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Paul Leslie Hoover

REGIONAL DIRECTOR, 1951-1952

Paul Leslie Hoover was born in Mansfield, Ohio, on December 20, 1898. A
graduate of the Carnegie Institute of Technology, he received the M.A. degree
from Harvard University in 1923, studied abroad at the Universities of Berlin
Vienna, and Paris until 1924, and returned to Harvard where, in 1926, he was
awarded the D.Sc. in electrical engineering. He stayed on there as a research
fellow until 1927, when he was appointed assistant professor at the Case
School of Applied Science, Cleveland, Ohio. After an interim of nine vears of
teaching at Rutgers University, he returned to Case in 1939, where he has re-
mained as professor and head of the electrical engineering department.

Mr. Hoover is a registered professional engineer in the State of Ohio, and
has been active for many years as a consulting engineer, dealing particularly
with patent cases. The author of several technical articles, he has been granted
six patents in the fields of electronics and instrumentation.

Mr. Hoover joined the Institute as a Member in 1942, and became a Senior
Member in 1943. From 1942 to 1943 he served as Chairman of the Cleveland
IRE Section. He is a Fellow of the American Institute of Electrical Engineers,
and belongs to the American Association for the Advancement of Science, the
American Optical Society, the Franklin Institute, the Cleveland Engincering
Society, whose vice-president he was from 1945 to 1946, Sigma Xi, Tau Beta
Pi, Theta Tau, Eta Kappa Nu, and Gamma Alpha.
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The growth of The Institute of Radio Engineers has depended in large measure on the energy and enterprise and upon
the flexibility with which the Institute welcomed changes that improved its operations. Originally the activities of the In-
stitute were concentrated in one city. Then came the great change of establishing many Sections, one after another. Years
later the Regions were built up, thus forming an even larger, more democratic, and more effective Institute. Still more recently
the Professional Groups were established, thus enabling members interested in any particular field to find full opportunity
for conferences and publication. This opened up a new and even greater era for Institute activities and expansion.

The following guest editorial ably deals with this latest policy development in Institute affairs. It was written by a former
Chairman of the Cedar Rapids, Iowa, Section of the IRE, the head of the Hunter Manufacturing Company in Iowa City,

| who has also been a member of the Policy Development Committee and of the Board of Directors.—The Editor.

= 4 A e F - L. %

IRE Growing Pains

T. A. HUNTER

Since its creation several years ago, the Policy Develop-
ment Committee has been concerned with Institute problems
requiring deliberate and prolonged study. One of the first
problems upon which this Committee deliberated for many
hours was that of how the Institute might better serve its
members, and many opinions were sought from the various
strata of the IRE membership. In general, the question of the
PROCEEDINGS and publication of technical material received
méxchdattention, and was one of the first topics to be con-
sidered.

At that time the Professional Groups were in an embryonic
state and in need of some sort of adhesive force. The problem
of publishing technical material was also evidenced within
this new structure of the Institute.

After a detailed study of the mass of material which
was received in response to the Committee's provocative
approach, one fact emerged very clearly: Many readers in-
dicated that the PROCEEDINGS was not serving their needs
fully. Further study also disclosed the belief of these same
critics that the PROCEEDINGS should continue to publish the
best technical and scientific information offered by the pro-
fession. These conflicting views could be reconciled only by
the conclusion that more published material was needed.
Minor changes were suggested from this study, and the
Editorial Department made additional changes, with the
result that the PROCEEDINGS is even more widely accepted
as a fine technical journal, The Committee found a number
of sound reasons why it was deemed inadvisable to start a
second publication at this time.

For a number of years, the Cincinnati Section of the IRE
has held a Television Conference, and has made available
grcprints of all papers given at the Conference. Several mem-

crs of the Policy Development Committee have attended
these Conferences regular{;r and have proposed that this
inexpensive publication system could be adapted to the de-
sires of each Professional Group. Thus the publication problem
was approached from this viewpoint. A brief summary of the
Committee's proposals follows:

1. Every nfember of each Professional Group must first
be an Associate or higher-grade member of the Institute.

2. In order to encourage Professional Groups to grow, the
Board of Directors will authorize up to $1,000 for each Group,
for the purpose of publications or for conducting Group
symposia, provided that Group raises an equal sum vithin a
period of 18 months by means of assessments or by conducting
Group symposia. Two dollars per member per year seems to
be a reasonable assessment fee.

3. At present no paid advertising will be permitted in the
publications sponsored by the Professional Groups. (This
regulation is imposed to protect the advertising income of the
Institute.) Studies are being conducted to see if ways can be
found safely to modify this requirement.

During the 1951 IRE National Convention, many sug-
gestions were made by members of the Professional Groups
which called for the waiving of some of the requirements out-
lined above. This is as it should be. It seems to the author,
however, that for a trial period of several years it would be
wise to accept the fact that there are sound reasons for each of
the requirements, and that many hours of thought and work
have gone into the plan as it stands now. The rules are very
flexible, and the Headquarters Staff offers many helpful sug-

estions through the able assistance of L. G. Cumming,
Technical Secretary.

Just as in the beginning of the IRE therec were I{ogans,
Marriotts, and Goldsmiths, so now there are many capable
men in the profession who can provide the medicine to help
kill the growing pains which plague our professional society
at the present time. Be off with you in your microsecond
chariots! Let's progress in the direction of service to the
great foundation of the Institute—the average engineer. The
cash register will tinkle as soon as the Professional Groups
begin to send in technical material which helps the engineer
obtain more engineering “know~how” in his spccialized field
of activity.

The tsme has come for action, not words.
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1951 IRE Medal of Honor—Speech of Acceptance’

VLADIMIR K. ZWORYKINY, FELLOW, IRE

AM DEEPLY appreciative of the Award

of the Medal of Honor by The Institute

of Radio Engineers. It means to me more
than recognition of my past efforts by the
group of engineers who have shared in them
and are best qualified to judge them. I take
it as a challenge to those of us of the older
generation to look ahead and join with the
younger members of our profession in
blazing new paths in the effective use of our
knowledge and facilities.

Nothing could be more obvious than the
universal application of radio engineering in
present-day life. Radio, radar, television—
these touch every one of us. This may well
be a highly gratifying situation for the radio
engineer. Yet, it is to be hoped that he will
not be satisfied with self-admiration for his
accomplishment. Essentially, in these three
fields he is dealing with ground that has
already been won. This applies even to
color television, in spite of the numerous
difficulties in design and production which
remain to be solved.

It seems to me that it is the primary
function of the engineer to map out new
possibilities for growth of industry by

* Decimal classification: R040 XR594. Original
manuscript received by the Institute, April 5, 1951.
Presented, Annual IRE Banquet, March 21, 1951,

New York, N. Y., March 21, 1951.
t RCA Laboratories Division, Princeton, N. .

rendering possible new ways of fulfilling
human needs. The radio engineer has done
so in the past with great effectiveness in the
fields of communication and entertainment.
Far less attention has so far been paid by
him to medicine, even though the promotion
of health, the alleviation of suffering, and
the lengthening of life represent objectives
of primary importance.

The range of problems in medicine to
which electronic methods may be applied is
remarkably broad, embracing both diag-
nosis and therapy. As a matter of course,
their effective application demands close
co-operation between the biological scientist
or physician and the radio engineer through-
out. The proper distribution of effort will de-
pend on the nature of theindividual problem.

Even today, on this basis, electron
microscopes and television microscopy pro-
vide tools of great value for the study of
vital processes. Highly sensitive electro-
cardiographs and encephalographs are rou-
tine instruments for the diagnosis of heart
conditions and brain injuries. Here also, as
elsewhere in medicine, the application of
television methods can lead to increased
effectiveness: The television picture conveys
a specific piece of information about every
one of its component picture elements. By a
suitable modification of the pickup mecha-

RS

Polycasting”

nism it may equally well provide a map of
any other parameter, such as potential or
temperature. [n particular, maps of_ skin
potentials, varying with time, could picture
the character of a circulatory defect or
locate a brain tumor with an immediacy not
attainable with conventional instruments.

Television technique also makes possible
notable advances in electronic blood-
counting methods, promising increased
speed and accuracy in blood analysis. A care-
ful examination would doubtless reveal
many other ways in which electronic in-
struments could relieve the medical tech-
nician of routine duties. In radiology,
scintillation and Geiger counters even now
warn against radiation injury, and image
intensifiers protect patient and surgeon
against overexposure in X-ray fluoroscopy.

Yet, I am sure, this is but a sample of
what the electronic engineer might do, in
collaboration with the medical practitioner
and research worker, to advance health. In-
creased emphasis on this objective would
enhance the service of our profession to
mankind, broaden the base of the electronic
industry, and add to the personal satisfac-
tion derived from our work. As yet, the ap-
plication of electronics in medicine is new
ground. [t meets a universally recognized
human need. Let us cultivate it.

RAYMOND M. WILMOTTET, FELLOW, IRE

Summary—DPolycasting is a method applicable to very-high-
frequency and ultra-high-frequency bands for broadcasting a pro-
gram from a number of low-powered stations instead of from a single
high-powered one with the object of covering a continuous area. It
may be regarded as a special application of satellite operation, mak-
ing use of the fact that at high frequencies the signal intensity
varies over a wide range from point to point so that the service must
be evaluated on a statistical basis. The paper is a theoretical study
of the service obtainable.

It is shown that to provide a large percentage of the locations in
an area with good service requires far more power from a single sta-

I. THE NATURE OF POLYCASTING

N A PETITION presented to the Federal Com-
]:[ munications Commission by Paul A. deMars and
the author on November 30, 1948, it was pointed
out that excessively large powers would be required to

* Decimal classification: R583. Original manuscript received by
the Institute, October 16, 1950; revised manuscript received, March
S, 1951.

+ Raymond M. Wilmotte, Inc., Washington, D. C.

tion than from several stations. This effective power gain is over and
above the simple gain from better ‘‘illumination” of a large area
when served by several sources instead of concentrating all the
power at one point.

A special application of the system to serve rural areas is ex-
plained. It is there proposed to locate the component stations of the
polycasting system in small towns, so located that a rural grade of
service is provided by them in the area between them.

Estimates of service are given, taking into account ghosts and
signal intensity required to overcome noise. There is also laid out ten-
tative allocation of stations in two typical areas of the United States.

serve an area with television, particularly in the ultra-
high-frequency band. The petition was, in effect, a
memorandum urging the consideration of providing
service by a system termed “polycasting,” involving the
use of a number of low-powered stations on the same or
different frequencies instead of a single high-powered
station. The Federal Communications Commission re-
sponded to the petition by specifically naming polycast-
ing as an issue in the present television hearings. Addi-
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tional work by the author has evolved new concepts and
improvements on the system described in the petition.

Another term that has been used for transmitting the
same program from several stations rather than one is
satellite operation, but this term implies that satellite
stations are small relative to the main station, and gen-
erally indicates the case of a station some distance away
from the main station and operated for the purpose of
serving a new area with little or no regard to the service
in the area between the stations. It has also been applied
only at frequencies for which the signal intensity in a
small area does not materially vary from location to lo-
cation. Polycasting as the term is used by the author,
on the other hand, is specifically concerned in serving a
large, continuous area at frequencies at which the signal
intensity varies over a wide range from location to loca-
tion immediately adjacent to each other. There is, there-
fore, little relationship between service estimates for
satellite operation at low frequencies and the operation
studied in this paper.

The estimates given below show that there is a con-
siderable saving in power if a polycasting system is used
as against a single station. These estimates cover both
city, or heavily built-up areas where the service has to be
very good, and rural areas, where the obstructions are
mainly hills, and the service does not have to be of the
same high quality. Of special interest is the service to
small towns and rural areas because of the obvious eco-
nomic problem that arises of providing a costly service
to a small population. The only solution appears to be
to allow the operator in such a territory to serve a much
larger area than is reasonably possible with a single sta-
tion. With a polycasting system, that can be achieved.
The component stations are located in selected small
towns and designed so that the rural area in between
these towns is adequately served. Such a system has a
twofold advantage. It provides good service in towns
too small to support a television station, and it provides
service to a large sparsely populated rural area which it
is uneconomical to serve without the support of the
towns.

At low frequencies, such as the regular broadcast
band, the service is helped by the fact that the signal in-
tensity in a limited area is relatively constant. It may
vary over a wide range in time, but not in location. That
is an ideal condition for single-station operation. At high
frequencies, such as the television very-high-frequency
band, and even more so at the ultra-high-frequency
band, a major difficulty arises in serving an area in that
the signal intensity varies over a wide range from loca-
tion to location. Polycasting makes a virtue of this
handicap. In fact, the full advantage of polycasting rela-
tive to single-station operation is obtained only when
the signal strength varies widely with location.

This unexpected result becomes clear on examining
Fig. 1. There is shown, by the lowest line, a typical dis-
tribution curve of the percentage of locations within a
limited area in which the signal exceeds a specified in-

Wilmotte: Polycasting
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tensity. If there are two signals from two different
stations serving the area, at a location where one signal
is strong, the other signal may or may not be strong.
Presumably the antenna will be directed to receive the
stronger signal. Assuming that there is no correlation as
to location between the signals from the two stations,
and that each has the same distribution for the per-
centage of location versus the value of the signal
strength that is exceeded, it is possible to calculate the
new distribution with regard to location for the signal
strength exceeded by the stronger of the two signals.
Such a calculation results in the distribution shown by
the second curve for the case when the two signals have
the same median value. The other line corresponds to
the distribution when there are four uncorrelated sig-
nals of equal median value. This line corresponds to the
signal distribution at the center of a square with a sta-
tion at each corner and indicates the probability of a
certain signal intensity being exceeded by the strongest
of the four signals at that point.

When considering a system for broadcast service, it
will be designed to provide acceptable service to a large
percentage of the locations. The addition of one station
would be expected to produce the effect of doubling the
power or an increase of 3 db. Similarly the addition of

30,
]
\\\"«.

\\\'/;,o

u
C

»

<

FIELD INTENSITY (db.)
S

S
o

N

q
\\

SLOPE 42

il

T e 0

20 30 40

80 60 70 80 B0 95 85 9% 905 PNS  990Y
PER CENT OF LOCATIONS

Fig. 1—Effective increase of signal strength with polycasting due to
multiple signals at a location; slope 42.

three stations should increase the power four times or
6 db. But looking at Fig. 1, it is seen that for 90 per cent
of the locations the signal intensity exceeded in the
central area of the system is 14 db for two stations and
26 db for four stations above that which would be ex-
ceeded for one station. From a service point of view,
that increase in signal represents an effective gain in the
power received. It is seen that this effective gain is sub-
stantial and represents a large saving in power at the
transmitter.

The difference between Figs. 1 and 2 lies in the slope
of the distribution curve for location. In Fig. 1, the
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Fig. 2—Effective increase of signal strength with polycasting due to
multiple signals at a location; slope 27.

slope is 42 (for built-up areas); in Fig. 2 it is 27 (for rural
areas). The slope of the log normal distribution is de-
fined as the ratio between the 99-per cent point and the
50-per cent point.

Table I gives the effective gain at the center of a
square for a polycasting system consisting of four equal
stations located at the corners.

TABLE 1

EFFECTIVE POWER GAIN OF F1ELD AT CENTER OF A POLYCASTING

SysTEM CONSISTING OF FOUR EQUAL STATIONS LOCATED AT THE

CORNERS OF A SQUARE COMPARED WITH AN EQUAL STATION OF EQUAL
Totar POwER CONCENTRATED AT ONE OF THE CORNERS

Effective Gain

Slope of Location Distribution

Percentage of

Locations D SRR % S TR . e )
Slope 42 (City) Slope 27 (Rural
90 per cent 20 db 10 db
70 per cent 15 db 7db
12 db S db

50 per cent

At points other than the center of the square the gain
would be less than that given in Table I, but that is not
important because the signal intensity at the center is
the lowest of any point within the square. This result
means that either there is better service provided for a
given amount of power, or the size of the square can be
expanded to provide the same service but over a larger
area. What is actually decided upon depends on the con-
ditions. Generally when serving a city, emphasis would
probably be placed on improving the service, but when
serving a rural area emphasis would rather be put on the
size of the area.

The arrangement of polycasting stations in the form
of a square is convenient for discussion and description of
operation. If the stations operated on the same fre-
quency, there would be a problem of ghosts, particularly
within the square itself. The worst section would in gen-
eral be the area near the center of the square where the
signal intensities of each of the four stations are most
likely to be of the same order of magnitude. It can be
shown that with amplitude modulation as contemplated

July

at present, the ghost problem would eliminate most of
the locations near the center of the square as being satis-
factory for reception. This difficulty can be partly over-
come by using two channels. In the case of an arrange-
ment in a square, each pair of co-channel stations would
be located at the ends of a diagonal. Still better results
would be obtained if more than two channels were used.

All the estimates given below are based on using two
channels in each polycasting system.

The use of several channels to reduce ghosts in poly-
casting seems at first to the allocation engineer to be
exhorbitantly costly in frequencies. But on further con-
sideration that is not so, for the total power required to
provide satisfactory service is only a small fraction of
the power required to serve the same area with a single
powerful station. The interference to other stations will
be proportionately smaller, and closer spacing of sta-
tions becomes possible. The providing of two channels
to serve the large service areas is not likely to reduce the
total number of stations possible if polycasting is prop-
erly used. In fact, there is described below an allocation
which indicates that the uhf band has potential room
for multiple services while allowing two channels for
each operator. Limitations of channels is a problem es-
sentially limited at this time to the United States. In
England, for instance, it may be possible to use three or
even four channels to a program. The special problem of
ghost of polycasting would not therefore exist and it
would be expected that service could be provided with
good quality and relatively cheaply by means of care-
fully located low-powered stations.

The possible advantages of polycasting may be listed
as follows:

1. It provides a high and more uniform signal level
over the area (a) because the radiated energy is
more uniformly distributed than with a single sta-
tion; and (b) because of the large gain in the effec-
tive power for large percentages -of locations
(explained above, see Table I).

2. It fills in shadows by locating stations so that ob-
stacles receive signals from several directions.

3. Itreduces interference because low powers are used
in the available system.

4. It reduces blanketing because still lower powers
are used at each transmitting point.

5. It provides conditions more satisfactory for “built-
in” antennas because the signal is high and steel
structures do not effectively shield uhf.

6. It makes it possible to pattern the service to the
needs of the community, and plan expansion from
time to time when and where the community needs
it.

7. The initial cost is much lower for larger service
areas.

8. There is less fading at limit of service area.

Against these advantages are tc be considered two
apparent disadvantages.
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1. Ghosts. Ghosts are a problem when dealing with a
single station. They effectively produce a number
of locations of poor reception even when the signal
is strong. With two or more stations on the same
frequency the number of such locations will be in-
creased. Will the number of additional locations
rejected because of ghosts be greater or less than
the number accepted because of increase in signal
intensity due to polycasting operation?

2. Wider frequency band. If the present trend of
thinking is retained, whereby the picture is trans-
mitted by amplitude modulation, it appears neces-
sary to use two frequency channels for one service.
If the trend is reversed and frequency modulation is
adopted, there is a very good possibility that cir-
cuits will be devised able to separate signals more
nearly equal in intensity, thereby overcoming the
ghost problem. In that case it may be necessary to
increase the bandwidth beyond 6 mc, but probably
not beyond 12 nc.

These two objections are constantly kept in mind in
the discussion which follows. The effect of ghosts is con-
sidered in the estimates of service that can be rendered
with polycasting. The effect of the use of a wide band or
two bands for each service and the correlative compen-
sation of low interference is considered in an allocation
study for two important areas of totally different type.

Some cost figures are also given and a brief discussion
is presented of what might be possible should our ac-
ceptance of amplitude modulation be questioned and the
powerful weapon of frequency modulation become ac-
cepted for picture transmission.

I1. GHosTS

Although, to our eye, a ghost has a definite character,
as far as the receiver is concerned, it is merely an inter-
fering signal, like any other interfering signal. The re-
moval of a ghost involves therefore the same methods as
the removal of an interfering co-channel signal. The best
method is that which separates signals having a ratio
as close to unity as possible, provided that, in so doing,
undesirable features are not developed or emphasized.

The four possible methods of separating co-channel
signals are:

1. Using directional receiving antennas.

2. Adjusting the location of a simple receiving an-
tenna to take advantage of the difference in the
standing-wave patterns of the desired signal and
the ghost signal.

3. Using two or three different frequency channels
(in the case of polycasting).

4. Using FM or other type of modulation instead of
AM.

The effect that polycasting has of increasing the ghost
type of interference will not appreciably affect the size
of the service area, for at the outer boundaries of the
area the principal signal received will practically al-
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ways be a great deal stronger than the signal of any
other co-channel station of the system; but in the area
within the stations, polycasting will reduce the number
of acceptable locations because ghost type of interfer-
ence will be worse than with a single station. In the
estimates of service this problem has been taken into
consideration. The assumptions used in making these
estimates are given in the Appendix.

In estimating the effect of ghosts, it has been as-
sumed that when the ratio from two co-channel stations
of a polycasting system is more than 10 db, the picture
may be considered acceptably free from ghosts. (Part of
the reasoning leading to this figure given in the Ap-
pendix is based on obtaining a degree of separation of
the signals by the use of directional receiving antennas.)
The question may reasonably be raised as to why it has
been assumed that an amplitude separation of 10 db is
satisfactory for co-channel stations within a polycasting
system and a separation of 20 or 40 db between poly-
casting systems. The figure of 10 db is, as explained, a
guess. It is, I believe, a realistic guess, but there is no
field experience to prove it. It is reasonable to expect
that an owner of a polycasting system will endeavor to
engineer the location of his stations with special con-
sideration to providing the best service so that shadows
will be eliminated as much as possible. No similar
planning directed to reducing interference can be ex-
pected from the owner of a neighboring polycasting
system. For the same reason, the accuracy and main-
tenance of offset carrier or synchronous carrier, or of the
sync pulse, may be expected to be more accurate inside
a single polycasting system than between polycasting
systems. Generally speaking, it is easier to correct de-
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TABLE 11
COMPARATIVE POWERS OF POLYCASTING AND SINGLE-STATION OPERATION

i Fading at Extreme
Polycasting b . :
Gradtol Area (300 Feet) Single Station OFSGI’VlCC
Wyee.alfare Serviee ~ (Sguare Poly. ~ 'Sk
o) | Nombed Toal  awr  ser o Sl
Rural
Small (Fig. 5) A 1,400 4 8 kw 55 kw 30 kw
B 2,500 8 kw 80 kw 30 kw 15
C 4,100 120 kw 40 kw 9 db 15
Large (Fig. 6) C 5,500 4 8 kw 1,000 kw 300 kw 7 db 20 db
Very Large (Fig. 7) @ 19,000 12 12 kw 300 10° kw 200X 10% kw 7db 72 db
Cit
&rcu]ar (Fig. 8) A 1,100 4 8 kw 1,100 kw 340 kw
B 1,600 180 kw 50 kw
C 3,500 190 kw 40 kw 10 db 13 db
Elliptical (Fig. 9 A 46X 30 4 8 kw 4,700 kw 1,200 kw
A B 60<44 1,800 kw 400 kw
C 76X 58 850 kw 150 kw 7db 17 db

* The fading is given for height of 300 feet. At 500 feet, the fading is 3 to 4 db less.

fects in one’s own back yard than nuisances from one’s
neighbors. It is inherently appropriate, therefore, to
specify a greater amplitude separation between poly-
casting systems than between stations within a polycast-
ing system. More important is that such increased
protection between polycasting systems frees each
viewer to direct his attention more exclusively to reduc-
ing ghosts, whether they are caused by reflections or
come from a polycasting station.

Figs. 5 through 9 show the estimated service areas of a
number of examples of polycasting systems. The per-
centage of locations free from ghost type of interference

PERCENTAGE OF LOCATIONS RECEIVING SERVICE

0 15
RATIO OF COCHANNEL SIGNALS ('A°db)

Fig. 4—Four-station polycasting system with stations at corners of a
square. (Curves independent of distance between stations.) Per-
centage of locations receiving service at P versus required ratio
of cochannel signals.

are shown by the dashed lines and marked with the ap-
propriate percentage figure. If the rejection figure of
10 db should prove incorrect, these percentage figures
will change. The amount of the change can be roughly
gauged from Figs. 3 and 4.

I111. ESTIMATES OF SERVICE

The arrangement of the stations of a polycasting sys-
tem will depend primarily on the size of the area and the
grade of service to be given to it. For a city service, the
area is relatively restricted, but the quality or grade of
service should be high. The component stations of the
system should, therefore, be relatively close together, so
that the signal may be strong over the whole of the
densely populated area.

In a rural service, the reverse is the case. The grade of
the service can be relatively low, first, because it is not
economical to provide a strong signal where the popula-
tion is sparse, and second, because isolated houses can
effectively install antennas of good directivity and sub-
stantial gain.

Rural service by polycasting leads to the specially in-
teresting possibility of selecting small towns for the
location of the component stations of the systemn, so that
these towns will be served with a strong signal. The
rural area between them would be served by selecting
these towns carefully and planning the radiation from
the stations so that the whole area comprised within
these towns is served with at least grade-C service.
Such a service does not require the component stations
to be very close together.

There would seem to be little value economically in
putting the component stations of a system close to-
gether in a rural area. As will be seen from the estimates
given in Table II, this operation provides some gain
over a single-station operation, but that gain is small
compared with the gain obtained for city service or
large rural coverage.

L
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Fig. 5—Rural service, small area. Four stations, to kw, 300 feet;
slope of terrain distribution curve, 27.
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Fig. 6—Rural service, small area. Service by polycasting, 4 stations,
2 kw, 300 feet; slope of terrain distribution curve, 27

GRAOE OF SERVICE ~—~PERCENTAGE OF
LOCATIONS RECEIVING

3ERVICE.

TRANBATTEN LOCATIONS:
@ cuanmeL |
O CHAnNEL £

Fig. 7—Rural service, large area. Service by polycasting, 12 stations,
2 kw, 300 feet; slope of terrain distribution curve, 27. Service
within contour is greater than minimum signal for class C service
free from objectionable interference for more than 80 per cent
of the locations.
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Fig. 9—City, heavily built u‘p. Service by polycasting, 4 stations,
2 kw, 300 feet; slope of terrain distribution curve, 42.

The estimates given in Table II and in Figs. 5
through 9 are based on a polycasting system, one con-
sisting of small stations radiating 2 kw of power at a
height of 300 feet above surrounding terrain. Two chan-
nels are used with half the stations on each channel. The
general arrangement is a square with a station at each
corner, the co-channel stations being at the extremities
of a diagonal. The arrangement of the stations is shown
on the figures. The slope of the log normal distribution
curve was taken as 27 for rural areas and 42 for city. The
details of the data used are given in the Appendix.
Table Il shows the area of the polycasting service for
different grades, and the estimated power required from
a single high-powered station to serve the same area. In
the figures the solid lines indicate the field-intensity con-
tours. The dashed lines indicate contours for which a
specified percentage of the locations is acceptably free
from the ghost type of interference from the co-channel
station of the polycasting system. The percentage fig-
ures in the dashed lines depend greatly on the assump-
tions made as to the possible signal ratio required to
eliminate objectionable ghost type of interference due to
co-channel operation within a system. As explained, this
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ratio has been assumed as 10 db. If some other ratio is
used, the change in the percentage value can be esti-
mated approximately from Figs. 3 and 4.

Table II shows the saving in power that may be ob-
tained by polycasting. Grade-A service in a city and
grade-C service in a large rural area is estimated to re-
quire about 1,000 kw from a single station, compared
with a total of 8 kw with polycasting. As the polycasting
system is extended, the saving in power becomes fan-
tastic. With twelve stations in a polycasting system
radiating a total of 24 kw, it is estimated that class-C
service may be rendered to a rural area which would
require several hundred million kilowatts from a single
station.

The polycasting service is likely to be better, relative
to the single station operation, than shown by the dia-
grams, for three reasons:

1. Signal intensity. The signal is more uniformly dis-
tributed so that all over the service area the signal
is greater with polycasting than with single-station
operation, except in the immediate vicinity of the
station and at the boundary of the service area
where the signals are arbitrarily made equal. The
comparison of signal intensity inside the service
area is shown in Figs. 10 through 13.

2. Fading. The fading at the boundary of the service
area (grade C) is much lower for polycasting than
it is for single-station operation, so that in this re-
spect the polycasting service is superior. The com-
parative degree of fading for the two cases is indi-
cated in Table I1.

3. Interference. Each channel with polycasting radi-
ates very much less power than the single station.
The difference will permit closer spacing of sta-
tions and also reduce the very long, distance inter-
ference conditions that occur spasmodically. In
addition, the fact that the signal intensity is
greater over the area with polycasting increases
the desired-to-undesired ratio within the area.
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IV. STUDY OF ALLOCATION

A polycasting system is not limited to serving a circu-
lar area, nor is the area limited in size as it is with a

U VS
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single-station operation. A polycasting system can be
designed, therefore, to fit substantially with the great
variety of social, cultural, economic, and political areas
that make up the country. In any allocation that takes
these basic factors into account, the polycasting systems
used should vary greatly from one area to the next.
However, to simplify the study of an estimated alloca-
tion pattern, a simple polycasting system, consisting of
two channels with two stations having 2 kw of radiated
power at a height of 300 feet on each channel, has been
taken as the basic polycasting unit.

Two examples of possible allocations were studied.
One is designed for a typical midwestern area and the
other for the congested eastern area lying between New
York City and Baltimore, Md.!

For the first example, the section of the country taken
includes the cities of St. Louis, Mo., Kansas City, Mo.,
and Wichita, Kan. Each city in the area which has a
population of more than 100,000 was assigned as many
uhf polycasting services as are provided for it in the
proposed allocation of the Federal Communications

Commission, including those provided in both the vhf

and uhf band. After an adequate number of channels
was provided for these cities, the rest of the area was
studied with the view of serving the whole area with
grade-C service or better.

There are innumerable ways of providing this service.
On the basis of the arrangement selected it was found
that the whole of the rural area can be served with the
use of only nine channels.

The purpose of providing uhf services in the large
cities to the same number as is provided in the vhf band
in the proposal of the Federal Communications Com-
mission was to see if the uhf band was large enough to
carry all the services required in a truly complete na-
tional television service in the area studied. The results
indicated that several such national services appeared
to be possible.

Table 111 shows the channels that were allocated in
this study to cities of more than 100,000, and indicates
also the estimated possible number of services that
might be provided for cities and rural areas if all chan-
nels from 14 through 55 were used.

In making this study, the minimum separation of
polycasting systems in Figs. 21 through 24 was main-
tained with only a few minor exceptions. Also in accord-
ance with the concept explained previously, the indi-
vidual stations of a polycasting system were located as
far as possible in small towns. In some of the larger
towns, such as St. Joseph, Mo., and Lincoln, Neb., it
was arranged to have two stations belonging to different
polycasting systems designed to serve areas lying in
different directions from these towns.

! The maps showing the allocation that developed out of the study
were too large to be conveniently reproduced. They are on record in
the files of the Federal Communications Commission, Docket Nos.
87306, 8975, 9175, and 8976, Exhibits 290 and 291.
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TABLE 111
EXAMPLE OF POLYCASTING ALLOCATION MIDWESTERN AREA

Operation: Each service 4 polycasting stations, 2 kw radiated,
300 feet, two channels.

Shown on Figure Estimated Total

Possible
Area Served Number Number
of Channels of Channels
Services Services
Cities over 100,000
St. Louis, Mo. 6 14-36 10 14-52
Kansas City, Mo. 4 15-29 10 15-53
Omaha, Neb. 3 14-24 6 14-36
Des Moines, lowa 3 14-24 6 14-36
Wichita, Kan. 3 14-24 6 14-36
Davenport, lowa 2 15-21 4 15-29
Peoria, I1l. 2 15-21 4 15-29
Other Areas 1-2 14-22 4-6

The population within each polycasting system is
given approximately in Table I'V. It is seen that a sub-
stantial population is served by each system.

TABLE 1V

APPROXIMATE POPULATION SERVED BY ONE
POLYCASTING SYSTEM—RURAL SERVICE

State Population
I1linois 100,000
Iowa 200,000
Kansas 105,000
Missouri 150,000
Nebraska 66,000

For the second example, the congested area lying be-
tween New York, N.Y., and Baltimore, Md., the alloca-
tion was designed to provide grade-B service over the
whole area. Here again, all cities of over 100,000 popu-
lation, of which there are sixteen, were provided with as
many services as was proposed by the Federal Com-
munications Commission for the vhf and uhf bands com-
bined. An exception was made for New York, which was
provided with ten channels, four more than were pro-
posed by the Federal Communications Commission.
For the rest of the area, polycasting stations were lo-
cated, whenever possible, at the more important popula-
tion centers.

A deviation from the simple basic polycasting system
of locating the station at approximately the corners of a
square was used in one case on Long Island, where the
service from a number of stations in a line was an
ellipse. To serve the Scranton—Wilkes—Barre, Pa., area,
a similar arrangement would probably be used.

It would be desirable for some of the services in cer-
tain large cities to include the city proper plus an area
extending in one direction, while other services will in-
clude areas in another direction. Such an arrangement
would make it possible to bring adjacent polycasting
systems closer to the city. For instance, in the case of
New York City, if a polycasting system were established
in New Jersey starting at Asbury Park and going south
along the coast, a New York City system could be es-
tablished on adjacent channels, but designed to spread
its service toward Long Island or Westchester County




748

and deliberately restrict its service in New Jersey. For
similar reasons, some New York services would spread
into New Jersey to allow adjacent channel systems to
serve Long Island or Westchester County.

The study indicates that few areas would be limited
to two services only.

V. OPERATION

In the operation of a polycasting system the program
would be originated at one of the stations which would
become the “master” station. From that station it would
be relayed to the “slave” stations. In relaying, there is
no need to demodulate the signal. That would probably
introduce more noise than is necessary. All that is nec-
essary is to change the frequency and amplify. The
operation may be achieved through the use of a radio
relay link operating in the thousands of megacycles.

In many cases a simpler method would be available
since in the polycasting system described two channels
are used. A “slave” station on one of the channels could
obtain its program by receiving the signal from one of
the stations of the system operating on the other
channel, changing the frequency to its own channel, and
amplifying.

V1. Costs

In order to estimate costs, inquiries were made of the
principal manufacturers of the cost of the equipment of
a “slave” station. The request was worded as follows:

“I think we should assumed for the purposes of estimating a price
that polycasting is an accepted mode of operation so that the small
slave installations would be built in reasonable quantities. The engi-
neering design cost should therefore be substantially eliminated.

“A slave station would operate by picking up a signal from
another station by means of a dish on the 300-foot tower, changing
the frequency to that of another television channel and amplifying
to about 100 watts, and then carrying that power to a broadcasting
antenna on the top of the same tower having a gain of some 16 db
(this figure was reduced to 11 or 13 db in a subsequent letter) so as
to radiate about 2 kw. The equipment would consist at each of these
stations, of:

“1. a receiving dish

2. 350 feet o% receiving transmission line

3. A frequency changer and amplifier with output of 200 watts
4. 350 feet of power transmission line

S. A high-gain broadcasting antenna.”

The results from this letter are given in Table V.

TABLE V
Manufacturer Price
Gates Radio Company $10,800.00
General Electric Company 27,000.00
Raytheon Manufacturing Company 28,700.00

Westinghouse Electric Corporation 11,634.00-12,120.00

No indication was given as to the accuracy of these
figures and how much study had been made in arriving
at them except in the case of Westinghouse, who pro-
vided a detailed report with their estimate of price.

Gates and Westinghouse based their prices on the as-
sumption that a production line of some fifty units
could be established. Such a production seems reason-
able, if polycasting were to become an accepted means
of providing television service.

PROCEEDINGS OF THE I.R.E.

July

Taking the lower figures of around $11,500.00 and
assuming that the installation will be made on a slight
hill so that the cost of a tower to raise the antenna to
300 feet may be about $5,000.00, and putting a figure of
$1,500.00 for the doghouse to house the equipment, the
total cost may be taken to be between $18,000.00 and
$20,000.00. Thus four stations would cost about
$80,000.00-—far less than the 1,000 kw needed by a
single station to provide a similar service.

The cost of the master station, not including the
studios and control, which are common to both poly-
casting and single-station operation will be about the
same.

The “slave” stations should be automatic and not
need permanent staffs of operators. A polycasting sys-
tem would therefore represent little more in personnel
cost than a single station.
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APPENDIX
DATA AND METHOD OF ESTIMATING SERVICE

Since the signal intensity varies from location to loca-
tion, the approach to any estimate of service must in-
volve statistical considerations.

The procedure used here for estimating field intensity
follows broadly the direction contained in the report of
the “Ad Hoc” Committee, which was established late in
1948 by the Federal Communications Commission for
that purpose.? It also adheres as closely as possible with
the standards of service originally proposed by the Fed-
eral Communications Commission and released on July
11, 1949, in connection with the television hearing
Docket No. 9175, which was associated with Dockets
Nos. 8736, 8975, and 8976.

Four special problems arise in estimating service for a
polycasting system. They are:

1. Ultra-high-frequency propagatian. The “Ad Hoc”
Committee report does not cover the uhf band. In-
formation is to be sought from other sources.

2. Ghosts. Calculations must be made to take into
account the effect of ghosts when more than one
station operates on the same frequency.

3. Service Contours. Consideration must be given to
the fact that the service does not deteriorate from
a single point but from several, so that there may
be weak contours within stronger ones.

4. Interference. The interference between polycasting
systems and the required separation between thém

depends on the arrangement of the stations within
each system.

* The report of the “Ad Hoc” Committee and the associated refer-
ences were subject to criticism on the grounds that its analysis is too
intensive for the data on which it is based. At this time it appears to
be the most authoritative data available. Without it there would be
no way of making even rough estimates.
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The polycasting system selected for calculation com-
prises the following operating conditions:

Two channels.

Four stations, two on each channel. The stations are
located at the corners of a square, those on the same
frequency being located at opposite ends of a diago-
nal.

8 kw total power radiated, 2 kw at each station,
making a total of 4 kw on each channel.

Height of antennas, 300 feet above surrounding
terrain.

Stations on the same channel operated with carrier
frequency offset by optimum amount.

A. Ultra-High-Frequency Propagation

There are three principal factors involved in the es-
tablishment of a signal:

1. The distribution of signal intensity with location
in a limited area.

2. The median value of the signal intensity and its
variation with distance.

3. Fading or the distribution of signal intensity with
time.
A discussion of these factors follows.

1. Distribution of Signal Intensity with Location

Fig. 14 shows the nearest log normal distribution with
location for different terrain conditions. The circles indi-
cate measurements of the median fields as described in
the literature on the uhf survey made in Washington,
D. C., by the Radio Corporation of America on a fre-
quency of 505 mc.? The data are in close agreement with
the distribution curve proposed by the Federal Com-
munications Commission. This curve is the same as
r(L) of Fig. 2 of the “Ad Hoc” report.

The crosses on Fig. 14 are taken from the published
data of the Philco survey of the same operation and
represent the terrain distribution factor of the same
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1 G. H. Brown, “Field test of ultra-high-frequency television in
the Washington area,” RCA Rev., vol. 9, pp. 565-584; December,
1948. See Figs. 8 through 15, pp. 574-577.

Wilmotte: Polycasting

749

operation, with one exception.* In the case of the Philco
data, the information is limited to the points lying only
within a four-mile radius of the transmitter location.® It
will be seen that the distribution of these points does not
fit the previously suggested terrain factor. It is believed,
therefore, that the dashed line on Fig. 14 represents
more closely the terrain distribution factor for heavily
built-up areas than the factor 7(L) of Fig. 2 of the “Ad
Hoc” report.

In the two examples of rural service and the city ex-
ample for “suburban” type of area, the r(L) curve en-
titled “rural and suburban” was used. In the example
for the “heavily built-up” type of city area, the dashed
curve was used entitled “heavily built-up.” Theoreti-
cally different log normal distribution should be used at
different distances. To reduce the work involved, how-
ever, the same log normal distribution was used.

The slope of a log normal distribution is E(99) — E(50),
as defined in the “Ad Hoc” Committee report.

2. Median Value of Signal Intensity

Since the “Ad Hoc” Committee report did not include
analysis of measurements in the uhf region, a 600-mc
propagation curve was calculated following the correc-
tion procediire outline in reference C of the “Ad Hoc”
report.

The first step was to calculate a curve for a smooth
4/3 earth radius using the curves and formulas of
Norton.® This curve was based on a transmitting an-
tenna height of 300 feet, a receiving antenna height of
30 feet and an effective power of 2 kilowatts radiated on
600 mc. At small distances where the smooth earth
curves give values oscillating about the free-space value
of the field, a constant free-space field distribution was
assumed.

Figs. 15 and 16 show the propagation curves used for
600 mc. The M(d, f) curve used, which corresponds to
Fig. 1 of the “Ad Hoc” report, is shown in Fig. 17. This
correction is applied to the theoretical propagation
curve for a smooth sphere of 4/3 the earth’s radius to
obtain the curves in Figs. 1 and 2 up to forty miles from
the transmitter. For distances beyond eighty miles, the
propagation characteristics were obtained by extra-
polating the “Ad Hoc” Committee curves to 600 mc as
shown in Fig. 18. The propagation curves were com-
pleted by connecting these two sections with a smooth
curve over the distance from forty to eighty miles. Re-
ceiving antenna heights are assumed to be 30 feet for all
estimates.

The dotted curves in Figs. 15 and 16 represent the
theoretical field intensity-versus-distance curve re-
ferred to as S in the “Ad Hoc” report. The distance do
beyond which S is always less than the free-space field is

4 J. Fisher, “Ficld test of uhf television,” Electronics, vol. 22, p.
106; September, 1949.

b Sce FFig. 4, p. 109, of footnote reference 4.

¢ K. A. Norton, “The calculation of ground-wave field intensity

over a finitely conducting spherical earth,” Proc. [.R.E,, vol. 29,
pp. 023-639; December, 1941.
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10.5 miles for a transmitter height of 300 feet and 16.5
miles for a transmitter height of 500 feet.

For comparison, the propagation curve of the “Ad
Hoc” Committee for 195 mc for a transmitter height of
500 feet and a receiver height of 30 feet is shown in
Fig. 19.

3. Fading

The estimates of fading are based on Fig. 20. This
Figure was obtained from data for 195 mc shown on
Fig. 20 of reference D to the report of the “Ad Hoc”
Committee for distances up to sixty miles. It is certain
that fluctuations in the field will be as great at 600 mc at
short distances as are experienced at 195 mc. At a large
distance, these fluctuations will be greater at 600 mc as
indicated by the scant published information. The fad-
ing at large distances was obtained by comparing the
estimated F(50, 50) fields with the F(50, 1) fields of the
“Ad Hoc” report. The published information leads to
the assumption that the F(50, 1) values of field are sub-
stantially independent of frequency at large distances.
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Log normal distribution of fading was assumed and the
values for Ey/Es, were interpolated from the Es/Eso
fading range. It will be seen that the fading is greater
than that suggested in the standards proposed by the
Federal Communications Commission, but at distances
less than thirty miles the differences are quite small.

B. Ghosts

The effect of ghosts involves a statistical calculation
of the probability that the ratio of the desired signal to
the ghost signal is greater than a certain amount. The
assumption was made by the “Ad Hoc” Committee that
the terrain distribution for the signals in an area was in-
dependent of the location of the transmitter and that
there was no correlation in the terrain distribution of
two transmissions.

This latter assumption is not fully correct for prob-
ably signals on hills will tend to be stronger than signals
in valleys. On the other hand, by intelligent selection of
sites the reverse effect may occur, namely, that locations
of poor signal for one station will tend to be the very
locations where the signal from another station is strong.
This reversed correlation will probably more than offset
any natural correlation that may exist.

In reference F of the “Ad Hoc” Committee report, a
method is developed for determining the percentage of
locations receiving service on the basis of distribution of
actual fields available as a function of hypothetical loca-
tions. To use this method the slope of the log normal
distribution curve must be known for both the desired
and undesired signals. In the case of ghosts in a poly-
casting system, the distribution curve of the two signals
will have the same slope. The slopes used are 27 for
rural and 42 for city areas. It appears probable that
there are congested conditions in some areas because of
rough terrain and for locations inside buildings; when
indoor antennas are used, still steeper slopes may be
obtained.

In this analysis, as applied to polycasting, a ratio of
signals greater than 10 db was assumed to produce serv-
ice. This ratio has been selected on the basis that with
optimum offset carrier operation a ratio of about 18 db

Wilmotte : Polycasting
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is required between the desired and undesired (ghost)
signal, and that at least an additional 8 db is obtainable
by using directional receiving antenna or standing-wave
system of separating the signals. The only factors de-
fining each signal are the median field (F 50) and the
terrain distribution factor 7(L). The solution of the
problem of how many locations receive service is
through statistical analysis based on the probability dis-
tribution curves. As an example, if the two signals are of
equal median intensity, the signal 4 is interfered with
by B at 71 per cent of the locations, and signal 4 inter-
feres with B at 71 per cent of the locations. Then at 58
per cent of the locations either 4 or B produces an ac-
ceptable service.

C. Service Contours

In estimating service contours the definition proposed
by the Federal Communications Commission was used
as follows:

Grade Minimum Signal Strength 90 per cent of Time
A 65 db at 90 per cent of the locations
B 65 db at 70 per cent of the locations
C 60 db at SO per cent of the locations.

The signal strength in an area served by more than
one station was taken to be the strength of the strongest
signal.

The percentage of locations free from ghosts was then
calculated. The pattern obtained was rotated through
90 degrees to represent the effect of the other two sta-
tions of the four-station polycasting system on the other
diagonal of the square.

The two patterns were then combined into one to give
the field contours of the strongest of the four stations
and the percentage of locations free from ghosts. The
limits of the service are controlled by the signal inten-
sity to overcome noise, while, in the center, the limits

may be due to the percentage of locations subject to
ghosts.

D. Interference

In calculating the separation required between poly-
casting systems to give adequate protection to the serv-
ice contours, a desired-to-undesired ratio of 40 db has
been assumed between co-channel stations and of 6 db
between adjacent channel stations. These are standards
proposed by the Federal Communications Commission.
When applying these ratios to protect specific grades of
service, terrain factors have to be added to refer to per-
centages of locations other than 50 per cent.

The mileage separation between polycasting systems
depends to some extent on the arrangement of the sta-
tions within each system.

Examples of the separation needed to protect co-
channel operation of different services by 46 db and
adjacent channel by 12 db for grade 13, and by 40 db for
co-channel and 6 db for adjacent channel for grade-C
service are given in Fig. 21 for the case of grade-B serv-
ice, and in Fig. 22 in the case of grade-C service.

The minimum separations of polycasting systems
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were arrived at in accordance with the following specifi-
cations:

1. Permissible co-channel and adjacent-channel in-
terference ratios as are given in the Federal Com-
munications Commission proposed standards.

2. There are four groups of three systems each in
Figs. 21 and 22, labeled (a), (b), (c), and (d). The
limitations in Figs. 21(a) and 21(c), and 22(a) and
23(c) is co-channel interference, and in Figs. 21(b)
and 21(d), and 22(b) and 22(d) is adjacent-channel
interference. Station pairs in a polycasting system
are shown either in line with a co-channel or ad-
jacent-channel-station pair of another system with
which interference is to be avoided, or else broad-
side to the co-channel or adjacent-channel-station
pair of the other system. These two cases represent
the extremes of the minimum possible and maxi-
mum necessary separation of systems.

3. If polycasting systems are placed other than cor-
ner to corner, as they are shown in Figs. 21 and 22,
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the required separation of systems is intermediate
between the extremes shown at the left and right
of each of the four groups of systems, (a), (b), (¢),
and (d).

4. In making up Fig. 21, showing protection of grade-
C service, the slope of the terrain distribution
curve was taken to be 27, and for Fig. 22, showing
protection of grade-B service, the two terrain dis-
tribution slopes of 27 and 42 db were used in the
case of urban to rural service. Propagation from
the urban stations to the limit of grade-B service
was assumed to require a terrain distribution slope
of 42 db, and for the rest of the area a slope of 27
was assumed to apply. The required separations
are, however, found to be substantially inde-
pendent of the slope of the terrain distribution
curve.

Examples of the minimum separations required be-
tween single stations providing the same service as the
polycasting systems illustrated in Figs. 21 and 22 are
shown in Figs. 23 and 24, respectively. Sections (a) and
(b) show minimum separations of a rural and a city
service for co-channel and adjacent channel stations,
and (c) and (d) show minimum separations of two rural
services for co-channel and adjacent-channel stations.
This corresponds to the presentation in Figs. 21 and 22.

Protection of grade-B service is illustrated in Fig. 23,
and protection of grade-C service in Fig. 24. As in Figs.
21 and 22, a terrain distribution slope of 42 db is as-
sumed in establishing the service contour of the heavily
built-up urban area. For estimating interference and in
establishing rural service contours, a slope of 27 db is
assumed.
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Some Circuit Properties and Applications
of n-p-n Transistors’

R. L. WALLACE, JR.1 AND W. J. PIETENPOLt}

(Copyright 1951, American Telephone and Telegraph Company)

Summary—Shockley, Sparks, and Teal have recantly described
the physical properties of a mew kind of transistor. Preliminary
studies of circuit performance show that it is a stable, high-gain,
quiet amplifier of considerable practical interest. This paper analyzes
the performance of a few early experimental units.

INTRODUCTION

LMOST two years ago Shockley'? first published
\ the theory of a transistor made from a single
piece of germanium in which the conductivity
type varies in such a way as to produce two rectifying
junctions. Since that time Sparks, Teal, and others at
the Bell Telephone Laboratories®* have contributed no-
tably to the physical realization of this device.
Recently Sparks has produced a number of n-p-n
transistors and has found their behavior to be closely
in accord with Shockley’s theory.* Preliminary circuit
studies on these devices have shown that in several
respects their performance is remarkable. In view of
this. our transistor development group has undertaken
to produce small quantities of n-p-n transistors in a
form suitable for incorporation in working circuits.
This paper will deal principally with the circuit
aspects of the n-p-n transistor by presenting and
analyzing the performance data on a small number of
experimental units. For a discussion of the solid-state
physics of its design and operation the reader is referred
to the previouly mentioned works of Shockley, Sparks,
and Teal.

OUTSTANDING PROPERTIES

To prevent getting lost in a maze of detail it seems
worth while to list and mention briefly the salient fea-
tures of this new transistor. They are:

1. Relatively low noise figure. Most of the units meas-
ured so far have a noise figure between 10 and 20 db at
1,000 cps.

2. Complete freedom from short-circuit instability. The

* This is one of a class of papers published through arrangements
with certain other journals, It is appearing also in the July, 1951,
issue of the Bell System Technical Journal.

t Bell Telephone Laboratories, Inc., Murray Hill, N. J.

' W. Shockley, “The theory of p-n junctions in semiconductors
?gggp-n junction transistors,” Bell Sys. Tech. Jour., vol. 28, p. 435;

1 W. Shockley, “Electrons and Holes in Semiconductors,” D. Van
Nostrand Co., New York, N. Y.; 1950.

3 F. S, Goucher, G. L. Pearson, M. Sparks, G. K. Teal, and
W. Shockley, “Theory and experiment for a germanium p-n junc-
tion,” Phys. Rev., vol. 81, p 6‘17; 1951.

< W. Shockley, M. Sparks, and G. K. Teal, “p-n junction transis-
tors,” Phys. Rev., vol. S.Wp 151; 1951.

input and output impedances are always positive
whether the transistor is connected grounded emitter,
grounded base, or grounded collector. This permits a
great deal of freedom in circuit design and makes it pos-
sible, by choosing the appropriate connection, to obtain
a considerable variety of input and output impedances.

3. High gain. Power gains of the order of 40 to 50 db
per stage have been obtained.

4. Power-handling capacity and efficiency. The design
can readily be varied to permit the required amount of
power dissipation up to at least 2 watts. Furthermore,
the static characteristics are so nearly ideal that class-A
efficiencies of 48 or 49 out of a possible S0 per cent can
be realized. The efficiencies for class-B and class-C
operation are correspondingly high.

S. Ruggedriess and small size. The germanium part of
the transistor is enclosed in a hard plastic bead about
3/16 inch in diameter. Inside the bead three connec-
tions are mechanically as well as electrically fastened
to the germanium and are brought out as pigtails
through the bead. This gives a very sturdy unit.

6. Freedom from microphonics. Vibration tests in the
audio-frequency range indicate that these devices are
relatively free from microphonic noise.

7. Limited frequency response. Collector capacitance
limits the frequency response at full gain to a few kilo-
cycles. By using a suitable impedance mismatch, it is
possible to maintain the frequency response flat to at
least 1 mc while still obtaining a useful amount of gain.

8. Operation with exceedingly small power consump-
tion. Perhaps the most remarkable feature of these
transistors is their ability to operate with exceedingly
small power consumption. The best example of this to
date is an audio oscillator which requires only 6 micro-
amperes at 0.1 volt for a power supply. This repre-
sents 0.6 microwatt of power, which contrasts sharply
with the million or more microwatts required to heat the
cathode of an ordinary receiving-type vacuum tube.

{8AsE
_SINGLE-CRYSTAL
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Fig. 1—The heart of an n-p-n transistor is a tiny bar of germanium to

which three mechanically strong clectrical connections are made.
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Fig. 2—A beaded n-p-n transistor.

PHYSICAL APPEARANCE AND CONSTRUCTION

Fig. 1 shows schematically the configuration of an
n-p-n transistor. The small bar of single crystal ger-
manium contains, a thin layer of p type interposed be-
tween regions of n type. Mechanically strong ohmic
connections are made to the three regions, as indicated,
and are brought out through a hard plastic bead. A
finished transistor is shown in the photograph of Fig. 2.
It should be pointed out that Fig. 1 is not drawn to
scale and that the p layer may be less than one-thou-
sandth of an inch thick.

STATIC CHARACTERISTICS

A great deal of information about the low-frequency
performance of a transistor can be obtained from a set
of static characteristics, such as those shown in Fig. 4.
Curves of this sort are obtained simply by connecting
suitable current sources to the emitter and collector cir-
cuits of the transistor and measuring the resulting
voltages. The currents are called positive when they
flow into the emitter and collector as shown, and the
voltages are called positive when they have the signs
indicated in Fig. 3.

Let us first examine these curves to find out what
kind of voltage and current supplies are needed to bias
the transistor into the range in which it can amplify.
To make this easy, that part of the characteristics which
lies within the normal operating range has been shown
as solid lines, and that part of the characteristics cor-
responding to cutoff as dotted lines.

Note from the upper set of curves that V, is positive
in the operating range. This means that the collector

le )
=— TN = COLLECTOR

EMITTER
+ { ! / +
N\
Ve \i»r Ve
- -‘ ~-BASE

Fig. 3—The symbol for a (P-type) transistor on which the convention
of signs for currents and voltages is indicated.
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Fig. 4—Static characteristics of an n-p-n transistor.

must be biased positive with respect to the base. For
this particular transistor a bias voltage anywhere be-
tween about 0.1 volt and 35 volts is suitable. Note
also that all the curves on this plot correspond to nega-
tive emitter currents. This means that the emitter must
be biased in such a way that current flows out of the
emitter into a suitable current supply. Furthermore,
the collector current corresponding to any given emitter
current can be seen to be almost equal in magnitude to
the emitter current. Since these two currents are oppo-
site in sign, this means that most of the current flowing
into the collector leaves by way of the emitter, with the
result that the current in the base circuit is very small.

Suppose that the collector is held at a constant posi-
tive voltage, as, for example, by connecting a battery
between collector and base (with a transformer winding
in series, perhaps). Now, if a negative current is forced
into the emitter by a battery and resistance connected
in series between emitter and base, the collector current
can be controlled by varying the emitter current, to
which it will always be approximately equal in magni-
tude. Suitable collector currents for this particular
transistor range from about 20 microamperes to about
5 milliamperes.

The exact choice of collector current and voltage
within the ranges mentioned above will be dictated
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largely by the amount of power output required. The
more required, the more current and voltage will be
needed from the power supply. Since the collector cir-
cuit efficiency cannot exceed the theoretical limit of 50
per cent in class-A operation, the signal power output
cannot exceed half the power supplied by the battery.
This means, for example, that if the collector is worked
at 20 volts and 2 milliamperes the class-A power out-
put cannot exceed 20 milliwatts.

From the lower plot of Fig. 4 it is possible to obtain
information about the bias voltage required for the emit-
ter. Note first that the entire emitter-voltage plot cor-
responds to a very small range of emitter voltages near
zero and, furthermore, that the part of the character-
istics corresponding to the operating range covers only
a few thousandths of a volt. This means that if the col-
lector voltage is held constant, very small changes in
emitter voltage will produce fairly large changes in col-
lector current; or if the collector current is held con-
stant, very small changes in emitter voltage will produce
relatively enormous changes in collector voltage. This
at once suggests the use of this transistor as a dc ampli-
fier between a low-impedance source and a high-imped-
ance load. In this application, voltage stepup of the
order of 10,000 times is possible.

The very great sensitivity of the collector circuit to
emitter voltage suggests, however, that for ac amplifiers
a current source should be used as an emitter-bias sup-
ply. This can be obtained from a battery and a large
resistance in series. Besides, since the emitter voltage is
always nearly zero, the emitter current can be caljcu-
lated in advance by dividing the battery voltage by the
value of the series resistance (provided, of course, that
the supply voltage is large compared with the few hun-
dredths of a volt drop across the emitter circuit).

Some interesting conclusions can also be drawn from
the static characteristics about the large signal operation
of the transistor. If the load is resistive, the instantane-
ous operating point will swing up and down along a
straight line, such as the load line shown in the upper
plot of Fig. 4. This particular load line corresponds to
an ac load resistance of 10,000 ohms. Suppose that the
steady collector biases are 20 volts and 2 milliamperes
so that the drain from the power supply is 40 milli-
watts. Now consider the permissible swings of collector
voltage and current. Since the collector characteristics
are quite straight and are evenly spaced over a wide
range of current and voltage values, the output signal
can swing nearly down to zero collector volts and
nearly up to zero collector current without distortion.
The limit on the lower end is imposed by the fact that
the collector characteristics begin to be curved when V.
is less than about 0.1 volt and the limit on the upper
end is imposed by the fact that the collector current
does not drop completely to zero when I, drops to zero.
The lower limit of collector current is, in this case,
about 50 microamperes. Since this amount of current in
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10,000 ohms corresponds to 0.5 volt, this means that
the instantaneous collector voltage is limited to swings
between 39.5 volts and 0.1 volt. Starting from a quies-
cent value of 20 volts, the permissible positive swing is
then 19.5 volts and the permissible negative swing 19.9
volts. Reducing the quiescent voltage to 19.8 volts (and
keeping the same load line) make it possible to obtain
a peak swing of 19.7 volts, which corresponds to 19.45
milliwatts of signal delivered to the load. This gives a
collector circuit efficiency of 48.5 per cent out of a pos-
sible 50 per cent. Some transistors take even less col-
lector current when the emitter current is zero, hence
permitting even higher efficiencies.

These computations of efficiency have all been based
on the assumption of sinusoidal current applied to the
emitter. It will be shown in a later section that the
emitter resistance varies with emitter current, how-
ever, and this means that to realize high efficiency with
low distortion it is necessary to drive the emitter from
a high-impedance source.
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OPERATION WITH SMALL PowER CONSUMPTION

For small signal applications the transistor repre-
sented by the characteristics of Fig. 4 can deliver useful
gain at very much lower voltages and currents than
those used in the example above. In order to show this,
the characteristics of Fig. 5 have been plotted for a
range of collector voltage extending up to only 2 volts
and for a range of collector currents extending up to
only 200 microamperes. It can be seen from the upper
plot that the collector circuit characteristics are still
quite usefully straight and are evenly spaced in this
micropower range. In fact, for small signal operation
it is sufficient to use a collector voltage only a little
in excess of 0.1 volt and a collector current a little in
excess of 10 microamperes. This means that the power
required to bias the collector into the operating range
amounts to only a few microwatts. Contours are shown
for 10, S0, and 100 microwatts of power supply.

This ability of the transistor to work with extremely
small power consumption is one of its most striking and
perhaps most important features. When one considers
that the total power consumption of a single transistor
stage can be smaller by many thousands of times than
the power required to heat the cathode in a vacuum
tube, it is obvious that the advent of this device will
make possible many new kinds of application.

VARIATION OF TRANSISTOR PROPERTIES WITH
OPERATING PoOINT

Ryder and Kircher® have shown that it is convenient
to analyze the small signal properties of a transistor at
low frequencies in terms of the equivalent circuit of
Fig. 6, where 7, is called the “emitter resistance,” 7, the
“base resistance,” and r. the “collector resistance.” The
internal generator .7, is the active part of the circuit
and, in this respect, corresponds to the familiar ue, of
the vacuum-tube circuit theory.

Pmti
r mte
EMITTER AN ¥ e ~, J£__COLLECTOR
A AN v e COLLECTOR
+ s I o +
Mo

Ve Ve

- ] BASE s

Fig. 6—The low-frequency equivalent circuit of a transistor.

It is the purpose of this section to show what values
these quantities have for a particular n-p-n transistor
and how they vary with the applied biases. This will
form a basis for the next section in which these quanti-
ties will be used to compute such things as the input and
output impedances and the gains of various transistor
connections.

®R. M. Ryder and R. ]J. Kircher, “Some circuit aspects of the
transistor,” Bell Sys. Tech. Jour., vol. 28, p. 367; 1949,

July

Ryder and Kircher have shown that these four r's can
be obtained directly from static characteristics, such as
those shown in Figs. 4 and 5. In the case of n-p-n
transistors, however, the magnitudes of these quantities
are such that it is difficult to obtain satisfactory accu-
racy in this way, and it has been more convenient to
measure the 4-pole r's by ac methods.

These measurements have shown that all the r’s are,
to a first approximation, independent of collector volt-
age so long as the collector voltage is above a few
tenths of a volt, and so long as the total dissipation is
small enough to prevent any appreciable heating of
the transistor.

In view of this fact it is perhaps sufficient to show how
these quantities vary with emitter current for a moder-
ate fixed value of collector voltage. Figs. 7 and 8 show
that 7, and r, are very nearly equal and that they
tend to decrease as /, increases. Theoretically, r,, and r,
should both be infinite. The fact that they reach values
as low as 10 megohms in this case is a measure of the
imperfection in technique of fabricating the transistor.
Values as high as 60 megolhms have been achieved in
the laboratory.
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Fig. 7—The variation of collector resistance with emitter
current at a fixed value of collector voltage.
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Fig. 8—Variations of 7., with emitter current at fixed
collector voltage.
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Fig. 9 shows that r, in this transistor is approximately
240 ohms and is independent of I..

Fig. 10 shows that r, decreases with increasing emitter
current, ranging from about 500 ohms at 50 micro-
amperes down to about 5 ohms at milliamperes.
Shockley* has shown that r, should be given by

kT
Fo=r—

o, (1

where g is the charge on an electron, k is Boltzman’s
constant, T is the Kelvin temperature, and I, is the
emitter current. When the temperature is about 80 de-
grees F, this reduces to

25.9

Te = —)

I, %

where I, is measured in milliamperes. Within experi-
ment error, values of 7, computed from this relation
agree perfectly with the measured curve shown in Fig. 10.
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Fig. 9—Variation of base resistance with emitter current. Scatter of
the data indicates that the measurements were not accurate.
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Fig. 10—The emitter resistance is inversely proportional
to emitter current.
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Fig. 11 introduces a new quantity, &, the current
amplification factor of the transistor. This quantity is
defined by the equation

rm+rb
7c+7b

Since 7, and 7. are both very large compared to s, @ is
approximately equal to to the ratio of rm to 7.. It will be
shown in a later section that this quantity is important
in determining some of the circuit properties of the
transistor and that many of the circuit properties be-
come more desirable as a approaches unity.

It can be seen from Fig. 11 that in this transistor a is
approximately equal to 0.98 and that it increases
slightly with increasing emitter current. The highest
value of « so far achieved is 0.996S.
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Fig. 11—The current amplification factor, «, increases slightly with
increasing emitter current. Note the expanded scale for a.

Those units which have been made in the laboratory
so far show considerable variation in some of the prop-
erties, but this is partly due to the fact that changes
have been made deliberately to test one aspect or an-
other of Shockley’s theory. The data in Table I are
presented to indicate what properties have been
achieved to date. The collector capacitance C. will be
discussed in a later section.

TABLE 1

CONSTANTS FOR VARIOUS TRANSISTORS MEASURED
AT V.=4.5v, I.=10ma

Transistor No. I Il II1 v \Y%

Te ohms% 25.9 31.6 33.1 30.2 38.8

7 ohms 240 44 300 3070 180

re megohms)  13.4 0.626 105151 1.21 2.00
o —?m (megohms) 0.288 0.00387 0.0168 0.00422 0.0439
a 0.9785 0.9936 0.9848 0.9965 0.9780
Ce (uuf.) 7 7% 18.9 27.9 21.2

GENERAL CONSIDERATIONS AND FORMULAS

It is a consequence of the fact that & is always less
than unity in this structure that these transistors are
unconditionally stable with all terminations. This
means that stability considerations do not prevent
matched terminations to be worked with. Furthermore,
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it is possible to obtain a variety of input and output

impedances by connecting the transistor as a grounded-

emitter, grounded-base, or grounded-collector stage. It

is the purpose of this section to give some idea of the

characteristics of these various stages and to show in

each case at least one way of supplying the required

biases and couplings to the stage.

4L 3-TERMINAL iz
e —> NETWORK | =—
+ REPRESENTING +
TRANSISTOR

v ] =g
Fig. 12—A three-terminal network representing either grounded-

emitter, grounded-base, or grounded-collector connection of a
transistor. Note the convention of signs.

It will be convenient to begin by writing down general
relationships which will apply to all the possible con-
nections. To this end let the transistor be represented
by the box in Fig. 12. At low frequencies the signal cur-
rents and voltages are related through the equations

Ruiy + Ruzi,
Rﬂil + R22i2

If a generator of open-circuit voltage v, and internal
resistaiice R, is connected to the input terminals of the
device, as shown in Fig. 13, then

=vl

4

V2.

©)

U = vy — 1:1R,.

Rg Ly 3-TERMINAL iz R,
A g NETWORK - AR
‘ WA ~+ | REPRESENTING o WA

3 TRANSISTOR
(v Vg v o —]" Va

L =

Fig. 13—The three-terminal network of Fig. 12 connected
between a generator and a load,

If a load of resistance R is connected to the output
terminals,

(6)
The equations for the circuit of Fig. 13 are, therefore,
(Riy + Ry)i, + Rysip =
Ro1iy + (Ro2 + Rp)iy = 0.

Solving for the voltage developed across the load
(= —RL'iz) giVCS

o= — RLiz.

)

()

) ‘ RLRZl

— ., (8
R B =R ®

V2 = -
(Rll +

The power gain in the circuit is the power delivered
to the load (v,?/R.), divided by the power available
from the generator (v,2/4R,). From (8), this gives

4R ,RLR,?

G=- = - _ . (9
[(Ru+ Ry)(Ro2 + RL) — RisRy 2

OF THE I.R.E. July

The gain depends on R, and R, and will be maxi-
mum when these are chosen to match the input and out-
put impedance of the transistor stage. But the input
impedance depends on R. and the output impedance
depends on R, in the following way:

R12R21
input impedance = R; = Ry, — mz (10)
a R12R21
and output impedance = R, = Ry, —R“ s - (11)

If R;=R, and R,= R, then impedances are matched
at the input and output terminals and the gain is a
maximum. The conditions are:

matched input impedance =

Rin = Ruv/T— RuzRyi/ RuRas: (12)
Matched output impedance =

Rom = Ryn/1 — RyzRat/RyRos; (13)
and Maximum available gain =
A L : (14)

RuRn [1 + +/T = RuRe/RiR]?
THE GROUNDED-BASE STAGE

In this and the followi