage is
applied so that the upper input ter-
minal is positive, the meter is de-
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flected up-scale to read the voltage.
If the voltage source is reversed, the
meter is deflected down-scale and
reads the same voltage but with
negative sign. Thus, no changeover
of test leads is needed.

Sensitivity and Resisiance

The last column in the chart in
Figure 2 shows the voltmeter sensi-
tivity which is afforded by available
high-sensitivity microammeters.
These sensitivities are obtained on
each range of voltmeters employing
the meters.

The input resistance changes with
each range of the voltmeter, however,
since it is equal almost entirely to
the resistance value of the multiplier.
The multiplier values listed in the
chart in Figure 4 show the input re-
sistance which a given voltmeter will
have on each range. If we take 10
megohms as the approximate input
resistance of a d. c¢. vacuum-tube volt-
meter, we find that this value will be
equalled on the 20-volt range using
a 0-2 microammeter, the 50-volt range
with a 05 microammeter, 100-volt
range with 0-10 microamperes, 150-
volt range with 0-15 microamperes,
200-volt range with 0-20 microamper-
es, and 300-volt range with 0-30 micro-
amperes. In each instance, all higher-
voltage ranges will have higher input
resistance than the v. t. voltmeter.

DUAL-DEFLECTION ULTRA-HIGH-RESISTANCE
D.C. VOLTMETER

FIGURE 3

These relationships point up the
necessity for using the lowest-range
microammeter that can be afforded
for this application.

Pointers on U. H. R. Voltmeter
Construction

The combination of extremely sen-
sitive microammeter and very high
multiplier resistance is not common-
place. Certain precautions are ne-
cessary in the construction of volt-
meters employing this combination,
which do not arise in connection with
voltmeters up to 20,000 ohms-per-volt
sensitivity. These precautions are
outlined below.

1. Special instrument-type resist-
ors are required beyond 50 megohms.
Be sure that the outer surfaces of
these components are cleaned care-
fully after soldering into place. Try
not to touch the surfaces with the
bare fingers, to prevent depositing
greasy or moist finger prints. After
installation, wash the exterior por-
tions of the resistors with carbon tet-
rachloride or any other solvent re-
commended by the resistor manufac-
turer. If the resistors have been
coated with a special high-insulation
wax, DO NOT TOUCH THE BODIES,
and do not use solvent which might
dissolve the wax.

2. Use the minimum of heat in
soldering the resistors in place. Pro-

vide a protective heat sink by holding
the pigtails with flat-nose pliers while
soldering. Continue to grip the leads
with the pliers until the soldered joint
has cooled completely.

3. The range switch must be pro-
vided with excellent insulation to pre-
vent leakage paths. Always use a
ceramic-type switch for this appli-
cation, and do not handle the ceramic
insulation any more than necessary
during assembly of the voltmeter.
After installation, wash the ceramic
with carbon tetrachloride or lacquer
thinner to remove any contamination.

4, The input terminals of the volt-
meter must be insulated from the
panel material by ample washers or
inserts of high-quality dielectric ma-
terial, such as polystyrene or ceramic.

5. If a metal panel is used, be
sure to specify metal-panel operation
when ordering the microammeter.

6. Make an air-tight seal of the in-
strument case to prevent the entry
of dust, grease, and moisture which
will tend to create high-resistance
leakage paths on the range switch and
multiplier resistors.

7. Ascertain from the meter man-
ufacturer whether the microammeter
can be used in all positions. If the
meter is specified to operate in one
position only (such as horizontal),
make a practice of using the volt-
meter only in that position.

8. Include a short-circuiting
switch to short-circuit the microam-
meter itself when the voltmeter is
not in use. Low-range microammet-
ers often are susceptible to fields and
transient phenomena, and the short
circuit will protect the sensitive
movement. Because of the high re-
sistance of the multipliers, no dam-
age will be done if a potential acci-
dentally is applied to the voltmeter
input terminals while the shorting
switch is closed.

Pointers on Use of the Voltmeter

No special technique is required to
measure voltages with the ultra-high-
resistance meter. Manipulation of the
instrument and its care are the same
as with lower-resistance non-elec-
tronic voltmeters. However, it is ap-
propriate to call attention here to a
few precautions which should be ob-
served to protect the meter and in-
sure continued accuracy of the in-
strument.

1. When uncertainty exists as to
the approximate level of a voltage,
use the highest voltage scale first.
Then, switch down successively to
each lower range until deflection is
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obtained in the upper portion of the
scale.

2. Switch the voltmeter to its high-
est range during idle periods, and
also close the microammeter short-
circuiting switch.

3. Always close the short-circuit-
ing switch when the instrument is be-
ing transported. This provides ef-
ficient damping of the meter and will
prevent mechanical damage due to
shaking and vibration.

4. Do not expose an ultra-high-
resistance voltmeter to magnetic
fields, moisture, or corrosive fumes
for long periods of time.

5. Keep the panel area around the
input terminals scrupulously clean
of dust, grease, and moisture.

e e — e
VOLTAGE BASIC METER RANGES
RANGE | 0—2 ya. | 0—5ua. | 0—10 ma. | 0—15 wa. | 0—20 wa. | 0—30 ua.
0—1 500 K 200 K 100 K 66.67 K 50K 33.33K
0—1.5 750K 300K 150K 100K 75K 50K
0—2 1 meg. 400 K 200 K 133.3K 100 K 66.66 K
0—2.5 [1.25 meg. | 500K 250 K 166.7K 125 K 83.33K
0—3 1:5 meg. 600 K 300K 200K 150 K IOO ;
0—5 2.5 megs. 1 meg. 500 K 333.4K 250K 166.7 K;
_.0—7.5 ;—.75 megs. | 1:5 meg. 750 K 500 K 375K 250 K—
O:TO‘_ 5 megs. 2-megs. 1 meg. 666.7 K 500 K 3333 K
0—15 7.5 megs. | 3 megs. 1:5 meg. 1 meg. 750K 500 K
h?_—ZO 10 megs. 4 megs. 2 megs. | 1.33 meg. 1 meg. 666.6 K
0—-'2;'__ 12:5 megs.| 5megs. | 2.5 megs. | 1.67 meg. | 1.25 meg. | 833.3K
0—30 15 megs. | 6 megs. 3 megs. 2 megs. 1.5 meg. 1 meg
0—>50 25 megs. | 10 megs. 5 megs. {3.33 megs.| 2.5 megs. | 1.66 meg
0—75 [37.5 megs.| 15 megs. | 7.5 megs. | 5 megs. {3.75 megs.| 2.5 megs
0—100 | 50 megs. | 20 megs. | 10 megs. |6.67 megs. | 5 megs. | 3.3 megs
0—150 | 75 megs. | 30 megs. | 15 megs. | 10 megs. | 7.5 megs. | 5 megs
0—200 | 100 megs. | 40 megs. | 20 mégs. 13.3 megs. | 10 megs. | 6.7 megs
0—250 | 125 megs. | 50 megs. | 25 megs. |16.7 megs. |12.5 megs. | 8.3 megs
0—300 [ 150 megs. | 60 megs. | 30 megs. | 20 megs. | 15 megs. | 10 megs
0—500 | 250 megs. | 100 megs. | 50 megs. |33.3 megs.| 25 megs. |16.6 megs
0—750 {375 megs. | 150 megs. | 75 megs. | 50 megs. {37.5 megs.| 25 megs
0—1000 {500 megs. | 200 megs. | 100 megs. | 66.7 megs. | 50 megs. | 33 megs
0-—1500 | 750 megs. | 300 megs. | 150 megs. | 100 megs. | 75 megs. | 50 megs
TABLE OF MULTIPLIER RESISTANCE VALUES

FIGURE 4

Applications Of The Electrometer

HE electrometer is an invaluable
instrument in physics and elec-
trical engineering when its potential-
ities and pecularities are understood.
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It finds use both in research and test-
ing.

In one form or another, the elec-
tromechanical type of electrometer

has been used in experimental phy-
sics for many years. Its familiar
types include quadrant, binant, and
fiber. Electrometers differ from elec-



Grid Grid Grid Grid Plate Trans-
TYPE |[MANUFACTURER |Filament|Filament| Piate | Plate #) #3 #) #2 Resis- dcontt
Voltage | Current | Voltage | Current oltage [Voltage |Current [Current | tance 0“,'1%43
-8
Vw4l Victoreen 1.5 0.015 6.0 10 -———— 1.0 250 |[<IO 125K i0
Fp-54 | Genl Electric 25 |009 | 60 | 60 | 40 | 40 |10~ °|----]as5k | 20@
cks7axX®d]  Raytheon 125 | 001 |10.5 | 200 | -3.0 |-===|2x1077 {~===|——==1 160
CK5697 Raytheon 0625 | 0.02 12 220 |-3.0 |-—--|sx1077|-—-=|-==-| 135
CK5889 Raytheon 1.25 |0.0075| 12 5.0 -20 4.5 3XIO'9 5.0 18x10 & 14
D-96475|  Mester 10 (027 | 40 | 8 | 30 | 40 |10 ~® 25k | 40 @
VOLTS | AMP. | VOLTS | wa. VOLTS | VOLTS | wa. ua. OHMS |UMHOS
(@ Data for triode-connected pentode.
® Microamperes - per - volt.
CHARACTERISTICS OF ELECTROMETER TUBES
FIGURE 1I.
troscopes, to which they bear some- ment of voltages under conditions re- wunfavorable to electromechanical
what of a resemblance, in that the quiring only the minutest current types. It utilizes a more rugged

electroscope requires only the poten-
tial under test for its deflection, while
the electrometer must be supplied
with an auxiliary potential as well.
The ancient gold-leaf electroscope
and the modern electrostatic voltmet-
er are examples of the single-poten-
tial instrument. .

The chief advantage of the elec-
trometer is its extremely high input
resistance. This characteristic en-
ables the measurement of small cur-
rents. It also permits the measure-

drain. Small currents, such as the
10-1" microampere levels produced in
gas ionized by radioactivity, have
been measured with electrometers.
Electromechanical electrometers,
being delicate instruments, are sen-
sitive to vibration, shock, and to some
extent to field effects and to air cur-
rents. They accordingly give their
best performance in the laboratory
under skilled handling. The mod-
ern vacuum-tube type of electromet-
er often can be used in environments

d’Arsonval type of indicating meter,
instead of the delicate galvanometer,
and is adapted readily to field use.
Moreover, the vacuum-tube type al-
lows the measurement of current by
the steady-deflection method, rather
than the rate-of-drift method requir-
ed by other electrometers.

Configuration of the V. T.
Electrometer

In principle and in general con-
figuration, the vacum-tube electro-

R
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TYPICAL V.T. ELECTROMETER CIRCUIT

FIGURE 2
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meter resembles the well-known d.
¢. vacuum-tube voltmeter. The main
difference is the extremely high in-
put resistance of the former. V. T.
voltmeters, for example, have input
resistances commonly in the range
10 to 20 megohms. The input resist-
ance of an electrometer can be of the
order of 101® megohms.

Figure 2 shows a typical skeleton
circuit of a vacuum-tube electromet-
er. The circuit is battery-operated.
V; is the filiment battery ,V. plate
battery, and V3 a bucking battery
for zero setting. The “high” input
terminal, X,, is provided with a guard
ring. Terminal X; may be grounded
to X3 or floated, as test conditions
require. The indicating d. c¢. micro-
ammeter is connected in the “cath-
ode” return circuit in series with
resistor Rz which is kept high in
value for maximum degeneration.
Stability and linearity are enhanced
by this degeneration. The instru-
ment is set to zero by means of po-
tentiometer R, and the bucking bat-
tery, V3. Switches S; and S, discon-
nect the batteries when the electro-
meter is not in use. No plate-battery
switeh is required, since disabling the
filament circuit removes plate cur-
rent.

A standard radio tube would be
unsatisfactory in this circuit, since
its input (grid-filament) resistance

would be too low for electrometer |

use. Maximum current amplification
demands that input resistance be
high. Tube insulation wusually is
good, but internal charges reach the
grid, increasing conductance. Spec-
ial electrometer tubes have good
evacuation and operate at low plate
voltage 10 prevent ionization of what-
ever residual gas is present. They
are operated also at low filament volt-
age and current, and some types are
provided with an internal shield
grid to isolate the control grid from
positive ions from the filament. In
some instruments, the second grid
is used for the test-voltage input. In

the electrometer, the tube is darken-’

ed to prevent spurious photoelectric
effects, its envelope is washed care-
fully with a grease-removing solvent,
and the outer surface of the envelope
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may be coated with a high-quality
insulating material for additional
protection against contamination from
accidental touching or from the at-
mosphere. Figure 1 shows the char-
acteristics of some electrometer
tubes.

The electrometer usually is provid-
ed with several ranges. Range
switching is accomplished by chang-
ing simultaneously the values of volt-
ages Vi, V2 (and sometimes V3), and
resistor R3. A portion of R3; is made
adjustable for range calibration. The
scale of meter M may be calibrated
to read directly in volts. Resistor
R; is a current-limiting component,
the purpose of which is to limit tube
input current when excessive signal
voltages are applied.

Excellent insulation is employed
for the input terminals, range switch,
zero-set potentiometer, and limiting
resistor. These precautions are
necessary to prevent a low-resistance
shunt of the high input resistance
of the tube. Input capacitance of
the instrument is very low, being less
than 10 uufd. in commercial vacuum-
tube electrometers. Because of the
high input resistance and the conse-
quent long time constant, this capa-
citance can retain a charge and cause
the meter to remain deflected after
a test voltage has been removed from
the input terminals. For example, a
time constant of 7.5 seconds would
be obtained with an electrometer
having 7.5 micromicrofarads input
capacitance and 10¢ megohms input
resistance.

Because of the low electrometer-
tube currents, the plate and filament
batteries can be expected to give long
life, requiring infrequent replace-
ment and causing little concern if the
instrument inadvertently is left
switched-on during brief idle periods.

Typical electrometer applications
are discussed in the following para-
graphs.

Current Measurements

An external shunt resistor may be
used to convert the electrometer into
a current meter in the same manner
that such a resistor is used with a
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d. ¢. vacuum-tube voltmeter (See Fig-
ure 2A). However, the difference is
that the electrometer shunt may have
a high resistance value, often many
megohms. In this way, the electro-
meter may be converted into a micro-
microammeter. If the scale of the
electrometer is graduated in volts,
the unknown current value I (in
microamperes) — E/R, where E is
the electrometer deflection in volts,
and R is the shunt-resistor value in
megohms,

Figure 3(B) shows the electromet-
er and an external shunt convenient-
ly can be used to measure the dark
current of a phototube. The tube is
supplied with its normal polarizing
valtage, and the resulting leakage
current sets up a voltage drop across

the high-resistance current shunt..

This drop then deflects the meter
and is converted into current units
as explained in the preceding para-
graph.

The tiny leakage current of an in-
sulation sample, especially at low test
voltages, may be checked with the
arrangement shown in Figure 3(C).
This circuit is analogous to the pre-
ceding one, in that a d. c. test volt-
age is applied to the sample in series
with a high-resistance current shunt.
The polarizing voltage will be of
whatever value at which the leakage
data are required. This arrangement
may be employed also for checking
the leakage current of high-quality
non-electrolytic capacitors, such as
mica, ceramic, and first-grade paper
types.

The electrometer can be used to
check ion-chamber current in radio-
activity tests in the manner illus-
trated by Figure 3(D). The polar-
izing voltage is applied in the cor-
rect polarity to the ion chamber in
series with a high-grade capacitor,
C, of accurately-known capacitance.
Radiation causes ion charges to be
stored by capacitor C. The electro-
meter voltage deflection, E, then is
proportional to the radiation (Q =
CE).

Other current measurement appli-
cations of the electrometer include
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checking of (1) vacuum-tube grid
current, (2) low-order currents in
dimly-illuminated photocells and
phototubes, and (3) surface leakage
on insulators.

Voltage Measurements

D. C. potentials at high resistance
are checked readily with the elec-
trometer in many circuits in which
the comparatively high resistance of
a vacuum-tube voltmeter is unsatis-
factorily low. When the test voltage
exceeds the maximum deflection pro-
vided by the electrometer range
switching, an external high-resistance
voltage divider (R;, R») may be used,
as shown in Figure 4. The unknown
voltage, E,, then will be equal to
(E: Ry R.)/R., where E. is the elec-

trometer deflection in volts, and R,
and R, (the voltage-divider resistance
arms) are in ohms or megohms each.

Figure 4(B) illustrates measure-
ment of the open-circuit voltage of
a d. c. power supply having high in-
ternal resistance, Re. The acecurate
measurement of such a terminal volt-
age (a resistor-limited constant-cur-
rent transistor bias supply is an ex-
ample) would pose a problem if only
a v. t. voltmeter were available, since
the internal resistance R¢ would form
a voltage divider with the voltmeter
input resistance.

The arrangement in Figure 4(C)
enables the measurement of the
charged voltage and leakage rate of
a sample capacitor, C. R; and R, if

unknown
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required, are chosen in value so that
their total resistance is much higher
than the leakage resistance of the
capacitor. Switch S is thrown first
to position A. This connects the
capacitor across the polarizing-volt-
age source and charges it. The
switch then is thrown to position B,
connecting the charged capacitor to
the electrometer through the voltage
divider. The initial deflection of the
electrometer shows the charged volt-
age of the capacitor, and the decline
of this reading with respect to time
indicates the discharge of the capaci-
tor. This type of test perhaps is
more indicative and valid when the
external voltage divider (Ri, R2) can
be omitted. Then capacitor C looks
into the very high resistance of the
electrometer.

The static potential at a vacuum-
tube electrode in series with a high
resistance is measured accurately
with the electrometer. The control
grid is an example. Figure 4(D)

Testing

THERE seems to be a growing im-
pression that semiconductor di-
odes can be tested adequately with
an ohmmeter. This results from the
fact that a d-c ohmmeter will show
a difference between the forward and
reverse resistances of a diode or rec-
tifier if its leads are swapped back
and forth.

The unsuitability of the ohmmeter
test as a sole check method lies in
the fact that the meter voltage and
current often bear no significant rela-
tionship to the rated d-c parameters
of the diode. Thus, a diode may be
checked as good at the ohmmeter
voltage and still be unsatisfactory at
the rated voltage, and vice versa. Al-
so, it very often is difficult to deter-
mine by this method the actual front-
to-back resistance ratio of a diode;
since the ohmmeter must be operated
on at least two different ranges in
order to read the values accurately,
and switching the ranges not only
changes the applied voltage but also
the value of series resistance intro-
duced by the instrument. The conse-
quent variations in applied voltage

shows the connections for checking
static grid potential across a high
value of grid resistance, Re.

Other applications involving the
use of an electrometer to measure
potentials include checking of (1)
piezoelectric crystal voltage, (2) out-
put of slightly-heated thermocouples,
(3) contact potentials, (4) static elec-
tricity, and (5) physiological poten-
tials in biological and medical re-
search.

Capacitance and Resistance
Measurements

The high input resistance of the
electrometer permits determination
of capacitance by d. c. methods. Fig-
ure 5(A) is an example. Here, Cs
is a high-grade standard -capacitor
of accurately-known capacitance and
excellent leakage characteristics. The
polarizing voltage, E, also is known
accurately. The capacitor shunts the
electrometer input terminals. Capaci-
tor Cx is the unknown unit. Capa-
citance is determined in terms of

Semiconductor

and load resistance change the oper-
ating point along the diode charac-
teristic curve, separate diodes also
have the same effect, and the read-
ings are meaningless unless all fac-
tors and conditions are known.

Another important consideration
is that a diode might check satisfac-
torily in a d-c test, ohmmeter-type
or otherwise, yet not be suitable for
an intended application as an a-c or
r-f rectifier or demodulator.

Use of the ohmmeter therefore is
restricted to the simplest sort of
initial test for separating good di-
odes from bad, since all that this in-
strument indicates reliably is that
the component under test is a recti-
fier.

Types of Tests

Two types of tests may be applied
to semiconductor rectifiers, whether
crystal diodes or power rectifiers.
These are identified broadly as d-c
tests and a-c tests. There can be
several categories in each type.

Basically, the d-c test consists of
passing a specified amount of cur-
rent through the diode and checking

charge division between the stand-
ard and unknown. With switch S in
position A, the capacitors charge in
series. The voltage reading, e, of the
electrometer is noted. The unknown
capacitance Cx — (Cse)/(E-e).
High resistance values may be de-
termined from the measured time
constant of a circuit containing the
resistance (Rx) and a charged capaci-
tor (Cs) of accurately-known capa-
citance, as shown in Figure 5(B).
When switch S is closed, capacitor Cs
is charged to the potential of the
polarizing voltage, and this value is
indicated by the electrometer. When
the switch is opened, the capacitor
begins to discharge through Rx. The
discharge rate then is accurately
timed up to the point at which the
electrometer voltage deflection has
fallen to 37% of its initial value. The
unknown resistance Rx (in megohms)
= t/Cs, where t is the discharge
time (in seconds) and Cs the stand-
ard capacitance (in microfarads).

Diodes

the resulting d-c¢ voltage drop across
the diode. The test is made separ-
ately, with the proper polarities, for
forward and reverse conduction
through the diode. Note that this is
the opposite of testing tube-type rec-
tifiers, where the procedure is to ap-
ply a specified voltage and measure
the resulting current. The d-c test
may be made at a multiplicity of
points and a continuous static curve
plotted from data taken at these
points. A short test consists of data
taken at single forward and reverse
check points specified by the diode
manufacturer.

A-c tests fall roughly into two
groups: (1) the rectifier test involves
applying a given sinusoidal a-c volt-
age to the diode and measuring the
resulting d-c output current, and (2)
the a-m detector test in which an am-
plitude-modulated sinusoidal voltage
is applied to the diode in series with
an appropriate load resistance, by-
passed at the carrier frequency, and
the resulting modulation-frequency
voltage measured across the load re-
sistance.
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Other special tests for certain di-
odes of specific types or for those in-
tended for special-purpose applica-
tions will be described later.

As to which type of test is the
most suitable, there is general agree-
ment among semiconductor engineers
that a diode should be tested under
the conditions that more closely ap-
proximate its intended methods of
operation. This does not necessarily
mean that a diode which is to be used,
for example, as a video detector
must be tested in the actual tv re-
ceiver circuit (although that is not
ridiculous). But such a diode should
be given an r-f, insteaa of d-c test.
Likewise, a diode which is to be
used as a meter rectifier should be
given a low-frequency a-c test. Con-
versely, a diode which is to be used
in a direct-current application, for ex-
ample as a polarity-sensitive element
in series with a relay coil, should be
checked at the direct current level at
which it must operate. Very little
significant information could be gain-
ed from a d-c test regarding the r-f
performance of a diode, nor could
the r-f test reveal what might be ex-
pected in the way of d-c performance.

D-C Tests

Characteristic Curve. Figure 1
shows the apparatus setup for d-c
measurements. The variable-voltage
d-c source may be either a battery
or a line-operated power supply. The
reversing switch allows changeover
of the d-c supply polarity. The volt-
meter and current meter also must
have reversing switches, although
not shown in the schematic.
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D.C. MEASUREMENT CIRCUIT
FiG. 1

First, with the anode of the diode
under test biased positively for for-
ward conduction, the current is ad-
justed to several levels within the
safe operating range of the diode,
starting at zero, by varying the volt.
age. The current and voltage varia-
tions then are recorded. Next, the
reversing switches are thrown to bias
the anode negatively for reverse
(back) conduction and the proced-
ure repeated. The maximum diode
voltages, both forward and reverse,
and the maximum currents must not
exceed the maximum continuous op-
erating values given by the diode
manufacturer. The current and volt-
age data so obtained may be used to
plot a static curve of the type shown

in Figure 2. The forward conduc-
tion characteristic extends from O to
A, and the reverse conduction char-
acteristic from O to B. Positive
voltage values are low; negative val-
ues high.

For small diodes, forward current

-is expressed in milliamperes and re-

verse current in microamperes; while
for power rectifiers, forward current
is in amperes and reverse current
in milliamperes.

Figure 2 shows the general shape
of a diode static characteristic. Var-
ious diode types show some depart-
ure, one way or the other, from this
curve. In gold-bonded germanium
diodes, for example, section OA is
steeper than in point-contact types.
In germanium power rectifiers, OA is
quite steep and OB moderately steep.
The selenium rectifier curve has
slopes which are intermediate be-
tween the preceding types. The sili-
con junction diode is a special case,
its curve showing a characteristic
such as Figure 3. The forward cur-
rent rises sharply at a particular
value of positive anode voltage, and
the reverse current similarly in-
creases sharply at a particular re-
verse potential, called the Zener volt-
age.

The static characteristic curve is
helpful when information is desired
regarding behavior of the diode
throughout its operating range. Ob-
taining such a curve by the point-by-
point d-¢c method, however, is labor-
ious.

Single-Point D-C Test. In many re-
quirements for a diode acceptance
test, a complete characteristic curve
is not needed. In these cases, a sin-
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gle forward check and single reverse
check will suffice.

The same apparatus setup shown
in Figure 1, or a simplification of
it, is used but spot voltages and cur-
rents are employed. Most small di-
odes may be checked at -|-1 volt and
—10 volts. When these diodes are
to be used for blocking high reverse
bias voltages, they usually are check-
ed at —50 v or —100v, depending
upon type.

Observations in D-C Tests. The
main objective of the d-c¢ test is to
determine whether the diode com-
plies with current and voltage speci-
fications. While under test, however,
observations may be made of other
important features which might ren-
der the diode unsatisfactory. These
include current or voltage flutter
current or voltage drift, heating, and
intermittents.

A-C Tests

Rectification. In this test, an a-c
voltage of required frequency and
amplitude is applied to the diode or
rectifier, and the resulting d-c output
current measured. Figure 4 shows
the test setup.

By means of the Variac, the ap-
plied a-c voltage, as indicated by the
. voltmeter, is adjusted to the rated op-
erating voltage of the diode. The
output current is read from the cur-
rent meter. The latter will be a d-¢
milliammeter for small germanium,
selenium, and silicon diodes and an
ammeter for power-type germanium,
selenium, silicon, copper oxide, and

DIODE UNDER TEST

é ' Cathode
AC.
VOLT-
< N\ uETer
ON-
oFF VARIAC

—0

AC.
LINE

BASIC RECTIFICATION TEST CIRCUIT
FIG. 4

At frequencies other than that of
the a-¢c power line, the Variac must
be one designed to handle the oper-
ating frequency. At high audio, and
radio frequencies, a suitable adjust-
able-output signal generator may be
substituted for the power line and
Variac. The generator output im-
pedance must be low. At high fre-
quencies, a v-t voltmeter is needed
to measure the applied voltage.

In the rectification test, the d-c out-
put current is noted when the ap-
plied voltage is the operating value
specified by the diode or rectifier
manufacturer. The test is repeated
at several values of recommended
load resistance.

‘
D.C. AMMETER
OR MILLIAMMETER

orily as a rectifier may be evaluated
in terms of the ratio of its d-c output
voltage to an applied a-c voltage.
This ratio is termed rectification ef-
ficiency.

Rectification efficiency often is
specified in critical applications of
germanium and silicon diodes in com-
munications and instrumentation
equipment. Figure 5 shows the ap-
paratus setup for measuring this fac-
tor.

The test signal is supplied by a
suitable adjustable-output signal gen-
erator through an isolating trans-
former, T. The output winding of
this transformer has both low imped-

magnesium-copper sulphide recti- Rectification Efficiency. The abil- ance and low d-c resistance with re-
fiers. ity of a diode to function satisfact- spect to the diode forward resistance.
. DIODE UNDER TEST E
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A
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DIODE UNDER TEST

The type of transformer and its char-
acteristics depend upon the test fre-
quency. This unit will be iron-cored
for audio and power-line frequencies,
and will be of either air-core, pow-
dered-iron, or ferrite-cored type for
radio frequencies.

The input voltage (E..), indicated
by the a-c vacuum-tube voltmeter, is
adjusted to the required level, and
the d-c output voltage (E..), develop-
ed across the load resistance (R), is
read from the d-¢ vacuum-tube volt-
meter. The required values of R and
C usually are given in the specifica-
tions of the diode under test (a com-
mon combination is R = 5000 ohms,
C = 20 uufd, f = 10 Mc.)

The rectification efficiency (n)
equals the d-c voltage (E..) divided
by the peak a-c voltage (E.. X 1.414).

FIG.6

3 Re o
:‘;: C o]
© . v 4 7
AC. VT
AL VOLTMETER-
L= MILLIVOLTMETER
A-M SIGNAL
GENERATOR ~p_F VT
( R-F Output adjustable, -0 VOLTMETER -
percent modulation MILLIVOLTMETER
adjustable )

BASIC SETUP FOR A-M DETECTOR TEST

Expressed as a percentage, this frac-
tion must be multiplied by 100. Thus,
n = 100E:./(1.414E..). Rectification
efficiency varies directly as the a-c
voltage amplitude, frequency, and
load resistance.

A-M Detector Test. An important
use of small diodes is in detector
(demodulator) circuits. In this ap-
plication, the function of the diode
is to separate the modulation compo-
nent from the carrier component in
an amplitude-modulated wave.

Figure 6 shows an apparatus setup
for checking detector action. The
a-m signal is supplied by a signal
generator in which the output and
the modulation percentage each are
continuously variable.  Resistance
R, is a low resistance and is not re-
quired if the output circuit of the
signal generator contains a low-resist-

ance d-c return path for the diode un-
der test. The signal level is moni-
tored by the r-f vacuum-tube volt-
meter-millivoltmeter. The diode out-
put, developed across the load re-
sistance, RL, is monitored by the a-c
vacuum-tube voltmeter-millivoltmet-
er.

At a given value of modulation
percentage and carrier amplitude, the
efficiency of the diode as a detector
is proportional to the voltage indi-
cated by the audio meter (a-c v-t volt-
meter). For a complete evaluation,
the test should be repeated at various
signal-voltage and modulation-per-
centage levels and at several carrier
frequencies. At low signal levels,
response of the diode will be observ-
ed to be approximately square law.

The value of load resistance RL
usually is prescribed in the detector
diode specifications. Capacitance C
is chosen for effective bypassing of
the carrier-frequency current com-
ponent. If no value is specified for
RL, this resistance should be that
value into which the diode will op-
erate when installed in the equip-
ment in which it is to be used.

Television Diode Test. A varia-
tion of the detector test setup, for
tv diodes, is shown in Figure 7. In
this arrangement, a 4Q—Mc, 70-per-
cent amplitude-modulafed signal is
applied to the diode under test. This
is the arrangement suggested by the
Joint Electronic Tube Engineering
Council, JETEC (See Sylvania En-
gineering Information Service, Aug-
ust 1954).

The test procedure is the same as
in the a-m detector test described in
the preceding Section, except that
the carrier frequency and modula-
tion frequency are maintained con-
stant,

DIODE UNDER TEST

40 Mc. SIGNAL
GENERATOR

( 70% MODULATED )
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Visual Test Method

It was mentioned earlier that the
production of a diode conduction
curve, such as Figure 2 is a tedious
process requiring the painstaking ac-
cumulation of current and voltage
values point-by-point. It thus be-
comes costly fo evaluate a large num-
ber of diodes by this method.

A visual test method which is dy-
namic in nature gives a display of
the complete curve on an oscilloscope
screen. Figure 8(A) shows a circuit
for visual display of the diode charac-
teristic. The diode under test is con-
nected in series with an a-c bias sup-
ply and a current resistor. This re-
sistance is low with respect to the
diode forward resistance and usually
is between 1 and 10 ohms.

During the half-cycle of applied
60-cycle voltage when the anode of
the diode is positive, high forward
current flows through the current
resistor. During the negative half-
cycle, the anode is biased negatively
and small reverse current flows

FIG. 8

ISOLATING
/TRANSFORMER
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ADJUSTABLE DIODE
VOLTAGE UNDER
INPUT TEST
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(A ) RESISTOR X\
TEST D,
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_L SCOPE
(a) Normal (b) Flutter (c) Hysteresis
( B) TYPICAL PATTERNS
VISUAL TEST METHOD

through the resistor. The voltage
drop across the current resistor is
proportional to the forward and re-
verse currents and is applied to the
vertical input of the oscilloscope. Ver-
tical deflection thus is proportional
to current. The transformer output
voltage is applied to the horizontal
input of the oscilloscope. The hori-
zontal deflection accordingly is pro-
portional to the diode voltage.

The reason for using a d-c oscillo-
scope is that the direct-coupled na-
ture of its circuitry enables definite
establishment and identification of
the zero current and voltage point
(origin) in the pattern. The horizon-
tal axis may be calibrated in volts
(forward and reverse) and the ver-
tical axis in amperes, milliamperes,
or microamperes forward and re-
verse.)

Figure 8(B) shows typical pat-
terns displayed by the curve tracer
circuit. Pattern (a) is the type nor-
mally obtained for a good diode. The
negative (reverse) portion of (b)

(B)
DIODE
c RESPONSE

ILLUSTRATION OF
DIODE RECOVERY TIME

FIG.9

changes its position intermittently,
or flutters, indicating instability. This
condition occasionally is observed
also in the forward (positive) region
of the curve. In (c), the reverse por-
tion of the curve is seen to be traced
along one route from zero to maxi-
mum, but to return along another
route from maximum back to zero.
This opening-up of the curve is term-
ed hysteresis, a condition which of-
ten foretells early failure of the di-
ode.

Checking Recovery Time

A semiconductor diode has the pe-
culiar property that its reverse cur-
rent will be relatively high (reverse
resistance low) for an instant im-
mediately after applying the reverse
voltage if the diode has just been con-
ducting forward current. After this
initial high-current transient, the re-
verse current then decreases grad-
ually (resistance increases) to a val-
ue in line with the applied voltage.
The interval during which the cur-
rent settles to its rated level is term-
ed recovery time,

Recovery time increases with the
level of recent forward current. It
is longer in junection diodes than in
point-contact types. Short recovery
time is particularly desirable in digi-
tal computers and similar pulse-type
circuits in which diode conduction
is switched rapidly from forward to
reverse.

The wave pattern in Figure 9(B)
illustrates diode reverse-current re-
covery effect. The diode conducts
forward current during the interval
from a to b. Instant b corresponds
to time t, (See Figure 9A). At b,
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a negative-going square wave of volt-
age (Figure 9A) is applied. Because
of its recent forward-current history,
the diode cannot establish a high re-
verse resistance immediately, and as
a result the reverse current increases
instantaneously to ¢. Subsequently,
it decreases to d, and at time t, fol-
lows the fall of the square wave back
to zero. The time interval involved
in the “recovery transient” is a mat-

ter of microseconds, the maximum
being of the order of 10 microseconds
for large-area germanium rectifiers,
and 1 or less for point-contact ger-
manium diodes. The depth of the
initial current spike likewise is great-
est with large-area germanium recti-
fiers and is least in point-contact sili-
con units.

Recovery time may be checked by
applying a negative square wave (us-

ually at a repetition rate of 100 ke)
to the diode carrying forward cur-
rent. The diode current flows
through a series resistor and the re-
sulting voltage drop across this re.
sistor is applied to the vertical in-
put of a high-speed, direct-eoupled
oscilloscope adjusted to display one
square-wave cycle, The oscilloscope
screen is graduated vertically in
microamperes and horizontally in
microseconds.

Improved, Crystal-Type Noise Generator

THE satisfactory repair of modern
high-gain electronic equipment,
such as amplifiers and receivers, as
well as the development of this ap-
paratus, often involves some kind of
noise level measurement. The tech-
nician’s attention is being directed
increasingly to this subject by the
specifications and performance re-
quirements for preamplifiers, pre-
selectors, boosters, complete audio

amplifiers, complete video amplifiers,
and communications receivers.

The normal presence of an electri-
cal noise ‘background in high-gain
equipment is well-known. Its theo-
retical aspects have been treated
thoroughly elsewhere and will not
be discussed here. The technician
understands that internal noise arises
inherently from current flow and/or
thermal action in tubes, resistors,

contacts, etc. and that its presence
limits the smallest signal which can
be amplified or even handled by a
system. While electrical noise pos-
sesses a number of distinguishing
charactertistics, the principal ones
are its random nature, the distribu-
tion of its energy over an extremely
wide band of frequencies, and its
characteristic acoustic unpleasant-
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contains jaggeH peaks and amplitude
smears.

The residual noise level at the
output terminals of an equipment
may be measured with an oscillo-
scope or suitable a-c millivoltmeter.
Generally, the input terminals of
the equipment are short-circuited,
although some specifications may call
for measurements with the input
open. The residual output signal can
contain, in addition to noise, other
components due to hum arising with-
in the equipment or oscillation. Obvi-
ously, every effort must be made to
separate the noise voltage from any
other such components if the noise
measurement is to be valid. This
is not often easy. It is interesting
to note, however, that an occasional
specification will lump the total re-
sidual small output due to all such
factors under the generic heading of
noise.

A standard method of noise mcas-
urement consists of feeding an ad-
justable-amplitude noise signal into
the input circuit of an equipment
under test while monitoring the
noise-output power of the equipment,
and noting the increase in noise-in-
put amplitude required to double
the output-noise power. The input
noise then equals the internal noise
of the equipment; and from these
data, a noise factor may be calcu-
lated. If a wattmeter is not available,
the output-noise voltage may be
monitored in lieu of noise power, an
increase in output voltage of 1.41
times corresponding to doubling the
power. Both receivers and amplifiers
are checked in this manner.

The noise test signal is derived
from a noise generator, of which
there are several types. Laboratory
versions of this instrument are based
upon a special temperature-limited
noise-diode tube (example, Sylvania
Type 5722). When the plate voltage
of this tube is adjusted to the level
at which the filament emission is sat-
urated (that is, all emitted electrons
are collected by the plate), the shot
noise generated by the diode has
constant amplitude and its energy is
distributed over a- wide spectrum.
At intermediate plate voltages, the
diode noise output is proportional
to the d-c plate current. Thus, by
providing for smooth variation of
the diode plate voltage, a noise sig-
nal of continuously variable ampli-
tude may be obtained. The a-c noise
component generated by the tube is
coupled, through the noise generator
output circuit, to the input of the
amplifier or receiver under test.

OUTPUT

.
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1
CHASSIS =

ALTERNATIVE CONNECTIONS
FOR BALANCED OUTPUT

erator is given in Figure 1.

Crystal-Type Noise Generator

The diodes employed in tube-type
noise generators are rather expen-
sive. This factor plus the need for
both filament and plate power sup-
plies render the tube-type instru-
ment unattractive to the technician
and to the low-budget laboratorian.

A much simpler, yet effective
noise generator utilizes the inherent
noisiness of a d-c reverse-biased
point-contact silicon diode. The noise
component arising from diodes of
this type have been used for testing
at frequencies up to 3000 megacycles
and higher. The circuit of a noise
generator based upon a silicon diode
is very simple, inexpensive, and rea-
sonably rugged. It is completely
suitable for the comparative meas-
urements which suffice in common
service and experimental applica-
tions.

Basically, the crystal-type noise
generator consists of a point-contact
silicon diode, such as 1N21A or
1IN21B. (Germanium and silicon
junction types are unsatisfactory).
The diode is reverse-connected across
a battery; that is, with the diode
anode negative, and a means is pro-
vided for coupling the noise energy,
generated by the flow of current
through the diode, out of the circuit.
Several such generators have appear-
ed in the literature but in general
have been makeshift in character
and have included no means for
dependable control of the noise am-
plitude.

The circuit of an improved gen-
In this
arrangement, the diode current is
adjusted by means of the 40,000-ohm
wirewound rheostat, R;. The current
level is indicated by the multirange
meter, M. This meter has three
ranges, selected by switch S.: 0-100
microamperes, 0-1 milliampere, and
0-10 milliamperes.

FIG. 2

This arrangement for constant mon-
itoring of the current over a possible
ranige of 5000 to 1 enables reasonably
accurate re-setting of the output-
noise level. The resistance values
of the two meter shunt resistors, R;
and R., are based upon an internal
meter resistance of 900 ohms. This
is the resistance of the Triplett
Model 327-T instrument employed in
the writer’s prototype. Some vari-
ation will be necessary when an in-
dividual internal meter resistance
differs from this 900-ohm value. In
any case, the required shunt resist-
ance (in ohms) equals rw/9 for the
1-ma range, and r./99 for 10 ma.
The numerator, r., is the internal
meter resistance, in ohms.

The a-¢c noise component due to
random fluctuations of current in the
diode is transmitted to the OUTPUT
terminals through the 0.001-ufd sil-
vered mica capacitor, C. For a-c,
this capacitor forms a closed circuit
comprising the 1N21B, C, and the
OUTPUT terminals.

A non-inductive (good-grade com-
position or carbon film) resistor, Ry,
bridges the OUTPUT terminals to
match the input resistance, or im-
pedance, of the device under test.
If the noise generator is used, for
example, with a receiver having an
input impedance of 300 ohms, R, will
be 300 ohms. Resistor R; need not
be larger than 1 watt. Since many
different input impedances are en-
countered in amplifiers and receivers,
the question will arise as to why a
switching arrangement has not been
employed here to give the noise gen-
erator a wide range of output im-
pedance. The reason for not doing
this was to avoid the inherent noise-
generating properties of such a
switching circuit. In fact, in order
to keep all internal noise not arising
in the diode, and extraneous pickup
at a minimum, resistor R,, diode
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i1N21B, and capacitor C must be
mounted right at the OUTPUT ter-
minals. This insures the shortest
possible leads. When the generator
is to operate into a new impedance,
Z, a new resistor R; equal to Z must
be fastened directly across the OQUT-
PUT terminals.

When the device under test has a
balanced input circuit, as often is
the case in television receivers, two
series-connected resistors with their
junction grounded can be connected,
for impedance-matching, across the
noise generator OUTPUT terminals
in the manner shown in Figure 2.
The value of each resistor is equal
to %Z, where Z is the input imped-
ance of the device under test.

Whether the generator has bal-
anced output (Figure 2) or unbal-
anced output (Figure 1), its ground
must be connected solidly to the
ground of the device under test.

Construction

The simplicity of the noise gen-
erator circuit removes any compli-
cation of construction. By using a
6-volt battery (B) of thin, flat con-
struction, like Burgess Type 5540
(4” x %" x 2-3"), the entire in-
strument may be housed in a metal
radio utility box slightly larger than
a standard meter case.

The insert in Figure 1 shows the
shape of the 1N21B diode. The metal
tip on the left end of this figure is
the cathode terminal which is con-
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nected to the junction of rheostat
Rz and capacitor C.

The only wiring precaution is to
keep all connections between the
diode, capacitor, OUTPUT terminals,
and R, as short as possible. To ac-
complish this, solder the base of the
diode directly to the upper OUTPUT
terminal, and solder capacitor C from
the tip of the diode to the lower
OUTPUT terminal. In order to pre-
vent damage to the diode during this
operation, hold with metal pliers
the metal part of the diode being
soldered. This will conduct the heat
away from the diode case. Continue
to grip with the pliers until the diode
is unmistakably cool to the touch.

Operation

Figure 3 shows a typical setup for
noise measurements. The following
test procedure is recommended: (1)
With the noise generator switched-off,
note the reading of the output meter
(a-c vt voltmeter or audio watt-
meter) when the amplifier or receiv-
er is in operation and its output
controls are set for normal opera-
tion. (2) Record this deflection of
the output meter, due to the inher-
ent internal noise level of the equip-
ment under test, as the “zero level.”
(3) Switch-on the noise meter and
increase its output by adjusting rheo-
stat Ra, until the output power of
the amplifier or receiver (when the
output meter is a wattmeter) is dou-

bled, or until the output voltage
(when the meter is a voltmeter) is.
increased 1.41 times. (4) Note the
reading of the current meter, M.
High current values indicate a high
noise level in the device under test,
and vice versa. After work is done
in the device, a decrease in the in-
itial current reading obtained in
a repeated step 4 indicates an im-
provement in the noise characteris-
tic; an increase in meter M deflect-
ion shows a worsening of the noise.

In addition to the comparative type
of measurement just described, the
noise generator output may be cali-
brated quantitatively. One method
is to plot the noise output voltage
(E) at the generator output termin-
als vs meter M readings for a given
output impedance, Ry. Either these
voltages might be used in subsequent
noise tests, or the noise power levels
might be calculated: P E2/Ry
watts. For either voltage or power,
a separate calibration is required
with each output impedance, Ry.

The technician will find noise
measurements advantageous in check-
ing the performance of all-wave re-
ceivers, television receivers, and am-
plifier systems for sound reproduc-
tion. These measurements are parti-
cularly revealing when used to de-
termine the efficacy of TV boosters,
since the latter devices are known
to suffer occasionally from prohibi-
tive noise.



SECTION VI

SPECIALIZED APPLICATION AND DEVELOPMENT

Using Standard Time
and Frequency Broadcasts

THE standard time and frequency
transmissions of the National
Bureau of Standards radio stations
WWV and WWVH provide an in-
valuable service to laboratories and
individual experimenters throughout
the world. Extremely precise audio
and radio frequency standards, as
well as accurate time intervals and
radio frequency propagation warn-
ings, are placed at the disposal of
anyone having a receiver capable of
tuning to one or more of the trans-
mitting frequencies. The proper use
of these facilities can be made to
greatly supplement the instrumenta-
tion of any laboratory. However, the
maximum utilization of this valuable
“natural resource” depends upon a
knowledge of the broadcasting sched-
ules, transmitting frequencies, and
suitable methods of comparison.
The standard frequency stations
WWV and WWVH are operated by
the Central Radio Propagation Lab-
oratory of the National Bureau of
Standards. Station WWYV is located
at Beltsville, Md. (near Washington,
D. C.), and WWVH is on the island
of Maui, Hawaiian Islands. Both sta-
tions broadcast continuously on the
carrier frequencies and with the out-
put powers shown in Table 1. ‘This
diversity of geographical location and
transmitting frequencies places the
services of these stations on an es-
sentially world-wide coverage basis.

The standard carrier frequency
transmissions of WWV and WWVH
are modulated with various standard
audio tones and time interval signals
in order to provide calibration infor-
mation for a wide variety of instru-
ments. During the first four minutes
of each five minute interval, starting

on the hour, the carriers are modu-
lated by accurate sinusoidal tone sig-
nals; 600 cycles per second is used
during the first four minute period,
followed by 440 cycles during the
second period, etc. These two audio
frequencies are alternated each five
minutes throughout the hour. At the
beginning of the fifth minute of each
five minute interval, the tone modu-
lation is interrupted for exactly one
minute during which station identi-
fication is given in voice from WWV
and in International Morse Code from
WWVH. Also during this minute,
Eastern Standard Time is announced
from WWYV in voice, and Universal
Time is sent in code from both sta-
tions.

During the entire transmission, a
five-millisecond (.005 second) pulse
signal is superimposed upon the car-
rier. This pulse consists of five cycles

0005

WWV-WWVH TEN-MINUTE
TRANSMISSION CYCLE
FIG.4

of a one kilocycle sine wave and is
heard as a sharp “tick” which ac-
curately marks the passage of each
sound. This “seconds pulse” is omit-
ted on the 59th second of each min-
ute to accurately identify one minute
intervals. Figure 1 illustrates the
transmitting cycle of WWYV which
is repeated every ten minutes, start-
ing on the hour.

New Propagation Disturbance
Notices

In addition to the standard time
and frequency transmissions, WWV
also broadcasts radio propagation dis-
turbance warning notices for the bene-
fit of commercial services and ama-
teurs whose communications depend
upon conditions in the ionosphere.
These announcements are made in
code during the 19th and 49th min-
utes of each hour. As of July 1,
1952 the system was revised to in-
clude not only the transmission of
a symbol to indicate the present ion-

TABLE I
FREQ. (MC.) POWER ( KW.)
wwy
2.5 0.7.
5 8.0
10 9.0
15 9.0
20 8.5%
25 K]
YwvH
5 0.4
10 0.4
15 0.4
% Reduced to 0.1 KW. for first
four work days following first
Sunday of even months.
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ospheric conditions affecting com-
munication paths over the North At-
lantic, but also a numeral to indicate
the condition forecast for the next
12 hours. Thus, the letters “N”,
“U”, or “W” sent five times in code
mean that the present radio recep-
tion conditions are “normal”, “unset-
tled”, or “disturbed”, respectively,
while a numeral which follows each
letter indicates that the forecast for
the next 12 hours is for conditions to
continue as follows:

Forecast
Numeral Propagation Condition

Impossible
Very Poor
Poor

Fair to Poor
Fair

Fair to Good
Good

Very Good
Excellent

WO UTDWN =

According to this system, the char-
acters “W7” transmitted from WWV
would be interpreted to mean that
the present ionospheric conditions
affecting radio propagation were “dis-
turbed” but expected to improve to
“good” within the next 12 hours.

Accuracy of Transmissions

The accuracies of the audio and
radio frequencies and other informa-
tion broadcast by stations WWV and
WWVH are as great as the present
state of the engineering art will per-
mit. All frequencies transmitted
from both stations are accurate to
within 2 parts in one-hundred million.
A discussion of the means employed
to insure this precision is of general
interest and aids in gaining an ap-
preciation of the meticulous care re-
quired to maintain the national pri-
mary frequency standard.

The carrier frequencies at WWV
are derived from the average of eight
precision quartz crystal oscillators
which are operated continuously.
These oscillators all operate on 100
kilocycles per second from battery
power and are housed in subterranian
vaults twenty-five feet below the
earth’s surface. The temperature and
humidity of these vaults are very
carefully controlled to insure maxi-
mum frequency stability. The fre-
quencies of the oscillators are com-
pared continually among themselves
and are checked against the basic
frequency standard — the period of
the earth’s rotation. The “control
standard” oscillator which is chosen
to control WWV drives a chain of
frequency dividers and multipliers
which convert the fundamental 100
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ke, frequency to a wide variety of
standards ranging from 1 cps. to 30,
000mec, All radio and audio frequen-
cies broadcast are thus derived from
one oscillator and are therefore of
comparable accuracy. The 60 cycle
standard is used to drive a synchron-
ous clock motor which allows the
standard to be checked against Naval
Observatory time. In this manner,
the time signals as broadcast from
WWYV agree with Naval Observatory
time within several hundredths of a
second and have a diurnal varia-
tion which never exceeds 2 millisec-
onds.

The frequency standards at WWVH
are similar to those used at WWV and
are maintained in agreement with
WWYV signals to within 2 parts in
100 million by comparison. These
comparisons are made during the
four minutes following each hour and
half-hour when WWVH is off the air
and during 34 minute interruptions
which occur at 1900 hours GMT.

Methods of Comparison

From most points in the contin-
ental United States, the standard fre-
quency broadcasts of WWV can be
received on a relatively simple re-
ceiver. One of the superheterodyne
type having good selectivity and auto-

METHOD OF EXTRAPOLATING WWV STANDARDS
FIG.3
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matic volume control is to be pre-
ferred, however. These features are
usually found in communications-type
receivers. Under normal propaga-
tion conditions, such receivers are
capable of receiving WWV or WWVH
transmissions on several of the stand-
ard frequencies, thus permitting good
flexibility of measurement.

Carrier Frequency Check Points.
The simplest and most direct way of
utilizing standard frequency trans-
missions is the use of the transmit-
ted signals as check points to cali-
brate the dial of a receiver. The
variety of transmitted frequencies
usually insures that one WWYV signal
falls within each tuning range of mul-
ti-band receivers. The accuracy of
the receiver dial calibration may then
be checked against the standard fre-
quency carrier and any serious de-
viation corrected by adjusting either
the receiver dial mechanically, or the
receiver local oscillator trimmer. In
all cases, the receiver should be al-
lowed to reach thermal equalibrium
before comparisons are made,

Calibration of Low-Frequency R. F.
Signal Sources. Figure 2 illustrates
a method of comparing the frequency
of tunable signal sources such as sig-
nal generators, grid-dip meters, and
amateur vfo’s with the WWV stand-



ard. ‘The method is also applicable
to fixed frequency standard oscilla-

tors which operate close to some sub-
multiple of a WWYV carrier frequency.
The signal source to be calibrated is
loosely coupled by radiation or ca-
pacity coupling to the WWYV receiv-
er, which is carefully tuned to an
appropriate WWYV signal. The fre-
quency of the signal source is then
varied until a beat note between one
of its harmonics and the WWV car-
rier is heard in the receiver output.
When the local signal is adjusted to
produce zero beat, its frequency is
exactly equal to that of WWV or is
an exact submultiple of it. If the de-
vice being checked has an approxi-
mate calibration, the order of the har-
monic is easily identified. Otherwise,
the fundamental frequency of the un-
known source can be found by deter-
mining the frequency difference be-
tween two adjacent harmonics on the
receiver. Thus, a 1 megacycle sig-
nal will produce a beat with the 5
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megacycle carrier of WWV and will
also be heard at 4 and 6 megacycles
on the communication receiver, while
a .5 megacycle signal will beat with
the 5 megacycle carrier and will also
be heard at 4.5 and 5.5 megacycles.
This makes it possible to obtain many
check points which will be highly ac-
curate as long as the integral mul-
tiple is maintained at zero beat with
WWV. A visual beat indicator, such
as an audio output meter across the
receiver output, is usually more ac-
curate than the aural method.

Upward Extension of Standard Fre-
quencies. The method previously de-
scribed allows frequencies lower or
equal to the WWYV standard to be
calibrated. When it is necessary to
provide standard check points at fre-
quencies considerably higher than the
highest available WWYV carrier, the
arrangement shown in Fig. 3 is em-
ployed. In this method, a tunable r.f.
oscillator of suitable frequency sta-

bility is zero beat in a receiver with

~the WWYV standard. The harmonics

of this oscillator will then appear at

precisely integral multiples of the
standard frequency to which it is re-
ferred. If the auxiliary oscillator has
sufficient power output, these har-
monics will extend quite high in fre-
quency and may be used as “markers”
throughout the VHF and lower UHF
regions. The method, wherein a crystal
oscillator of conventional design is ad-
justed to operate at zero beat with WWV
and supplied with unfiltered d.c. to en-
hance the harmonic content, is ideal for
this purpose. A secondary standard of
some type will usually be required to
identify harmonics.

Audio Frequency Comparisons.
Electronic audio equipment, as well
as musical instruments capable of sus-
tained tones, may be referred to the
440 and 600 cycle tones broadcast
by WWYV or WWVH by means of the
lay-outs illustrated in Fig. 4. For
audio oscillators and other equipment
having an electrical output signal, Fig.
4a is employed. The output of the
WWYV receiver (tone control and beat
frequency oscillator off) is coupled
to the amplifier feeding one set of
plates of an oscilloscope, while the
output of the device being calibrat-
ed is coupled to the amplifier feeding
the other set of deflection plates.
When the frequency of the local
source is adjusted to equal the audio
tone being transmitted by WWV, a
stationary circle or ellipse will appear
on the cathode ray tube. Other inte-
gral multiples or submultiples may
easily be identified by means of the
Lissajou figure produced. A descrip-
tion of the use of Lissajou Patterns
may be found in any engineering text.

To calibrate the musical pitch pro-
duced by non-electronic sources, the
equipment shown in Fig. 4b is re-
quired. Since the source does not
produce an electrical audio output, a
microphone and suitable audio am-
plifier must be used to convert the
audio output of the device into an
electrical signal for comparison with
that received from WWV. As in Fig.
4a, the frequency of the unknown
source is identified by the oscilloscope
pattern produced.

Photoelectric Cell Applications

HE photoelectric cell, or “electric
eye” as it is often referred to, has
many applications—from use in burg-

lar alarms and smoke detectors to fac-
simile, television, and even the mea-
surement of microscopic tissue cells.

It is based on a discovery by Hertz
in 1887 that emission of electrons can
be caused by light striking the surface
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of certain materials such as sodium
and potassium.

Photosensitive devices fall into
three general classes: (1) photo-
electric or “phototubes”, (2) photo-
conductive cells, and (3) photovoltaic
cells. Phototubes are those in which
impinging light causes emission of
electrons from the photosensitive sur-
face. Most practical photosensitive
devices, such as the burglar alarm,
automatic counter, door opener, and
smoke detector, fall in this category.
Photoconductive cells are those in
which the internal resistance varies
with the amount of light striking the
sensitive surface. These cells are
used to operate very sensitive relays
and in the measurement of infrared
radiation. Photovoltaic cells are those
which generate an internal emf upon
exposure to light. The ordinary light-
intensity meter used in photography
employs a photovoltaic cell connected
directly across a low resistance meter.

This discussion is devoted to some
typical applications of the various types
of photosensitive devices mentioned
above.

Phototubes
Commercial phototubes are essenti-

ally diodes contained in glass enve- |

lopes very similar to those used for
thermionic vacuum tubes. The cath-
ode is usually a large semi-cylinderi-
cal surface coated with a photoemis-
sive material. The anode is a wire
lying parallel to the cathode axis.
These elements may be inclosed in
an evacuated bulb, or one which is
gas-filled. The gas tubes ionize when
the plate voltage exceeds a certain
value and thus pass a larger current
than do the high vacuum types. Gas-
filled tubes are employed largely in
motion picture work where their high-
er sensitivity reduces the amplification
needed. High vacuum phototubes
are used in light measurement work
and in certain relay operating appli-
cations. They are less subject to
damage due to application of exces-
sive voltage or current, and their sen-
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sitivity remains more constant over
a period of time.

The most common applications of
phototubes involve the use of associ-
ated vacuum tube amplifiers, as in
Fig. 1. ‘The tube is coupled to the
input of an amplifier by means of a
large resistance, Rg. Since the cur-
rent flow through the cell is of the
order of a few microamperes, this re-
sistance should be very high. By pro-
per amplifying circuits, the current in
the final output stage of the amplifier
may be sufficient to operate a relay

or a loudspeaker as in the sound pic-
ture industry. See Fig. 2.

Another valuable application of the
photoelecrtic cell is the control of
lighting. The tube is used with an
amplifier and relay to turn the light-
ing system on when daylight de-
creases and off when natural light is
again adequate. Fig. 3 illustrates a
circuit in which the relay is energized
by an increase in light. As long as
the illuminaton on the phototube is
below a certain value, the 2051 grid
potential is below cutoff, and prevents
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conduction. When illumination rises,
grid voltage is made less negative and
the tube conducts, closing the relay.
The function of R4 is to keep the
current through the 2051 within the
tubes maximum rating. Note that this
circuit works directly on a.c. line vol-
tage, requiring no d.c. supply.

Photoelectric Counting System

The simplest use of the phototube
and relay is that of counting. A beam
of light is directed across a conveyor
belt into a photoelectric tube which
operates a counter. When the beam
of. light is interrupted by one of the
objects to be counted, the change in
tube current operates the counter.
An interesting circuit of this type is
the one-way counter illustrated in Fig.
4. This arrangement records objects
passing in one direction, but not in
the other.

Suppose an object is passing down-
ward in Fig. 4 so that it obscures
phototube A and then B. When the
light to tube A is interrupted, plate
current flows in tube X, opening the
contacts of relay X. As the object

continues downward, both tubes are
obscured and relay Y closes. But
since the contacts of X relay are open,
no current flows through the Z relay
and the counter is inoperable. Now
suppose that the object passes from
B to A. Relay Y is operated when
amplifier tube B starts to conduct.
Then, when the object obscures both
phototubes, the current through the
amplifier tube associated with photo-
tube A passes mainly through the con-
tacts of relays X and Y to operate
the Z relay and the counter. Relay
X does not operate and its contacts
remain closed. Thus, the counter is
actuated only by objects passing in
the direction from B to A.

Industrial Safety Controls

The applications of photoelectric
cells to safety devices are very num-
erous. Some of the more familiar
safety controls are the smoke detect-
ors, traffic control, and protective door
openers which prevent automatic
doors from closing until personnel are
clear. Another important protective
circuit of this type is the flame-failure

FIG.6

detector shown in Fig. 5. This device,
intended to safeguard oil furnaces,
uses a dual triode as its principal
element. When light from the flame
is present, photocurrent flows and the
first triode section is blocked. The
second section normally conducts cur-
rent enough to close the relay which
opens the soleniod oil valve and al-
lows the flame to burn. Should a
flame failure occur, the photocell no
longer provides blocking voltage to
the first section, which then conducts
and applies a blocking voltage to the
grid of the second triode section. The
blocking of current in the second tri-
ode opens the relay and closes the oil
valve with the simultaneous ringing
of an alarm bell.

An even more common kind of in-
dustrial safety control is the “light
curtain” type of protective device
used to safeguard the operators of
heavy machines. In this application
of photoelectric devices, a light cur-
tain is formed about the area of dan-
ger by a series of beam projectors and
mirrors, the beam falling ultimately
on a set of phototubes. If the opera-
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tor inadvertantly reaches into the pro-
tected area, one of the beams of light
is interrupted and the machinery is
stopped by an interlock operated by
the photocell relay. Fig. 6 is a typi-
cal circuit of this kind. Here the bias
potentiometer (R1) is adjusted to cut-
off so that the 6J5 does not conduct
in the absence of light on the photo-
cell cathode. With incident light the
photocurrent through this bias resis-
tor causes the tube to conduct and
operate its load relay which, in turn,
operates an interlock which permits
the machine to operate. Interruption
of the incident light beam causes the
6]5 to cut off and stops or delays the
operation of the machine. A safety
control of this type is most frequently
used with punch presses.

Photoelectric Gages

Phototubes also find many applica-
tions in the measurement of time, dis-
tance, thickness of materials, etc. A
photoelectric device can be made to
operate as a micrometer for razor
blades, wire, tube stock, and many
other materials. A good example is
its use in making precision measure-
ments on piston rings. One light
beam, directed at a phototube, scans
the separation of the sample ring and
a master. If the sample exceeds the

permitted tolorance, a rejection signal
is operated. A mechanical shutter
cuts off this beam as the piston ring
gap is scanned. A second beam, scan-
ning the gap, causes other rejection
signals if the gap dimension is under
or over tolorances The entire inspec-
tion cycle requires less than 5 seconds.

Photoconductive Cells

The selenium cell is the most com-
mon photoconductive cell in modern
usage. It is usually mounted in a
glass container filled with an inert
gas. Although used in conjunction
with an amplifier in some cases, the
photoconductive cell will pass suffi-
cient current to operate a very sensi-
tive relay directly. A relay having
a winding resistance of 5000 to 10,000
ohms is frequently used in connection
with these cells. When an amplifier
is used with photoconductive cells,
the choice of the grid resistance
should depend upon the light resist-
ance of the particular cell used, rather
than being as high as possible, as with
phototubes.

Fig. 7 illustrates the novel use of
a self-generating selenium cell with
a 1N34 germanium crystal rectifiier
to operate a rugged, less expensive
relay. A small d.c. operating bias is
provided by the crystal rectifier oper-

ated from the 6.3 volt winding of the.
filament transformer. This circuit is
applicable to a wide variety of de-
vices such as intrusion alarms, light-
operated switches, garage door open-
ers, etc. It is also used frequently in
crowd-attracting window displays be-
cause of its simplicity and the fact
that the absence of a high gain ampli-
fier makes it immune to false opera-
tion by extraneous signals.

Photovoltaic Cells

Photovoltaic cells are most fre-
quently used directly in series with
a relay, meter, or other load. See
Fig. 8. A simple photovoltaic cell
consists of a lead electrode and an
oxidized copper electrode immersed
in an electrolyte. Exposure to light
causes the cell to become a generator.
Other “dry” photovoltaic cells consist
of a sandwitch of iron and selenium
fitted with copper electrodes. Since
such cells generate an emf., they re-
quire no external source of power.
The copper oxide type of cell (Pho-
tox) has a color response almost
identical with that of the human eye
and hence is used in illumination con-
trol and in regulating industrial pro-
cesses in which color or change of
color of the product are important.

Printed Electronic Circuits

THE reproduction of electrical cir-
cuits on insulated surfaces by var-
jous printing techniques has become
a standard method of fabricating
small, lightweight, economical elec-
tronic devices. The increased em-
phasis placed by the Armed Services
and industry on miniaturization and
ruggedness of electrical compon-
ents has caused this innovation to as-
sume vital importance. Printed cir~
cuitry is no longer confined to a few
military devices and hearing aids, but
may now be encountered in a large
number of everyday equipments.
These include speech amplifiers, port-
able receivers, citizens two-way ra-
dios, television receiver front-ends,
FM receivers, and many others. For
this reason, a working knowledge of
the design, production, and maintenance
of such circuits will be a valuable asset
to any worker in the electronics field.
This discussion is concerned with the
general types of printed circuits, the
relative advantages of each, and meth-
ods of effecting servicing repairs.

The use of printed circuitry has
been revolutionary not only because
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it permits the fabrication of extreme-
ly small and rugged electronic com-
ponents, but also because it reduces
the production of such components
to a simple, rapid operation which
is almost completely devoid of the
possibility of human error. By this
method, a relatively unskilled opera-
tor can reproduce literally hundreds
of complex units in the time formerly

required to make one unit by old-
fashioned “wire-by-wire” soldering
techniques. In addition to electrical
conductors, critical circuit compon-
ents such as resistors, capacitors, and
inductors can be “printed” into the
circuit in the same operation and held
to close, reproducable tolerances. Fig.
1 shows a typical printed circuit and
its schematic diagram.
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Printed circuits are classified ac-
cording to the method used to repro-
duce them. There are, at present,
six general types. These processes
are: painting, spraying, vacuum evap-
oration, chemical processing, metal
stamping, and powdered metal dust-
ing. Each of these general categories
will now be discussed in some detail.

Printing Techniques

Probably the most widely used pro-
cess for producing printed circuits is
the painting technique. In this meth-
od, the conductors and other compo-
nents of the circuit being fabricated
are painted on the insulating surface
which acts as the base for the circuit.
The paint may be applied by hand
with a brush, although in production
operations the silk-screen stenciling
process is more frequently used. Thin
ceramic or plastic sheets may be em-
ployed for the base, or a metallic sur-
face covered with an insulating lac-
quer may be used. In special in-
stances, the glass envelope of a vac-
uum tube has been utilized as a base
for its associated printed circuit. See
Fig. 2.

The paint used for electrical con-
ductors consists of a powdered metal
such as copper or silver in suspension
in a liquid binder. This conducting
paint is applied to the surface of the
insulating base to form the “wires”
of the circuit. Other paint, made up
of a resistive material such as car-
bon, may be applied in specific
amounts to form resistors. Capacitors
may be made by printing the plates
on opposite sides of the base plate,
if the required capacitance is small.

Otherwise, small capacitors are con-
nected to the printed circuit as in Fig. 3.
It is interesting to note that these ca-
pacitors are manufactured by processes
which are essentially printed circuit
techniques. Inductances are produced
by painting spirals of conducting paint
on the surface of the ceramic or other
base material. “Crossovers” in the wir-
ing are made by painting one conductor
directly over the other with a layer of
insulating material such as lacquer be-
tween, or by ‘“‘detouring” one conductor
to the other side of the plate for a short
distance by means of metal rivets or
eyelets through the insulator, as is illus-
trated in Fig. 4.

When all printed components have
been painted in place, the entire as-
sembly is “fired” at an elevated tem-
perature to fuse the metal particles
together and bond the circuit to the
base plate. Temperatures ranging
from room temperature for plastic
bases to as high as 800 degrees C.
for ceramics are used.

Vacuum tubes, external leads, and
other components not printed are
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soldered to eyelets in the base plate
as in Figs. 1 and 3. To take maximum
advantage of the space-saving prop-
erties of printed circuits, tubes of the
subminiature type are usually em-
ployed.

The painting technique has the ad-
vantage of requiring a minimum of
auxiliary equipment and so has been
the most popular type for experimen-
tation and design work with printed
circuits. It is also the best method
to use in making repairs on printed
circuits, as will be discussed later.

The spraying method of reprodu-
cing printed circuits differs from the
painting technique in that the con-
ductors are sprayed onto the surface
of the base. Both molten metals and
metallic conducting paints may be ap-
plied in this manner. In some pro-
cesses, stencils are used to define the
circuit conductors. In others, grooves
are machined or molded in the base
material where a conductor or other
circuit component is desired. Grooves
may also be formed by sand-blasting
through a stencil. Metal is then spray-
ed over the entire base plate, filling
the grooves and covering the spaces
between. The surface is then milled
off, removing the excess metal and
leaving only that in the grooves. High
conductivity is obtained by this meth-
od since relatively large conductors
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are formed in the grooves. Standard
tube sockets and other components
are sometimes connected to sprayed
circuits by mounting them on the op-
posite side of the base plate so that
the terminals protrude through héles
into the grooves. Then, when the cir-
cuit is sprayed, connections are auto-
matically made to the conductors.
Circuit cross-overs are made in a man-
ner similar to that employed: in the
painting process. Resistors, capacitors,
and inductances may also be formed
by spraying.

The vacuum evaporation process of
circuit printing consists of evapora-
ting a metal such as silver, copper, or
nickel onto the surface of the dielec-
tric material by melting the metal in
a vacuum. A mask or stencil on the
surface of the insulator is used to out-
line the circuit desired. . In one such
process, called “cathode sputtering”, a
high voltage is applied between the
source of metal vapor (the cathode)
and the work upon which it is to be
deposited (the anode). The metal
vapor is thus drawn to the work by
electrostatic forces. Only a “rough”
vacuum, such as can be produced by
a good mechanical vacuum pump, is
required for this process.

Another vacuum process used is
very similar to cathode sputtering ex-
cept that no voltage is applied be-
tween the cathode and the work. Met-
al evaporated from a heated filament,
or other source of metal vapor, is dis-
tilled on the printed circuit plate
placed over it. In either type of vac-
uum processing, it is unnecessary to
further heat treat or fire the deposit-
ed metal. Only thin films are usually
deposited in this manner. If greater
conductivity is required, conductors
may be built up by electroplating.

In the chemical-deposition methods
of making printed circuits, the tech-
niques employed are similar to those
used in silvering mirrors. A silvering
solution, consisting of ammonia and
silver nitrate mixed with a reducing
agent, is poured on the chemically
clean surface to be coated. The con-
fines of the solution are controlled by
an adhesive stencil. The metal films
obtained are usually too thin to per-
mit direct soldering, but may be built
up by repeated coatings or by plat-
ing. The chemical processes have not
been applied as extensively as those
discussed above.

The metal stamping technique has
been used principally to print loop
antennas on the back covers of radio
receivers. However, other types of
circuit wiring have been produced by
this method. A die, bearing the out-
line of the desired circuit, is used to
press a thin metal foil into the sur-
face of a plastic or other insulator. In
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the same operation the sharp edges
of the die cut the metal sheet to the
desired shape. The metal sheet may
be backed by an adhesive to insure a
good bond. Circuits made in this
manner have good conductivity.

The last general type of printed
circuit is produced by a process
known as “dusting”. In this method,
a powdered metal is dusted onto the
insulating base plate and fired in
place. The circuit outline is defined
either by coating the entire insulator
with a sticky substance and applying
the metal powder through a stencil,
or by applying the bonding substance
through the stencil and then dusting
on the powder so that it is held in
place by the adhesive until fired.

Servicing Printed Circuits

As was mentioned above, the most
convenient method of making repairs
and replacements in printed circuits
is the brush-applied painting tech-
nique. Kits of such paints, including
both conductor and resistor mixtures,
are commercially available. Most of
these paints require no heat for dry-
ing, so that they may be used for re-
pairing circuits having parts which
cannot be subjected to high temper-
atures. This is an important precau-
tion when working with circuits print-
ed on certain types of plastic.

Although subminiature tube sock-
ets are sometimes used with printed
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circuits, tubes are frequently connect- -

ed directly to metal eyelets in the
base plate, as in Fig. 1. When replac-
ing tubes connected in this manner,
care must be exercised to avoid the
use of excessive heat during soldering
operations. Soldered connections may
also be made directly to printed con-
ductors if the base material will stand
the heat involved. A solder containing
a small percentage of silver should be
used for best results. Where solder-
ing is inadvisable, connections to tube

leads and other wires should be made
with metallic paint.

Printed resistors which have be-
come defective may be repaired or re-
placed by the painting technique. De-
fective resistors are located in the usu-
al manner with an ohmmeter. If it be-
comes necessary to “disconnect” a
printed resistor from the circuit for
a resistance check, this may be ac-
complished by scratching through the
printed conductor lead with a sharp
instrument. If defective, the resistor
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may be repaired with resistive paint.
It will usually be found to be open
or high in value. In such cases, ad-
ditional resistive paint should be ap-
plied over the old resistor to reduce
its resistance to the proper value,
Some commercial printed circuits
have a protective layer of lacquer
over the conductors and particularly
over resistors to prevent moisture ab-
sorption. This coating must be com-
pletely removed before repairing re-
sistors. If attempts to repair defec-
tive resistors are unsuccessful, the old
coating should be removed complete-
ly and a new resistor painted in its
place. The proper dimensions may be
determined by trial and error, keep-
ing in mind that the resistance is
directly proportional to the length,
and inversely proportional to width
and thickness. The resistance mater-
ial must make good contact with the
printed conductors at the ends. Breaks
introduced in the conductors to iso~
late resistors may be repaired with
a bridge of conducting paint.

The Transistor - An Amplifying Crystal

AMONG recent technical develop-
ments, the “Transistor” or semi-
conductor triode, will probably have
the most far-reaching effects upon
every field of electronics. Although
still in an embryonic stage compar-
able to that represented by the de-
Forest “audion” in the development
of the vacuum tube, the implications
of this tiny, heaterless, vacuumless
capsule are so tremendous as to war-
rant the interest of every worker in
the radio field.

Just as the unidirectional conduc-
tion of current
diode (Edison effect) was known for
over 24 years before the addition of
a third controlling element in the
form of a grid, the rectifying proper-
ties of such semiccnductors as galena,
iron pyrites, silicon and germanium
have been used in radio applications
for many years. During this time
very little thought was given to the
possibility of electronically controll-
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in the thermionic

ing such rectification. However, due
to impetus gained through the wide-
spread use of crystals as microwave
mixers and detectors during the last
war, recent research in the field of
semiconductors has resulted in the
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discovery of the crystal triode, or
Transistor.

Physically, the transistor consists
of a conventional crystal diode such
as was used in great numbers during
the last war in radar receivers, modi-
fied only by the addition of a second
“cat-whisker” contact. This makes
contact with the germanium semicon-
ductor at a point very close to the
point of contact of the first cat-whis-
ker, but is otherwise insulated from
it. It is the addition of this element
to the device which permits control
of the current flowing to the first
and enables it to perform many of
the functions of a vacuum tube triode,
although in a different way, as will
be shown.

The construction of the transistor,
as pioneered by the Bell Telephone
Laboratories, is shown in Fig. 1. This
mounting closely resembles the “co-
axial cartridge” type commonly used
in rectifier crystals, except that two



center conductors are used. A small
rectangular “wafer” of the semicon-
ductor (germanium crystal) is sol-
dered to a brass disc, which in turn is
fitted into one end of a small metal
tube approximately 3/16 inch in dia-
meter and 3/4 inch long. Thus the
device is comparable in size to a
half-watt resistor. The two cat-whis-
kers are of tungsten wire approxi-
mately .002 inch in diameter welded
‘to the ends of rigid wire terminals
which in turn are spaced by an insu-
lating bead. This supports them with-
in the metal tube so that both cat-
whiskers are brought into contact
with the highly polished surface of
the germanium. The separation be-
tween the points of contact is main-
tained at between .002 and .005 of
an inch. The structure is ruggedized
against mechanical shock and vibra-
tion by impregnating the capsule with
a low-loss wax compound which also
renders it moisture proof. It is prob-
able, that, as the development of this
mechanically simple device progress-
es, new applications will dictate radi-
cal departures from this preliminary
design.

Experimental applications tc which
the transistor has been adapted in-
clude; radio-frequency amplifier
stages, audio and r.f. oscillators, in-
termediate  frequency amplifiers,
audio amplifier stages and other types
of circuitry now commonly employ-
ing vacuum tubes. As yet, the upper
frequency limit of the transistor is
about 10 megacycles per second, but
there appears to be no fundamental
reason why this range of usefulness
cannot be extended into at least the
VHF region to include television
and f.m. applications. However,
transit-time effects, inherent in semi-
conductor devices as in negative-grid
vacuum tubes, will probably limit
operation beyond the VHF range.
Although diode crystal rectifiers are
efficient as detectors and converters
of microwave energy at frequencies
exceeding 25,000 megacycles/second,
the type of high-inverse-voltage ger-
manium semiconductor used in the
present transistor is not an efficient
rectifier at frequencies much above
60 megacycles/sec.

Another limitation to the use of
the transistor in some circuit appli-
cations is the excessive noise voltages
generated within it at present. This
noise is about 70 d.b. above the theo-
retical thermal or Johnson Noise,
which is defined as the noise that
would be generated in an equivalent
resistance due to the random motion
of thermally agitated electrons with-
in it. ‘This objectionable noise char-
acteristic is most pronounced at the
audio frequencies and appears to de-
crease somewhat with frequency.
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Future laboratory work will undoubt-
edly result in methods of reducing
such noise to more usable levels. If
noise figures comparable to.those en-
countered in the modern vacuum tube
are achieved, the transistor will re-
place tubes in many low-power ap-
plications, since it consumes no heater
or filament power, requires no warm-
up time, is virtually heatless in oper-
ation and is more compact and rugged
than even the subminiature vacuum
tubes. Because of these advantages,
transistors will find use in circuits
where economy of power consump-
tion and extreme compactness are de-
sirable. Such circuits may include
ultra-portable broadcast receivers
using printed wiring and components,
electronic computing devices which
may require as many as 18,800 vac-
uum tubes (as in the ENIAC), elec-
tronic musical instruments which also
use hundreds of vacuum tubes oper-
ating at low audio levels and other
more conventional applications. The
mere fact that the transistor does not
require a vacuum is an important ad-
vantage, since the production and
maintenance of a satisfactory high
vacuum is an item of major expense
in the manufacture of electron tubes.
In addition, the operating efficiency
of the transistor exceeds that of vac-
uum tubes in many applications, es-
pecially when it is considered that no
heater power input is required. Op-
erating efficiencies as high as 259,
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have been observed at output levels
of from 10 to 20 milliwatts.

The basic electrical circuit of the
transistor is shown in Fig. 2. The in-
put electrode, which is called the
“emitter,” is maintained at a small
positive potential with respect to the
germanium block. The impedance to
current flow in this direction is low
(100-400 ohms) due to the rectify-
ing action of the germanium-tungsten
contact. Therefore, this small posi-
tive “bias” voltage (.1 to .5 volt)
causes an appreciable “forward” cur-
rent to flow in the emitter circuit.
Also, because of this low impedance
to forward currents, a small incre-
ment in emitter voltage caused by
an impressed signal will result in a
large increase in electron current
flowing from the semi-conductor to
the cat-whisker. The static voltage-
current characteristic of the emitter
circuit, when considered alone, is
similar to that of the typical ger-
manium point-contact rectifier, which
is shown in Fig. 3. On the other hand
the “collector,” or output contact
of the transistor, is biased negatively
with respect to the germanium. At
this polarity, the impedance to cur-
rent flow is relatively high (exceed-
ing 10,000 ohms), so that over 30
volts may be applied to the collector
before appreciable “back” current
flows in the semiconductor. The
dotted portion of Fig. 3 represents
the static (no load) characteristic
of the collector circuit in the absence
of the emitter. The close proximity
of the two cat-whiskers with their re-
spective operating voltages modifies
these characteristics considerably,
however. It is the ability of the
transistor to transfer an emitter volt-
age change to the collector circuit in
the form of a resistance change, which
gives the device it's name, which
means TRANSFER RESISTOR.
"This property results in effective
power gains of 100 times or 20 db
being possible.

To wunderstand the mechanism
whereby emitter circuit power varia-
tions induce relatively larger power
variations in the collector circuit and
hence, enables the transistor to am-
plify, it is necessary to examine the
fundamental properties of semicon-
ductors. Although the theory of the
transistor is still not completely un-
derstood and may be subject to fre-
quent revision, a working concept of
its operation can be gained from a
simplified analysis and by drawing
analogies to vacuum tube circuits.

It will be recalled that the resist-
ance properties of substances depend
on the number of free electrons avail-
able in the molecular structure for
the conduction of current. In some
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materials the electrons in the outer
“shells” or orbits of the atoms are
so loosely bound to the nuclei that
they are easily removed and may
move about between atoms under the
influence of thermal agitation. If an
external stimulus is applied, such as
the connection of a battery across
such a material, the random motions
of these free electrons within it are
coordinated into a unidirectional cur-
rent flow. The metals, which may
have as many as one or two free elec-
trons per atom, are examples of
such materials which are good con-
ductors of electricity. Other sub-
stances, on the other hand, may have
virtually no free electrons available
for current conduction and so are
classed as insulators. The semi-con-
ductors are intermediate between
metals and insulators in the scale of
conductivity, having perhaps only one
free electron for every million atoms.
The extent and type of current con-
duction possible within them is de-
pendant upon the very minute quan-
tities of inpurities present. Thus, al-
though perfectly pure germanium, (if
obtainable), would be a very poor
conductor at normal temperatures,
the addition of quantities as small as
.001 percent of tin or some other
impurity provides enough free car-
riers for conduction to be possible.
The word “carriers” is used here since
current in a semiconductor can be
carried in two distinctly different
ways; by the presence of free elec-
trons within it, or by the absence of
some of the “bound” ones. The latter
type of conduction the solid-state phy-
sicist has termed “conduction by
holes.” These “holes” are vacancies
in the otherwise filled lines of val-
ence electrons which make up the in-
teratomic bonds of the crystal, and
they constitute virtual positive charg-
es. They may move along in a ran-
dom manner by being filled in by an
adjacent electron, which in turn leaves
a “hole” behind it. Thus, the process
continues with the “hole” moving at
rather high speed through the crystal
as the atoms attempt to maintain
equilibrium between themselves. If
a voltage is applied across such a
semiconductor, the holes, being posi-
tive in nature, are attracted to the
negative electrode instead of to the
positive electrode as is the case of
free electrons. Whether a semicon-
ductor conducts by the extra negative
electron process (n-type), or the
“positive hole” process (p-type), de-
pends on the kind of impurity added.
Thus, silicon “doped” with aluminum
or boron impurity is a p-type semi-
conductor, while silicon containing
minute quantities of phosphorus is
an n-type. If the added impurity
atom has one less valence electron
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than the semiconductor atom, a p-type
(*hole”) semiconductor results. If
it has one more valence electron, an
n-type crystal results. The type of
conduction in germanium can also be
changed by heat-treatment.

In the transistor, both n-type and
p-type current conduction are pres-
ent. The emitter is biased positively
so as to attract free electrons which
surmount the rectifying barrier lay-
er at the interface of the semiconduc-
tor-to-metal contact and flow in the
input circuit. The collector, biased
highlv negative, attracts a small num-
ber of “holes” in the absence of emit-
ter current. The useful property of
the transistor arises from the fact that
a flow of electron current to the emit-
ter cat-whisker causes the formation
of many more electron vacancies or
“holes” at the surface of the semicon-
ductor which are gathered by the near-
by collector cat-whisker. The result
is an increase of output current. A
change in the emitter circuit current
“modulates” the number of “holes”
available to the collector and thus
causes a similar change in collector
current. Although the current changes
in the input and output circuits are
of similar magnitude, amplification
results since the collector circuit im-
pedance is approximately 100 times
that of the emitter circuit. Fig. 4

" GASSY"

shows the way in which the collector
current and emitter current vary with
emitter voltage at given value of col-
lector voltage.

A vacuum tube circuit which has
characteristics closely analogous to
the action of a transistor is shown in
Fig. 5. In this circuit the transistor
is replaced by a dual-diode vacuum
tube which contains a small quantity
of residual gas. The two small an-
odes are spaced close together and
are biased by voltages of similar po-
larity to those applied to the two con-
tacts of the transistor. The anode
which is at a small positive poten-
tial with respect to the cathode has
characteristics which are comparable
to the emitter electrode; it attracts
electrons from the cathode and thus
its circuit presents low impedance to
“forward” current flow. The diode
plate which is biased negatively is
analogous to the collector cat-whisker
of the transistor in that the circuit
impedance is very high and little cur-
rent flows in it normally. However,
the flow of current in the “emitter”
may be made to increase the current
flowing in the collector circuit. Elec-
trons being accelerated toward the
emitter anode may collide with resi-
dual gas molecules, remove electrons
from them, and thereby form positive
ions which are drawn to the negative
collector anode. These ions are
roughly analogous to the “holes” in
the transistor case since they behave
like positive particles and move ‘more
slowly than electrons. The number
of ions formed depends upon the
number of electrons flowing to the
emitter anode. Therefore, the input
circuit controls the flow of current in
the output circuit, just as in the tran-
sistor and conventional vacuum tube
amplifiers.



The advent of the transistor opens
fertile fields for future development.
Much remains to be done in the adap-
tation of conventional circuitry for
use with this simple device. Prob-
lems frequently arise since the elec-
trode voltage polarities and circuit
impedances differ so greatly from
those encountered in vacuum tubes.

The cascading of amplifier stages is
complicated by the fact that the in-
put and output impedances do not
lend themselves well to the usual
schemes of interstage coupling. The
possibility of push-pull and paralleled
units for increased power output is
still to be fully exploited.

Because of its simple structure

and the small amount of test equip-
ment required, the transistor pro-
vides a valuable subject for individ-
ual experimentation. Transistors have
been fabricated for study purposes
from germanium removed from stand-
ard 1N34 diode crystal rectifiers suit-
ably mounted with two adjustable
fine wire cat-whiskers.

Junction Transistor Circuits

THE former tightness of the tran-
sistor situation has been eased
favorably for the non-military experi-
menter and manufacturer by the
present excellent availability of the
new junction-type transistors. The
lower price of these components, com-
pared with the almost prohibitive

price of the earlier point-contact tran- |

sistors, should stimulate private de-
velopment of transistor circuits. It is
expected that prices will drop fur-
ther in proportion to the number of
circuit applications which can be de-
veloped to utilize the wide spread in
coefficients resulting in transistor
manufacture.

The circuits included in this discussion
have been made to work satisfactorily
and can be duplicated. It should be
borne in mind, however, that these cir-
cuits satisfied one set of typical condi-
tions and do not necessarily represent
the best or only way of applying the
transistor for the purpose intended. Con-
siderable flexibility in individual design
is possible, In-addition, some readjust-
ment of constants may be required when,
transistors of various manufacturers are
used. The circuits described are intended
especially for junction-type transistors
and some of them often will not operate
equally well with point-contact triodes.
In presenting this material, we feel that
it will be invaluable in guiding the new-
comer to transitor circuitry and will be
of provocative importance as well.

Features of the Junction Transistor

Several characteristics of the june-
tion transistor distinguish it from the
point-contact type. One of the most
important of these is the increased
ruggedness of the junction type. In
the junction transistor, the three con-
duction layers (P, N, and P in the
case of the CK722) are parts of the
same germanium wafer. There ac-
cordingly are no whiskers or sand-
wich sections which might be dis-
placed accidentally.

A dramatic property of the junc-
tion transistor is its high efficiency

COLLECTOR CURRENT (ma)

6 5 4 3 2 -
A T AYiArYr

| -l ®
/ s
base current= -2 :,,
-500ua ~T" Y ] o = 2
’ b 3 -3 £
RIS 4
o i o o S
o) o)
T " -5 ;
,' -6 2
-7 Y
-
o
T -8 ©

o L
TYPICAL COLLECTOR CHARACTERISTICS OF CK722

TRANSISTOR
FIGURE |

CK722 OPERATING DATA

ABSOLUTE MAXIMUM RATINGS

Collector Voltage (Ve)
Collector Current (I¢)
Collector Dissipation
Emitter Current (Ie)
Ambient Temperature

TYPICAL GROUNDED-EMITTER AMPLIFIER CHARACTERISTICS

Collector Voltage (Ve)

Collector Current (Ic)

Base Current

Current Amplification Factor (beta*)
Power Gain

Noise Factor 22 db. at 1000 cycles

*This rating applies only to the grounded-emitter circuit.

rent amplification factor alpha for

of course, less than 1 for the junction transistor.

Figure 2

—20 volts

—5 ma.
30 mw. at 30° C.
5 ma.
50° C.

—1.5 volt

—0.5 ma.

—20 ua.
12

1000 (30 db.) Source 1000 ohms;
Load 20,000 ohms.

The cur-
the grounded-base connection is,
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and its ability to operate at very low
values of applied d.c. voltage. A
class “A” amplifier using a junction
type, for example, will operate close
to the theoretical 50% efficiency
point, as compared with a vacuum-
tube amplifier giving 25 to 30 per-
cent. Practical amplifiers and oscil-
lators can be operated from a single
13%-volt cell with current drains so
low that in some arrangements the
cell will give shelf life. Audio os-
cillators can be made to operate at
such low d.c. levels that, in demon-
strations, the ‘“power supply” cur-

.rent has been furnished by a self-
- generating photocell, thermocouple,

or makeshift wet cell made from two
coins separated by a piece of paper
moistened with saliva.

The temperature sensitivity of the
junction transistor makes the latter
somewhat poorer than the point-con-
tact type, but the junction type is
not as noisy. The maximum ambient
temperature allowed for the CK722
is 50°C. The 1000-cycle noise factor
is 22 db. (Compare the noise factor
of 65 db. which is given for the CK716
point-contact transistor).

Freguency response of the june-
tion transistor appears to be lower
than that of the point-contact type
and is limited by such factors as the
increased capacitance of the junection
layers and the differences in mobil-
ity of the carriers. Our tests indi-
cate that the CK722 is suited partic-
ularly to audio and low-frequency r.
f. applications, of which there are
many in each category. As a radio-
frequency oscillator, this unit has
given good performance in our cir-
cuits as high as the upper limit of the
standard broadcast band, but beyond
that point its operation has not been
encouraging.

Figure 1 shows a family of collect-
or current-vs-collector voltage curves
for the CK722. These curves are plot-
ted for eight values of constant base
current (0, 50, 100, 200, 300, 350, 400,
450, and 500 microamperes). Note
that these curves have the general
appearance of pentode vacuum-tube
curves. The collector voltage (Ve)
values are negative. The correspond-
ing collector currents (Ic) also are
designated as negative.

The Table in Figure 2 lists import-
ant operating data for the CK722. One
listing is apt to confuse the reader
who has had some prior contact with
transistor literature. This is the cur-
rent amplification factor, always men-
tioned as less than unity for junec-
tion transistors, which is given here
as 12. The reason for this higher
figure is that the factor given in Fig-



ure 2 is not alpha (which is less than
1) but beta which applies only to the
grounded-emitter (base-input) opera-
tion shown. Beta (b) is related to
alpha (a) approximately as follows:
b = 1/(1-a).

Junction Triode Circuits

Figures 3 to 9 show several selected
amplifier and oscillator circuits. These
preliminary circuits can serve as build-
ing blocks for more complex equipment.
Note that each of these arrangements
uses the low d.c. voltages at which the
junction transistor is capable of oper-
ating.

Single Amplifier Stages. Figure 3
is a resistance-coupled, grounded-base
audio amplifier circuit. The ground-
ed-base arrangement is the progen-
itor of all transistor circuits.

The grounded-base circuit has an
input impedance of approximately
1000 ohms and an output impedance
of 5000 to 10,000 ohms, depending
upon individual transistor collector
characteristics. Higher operating im-
pedances are possible in the output
with higher R, values, but with some-
what reduced gain. Operating into a
high-impedance load (100,000 ohms
or higher), this stage, as shown, has
a voltage gain of 40, although the gain
may vary between 36 and 44 with in-
dividual transistors. At lower load
resistance values, the gain drops pro-
portionately.

With l-microfarad input and out-
put capacitors (C; and C:), the fre-
quency response is such that the
gain at 100 cycles is 25% of the 1000-
cycle value, and at 20,000 cycles is
92% of the 1000-cycle value. With
10-microfarad capacitors, the 20-cycle
gain is 67% of the 1000-cycle value,
and the 20,000-cycle gain 98% of the
1000-cycle value. Miniature, low-volt-
age electrolytic coupling capacitors
may be used for the high values.

Because the grounded-base ampli-
fier requires two batteries, there is
some objection to its use. Current
drain of the emitter battery is 150
microamperes, and of the collector
battery 100 ua. The grounded-base
amplifier offers the maximum power
gain possible with a given transistor.

Figure 4 shows a grounded-emitter
amplifier. An important advantage
of this circuit is its ability to operate
with a single battery at a drain of 10
to 80 microamperes, depending upon
the individual transistor employed.
Input impedance is of the order of
1000 ohms; output impedance 20,000
to 40,000 ohms. Higher output im-
pedance values are possible with high-
er values of Rz but with reduced gain.

i

3-STAGE RESISTANCE-COUPLED,GROUNDED-EMITTER AMPLIFIER

FIGURE 6
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With the constants given in Figure
4, voltage gain of this stage is 40
to 50 when B is 1% volt, and 80 to
100 when B is 3 volts. These gains
are obtained only when the stage is
worked into a high load impedance
(100,000 ohms or higher).

Frequency response is the same as
that quoted for the grounded-base
amplifier in the foregoing paragraphs.

Figure 5 shows a grounded-collect-
or amplifier. This circuit has high
input impedance (of the order of 50,
000 ohms) and low output impedance,
1000 ohms. It thus is equivalent to
the cathode-follower vacuum-tube
amplifier. Like the cathode follow-
er, the grounded-collector circuit pro-
vides no voltage gain (‘“gain” of the
stage shown in Figure 5 is 0.2 to 0.3).
It does afford power gain, however,
of the order of 15. The frequency re-
sponse of this stage is the same as

FIGURE 7

that stated earlier for the grounded-
base circuit.

A slight disadvantage of the
grounded-collector type of circuit is
its requirement of two batteries (B;
and B.). But its relatively high in-
put impedance suits it very well to
use as the input stage of a transistor
amplifier whenever the loss in volt-
age gain is of no consequence.

We did not discover that bypassing
either of the power supplies in any of
the circuits shown offered improve-
ment in performance at any frequency
between 20 cycles and 20 ke.

Cascaded Amplifiers
The circuits given in Figures 3 to
5 are fundamental building blocks.
Like tube circuits, transistor ampli-
fier stages may be cascaded for in-
creased voltage gain and power gain.
The difference with transistors, how-
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ever, rests in the fact that in ground-
ed-base and grounded-emitter stages,
the output impedance is higher than
the input impedance. This requires
an impedance stepdown between
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FIGURE 8

(B) GROUNDED EMITTER
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. transfer.

stages. While resistance coupling
may be employed as well as trans-
former coupling between stages, the
greater power gain will be obtained
with interstage transformer coupling,

since the latter has the lower step-
down ratio and offers best power
In resistance coupling, at
least one additional transistor stage
usually is necessary to provide the
same overall power gain afforded by
transformer coupling.

Figure 6 shows one method of re-
sistance-coupling three junction tran-
sistor stages. Overall power gain is
approximately 60 db. Collector resist-
ors Rq, R4, and Rg each is 20,000 ohms.
Base resistors R;, Rz, and R; each
is 150,000 ohms. For best results,
each of these resistors should be ad-
justed carefully for the best gain and
lowest noise output with the individ-
ual transistors used. Capacitors Cy,
C., Cs, and C, each is 10 microfarads.
This amplifier will deliver approxi-
mately 2% milliwatts output to a
high-impedance load. A 1000- or 2000-
ohm headphone may be connected in

~place of Rg and C, to obtain approxi-
" mately the same output in such ap-

plications as hearing aids,
radio receivers, etc.

pocket

Figure 7 shows a transformer-coup-
led 2-stage transistor amplifier. This
unit has an overall power gain of
approximately 50 db. The interstage
transformers have primary imped-
ances of 20,000 ohms each, and sec-
ondary impedances of 1000 ohms each.
For experimental setups, good results
can be obtained with carbon-micro-
phone transformers connected back-
ward. The output transformer has a
20,000-ohm primary. Its secondary
may have the proper value required
to match a small loudspeaker, head-
phones, line, or other device., If de-
sired, a 1000- or 2000-ohm headphone
may be connected in place of the pri-
mary of the output transformer, Ts.
Suitable subminiature transformers
for use in the transistor amplifier in-
tended for hearing aids, pocket re-
ceivers, are available at most parts
distributors. A high-impedance crys-
tal microphone may be coupled into
the first transistor by using a 200,000-
to 1000-ohm input transformer at T;.

In Figure 7, capacitors C; and C.
each is 10 microfarads. Resistors R,
and R. each is 150,000 ohms.

Using the fundamental building
blocks, a number of combinations of

t cascaded amplifier stages is possible

to suit individual requirements. For
example; grounded-base, grounded-
emitter, grounded-collector, resist-
ance-coupled, and transformer-coup-
led stages may be combined, as need-
ed.

Transistor Oscillator Circuits

The CK722 junction transistor ap-
pears to oscillate most readily in an
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inductive-feedback type of circuit.
Figure 8 shows two audio-frequency
oscillators employing this principle.
Figure 9 is a radio frequency oscil-
lator employing inductive (“tickler”)
feedback.

Audio transformers are used in
Figure 8 (A) and 8(B). In each in-
stance, the high-impedance winding is
connected to the collector. A satis-
factory transformer is the type used
to couple a single triode plate to 500-
or 600-ohm line. Satisfactory results
may be obtained also with a carbon-
microphone transformer. The trans-
former must be phased properly for
oscillation. If oscillation is not ob-
tained immediately upon application
of battery voltage, reverse the con-

FIGURE 9

GROUNDED-EMITTER TRANSISTOR R.F OSCILLATOR

nections of either the primary or sec-
ondary. With a microphone trans-
former at T in each circuit, a 700-cycle
signal was generated. The “natural”
frequency will depend upon the in-
ductance of the windings and their
distributed capacitance, and may be
lowered by means of capacitors con-
nected at C;.

Figure 8 (A) shows a grounded-
base oscillator; Figure 8(B) a ground-
ed-emitter oscillator circuit. The first
circuit requires two batteries but is
somewhat less temperature-sensitive
than the second.

Air-wound coils are used in the
radio-frequency oscillator, Figure 9.
The top frequency at which this cir-

cuit has been operated with the CK722
is 1500 ke. No frequency data are
published on this transistor.

Tight coupling is employed be-
tween coils L; and Ls, the former
being wound on top of the latter. The
output coupling coil, L3, is wound on
the same form close to Ls. By making

these coil sets plug-in, frequency

bands between 50 and 1500 ke. may be
covered.

A good broadcast-band oscillator
may be made with L. a 540-1750 ke.
antenna coil. Lj is the slip-on pri-
mary normally supplied with the an-
tenna coil. L; consists of 75 turns
of No. 30 enamelled wire closewound
on top of the manufactured coil Lo.
Coil L; is insulated from L, with
Scotch tape. C: is a 365-uufd. tuning
capacitor.

An interesting regenerative broad-
cast receiver having good sensitivity
can be made by connecting antenna
and ground to the two terminals of
Ls, and a pair of 2000-ohm (or higher,
magnetic) headphones in series with
the collector and L.. Regeneration
can be controlled by means of a 1-
megohm potentiometer substituted
for the 220,000-ohm fixed resistor
shown in Figure 9. A transistor audio
amplifier may be added by substitut-
ing the amplifier input transformer
for the headphones. Near the vicin-
ity of strong local stations, an outside
antenna and ground are not required,
an ac-dc antenna hank, connected to
one terminal of L; being sufficient.
The other terminal of L3 then would
be connected to positive terminal of
the battery, as shown in Figure 9.

Class-B Transistor Amplifier Data

HE transistor is an efficient de-

vice by nature. Even when we
fail to take into account the absence
of filament power, the transistor is
found to offer higher operating ef-
ficiency than the vacuum tube. This
is especially true of the junction
transistors.

In transistor amplifiers, as in tube
amplifiers, higher efficiencies are
made possible by class-B operation.
There are two main reasons for the
present growing interest in class-B
transistor operation. First, class-B
gives maximum output watts per dol-
lar of initial cost — an important
consideration when utilizing present,
high-priced power transistors. Seec-

ond, the rather low power output of
conventional transistors may be
boosted several times by utilizing
class-B.

Class-B Tube vs Transistor

In a conventional class-B tube am-
plifier, the control grids are biased
for plate current cutoff, or very near-
ly so, under zero-signal conditions.
The plate current then is driven to
a certain peak value at maximum sig-
nal. Large economies are effected
by the low, resting, no-signal d. c.
plate power input.

There are two ways of adjusting
a transistor amplifier for class-B
operation. Under zero-signal con-

ditions, the output electrode (usu-
ally the collector) may be operated
either at low direct current and high
voltage (comparable to static opera-
tion of the class-B tube amplifier) or
at high direct current and low volt-
age. In the first instance, the input
a. c. signal will drive the output-

.electrode direct current upward. In

the second case, it will drive the cur-
rent downward.

The family of common-emitter col-
lector curves in Figure 1 will serve
to illustrate this point. When the
circuit is adjusted for no-signal oper-
ation at v;i», the resting point is X.
The positive half-cycle of the input
signal then will drive the collector
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current from i. down to i;, and the
operating point to Y which corres-
ponds to v.i;. When, instead, Y is
chosen as the no-signal operating
point corresponding to v.i;, the neg-
ative half-cycle of the input signal
will drive the collector current up
from i, to i», and the operating point
to X which corresponds to vjis.

While both operating points (v,i»
and v.i;) can represent points of
low “resting” collector dissipation,
the greater overall operating econ-
omy is afforded by the high-voltage,
low-current condition (Y, vei;). This
is because the establishment of the
opposite condition, a low collector
voltage at high current from a con-
stant-voltage collector d. c. supply
would necessitate use of a dropping
resistor with attendant IR loss. Large
initial collector current also reduces
the transistor current amplification
factor, alpha.

As in the class-B tube amplifier,
dynamic output-electrode current in
the transistor class-B amplifier be-
comes a series of quasi half-sinusoids.
Thus; in the common-emitter circuit
with static characteristics such as
displayed in Figure 1, the half-sinu-
soids of collector current would ex-
tend from the “zero” value, ij, to the
peak value, i», and back.

Figure 2 shows a comparable fam-
ily of curves for the common-base
transistor amplifier configuration.
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COMMON-EMITTER COLLECTOR CURVES,
WITH CLASS-B OPERATING POINTS

FIG.1

>

Note the general similarity to the
family in Figure 1, but the increased
linearity due to the more even spac-
ing of the common-base curves. In
the common-base circuit, collector
current is driven upward from point
Y by positive half-cycles of emitter

signal voltage, or downward from
point X by negative half-cycles of
emitter signal voltage. This is the
opposite of conditions with the com-
mon-emitter configuration.

Circuit Configurations

Transistors must be used in push-
pull pairs in class-B amplifiers, the
same as in comparable tube ampli-
fiers. However, the distortion re-
ducing properties of the symmetrical
arrangement are somewhat less in
the transistor circuit. Either of the
three well-known transistor circuit
configurations may be employed:
common-base, common-emitter, or
common-collector.

D. C. output-circuit efficiency runs
close to 80 percent for each circuit.
Power gain is highest with the com-
mon-emitter, less by a factor of 10
with the common-base, and quite low
(of the order of 10) with the com-
mon-collector. However, the com-
mon-base configuration affords the
highest power output and overall
power gain, for a given distortion
level. The output vs distortion ratio
is due to its more favorable v.i.
characteristic.

Figure 3 shows typical circuit ar-
rangements for the three configura-
tions. While batteries are shown
for simplicity, the bias voltages may
be obtained likewise from a. ¢. —
operated power supplies.

The currents and voltages i, i.,
is, Vb, v, and v, are d. c¢. or peak
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values obtained from the static char-
acteristic curves of the transistor em-
ployed. For example; in the com-
mon-emitter circuit (Figure 3B), i.
corresponds to collector current i. at
point X in Figure 1, and i, to the
constant base current i.- in Figure

ie iC
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SINGLE-STAGE CLASS-B
TRANSISTOR AMPLIFIER CIRCUITS

FIG. 3

1. The base voltage (v,) and emitter
voltage (v.) must be determined ex-
perimentally for the particular tran-
sistor employed, since most transist-
or manufacturers do not now sup-
ply input characteristic curves. This

is done by finding the base voltage in
a common-emitter circuit which will
produce base current value i, (Fig-
ure 1) or the emitter voltage which
will produce emitter current i.. (Fig-
ure 2). In each case, it is assumed
that collector current is held con-
stant at value i. (Figures 1 and 2)
during the measurement.

Design and Operating Data

After selecting the type of junc-
tion transistor to be used and ob-
taining a pair matched for v.-i. char-
acteristics and alpha, the first re-
quirement is choice of collector sup-
ply voltage, v... This voltage must
not exceed one-half the maximum
permissible peak inverse voltage
specified by the transistor manufac-
turer.

In most applications, the common-
emitter circuit will be employed, be-
cause of its superior power gain.
The maximum collector supply volt-
age then corresponds to v. in Figure
1, and this value is to be % the
maximum peak inverse. The point
X must be selected such that the
product vii: does not exceed the
maximum permissible collector d. c.
power dissipation specified by the
transistor manufacturer. The pri-
mary winding of the output coupling
transformer, T., is assumed to have
low d. c. resistance, in order to
minimize voltage drop between v..
and the collector.

The f{following approximate com-
mon-emitter class-B design equations
have been adapted from those given
by Shea. Currents i, and i. (both
in amperes) and voltages v, and v.
(both in volts) are maximum-signal
peak values. Values are for two
transistors, except where noted other-
wise.

(1) D. C. Collector Power Input =
(v.i.)/1.57 watts

(2) Peak A. C. Power Output =
(v.i.)/2 watts

(3) Peak A. C. Driving Power =
viin watts

(4) Load Resistance = (4v.)/i.
ohms (collector-to-collector)

(5) Input Resistance per transistor

= vi/is ohms = (4vi)/
i» ohms base-to-base

If i, (Figure 1) is taken as the
peak value of the zero-signal col-
lector current and i. as its maximum-
signal peak value, the maximum-sig-
nal average value of the d. c. col-
lector current for each transistor, as
read with a d’Arsonval-type d. ¢. mil-
liammeter in series with the collect-
or is:

101



(6) 1i. avg. = 0.318 (i-i,) amperes
Power gain for the common-emitter
stage is:

(7) PG = (Bv..)/vs,, where B is
the grounded-emitter current
amplification factor (beta) of
the transistor used.

Input and output transformers
(T; and T., respectively are chosen

to match the transistor input and out-
put impedances obtained by means
of Equations (4) and (5). To min-
imize d. c. voltage drops, the sec-
ondary of T, and the primary of T.
must have low d. c. resistance.

A satisfactory practical method of
checking performance with -calcu-
lated circuit values utilizes an os-
cilloscope to measure peak values of

input and output signal voltages, and
heavily-bypassed d. c¢. milliammeters
to check i, and i. values. The sin-
usoidal input-signal voltage is in-
creased slowly from zero, while mon-
itoring the waveform of both input
and output voltages for peak am-
plitude (not in excess of transistor
dissipation rating) and distortion.
A satisfactory frequency for class-B
audio tests is 1000 cycles.

Load Lines In Transistor Amplifier Design

RAPHICAL constructions are of

considerable aid in designing
electron tube circuits. Load lines
drawn across the plate current-vs-
plate voltage family of curves yield
circuit constants and important op-
erating data. This relatively simple
procedure eliminates many tedious
calculations.

Graphical constructions are equal-
ly useful in the design of transistor
amplifier circuits. Similar advantag-
es are obtained. In transistor work,
load lines are constructed on the
collector v i, family of curves to de-
termine operating point, load resist-
ance, distortion, collector current
swing, and base current values. The
technique is similar in every respect
to that employed in tube work.

In this discussion we will show, by
illustrative examples, how to use the
load line technique in transistor ampli-
fier design.

DETAILED PROCEDURE

Figure 1 shows the circuit of a
typical common-emitter, RC-coupled
transistor amplifier stage. The com-
mon-emitter, also sometimes called
the grounded-emitter, is widely used
because it affords high power gain,
high voltage gain, 180-degree phase
reversal similar to a tube, and good
frequency response.

When the constants of this circuit,
especially the load resistance (RL),
collector supply voltage (v,), and
collector-to-emitter voltage (v_,) are
chosen in such a way that the inter-
nal parameters of the transistor de-
termine largely the operating point
of the amplifier, inefficient operation,
high distortion, or poor instability
usually result. By proper choice of
the operating point with respect to
the transistor characteristics and sup-
ply voltage, low-distortion class-A
performance easily is obtained safely
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within the transistor maximum rat-
ings.

For graphical construction, the first
requirement is to obtain a set of col-
lector EI curves, such as those in
Figure 2, for the transistor chosen.
For common-emitter operation, the
family contains a separate curve for
each of several typical base-current
values and is a plot of collector-to-
emitter voltage, v, versus collector
current, i.. If such a set of curves is
not available in the transistor manu-
facturer’s literature, the operator
must plot a set by making a series
of common-emitter d-c measurements
on the particular type of transistor
which is to.be used in the amplifier.
The procedure is to set the base bias
current at a given level (zero base
current is one such level) and to vary
the collector current (supplied by a
constant-current supply) while ob-
serving the corresponding voltage be-
tween collector and emitter.

In the graphical construction, fol-
low this procedure: (1) Label the
points of maximum collector cur-
rent and maximum collector volt-
age on the graph. Figure 2 is a
family of curves for the Raytheon
CK721 transistor. The maximum
collector current, from the manu-
facturer’s data sheet, therefore is
—10 ma, as labelled in Figure 2, and
the maximum collector voltage is
—22 volts. (2) Draw across the curv-
es a plot showing the current and
voltage intersects for the maximum
dissipation (P,), in watts recommend-
ed by the manufacturer., In the
case of the CK721, P, = 33 milli-
watts and is represented by the dash-
ed line which bends across the col-
lector family in Figure 2. At any
point of intersection of this line with
abscissae and ordinates, the product
Vi, = 0.033. In determining the
points for the dissipation curve, volt-
ages may be selected along the hori-
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zontal axis and corresponding current”
values caleculated (i, = P./v,), or cur-
rent points may be selected along the
vertical axis and corresponding volt-
age values calculated (v, = Py i)).
The area of the graph below and to
the left of this curve encloses all
points which are within the dissipa-
tion rating of the transistor. All
points in the area above and to the
right of this curve represent over-
load and must be avoided. (3) Select
the operating point of the transistor
(that is, collector voltage and collect-
or current) and the supply voltage.
(4) Mark the operating point on the
graph. Example, see the dot at the
intersection of the 6-volt and 5-milli-
ampere lines in Figure 2. (5) Con-

COLLECTOR TO EMITTER VOLTAGE (Vce)

COMMON-EMITTER COLLECTOR FAMILY WITH LOAD LINE CONSTRUCTION
(RAYTHEON CK721 TRANSISTOR ).

FIGURE 2

struct a load line from the supply
voltage point on the horizontal axis,
through the operating point, to the
vertical axis. This is the solid line
in Figure 2. (6) Determine the re-
quired load impedance, R;, by com-
puting the slope of the load line.
(R, = dv,/di,).

Several facts are evident from an
examination of Figure 2, a typical
example of transistor load line ap-
plication. (a) The operating point
has been selected at v,, = 6 v, i, =
5 ma. (b) With a supply voltage of
—12 v, the load line extends from
—12 to —10. ma. The load resist-
ance accordingly is dv,/di, = (0—
12))/(0—0.01) = 1200 ohms. (c¢) The
entire load line is seen to be within
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the dissipation rating of the CK%721,
being 3 milliwatts lower than the con-
stant dissipation curve at the point of
closest proximity. (d) The base cur-
rent level which will bias the tran-
sistor for the 5 ma. collector current
at the operating point is seen to be
90 microamperes.

In the preceding example, the sup-
ply voltage was assumed fixed. The
operating point was chosen, and the
required load resistance determined
from the slope of the load line. It
is easily seen that different proced-
ures might stem from other combina-
tions of known and unknown factors.
For example, the operating point
and load resistance might be given
and the required supply voltage left
to be determined, or the load resist-
ance and supply voltage might be
specified and the operating point
placed at any satisfactory position
along the resulting load line.

It is desirable that the collector
signal-voltage swing encompass as
much of the collector characteristic
as is feasible. This will insure max-
imum output voltage. Thus, with the
operating point set at 6 v, 5 ma in
Figure 2, the collector signal volt-
age may swing down the load line to
the 0 ,a base-current curve and up
the load line to the 210 ja base-
current curve without encountering
the severe bending at the left ends
of these curves. However, it is ob-
vious that the upper swing traverses
a larger number of base-current
curves that the lower swing, because
of the progressively closer spacing of
the curves at the higher base current
levels. The assymetry of signal wave-
form due to this condition may be
minimized by limiting the swing to
the region of more nearly equal base-
current curve spacing, when low dis-
tortion is a more important objective
than maximum output.

The collector current at the op-
erating point is a function of the
base bias current, i,, Reference to
Figure 2 shows that i, must be 90
microamperes when R; = 1250 ohms
and v,, = 12 volts. This base bias
current may be obtained from a sep-
arate battery or from v, through a
series dropping resistor, R, in Figure
1. Base bias also may be obtained
from a voltage divider (R/R,), op-
erated from v,, and an emitter
series resistor, R,, as in Figure 3.
The required value of series resistor,
R,, in Figure 1, may be determined
from the simple relationship R, =
v./i,, where R, is in ohms, v in
volts, and i, in amperes. For the
g0-microampere base current indicat-
ed in Figure 2, R, = 12/(9x105) =
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\ constant collector dissipation curve

133,500 ohms. In this calculation, the
internal base-to-emitter resistance
r,,) of the transistor is ignored, since
its magnitude is very small with re-
spect to R,

There is some objection to using
series-resistor base bias in the com-
mon-emitter circuit in the way shown
in Figure 1, because the high exter-
nal resistance, R,, in the base cir-
cuit tends to free the transistor for
rather wide shifts of the operating
point resulting from the effects of
temperature on the internal para-
meters of the transistor. The base
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CONDITIONS FOR MAXIMUM POWER OUTPUT

FIGURE 4

biasing scheme illustrated in Figure
3 overcomes this difficulty, stabilizing
the operating point against tempera-
ture changes as well as against varia-
tions between individual transistors.
In this arrangement, the supply volt-
age, v,,, is reduced by the divider net-
work, R.R,, and this lower potential
is presented to the base of the tran-
sistor. Resistor R, in series with the
emitter then limits the base current
to the desired bias value. R, is by-
passed heavily to minimize the effects
of degeneration. Current through the
R.R, leg is chosen high enough that

resistances R, and R, may be made
small with respect to the internal re-
sistances of the transistor., This cir-
cuit satisfies the condition for stabil-
ity that any external resistance in the
base lead must be small and any ex-
ternal resistance in the emitter lead
be made as high as possible.

MAXIMUM POWER OUTPUT

For maximum power output, a con-
dition extremely important in the
operation of conventional transistors
since their power output capabilities
normally are low compared to tubes;
the load line should enclose as large
an area as possible within the maxi-
mum current, voltage, and power dis-
sipation ratings of the transistor.

Figure 4 illustrates the condition
for maximum power output, although
not necessarily at low distortion. The
known supply voltage value, v, as
located along the horizontal axis. A
load line then is drawn from v, to
the vertical axis so as to be tangent

L to the constant collector dissipation

curve at a single point, P. The load
line intersects the current axis at
i,;. Both i, and v are seen to lie
within the maximum ratings -(i;max
and vymax). The slope of this line
(v./i,) yields the load resistance.

CLASS-B POWER AMPLIFIERS

The use of load lines in the determi-
nation of driving and output conditions,
load resistance, and operating charac-
teristics of transistorized Class B ampli-
fiers has been previously discussed under
the heading of Class-B Transistor Am-
plifier Data. To avoid repetition here,
the reader having need of this data is
referred to that discussion.

Simple, Inexpensive Geiger Counters

LIGHTWEIGHT, portable radioac-
tivity detecting instruments pres-
ently are in demand both for pros-
pecting and for civil defense stocks.
Although small Geiger counters are
available commercially in a variety
of types and over a wide price range,
many electronic technicians and en-
gineers will elect to build their own.

The technician has a number of
circuits from which to choose. The
beginner undoubtedly will select the
simpler ones. A simpler instrument
also will be the logical choice for
the person having no interest in uran-
ium prospecting but wanting to keep
a Geiger counter handy for probable
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civilian emergency use. In such an
emergency, such as might follow a
bombing, the radioactivity level
would be expected to be high, and
the high sensitivity of more compli-
cated instruments not needed. The
more serious uranium prospector
would seek the higher sensitivity of
the more complex ecircuits. In any
event, the technician who builds his
own Geiger counter expects that, in
addition to the education and enjoy-
ment secured from the work, his in-
strument will cost him less than a
comparable manufactured one.

We will present here a representative
group of simple Geiger counter circuits.

These circuits have been tested. All frills
have been eliminated in order to obtain
foolproof operation and to insure that
any reasonably competent technician
might duplicate the instruments success-
fully with ordinary tools and equipment.

The counter tubes used in the cir-
cuits shown here are Victoreen Types
1B85 and 1B86. Tubes having equiv-
alent electrical characteristics also
may be employed. The 1B85 requires
a d-c operating voltage of 900 v. Its
threshold voltage is 800 v, and its
minimum plateau length 200 volts
(plateau slope 3% /100 v). Its life
is 108 counts. The 1B86 requires a
d-c operating voltage of only 300 v.



CIRCUIT 1

Its threshold voltage is 280 v, and its
minimum plateau length 60 volts
(plateau slope 30% /50 v). Its life is
5 x 107 counts. The counter tube
may be operated in a probe on the
end of a shielded cable, or it may be
installed inside the instrument case,
with a suitable opening, holes, or lou-
vers for entry of radiant energy.

Basically, the differences between
Geiger counter circuitry result from
(1) the method of obtaining the
high voltage for the counter tube,
(2) whether amplification is employ-
ed, and (3) whether indications are
aural, visual, or both.

Typical Circuits

Eight representative Geiger coun-
ter circuits are shown. These are
discussed separately in the follow-
ing paragraphs.

Circuit 1. This is the simplest pos-
sible arrangement. Here, a 1B86
counter tube is connected in series
with a miniature 300-volt battery
(similar to Burgess U200 or RCA
VS093), headphones, and a 1-megohm
current-limiting resistor. A spst
switch allows the circuit to be dis-
abled when not in use.

Each ionizing particle penetrating
the counter tube causes a pulse of
current to flow through the circuit,
and this produces a click in the head-
phones. In order to complete the cir-
cuit, the headphones must be of the
magnetic type and must have high
impedance. A stepdown matching
transformer would be required for
low-impedance headphones. Crystal-
type headphones, although possessing

1B86 1885 500 pufd, 1500 V. MICA
i
it
1.0 MEG 110 MEG.
.1/2 W. . e W
+
HIGH - IMPEDANCE -— GRYSTAL
MAGNETIC HEADPHONES - HEADPHONES
! 900 v, ==
]
| “
ON-OFF v _ 300V "o
- w U .& ON-OFF
= CHASSIS b
CIRCUIT 2

remarkably high impedance, are un-
satisfactory in this circuit because
they provide no continuity for de.

The 1B86 is a glass-wall gamma
ray tube. Its diameter is 0.4 inch
and its over-all length, including its
1%” tinned leads, is 434 inch. For
more compact assenibly or smaller-
sized probes, Type 1B88 counter tube
may be substituted. The latter also
has a diameter of 0.4 inch, but its
over-all length (including 1%” tin-
ned leads) is only 234 inches.

The 300-volt Type U200 battery
measures 2-11/16” x 2-7/32” x 3-
29/32".

Circuit 2. The sensitivity of the
simple, battery-operated counter may
be improved by employing a general-
purpose betagamma counter tube,
such as Type 1B85, with a 900-volt
d-c supply. The high voltage is ob-
tained from three miniature 300-volt
batteries( such as specified for single
use in Circuit 1) connected in series.
Circuit 2 shows this arrangement.
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Because the 900-volt potential con-
stitutes a serious shock hazard, we do
not recommend connecting the head-
phones in series with the other ele-
ments in the way this was done in
Circuit 1. Instead, high-impedance
headphones are capacitance-coupled
to the circuit through a 500-uufd
1500-volt mica capacitor. Crystal-
type headphones can be used to ad-
vantage in this circuit.
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The 1B85 is an aluminum wall tube
having an Al1-82 coaxial base. Its
diameter is 51/64 inch, and its over-
all length, including the coaxial base,
is 4% inches.

Because of the higher d-c voltage
employed in Circuit 2, particular care
must be exercised during construc-
tion of the instrument to insulate
the various parts of the assembly.

0.1 ufd, 1000

V. OIL-FILLED TUBULAR

1886 )
¥
W
11
A
c
UNIVERSAL -~~~ g
AUDIO s
OUTPUT
TRANSFORMER B
( See Text)
51K
2 W.

7/ T b
PUSH-
BUTTON ‘

INSULATED
PHONE/ JACK

—

11/2 y, wm

106

CIRCUIT 5

To prevent leakage, use only high-
grade non-hygroscopic insulating ma-
terials and keep all circuit points
separated as widely as possible.

Circuit 3. In this arrangement, a
pentode amplifier has been added to
the rudimentary circuit (Circuit 1)
to increase sensitivity and to provide
louder clicks. Pulses from the 1B85
counter tube are transmitted to the
grid of the 1U5 amplifier *through
coupling capacitor Cj.

The midget 300-volt battery, By,
supplies both the counter tube and
the plate and screen of the ampli-
fier. The second battery, B., is a
1%-volt Size-D flashlight cell. The
spst ON-OFF switch is connected to
open both battery circuits simul-
taneously when in its OFF position.

Maximum efficiency will be obtain-
ed with high-impedance headphones.
Crystal-type phones are recommend-
ed.

The shorter Type 1B88 counter tube
also may be employed in this circuit.

Circuit 4. This is a variation of
Circuit 3. Here, the plate and screen
of the 1US5 tube have been disconnect-
ed from the important 300-volt bat-
tery and are supplied by the separate,
midget 67%-volt battery, Bs. In all
other respects, Circuit 4 is identical
to Circuit 3.

This circuit change is important
when the instrument is to be used
regularly over protracted periods.

Under such circumstances, removal
of the tube drain from the 300-volt
battery and the consequent longer
life of this battery sufficiently offsets
the additional cost, complication,
and weight of the additional battery,
Ba, to warrant the modification.

The spst switch interrupts all three
battery circuits when thrown to its
OFF position.

Circuit 5. This is an interesting
300-volt Geiger counter which is pow-
ered from a single 1%-volt Size-D
flashlight cell. The high d-c voltage
required for operation of the 1B86
counter tube is obtained by charg-
ing a capacitor through a high-turns-
ratio stepup transformer.

The transformer may be any small
universal replacement-type output
unit, such as Merit A2900. Terminals
A and B represent the entire primary
winding of this transformer. (Do
not use the center tap). Terminals
C and D are two of the low-impedance
connector lugs selected from the
transformer connection chart for a
turns ratio between CD and AB of
300 to 1, or higher.



The spdt pushbutton switch nor-

mally rests in position a. This con-
nects the headphones (plugged into
the insulated phone jack) to the low-
impedance winding of the trans-
former. When the switch is depres-
sed and released momentarily, mak-
ing a quick make-and-break connec-
tion in position b, a high-voltage
pulse is induced across the high-
turns winding, AB. This pulse fires
the 1B86 tube and charges the 0.1-
microfarad capacitor. Several re-
peated operations of the pushbutton
switch will charge this capacitor ful-
ly. With the switch resting in posi-
tion a, the capacitor cannot discharge
through the circuit because of the
insulating property of the 1B86 when
it is not fired. The capacitor accord-
ingly retains its charge and serves
as a 900-volt source. When the coun-
ter tube is penetrated by a radioac-
tive ionizing particle, however, it
fires and induces a voltage across
winding CD, and this produces a click
in the headphones.

The length of time the capacitor
will hold its charge depends upon
the leakage characteristics of the ca-
pacitor and how well the circuit is
protected from ambient humidity.
This will vary from 5 to 30 minutes
in most cases. As the charge leaks.
away, because of either leakage or
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the pushbutton switch several times.
Because of the nature of this cir-
cuit, very small size may be attained
in the completed insirument. An
added advantage is the fact that the
headphones, being induetively coup-
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‘re-charged readily by quickly pulsing

high-voltage circuit and any possibil-
ity of shock, ground, or short circuit
consequently is removed.

Circuit 6. The high potential of
900 volts is obtained in this circuit
also by pushbutton-pulsing a 1%%-volt
cell through a backward-connected
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charge a capacitor. Here, however,
terminals 1 and 2 of the transformer
are the lugs (selected from the trans-
former connections chart) which sup-
ply the lowest impedance. This per-
mits the highest stepup ratio. 3 and
4 represent the entire primary wind-
ing of the transformer. (Do not use
the center tap.)

A small needle-type spark gap is
connected between the 1B85 tube
and the high-voltage winding of the
transformer. A discharge takes place
across this gap when the pushbutton
(S1) is depressed and released, and
the capacitor is charged. Several,
successive, rapid pulsings of the push-
button will charge the capacitor fully.

As the 1B85 tube fires under the in-
fiuence of penetrating radioactive
particles, the resulting pulses are
presented to the grid of the 3S4 am-
plifier tube, and the amplified pulses
are delivered to the headphones.

The 1%-volt battery, B,, supplies
both the transformer and the 3S4
filament. The 22%%-volt battery, B.,
supplies only the plate and screen of
the 3S4. For light-duty application,
B, may be a single Size-D flashlight
cell and B, a hearing aid battery.
For more exacting work, B; should
be made up of two or more Size-D
cells connected in parallel, and B.
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should be a midget 22%-volt radio-
type B-battery.

As in Circuit 5, the length of time
that the capacitor will remain charg-
ed will depend upon ambient humid-
ity and capacitor leakage and usually
will be between 5 and 30 minutes.
An occasional succession of rapid
pulsings of the pushbotton switch,
S1, will restore the charge.

Circuit 7. This Geiger counter has
a self-contained, miniature, vibrator-
type power supply operated from a
single 1%-volt Size-D fiashlight cell.
The vibrator unit supplies the 1B85
counter tube and the 3A5 dual-triode
amplifier tube. Meter readings, as
well as headphone signals, are ob-
tained with this circuit.

The miniature vibrator unit is a
Model 10MVT, a product of Precise
Measurements Co., Brooklyn, N. Y.
It consists of a vibrator integral with
a high-voltage transformer. The
spark-suppressing capacitor, C,, is

- self-contained.

The high-voltage a-c output of the
transformer is rectified by two sub-
miniature high-voltage selenium car-
tridges. One of these, SE;, is poled
to supply positive output for the
3A5 tube. The other, SE,, is poled
for negative output for the 1B85.

The 50-microfarad, 150-volt electro-
lytic capacitor, C4, filters the 3A5
voltage, and its normal leakage holds
this voltage approximately to 80
volts at 200 microamperes. The Vic-
toreen Type 5841 regulator tube holds
the counter tube voltage to a con-
stant 900-volt level. Capacitors C-
and C3 and resistor R; form the high-
voltage filter.

The 3A5 tube provides a 2-stage
RC-coupled amplifier. The output
triode is capacitance-coupled, through
Cq, to a rectifier-type voltmeter com-

-prised by the 1N34 diode and the 0-50

d-¢c microammeter, M.

The meter deflection is proportion-
al to the number of pulses per unit
time arriving from the counter tube.
Its scale may be calibrated at var-
ious settings of potentiometer Rj
(which might also be a step-type at-
tenuator) with the aid of a series of
calibrated radioactive samples held
close to the 1B85 tube. Magnetic-type
headphones inserted into the phone
jack will provide aural indications.
Since this jack is of the closed-circuit
type, it will restore the plate circuit
of the second triode automatically
when the headphone plug is extract-
ed.




Circuit 8. This circuit employs a
3A5 dual triode in a cathode-coupled
one-shot multivibrator circuit. The
multivibrator is triggered by pulses
from the 1B85 counter tube. Each
pulse switches the multivibrator on
and off, causing a single pulse to be
delivered to the metering -circuit.
Capacitors Cg, C;, and Cg, switched
into the circuit, alter the pulse dura-
tion and repetition rate of the multi-
vibrator and thus change the meter
range. The microammeter thus is
provided with several “total count”
ranges. The microammeter scale ac-
cordingly may be calibrated in counts
per unit time, milliroentgens per
hour, or similar units. For this pur-
pose, a series of calibrated radioac-
tive samples may be employed.

Like a v-t voltmeter, the meter is
set initially to zero in the absence of
any input signal, by adjustment of

potentiometer R;3. An aural indica-
tion is obtainable from magnetic-
type headphones plugged into the
closed-circuit jack.

This multivibrator-type Geiger
counter circuit is adapted from a sim-
ilar one developed by Friedland. (See
Radiological Monitoring. Stephen S.
Friedland. QST, June 1951, p. 29).

The 900-volt potential for the coun-
ter tube is developed by a special
power supply based upon a neon-bulb
relaxation oscillator. Operated from
the same 67%-volt battery, Bj, that
furnishes the 3A4 plate voltage, the
relaxation oscillator consists of re-
sistor R;, capacitor Cs, and the NE-2
neon bulb. The sawtooth voltage de-
veloped by this oscillator is applied
to the grid of the 1U5 tube. A choke
coil, consisting of a miniature “Ounc-
er” transformer, T, with its primary

and secondary connected together in
series-aiding, is connected in series
with the 1U5 plate. The rapid fall
of current through this choke, due
to the decay (“flyback”) of the saw-
tooth wave, induces a high voltage
across the choke. This high voltage
then is rectified by the high-voltage
selenium cartridge, filtered by R; and
C4, and applied to the 1B85 tube.
The high-voltage dc may be set ex-
actly to the required level of 800
volts (preferably with the aid of an
electrostatic voltmeter) by adjust-
ment of potentiometer Ry.

A separate 1%-volt cell, B., is re-
quired for the 3A5 filament, since the
cathode-coupled circuit in which this
tube is used requires that the filament
“float” 3000 ohms above ground. B,;
and B. are Size-D flashlight cells.
B; is a radio-type 67%-volt B-bat-
tery.

Recent Trends in

Single-Sideband Communication

FROM the days of the earliest radio-
telephone transmissions, radio en-
gineers and experimenters have been
impressed with the fact that a con-
ventional amplitude-modulated signal
contains all its necessary intelligence
in one of its sidebands. Yet asso-
ciated with the transmission of this
sideband is an identical additional
sideband and a carrier component,
so the total transmitted power
amounts to six times that of a single
sideband, which contains all the
necessary intelligence. At the same
time, the conventional amplitude-
modulated signal takes up twice as
much precious frequency spectrum
bandwidth as a single sideband.

It has been found that certain types
of fading, common with amplitude-
modulated signals, are either elimin-
ated or greatly reduced in single-
sideband transmissions. This is par-
ticularly true of selective fading,
which results from propagational
phase variations between carrier and
sidebands or between the two side-
bands themselves. Elimination of
the heavy and expensive high-level
audio-frequency components of the
conventional a-m transmitter is a
powerful argument in favor of the
single-sideband system.

Radio transmission with supressed
carrier and a single sideband has
been used almost as long as the con-

ventional double-sideband amplitude-
modulated type. It was employed for
transatlantic radiotelephony at low
frequencies as long ago as the early
nineteen twenties. Because at that
time the direct filter method was the
only one generally applied, the in-.
convenience of heterodyning, insta-
bility of oscillator components and
other factors limited practical use
of such a system to the lower radio
frequencies. In the last few years,
development of high grade compon-
ents and new techniques of circuitry
have made single-sideband-suppress-
ed-carrier (sssc) communication at
higher frequencies more attractive.
Improved stability and selectivity in
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receivers and receiving systems have
also beens helpful in this develop-
ment.

The Filter Method of Generating
SSB Signals

Two main methods of generating
single-sideband signals are generally
employed: the filler method and the
phasing method. The filter method is
the older of the two, and in principle
is simpler and more direct. This
principle is illustrated in Fig. 1. The-
carrier is removed from the compos-
ite modulated signal by means of a
balanced modulator. Then a filter
with a sharp frequency characteris-
tic, connected at the output circuit of
the balanced modulator, removes the
unwanted sideband.

In the filter method, the carrier
must be generated at a relatively low
radio frequency. If the radio fre-
quency is too high, the percentage
frequency spacing between the two
sidebands is too small. Filters sharp
enough to isolate the desired side-
band would introduce too much phase
distortion. Some amateur installa-
tions are using generated r-f carriers
as high as nearly 500 kc for the filter
method. Crystal lattice filters are
used. However, in commercial prac-
tice it is common to keep the gener-
ated carrier between 20 kc and 100 ke.
to ensure high filter efficiency and
best attenuation of the unwanted
sideband.

The single-sideband signal from the
balanced modulator and filter is then
transposed to the desired higher op-
erating frequency by heterodyning
with higher frequency carriers in one
or more successive mixers. If the
operating frequency is many times
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FIG. 2

that of the carrier of the sideband
generator (as is ordinarily the case
in high-frequency transmitters of the
filter type), more than one stage of
mixing is necessary. This is because
when the mixer output frequency is
very much higher than its input fre-
quency, and the frequencies of the
sum and difference heterodyne prod-
ucts are close, it is difficult to at-
tenuate the unwanted heterodyne.
The necessity for one or more mixing
stages and lack of flexibility in switch-
ing from one sideband to the other
are disadvantages of the filter meth-
od as applied to the higher communi-
cations frequencies.

The Phasing Method

In most cases, the need for mixer
stages can be eliminated by use of
the phasing method of single-side-
band generation. In this method, the
r-f carrier can be generated at the
transmitter’s output operating fre-
quency. The principle is illustrated
in Fig. 2. The mathematical expres-
sions for the various signals, assum-
ing a single-tone modulation signal,
are given alongside their respective
paths. Both the audio-frequency
modulating signal and the carrier are
divided, each into two components
in quadrature. As shown, each
phase component of the a-f signal is
combined with one phase compon-
ent of the carrier in a balanced mod-
ulator. In each case, the balanced
modulator removes the carrier, leav-
ing two sidebands in the output from
each modulator. In the example giv-
en, assuming the use of a single mod-
ulation frequency, there would be
just a single-frequency side-compon-
ent on either side of the carrier fre-
quency (but no carrier) in each case.

After the balanced modulators,
their outputs are combined. The
phase relations of the four sidebands
(or singlefrequency components) is
such that one sideband is canceled
while the other is reinforced. In
the example illustrated, the carrier
component which was shifted 90 de-
grees is modulated by the a-f com-
ponent which was shifted 90 degrees.
As can be seen by the mathematical
expressions, combination in such
phases results in cancelling of the
high frequency sideband and rein-
forcement of the low frequency side-
band. The phase of either the a-f or
the carrier component can be re-
versed to provide high frequency
sideband output instead of low fre-
quency sideband output.

One of the critical sections of
the phasing type transmitter is the
audio phase shifter, which must pro-
vide two a-f signals 90 degrees apart
at all frequencies in the modulation
range. For the normal voice-com-
munication frequency range, a sim-
ple RC network will accomplish this.
A typical phase shift network for
this purpose is illustrated in Fig.
3. One of the problems connected

- with such a circuit, of course, is the

odd values required for most of the
components. Special, non-standard
components would have to be obtain-
ed.

However, a big step forward in
making the phasing type of transmit-
ter more practical was the provision
by several manufacturers of com-
plete phase shifting networks in very
compact form. One of these standard
commercially-available networks is
completely enclosed in a metal tube
envelope, of the same size as a 6J5
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tube, and plugs into an octal socket .
It provides a 90-degree phase shift
constant to within 4+ 1.5 degrees over
an audio frequency range of 300 to
3,000 cps, adequate for voice com-
munication purposes.
Linear Awmplifiers

Use of sss¢c communication has
spurred renewed attention to linear
amplifier design. Two factors are im-
portant in these amplifiers: (1) low
distortion, and (2) maximum power
gain. Stability, which is very im-
portant, is interrelated with distor-
tion, so is not classified separately.

Realization of the full advantages
of the limited bandwidth of single-
sideband transmission requires that
distortion be well controlled. This

TYPIGAL AUDIO PHASE SHIFT NETWORK
F16.3

is especially true in services in which
each sideband is used for transmis-
sion of different intelligence, in
which case distortion manifests it-
self as splatter and noise effects be-
tween channels. Thus, low distor-
tion can be considered even more im-
portant in ssb linear amplifiers than
in the conventional carrier systems.

On the other hand, high power gain
is also an important consideration.
Single-sideband generators must be
operated at relatively low levels.
Thus, if linear amplifiers which fol-
low do not have a high power gain,
a large number of stages must be
used and this is uneconomical and
leads to unreasonable maintenance
and adjustment requirements.
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Under ordinary conditions, very
low distortion and high power gain
are not compatible. High power
gain is seldom obtained with best
linearity and lowest distortion. It
is the reconciliation of these two fac-
tors which is the objective of most
modern linear amplifier development.

The conventional grounded-cathode
linear amplifier exemplifies the high-
power-gain type, especially those cir-
cuits employing tetrodes and beam
tubes. However, in the latter, op-
timum power gain is not consistent
with minimum distortion. When the
screen voltage is raised to a high
enough level to minimize grid drive
requirements, the static plate current
becomes so high that the plate dis-
sipation is likely to become excessive.
On the other hand, when the static
plate current is kept low, distortion
is introduced. One way to maintain
the low grid drive requirement and
still keep static plate current limited
is to use negative feedback.

One popular way to introduce feed-
back to improve linearity and stabil-
ity is to use the grounded-grid cir-
cuit. Although this does provide ex-
cellent linearity, the power gain is
low.

Two-Stage Feedback

A somewhat different arrangement
for obtaining high power gain with
low distortion has recently been sug-
gested. In this arrangement, feed-
back around both stages is intro-
duced. The first stage is operated
class AB; and the second either AB,
or AB;. A power gain of 5,000 with
distortion reduction of up to 16 db
over conventional circuits is claimed.
Even though tetrodes are used, neu-
tralization is provided; this is desir-
able to minimize single-stage insta-
bilities. Less circuit “swamping” is
then required.

SSB Reception

The most efficient method of re-
ception of SSB signals is the phasing
arrangement, which is the reverse of
the transmission method illustrated
in Fig. 2. A block diagram of the
front end of the phasing type re-
ceiver is shown in Fig. 4. In appli-
cations in which a “pilot” carrier
level is transmitted, automatic fre-
quency control is employed in con-
nection with the local oscillator.
Otherwise, a suitable vernier adjust-
ment of oscillator frequency must
be available to facilitate manual con-
trol.

General improvement in compon-
ent and material quality have con-
tributed greatly in bringing ssb re-

. ceivers to a relatively high state of

development. The narrow pass band
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(usually about 3 ke) and steep skirt
selectivity desirable in this service
can now be provided by crystal lattice
filters or by the new mechanical if
filters. These go a long way toward
full realization of the full advantages

of the single-sideband system, which
include improved signal-to-noise ratio,
interference-rejection, and fuller use
of valuable frequency spectrum.
These are in addition to the propa-
gational and economic advantages

previously mentioned.

In conclusion it may be said that
present trends certainly indicate that
before many years most communica-
tion services will have converted to
single-sideband operation.

The Citizens Radio Service

ON June 1, 1949 the Federal Com-
munications Commission inaugur-
ated the Citizens Radio Service on a
regular licensing basis. Prior to that
time, stations operating in this band
(460-470 Mc.) were governed by ex-
perimental rules, pending finalization
of the regulations by the FCC. The
new service provides, for the first
time, means whereby a private citi-
zen may engage in two-way radio com-
munication without being required to
pass a technical examination,

Because of the simplicity of the new
licensing procedure, and the long-stand-
ing need for such a service, it is antici-
pated that the citizens band will become
a very important aspect of ultra-high-

frequency radio. The following para-

graphs contains a general discussion of
the rules controlling this service, the
technical requirements of the equipment
employed, the possible applications of
citizens stations, the propagation char-
acteristics of this portion of the UHF
band, and the implications of this new
service in the servicing and manufactur-
ing field.

Regulations

The detailed regulations governing
the Citizens Radio Service may be
obtained from the Superintendent of
Documents, U. S. Government Print-
ing Office, Washington 25, D. C. for
a fee of five cents. This reprint from
the “Federal Register” of April 5,
1949 is designated “F. R. Doc. 49-
2517.” Application for Citizens Radio
Service construction permit and sta-
tion license may be made on FCC
Form 505 to FCC Field Engineering
Offices or to Washington, D. C.

In general, the rules provide for
the operation of a citizens radio sta-
tion by any citizen of the U. 8. who
is over eighteen years of age and who
possesses citizens band equipment
which has been approved by the
FCC. The licensing procedure for
those thus qualified is quite “stream-
lined,” requiring merely the submis-
sion of the non-technical, single card
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application form (Form 505). The
normal term of the license is five
years from the date of issuance. It
authorizes the holder to communicate
with other Citizens Radio Service
licensees on a frequency-sharing basis
for pleasure, utility, or indirect profit.
By “indirect profit” it is meant that
the service may be used as minor in-
strumentation in a business. For in-
stance, a doctor might use the citizens
band for a private call system to main-
tain contact with his home or office.
The service may not charge for mes-
sages, handle program material in any
way connected with radio broadcast-
ing, transmit directly to the public
through public address systems, or
for other purposes contrary to Fed-
eral, state or local law. The FCC
regulations define the Citizens Radio
Service as “a fixed and mobile ser-
vice intended for use for private or
personal radio communication, radio
signalling, control of objects or de-
vices by radio, and other purposes
not specifically prohibited herein.”
The artists sketch of Fig. 1 illustrates
the most popular concept of such
“personal radio communication.”
Due to the non-technical nature
of the citizens license requirements,
this frequency allocation is not in-
tended as an experimental band. All
station equipment must be type ap-
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proved by the FCC before the is-
suance of a station license. Any
transmitter adjustments or mainten-
ance which might effect its operating
characteristics must be made by, or
under the direct supervision of, the
holder of a first- or second-class com-
mercial license. = The Commission
must be notified of any major modi-
fications which are made to the equip-
ment during its use.

The regulations do, however, pro-
vide for the licensing of “composite”
equipment which complies fully with
the technical requirements of the Cit-
izens Radio Service. - The procedure
for obtaining FCC approval for the
construction and operation of such:
equipment is considerably more com-
plicated than that outlined above for
the case of commercially manufac-
tured, type-approved equipment.
Supplementary information, describ-
ing the complete design and testing
of the composite equipment, must be
submitted to demonstrate that it will
comply with the rigorous engineering
specifications. In some cases the FCC
may require that the completed equip-
ment be submitted to its laboratory
for type-approval testing. The ma-
jority of war surplus radio equipment
available in this frequency range,
such as the BC-645 air-borne trans-
ponder beacon, has been found by
the FCC to fall far short of the re-
quired technical standards of the ser-
vice,

Technical Requirements

Two classes of licenses are issued
which authorize operation of a sta-
tion within the 460-470 Mc. citizens
band. Fig. 2 shows the allocation of
frequencies in the band according to
class of license. The Class A license
requires that the transmitter frequen-
cy be maintained constant to within
plus or minus .029% of the intended
operating frequency, and authorizes
operation throughout the entire band.
The Class B license permits frequency
deviations up to plus or minus .4%



of the mid-band frequency (465 Mc.)
and all operation must be confined to
this band. The maximum power input
to the final tube or tubes in the trans-
mitter for the three subdivisions of
the band is also shown in Fig. 2.

The technical requirements of the
Class A license effectively exclude all
but carefully engineered, crystal con-
trolled transmitters. No other known
method of transmitter frequency
control will dependably meet the
.02% tolerance specified. Since low-
drift quartz crystal oscillators are
available only at relatively low fre-
quencies, it is necessary to use a mul-
ti-stage transmitter to multiply the
crystal frequency to the required cit-
izens band frequency. The usual ex-
tent of such a crystal controlled trans-
mitter is illustrated in block form in
Fig. 3. It is common practice to ac-
complish the frequency multiplica-
tion in low power stages and use the
output of these to drive a high-gain
power amplifier at the output fre-
quency.

It is evident from Fig. 3 that the
Class A requirements may be most
easily met by stations operating at
fixed locations, or in the more elab-
orate mobile installations. The in-
herent complexity of the high stabil-
ity equipment and the accompanying
heavy power drain make the hand-
portable “walkie-talkie” type of op-
eration improbable. High quality
equipment is necessary for operation
near the edges of the citizens band to
avoid interference with important
commercial services on adjacent fre-
quencies. The recent allocation of
UHF television channels starting at
475 Mc. makes the good conduct of
stations in the Citizens Radio Ser-
vice even more imperative. For this
reason equipment meeting FCC ap-
proval must be as “fool-proof” as pos-
sible. Since it is intended for use
by non-technical personnel, no con-
trol effecting the frequency of trans-
mission should be accessible from the
exterior of the equipment housing.

It is the Class B license which is in-
tended to authorize the operation of
greatly simplified portable communi-
cation equipment which might be car-
ried on the person in the manner of
the war-time “walkie-talkie” or “hand-
ie-talkie” sets. This mode of oper-
ation has the greatest appeal to the
public and probably the greatest po-
tential field of application. The tech-
nical requirements of this license may
be met by relatively simple, light-
weight sets of the “transceiver” type,
in which the functions of transmitting
and receiving are performed by the

470 Mc.
CLASS A STATIONS
50 watts Maximum Input
468 Mc:
CLASS A AND B
STATIONS
10 Watts Maximum Input
462 Mc.
CLASS A STATIONS
( Fixed Locations Only)
50 Watts Maximum Input
460 Mc. -

CITIZENS -BAND
FREQUENCY ALLOCATIONS

FIG.2

same tubes. Fig. 4 shows the mini-
mum equipment requirement for such
a station in block form. The trans-
mitter is a self-excited oscillator, mod-
ulated by one or two audio amplifier
stages driven by a high-output micro-
phone. During receiving, the bias
and plate voltage on the oscillator
tube are switched to convert it to a
superregenerative detector. The an-
tenna remains coupled in the same
manner, and the audio section is used
to amplify the detected signal and
drive a small speaker or headphones.
The complete transition from “trans-
mit” to “receive” is accomplished by
a single switch or relay.

Although equipment of the trans-
ceiver type has been approved by the

FCC for use in the citizens band, very
careful engineering is required to
comply with the Class B regulations.
This difficulty is due to several in-
herent limitations in the performance
of modulated, self-excited oscillators
and transceivers in general. These
limitations may be listed as follows:

(a) Transmitter frequency insta-
bility. ‘The inherent frequency ‘sta-
bility of most self-excited oscillators
in the UHF range is very poor. The
frequency is effected by changes in
applied voltage, capacity changes
caused by thermal expansion of vac-
uum tube elements, changes in am-
bient temperature and humidity, ca-
pacity variations due to proximity ef-
fects, antenna loading variations, and
mechanical vibration. Voltage fluc-
tuations due to plate modulation
alone may cause frequency modula-
tion amounting to several hundred
kilocycles. The combined result of
such effects is to make it exceedingly
difficult to design an oscillator at
465 Mc. which will meet the pre-
scribed tolerances in the hands of the
public.

(b) Receiver radiation. The great
simplicity of the transceiver results
from the dual use of the tubes. How-
ever, when the transmitting tube is
used as a superregenerative detector
coupled directly to the antenna, a sig-
nal which is pulsed at the frequency
of quenching is radiated. This signal
is a potential source ‘of interference
to other citizens radio stations and
adjacent services. Receiver radiation
may be prevented by the addition of
an r. f. stage between the antenna
and the “superregen” detector, but
the presence of this stage complicates
the function of transmitreceive
switching considerably.

ANT.
L] L] L]
CRYSTAL 1 FRE(;LstE'NCY — FRE(%G%NCY 1 FRES[J%NCY = FINAL
SCILLATOR AMPLIFIER
0 MULTIPLIER MULTIPLIER MULTIPLIER
POWER SUPPLY MODULATOR

CRYSTAL- CONTROLLED UHF TRANSMITTER
F1G.3
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ANT. Mike
TRANSMITTING
OSCILLATOR, MODL(J)léATOR
SUPERREGENERATIVE AUDIO AMPUIFIER
DETECTOR
Phones

POWER SUPPLY

TRANSCEIVER BLOCK DIAGRAM
FIG.4

(¢) Transmit-receive frequency
difference. Due to the change in op-
erating voltage, there is a consider-
able difference between the frequen-
cy of transmission and reception in
most transceivers. This discrepancy
in frequency has the effect of causing
two stations in communication to drift
around the band unless the transmit-
ter of each is retuned to a given fre-
quency before every transmission.

Nevertheless, the transceiver pre-
sents a very inviting approach to the
problem of simple and economical
equipment for the Citizens Radio
Service, and the solution of its limi-
tations is a challenge to equipment de-
signers.

Propagation Characteristics

Because the citizens band alloca-
tion is in the UHF portion of the
radio spectrum, communication is
usually limited to virtual line-of-
sight distances. Stations using a few
watts input, as is characteristic of
stations of the “man-portable” kind,

are able to communicate for distances
ranging from a few blocks in very
populous city areas, to several miles
in residential districts having fairly
flat terrain. Over truly optical paths,
such as might exist between stations
operating at elevated locations, ap-
preciable distances may be spanned,
even with very low power. The pres-
ent record for amateur communica-
tion in the 420-450 Mc. band is 262
miles.

Waves at these frequencies are
attenuated considerably by dense fol-
iage. Antennas should, therefore, be
above tree-top level wherever pos-
sible. Because of the portable ap-
plications of the service, vertical an-
tenna polarization will be favored for
its omnidirectional properties.

There are also very pronounced
“shadowing” effects behind hills, tall
buildings, and other large obstructions
at these frequencies. In many cases,
however, reception at such sites may
be made possible by indirect path

SHQWING UHF COMMUNICATION BY REFLECTED WAVES
FIG.5

propagation of the type illustrated in

Fig. 5. By this means, radio waves
reflected by, other large obstacles may
reach the receiver by indirect routes.

Citizens stations using the high-
performance equipment specified for
the Class A license, and the greater
power permitted under these condi-
tions, should enjoy considerably great-
er dependability of communication.
The use of very stable transmitters
will permit relatively narrow-band,
high-gain superhetrodyne receivers
to be employed. The resulting im-
provement in receiver sensitivity
should enable this type of station to
communicate over distances several
times greater than those covered by
Class B stations. High-gain directional
antennas may be employed by stations
at fixed locations.

Commercial Aspects

The Citizens Radio Service repre-
sents a new field of endeavor for the
manufacturer and radio service man.
Since the licensing procedure for the
service is based primarily upon the
availability of commercially manufac-
tured equipment, a large potential
market exists for type-approved sets
which can be economically produced.
The high cost of satisfactory equip-
ment for two-way radiotelephone com-
munication is at present a major
drawback in the expansion of this
service. )

In a similar manner, citizens radio
provides a lucrative field for the ser-
vice man who equips himself with a
commercial radiotelephone license so
that he may legally engage in instal-
lation and maintenance of citizens
radio sets. As the service grows and
gains in popularity it should be pos-
sible for an enterprising technician to
build up a large clientele of citizens
band licensees. Since the service man
will have to assume responsibility for
the proper functioning of the equip-
ment under his care, it will be neces-
sary for him to acquire sqme special-
ized test equipment, such as a precis-
ion UHF wavemeter, for this purpose.

ELEMENTARY BINARY ARITHMETIC

ITH the growing presence of
digital electronic computers
among us, more and more radio tech-
nicians are beginning to hear oblique-
ly about the binary number system
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and wonder why they have learned
nothing about it before. There is
good excuse for the perplexity, since
surprisingly little has appeared on the
subject in the books and magazines

customarily read by radio men. Many
technicians who have prided them-
selves on being reasonably well
grounded have thumbed through
mathematics textbooks, old and new,



and found no reference whatever to
the binary system!

A glance into the dictionary reveals
the word binary to mean “character-
ized by two things or parts.” From
this, we may infer, correctly, that bin-
ary arithmetic is in some way asso-
ciated with the figure 2. Indeed, the
binary system uses only two digits.
Now, let us see how this differs from
the method of counting we have em-
ployed most of our lives.

Our old standby is the decimal sys-
tem. Its base is 10 and its digits are
0,12 3,4,5 6,7, 8 and 9. This
is very handy because we have ten
fingers on which to count. In our
civilization, we have gotten along
famously with the base 10. It is pos-
sible to express any number by the
proper combination of the digits 0
to 9. However, when we attempt to
set up some forms of electrical count-
ing equipment in striet accordance
with the decimal system, we find our-
selves in need of a multitude of com-
ponents.

Here, the binary method comes to
our rescue. It is a base 2 system and
requires only two digits: 0 and 1.
In the binary system, all numbers
can be expressed by combinations of
zeros and ones. Just why should
this be handier than the decimal sys-
tem? Simply because it is an easy
matter to express the binary digits
themselves with a simple electrical
device which is either ON (1) or
OFF (0). Thus, an open switch or
relay denotes zero, while a closed
switch signifies 1. The same is true
of a tube conducting or cut off, a
crystal diode conducting or blocking,
a neon lamp ignited or extinguished,
etc., etc. A voltage or current like-
wise can denote 1 when high or posi-
tive, and zero when low, negative, or
off. The binary system operates
with fewer and simpler ecomponents.

Although a certain piece of equip-
ment, such as a counter, might op-
erate by the binary method, it still
can be made to give indications (such
as total count) in the easily-recog-
nized decimal notation.

In explaining the elements of bin-
ary arithmetic in this article, frequent

comparisons will be made with the
decimal system for the sake of clarity
or proof.

Rudiments of the System

Suppose that you have four sep-
arate on-off components (switches,
tubes, etc.), each of which is assum-
ed to indicate zero when OFF and 1
when ON. Table I shows how the
two states of these same four de-
vices can be employed to express
various decimal numbers.

In order better to understand this
table, let us consider the basic rules
of binary addition which may be stat-
ed as follows: 0+ 0 = 0,0 + 1 =1,
1+ 0=1and1l 4 1 = 10. This
last sum means simply that every
time 1 is added to 1, we write down
zero and carry the 1 to the next col-
umn to the left. An illustration will
serve to clarify binary addition. For
example, from Table I add 0101
(binary 5) and 0011 (binary 3):

BINARY DECIMAL

~ o101 5

+ 0011 + 3
1000 8

First, the two 1’s in the right-hand
column are added. This equals 10,
so we write 0 and carry 1 to the next
column to the left. This 1 must be
added to the 1 already in that column.
Again, this equals 10, so we write
0 and carry 1 to the next column to
the left. Adding this carried 1 to the
1 already in that column gives an-
other 10, so we write another zero
and carry 1 to the left-most column.
Now, this 1 is added to the zero in
that column, giving 1 which is writ-
ten. The answer is 1000, which by
reference to Table I is found to be
binary 8.

A careful examination of Table I
now reveals that each higher binary
number is obtained by adding binary
1 (0001) to the preceding number.
Try this out by starting with 1010
(binary 10) and successively adding

0001 (binary 1). You will obtain
1011 for 11, 1100 for 12, 1101 for
13, 1110 for 14, and 1111 for 15. If
you make another addition, you will
obtain 10000 (binary_16) which re-
quires five on-off devices for its ex-
pression — and we agreed at the be-
ginning that we have only four. So
binary 15 is as high as a 4-device sys-
tem will count. However, the econ-
omy and efficiency of the system is
realized when it is considered that
only four elements are needed to dis-
play from 0 to 15 events.

Any number may be expressed in
the binary system by choice and posi-
tion of the two digits repeated as
coefficients of powers of 2, just as
any number can be expressed in the
decimal system by choice and posi-
tion of the ten digits of that sys-
tem as coefficients of powers of 10.
For example: The decimal number
2548 means 2 X 103 + 5 X 102 + 4
X 101 + 8 x 100, Similarly, the
binary number 011010 means 0 X 26
4+ 1X244+1x2+0x22+1X
21 + 0 20, Table II lists the pow-
ers of 2 up to 225, and you can ob-
tain from this Table the decimal
numbers corresponding to the pow-
ers of 2 given in the preceding ex-
ample. Adding these discloses that
011010 equals 26:

25 =
24
23
22 =
21
20 —

]
O N O 0 & O

X X X X X

0
1
1
0
1
0

R

X

011010 = 26

You can prove this sum by return-
ing to Table I and adding binary 1
(0001) successively to binary 10 un-
til you reach 011010 which you will
find equal to 26.

A binary point is used in binary
notation just as a decimal point is
used in decimal notation. An ex-
ample is 100101.01 with six digits on
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the left and two on the right of the
binary point, although the digits
might increase in number without
limit on both sides of the point. We
have seen already that the digits on
the left of the point are coefficients
of increasing positive powers of 2
with 20 adjacent to the binary point.
The digits on the right are coefficients
of increasing megative powers of 2
with 2-1 adjacent to the point. The
example just given (100101.01) be-
comes:

25 =
24
23
22
21
20
2-1
22 =

32

+++++++
- O - O -0 O =
XXX XX XXX
Il
©oo0o—-0a»00

100101.01

i

37.25

Binary Addition

The addition of positive numbers
in the binary system already has
been explained in the preceding para-
graphs. While the addition of two
numbers has been given in each il-
lustration, the system is by no means
restricted to 2-number groups. Any
series of binary numbers can be
summed.

The only remaining case is the
addition of a positive and a negative
number. Consider, for example, the
addition of 0101 and -0010.

DECIMAL BINARY
5 0101
—2 —0010

1I’s to 0’s and each of its 0’s to 1's
and add 1. Thus, -0010 becomes:
1101 + 1 = 1110. Now if we add:

o101
+ 1110

10011

The technique is to change the sign
of the negative number, then comple-
ment this number, and add the result
to the positive number. To comple-
ment the number, change each of its
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Here, the left-most digit in the an-
swer is discarded. If it is 1, the sign
of the answer is positive, as in the
above case. The answer thus is
+ 0011, or binary 3 which satisfies
the condition of 52 = 3.

If the left-most digit is zero, the
sign of the answer is negative and
the result must be recomplemented
(the same process as the original
complementing) to give the correct
answer. This always happens when
a negative number is added to a small-
er positive number. Thus: Add
-—1000 (binary 8) to 0011 (binary 3):

0011 + (—1000) =
+ 1000 = 01011
—1000

oon

compiemented

Dropping the left-most 0 in the an-
swer (which merely indicates the
negative sign), and recomplementing
changes 1011 to —0101 (binary 5),
which is the correct answer. —8 —+
3 = —b.

Binary Subtraction

Subtraction is the same as the ad-
dition of positive and negative binary
numbers, as just described. For ex-
ample: Subtract 0100 (binary 4) from
1010 (binary 10). 1010—0100 be-
comes 101041100 when the negative
number (subtrahend) is complement-
ed and its sign changed. This equals

10110. The left-most digit, being a

‘1, indicates that the sign of the an-

swer is positive and is discarded,
making the answer +0110 (binary 6)
which is correct.

Binary Multiplication

Binary multiplication is carried
out in very much the same manner
as decimal multiplication, obtaining
partial products in the conventional
manner, but adding the latter in bin:
ary fashion. In binary multiplica-
tion, 0 ¥ 0=0,0 x1=0,1%0
=0,and1x1=1

As an example, multiply 0101 (bin-
ary 5) by 0010 (binary 2):

0101 = 5
xX0010 =

0000 10
o101
0000
0000

0001010 = 1010 = 10

Binary Division

Binary division is carried out in a
manner similar to decimal division,
as the following example will show:
Divide 1001 (binary 9) by 0100 (bin-
ary 4):

10.01 = ans.
0100 ) 1001
100
000100
The quotient 10.01 =
00X 2 = 0
+0X22 = 0
+1 X 21 = 2
+0X 20 = o0
+0X 2" =0
+ 1 X 22 = 0.25
10.01 = 2,25




DECIMAL
NUMBER

0
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TABLE 1.

BINARY
NUMBER

0000
0001
0010
0011
0100
0101
0110
o111
1000
1001
1010

Conclusion

After studying the rudiments of
binary arithmetic presented here, the
reader should be able, by setting up
for himself a number of practice ex-
amples for drill, to acquire consider-
able proficiency in manipulating this
invaluable new tool. A good work-
ing knowledge of the binary system
is essential to comprehending the
operation of digital electronic com-
puters and of other instruments, such
as counters, which utilize the digital
techniques.

20 ...
21 ...
22
23
24 .
25 .
26 .
27 .
28 .
29 ..
210

20,
212

TABLE II.
1 213, .
2 24,
4 215,
8 216
16 27,
32 218,
64 219
128 220
.256 221, .
512 222,
1024 223,
.2048 224 .

..4096 225

Pasitive Powér‘s

.8192
.16,384
..32,768
.65,536
.131,072
.262,144
.524,288
.1,048,576
.2,097,152
.4,194,304
.8,388,608

. 16,777,216
.33,554,432

of 2,
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A

AM detector test, 80
Air dielectric capacitors, 39, 40

Bandwidth, 4
Bifilar winding, 21
Blocking oscillator, 58
Booster station, 12
By-pass condensers, proper use of, 41-44
cathode, 42, 43
plate, 43
precautions, 43, 4
screen, 43

C

Capacitive feedback, 17
Capacitors, fixed, 39-41
air dielectric, 39
ceramic, 40, 41
electrolytic, 41
mica, 40
paper, 41
Cathode by-pass, 42, 43
Ceramic capacitors, 40, 41
Citizens radio service, 112-114
commercial aspects, 114
propagation characteristics, 114
regulations, 112
technical requirements, 112, 113
Class-B transistor amplifier circuits, 101
design and operation: 101, 102
Coefficient of coupling, 5
Colpitts oscillator, 19
Community antenna system, 14
Crystal diodes, 49-51
applications, 50, 51
construction, 49
crystal types, 49, 50
electrical advantages, 49
silicon crystals, 51
Current meter, 67, 68

D

D’Arsonval movement, 67
DC meter, 67-69
Differentiator circuits, 56

mutual inductance, 57
Diode clipper, 60

INDEX

Diode type resistor, 48

Discharge tube, 59

Distortion analyzer, 63~65
construction, 64, 65
using, 65

Distortion measurements, audio, 60-65
distortion analyzer, 63-65
harmonic wave analyzer, 61, 62
intermodulation analyzer, 62, 63
meter, 61
methods of measurement, 60-63

Distortion meter, 61

Distortion, types of, 60, 61

Dual LF. systems, 2
response curve, 3

Electrolytic capacitors, 41
Electrometer, application of, 72-77

capacitance and resistance measurements, 77

current measurements, 74-76

voltage measurements, 75, 76
Elementary binary arithmetic, 114-117

addition, 116

division, 116

multiplication, 116

subtraction, 116

F

Ferroresonant circuits, 34-38
flip-flops, 35-37
response curve, 35

Filamentary devices, 47, 48

Flyback supply, 7

G

Generators and non-linear shapers, 57-60
Geiger counters, 104-109

typical circuits, 105-109
Germanium diodes, 50, 51

H

Harmonics, 10, 23, 24, 61, 62
checking of, 24

Harmonic checker, 10

Harmonic wave analyzer, 61, 62

Hartley oscillator, 18-20
grounded plate, 20
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High-voltage supplies, 6-9
filter circuit, 7
fiyback, 7
pulse type, 8
RF supply, 8

Inductive feedback, 16, 22

pentagrid circuit, 21
Industrial safety controls, 89, 90
Integrator circuits, 56
Intercarrier sound, 1-3

circuit, 3

response curve, 3
Intermodulation analyzer, 62, 63

J

Junction transistor, 95-99
cascaded amplifiers, 97, 98
characteristics, 95
circuits, 96, 97
oscillator circuits, 98, 99

L

Lead dress, 53, 54

Line filter, 10

Local oscillators, AM receivers, 20-24
requirements, 20-24

M

Meter accuracy, 69

Mica capacitors, 40, 41

Mounting circuit components, 51, 52
Multivibrator, 58

N

Negative resistance, 15

Noise generator, crystal type, 82-84
circuit of, 82
construction, 84
operation, 84

Non-electronic DC voltmeters, 69-72
construction, 71
sensitivity and resistance, 71
use of, 71, 72

Non-linear resistors, 44-48
diode type, 48
filamentary devices, 47, 48
thermistors, 47
thyrite, 44-46

Non-sinusoidal wave forms, 55-60

o

Ohmmeter, 68, 69

Oscillators, 15-31, 98, 99
AM receivers, 20-24
bifilar winding, 21
Colpitts, 19
definition of, 15
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Oscillators—continued
dual triode, 22
frequency stability, 22
Hartley, 18
pentagrid, 21
tracking, 24-27
transistor, 98, 99
tuned grid, 16
tuned plate, 16
tuned plate tuned grid, 17
VHF and UHF, 27-31

Overdriven amplifier, 59

P

Paper capacitors, 41
Passive TV relaying, 13
Passive wave-shaping circuits, 55-57
Photoconductive cells, 90
Photoelectric cell applications, 87-90
counting system, 8%
gages, 90
industrial safety controls, 89, 30
Photoelectric counting system, 89
Photoelectric gages, 90
Phototubes, 88, 89
Photovoltaic cells, 90
Plate by-pass, 43
Printed circuits, 90-92
connecting wires, 91
printing techniques, 91
on tube envelope, 91
servicing, 92
Propagation disturbance notices, 85, 86
Pulse type high-voltage supply, 8

R

Reception at shadowed locations, 12-14
Regulated power supply, 32-34
construction, 34
design considerations, 33
theory of operation, 32
Relaxation oscillator, 37, 58
R.F. high voltage supply, 8

S

Satellite stations, 13

Screen by-pass, 43

Semiconductor diodes, testing of, 77-82
AC tests, 79, 80
AM detector test, 80
checking recovery time, 81, 82
DC tests, 78, 79
rectification efficiency, 79
television diode test, 80
visual test method, 81

Sequential flasher, 38

Servicing printed circuits, 92

Silicon crystals, 51

Single-sideband communication, 109-112
generating SSB signals, 110
linear amplifiers, 111



Single~sideband communication—continued

phasing method, 110
principle of, 109, 110
SSB reception, 111, 112
two-stage reception, 111, 112
Slug-tuned coils, 26, 27
Stagger tuning, 5, 6

T

Television diode test, 80
Television interference filters, 9-11
Thermistors, 47
Thyrite resistors, 44-46
circuits, 45, 46
Tracking, oscillator, 24-27
circuit, 25
error curve, 25
Transistors, 92-104
amplifying crystal, 92-95
base-collector curves, 100
basic circuit, 93
characteristics, 94, 95
class-B amplifier, 99-102
emitter-collector curves, 100
junction, 95-99
load lines, 102-104
maximum power output, 104
Transmission line tank circuit, 31
Transmitter filter, low pass, 11
Tuned circuit feedback, 18, 19
Tuned grid feedback, 16
Tuned plate feedback, 16
Tuned plate tuned grid circuit, 17

TVI, 9-11
causes of,9
reduction at receiver, 11
reduction at transmitter, 9, 10
TV receiver filter, high pass, 11

U

Ultraudion circuit, 29-30
hairpin tank, 30, 31
used in TV, 30, 31

Using standard time and frequency broadcasts, 85-87

accuracy of transmissions, 86
audio frequency comparisons, 87

calibration, low frequency R.F., 86, 87

carrier frequency checks, 86
methods of comparison, 86

\4

VHF and UHF oscillators, 27-31
circuit construction, 29, 30
problems, 27, 28
size, 28, 29
transmission line tank, 31
types of circuits used, 30, 31

Video LF. amplifiers, design of, 4-6
bandwidth, 4
response curve, 5

Voltmeter, D.C,, 68

w

Wiring and cabling, 52
Wiring techniques, 51-54
WWYV and WWVH, 85, 86
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