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An Experimental Flying-Spot Store for Electronic Switching
C. W. Hoover, Jr.
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Miniature Crystal Filters

On ‘“deck” of cableship model erected at
Chester, New Jersey, M. E. Campbell,
T. C. Barlow, K. R. Biexma and

C. H. Chase watch transporter retrieve
cable from “overboard” (see p. 399).



J.J. Madden makes adiustmeints on the laboratory plates removed, sonte of the lerses which form nine
model of an early fying-spot store. With cover channels can be seen. Catlode-ray tube is at top.
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An Experimental Flying-Spot Store

For Electronic Switching

A number of new electronic storage devices
and memory systems have evolved over the past
ten years. These electronic memory systems gen-
erally have the special attributes of small size and
high speed. On the basis of the progress made
recently on such syvstems, it appeared likely that
electronic memory elements suitable for use in
telephone switching could be developed. This was
one of the important factors which led to the
development of an experimental electronic switch-
ing system (ESS) at the Laboratories ( RECORD,
October, 1958).

In general, switching systems require two
kinds of memory to control the operations required
in establishing and taking down telephone con-
nections. First, they must have a small, temporary
memory for storing momentarily useful informa-
tion like the number of the called telephone. In
the experimental ESS, an electronic device called
a “barrier-grid store” { RECORD, June, 1956) fur-
nishes this temporary memory. The switching
system must also have a large semi-permanent
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memory for storing its basie operational routine
and number-translation information.

For electronic switching, the engineering stud-
ies that preceded its development indicated that
an electro-optical system, now known as a “flying-
spot store,” would be a suitalle device to perform
certain semi-permanent memory functions. This
article will be concerned with some of the funda-
mental concepts underlving the design of the
flying-spot store for an early experimental model
of the ESS.

The system plans for initial development called
for using this memory system primarily for
storing translation information. For instance,
it would translate the directory numbers that
customers use into “equipment” numbers, an
arbitrary designation used by the switching
machinery to speed and simplify the handling of
calls., In most electromechanical systems, this
translation is semi-permanently ‘“wired-in.”

As the development of ESS progressed, how-
ever, a basic change was made in the central



control, and this decision seriously affected the
basic design of the flying-spot store. Specifically,
the central control was changed to a “stored” pro-
gram system from a wired-program-type central
control. The data required for this program,
which in effect controls the entire operating pro-
cedure of the system, were to be stored perma-
nently in the flying-spot memory.

Thus, the flying-spot memory system now stores
two kinds of information: (1) the permanent
program for the central control, and (2) the less
permanent translation information. Storage of
the central-control program in the flying-spot
memory put an additional, and at the time, strin-
gent premium on both speed of operation (accessi-
bility) and capacity.

These, then, are the general functions and re-
quirements of the flying-spot store in the ex-
perimental ESS. A logical place to start the
story of its design is with a fundamental under-
standing of a basic, single-channel photographic
storage system.

The essential features of such a system are
shown in the diagram on this page. Information,
coded in the form of very small opaque and trans-
parent areas, is stored on developed photographic
film. A transparent area may be thought of as a
binary “1” and an opaque area as a binary “0.”
Thus, each area represents a single binary “bit”
of information. Data coded in this way are read
from the film by a light beam generated by a
movable spot on the screen of the cathode-ray
tube. The light beam from the spot on the screen
is focused in the film plane by the objective lens.
Light in this focused beam, passing through the
film plane, is converted into an electron current
in the photo-cathode of the photo-multiplier tube.
This current is amplified and appears as output
current from the photomultiplier.

When the light beam is blocked by an opaque
area on the film, no current flows in the output
circuit of the tube —a binary “0.” Light pass-
ing through a transparent area on the film plane

CATHODE-RAY TUBE

The basic single-channel storage system. Spot for
reading ont stored information can appear at any

results in an output current — a binary “1.” The
position of the focused beam of light on the film
plane depends on the position to which the spot
is moved on the cathode-ray tube screen. In turn,
the desired position of the spot is controlled by
the voltages applied to the deflection plates of
the cathode-ray tube. In other words, the film
plane stores the information in proper binary
form; and the photomultiplier converts the light
signals representing 1’s and 0’s to electrical sig-
nals and transmits the information to the sys-
tem in a form it can use.

In a simple, single-channel storage system of
this kind, the capacity of the memory depends on
two factors: (1) the size of a spot on the cathode-
ray tube screen that represents an individual
bit of stored information, and (2) the size of
the working area of the cathode-ray tube screen.
For example, if the effective spot diameter is
0.020 inches on a cathode-ray tube with a work-
ing area 5 by 5 inches, each row and column of
the array may contain 250 non-overlapping spots
(5/0.020), and can therefore store 250 bits. Total
storage capacity of such a single-channel system
would be 2502, or 62,500 bits.

Drawbacks of Single Channel System

This is a relatively large number and would
seem to be a considerable amount of stored in-
formation. However, a small telephone switch-
ing system may require from 500,000 to one mil-
lion bits for translation information alone.

To store this much information in a single-
channel system would require an array of from
700-by-700 to 1,000-by-1,000 spots on the screen
of the tube. No cathode-ray tube meeting this
resolution requirement was immediately avail-
able. Two other important requirements for the
design of a high-capacity, single-channel mem-
ory also indicated that such a system was not
feasible.

The first of these requirements was beam posi-
tioning. Briefly, this was a problem of tolerances.

FILM
STORAGE
PLANE
7
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OBJECTIVE -~
LENS PHOTOMULTIPLIER

DETECTOR
AND AMPLIFIER

position in the spot array, which is the square
area sketched on the face of the cathode-ray tube.
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The heart of the problem lies in the fact that
the reading beam from the cathode-ray tube must
be very accurately positioned at or very near the
center of the storage spot. If the beam strays even
. glightly from this position, ambiguous informa-
tion may be read out. The design goal in this re-
spect was to position the reading beam in the
center of the spot to be read within one-tenth
(plus or minus) of the spot diameter. To achieve
this accuracy at each spot in a 1,000-by-1,000 ar-
ray, the beam-positioning system would have to
be accurate to 0.01 per cent.

In somewhat more tangible terms, accuracy of
this order meant that the accelerating voltage for
the electron beam would have to be regulated to
0.01 per cent, since deflection factor is linearly pro-
portional to this voltage. In fact, the accelerating-
voltage tolerance would have to be still smaller,
since it would be necessary to accommodate some
departures from perfection in all of the other ele-

A d

CATHODE-RAY
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Arrangement of lenses, storage-plates and photo-
detectors in the multi-channel system. The light,
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ments of the beam-positioning system. Thus, the
high-capacity, single-channel system imposed
tolerance requirements on the components and op-
eration of the system that would be very difficult
to obtain and to maintain.

The second factor which forced a radical modi-
fication of the originally proposed single-channel
system was the requirement for high-speed op-
eration. In the ESS application, this requirement
had two facets. As with most digital systems,
stored information from the flying-spot memory
is used in the form of “words” of several bits
each — typically, 19 to 25 bits. But in a single-
channel system, data can be read out only one bit
at a time. Also, when the program information
for the central control was added to the data al-
ready stored in the flying-spot store, the fre-
quency of reference to this memory was increased
by a factor of several hundred. An additional
premium on speed is imposed on the central con-

TU ULTlp
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or absence of light, from an area on each storage
plate produces one bit of a multi-bit order word.
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trol during the “busy hour,” because it must keep
up with traflic in all instances.

The solution of these two problems — beam-
positioning accuracy and speed of operation —
resulted in the present form of the flying-spot
store. The problem of accuracy in beam position-
ing was solved by the development of a beam-posi-
tioning system based on the feedback principle.
The problem of operating speed, and the collateral
problems of high capacity and resolution require-
ments for the cathode-ray tube and the optical
system, were solved by the introduction of a num-
ber of parallel optical channels that are read
out simultaneously. This arrangement also ulti-
mately reduced the requirements on beam-posi-
tioning accuracy, since the required total capacity
could be achieved with fewer spots on the screen
of the cathode-rayv tube.

The parallel-channel optical arrangement de-
termined to some extent the type of feedback sys-
tem developed for beam positioning, so it is logical
to discuss the multi-channel concept first. The
parallel-channel arrangement used to increase
storage capacity is shown on the previous page.
As the sketch shows. this early system has
nine optical channels, arranged around the sur-
face of a cone projected from the center of the
cathode-ray tube. The objective lens in each chan-
nel focuses on its associated film plane an image
of the bright spot on the screen of the cathode-ray
tube. Each channel has a photomultiplier tube for
read-out, so that a single beam-positioning opera-
tion in the cathode-ray tube results in the readout
of nine bits in parallel, rather than only one as
in the single-channel system.

In the experimental electronic switching sys-
tem in which this version of the flving-spot store

HORIZONTAL
INPUTS

tion channel similar to one in first sketch. The
elements of the servo system are above and beluw.

{(Model I) was used, most words were made up of
18 bits. Two beam-positioning operations, then,
were required to read out an entire word, as op-
posed to 18 in a single-channel system.

This is of course a great increase in speed as
well as in storage capacity. Actually, the capacity
of the multiple-channel system is the product of
the number of channels by the number of bits
stored in each channel. The number of bits per
channel is restricted only by the number of spots
in the spot-array on the face of the tube.

How Capacity Was Increased

Increasing the storage capacity by adding chan-
nels, therefore, does not require more stringent
resolution requirements for the cathode-ray tube
or the optical syvstem. Also, the requirements on
the accuracy of the beam-positioning system for
the cathode-ray tube can be reduced in propor-
tion to any reduction in the number of spots in
each row of the array.

Historically, the multiple-channel concept was
devised to ease the requirements on cathode-ray
tube resolution and to increase storage capacity
prior to adoption of the stored-program mode of
operation. The increased requirements on both
speed and capacity imposed by the stored-pro-
gram concept then made it imperative that the
parallel-channel arrangement be adopted and im-
proved,

At the start of the development of the flving-
spot store, measurements were made of (1) the
total flux (light) available from a spot on the
face of the cathode-ray tube of the size deter-
mined by the per-channel capacity, and (2) of the
flux required by signal-to-noise and sampling
time considerations at the photocathode of the
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photomultiplier. These measurements showed that
each lens was required to pick up only a very
small fraction of the light from the spot to pro-
vide a sufliciently high level of fiux at the photo-
cathode, even in the case where the maximum
light level was required. Maximum light would
be required for the minimum sampling time —
0.1 microsecond.

Translated into optical requirements. this
means that lenses of hizh f number. or low light-
gathering power, operated at a magnification of
less than unity, will suffice as objective lenses. This
basic condition makes the multi-channel system
very attractive, since it permits great flexibility
in such factors as number of channels and other
system arrangements.

In the multiple-channel system, one or more
bits of each word (either program or translation)
are stored on each of the nine photographic
plates. Later versions of the flving-spot store have
arrays of up to 50 storage plates, Although Model
I has two bits of each word located adjacently on
each plate, it is usually possible to make the num-
ber of channels equal the number of bits in a word
80 that a single beam-positioning operation reads
out the entire word in parallel. For this reason,
the information to be written into the store is as-
sembled and exposed on the film storage-plates
with the “addresses” of the spots in sequence.
Actually, the flying-spot store is designed to ex-
pose its own plates from a pre-arranged and
slowed-down sequence of the addresses of the
stored "I's” or “o0's,”

The second major drawback of the single-chan-
nel store was difficulty in obtaining rapid, ac-
curate, and reproducible positioning of the elec
tron beam. This problem, which was the key to

CATHODE -RAY
TUBE

Details of the beam-positioning encoding system.
Cylinder lenses form a live image rather than an
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the feasibility of a flying-spot memory system,
was overcome by designing a beam-positioning
svstem which uses the feedback principle. This
feedback, or “beam servo,” system provides ex-
treme accuracy in beam positioning and long-term
positional stability. The feedback system per-
forms these two important functions by locking
an image of the beam to a pair of reference edges
at each position in the spot array. To do this,
beam position is sensed optically and the actual,
or existing, position of the beam and the re-
quired position are compared. An “error’ signal
is generated by this comparison. The error signal
is then used to drive the beam of the cathode-ray
tube to the desired position.

The feedback arrangement used in the flying-
spot store is shown in very simplified form in the
diagram on the opposite page. A basic memory
channel is shown in heavy lines and the feed-
back arrangement is shown in lighter lines.
In this system, two important elements have been
added to generate the necessary error signal.

The first of these is an optical beam encoder
which provides information on the beam position
at all times. The optical beam encoder consists of
two identical sections, one of which provides the
X axis (horizontal) beam position and the other
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#

image of the spot. This line image then moves
across the code plate, indicating the spot position.



other furnishes Y axis (vertical) beam position.
They operate independently and the basic mode of
operation can be understood by considering either.

As shown in the sketch on the previous page,
the cylinder lens in the Y axis, or vertical-posi-
tion section of the encoder, forms a horizontal
line image of the spot on the cathode-ray tube
screen in the plane of the code plate. Now con-
sider what happens with motion of the spot. As
the spot moves horizontally, the line image moves
left to right on the code plate at constant height,
and the areas of the code plate illuminated by this
image are therefore unchanged. provided the
line image is long enough to cover all the columns
in all horizontal positions used.

As the spot moves vertically, the line image is
scanned vertically along the code plate. Vertical
beam position is obtained by observing the pat-
tern of light signals transmitted through the
columns of the code plate. Thus, the signal from
the first column on the left indicates whether the
beam is in the upper half (light transmitted) or
lower half (no light transmitted) of the screen.
The signal in the second column then tells whether
the beam is in the upper or lower half of the side
of the screen indicated by the left-hand column.
That is, the second column locates the spot in
a horizontal quarter section of the screen. In a
similar manner, the other, smaller columns add
information until the beam position is defined to
the desired accuracy. Thus, six columns give 26,
or 64, discrete beam positions, and seven can de-
fine 128 positions.

A lucite light pipe behind each column of the
position code plate conducts light signals passing
through the column to a photomultiplier which
converts these light signals to electrical signals.
The light pipes are used because of the con-
venience they afford in optical and mechanical
arrangements. The horizontal beam-position en-
coder is rotated 90° around a horizontal axis
relative to the vertical beam-position encoder.

The second important element added to the
basic system to generate the error signal is the
digital comparator. Again, two identical units are
used and operate independently. The Y axis com-
parator compares the existing beam position ob-
tained from the vertical section of the optical
beam encoder with the required vertical position
presented at the input and generates a signal of
proper polarity and amplitude to drive the beam
to the address positions required.

Briefly, the over-all feedback system works like
this. Beam-positioning signals, both horizontal
and vertical, are sent to the deflection plates of
the cathode-ray tube through the comparators

and the integrating and deflection amplifiers. As
the beam moves toward the required position, the
encoders generate present-position signals that
go to the comparators. Here, the required-position
and actual-position signals are compared and the
resulting error signal is then used to move the
spot to the required position. In actual operation,
this sequence takes a fraction of a microsecond to
reach an adjacent spot and up to 20 microseconds
to reach any remote point in the array. Physically,
the optical beam encoder system is located in the
center of the cone formed by the nine output
channels. The entire flying-spot memory system
is arranged vertically in a single equipment cab-
inet, as shown in the photograph on page 366.

In addition to greatly increased accuracy in
beam positioning, the servo system makes the fly-
ing-spot store quite impervious to the effects of
vibration and extraneous electrical noise. This is
because the encoders and the storage plates are
located in the same plane, and the feedback loop
between them can compensate for relative move-
ment between cathode-ray tube and storage
plane.

Use in Very Early System

A flying-spot memory system that embodies
these basic principles was tested operationally in
an experimental switching system for some time,
and has demonstrated that it has the speed of op-
eration required in a full-sized central office. The
laboratory model of the switching system served
only a few lines so only 35,721 bits of stored data
(an array of 63 by 63 spots) were required.
Many specific design problems, not discussed in
detail here, were important to the over-all de-
velopment of the Model I storage syvstem and to
the formulation of fundamental design concepts.

In its present state of development, the flying-
spot store appears to be an excellent system for
storing large quantities of data semi-permanently.
It also shows promise of having a wide variety of
designs applicable to many different memory
situations.

Because only a fraction of the total equipment
is used for each information channel, the flying-
spot store is essentially a large-capacity device.
Only a few additional components and a very
small increase in power are required to add extra
channels, since most of the equipment is associ-
ated with the beam-positioning operation. This
very economical memory system appears to
have both the speed and the capacity needed for
the stored program and for storing the directory-
to-equipment-number translations in future elec-
tronic systems for telephone switching.
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E. D. Reed

The Variable-Capacitance
Parametric Amplifier

Low-noise amplification at microwave fre-
quencies has for many years been the undisputed
prerogative of vacuum-tube amplifiers. This pre-
rogative has not been seriously challenged by
the transistor, although great strides have been
made in extending its operations to ever higher
frequencies. Within the last two years, however,
we have witnessed solid-state art entering the
field of microwave low-noise amplification and
becoming firmly entrenched in it. Of the three
solid-state entries — the maser (RECORD, July,
1958), the variable-capacitance amplifier and
the variable-inductance amplifier — the first two
have already yielded results which make their
early application in practical systems an exciting
reality.

The present intensive technical activity and
widespread interest in this new field are readily
understandable, since lowered noise in amplifica-
tion leads to important improvements and econ-
omies in communication systems. The smaller
the noise contribution of the amplifier, the
smaller will be the degradation of signal-to-noise
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ratio as both signal and noise pass through the
amplifier. Thus, weaker incoming signals can
be amplified and receiver sensitivity is increased.
Increased sensitivity, in turn, can be used to ad-
vantage in many ways. It can result in a longer
distance between repeaters, for example, or an
increased total route distance of a radio-relay
system. Increased sensitivity is vital to the suc-
cess of various satellite communication schemes
now being considered. It is also of great benefit
to the radio astronomer. In the military field,
increased receiver sensitivity leads to improved
radar performance. In cases where transmitting
power has been pushed to the limit of present
technology, an increase in receiver sensitivity is
the only means available for further extending
the range of radar systems.

In the race for lower and lower noise, we
presently find the maser far in the lead, since
the noise associated with its basic amplifying
mechanism is negligibly small. Many applica-
tions, however, do not require and cannot bene-
fit from this ultimate in noise performance. For



these applications, the variable-capacitance “para-
metric”’ amplifier offers the advantage of sim-
plicity. Its noise performance lies somewhere be-
tween that of vacuum tubes and masers yet, in
contrast to masers, neither refrigeration nor a
magnetic field are required. If we are willing to
introduce a moderate amount of refrigeration,
that is, refrigeration to liquid nitrogen tempera-
ture, further improvements in noise performance
can be obtained.

This paper will deal primarily with the vari-
able-capacitance amplifier. Of the various types
of parametric amplifiers presently under in-
vestigation, this amplifier, using the variable-
capacitance effect in semiconductor diodes, has
clearly emerged as the most attractive. Because
it gave rise to such promising noise performance
within only a short time of its conception at
Bell Laboratories, it immediately aroused wide-
spread interest and attention. Electronic News
of November 10, 1958, for instance, listed some
three dozen laboratories in this country engaged
in various phases of work on variable-capaci-
tance amplifiers. This effort will undoubtedly re-
sult in important system applications in the near
future.

Parametric amplification using ferrites as
variable-inductance elements has been demon-
strated too, but noise figures have not been re-
ported as yet. Work is also in progress on vac-
uum-tube parametric amplifiers. Using the vari-
able reactance generated by a modulated elec-
tron beam, R. Adler of Zenith has been success-
ful in obtaining low-noise amplification in the
UHF band.

There are two basic types of variable-capaci-
tance amplifiers: the negative-resistance ampli-
fier and the up-conversion amplifier. Both types
were first demonstrated at Bell Laboratories, by

INPUT SIGHAL

M. E. Hines and A. Uhlir respectively (RECORD,
October, 1957). Uhlir, with Signal Corps sup-
port, also developed semiconductor junction di-
odes optimized for operation as low-loss, vari-
able-capacitance elements. The two types of am-
plifiers have in common the use of a variable-
capacitance diode as the active element and a
high frequency (“pump”) signal as the princi-
pal energy source. They differ, though, in their
mode of operation, in the applicable frequency
range, and in several other respects to be ex-
plained later.

Negative-Resistance Parametric Amplifier

Let us first examine the physical principles
involved in the operation of the negative-re-
sistance amplifier. Suppose we have at our dis-
posal a simple resonant circuit (See drawing on
this page). This circuit is unconventional only
in that one of the plates of the capacitor is
movable. It is clear that a small sinusoidal sig-
nal voltage of frequency s (top left in drawing),
applied to the terminals of this circuit, would
cause the charge on the capacitor to vary si-
nusoidally also. The reason is that the charge on
the capacitor equals the capacitance times volt-
age (Q = CV). Next, imagine that the upper
capacitor plate is pulled upward a small amount
whenever the charge is at a maximum, regard-
less of polarity. This maximum, of course, oc-
curs twice every cycle. The plate is returned to
its original position whenever the charge is zero
— again twice every cycle.

In other words, we are performing, with the
upper capacitor plate, a square-wave ‘‘pumping”
motion at twice the frequency of the applied
signal. The phase relationship has been so chosen
that the capacitance is always decreased during
that part of the cycle which finds the charge

CHARGE ON CAPACITOR
(FOLLOWS INPUT SIGNAL,Q=CV)

[l ] [ !

[

MECHANICAL MOTION OF

AMPLIFIED OUTPUT SIGMAL

Mechanical analogy to variable-capacitance am-
plification: top plate of capacitor is “pumped”

UPPER PLATE:
PUMP FREQ.= 2 x SIG. FREQ.

up and down at twice the signal frequency; ca-
pacitance is decreased when voltage increases.
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relatively constant. But for constant charge, the
Q — CV relation states that the voltage across
the capacitor is inversely proportional to the
capacitance. Hence, whenever we decrease the
capacitance, we increase the voltage and obtain
gain. This “pumping-up” of the signal voltage
is shown as an amplified output signal at the
bottom left in the drawing.

Another way to look at this amplification
process is to note that we always have to do work
on the circuit whenever we separate the plates
in the charged condition, since we have to over-
come the attractive force between the opposite
charges on the capacitor plates. No work is ex-
pended, however, in restoring the original plate-
separation, since this occurs whenever the charge
on the capacitor plates, and hence the attraction
between them, is zero. The energy transferred
from the external pump (not shown in sketch) to
the circuit provides the signal gain and internal
amplifier losses.

Why do we call this type of gain “negative-
resistance” gain? Because, like a resistor, this
type of parametric amplifier is a two-terminal
or single-port device. In the case of the familiar
positive resistance, the power reflected is always
less than the incident power. Conversely, we
speak of a megative resistance if the reflected
power exceeds the incident.

A well-known example of this kind of ampli-
fication is a child pumping-up the excursions
of a swing. Twice during each complete cycle—
that is, at both extremes of the swing — the
child will raise his center of gravity and lower it
during both downward phases of the swing.
Another example is the well known “button-on-
a-loop.”

Let us now turn to a practical high-frequency
amplifier. Here, of course, our capacitance is
varied electronically and the capacitance itself
is not a parallel-plate capacitor, but rather a
special kind of semiconductor diode — one in
which the terminal capacitance varies with the
applied voltage. We shall describe this diode
later. Depending on the operating frequency,
the environment of this diode may either be
coaxial or stripline circuitry or, in the micro-
wave range, a waveguide cavity.

Another important difference between the
idealized analogue treated earlier and a practical
situation pertains to the pump and signal fre-
quencies. We saw that for maximum energy
transfer from pump to circuit, the signal fre-
quency must precisely equal half the pump fre-
quency and must bear a definite and fixed phase
relation to the pump. This frequency and phase
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FREQUENZY = 3

IMAGE FREGQUENCY = p-=5

p L - -

A signal that is displaced from half the pump
frequency (a) results in 1 modulated output
(b), composed of components (¢) and (d). The
image frequency is symmetrical around p/2 (e).

relation is very difficult, if not impossible, to
maintain, since the incoming signal ordinarily
varies in both frequency and phase in a way
which is beyond the control of the receiver. If,
however, we are willing to settle for something
less than maximum energy transfer, such exact
control is not required. In part (a) of the above
drawing the frequency of an incoming signal
is marked s and the frequency of the pump is
marked p. As shown, s is somewhat less than
half the pump frequency, p/2. As a result of this
frequency difference, the sigrnal and pump will no
longer interact favorably all the time, but rather
will drift periodically into and out of the condi-
tion for favorable interaction. Hence, the ampli-
fied signal emerging from the amplifier will be
niodulated as shown in part (b). Separated into
its component sinewaves, this modulated signal is
the sum of two uniform signals. (¢) and (d) —
one at the signal frequency, s, and the other at
the frequency p-s. In (e) we have repeated the
frequency scale but have added the new fre-



quency, p-s. We note that p-s is as far above p/2
as 8 is below. Because of this symmetry, p-s is
called the “image” of the signal.

The generation of this third frequency is a
very important characteristic of the negative-
resistance amplifier: by introducing a signal
which differs in frequency from half the pump
frequency, we get back not only an amplified
signal at the signal frequency but an equally
strong signal at p-s. Two important facts to
bear in mind with this image signal —or as
some call it, the ‘“idler” — are these: First the
image signal is an inevitable by-product of this
type of amplification. Suppressing it would also
suppress the desired amplification of the signal.
Second, the closer the signal is to half the pump,
the closer the image will be to the signal, and the
more difficult it will eventually become to separate
signal and image by filtering. Consequently, the
amplifier must have enough bandwidth to en-
compass both the signal and its image.

In contrast to conventional amplifiers, this
type of variable-capacitance amplifier must have
twice the bandwidth occupied by the signal. It
therefore accepts and amplifies twice the normal
input noise. All the more surprising that, in
spite of this handicap, the over-all noise per-
formance of the variable-capacitance amplifier
is still better in some cases than the best we can
do with vacuum tubes. This is primarily due
to the small amount of noise contributed by the
semiconductor diode.

The reader may justly wonder at this point
how the various signals we have encountered
so far — namely the input signal, the amplified
output signal, the image and the pump—are un-
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scrambled and put to use. One neat method
makes use of another solid-state element, the
ferrite circulator (RECORD, August, 1957), illus-
trated in the drawing on this page. The signal
to be amplified is introduced at terminal 1, and
by the circulator action is guided to terminal 2.
Here, it enters the parametric amplifier, is am-
plified and re-emerges at terminal 2, together
with its image. Again, by the circulator action,
these two signals are guided to terminal 3, which
thereby becomes the effective output terminal.
Prior to detection, the two signals are separated
in a suitable filter network. The pump signal is
confined to the variable-capacitance diode and is
prevented from leaking into the output by means
of a sharp pump-rejection filter placed between
the parametric amplifier and terminal 2 of the
circulator.

Variable-Capacitance Effect in
Semiconductor Diodes

Until now we have assumed, without explana-
tion, the existence of an electronically variable
capacitance. Since this really is the heart of the
parametric amplifier, an explanation will next
be given of the variable — capacitance effect in
semiconductor diodes (RECORD, May, 1955). At the
top of the drawing on page 377 we see two sec-
tions of semiconductor material. In the n-type
section on the left, the circled plus signs repre-
sent fixed positive charges due to donor impuri-
ties, and the minus signs represent mobile nega-
tive charge-carriers or electrons. In the p-type
section, the circled minus signs represent fixed
negative charges due to acceptor impurities,
and the plus signs represent mobile positive
charge-carriers or holes. By themselves both
slabs are electrically neutral—that is, in the
n-type material the fixed positive charges are
neutralized by precisely the same number of
electrons, and similarly in the p-type material
the fixed negative charges are exactly neutral-
ized by the same number of holes.

Let us now go through the fictitious process
of forming a p-n junction by bringing the two
slabs into contact, as in part (b) of the draw-
ing, and observe in slow motion the events lead-
ing to the establishment of equilibrium.

With the p and n section in contact, electrons
will diffuse from a region of high to one of low
electron density — that is, from left to right.
Similarly, holes will diffuse across the junction
from right to left. As this diffusion proceeds,
the loss of electrons will render the previously
neutral n-tvpe section increasingly positive.
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Also, the diffusion of holes from the right to
left will render the p-type section increasingly
negative. The resulting potential difference be-
tween the two halves will set up an electric field
at the interface, as shown by the black curve in
part (c¢). This field is so directed as to oppose
and finally bring to a halt the diffusion of elec-
trons and holes across the junction. In addition,
the field will sweep clear of electrons and holes a
narrow region about the interface, thus giving
rise to the equilibrium distribution of electrons
and holes shown by the black curve of (d). The
central layer — also called the depletion layer
because it is devoid of mobile charge carriers —
may be thought of as a nonconducting or dielee-
tric region. Since it is bounded on both sides
by regions containing mobile charge-carriers —
that is, conducting regions — we may compare
the diode to a parallel-plate capacitor with a
plate separation equal to the width of the deple-
tion layer.

Suppose next that the junction is given a
slight reverse bias —a bias so directed as to
increase the potential difference between left
and right — the dashed tan curve in (¢). The
positive potential applied to the n-side will then
urge the electron distribution toward the left,
and the negative potential applied to the p-side
will urge the hole distribution to the right. This
will cause a widening of the depletion layer and
a decrease in terminal capacitance. Similarly,
a forward bias (solid blue curve) will urge the
electron and hole distributions toward each
other, the depletion layer will shrink, and the
capacitance will increase. Thus we have here
a capacitor, the terminal capacitance of which
will vary with the applied voltage.

It is very important to note that this varia-
tion in capacitance results from a very minute
motion of electron and hole distributions, and
that an actual flow of these charge carriers
across the junction is not involved. These are
the principal reasons why both the high-fre-
quency and low-noise performance of the vari-
able — capacitance diode are superior to that of
the transistor. In fact, the motion of charge
carrier distributions under the influence of the
applied voltage is so minute — only a few mil-
lionths of an inch — that transit-time effects are
completely negligible. These, of course, consti-
tute basic limitations in the high-frequency re-
sponse of transistors and many other electron
devices. What does limit the high-frequency
performance of the diode is an inevitable fixed
capacitance, which appears in shunt with the
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At a p-n junction, the region swept free of charge
carriers can be varied by changing bias voltage.
This action is electrically equivalent to changing
the spacing between the plates of a capacitor.

useful variable capacitance. This fixed capaci-
tance depends on the contact area of the diode,
the width of the depletion layer, the type of
encapsulation, and the applied bias. Together
with the series resistance of the diode, it deter-
mines the upper frequency limit for amplifica-
tion. At present, this limit lies in the 30-60
kme range for silicon p-n junection diodes of good
quality.

The series resistance of the diode, the value of
which depends primarily on the composition and
geometry of the bulk of the semiconductor ma-
terial, is the principal source of internal noise in
the parametric amplifier. Recent experiments at
the laboratories by Uenohara have shown that
this noise can be considerably reduced by refrig-
eration of the diode to liquid nitrogen tempera-
ture.

An experimental amplifier combining these
ideas and principles was built by M. Uenohara



M. Uenohara inspecting diode waveguide ap-
paratus used in work on parametic amplication.

of the Laboratories (RECORD, July, 1958). As illus-
trated in the drawing on page 379, it uses a vari-
able-capacitance diode in a simple waveguide
cavity. For this amplifier, Uenohara specifies a
useful signal band (thickened portion of re-
sponse curve) 4 me wide with a midband gain
of 20 db. For the reasons given earlier, this
signal band is well separated from half the
pump frequency.

How about its noise performance or sensi-
tivity? Because of the presence of the image
band, there is no one number which fully de-
scribes the noise behavior of this amplifier.
Rather, we must know whether the signal is
coherent, as in communications, or noise, as in
radio astronomy. Also we must have informa-
tion on the source temperature. For instance,
when a coherent signal originating from a room-
temperature source is introduced in the signal
band only, Uenohara’s amplifier will exhibit sen-
sitivity equal to that of traveling-wave tube
having a 5 db noise figure. However, when this
same amplifier receives signals from the cold
sky, such as from satellites, it will exhibit noise

performance equal to a traveling-wave tube hav-
ing a noise figure of 3.7 db. In still another
case, when the signal itself is noise, as in radio
astronomy, the same amplifier will have the sen-
sitivity of a 2 db traveling-wave tube. Here, the
“signal” may be introduced in both the signal
and the image band, so that the effective band-
width is now equal to the signal band. and not
twice this band as in single-sideband reception.

By placing the diode in a resonant cavity, it
is apparent that we can extract the highest gain
per diode, but we are at the same time paying
the penalty of a restricted bandwidth. This re-
striction can be eliminated by mounting the
diode in a nonresonant environment. Gain per
diode is thereby sacrificed, but over-all gain can
be recovered by using large numbers of diodes
in suitable arrays. These diodes then become
part of a transmission line and interact with
traveling signal and pump waves. R. Engel-
brecht of the Laboratories has built such an
“iterated” amplifier using 16 pairs of diodes in
a modified coaxial line. This amplifier has a
bandwidth of 200 mc at an operating frequency
of 600 mc.

The Up-Conversion Amplifier

The second major type of parametric ampli-
fier is the so-called ‘*‘up-converter.” It differs
from the negative-resistance amplifier in these
respects:

(1) The frequency involved here, in addition
to the signal frequency, s, and the pump
frequency, p, is the upper sideband, p 4 s.
In contrast, the negative-resistance am-
plifier uses only the lower sideband. p — s.

(2) In a well-known theorem, J. M. Manley
and H. E. Rowe of the Laboratories have
shown that gain in the up-converter is
proportional to the frequency ratio
(p -+ s)/s. Hence, to achieve reasonable
gain, the pump frequency must be many
times greater than the signal frequency,
whereas a ratio of only two was required
for the negative-resistance amplifier. This
requirement for a large ratio of pump to
signal frequency has restricted experi-
mental up-converter work to signal fre-
quencies in the UHF band.

(3) In the up-converter, the signal frequency
is inevitably shifted in the amplification
process, while in the negative-resistance
amplifier the amplified signal may be used
either at the original frequency or at the
lower sideband frequency.
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(4) The up-converter is a true two-port am-
plifier having unconditional stability,
whereas the negative-resistance ampli-
fier, being a single-port amplifier, requires
a circulator for stable operation.

With up-converters, over-all system noise figures
of less than 2 db have been achieved in the UHF
band. Such amplifiers have been built at the
Laboratories by Uhlir and at Airborne Instru-
ments Laboratories.

The Manley-Rowe Theorem, incidentally. sug-
gests still another type of parametric amplifier.
It is a hybrid between the negative-resistance
and the up-conversion types. In common with
the former, it uses the lower sideband, p— 5. In
contrast to the negative-resistance amplifier,
however. and in common with the up-converter,
the pump frequency is chosen many times higher
than s. The lower sideband signal at (p—»5) —

0,000 M0
FLMF " * e
e CIRCLILATER
t TISCE
z 4 M
P e -
[t}
FLMF, 0
2003 E
&
- - 1 - ——
0 5200 10,000

FREQUENCY IN MEGACYCLES PER SECOND

Top: the structure of M. Uenohara’s 5,000 mc
varitable-capacitance parametric amplifier. Re-
sponse curve shows that the operating region,
which is slightly off the center frequency of 5.000
me, yives a 4 me bandwidth with a gain of 20 db.

now also much higher in frequency than the
input signal — is the useful amplified output.
This operation has the advantage of higher gain
and better stability than the negative-resistance
amplifier. UHF amplifiers of this tvpe have been
built at the Laboratories by H. Seidel and G. F.
Herrmann and also by Workers at Federal Tele-
communication Laboratories. The application of
these low-noise amplifiers in scatter propagation
systems should offer attractive economies.

This review of variable-capacitance amplifiers
has been restricted to a description of broad
principles and a small number of representative
experiments. The intense industry-wide atten-
tion these amplifiers have received testifies to
their great potential. It is only a matter of time
before they will be extensively introduced into
the communications industry.
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Ground Broken for New
Building at Holmdel

Ground was broken at Holmdel, N. J.. in August
for the new Bell Laboratories building. Initial
occupancy for about 1.500 employees will start
late in 1961, although the plan provides for ul-
timate expansion to about 4,500 persons. The
Western Electric Company will construct the
building, expected to cost about $20.000.000. and
will hold title to the Holmdel property. as it does
to some other facilities used by the Bell Labora-
tories staff.

Noted architect Eero Saarinen has produced
a new design in consultation with Western Elec-
tric Company and Bell Laboratories engineers.
It is aimed at meeting the needs of modern
electronics technology while providing improve-
ments in comfort and in convenience of use by the
occupants.

The design uses four identical sections, sepa-
rated by courts. yet integrated into one rectangu-
lar building under a common roof and enclosed
in a metal and glass facade, The low weight of
the curtain wall achieves savings in the structural
design and foundations and in its mobility at the
time of any necessary additions to the initial
development.

The over-all construction costs will be con-
siderably less than reproducing conventional
laboratory facilities to accommodate an equal
number of employees. The compact design will
also produce real savings in operation and main-
tenance costs.

Inside the building, laboratory and office facil-
ities may be created and rearranged with flexi-
bility since the interior “walls” will be movable
partitions. The partitions can be arranged on
six-foot module lines to allow up to 5,000 square
feet of clear-span area without columns. Labora-
tory service facilities, including electrical, water,
gas and exhaust systems. can be brought to any
area of whatever size with ccmparative ease from
service cores spaced about 45 feet apart through-
out the building.

The interior offices and Laboratories face aisles
perpendicular to the routing of major foot traffic
around the walls of each section of the building.
The result will be a minimum of traffic within
work areas, yet with easy access to other offices
and floors.

Adequate parking facilities are located im-
mediately at each end of the building, and elliptic-
al one-way traffic circles which girdle the building
and parking areas will lead to four access roads.
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Photograph taken in computation center at the 704 computer. From the right: high-speed output
Murray Hill, N. J., locaiton of Bell Laboratories printer with data sheet, card reader, and lighter
showing input-output arrangements of the IBM colored tape units extending into the background.
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J. M. Manley

COMMUNICATING WITH
LARGE-SCALE COMPUTERS

The computation speed and storage capacity
of modern digital computers have increased con-
siderably in the past few years. This increased
speed and storage have made possible the solution
of problems that are so long and tedious that they
could not be tackled otherwise. Equally important,
these changes have also made possible much sim-
pler methods of using large-scale computers.

With these simplified methods, engineers and
scientists can now outline their problems in a
language very similar to the mathematics with
which they are familiar, and let the computer
translate this into a language it understands.
This article will describe, from an engineer’s
viewpoint, these improved methods for using com-
puters. It will not be concerned with the intri-
cate inner workings of the machines themselves.
The discussion will also point up the fact that an
engineer or scientist need not be a computer ex-
pert and his problems need not be long and in-
volved for him to take advantage, even occasion-
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ally, of the tremendous capacity for work of the
modern computer.

In solving an engineering problem, computers
use the same mathematical operations on the same
numbers that the engineer uses. The important
advantages of the computer are much greater
speed and reliability, particularly in doing a se-
quence of calculations over and over. These are
natural properties of any well-designed machine.

Hand vs. Machine Calculation

The large-scale computer, in addition to doing
arithmetic, controls the arithmetic operations and
stores numbers. So it is considerably more than a
higher speed, larger capacity desk calculator.
Computers are actually more like the combination
of an engineer, his paper and pencil, and the desk
calculator. They take over many of the tasks the
engineer previously performed himself, either
mentally or by using paper and pencil. To achieve
its over-all speed, the computer performs its own






