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A NEW ERA IN TELEVISION 
BY 

DAVID SARNOFF 
President. Radio Corporation of America 

SINCE July 1, television has been authorized to operate commer- 
cially. That date, therefore, is recorded in the annals of television 
as a day of scientific recognition and economic encouragement. 

For research and engineering it is but another starting point packed 
with new challenges. 

Through the years of its growth, television was officially designated 
as "experimental." Now, although it invites the support of sponsors 
who advertise, technically television has not relinquished its experi- 
mental status. Like the unlimited radio realm in which it has been 
nurtured, television, if it is to survive and thrive commercially, will 
forever be experimental. As long as it is a subject of experiment it 
will progress. The word "experimental" signifies that, as a science and 
an art, it is alive and seeking opportunities to advance in order to take 
every advantage of the unlimited possibilities for expansion. The 
many millions of dollars, the days and days of work devoted to its 
development are but the foundation of research that will go on and on, 
if television is to keep pace with the record established by all other 
branches of radio communication. 

Cartoonists may picture the fledgling television finding its radio 
wings and hopping off from the edge of the nest or laboratory. For 
those who have watched it there can be no doubt that it will fly far to 
perform a new and great service in entertainment and information. 
But the expansion of that service and the efficiency of television as an 
ever -progressive medium of communication enjoyed by Americans 
everywhere, will depend upon the ties it maintains with its nest -the 
laboratory and the research men who have the power to extend and 
enliven its magic. 

The triumph of radio in all of its branches of communication on 
land, sea and in the air belongs primarily to research and engineering. 
Radio has progressed because it never for one moment stopped re- 
search. It took advantage of every new thought that might make it 
bigger and better as a service to the public. Now, television, embark- 
ing upon its commercial channels, has but to look back on the achieve- 
ments of radio to see what is ahead if it never breaks faith with 
research. It may be in the air as a commercial service, but its future 
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4 RCA REVIEW 

always is in the laboratory. But, television need not go back to radio's 
brilliant pages of advancement to read a story of the promise of science. 
l t has but to look at its own achievements so far. 

The television scanning disc was invented in 1884. Almost fifty 
years passed before scientific research brought forth the Iconoscope 
and Kinescope, which provide the electronic "eyes" of television, and 
freed it from the shackles of mechanical operation. 

Inspired by the wonders of radio and its rapid development in the 
field of broadcasting, experimenters in the early Twenties were confi- 

dent that radio was destined to handle sight as well as sound. It was 
too magic a force to remain sightless. The fact that radio could talk 
around the world was evidence enough for those who had faith in 

science to know that radio also could see, and they set out intent to do 

just that -to see "unto the ends of the earth." That is the goal of 
research. It is the challenge of television. There can be little doubt 
that American ingenuity will make radio "eyes" as numerous in the 
Domes and schools of America as are loudspeakers today. 

The fact that television has reached a stage in its development 
where it merits commercial support is but a step to a threshold that 
leads afar, eventually to every nook and corner of the earth. Then man 
will enjoy radio vision just as he has the music of radio broadcasting, 
as well as the speed of commercial radio communications and news 

transmission. 
Fortunate are those who are working in the television field, for its 

opportunities both scientific and artistic, are as plentiful and even 

more widespread than were those of radio in the decade of the Twen- 

ties. Television as sound and sight combined, creates and combines 
new opportunities that startle even the most imaginative minds. Radio 

through the ear makes men think; television stirs the brain through 
both ear and eye. It is a new and fascinating medium in which thoughts 
are and will be generated more and more, as the dreams and plans of 

research men become reality. 
At this opportunity, when industrial radio and the public in greater 

numbers are expressing appreciation of a new industry and service, 

I am glad to add my congratulations to the indefatigable research 
experimenters and development engineers, who have contributed to the 

successful opening of this new era in radio science. 

r 
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A RLSUMÉ OF THE TECHNICAL ASPECTS OF 
RCA THEATRE -TELEVISION 

BY 

I. G. MALOFF AND W. A. TOLSON 
Research Laboratories, RCA Manufacturing Co., Inc., Camden, N. J. 

It is obvious that in a development of this magnitude many individuals contr.buted to the project. It is not the purpose of this brief article to cover completely this large project but rather 
to present a short résumé of the most pertinent factors of the development. This is deemed to be of interest because of the formal showing on. and since, May 9, 194.1. It is hoped that more detailed discussions on various phases of the project, prepared by some of those identified with the particular work, may follow. 

Summary -The problems of theatre television are stated. Television projection experiences of the past are reviewed. A description of the RCA Theatre- Television System recently demonstrated in New York City is given. 
STATEMENT OF THE PROBLEM 

HE problem of theatre television is essentially that of providing 
a bright picture on a viewing screen of normal theatre size; 
this picture having adequate resolution, contrast, and freedom 

from distortions. The question of how much light is needed on a 
theatre projection screen has been studied in the past by the Society 
of Motion Picture Engineers. A committe of the S.M.P.E. charged 
with the study of screen -brightness requirements recommended' a 
temporary screen -highlight- brightness standard of from 7 to 14 foot - 
lamberts. The S.M.P.E. proposed a screen -brightness standard for the 
purpose of making it possible to print all the release films to the same 
degree of contrast (gamma) and to avoid making prints of different 
contrast for theatres with different screen brightnesses. So far as 
visual satisfaction and avoidance of eye fatigue are concerned, the 
range of acceptable brightnesses appears to be much wider than the 
recommended standard. Values of screen illumination from about 1.5 
to 20 foot- candles have been regarded as satisfactory at one time or 
the other'. With the wide -angle screens used in most of the theatres, 
this is nearly equivalent to 1.5 to 20 foot -lamberts in screen bright- 
ness. From information available on deluxe motion picture theatres 
it appears that the screen -highlight brightness varies between 5 and 22 
foot -lamberts. In television, due to its flexibility in contrast and levels,3 
the motion -picture standards need not be adhered to, but it is reason - 
able to conclude that in theatre -television pictures the limiting high- 
light brightness should be at least of the order of the lowest value 
encountered in good motion -picture houses, a value which is about 5 
foot -lamberts. 
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6 RCA REVIEW 

In a television -projection system the luminous image originates on 

the screen of a cathode -ray tube. This screen radiates light nearly as 

a perfectly diffusing (wide angle) surface. To project the image on 

the viewing screen some sort of an optical projection system is re- 

quired. It has been shown' that in projecting the light from a perfectly 
diffusing surface on to a viewing screen by means of a conventional 

lens, much of the light is lost. In fact (for large magnifications) the 
following relation exists: 

(lumens on screen) 1 

100 per cent = K -- X 100 per cent 
(lumens on tube) 
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Fig. 1- Artist's sketch of the television installation at the 

New Yorker Theatre. 

where K is the transmission of the lens and F is the "f" number of 

the lens. Good, commercially available, projection lenses, having a 

maximum numerical aperture of F :2 and transmission about 60 per 

cent of maximum, collect from the tube and deliver to the viewing 

screen only 33/4 per cent of the light generated. For a 15- by 20 -foot 

wide -angle theatre screen (300 square feet) having 5 foot -lamberts 

maximum brightness, about 1500 lumens maximum of incident light 

is required. By wide -angle screen is meant a screen producing approxi- 

mately 1 foot -lambert brightness for 1 foot -candle or 1 lumen per 
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RCA THEATRE - TELEVISION 7 

square foot of incident illumination. Narrow -angle directional screens 
produce as high as 5 foot -lamberts brightness for 1 foot -candle illu- 
mination. At 33/4 per cent efficiency this calls for the staggering 
figure of 40,000 lumens or 12,700 candlepower on the face of the 
cathode -ray tube. 

On the basis of the discussion just given, the problems of theatre 
television may be resolved into the following : 

(1) The problem of providing the most efficient optical system so 
as to utilize the largest possible percentage of the light gen- 
erated. 

Fig. 2- Television -projection equipment installed in the balcony of the 
New Yorker Theatre. 

(2) The problem of obtaining sufficient candlepower per unit area 
of the luminescent screen, by means of increased operating 
currents and voltages. 

(3) The problem of providing a design of cathode -ray tube capable 
of operating at high currents and voltages. 

(4) The problem of providing adequate accessories, such as de- 
flecting circuits, video and power supplies, as well as providing 
adequate safety for viewers and the operating personnel from 
the high voltage and X -rays generated. 
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8 RCA REVIEW 

TELEVISION PROJECTION EXPERIENCES OF THE PAST 

The basic aim of the RCA television- research program from the 
beginning has been twofold: (1) to develop apparatus for home -tele- 

vision service; and (2) to develop apparatus for theatre -television 
service. Even in the early stages of this program it was evident that 
while the first item could be accomplished with the aid of either the 
direct viewing or the projection system, the answer to the second item 

could be obtained only by a projection system. Therefore, the two 

systems- direct viewing and projection -have been carried along side - 

by -side, each benefiting from the other on the way. The results of the 

C R TUBE 

22 z INCH LENS 

Fig. 3- Schematic diagram of reflective -projection optics showing 
location of cathode -ray tube. 

earlier achievements in television projection have been published5 6. 

The papers cited indicate trends as they presented themselves at the 

time. These trends were very much in accord with the statement of 

the problem as it presents itself today. 
The first public showing of a theatre -television system was made 

by the Radio Corporation of America when it demonstrated at its 

annual stockholders' meeting in New York City on May 7, 1940, a 

projected -television picture 41/2 by 6 feet in size with brightness well 

above the 5 foot -lambert value. The demonstration was given before 

some 300 stockholders and press representatives. The same system 

was shown informally to members of the F.C.C. on February 5, 1940 

in Camden, N. J. 

RCA THEATRE- TELEVISION SYSTEM 

The experience with the development, construction, and operation 

of the system giving a projected picture 41/2 by 6 feet in size with 

adequate brightness, definition, and freedom from distortions indi- 

cated that the answers to the problems stated earlier in this paper had 
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RCA THEATRE - TELEVISION 9 

been found. The next obvious step was to build a system for a full -size 
theatre screen. This was done and on May 9, 1941 a demonstration of 
such a system, using a 441 -line television signal and a projection screen 
15 by 20 feet, was formally given before a large group of invited guests. 
The demonstration was held in the New Yorker Theatre, 254 West 
54th Street, New York City. The program included dramatic sketches 
from the NBC Studios, Lowell Thomas, a singer, and was climaxed 
with a championship boxing bout. The general layout of the equipment 

Fig. 4- Closeup of the projector and control console. 

is shown in Figure 1. Previous to the formal May demonstration, one 
was held in the same theatre on January 24, 1941 for members of the 
F.C.C. and press. 

All parts of the equipment used for the demonstration in the New 
Yorker Theatre were scaled up from the preceding system which gave 
the 41/2 by 6 -foot picture. In addition, a few improvements and refine-. 
ments resulting from experiences gained in operating the smaller equip- 
ment were provided in the new unit. A photograph of the projector, 
control console, and sound -control cabinet in operation at the New 
Yorker Theatre is shown in Figure 2. 

From the beginning of the development, the problem of providing 
an efficient optical system appeared to be the most formidable. A few 
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per cent improvement was of no interest. Many -fold increase in the 
percentage of light delivered to the screen was sought. The answer 
was found in a reflective optical system consisting of a spherical mirror 
and an aspherical lens. The principle, that aspherical surfaces of vari- 
ous shapes may be combined into optical systems of high apertures and 
free of spherical aberration and coma, has been known for some 

time.7.89 RCA opticians applied this principle to a television -projection 
system. In its final form the optical system is arranged as shown in 

Figure 3. 
This system on actual tests showed 25 per cent optical efficiency; in 

other words, it delivered to the viewing screen 25 per cent of the light 
originating on the diffusing screen of the cathode -ray tube. The gain 

RECTIFIER 

70 KV. HALF WAVE 

SHOCK PROOF 

H.V CABLE 

CONTROL CABLE 

TRANSM LINE FROM NBC 

PROJECTOR 
DE FL. CIRCUITS 
VIDEO AMPL. 

VIDEO 6 SYNCH 
SUPPLY CABLE 

Fig. 5 -Block diagram of the installation in the New Yorker Theatre. 

over the conventional F :2 optical system is therefore seven and one 

half to one. 
The problem of obtaining more candlepower by means of raising 

operating current and voltage has also been successfully solved. It 
was found that the thickness of the luminescent layer should increase 
with the operating voltages and optimum thickness was found for 60- 

to 70- kilovolt operation. Special provisions were worked out to avoid 

the so- called sticking effect. 
The problem of designing a cathode -ray tube for reliable operation 

at 60 to 70 kilovolts was solved by introducing a new neck construction, 
which is now being identified as double -neck construction. The shape 

of electrodes had to be carefully selected and a number of refinements 

had to be introduced in the construction and processing of the tube. 

The general appearance of the tube mounted in the projector, and a 

closeup of the projector and control console, are shown in Figure 4. 

The design of the video amplifier, deflecting and synchronizing cir- 

cuits, and power supplies in a projection equipment in which the 
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RCA THEATRE TELEVISION 11 

cathode -ray tube is operated at 70,000 volts maximum offered new 
problems ; as did also the mechanical arrangement of the equipment. 
Some of these problems were solved by simply increasing the capacity 
of the units which had been used on the lower -voltage equipment. 
Other problems required radical changes in design and operating tech- 
nique. A block diagram of the complete installation is shown in Fig- 
ure 5. 

Proper thicknesses of metal were chosen in the construction of the 
projector to insure complete safety from the X -rays generated by the 
high -voltage cathode rays. The installation was thoroughly checked 
under operating conditions to ascertain by actual measurements that 
the protection was adequate. Standard rules for protection from acci- 
dental contact with high voltage were followed. 

The cathode -ray tube used in this installation is capable of deliver- 
ing about 400 candlepower maximum of useful light. This is equivalent 
to about 1200 lumens. At 25 per cent optical efficiency this means 300 
lumens delivered to the screen, producing 1 foot -candle illumination on 
the 15 by 20 -foot screen. With a five -to -one directional screen, a high- 
light brightness of 5 foot -lamberts results. In actual demonstrations a 
compromise screen having directional gain of only two -to -one was 
used, giving a highlight brightness of slightly more than two foot - 
lamberts. 
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NBC'S INTERNATIONAL BROADCASTING SYSTEM 
BY 

RAYMOND F. GUY 
Itailio F1141lilies Engineer, National Broadcasting Gnnpany, Inc., New York 

Summary-International broadcasting as an instrument of national 
defense und u httnutniturutn service has assumed growing importance and 
stature. NBC stations II'RCA and WNW provide effective service in six 
different languages to the Portuguese and Spanish- speaking countries of 
South und Central America and to Europe. Recent increases in power to 
.50,0011 watts and the development and construction of new directive trans- 
mitting antennas add to the scope and effectiveness of the NBC Interna - 
timml Broadcasting activities. At t. mes transmission to Latin America is 
accomplished with u total power of 100 kw on 9670 kc through the use of 
dual transmitters and antennas. 

N EXPANDING horizon of steel towers, tall wooden poles, and 
networks of elevated antenna wires attests to the growing 
international broadcasting activities of NBC stations WRCA 

and WNBI at Bound Brook, New Jersey. NBC has provided this 
service for many years.' International activities have been stimulated 
in recent years, first, ih point of time, through the action of the Fed- 
eral Communications Commission authorizing commercial operation, 
and second, by the more important contribution this service brings to 
National Defense. 

A growing proportion of the program material consists of unbiased 
flews broadcasts which are brought to the attention of foreign listeners 
with the aid of institutional sponsors and, especially to Europe, 
through the redoubled efforts of the National Broadcasting Company 
itself. Throughout Europe and the Americas there is a large and reg- 
ular listening audience. In most, if not all of Europe, American news 
broadcasts constitute the best and often the only source of unbiased 
and complete news. Heavy penalties are meted out to those caught 
listening to such broadcasts in the oppressed countries, but there is 
nevertheless a substantial radio audience. 

NBC has recently increased the power of the WRCA -WNBI trans- 
mitters from 25,000 to 50,000 watts and now transmits simultaneously 
through two separate 50,000 -watt transmitters from 9:00 A.M. through 
the day until the early hours of the following morning and at times 
this service is continued around the clock 24 hours per day. A mini- 
mum of 16 transmitter hours per day are at present directed to Europe 

' An International Broadcasting System, Raymond F. Guy, RCA 
REVIEW, pp. 20 -35, Vol. III -July, 1938. 
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NBC'S INTERNATIONAL BROADCASTING SYSTEM 13 

during the most favorable listening periods in Europe. The balance 
of the program day consists of programs transmitted to Central Amer- 
ica and to the Spanish and Portuguese areas of South America during 
their most favorable listening periods. The manner in which most 
favorable listening periods vary is indicated by the differences in time 
of various areas served by WRCA -WNBI. 

Standard Tim2, City 
Noon in New York corresponds to 
1 P.M. Buenos Aires 
2 P.M. Rio de Janeiro and Greenland 
4 P.M. Iceland 
5 P.M. London 
6 P.M. Berlin 
7 P.M. 46 Athens 

10 P.M. I Central Russia 
In England the clock is advanced two hours during this Summer, 

contrasting with our own advance of one hour for daylight saving, thus 
increasing the difference to six hours. 

The importance attached to international broadcasting by the 
European powers is evidenced by the fact that Italy directs toward the 
United States four program hours per day, the British send us about 
six and one -half hours, the Germans about ten hours and the Japanese 
about four and one -half hours. In addition to the programs directed 
to North America, these countries also provide service on from one to 
three frequencies simultaneously to about 20 other countries in many 
different languages. International personalities have been developed as 
a result of this service, of whom the best known is Germany's "Lord 
Haw Haw ". The German program content covers a broad scope ranging 
from dance music to learned discourses on anthropology, and includes 
the reading of the names of new prisoners of war, request programs, 
question and answer periods, dramatizations of war developments, per- 
sonalities, etc. etc. One offer by the German government to accept 
collect Radiograms relating to the German programs was accepted by 
several thousand listeners in the United States. 

The Bound Brook plant contains NBC's international transmit- 
ting facilities plus the WJZ transmitting facilities. The original 
property was purchased for these combined facilities in 1925 when 
RCA built its first short -wave broadcast transmitter, the predecessor 
of the present busy stations. The original site consisted of 54 acres. 
Recently the expanding scope of NBC's international activities resulted 
in the purchase of an additional 16 acres, making a total of 70 acres, 
most of it devoted exclusively to international transmitting antennas. 
The majority of these antennas are horizontal broadside units and any 
future extension will probably include the replacement of other types 
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14 RCA REVIEW 

with broadside units. They are economical of property requirements, 
less vulnerable than other types to damage from sleet and ice, and are 
very efficient. They have the added advantage that the systems can be 
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NBC'S INTERNATIONAL BROADCASTING SYSTEM 15 

designed to be steerable by phasing horizontally displaced groups of 
radiating elements, as described in the text which follows. 

The Bound Brook site shown in Figure 1 is rectangular in shape 
with the long dimension facing in the general direction of the 
Latin American countries. This is important because a considerable 
number of antennas is necessary properly to serve the various sectors 
within the span of 100 degrees between Pernambuco and Mexico City. 
The short dimension of this site faces Europe. A smaller number of 
antennas will suffice to serve the European sector inasmuch as the span 
between Moscow and Madrid is only 30 degrees. To serve Latin Amer- 
ica no fewer than three separate groups of antennas, divided approx- 
imately equally across the 100 -degree Latin American sector, are 
required to give service to all areas. The problem presented in covering 
this great expanse is dealt with in more detail in other sections herein. 

ANTENNAS -LANGUAGE AREAS 

Brazil is unique among Latin American countries in that it is the 
only one having Portuguese as its native language. Throughout the 
balance of Central and South America the native language is Spanish. 
Obviously listeners in Brazil, speaking Portuguese, are little inter- 
ested in programs transmitted in Spanish, English or other languages. 
Similarly, listeners in the other portions of South and Central America, 
speaking Spanish, are little interested in programs in other lan- 
guages. Therefore, to broadcast effectively to the two different lan- 
guage areas, individual antennas and separate language services are 
essential. As an example, nightly service is provided to Brazil on a 
9670 -kc beam during one part of the evening and to the Spanish speak- 
ing countries at another time on two other 9670 -kc beams. To provide 
European service on this frequency a fourth 9670 -kc beam would be 
required. It may be seen that to provide service to four basic areas 
with the most useful of six different assigned frequencies and six 
different languages, and do it with the optimum beam pattern, requires 
an impressive list of antennas. 

In the design of a directive antenna the engineer must decide the 
proper compromise between power gain and beam width because one 
is, of course, obtained at the expense of the other. A beam broad 
enough to cover all of South America would have such low gain that 
it would not provide the signal intensity required to give satisfactory 
service. The design of antennas of very high power gain presents no 
special problem in itself. It would be a comparatively simple matter 
to increase the power gain to the point where a somewhat higher con- 

centration of field were obtained in one area at the excessive sacrifice 
of adjoining areas of importance. To insure satisfactory field intensity 
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16 RCA REVIEW 

to South America, at least two separate antennas must be used for each 
frequency, one directed toward the Portuguese areas and the other 
toward the Spanish areas. To cover Central America, still a third 
antenna is required. Service to Europe must of course be provided on 
a different array of antennas. It happens that the distribution of 
service areas in South America and Europe are such that the optimum 
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beam width is in each case about the same. As a result NBC has 
practically standardized an antenna design which was evolved to give 
optimum performance to Europe and South America. It is the result 
of many years of applied experience and constant observation. 

The angle 150° E of N centers on Rio de Janeiro, the middle of 
the concentration of population of Portuguese- speaking Brazil. It is 
also almost exactly in the center of the country' as viewed over the 

R! 
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great circle path from New York. It is natural that 150° should be 
the direction of a Portuguese language beam and it has been selected 
as optimum for that utility. 

Buenos Aires is not quite so ideally centered geographically, but is 
the center of the greatest concentration of Spanish- speaking peoples 
on the South American continent. Considering population distribution, 
170° was selected as the optimum angle for the Spanish language South 
American beam. On the theory that one picture is worth ten thousand 
words, the reader is referred to Figures 4, 5, 6, and 10 which show 
distributions of field intensity. In transmitting to Central America 
there is room for more latitude. The present 9670 -kc antenna is 
directed 215° E, but in a pending move it is intended to shift the beam 
a few degrees to the south. 

The European antennas are directed 50° E centering on the major 
European capitals which are quite closely grouped as viewed over the 
great circle path from New York. 

The following tables show the number of radio receivers and in 
some cases the number of telephones per hundred persons in the United 
States of America and in the countries of Latin America. 

Telephones per Country Receivers hundred persons 
U. S. A. 
Bahamas 1,880 
British Honduras 1,200 
Costa Rica 20,000 
Cuba 150,000 
Dominican Republic 7,000 
Guatemala 21,700 
Haiti 3,000 
Honduras 16,000 
Mexico 300,000- 350,000 
Nicaragua 4,000 
El Salvador 8,500- 10,500 
Panama 24,000 
Argentina 1,050,000 
Brazil 500,000 
Chile 160,000 
Colombia 100,000 
Ecuador 6,500 
Paraguay 11,200 
Peru 68,000 
Uruguay 150,000 
Venezuela 138,000 
Bolivia 
Central America 
Puerto Rico 

15.37 

1.29 

.81 

3.13 
.59 

1.69 
.44 
.29 
.35 
.43 

2.2 
.67 
.08 
.40 
.86 

Over a period of many years there has never been an interval when 
construction of new NBC international radio facilities was not being 
carried forward at Bound Brook under special capital appropriations 
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provided for the purpose. The increasingly diversified type of opera- 

tions, the nature of cyclic changes in wave propagation, the expanding 

scope of the service, the growing importance to National Defense, new 

developments in circuits and circuit elements and increases in the num- 

ber of assigned frequencies all contribute to the occasional need for 

new or improved radio facilities. The inventory of directive antennas 

in use or under construction is shown below. Of this inventory only 

two units, the third and sixth, are not yet ready for operation. The 

list of nondirective and comparison antennas is not included. 

Frequency Language Area 
9670 kc 
9670 " 

6100-9670 " 
11890 " 
11890 " 
11890 " 

15150 " 
17780 " 
15150 " 
11890 " 
17780 " 
15150 " 
17780 " 
21630 " 

Brazil -Portuguese 
Spanish 

Spanish -Central America 
Brazil -Portuguese 

Spanish 
South America 

Brazil- Portuguese 
Brazil -Portuguese 
Europe 
Europe 
Spanish 
Spanish 
Europe 
South America 

17780 " South America 

Degrees 
150° E of N Steerable 
170° " 
215° 
150° 
170° 

160° 

150° 
150° 
50° 
50° 

170° 
170° 

50° 
160° 
160° 

66 

64 

J 

Steerable 
To be 

dismantled 
Dual Fre- 

quency Unit 

Dual Fre- 
quency Unit 

To be 
dismantled 

There are at least five methods of specifying antenna gain, all different. 

They all involve comparison of the "unknown" antenna field with the 

field of some simple "comparison" antenna. If the "unknown" antenna 

is compared with different types of "comparison" antennas, or similar 

"comparison" antennas in different positions, the apparent power gain 

of the "unknown" antenna is different in each case. Some of the 

methods of specifying antenna gain are described as follows: 

1. Absolute directivity. This compares the maximum signal power 

of the "unknown" with the signal power of a vertically and 

horizontally non -directive comparison antenna, all assumed to be 

located in the center of a sphere. 

2. Comparison with a Hertz doublet. 

3. Comparison with a half -wave horizontal dipole at the same 

height above ground. This compares the maximum signal power 

of the "unknown" with the signal power of a half -wave dipole, 

the two ordinarily being located side by side. 

www.americanradiohistory.com

www.americanradiohistory.com


NBC'S INTERNATIONAL BROADCASTING SYSTEM 19 

4. Comparison with a vertical dipole with its center 1/4 wavelength 
above the earth. 

5. Comparison with a horizontal half -wave dipole one -half wave- 
length above the earth. 

The indicated power gains are different for these methods over a 
range of more than 60 per cent. NBC has used, for comparison, a half - 
wave dipole horizontally polarized and at the same height above ground 
as the unknown. This method and one other, comparison with a half - 
wave dipole one -half wavelength above ground, are believed to be most 
used. 

The "same height" method gives the smallest indicated power gain 
of any, but is the only method which expresses the actual gain of an 
array over an effective half -wave dipole such as would be used for 
broadcasting. 

It may be seen on Figure 1 that the 70 acres are almost ideally laid 
out to provide service to the nations interested in the viewpoint of the 
United States. The transmitter building is located in the center of the 
property with transmission lines radiating in various directions to the 
transmitting antennas. The antennas are adequately isolated from 
each other and the frequencies are so staggered among these antennas 
that coupling between adjoining units is kept to a negligible amount. 

Figure 2 shows the polar power pattern of the type of antenna 
which has been adopted by NBC as best for the service areas in South 
America and Europe. The figure shows the two beam patterns for 
the steerable type antenna to be described. This pattern was adopted 
years ago by NBC after consideration of population distribution, the 
size of the distant service area, the power gain and other factors. 

This pattern is obtained with a broadside antenna having a horizon- 
tal width of six half -wave elements two tiers of such elements being 
stacked vertically, with a complete duplicate set of such elements to 
the rear, making a total of 24 radiating elements. The 12 rear elements 
forming the reflecting tiers are parasitically excited. 

NBC STEERABLE AND DUAL -FREQUENCY ANTENNAS 

The most important language areas of South America are centered 
around Rio de Janeiro and Buenos Aires. These areas are 20 degrees 
apart as viewed from New York. One of the earliest investigations 
conducted in connection with these antennas was to determine whether 
or not a single antenna could be built which could be steered to either 
of these two language areas. A cost study showed that for the lower - 
frequency antennas which involve massive supporting structures and 
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long spans, an electrically steerable antenna entirely satisfactory in 

performance would be cheaper than the construction of separate an- 

tennas for the two areas. The 12 elements which are driven are segre- 
gated into three groups, each fed separately, because it was determined 
that the desired radiation pattern could be obtained by separately 
feeding three bays. The center bay is always kept at zero degrees for 
reference to the outside bays. It is desired to steer this beam ten 

degrees to one side or the other of the center line to serve either Rio 

de Janeiro or Buenos Aires. This can be accomplished when one out- 

side bay is retarded 75 degrees and the other one is advanced 75 de- 
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grees with respect to the center bay. The manner in which this is 

accomplished is shown diagramically in Figure 3. The transmission 

line from the station building divides into three coaxial branches, 

terminating in phasing boxes directly beneath the three sets of down 

leads. The branch to the center down lead is 101 electrical degrees long. 

The branches to the outer phasing boxes are 386 degrees long. The 

net result is that the outside phasing boxes lag 285 degrees with respect 

to the center box. The advance condition which makes reversible 

steering possible requires that both the outside boxes be 75 degrees 

ahead of the center box. This was easily accomplished by proper choice 

of the branch line lengths as described above. In other words, a lag- 

ging phase of 285 degrees is equivalent to a leading phase of 75 degrees. 

Therefore, if all three of the down leads were connected directly 
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through the phasing boxes to the transmission lines, the outside ele- 
ments would each be advanced in phase 75 degrees with respect to the 
center box. 

It was stated above that to steer the beam to the east or west, one 
outside box must be advanced 75 degrees and the other one retarded 
75 degrees. Since, when connected directly through, both outside sec- 
tions are advanced 75 degrees, it is possible to obtain the desired steer- 

III 

EUROPEAN COVERAGE 

IN PERCENT OF MAXIMUM f7EID IME \aRY 

WRCA ITTM R. C EUROPEAN REAM 

Fig. 4 

Ta 
Irvin ..r 

XT1 

ing condition by retarding the phase of one or the other outside ele- 
ments 150 degrees. This is accomplished by inserting by means of 
specially built high- frequency contactors, 150 -degree "building out" 
circuits which introduce a lag of 150 degrees into one side or the other. 
The contactors are operated from the transmitter control point in the 
transmitter building by remote control and are interlocked with the 
main rectifier in such a way that the rectifier may be shut down, the 
antenna directivity changed and the rectifier re- energized in one oper- 
ation. Coaxial transmission lines are used for the 150 -degree phasing - 
out sections and also to connect the phasing boxes to the common 
junction of the three branches, as shown in Figure 3. 

The impedance of the down leads must be matched to the output of 
the phasing boxes and this is accomplished by circuit elements adjacent 
to the relays in the boxes. 
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The 9670 -kc steerable antenna has been in daily service for some 

years and has been highly satisfactory. On the higher frequencies in 

which the supporting structures and spans are smaller, separate an- 
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tennas are more economical to build. In this connection an investiga- 

tion was made to see what advantage could be taken of operation of one 

antenna on two or more separate frequencies. It is possible to properly 

terminate and operate an antenna on several frequencies, but if they 
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are too widely separated the antenna pattern departs too far from the 
optimum. 

Two frequencies, not widely separated, may be used on one antenna 
without a significant change in the directive pattern. As a result of 

40% 

67% 

80% 

95% 

100% 

95% 
80 % 

CENTRAL AMERICAN COVERAGE 

IN PERCENT OF MAXIMUM FIELD INTENSITY 

WRCA 9670 C. A. BEAM 

Fig. 6 

this investigation two antennas, one directed to Buenos Aires and the 
other to Rio de Janeiro were designed and built so that each could 
operate on either 15150 kc or 17780 kc. The patterns are almost alike, 
the antennas can be terminated correctly for each frequency and the 
overall result is that two fixed antennas accomplish in this way substan- 
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tially the same result that would be obtained with two steerable an- 
tennas. 

Figure 4 shows the field intensity distribution, in per cent of maxi- 

mum, throughout Europe, when the 17780 -kc European antenna is 

transmitting. Figure 5 shows in the same manner the field intensity 

Fig. 7 

distribution throughout Brazil for the east leg of the 9670 -kc steerable 

antenna. Figure 6 shows the field intensity throughout Central Amer- 

ica for the 9670 -kc Central American antenna. Space does not permit 

showing patterns for all antennas nor is it important to do so when 

they are nearly all alike. 

Fig. 8 

The group of antennas used in transmitting to South America is 

illustrated in the photograph of Figure 7. Figure 8 shows the type 

of switch employed, and the only operation necessary, to direct the 

beam of the steerable type antenna developed by NBC. 
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In the design of beam antennas such as are used at WRCA and 
WNRI. maximum forward transmission is not accomplished with the 
same adjutment which would produce maximum suppression to the 
rear. Therefore. an appreciable amount of power is transmitted to the 
rear of such A system. When the steerable antenna is directed to the 
west leg an effective beam power of about 120 kw is transmitted in the 
direction of Alaska. A Fairbanks station has requested and received 
permission to rebroadcast the WRCA programs thus received. Simi- 
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laxly, a station in Puerto Rico has requested and received permission 
to rebroadcast the programs of WRCA and \\N RI. 

\\Rl'A-W N ItI TRA \:W (TTFRS 

The transmitter facilities of \\R(':\ and \1'\111 are shown in Fig- 
ure 9 Facilities are provided for the operation of two transmitters 
simultaneously. The frequencies are divided between these two trans - 
mitters in such a agar that the maximum number of useful adjacent 
frequency combinations can be used together. Six frequencies are 
assigned to WR('.\ and WNW!. 6100 kc. %70 kc. 11S90 kc. 15160 kc. 
1 î S0 kc. and 21610 kc. Dual 50 -kw transmitters are available. the 
W Nltl transmitter having one power amplifier and duplicate exciters 
identical except for the operating frequencies. %'Rl'A is provided with 
similar duplicate exciters and also two duplicate power amplifiers dif- 
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fering only in operating frequency. The frequencies are licensed as 
follows : 

WRCA WNBI 
9670 kc 6100 kc 

17780 kc 11890 kc 
15150 kc 
21630 kc 

Since adjoining frequencies are ordinarily most desirable for dupli- 
cate operation over a particular circuit, the above division was re- 
quested of the FCC, and granted. At the proper times, governed by 
time of day, path distance, direction, and 11 -year sun spot cycle condi- 
tions, the following useful combinations are possible. 

6100 -9670 
9670 -11890 

11890 -17780 
15150 -17780 
17780 -21630 
9670 -15150 
9670 -9670 synchronized for 100 kw 

These combinations permit combined operation on two separate 
frequencies to Europe, the Rio de Janeiro sector, the Buenos Aires 
sector, or Central America. They also permit operation separately to 
any two of the four basic service areas. In addition another interesting 
operating condition has been worked out and has been successfully used 

for some time as described below. 

100 -Kw OPERATION 

During certain evening hours it is desirable to serve all of the 
Spanish speaking areas of Central and South America at the same time 
with the same program on the same frequency. This could be accom- 
plished by the use of a very wide beam of low power gain, but it would, 

under such conditions, be necessary to increase the transmitter power 
to make up for the reduced gain of the wide -beam antenna. The alter- 
nate method would be the use of separate high -gain antennas serving 
adjoining areas, each antenna being driven by a separate transmitter. 
The latter method has been developed and is in daily use at WRCA. 

The two WRCA 50 -kw amplifiers are used simultaneously, one to 
excite the Central American antenna and the other to drive the west 
leg of the South American steerable antenna, both operating synchro- 
nized on 9670 kc. The beam -patterns overlap to provide service over 
the vast Spanish- speaking area extending from the Brazilian border to 

Central Mexico. Figure 9 shows the two r -f systems. Successful oper- 
ation of twin transmitters requires, of course, that the frequencies be 

exactly synchronous. As may be seen, synchronization is simply and 
easily accomplished by cross connecting the separate drivers, eliminat- 
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ing one of the crystal units, and driving both transmitters from the 
other one alone. During the experimental period of twin frequency 
operation there was some concern that circuit irregularities might 
cause independent variations in two separate signals to result in 
increased distortion or violent fading in the overlap areas. The results 
were observed as closely as circumstances permitted, but no evidence 
has come to hand to indicate that twin frequency operation as used at 
WRCA is attended by any disadvantage. This system has been in 
nightly operation over an extended period and all reports are favorable. 

Figure 10 shows the field intensity distribution throughout the 
Spanish- speaking areas of South and Central America when synchro- 
nized 100 -kw operation is employed to cover them on 9670 kc. 

The power gain of the steerable antenna is 24, in comparison with 
the gain of a half -wave horizontal dipole. Actual field intensity meas- 
urements made in Argentina during alternate transmissions on the 
steerable unit and the comparison dipole showed that this gain was 
obtained within a few per cent. Thus, the effective power with 50 -kw 
transmitter output is 1,200,000 watts. The Central American antenna 
was built with a wide beam to cover the Central American arc of 60 °. 
The requirements for serving this area are different than for South 
America or Europe. The power gain can be lower in this case to get 
the required wide pattern, while still maintaining high signal intensity, 
because Central America is comparatively close to New York. The 
power gain is 10 and, as a result, the effective power on this beam is 
500,000 watts. Therefore, the combined effective powers on these two 
adjacent beams is 1,700,000 watts. These beams and effective powers 
can easily be made more concentrated, but to do so would somewhat 
defeat their purposes since it would be at the expense of the beam 
widths required to serve reasonably their respective areas. 

Prior to 1941 the WRCA -WNBI transmitters were operated daily 
with a normal carrier power of 25 kw, but recent reconstruction has 
increased the power to 50 kw. Because of the importance of the service 
which had been built up over many years it would have been most un- 
desirable to discontinue transmissions on any of the regularly used 
frequencies for the period of time necessary to reconstruct the exciter 
and power -amplifier units for 50 -kw operation. Therefore, before 
reconstruction could start on the first transmitter, it was necessary to 
arrange the operating schedules of the other two transmitters and 
install satisfactory but temporary wave -changing facilities in them to 
permit two transmitters to cover the schedules of transmissions orig- 
inally assigned to three. In addition, r -f transmission lines and switch- 
ing facilities had to be transferred. Thus, a great deal of preliminary 
work was required before a transmitter could be removed from service 
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for reconstruction. Then upon completion of the first 50 -kw transmit- 
ter, temporary wave -changing facilities had to be built into it to facili- 
tate its operation on the frequencies of the second transmitter so that 
no program interruption resulted. After this was accomplished, the 
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second transmitter was made available for reconstruction for 50 -kw 
operation and so on with the third transmitter. 

An inordinate amount of extra work and planning were required 
under these conditions to rebuild completely all three transmitters. 
Most of it had to be done after the 1 A.M. sign -off period at night 
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because only then could power be removed from the WRCA -WNBI 
equipment. 

As a part of the project it was necessary to increase the power - 
handling capacity of the main 4000 -volt substation and also expand the 
water- cooling facilities to withstand the added plate dissipation attend- 
ant upon the transmitter power increases. 

Coinciding with the power increases of the transmitters, the power - 
handling capacity of r -f transmission lines and antenna systems had, 
also to be increased by installing larger transmission line and antenna 
cables and increasing the insulation. Most of this work also had to 
be performed at night after the end of the daily schedules. 

Simplification of mechanical design has been accomplished by the 
use of removable shelf -type construction utilizing duralumin frames, 
panels, chasses, and shelves. For maintenance and repair of the low - 
power stages the shelves are removable on sliders from the front panels, 
like desk drawers. Other stages are made accessible through inter- 
locked doors, or perforated screens. 

As a result of many years of high- frequency broadcasting trans- 
mitter experience, the high level modulating system was retained as 
the most satisfactory. The RCA tube lineup in each transmitter starts 
with crystal controlled oscillator and frequency -multiplier units con- 
taining an 802 crystal oscillator and two 802 doubler stages. The 
outputs of the second doubler stages are amplified by 813 amplifier 
stages and push -pull 803 stages. These in turn are used to drive the 
intermediate power -amplifier stages utilizing four 833A tubes in push - 
pull parallel arrangement. 

The outputs of the 833A stages of the exciter units are normally 
3.5 to 4 kw and drive the grids of the push -pull 880 modulated power 
amplifier stages to saturation. All r -f stages are equipped for a -c 
filament heating from the 60 -cycle power mains through suitable 
transformers. 

The modulator units of these transmitters consist of cascade 211 
and 845 audio amplifier stages and push -pull 891 driver stages. These 
driver stages have the desired excellent regulation for driving the 
893 Class B modulators. The drivers and modulator stages operate at 
10,500 volts of d -c power supplied by 3 -phase full -wave main rectifier 
units utilizing six 857B hot -cathode mercury vapor rectifier tubes in 
each. 

The power amplifier units of these transmitters are of improved 
design with a view toward greatest efficiency and operating stability. 
In each case two 880 power tubes, shown in Figures 12 and 13, 
amplify the transmitter carrier power to 50 kw. Modulation is accom- 
pI ished with audio power provided by the RCA 893 Class B modulator 
finit. 
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In Figure 11 there is shown an assembly drawing of the water - 
cooled RCA 880 tube mountings, the output tank circuit tuning capaci- 
tor and the neutralizing capacitor arrangement. The variable com- 
pressed -air neutralizing capacitors are used in a standard cross -neu- 
tralized circuit with excellent stability over the wide frequency range 
in which the transmitters are used. An air pressure of 150 pounds 

Fig. 12 

per square inch has been found ample to provide air -dielectric strength 
suitable for this purpose. Two blower units are provided to supply 
sufficient air cooling for the grid and filament seals of each RCA 880 
tube by means of three -inch bakelite ducts leading to the tops of the 
power amplifier tubes. 

In the compact assembly shown in Figure 11, one -inch solid dur- 
alumin plates are used throughout. All corners and edges are care- 
fully rounded and all surfaces highly polished. The variable, output, 
tank, tuning capacitor consists of a single movable grounded plate 
sliding vertically into the U- shaped chambers on each side of the as- 
sembly. This is illustrated in Figure 11. Figure 12 is a photograph 
of the assembly. 

By this arrangement the capacitance from each side of the tank cir- 
cuit to ground is perfectly balanced. Stray and minimum capacitance 
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is reduced to a very low value. This is especially true with the movable 
plate raised to its extreme upward position where the capacity effects 
to it are negligible. A wide range of tuning of the parallel- conductor 
tank inductance output circuit is thus obtained by the sliding plate 
which is operated by means of gears from a knob on the front panel of 
the power amplifier unit. Counterweights are provided to reduce the 
effort required to vary the position of the movable plate. 

The operation of high- powered, high- frequency amplifiers depends 
upon short direct r -f connections, lumped circuit elements, and simple 
construction if it is to be stable in operation. This is particularly true 
if the amplifier is to operate on two or more different frequencies. One 

of the difficulties in designing equipment of this kind is properly to 
locate the circuit elements with respect to each other, to minimize the 
length of the connections, and at the same time provide proper insula- 
tion for high -powered operation. One of the troublesome circuit ele- 

ments is the neutralizing capacitor. In a push -pull balanced amplifier 
the neutralizing circuit must be insulated for d.c. plus r.f. but at the 
same time the capacitor itself should be as small and compact as pos- 
sible. The use of compressed -air neutralizing capacitors offered an 
excellent solution. The capacitor is of a type developed and used by 

R.C.A. Communications, Inc. in high -powered telegraph transmitters 
and has been adapted to these broadcast units. 

Figure 13 shows a photograph of one of these units. Figure 12 

shows the manner in which it is mounted in the plate tank assembly. It 
may be seen that the RCA type 880 tube jacket is mounted adjacent to 
the compressed -air neutralizing capacitor, both being mechanically and 
electrically enclosed within the machined aluminum frame assembly. 

These capacitors normally are kept at an air pressure of 150 pounds 
by means of a small motor -operated compressor. They have been tested 
under normal operating conditions on pressures as low as 60 pounds 
without any tendency to flash -over and have been tested, with normal 
pressure, at 90,000 volts without flashover. The capacitance is variable 
over a sufficiently wide range to insure optimum neutralization. The 
units are, of course, built to have the proper range of capacitance for 
the particular circuit in which they are to be used. The variation of 
capacitance is accomplished by turning the threaded end rod which 
varies the length of a copper bellows in the pressure chamber. 

Distilled water for cooling the anodes of the RCA 880 tubes flows 

to and from each power amplifier tube through the parallel- conductor 
tank inductance, which consists of a one -inch square (outside dimen- 

sion) bronze pipe and is illustrated in Figure 13: The tank inductance 
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thus forms a part of the distilled -water system so that water is fed 
into the circuit through the porcelain water coils at the low r -f voltage 
point of the output tank with the result that r -f leakage to ground 
through the insulating water column is a minimum and at the same 
time the temperature of the tank inductance is maintained at a lower 
value. 

Some of the problems encountered in building and operating dual 
high -power international broadcasting transmitters include those of 
eliminating harmonics and spurious frequency radiation. The har- 
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Fig. 13 

monies usually can be eliminated by suitable filters located at the send- 
ing end of the transmission lines leading to the antenna. However, in 
addition to harmonic frequencies, there must be eliminated a wide 
variety of other spurious radiations which may be produced by a com- 
bination of two or more transmitters operating simultaneously on 
different frequencies, especially where open wire lines operate in the 
fields from the other antennas. 

EFFECTIVENESS OF THE SERVICE 

For many years NBC has conducted an effective International 
Broadcasting Service. With the outbreak and spread of the present 
world conflict and the continuous improvement in NBC radio facilities, 
the value of this service has multiplied in importance and scope. New 
thousands of letters and telegrams incessantly convey that fact with 
stirring impact. One cannot but be deeply impressed by those many 
communications from Europe which express despair and misery, nor 
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can one read their pleas to continue and expand our efforts without 
more fully appreciating the high patriotic and humanitarian function 
which has come to be served by American short -wave licensees. Inter- 
national broadcasting as conducted by our country has become a 
powerful instrument which has earned the respect and confidence of 
foreign listeners through the truthfulness of its reporting and the 
character of its programs. 

It has been the writer's privilege to be associated with radio for 
26 years and with broadcasting for 20 years. Rarely has there been an 
opportunity in those eventful times for any form of communication to 
demonstrate such unique feats as are now becoming accepted common- 
places in international broadcasting. Barely 16 years ago the first 
rebroadcast from across the seas took placer. Scheduled rebroadcasts 
from the far corners of the earth have since become matters of but 
casual interest. But only in recent months has the bewildered victim 
of catastrophe, propaganda, and censorship so fully appreciated the 
modern miracle of radio which enables him to listen, perhaps secretly, 
to free stations thousands of miles overseas for frequent and authori- 
tative reports of world events, at times taking place in his own country, 
frequently at points but a few blocks distant. 

The following are excerpts from typical long letters from Europe: 
"I am sending you this letter through a friend of mine to thank 

you for your excellent broadcasts of the French Hours. Whatever 
happens, keep on with them . . . At least may your radio stations 
remain with us, we beg of you. In our great sorrow, crushed as we 
are... PP 

"I follow your transmissions regularly. For months they have been 
helping me to bear up under the present situation and I cannot thank 
you enough for the moral support you give us ". 

"Living in a channel port you can't imagine the comfort my friends 
and I receive from hearing your transmissions ... We shall be listening 
especially on April 13 unless a bomb shatters us." 

"Literature you sent me before was destroyed during an air attack 
last June, from which, through a miracle, my family and I escaped 
although five bombs exploded surrounding our house." 

The following is an example of the effectiveness of the WRCA- 
WNBI service in Central America. It is a telegram from Tegucigalpa, 
Honduras. "The broadcast was received in this capital perfectly. The 
speech has caused a sensation in our country as it did in the rest of 
Latin America. Rarely have I seen so many people gathered on the 
plazas where we have had our loudspeakers installed as I saw last 
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night. We can guarantee that in our country there were many thou- 
sands of people who listened to the Spanish version of the presidential 
speech (Fireside Chat to the Americas) which we might add was very 
well read by your announcer." 

NBC broadcast the President's speech direct to every one of the 
American republics and to Europe. Stations in the 20 Latin American 
republics and in Puerto Rico rebroadcast the Spanish and Portuguese 
versions which were given from Radio City simultaneously with the 
English broadcast from the White House. The speech was rebroadcast 
by the British Broadcasting Co. and Italian, German, and French 
translations were beamed to Europe on the regular times assigned to 
those languages. 

The following is an example of the technical character of the 
9670 -kc signal received in Rio de Janeiro from the steerable antenna. 
It covers from 6.00 to 7.45 P.M. E.D.S.T. on May 15, 1941. Reception 
was on a common receiver with six feet of wire for an antenna. 

WRCA -9670 kc 
Carrier strength Very strong 
Fading -Depth Very slight to slight 
Rate of fading Very slow to slow 
Interference from other stations None 
Static Very weak 
Background noise Very low 
Transmitted noise None 
Degree of modulation High 
Quality Excellent 
Overall rating Excellent 
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CALIBRATION OF MICROPHONES BY THE 
PRINCIPLES OF' SIMILARITY AND RECIPROCITY 

BY 

HARRY F. OLSON 
RCA Manufacturing Company, Inc., Camden. New Jersey 

Summary -For the application of the reciprocity principle to the cali- 
bration of a microphone, three transducers are used as follows: the 
microphone to be calibrated, a reversible microphone -loudspeaker, and a 
loudspeaker. The absolute sensitivity of a microphone may be obtained 
from two experiments involving the three transducers and electrical stand- 
ards of voltage, current, and frequency. For the application of the principle 
of similarity, two velocity microphones are used having linear dimensions 
'n the ratio 1:x. Under these conditions the configuration of the response 
chitrneterist¿es will be the same, but shifted 1:x in frequency. The principles 
I.f similarity and reciprocity have been applied to the calibration of a com- 
mercial velocity microphone. 

INTRODUCTION 

THE field response' of a microphone at a particular frequency is 
given by the ratio e/p where e is the open- circuit voltage gen- 
erated by the microphone and p is the sound pressure in dynes 

per square centimeter as measured in a plane -progressive sound wave 
prior to the introduction of the microphone. The pressure response is 
the same as the above except that p is the uniform sound pressure in 
dynes per square centimeter on the microphone diaphragm at a speci- 
fied frequency. 

There are four methods' in common use today to obtain primary 
microphone calibrations. These may be designated as: thermophone, 
electrostatic actuator, tourmaline crystal, and Rayle1 h disc. The first 
two, in general, apply to pressure calibration and the last two to field 

calibration. The calibration of a microphone by any of the above 
methods requires considerable time and skill. Furthermore, in some 
cases the apparatus is quite delicate and costly. It is the purpose of 
this paper to describe the calibration of a microphone by means of 
the principles of similarity and reciprocity. By the use of these prin- 
ciples and relatively simple apparatus the absolute calibration of a 

microphone over a wide frequency range may be obtained. 

1 American Standards Association Sectional Committee Z -24, Report on 
Calibration of Microphones. Jour. Acous. Soc. Amer. Vol. 7, No. 4, p. 33, 
1936. This report also lists the publications on calibration of microphones. 
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THE PRINCIPLE OF SIMILARITY 

The free -field calibration of a microphone above 10,000 cycles pre- 
sents some difficulties due to the relatively short wavelength. If a 
Rayleigh disc is used at 15,000 cycles the diameter of the disc should 
not exceed 3 millimeters, or 0.11 inch, to satisfy the condition that 
the diameter be less than one -eighth wavelength. The use of a disc 
of this small size is impractical. If a free -field calibration in terms of 
a pressure calibration is used, the dimensions of the microphone must 
be less than one -eighth wavelength to eliminate errors due to diffrac- 
tion. The construction of a microphone of these dimensions with a 
usable output presents some difficulties. However, it is possible to 
obtain the frequency response over almost any range by employing the 
principle of similarity. 

The principle of similarity2 states that : if any system of connected 
particles and rigid bodies is given, it is possible to construct another 
system exactly similar to it, but on a different scale. 

To find the relation between the various ratios involved let the 
linear dimensions of the model and pattern be in the ratio x :1, let the 
masses of the corresponding particles be in the ratio y :1, let the times 
between corresponding phases be in the ratio z :1, and let the forces 
be in the ratio w:1. Then the following required relation between the 
numbers w, x, y, and z may be written 

w = xyz2 (1) 
For the application of this principle it seems logical to employ the 

velocity microphone because of the simplicity of the vibrating system. 
At the high frequencies the vibrating system is a mass reactance save 
for the negligible radiation resistance. Further, in the case of the 
velocity microphone it is possible to design the structure so that the 
difference in pressure between the two sides of the ribbon is governed 
entirely by diffraction. This requirement is sufficient for the applica- 
tion of the principle of similarity in acoustics. Under these conditions 
the configuration of the response characteristics will be identical, save 
for a shift in frequency and sensitivity, if logarithmic scales are used 
for both the ordinates and the abscissas. If the ratio of the linear 
dimensions is x :1 the corresponding configurations of the two fre- 
quency characteristics will be displaced 1 :x in frequency. The consid- 
eration of sensitivity may be neglected because the significant factor 
is the shape of the response- frequency characteristic. 

To apply the principle of similarity, a velocity microphone was 
designed and built which exhibited very uniform response to beyond 

2 Whittaker, "Analytical Dynamics," Cambridge University Press, 1927. 
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8000 cycles. This microphone is termed the pattern of Figure 1. Cali- 
brations by means of the actuator, Rayleigh disc, pistonphone', and the 
method to be described are all fairly reliable and consistent in the 
low- and mid -frequency ranges. These calibrations were used to cali- 

brate the pattern to 8000 cycles. Then a smaller microphone similar to 

the pattern, but with all the linear dimensions reduced by one -half 
was built. This microphone is termed the model of Figure 1. The 

constants of the two microphones were chosen so that the conditions 

MODEL 

RIBBON 
SUPPORT 

MAGNET 

< i --)-1 
PATTERN 

Fig. 1 -Two similar velocity microphones with linear dimensions in the 
ratio of x :1 termed the model and pattern, respectively. 

of Equation 1 were satisfied for the pattern ana the model. The 

microphones were designed so that the actuating forces are governed 

by diffraction phenomena. Under these conditions the shape of the 

response- frequency characteristic of the small microphone is the same 

as that of the large microphone but advanced one octave in frequency. 

PRINCIPLE OF RECIPROCITY 

The acoustical reciprocity theorem was originally enunciated by 

Helmholtz and Rayleigh3. Ballantine' has established reciprocity 

theorems for mechano- acoustic, electro- mechano, and electro-mechano- 

acoustic systems. Ballantine has also carried out a generalized dis- 

' Loc. Cit. 
3 Rayleigh, "Theory of Sound," MacMillan Co. Vol. I, p. 145. 

4 Ballantine, S., Proc. I.R.E., Vol. 17, No. 6, p. 929, 1929. Later, similar 
theoretical conclusions were reached by R. K. Cook, Jour. of Research, Nat. 
Bur. of Standards, Vol. 25, No. 5, p. 489, 1940 and by W. R. McLean, Jour. 
Acous. Soc. Amer., Vol. 12, No. 1, p. 140, 1940. Cook applied these relations 
to the calibration of condenser and crystal microphones. 
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cussion to show that a microphone may be calibrated in terms of 
electrical standards by the use of the extended reciprocity relations. 
This method, applied to a specific problem, will now be outlined. 

For the application of the reciprocity principle to the calibration 
of a microphone, three transducers are used as follows : the micro- 
phone, M, to be calibrated, a reversible microphone -loudspeaker Si, and 
a loudspeaker S2. For the reversible microphone -loudspeaker it is con- 
venient to use a small back -enclosed loudspeaker. 

The first experiment is shown schematically in Figure 2. An alter- 
nating current is fed to the loudspeaker S2. A sound pressure pi is 
produced at a distance d. Let the open- circuit voltage, in abvolts, of 

A -C 
INPUT 

sZ 
S, 

es 

eu 

Fig. 2- Arrangement for obtaining the ratio of the open- circuit voltages 
cl, and es of the microphone M and the microphone -loudspeaker S1 when 
actuated by the same sound pressure p, produced by the loudspeaker S2. 

Si used as a microphone be designated as es and the output of the 
microphone M be designated as eM. Let Ks = abvolts per dyne per 
square centimeter of Si, and, Km= abvolts per dyne per square centi- 
meter of M1. Since the sound pressure pi, in dynes per square centi- 
meter, is the same for Si and M1, it is evident that 

es em 

Pi= 
Ks Km 

(2) 

The voltage output, in abvolts, of the microphone -loud speaker Si 
used as a microphone is 

es= Blxi (3) 

where B = flux density in the air gap, in gausses, 
l = length of the conductor, in centimeters, and 
= velocity of the voice coil, in centimeters per second. 

The velocity, in centimeters per second, of the vibrating system of 
Si as a microphone is 

piA 
xi = (4) 

Zm 

where p = actuating sound pressure, in dynes per square centimeter, 
A = area of the diaphragm, in square centimeters, and 

Zm = mechanical impedance of the vibrating system, in mechan- 
ical ohms. 
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From Equations 2, 3, and 4 

es BlA 
= Ks (5) 

Pl Z 
The second experiment is shown in Figure 3. The velocity, in centi- 

meters per second, of the diaphragm and voice coil of S1 for a current i, 
in abamperes, in the voice coil is 

Bli 
x = (6) 

Zu 

The pressure' p at M, in dynes per square centimeter, at a distance 
d, in centimeters, produced by S1 in the range where the dimensions 
are small compared to the wavelength is 

pckAr 
p= 

4rd 

where A = area of the diaphragm, in square centimeters, 
= velocity of the diaphragm, in centimeters per second 

p = density of air, in grams per cubic centimeter and 
k =2ir /A 
a = wavelength, in centimeters, and 
e = velocity of sound. 

A -C 
INPUT 

SI 

d 

(7) 

Fig. 3- Arrangement for obtaining the open- circuit voltage e' of the 
microphone when driven by a pressure p produced by the microphone -loud- 

speaker actuated by a current i. 

From Equations 6 and 7, 

p= 

From Equations 5 and 8, 

pckABli 

4rd Zy 

pckiKs riKs 
p= _ 

47rd 2d,1 

where r = pc 

(S) 

(9) 

' Olson, "Elements of Acoustical Engineering," D. Van Nostrand Co., 
1940, p. 19. 

. 
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The pressure p in dynes per square centimeter, at M1 in terms of 
the constant KJ1 and the open- circuit voltage e'M, in abvolts, is 

From Equations 9 and 10 

From Equation 2 

p= 
e'D1 

Km 

e'.11 riKs 

Ky 2d,1 

em 
Km = Ks 

es 

When Ks is eliminated from Equations 11 and 12, the response of 
the microphone M in abvolts per dyne per square centimeter is 

(10) 

(12) 

K31= 
2dAeve'm 

ries 

t where es and eu are obtained from setup of Figure 2 and e',1 and i are 
obtained from setup of Figure 3. The units are as follows : Voltages 
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Fig. 4 -The open- circuit voltage response vs. frequency characteristics at the 
250 -ohm output terminals of a commercial -type velocity microphone for a 

free field pressure of one dyne per square centimeter. 

in abvolts, currents in abamperes, distances in centimeters, wave- 
lengths in centimeters and r = pc = 41.5. 
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EXPERIMENTAL RESULTS 

A commercial -type velocity microphone was calibrated by the prin- 
ciple of reciprocity as outlined in the preceding section. The results 
are shown in Figure 4. The microphone was also calibrated by means of 
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Fig. 5 -The open- circuit voltage response vs. frequency characteristic at the 
250 -ohm output terminals of a commercial -type velocity microphone obtained 
by the principles of reciprocity and similarity. 0 db = 200 microvolts per 

dyne per square centimeter. 

two secondary standards ; one calibrated six years ago with a Rayleigh 
disc, pistonphone, and actuator by Mr. M. L. Douthit of the RCA Manu- 
facturing Company and the other calibrated by the Bureau of Stand- 
ards. The maximum deviation between the three methods is 2/3 decibel 

or 8 per cent. 
Using the above data and the two microphones of Figure 1 the 

remainder of the range was obtained by the principle of similarity. 
The response frequency characteristic of the commercial -type micro- 
phone for the frequency range 30 to 15,000 cycles is shown in Figure 5. 
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RECENT DEVELOPMENTS IN PHOTOTUBES 
BY 

R. B. JANES AND A. M. GLOVER 
RCA Manufacturing Co., Inc., Harrison, New Jersey 

Summary- Developments of the last two years in photoemissive tubes 
are discussed. These include the introduction of a surface highly sensitive 
to blue -rich light and its incorporation in a phototube and an electrostatic- 
ally focused photoelectric multiplier. The phototube has a sensitivity of 
about 45 microamperes per lumen to incandescent light of color temperature 
2870 °K even though the tube has no infra -red sensitivity. The photoelectric 
multiplier incorporates the same surface, but because of the use of nine 
stages of secondary emission multiplication has the tremendous sensitivity 
of 0.6 ampere per lumen to the same light source. 

OR many years after the discovery of the photoelectric effect by 
Hertz in 1887, its usefulness was appreciated chiefly by labora- 
tory workers. Laboratory -made phototubes were used, in most 

cases, for measurements in optical and chemical research. However, 
the small size of the currents obtained required the use of delicate 
electrometers, thus making measurements tedious and exacting. With 
the development of reliable amplifying tubes in which the input im- 
pedance was relatively high, new fields of usefulness for phototubes 
were opened. By the use of amplifying tubes, output currents of the 
order of milliamperes or more could be delivered to rugged meters or 
other output devices. The first large -scale commercial application of 
phototubes was for sound motion pictures. In most sound motion 
pictures the sound track, as the record of the speech or music accom- 
panying the picture is called, is photographed on the edge of the film. 

The light from a suitable source, generally an incandescent lamp, is 
projected upon this track and variations in the light transmitted 
through it are registered by a phototube. Since the radiation from 
an incandescent lamp, even when operated at a high temperature, is 
largely in the red and infra -red regions of the spectrum, efforts were 
made to develop a phototube surface with a high sensitivity in this 
region of the spectrum. In 1928, this work was successful. The spec- 
tral sensitivity curve for the new photosurface is shown in Figure 1. 

It is designated as photosurface S1. The energy distribution from a 
tungsten lamp operating at a color temperature of 2870 °K is also 
shown in Figure 1. It is apparent that a phototube with an S1 surface 
is a very satisfactory device for use with an incandescent lamp. Manu- 
facturing improvements over a period of several years permitted the 
introduction of a second surface designated as S2. This surface is 
similar to the S1, but has a higher infra -red response. 

43 

www.americanradiohistory.com

www.americanradiohistory.com


44 RCA REVIEW 

The reliable performance of phototubes in sound motion pictures 
has encouraged their use in many industrial applications. In some of 
these the output of the light source is largely in the green or blue. 
Also, there are many applications in which the phototube is used to 
replace the eye for color matching. Hence, a spectral sensitivity having 
high green and blue response and more nearly approaching that of the 
eye is needed. The desired spectral- response characteristic can be ob- 
tained from an S2 surface by proper filtering, but the resultant sensi- 
tivity is very small. The S3 surface, for which the spectral sensitivity 
is shown in Figure 2, was developed to meet these applications. Al- 
though its overall sensitivity to an incandescent lamp is only 5 or 10 

microamperes per lumen as compared to 20 to 30 microamperes per 
lumen for the S2 surface, its sensitivity to blue and green light is 
several times larger than that of the S2 surface. The problem of filter- 
ing to match the response of the eye is, therefore, considerably simpli- 
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Fig. 1- Spectral distribution of the S1 surface. Spectral energy distribution 
of an incandescent lamp at 2870 °K. 

tied. The sensitivity curve of the eye is also shown in Figure 2 for 
comparison. 

In the last year, two phototubes employing a new surface called S4 
have been introduced.' These are the types RCA -929 and RCA -931. 
The 929 is a vacuum phototube while the 931 is a multiplier phototube 
in which both the photocathode and the secondary- emissive stages 
employ the S4 surface. The 929 will be considered first. 

The 929 phototube is different in many respects from tubes with 
the S2 and S3 surfaces. The spectral response of the three surfaces 
are shown together in Figure 3. It will be observed that the spectral 
response of the 929 has no infra -red sensitivity, but is confined to the 

' A. M. Glover and R. B. Janes, Electron'cs 13, 26, August 1940. "A New 
High Sensitivity Photosurface ". 
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visible and ultra -violet region of the spectrum. The long wavelength 
limit is at about 6300 angstroms. This characteristic is especially use- 
ful for applications such as flame -control measurements, in which it 
is desirable for the tube to respond to the visible part of the flame 
spectrum only and not to the background illumination. In the ultra- 
violet end of the spectrum the sensitivity of the 929 drops to very low 

values near 3000 angstroms, because of the high optical absorption of 
the soft -glass envelope. The sensitivity of the surface itself extends 
much farther into the ultra -violet and is high to at least 2537 ang- 
stroms. The response in the ultra -violet is not directly proportional to 
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Fig. 2- Spectral distribution of the S3 surface. Spectral sensitivity of the 
human eye. 

the sensitivity in the visible spectrum, since a small variation in the 
shape of the spectral- sensitivity curve in the neighborhood of the 
threshold will, of course, affect the visible sensitivity without changing 
the ultra -violet sensitivity. 

The high sensitivity of the 929 in the ultra -violet and the blue 
region of the visible spectrum makes the tube very useful for measur- 
ing the light output of mercury arcs, fluorescent materials, or the sun, 
since such sources radiate chiefly in this region. For these and similar 
light sources, the 929 has a response several times that of other 
surfaces. 

Although the response of the 929 is greatest in the blue and ultra- 
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violet, its sensitivity is also high for light from tungsten filaments. In 
fact, while the S2 surface has a sensitivity to incandescent illumination 
of color temperature 2870 °K of 20 to 30 microamperes per lumen, the 
S4 surface has a sensitivity of 30 to 60 microamperes per lumen. Thus, 
the 929 can be used to replace phototubes with S1 or S2 surfaces where 
they are used with an incandescent light source such as in sound repro- 
duction equipment. However, if the temperature of the incandescent 
source is lowered, the response of the 929 falls more rapidly than that 
for a tube with an S1 or S2 surface. The customary practice of reduc- 
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Fig. 3- Spectral distribution of the S2, S3, S4 surfaces. 

ing the lamp voltage to conserve lamp life can not be utilized to the 
same extent with the 929 as with tubes having Si, S2, or S3 surfaces 
without the loss of considerable sensitivity. However, when the life of 
the lamp is not an important factor a large increase in sensitivity can 
be attained with the 929 by increasing the color temperature of the 
lamp. 

A consideration of the relative sensitivity of the 929 and of tubes 
with S2 and S3 surfaces discloses the following facts. For incandescent 
light at a color temperature of 2870 °K the 929 has nearly twice the 
sensitivity of the best Si and S2 surfaces and about seven or eight 
times that of the S3. For daylight illumination, the sensitivity of the 
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929 is at least 120 microamperes per lumen, a value which is many 
times that of the other surfaces. For a high -pressure mercury arc, the 
response is fifty times as great as for the S2 surface. It is interesting 
to calculate for these surfaces the number of electrons emitted per 
incident photon, i.e. the quantum efficiency. For the S2 surface with a 
peak at about 8000 angstroms, the number is about one for each 100 

incident photons or an efficiency of 1 per cent. For the S4 surface at 
the peak at 3750 angstroms, the efficiency for an average tube is about 
12 per cent, a range in the efficiency from 8 to 20 per cent being com- 

monly obtained. Experiments have shown that for the S1 and S2 sur- 
faces the sensitivity resides largely in a very thin layer on the surface. 
The quantum efficiency of this layer is very high, of the order of 10 

or 20 per cent, but the amount of light absorbed in the sensitive layer 
is a small part of the total light. The reason for the high sensitivity 
of the S4 surface is that a great deal more light is absorbed in the 
sensitive layer than is the case for the S2 surface. 

The high sensitivity of the 929 to nearly all sources of light is not 
its only advantageous characteristic. Its dark resistance (that is, its 
resistance when no light is permitted to fall on the cathode) is also 

very high. The high value of dark resistance is equivalent to an in- 

crease in sensitivity since it permits the use of a large load impedance 

with a consequent increased voltage sensitivity. The dark resistance 
is determined by several factors. The most important is the leakage 

across the glass press and across the base of the tube. This leakage is 

low in the 929 because the characteristic of the surface is such that 
no excess of alkali metal is left beyond that which is required to sensi- 

tize the surface. In the average 929 the dark resistance is of the order 
of 50,000 to 500,000 megohms and is limited by leakage in the base. A 
second factor, which adds to the dark current, is thermionic emission, 
which is the release of electrons from the photocathode as a result of 

its operating temperature. In tubes with an S2 surface this current 
may be as large as 10 -10 to 10 -11 amperes per square centimeter of 

cathode area at room temperature. Tubes employing this surface are 
frequently immersed in liquid air to reduce the thermionic emission. 

In the S4 surface the thermionic emission is of the order of 10 -13 to 

10 -14 amperes per square centimeter. The reduction is very consider- 
able and is especially valuable when very small amounts of light are 

being measured. A third factor is photosensitivity to unwanted radia- 
tion either visible or invisible. Ordinarily, the most difficult stray 
radiation to eliminate is infra -red radiation which may come from the 

walls of the phototube shield. The absence of sensitivity of the S4 

surface to such radiation is, therefore, an asset for measurement work. 

The 929 is of the high- vacuum type. Its photosensitivity to tung- 

sten light is higher than that of high- vacuum tubes with S2 surfaces 
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although its output for such light is lower than for a gas -filled tube 
with an S2 surface such as the 918. Gas filling of the 929 to date has 
proved undesirable because of a loss in sensitivity with time which 
takes place when the tube is illuminated with sufficient light to cause 
a drain of more than a microampere or so from the cathode surface. 
However, its high sensitivity makes gas filling of minor importance. 
Because the 929 has such a high intrinsic photosensitivity, its signal - 
to -noise ratio is better than that of the S2 surface. As a result, the 
subsequent amplification can be raised to offset partially the greater 
output of a gas -filled tube such as the 918. Measurements under actual 
operating conditions verify this conclusion. Because the 929 is a high - 
vacuum type, an improvement in frequency response also results from 
the absence of the time delay which would be caused by the transit time 
of the ions and metastable atoms of the gas. These in a gas -filled type 
drift relatively slowly to the cathode and, thus, cause a decrease in 
sensitivity as the frequency of an audio signal is increased. The ab- 
sence of the gas also provides a more linear output characteristic as a 
function of the light intensity with resultant decrease in amplitude 
distortion. 

Another valuable characteristic of the 929 is its extremely steady 
output under constant illumination. Readings taken over periods of 
many hundreds of hours show that the variations in output are of the 
order of a few per cent. This stability makes the 929 especially useful 
for the measurement of small changes in light. Fairly large amounts 
of current can be drawn from the tube. Over long periods of time the 
current is limited to about ten microamperes per square centimeter of 
cathode surface but for short periods of operation this value can be 
exceeded. However, this type phototube should not be operated at as 
high an ambient temperature as other types. Its ambient temperature 
must not exceed 50 °C. Figure 4 shows curves of the anode current 
versus anode voltage of the 929 for several different values of light 
flux. It is apparent that the output of the tube is essentially independ- 
ent of anode voltage over a very wide range, and is, therefore, inde- 
pendent of line -voltage fluctuations. This fact, together with the high 
internal resistance of the tube, permits the use of a load having high 
resistance. It should be noted that a high- vacuum phototube is espe- 
cially suitable for use directly from an alternating- current supply, 
since the tube may be operated at the high peak voltage of the supply. 
The tube serves as its own rectifier to give a unidirectional output 
which may be filtered if desired. 

The spectral response characteristic and the high sensitivity of the 
tube open up many fields for its application. Because of its high sensi- 
tivity to daylight, it is possible to design around it a sensitive photo- 
graphic exposure meter for use at light levels at which present instru- 
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ments are insensitive. A rugged inexpensive output meter can be used 
because the high impedance of the tube permits vacuum -tube amplifica- 
tion. The 929, because of its inherent stability and high sensitivity in 
the blue, is also especially adaptable for photographic densitometer 
equipment. The lack of infra -red sensitivity and the rapid rise of 
response in the yellow makes it applicable to the shutting-off of incan- 
descent devices after they have reached a certain color temperature. 
Since the response of the tube changes very rapidly with color tempera- 
ture, a small change in color temperature may be detected. This type 
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of response also makes it possible to obtain a good sorting of red from 
yellow and from blue objects. In three -color printing processes, the 
response may be used to advantage either with a 929 phototube alone 
or in conjunction with another phototube with a red -sensitive S2 sur- 
face. Also, just as phototubes with S2 surfaces are used with infra- 
red radiation to produce a concealed automatic burglar alarm, the S4 
surface can be so used with ultra -violet radiation. 

There are many applications for the 929 in scientific fields. For 
astronomical purposes the S4 surface is exceptional. The very high 
sensitivity in the blue and near ultra- violet closely matches the maxi- 
mum of the spectral output of the stars. Also, the very small dark 
current gives a very favorable signal -to -noise ratio. An increase in 
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sensitivity of the phototube is equivalent to an increase in the light - 
gathering power of an astronomical telescope, or, specifically, to an 

expensive increase in the diameter of the light -collecting system. There 
are also many applications in colorimetry, organic analysis, and bio- 

chemical analysis where this new tube will prove useful. One other 
special use is for the measurement of X -ray intensities. In this appli- 

cation, the tube is exposed to the light from a calcium -tungstate screen 

which fluoresces under X -ray bombardment. The spectral response of 

the fluorescence of calcium tungstate is a maximum at a wavelength at 
which the 929 is most sensitive. The combination of a calcium -tung- 
state screen and a 929 tube, therefore, makes a very sensitive detector 

of X -rays. 
Figure 5 is a photograph of the 929. An intermediate five -pin octal 

Fig. 5- Photograph of the 929. 

base is used to provide a short overall tube length. Recently, the type 

RCA -930 has been introduced. This tube utilizes the S2 photosurface; 
its construction and basing are identical with that of the 929. Hence, 

these phototubes with S2 and S4 surfaces are readily interchangeable. 
The type RCA -931 is a photomultiplier tube in which the photo - 

current produced at a light- sensitive cathode is multiplied many times 

by secondary emission occurring at successive dynodes within the tube. 

It employs complete electrostatic focusing as used in the development 

tube described by Rajchman and Snyder.2 A photograph of the tube 

and its internal structure are shown in Figures 6 and 7. As can be 

seen, the design is extremely compact with all leads brought out to the 

base pins. In fact, the tube resembles very closely in appearance the 

929 and 930 phototubes and is nearly as small. 

2 J. A. Rajchman and R. L. Snyder, Electronics 13, 20, December 1940. 

"An Electrically Focused Multiplier Phototube". 
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Although the system of focusing is that of Rajchman and Snyder, 
the 931 differs in that the S4 surface has been employed for both the 
photoemissive and secondary- emissive surfaces. The photosurface has 
the high blue sensitivity and the very small dark current which is asso- 
ciated with this surface. The factors of high sensitivity and low dark 
current are particularly necessary in a multiplier in order to take 
advantage of its high signal -to -noise ratio at very low light levels. The 
blue sensitivity also is very desirable in many applications as already 
mentioned, particularly for spectroscopy and astronomical measure- 
ments, where the multiplier phototubes will find many uses. 

In the secondary- emissive stages the use of the S4 surface is also 
advantageous. An important advantage is the very high stable second- 

Fig. 6- Photograph of the 931. 

ary emission which the surface gives at low voltages. At 100 volts per 
stage, the secondary emission is about 3 or 4 to 1 while- at 150 volts 
per stage, it is 4 or 5 to 1. The use of this surface also considerably 
simplifies the processing of the tube. In tubes using other surfaces, 
particularly the S2, for both the photo and secondary- emissive surfaces, 
considerable difficulty has been experienced in obtaining good second- 
ary emission and good photoemission in the sam3 tube. With the new 
S4 surface, this difficulty has been overcome. 

In addition to the use of the S4 surface, the 931 represents much 
effort in attaining a design adaptable to economical manufacturing 
methods. Both the bulb and the stem press are of soft glass. The bulb 
is a standard T9 bulb such as is used in receiving tubes and other 
phototubes while the stem which contains eleven leads is of the button 
construction used in many cathode -ray tubes. Figure 6 is ari illustra- 
tion of the tube. As Figure 7 shows, the 931 consists of a photocathode 
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element Number 0 I , nine stages of secondary- emission multiplication 
(electrodes Numbered 1 to 9 I and a collector element Number 10) . 

Such a large number of stages is necessary to obtain a signal -to -noise 

ratio that will be well above that of a regular phototube and amplifier. 
The sensitivity obtainable with the 931 multiplier depends on the 

photosensitivity of the photocathode and the secondary emission of the 
multiplier stages. ln average tubes a photoemission of 15 microam- 
peres per lumen is obtained, a value about one -third of that of an 

average 929. The average gain per stage is about 3.5 at 100 volts per 

stage and about 4.0 at 125 volts per stage. Thus, at 100 volts per stage 

a gain of 60,000 can be expected while at 1.5 volts per stage the gain 

will be about 230,000. Because the overall gain varies so rapidly with 
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Fig. 7- Internal structure of the 931 

a small change in secondary emission of the multiplier surfaces, varia- 
tions in gain must be expected from tube to tube. However, the change 

in sensitivity with supply voltage may be used as a gain control to 

compensate for this variation. 
Because of the large number of stages, a high -voltage supply of 

1000 to 1250 volts is necessary for the operation of the multiplier. An 

increase in the voltage from about 1000 to 1250 volts gives a four -fold 

increase in output. The gain of the tube can, therefore, be readily 

controlled by changing the supply voltage, but this rapid change makes 

necessary good regulation and constancy of the supply voltage. If the 

output of the tube is to be held constant to 1 or 2 per cent, the voltage 

supply must be constant to about 0.1 per cent. 

An average sensitivity of 0.6 ampere per lumen to a light source 

at 2870 °K is obtained for a 1000 -volt supply. A background current 
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of less than 0.25 microampere at this voltage may be expected. The 
background current increases faster than linearly with the voltage due 
to the contribution of field emission, and bombardment of the photo- 
cathode by positive ions of the residual gas which have evaded the 
trapping screen placed between the collector and the photocathode. At 
the recommended maximum output of 2.5 milliamperes, several thou- 
sand hours of life may be expected. 

The response of the tube is linear to illumination over a range from 
zero illumination up to values of illumination which cause the output 
stage to saturate due to space- charge limitations. This value is above 
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Fig. 8- Signal -to -noise ratio of a multiplier phototube. 

the recommended maximum operating current. Also the output charac- 
teristic of the tube is flat, a feature which makes it possible to use a 
high load resistor giving an output voltage swing which is a large 
fraction of the total available voltage, yet with linear response to a 
variable input illumination. 

Probably the most important characteristic of a phototube amplifier 
is its signal -to -noise ratio. In a phototube -amplifier circuit, noise 
arises from the shot noise of the photoemission and from the thermal 
noise of the amplifier coupling resistor. In the 931 multiplier with its 
very high gain, the shot noise alone is significant. In the 929 vacuum - 
type phototube with an amplifier both must be taken into considera- 
tion. In Figure 8 are reproduced curves taken from Rajchman and 
Snyder's paper for the signal -to -noise ratio of a multiplier and a 
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vacuum -type phototube. The ratio of signal -to -noise in decibels is 
plotted against the emitted photocurrent in microamperes. For the 
same emitted photocurrent the curves show that the multiplier at low 
currents has a much better ratio than a vacuum phototube and ampli- 
fier. However, it should be remembered that the multiplier has only 
about one -third the cathode photoemission of a 929. Therefore, for a 
given light intensity the photocurrent from a 929 will be three times 
more than the photocurrent of the 931. Taking this ratio into consid- 
eration, we find that a light level which will produce 0.00001 micro- 
ampere photocurrent in the multiplier (or about 2.3 microampere 
output if the gain is 230,000) the multiplier will have a signal -to -noise 
ratio about 35 decibels above that of the 929. For a light level that will 
give about 0.0001 microampere photocurrent in the multiplier (or 23 

microamperes output if the gain is 230,000) the multiplier ratio is 
about 25 decibels above that of the phototube. Only when the light is 
large enough to produce a photocurrent of about 0.1 microampere in 

the multiplier are the ratios about equal. 
The dark current of the multiplier determines how small a light 

level can be measured. As mentioned before, the use of the S4 surface 
keeps the dark current to a very small value. In the 931 the upper limit 
of dark current is 0.25 microampere measured at the output with 100 

volts per stage. The variations in the dark current are, of course, 
smaller than this figure. Consequently, for a tube with a gain of 

50,000, an amount of incandescent light of the order of 10 -6 to 10 -7 
lumens can be detected. 

The multiplier may be operated with a very simple power supply 

by the use of an alternating instead of direct supply. The frequency 
of the supply should be at least ten times as high as the frequency of 

the variations of light intensity. If measurements of a slowly varying 
light source are to be made, a 60 -cycle supply is satisfactory. Although 

the signal -to -noise ratio for a -c operation is not as high as that for 
d -c operation, the simplicity of the a -c circuit makes it very useful for 
operating a relay directly. 

The ability of the multiplier to detect and measure extremely small 

amounts of light is, of course, its greatest advantage. Moreover, its 

small size and economical construction will permit its installation in 

many places where a phototube is used with an amplifier. This includes 

sound -movie equipment and the whole field of industrial control. 
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AN OMNIDIRECTIONAL RADIO -RANGE SYSTEM 

BY 

DAVID G. C. LUCK 
Research Laboratories, RCA Manufacturing Co., Inc., Camden, New Jersey 

PART I - PRINCIPLES OF OPERATION 
Summary -Radio navigation may be done with direction -finding receivers 

on mobile craft, with fixed direction finders on the ground or with directional 
beacon transmitters on the ground. Each method has its unique merits and 
faults, but the last seems especially suited for aircraft guidance in the 
United States and has, in the form of four- course radio "range" beacons, 
rendered outstanding service. The disadvantages of limited choice of courses 
and of difficulty in definitely determining on which course a craft may be, 
inherent in the present four- course ranges, may be avoided by rotating a 
transmitted radio beam and timing its passage over the receiving craft, to 
determine uniquely the bearing of that craft from the known location of the 
beacon transmitter. 

A rotating beam, of figure -eight shape, may be produced without 
mechanical motion by setting up two fixed antenna systems, having figure - 
eight directivity, at right angles and feeding them with radio -frequency 
signals modulated at the desired rotation frequency, the modulation of the 
separate supplies to the two crossed antennas being in phase quadrature. 
Unmodulated carrier to resolve the ambiguity of the figure -eight beam, by 
changing its shape to a limaçon, is radiated from a non -directive antenna, 
and a timing reference is provided by interrupting all transmission moment- 
arily just as the beam points north. 

The audio output from a receiver tuned to this beacon comprises a sine 
wave produced by the sweep of the beam and a train of impulses produced by 
the reference keying. The sine component is filtered, split in phase and used 
to drive a cathode -ray beam in a circle, in step with the rotation of the 
transmitted beam. The impulses are used to slow up the beam electrons 
momentarily, marking the swept circle with an outward jog and so indicating 
receiver bearing directly. The impulses also actuate a zero- center meter, 
while the sine wave renders this meter insensitive at a certain moment of 
the cycle and oppositely sensitive just before and just after that moment. 
By adjusting the sine wave phase, the meter may be centered when the 
receiver is on any desired bearing, and thereafter will indicate any departure 
from that bearing. A special broadcast transmission may be used to check 
adjustments of receiving indicators. 

Certain conditions as to modulation phases and amplitudes, antenna- 
current phases and amplitudes, antenna geometry and cathode -ray indicator 
voltage phases, amplitudes and tube geometry must be fulfilled if accurate 
bearings are to be obtained. Study of these conditions shows all adjustment 
tolerances to be of reasonable magnitude, though considerable care in antenna 
construction is necessary to insure adequate symmetry of antenna- current 
phase. 

1- INTRODUCTION 

A- Navigation 
VERY form of transportation is faced with the problems of navi- 
gation, which are to keep track of and to plan the travel of 
mobile units. Navigation becomes increasingly difficult and 

important as freedom of mobility increases. Aircraft, therefore, provide 
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the ultimate in navigational problems to date. The difficulty of solution 
is enhanced by the high speeds attained and by the preoccupation of a 
necessarily minimal operating personnel. The last factor makes con- 
venience in use a paramount virtue in any proposed solution of prob- 
lems of aircraft navigation. 

Three methods of navigation have come into use. When possible, 
direct visual observation of the earth's surface with its landmarks is a 
very convenient and valuable method, direct celestial observation fol- 
lowing as a less convenient, but sometimes even more valuable variant. 
When visual observation is impossible, blind calculation or "dead reck- 
oning" from all available position, speed, and drift data furnishes a 
second method. This is often convenient, but can permit the accumu- 
lation of serious amounts of unsuspected error between checks by 
direct observation. The third method of navigation, radio direction - 
finding, is unique, both in its ability to supply direct navigational data 
when there is no visibility at all and in the convenience of use of its 
recent refined embodiments. 

B -Radio Direction -Finding 

Radio direction -finding also has come into use in three main forms, 
each with its peculiar advantages and disadvantages.' In all cases, 
radio direction -finding equipment consists primarily of a precision 
directional antenna system. The remaining apparatus is subsidiary; 
its specific form determines the convenience and completeness with 
which the properties of the antenna system may be utilized. In par- 
ticular, the accuracy of direction -finding is always limited by the degree 
to which the ideal properties of the antenna system satisfy certain 
requirements, such as insensitivity to vertically downcoming signals, 
and by the accuracy with which the actual antenna characteristics 
agree with the ideal ones. Further limitations are imposed under cer- 
tain conditions by vagaries inherent in radio -wave travel. 

One main form, the aircraft direction -finder, or radio compass, 
requires a directive receiving antenna and its auxiliary apparatus to 
be carried on board, and gets directional information from signals 
from ordinary radio transmitters on the ground. It gives the flight 
personnel full control of and responsibility for radio navigation and 
requires a proportionate amount of attention from them. In effect, it 
permits them to "see" ground transmitters when there is no visibility. 
It is very convenient for "homing," or flight headed directly toward 
the transmitter, but requires correction for the ship's heading, as 

' R. Keen, "Wireless Direction -Finding," 3rd ed.,'life, London, 1938. 
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determined by magnetic compass, to be useful for navigation. In its 
newest forms, in which the indicating means automatically point 
directly at any station tuned in,2.3 the effort required to obtain the 
information which the radio compass can supply is reduced to a very 
low level. Requirements of compactness and mechanical simplicity have 
always made necessary the exclusive use of loop antennas for aircraft 
direction -finders. Loop direction -finders are fundamentally subject to 
errors when receiving waves that arrive from other than horizontal 
directions with other than vertical polarization,4 conditions often found 
at night. Thus, the reliability of the radio compass is sometimes lim- 
ited by conditions beyond control. Also, no really satisfactory radio 
compass has yet been developed for use at the ultra -high radio fre- 
quencies, where natural static normally causes only negligible inter- 
ference. 

In another form, the ground direction -finder, the directional receiv- 
ing antenna and its auxiliaries are on the ground. Thus, cumbersome, 
but precise Adcock (spaced vertical) 5 or spaced loops antennas may be 
used and errors due to oblique wave incidence and polarization may be 
avoided. Use of ground direction -finders keeps ground personnel, both 
authorized and unauthorized, directly informed of aircraft positions, 
and in fact transfers to them the work of position finding. In effect, 
they enable ground staff to "see" transmitting aircraft, despite poor 
visibility. Aircraft personnel is relieved of much of the work of navi- 
gation, relying on the observations and calculations made on the 
ground. No extra aircraft equipment is required, but much extra 
transmission from aircraft is involved in the intensive use of ground 
direction -finders. This creates a serious interference problem, par- 
ticularly since only one aircraft can be served at a time and each one 
requires especially frequent service when conditions are difficult. 
Recently, automatically indicating ground direction finders7 have 
become available, so that these, like modern automatic radio compasses, 
are very convenient to use. Ultra- high- frequency forms are not yet 

2 "An Automatic Direction -Finder," Communications, Vol. 18, Oct. 1938, 
p. 10. 

3 H. Busignies, "The Automatic Radio Compass and its Application to 
Aerial Navigation," Elect. Communication, Vol. 15, 1937, p. 157. 

4 T. L. Eckersley, "The Effect of the Heaviside Layer on the Apparent 
Direction of Electromagnetic Waves," Radio Review, Vol. 2, Feb. 1921. No. 2, 
p. 60 and May 1921, No. 5, p. 231. 

5 F. Adcock, "Improvements in Means for Determining the Direction of 
a distant Source of Electromagnetic Radiation," Brit. Pat. No. 13,0490, 1919. 

6 R. H. Barfield and W. Ross, "The Measurement of the Lateral Devia- 
tion of Radio Waves by Means of a Spaced Loop Direction -Finder," Journ. 
Inst. Elec. Eng., Vol. 83, July 1938, p. 98. 

7 Nat. Phys. Lab. Staff, "A Short -Wave Cathode -Ray Direction -Finding, 
Receiver," Wireless Engineer, Vol. 15, Aug. 1938, No. 179, p. 432. 
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fully developed,8.9 but here no fundamental difficulty appears to bar 
the way as in the case of the radio compass. 

Finally, the directional antenna system has been used at ground 
transmitters to give a third main radio navigational method. These 
directional radio beacons or, to borrow a nautical term, radio "range" 
beacons, have appeared in a variety of forms, which happen to be 

classifiable into four main groups. In general the directional antenna, 
being on the ground, can be precisely executed and of a type free from 
night effects. Responsibility for providing correct information rests 
with the ground personnel and responsibility for obtaining and cor- 

rectly using it, with flight personnel: this seems to be an essentially 

satisfactory division of effort. Like the ground direction -finder, but 
in contrast with the radio compass, the radio range beacon provides 

direct information as to the positions of aircraft over the ground and 

is not at all affected by their headings. Like the radio compass and in 

contrast with the ground direction -finder, as many ships as wish to do 

so may obtain bearings from a single ground station, simultaneously 

and continuously. A number of radio ranges of various types have been 

made to operate satisfactorily at ultra -high frequencies, where the 

main interference problem is the essentially curable one of noise gen- 

erated on the receiving craft. But the range to be described in this 

paper is the only one yet available that offers the flexibility and con- 

venience in use of the modern ground and aircraft direction -finding 

receivers. 
C -Radio Range Beacons 

The only form of directional beacon which has come into wide use 

so far is the aural equisignal type of radio range'°,'1 that has played 

so important a part in the development of American commercial air 

transport to its present outstanding position. In this device, two dif- 

ferently directed figure -eight patterns of tone -modulated radio -fre- 

quency energy are radiated alternately. Energy is transferred between 

the two patterns in the rhythm of interlocking A and N telegraphic 

characters. The pilot of an aircraft located along the zero line of one 

pattern hears only the character transmitted on the other pattern; 

when anywhere else, he hears an admixture of both characters. In 

8 R. L. Smith, Rose and H. G. Hopkins, "Radio Direction -Finding on 

Wavelengths Between 6 and 10 Meters," Journ. Inst. Elec. Eng., Vol. 83, 

1938, p. 87. 
8 R. L. Smith, Rose and H. G. Hopkins, "Radio Direction -Finding on 

Wavelengths Between 2 and 3 Meters," Journ. Inst. Elect. Eng., Vol. 87, 

Aug. 1940, No. 524, p. 154. 
19 J. H. Dellinger and H. Pratt, "Development of Radio Aids to Air 

Navigation," Proc. I.R.E., Vol. 16, 1928, p. 890. 
11 W. E. Jackson and D. M. Stuart, "Simultaneous Radio Range and 

Telephone Transmission," Proc. I.R.E., Vol. 25, 1937, P. 314. 
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particular, along a bisector of the angle between the patterns both 
signals are of equal strength and a pilot there hears a steady tone, 
which signifies that he is on a "course," or "range," of the beacon. If 
he drifts off course to one side, one pattern predominates and he hears 
an A above the steady tone, while if he deviates to the other side he 
hears an N. The range beacon thus lays out straight radial tracks 
over the ground, in effect painting the air to the right of a track green 
and the air to the left red. 

The equisignal range is thoroughly satisfactory if a course happens 
to lie along the route one wishes to follow and if, once on course, one 

never loses the signal nor departs seriously off course. But the range 
is of little use if its courses do not fit one's plans. And the four courses 
are distinguishable only by maneuvering, so that a pilot must exercise 
care to be sure of starting out on the right one. If he goes far off 

course for any reason, he must carry out in detail a carefully planned 
series of maneuvers, an "orientation procedure," to find and identify 
the course to which he later returns. Range beacons with distinguish- 
able courses,12 with visual rather than aural indication of deviations 
from course,13 and with as many as twelve coursed' have been devel- 

oped, but for various reasons none of these improvements has come 

into use. A development which is universally used, however, enables 
all four courses to be oriented as desired by deforming the radiated 
field patterns."' Visual indicating equisignal ranges are in experi- 
mental use as runway localizers for instrument landing and their use 

is proposed for ultra- high- frequency navigational aids. 
A second type of range also involves the comparison of distinct 

. signals from two or more differently oriented antenna arrays. This 
may be done in terms of amplitudes of distinguishable modulations,16 

a generalization of the equisignal fixed -course range. Another ingeni- 
ous proposal of this17 sort involves comparison of signal -travel times 

from three spaced antennas, by transmitting frequency -modulated 

waves from two of these antennas at a time and measuring the result- 
ing beat frequencies at the receiver. 

12 F. W. Dunmore, "A Method of Providing Course and Quadrant 
Identification With the Radio -Range Beacon System," Bur. Stand. Jour. 
Res., Vol. 11, 1933, p. 309. 

13 J. H. Dellinger, H. Diamond and F. W. Dunmore, "Development of 
the Visual Type Airway Radio-Beacon System," Proc. I.R.E., Vol. 18, 1930, 
p. 796. 

14 H. Diamond and F. G. Kear, "A 12- Course Radio Range for Guiding 
Aircraft With Tuned -Reed Visual Indication," Proc. I.R.E., Vol. 18, 1930, 
p. 939. 

15 F. G. Kear and W. E. Jackson, "Applying the Radio Range to the 
Airways," Proc. I.R.E., Vol. 17, No. 12, 1929, p. 2268. 

16 F. W. Dunmore, U. S. Patent, No. 2,128,928; 1938. 
17 E. N. Dingley, Jr., "A True Omnidirectional Radio Beacon," Com- 

munications, Vol. 20, No. 1, Jan. 1940, p. 5. 
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Still a different approach to the directional beacon was proposed 
long ago.18 In this third form, a radio beam is transmitted and rotated 
about the transmitter. From sector to sector of the rotation, the char- 
acter of the radiation is changed, as by telegraphic keying with dif- 
ferent characters.1° 20 A pilot listening to such a beacon need only 
note which character is heard the loudest in order to determine in 
which sector about the beacon his craft is. In a more modern version,21 
direct, automatic indication of bearing all around the beacon is pro- 
vided by varying modulation frequency linearly as the beam is rotated 
and observing, on a series of tuned reeds, the modulation frequency 
of the loudest signal received. 

The fourth type of directional beacon also employs a rotating radio 
beam and, like the second and third types, merits the name of "omni- 
directional radio range," since it distinguishably marks out straight 
radial courses in all directions about the beacon. In this form, also 
proposed and even developed to some extent many years ago,22 the 
instant at which the rotating beam points in some chosen direction, for 
instance due north, from the transmitter is marked by a signal trans- 
mitted in all directions. Thus, the proportion of the interval, between 
successive marking signals, which elapses between a marking signal 
and the next following beam signal maximum is directly that propor- 
tion of the full 360 -degree sweep of the beam which represents the 
azimuth or bearing of the receiver from the transmitter. 

A practical form of this device was developed in England, using first 
a mechanically rotated loop antenna23 and later avoiding antenna 
motion.29 This system involved the manual timing of intervals at the 
receiver with a stop watch, and therefore, was too slow and incon- 

venient in use to be satisfactory for aircraft guidance. Englund,25 

and later several others,26 27.228 realized that limitations on speed of 

operation could be removed by rotating the beam by purely electrical 
means and that indication could be made automatic. Two channels, 

one for the rotating beam and one for the marking signal, are required, 

18 Lee deForest, U. S. Patent. No. 833,034; 1906. 
19 C. S. Franklin, "Short -Wave Directional Wireless," Journ. Inst. Elec. 

Eng., Vol. 60, 1922, p. 933. 
20 J. Robinson, Brit. Pat. No. 327,112; 1928. 
21 C. W. Hansell, U. S. Pat. No. 2,014,732; 1935. 
22 J. Zenneck (Trans. Seelig) "Wireless Telegraphy," McGraw -Hill, 

New York, 1915, p. 368. 
23 T. H. Gill and N. F. S. Hecht, "Rotating Loop Radio Transmitters and 

their Application to Direction -Finding and Navigation," Jour. Inst. Elec. 
Eng., Vol. 66, 1928, p. 256. 

24 H. A. Thomas, "A Method of Exciting the Aerial System of a Rotating 
Radio Beacon," Jour. Inst. Elec. Eng., Vol. 77, 1935, p. 285. 

25 C. R. Englund, U. S. Pat. No. 1,815,246; 1931. 
26 P. H. Evans and J. W. Grieg, U. S. Pat. No. 1,933,248; 193q. 
27 J. W. Grieg, U. S. Pat. No. 1,988,006; 1935. 
28 G. H. Brown and D. G. C, Luck, U. S. Pat. No. 2,112,824; 1938. 

www.americanradiohistory.com

www.americanradiohistory.com


OMNIDIRECTIONAL RADIO -RANGE SYSTEM 61 

and the various proposed schemes differ mainly in the methods sug- 
gested for multiplexing these two channels onto a single radio carrier 
wave. 

Only two of the proposed methods seem particularly well suited to 
practical development, however. One of these employs two very dif- 
ferent waveforms29 and the other, double modulation and a subcarrier3o 
The purpose of this paper is to describe the principles of an experi- 
mental system developed on the basis of modulation waveform multi- 
plexing. This system, giving direct, immediate, and automatic indica- 
tion of the bearing of a mobile receiver from the beacon transmitter to 
which it is tuned, is believed to be the first omnidirectional radio 
range to reach a practically useful stage of development. It not only 
lays down straight, radial tracks over the ground, wherever they may 
be wanted, but also stamps each one with a unique distinguishing 
number. With a number of beacons of this type in service, full navi- 
gational information would be available at all times to all craft within 
reach of the signals of two or more beacons, in a directly useful form 
and with expenditure of a minimum of effort on the part of flight 
personnel. 

2- PRINCIPLES OF OMNIDIRECTIONAL RANGE OEPRATION 

A- Beacon 

A short, free -ended rod carrying radio -frequency current acts, as 
is well known, as an oscillating electric dipole coaxial with the rod. A 
small plane loop similarly acts as a magnetic dipole coaxial with the 
loop, with electric field in the loop plane. Either type of dipole radiates 
uniformly in any cone of directions making a constant angle with its 
axis, giving no radiation along the axis and maximum radiation in the 
equatorial plane perpendicular thereto. A parallel pair of dipole anten- 
nas, of either type, may be placed close together in a common equatorial 
plane and fed with currents of accurately equal amplitude and opposite 
phase. This array is called an Adcock antenna system. 

In the plane perpendicular to and bisecting the line of separation 
of the antennas, the fields produced by the two oppositely fed antennas 
just cancel, so no signal is received anywhere in that plane. Any point 
elsewhere in space is not equidistant from the two antennas, so waves 
from each of the latter must travel for different lengths of time to 
reach such a point. Consequently, the two waves are not in exactly 
opposite phase upon arrival and fail to cancel exactly. The path dif- 
ference is greatest for points along the extended line of antennas, so 

29 D. G. C. Luck, U. S. Pat. No. 2,208,376; 1940. 
39 J. W. Grieg, U. S. Pat. No. 2,129,004; 1938. 
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points there receive the strongest signals. The instantaneous polarity 
of the signal at any particular place depends on which of the oppositely 
fed antennas is the nearer to that place. 

A polar plot of the signal strength in the common equatorial plane, 
at a constant distance from the center of the antenna system, shows 
the well -known "figure eight" form, the two lobes of the figure being 
circular in shape and representing signals of opposite polarities. 
Analytically, the radio- frequency field e for points at a constant dis- 
tance from the antennas is described by 

e = eocos 0 (1) 

where e° is the field on the line of antennas and O is the angular 
departure of the point of measurement from that line. The field from 
a closely spaced, oppositely fed pair of antennas has the peculiarity of 
being, everywhere except in the immediate neighborhood of the 
antennas, just 90 degrees different in phase from that produced by a 
single antenna located at the center of the pair and fed with current 
in phase with that in an antenna of the pair. 

Feeding the antenna pair through a balanced modulator, excited by 

unmodulated carrier and alternating modulation voltage the radiated 
pattern will pass successively through alternate maxima El, of oppo- 

site polarities, falling to zero between maxima as the modulating 
voltage passes through zero in its alternation. That is, for sinusoidal 
modulation, 

eo = El cos at (2) 
and 

e= E1 cos 0 cos at (3) 

where a /27r is modulation frequency in cycles per second and t is time 

in seconds. 
Suppose that we erect a pair of vertical dipole antennas spaced 

along a north -south line and another pair, symmetrical with respect to 

the first, spaced along an east -west line. We feed both pairs with sym- 

metrically modulated radio -frequency carrier energy, in phase as re- 

gards radio frequency, but with the east -west modulation lagging be- 

hind the north -south modulation by a quarter period of the modulation 

wave. If O is now azimuth measured clockwise from the northward 
geographic meridian through the antenna system, or true bearing from 

the antennas, 
eNs = El cos O cos at (4) 

is the amplitude of the field radiated by the north -south pair. 

eE,v =El COS (0 + 90 °) cos (at - 90 °), or 1 (5) 
elm = -E1 sin O sin at, j 
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is that of the field radiated by the east -west pair. Since these fields 
are in phase at radio frequency, they add algebraically to give 

eD = eNS + emir = Ei (cos B cos at - sin B sin at) , or l (6) 
eD = E1 cos (at + B) 

as the overall directive antenna field. 
A single antenna fed with unmodulated carrier energy producing 

a steady non -directive, or broadcast, field is placed symmetrically with 
respect to the four antennas of the directive array. It is fed with 
radio -frequency current in phase quadrature with those fed to the 
directive antennas. The broadcast and directive fields will then be in 
phase, at a distance from the antennas, in all directions, and so may 
be added algebraically. Representing the steady broadcast field ampli- 
tude by Eo, the resultant field amplitude is 

eE= enc +eNS +eEJV= Eo-I-E1 cos (at +0) (7) 

which is the equation of a limaçon. The pattern would have the special 
one -cusped form called a cardioid if E1 were equal to E0, but we require 
E0 to exceed E1. The phase of the modulation of the radiated field 
amplitude, at constant distance, is always and everywhere at + 0. So 
we see that each stage of the modulation cycle, characterized by its 
own particular phase value, occurs for uniformly smaller and smaller 
values of t, that is, earlier and earlier, for greater and greater values 
of 0, that is, for successively more clockwise directions. In other 
words, Equation (7) represents a limaçon rotating uniformly counter- 
clockwise. 

We now have a channel, transmitting a signal to which things 
happen at different times in different directions, which can obviously 
be the beginning of a direction -finding system. But, to use it, we must 
make sure that time measurements correspond in all directions. That 
is, we must transmit a suitable clock- setting, or reference phase, signal 
in all directions, over a distinguishably separate channel. We do this 
by switching all radiation completely off, very briefly, while the maxi- 
mum of the rotating limaçon pattern points within the small angle 6k 

(about 1/2 degree) of due North. An analytic expression for the com- 
plete transmitted signal amplitude may be included for completeness : 

Ei n-oo 
e - Eo 1 + cos (at -I 9) 1 - Kn cos nat (8) - E n-1 

The coefficients Kn depend on the exact waveform of the keying im- 

pulses. For instantaneous transitions from "on" to "off" when a t is 
-0k degrees and back to "on" when a t is ek degrees, they would be 

www.americanradiohistory.com

www.americanradiohistory.com


64 RCA REVIEW 

K _ 
2 Bk 

180 -8,; 

Bk 
sin fir 

180 

B,. 

na 
180 

(9) 

These coefficients decrease only slowly with increasing harmonic 
order n. 

While the basic principle of the beacon is thus very simple, the 
fact that the variation of signal amplitude with both azimuth and time 

is essentially a three -dimensional affair tends to make it difficult to 

visualize all details of operation in their proper sequence. The ele- 

mentary graphic presentation of Figures 1 and 2 may help to clarify 

the situation, each picture being only two -dimensional in its signifi- 

cance. Figure 1 is a sequence of instantaneous polar graphs, snapshots 

Tu T 

' K 
- N,_ _E 

S 

Tw 

I I 1 I 

I 

I 
I 1 I 

Fig. 1 

of the azimuthal variation of signal strength at chosen instants of 

time. Figure 2 is a set of time graphs, oscillograms of signal -amplitude 

variation at fixed points, in chosen azimuths from the transmitter. To 

interconnect the figures, the instants of the snapshots of Figure 1 are 

noted on the time scales of the oscillograms of Figure 2, while the 

azimuths yielding the oscillograms of Figure 2 are marked off on the 

snapshots of Figure 1. 

In Figure 1, the upper row of polar graphs shows separately the 

three component directive patterns, the broadcast unmodulated carrier 

pattern and the north -south and east -west modulated figure -eight 

patterns. Figure -eight lobes in phase with the broadcast signal are 

shown in full lines, while the contraphased lobes are shown dashed. 

The resultant of the two figure- eights, itself a figure -eight of constant 

size, is shown in light lines on each graph. Round dots mark the posi- 

tions of the antennas energized at the instant of each snapshot. It will 

be noted that none are energized at the instants TN: these pictures 

should properly be blank, the signal then being off entirely, but that 
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would be too uninformative, so ghost patterns are dashed in lightly 
to show what would be there if it had not just been turned off. The 
lower row of graphs in Figure 1 shows the limacoid patterns resulting 

NE 

NW 

Tc TN TN* TW Ts,r Ts Tsc c T TN., T. Tsw Ts Tsc Tc TN TN. 

T, Tw, Tsw Ts Tsc Tc TNC TN TNw Ty. It, Ts Tic T1 Tu TN Tiyi 

Fig. 2 

from the addition of the component patterns above them. Uniform 
rotation of the resultant pattern is obtained. 

In Figure 2, the change with azimuth of the time relation between 
the component sinusoidal and impulsive amplitude -modulation waves 
shows immediately. Comparing, for example, the modulation found 
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southeast of the beacon, in Figure 2, with the signal in that direction 
shown by the space graphs of Figure 1, the minimum is seen either 
way to occur at time Tw, the maximum half a cycle later at TSE and 
the reference impulse three- eighths of a cycle later still, at T. The 
slant lines of Figure 2 indicate how the delay between each sine wave 
maximum and the next following impulse is linearly related to the 
azimuth of transmission. In fact, the electrical phase angle represent - 
ing this delay is always directly that azimuth. 

The reason for avoiding a true cardioid is evident from the figures. 
Such a pattern, with zero signal at its one minimum, would not allow 
any impulse to be transmitted due southward, as may be seen from 
the snapshot at Tx and the oscillogram for southward transmission. 
I t is. of course, a fundamental of successful multiplexing that no one 
channel may completely suppress the total signal just when another 
channel must carry information. 

M o 

Fig. 3 

For checking adjustment of indicating equipment, it is necessary 
to know to what azimuth some particular received field variation really 

belongs. To facilitate this, it is convenient to be able to transmit, 
when desired, a signal independent of azimuth and everywhere identi- 

cal with that corresponding normally to one definite azimuth. This is 

accomplished by switching off all power to the directive antennas and 

sinusoidally modulating the carrier current fed to the broadcast 
antenna, with such modulation phase that the reference keying occurs 

just at the instant of peak output. This replaces Equation (8) by 

ea = E.(1 + ni cos at) (1 - %'K cos nat) (10) 

where the modulation depth in should have the same value, E, /En, as 

in normal operation. Figure 3 shows a series of polar graphs of the 

calibrating signal, at instants corresponding to some of those for the 
graphs of Figure 1 for the normal signal. Figure 4 is an oscillogram 

of amplitude variation with time of the calibrating signal. This is, 

of course, the same for all directions. Comparison of Figure 4 and 

Figure 2 shows that the calibrating signal, the same everywhere, is 

identical with the signal normally transmitted due North only. 

a 

www.americanradiohistory.com

www.americanradiohistory.com


OMNIDIRECTIONAL RADIO -RANGE SYSTEM 67 

It may be as well to conclude this explanation of the operation of 
the beacon by pointing out that the concept of a signal of single, 
carrier frequency, but of varying amplitude, has been used throughout 
because it seems to give directly an especially clear picture of what 
takes place. The mathematically equivalent concept of a carrier and 
side bands, all of constant amplitude, might of course have been used, 
throughout, instead, but seems less clear in the present case. Only if 
both concepts are intermingled is serious confusion almost certain to 
arise. It should also be noted that nowhere do we deal with a true 
rotating field vector, such as occurs in the somewhat analogous case 
of a synchronous motor. What rotates is the distribution -in- azimuth 
of the otherwise unvarying magnitude of a radiated carrier field of 
constant direction. 

B- Azimuth Indicator 

An ordinary radio receiver serves to convert the amplitude varia- 
tions of the radio signal transmitted by the beacon into similar varia- 

L N T Ts Tc Tw Ts Tc TN 

Fig. 1 

tions of direct output voltage. The receiver should have good automatic 
gain control to hold the average of this output voltage constant despite 
wide variations of field strength. Receiving antennas should, of course, 
be nondirectional. The receiver -output voltage variation, like the 
signal amplitude variation of Figure 2, comprises a sinusoidal com- 
ponent produced by the pattern rotation and a train of impulses cor- 
responding to the reference keying, but contains as well assorted 
additional components representing received noise of all kinds. The 
task of the indicators is measurement of the phase angle between the 
two differently shaped waves, which is also the true bearing of the 
receiver from the transmitter, without serious disturbance by noise. 

A narrow band -pass filter selects the sinusoidal pattern- rotation 
component from the receiver output. Filter output is applied directly 
to the vertical deflecting circuit of a cathode -ray oscillograph. Assum- 
ing no delay in wave travel, receiver or filter, the filter output voltage 
is 

vf = Vi cos (at + 9) (11) 
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Changing to a new time variable, we obtain 
o 

t' =t +- 
a 

This becomes 

(12) 

v, = V, cos a t' (12a) 

for any bearing O. The vertical deflection of the oscillograph spot is 

v, 
Y=S 

Va, 

(13) 

where Va is the cathode -ray beam accelerating voltage and S is a 

vertical- deflection sensitivity. 
Delaying the filter output a quarter cycle by means of a phase 

shifter produces a quadrature voltage 

vq=Vg sin at' (14) 

Applying this to the horizontal deflecting circuit of the oscillograph 
gives a horizontal deflection 

V4 

X = SH - 
Va 

The overall result is travel of the oscillograph spot in the locus 

(15) 

SnVq 2 2 

X2 -h Y2 = sin2 a t' -I- cos2 a t' (16) 
Va Va 

If S V1 and S,,Vq are equal, this becomes 

S 
X2 + Y2 = ( 1= constant, (17) 

Va 

a circle centered at the undeflected position of the spot. At the instants 
when t' is an integral multiple of 2ir /a, the spot is just at the top of 

its path. It travels, clockwise, along that path at constant speed, the 

arc traversed subtending an angle at the center equal to the value 

of a t'. 
Impulses may be segregated from the receiver output by a high - 

pass filter and used to decrease momentarily the cathode -ray accelerat- 

ing voltage Va. As transmitted, the impulses occur when t is an 

integral multiple of 27r/a, but -in terms of the new time variable - 
this is when a t' exceeds an integral multiple of 27r by the azimuth O 

(Equation 12). A decrease of Va increases both spot deflections pro- 

portionally (Equations 13, 15), so that each impulse momentarily 
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increases the radius of the circular spot path. As the impulses occur 
O degrees after the spot passes the top of its path, the outward jog on 
the uniformly swept circle marks off this angle, the true bearing of 
receiver from transmitter, directly. The angle may be read against a 
circular scale, having its zero at the top adjacent to the swept circle. 
It is now clear that the assumption made above, of no delay in sinusoid 
transmission, merely means equal delay of sinusoid and impulses. 

Figure 5 shows graphically all essentials of the operation of the 
cathode -ray azimuth indicator. At the left center is shown an oscillo- 
gram of the filtered receiver output, used for vertical deflection, and 

Fig. 5 

above this appears an oscillogram of the quarter -cycle -delayed filtered 
wave used for horizontal deflection. The instant at which the limaçon 
points at the receiving airplane in azimuth 9, as in the full -line graph 
of Figure 6, is marked on the oscillograms of Figure 5 by Ty. Other 
special instants, at which the cardioid points in the cardinal directions, 
are marked in Figure 5 as in Figure 2. Keying impulses are shown at 
the instants of their occurrence, TN, at the lower left. Projection of 
the marked values of deflecting voltage, along the light lines, onto the 
perpendicular axes of oscillograph deflection gives the instantaneous 
deflection components. Instantaneous resultant deflections are given 
by the intersection of corresponding projection lines and are marked 
by dots and labeled according to the time of their occurrence. The 
locus of resultant deflections- -the path of the spot -is shown by the 
heavy circle connecting the resultant points. At time TN, the impulse 
kicks the spot outward, marking the jog seen in the figure. From To 

to TN, the limaçon maximum of Figure 6 rotates counter -clockwise 
through the azimuth angle O. Since the indicator spot is at the north 
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point of its scale at TO and thereafter moves clockwise in step with the 
limaçon, at TN, it has also swept through the azimuth angle O and the 
jog then marked by the impulse indicates directly the value of 0. 

Correct indications appear only if the indicator spot is at the zero 
of its scale exactly when the transmitted beam points directly at the 
receiver. This could be checked by reading the indication when at a 
known bearing from the transmitter, but such a known bearing is not 
always likely to be available when needed. It is to permit checking at 
any time that the calibrating signal of Figures 3 and 4 can be trans- 
mitted upon request. This special signal, everywhere just the same as 
that sent due north in normal operation, will give a bearing indication 
of zero degrees on any correctly adjusted indicator. Deviation from 
this value can be corrected, if present, by rotating the scale, as is done 

w- 

Fig. 6 

in setting other aircraft instruments, or by providing an adjustable 
electrical delay between the receiver output and the band -pass filter. 

C- Deviation Indicator 

It is a great convenience, in radial flight directly toward or away 
from the range beacon, to avoid the necessity of repeatedly reading and 
interpreting the quantitative azimuth indication of the cathode -ray 
instrumentai This reading may be anywhere around the scale and, in 
radial flight, must merely be held constant. 

From the filter separating out the pattern- rotation component of 
the receiver output, two outputs varying in push -pull fashion may be 

derived, one increasing as the other decreases. Suppose the push -pull 

filter output to be connected to the second control grids of a pair of 
multigrid vacuum tubes, with the tube plates connected to a zero -center 
meter so that the latter reads the average value of the difference of the 
two plate currents. If the first control grids of both tubes are normally 
biased beyond plate -current cutoff, but are brought momentarily to 

31 D. G. C. Luck, U. S. Pat. No. 2,208,377; 1940. 
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zero bias by the reference keying, plate current will flow only during 
the keying impulses. The relative average current values in the two 
plate circuits will be determined by the relation of the push -pull filter 
outputs at the keying instants. 

Due east of the transmitter, the reference impulse comes just as 
the strength of the rotating pattern has fallen halfway from its max- 
imum to its minimum value, as may be seen from Figures 1 and 2. In 
that direction, the oppositely varying currents will be equal at the 
instant when a reference impulse occurs, as shown at A in Figure 7. 

In this figure, the ordinates of the light full and dashed curves rep- 
resent, respectively, the values that the two oppositely acting plate 
currents would have if turned on. Impulses are outlined in light lines, 
three different timing conditions being shown. The short heavy lines - 

/ 

/ 

/ 

r 
/ 

é A ç 

TE TN TW TS TE TN TW 

Fig. 7 

represent actual plate currents during impulses. For a receiver a little 
north of east, the limaçon maximum will sweep by a little later and the 
keying will occur just before the receiver output has fallen to its half- 
way value, as shown at B in Figure 7. One tube plate current will pre- 
dominate and the meter will deflect one way. South of east, maximum 
signal will be received earlier and the keying will come more than 
halfway down, as at C Figure 7. The other current will predominate 
and the meter will deflect the other way. Thus, the zero -center meter 
is made, by a differential vacuum -tube circuit, to indicate sense and 
magnitude of small deviations of the receiver position from the radial 
course due eastward of the beacon. 

Signals in various azimuths from the beacon differ only in the rel- 
ative -timing of reference keying and pattern- rotation modulation. 
Therefore, the signal in any chosen direction may be changed to simu- 
late the eastward signal merely by delaying the effect of pattern rota- 
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tion. Using a fully variable phase shifter between the narrow band - 
filter and the vacuum -tube grids, any desired delay may be introduced, 
so the condition at A of Figure 7 may be produced for any chosen 
course and the meter will then indicate deviations from that course. 
Examination of Figure 7 will show that there are two instants during 
the cycle at which an impulse would produce equal currents. Similar 
deviations from these two balance conditions will produce opposite 
indications. To avoid this ambiguity, a rough bearing scale may be 

applied to the phase shifter and care be taken, in setting the meter to 
zero when on a course to be held, that the reading of this scale shall 

agree approximately with that of the cathode -ray azimuth indicator. 
Since the deviation indicator is only useful when near a chosen 

course, it should reach full deflection for quite small deviations. But 
large deviations must not injure the instrument. These conditions can 

be met by limiting the push -pull signal applied to the switching tubes, 
as indicated in Figure 7 by the dotted straight lines cutting off the 
signal peaks. 

3- -SOURCES OF ERROR 

A- General 

Obstacles, ground contours, and ground- conductivity variations are 
able to affect markedly the travel of radio waves. In this way there 
arise "terrain errors" in all radio direction -finding. These are, in 
principle, neither better nor worse with an omnidirectional range than 
with any other radio system. However, the continuous indication given 
by the former makes the course of such vagaries unusually clear and 
so minimizes the difficulty they can cause. Terrain errors need not be 

further mentioned here, except to point out that when caused by 

obstacles near the directive radiator they are called "site errors" and 
may be especially bad. In consequence, it is important to select as large 
a clear site as can be found for erection of the beacon antennas. 

Many different sorts of imperfection in operation of the equipment 
itself can also produce errors of bearing indication, however, and these 
it is worthwhile to consider in some detail. The procedure followed in 

each case below is to consider a single possible source of error to act 
alone, choosing suitable parameters to characterize that error source 
quantitatively. In the presence of an error source, the variation of 

azimuth indication with true bearing is determined and the difference 

between indicated and true bearings computed. This gives the error 
produced, as a function of true bearing, in the form of a correction to 
be added to true bearing to give indicated bearing. As the method is 

always the same only one or two cases will be worked through as 

examples, the results alone being given for others. - Errors in a properly 
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operating system will be small, so that first approximations are ade- 
quate and the relations of the individual errors to their causes become 
very simple. 

B- Conditions for Ideal Operation 

Consideration of the various errors of a real system may well be 
prefaced by an enumeration of the conditions which would have to be 
fulfilled by an ideal system. When all modulation phases are referred to 
that of the north -marking impulse train, the modulation phase condi- 
tions for perfect operation become: calibrating and north -south direc- 
tive modulation must be in phase, and east -west directive modulation in 
phase quadrature, with the reference impulses. Pattern modulation - 
amplitude relations for perfect operation are : north -south and east - 
west directive -modulation amplitudes must be equal to each other and 
to the calibrating -modulation amplitude, no rotation -frequency modula- 
tion of the broadcast carrier (hum) may be present during directional 
operation, and the amplitude of the fundamental- frequency component 
of the impulse modulation must be negligible compared with that of the 
desired directive modulation. 

There are also certain radio -frequency relationships to be fulfilled 
for perfect operation, as radio -frequency current variations in all four 
antennas of the directive array must at all times be in phase quadrature 
with that in the broadcast antenna, while currents in the two antennas 
of each directive pair must be accurately equal in magnitude and 
opposite in phase. It is a great operating convenience, though not 
fundamentally necessary, to have no coupling between any two antennas 
save those of a single directive pair. 

Geometrically, the antennas must be accurately parallel and vertical, 
over an accurately horizontal, symmetrical ground plane free of undu- 
lations or obstacles for a large distance in all directions. The antennas 
must be located accurately at the corners and center of a square having 
its diagonals aligned accurately north -south and east -west and must 
be close enough together to ensure the true cosine form of Equation 
(1) (p. 62) for the figure -eight patterns. 

At the receiver, any time lag between pattern- rotation variation of 
the received field and the resulting variation of vertical deflecting 
voltage at the cathode -ray tube must be the same as the time lag oc- 
curring between impulsive field variation and impulsive velocity -mod- 
ulating voltage applied to the cathode -ray tube. The receiver must not 
have its output affected by slight variation of the radio frequency of 
the received field, and it is a great convenience to have the amplitude 
of the voltage variations applied to the cathode -ray tube accurately 
independent of received signal level. No spurious receiver output 
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voltage variations due to local signal sources, obstacle motions, or 
receiver variations are, ideally, permissible. The vertical and hori- 
zontal cathode -ray deflecting voltages must be accurately in phase 
quadrature and must be related in amplitude so as to give equal ampli- 
tudes of cathode -ray spot deflection. Electromechanically, the cathode - 
ray -tube deflection components must be accurately linear, symmetrical 
functions of deflecting voltages and deflection axes must be rectilinear 
and mutually perpendicular. Mechanically, the cardinal points of the 
uniform indicator scale must be accurately aligned with the deflection 
axes of the cathode -ray tube. Rotation of the scale as a whole after 
alignment is, however, permissible if phase compensation is available. 

Manifestly, ideal operation is not practically realizable. It is, how- 
ever, rather amazing how nearly the ideal may be approached by careful 
attention to the control of each error source, especially if some error 
sources can be adjusted to cancel the effects of other, less tractable 
ones. While not all of the above enumerated conditions for perfection 
are explicitly present in the case of some other versions of the omni- 
directional range principle, close scrutiny will usually reveal an equiv- 
alent for each of them in any given case. Often, additional conditions 
must also be satisfied. For example, many types require overall ampli- 
tude linearity of the entire electrical system. This requirement is 
largely relaxed in our case because of the smallness of the fundamental 
rotation- frequency component of the impulsive timing wave, a feature 
which minimizes cross -talk between the directive and reference modu- 
lation channels. 

C- Transmitter Modulation Conditions 

To return to the subject of errors produced by individual causes: 
if both north -south and east -west modulation are equally displaced in 
phase from their ideal relations to the reference wave, an error equal 
in magnitude to the common phase displacement and independent of 
azimuth is produced. For a single range this is of no consequence, as 
it may be compensated by receiving indicator zero setting. But in a 
network of range beacons such displacements, peculiar to individual 
beacons, require realignment of indicators whenever receivers are 
tuned from one beacon to another to ensure concordant bearings. For 
this reason, such errors must be avoided for each beacon, as they will 
be if both directive -modulation channels are individually correctly 
phased. If the calibrating modulation is incorrectly phased with respect 
to the impulsive reference wave, an azimuth -independent error of like 
amount will be produced in a less direct way. This error will become 
effective by being transferred to receiving indicator zero settings, so 
that any indicator set by a beacon with such an error will read incor- 
rectly on any beacon thereafter received. 

1 
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In the event of north -south directive modulation only being out of 
phase with the reference wave. by an amount i',. Equation (4 ) for the 
north -south field becomes ,, cos 9cos (at -4 P,) (18( 

which combines with Equation , 5) for the east -west pattern and with 
the broadcast pattern to give 

E. 4 F, fens coo P, cos at (cos l sin P, 4- sin A) sin at I 19 

for the complete radiated field amplitude. This is trigonometrically 
equivalent to 

f, E, ` 1 / sin 2 sin P, cos (at + #1) (.,01 

where 4, is the angle which will now be indicated as the bearing of a 
ref eicer and is given by 

cosA sin P, sin 

cos A cos P, 

Calling 0, A. the error to be added to true bearing A to give indicated 
bearing 0,. el. use of Equation (21 ( for fi, in the usual t ^ioumetrie 
formula for the tangent of the difference of two angles gives 

sin 5ens 0 4 coo' sin P, sin 0 cos 0 ens P, 
tan p, (22) 

sin' I + cos' 0ens I', + sin Acos Osin P, 

This is in turn trigonometrically equivalent to 

tan e, sin 
P, 

2 

tan 0, 

c i w 20 Pi 2 cos ri 

1 + sin -- sin (24 
2 

sin I', 
°J 

(21) 

1 

Since P, and, in consequence. p,. is small in proper operation. a first 

approximation to Equation (23), obtained by letting tan p, - p,. sin 

1', P, P, 
. and ens - 1 is satisfactory: this yields 

a a 

p P,cosAcos P, 21. 1241 

This error. as was to be expected. is therefore zero east and west 
of the range, where the misadjusted north -south pattern falls to zero, 
and grows to a maXimum directly equal to the pattern misphasing in 
directions due north and south of the transmitter. In case the east- 
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west modulation only is misphased, by P_ degrees, a similar process 
gives 

p. = P2 sin 0 sin (0 - P2/2) (25) 
as the relation valid for small errors. This error is zero north and 
south of the range and rises to equal the phase displacement east and 
west of the range. 

If the figure -eight pattern modulation amplitudes are unequal, the 
north -south one being greater than the average of the two and the 
east -west one less than the average by the fraction A of the average, 
the resultant field is 

e = E0 + E1 [ (1 + A) cos at cos 0 - (1 - A) sin at sin 0] (26) 

which is the same as 

e =E0 +E1 N/1 +A'2 +2A cos 20 cos (at +02) (27) 

1 -A 
tan 02 = tan 0 (28) 

1 +A 

Calling ¢_. - 0, this time, e, we have 

where 

A sin 2 0 

tan E = 
1 + A cos 2 0 

Which for small inequality is 

e = - 0.57 A sin 2 0 

(29) 

(30) 

with A in per cent and e in degrees. This is a quadrantal error, the 
factor sin 2 0 indicating that e has maximum absolute values for four 
azimuths, 45, 135, 225, and 315 degrees; e max. is one degree for 
A =13 per cent, or a total difference between pattern amplitudes of 
31/2 per cent. 

Modulation of the rotation frequency present on the carrier during 
directional transmission -that is, hum -also produces an error of 
indication. Hum of modulation depth H per cent and phase G degrees 
results in a pattern 

H 
e = Eo 1 (at - G) + Ei cos (at - 0) (31) + cos 

100 

For low hum levels, this gives an error, in degrees of 

HE0 
0.57 (0 + G) (32) =- sin 

E1 

This error has maximum magnitude in two directions, bearing 90 -1- G 

and 270 + G degrees, and may be called a duantal. error ; for a normal 

4 
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directional modulation depth E, /Eo = 0.40, the maximum error is 
1.42 H degrees. 

Reference keying has a fundamental- frequency component which 
acts as hum on the carrier. Since the keying comes at maximum north - 
south directional output, but just at zero east -west output, it acts also 
to unbalance the two pattern amplitudes and so to produce quadrantal 
errors of the amplitude inequality type discussed above. For narrow 
rectangular impulses keeping the signal off for K per cent of the time, 
the errors are 

KEo 
H = 1.14 sin 6- 0.57 K sin 2 0 (33) 

E1 

which varies up to maximum values of 1 degree if K is 1.1 per cent, 
with E1/E0= 0.40. Obviously, these two error components may be 
compensated by injecting broadcast hum and intentionally unbalancing 
the unkeyed directive patterns by the proper amounts. 

Should a balanced modulator have tubes of unequal emission, or for 
other reasons show an amplitude unbalance, the only effect is to intro- 
duce harmonics into the modulation waveform. No error is produced 
in this case. 

D- Radio- Frequency Conditions 

Radio -frequency effects are calculated much like the modulation - 
frequency conditions just discussed. However, the complete wave, of 
which we have only written down the amplitude heretofore, must of 
course be used explicitly in the radio -frequency analyses. Sometimes 
intractable forms are encountered and approximate handling is neces- 
sary. If the broadcast antenna carrier current is misphased equally 
with respect to the modulated carrier currents in all four directive - 
array component antennas, no direct error is produced. But frequency 
modulation of the radiated energy then takes place and may give rise 
in a poorly aligned receiver to spurious amplitude modulation and con- 
sequent errors. Leakage of unmodulated carrier through a balanced 
modulator, in phase with the modulated output, causes no error. Quad - 
rature -phase carrier leakage causes a little azimuth -dependent fre- 
quency modulation, but no direct errors. 

If feed to one directive pair only is misphased with respect to that 
to the broadcast antenna, by B degrees, frequency modulation is present 
and a combined quadrantal and octantal error is produced as well, as 
given when B is small by 

B a 1 B 2 tan 0/2 
sin 2 0 -I- sin 4 0 (34) 

cos 0/2 229 sin 0 cos 0/2 916 
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Both B and /3 are in degrees and sin ¢ = El /E0. For El /E0 = 0.40, 
a maximum error of 1 degree occurs for a misphasing of 91/2 degrees. 
High- frequency balanced modulators tend to give different output 
phase from each tube : if one tube of a modulator gives misphasing 
+ B and the other tube -B degrees, the above result for the error 
produced remains unaltered. 

The result of Equation (34) above was obtained by writing down 
the two directive and the one broadcast wave components of the total 
radio- frequency field, taking account of radio -frequency phase, and 
reducing the resultant of the three components to the form of a single - 
frequency and amplitude -modulated wave. Assuming B small, the rad- 
ical representing the modulated amplitude was expanded by the binom- 
inal theorem and only the first term of the expansion was retained. This 
rather complicated first term was expressed as a Fourier series, with 
coefficients calculated by direct integration. The phase of the funda- 
mental- frequency term of the Fourier Series, as a function of B, was 
then compared with O to give the final result of Equation (34) . This 
procedure, while more complicated, is essentially similar to that fol- 
lowed in determining the errors caused by modulation- frequency mis- 
adjustments. 

The signal from a pair of spaced, non -directive antennas fed with 
equal and opposite currents results from failure of the two antenna 
fields to cancel exactly. This failure to cancel is normally caused only 
by the different time delays for wave travel from transmitting to 
receiving antenna, which result from one transmitting antenna being 
nearer to the receiving antenna than the other. But if the contraphased 
currents in the antennas of a pair are not of exactly equal amplitude, 
an additional departure from cancellation occurs, and in such a way 
that the resulting extra radiated field component is in radio -frequency 
phase quadrature to the desired field. This produces only a negligible 
direct error for moderate degrees of current inequality, but does give 
rise to frequency modulation. 

The forms of misadjustment causing frequency -modulated radia- 
tion to occur give, individually, only small direct errors. The frequency 
modulation itself is also harmless, unless misalignment or mistuning 
of the receiver enables it to be converted there to amplitude modula- 
tion. But the combined presence of two or more such misadjustments, 
by permitting out -of -phase field components to combine, may give rise 
to appreciable direct errors. Therefore, the limits on broadcast carrier 
misphasing, modulator misphasing or unbalance, B, and antenna pair 
current inequality are more severe than consideration of each fault 
separately would imply. If the carrier pattern is misphased with 
respect to both directive patterns by C degrees while north and south 
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antenna currents differ by M per cent, the resultant error in degrees is 
tan tp/2 

_ - 0.0045 - MC cos (0 - 45 °) (35) 
d sin 

where sin ip is again El /Ea. With El /E° = 0.40 and antenna spacing, 
d, of 1/10 wavelength, the error reaches 1 degree when MC is 43.7. 
This restricts M to 6 per cent when C is 7 degrees, for 1- degree peak 
error, so is still not very stringent. 

Failure of the currents, of equal amplitude, in the antennas of a 
directive pair to be exactly opposite in radio -frequency phase also 
modifies the manner of cancellation of their fields. Specifically, if the 
antennas are closely spaced, the figure -eight pattern amplitude is de- 
creased from its value with correct phasing and a modulated broadcast 
pattern is also radiated by the pair. If the phase difference between 
north and south antenna currents is less than 180 degrees by the small 
angle D degrees, the resulting error, in degrees, is 

5=0.0044D2 sin 2o+0.159-D sin 9 
d 

(36) 

If d = 1/10,x, this gives a maximum error of 1 degree for a misphasing 
of only % degree. This is the most critical condition encountered, and 
is of course matched by similar behavior of the other antenna pair. It 
should be noted, however, that if the error caused by antenna misphas- 
ing can be determined, it can be compensated by introducing the proper 
modulation of the broadcast pattern. 

E- Antenna Geometry 

Directive patterns rigorously following a cosine law are only pro- 
duced if the push -pull antennas of a pair are infinitesimally separated. 
The modification of the pattern shape for small finite separations is 
such as to give rise along the horizon to an error 

d 2 

X = 23.6 - sin 4 0 (37) 

which decreases with increasing angular altitude. This is the well - 
known octantal error of widely spaced Adcock antennas and reaches 1 

degree, at its maxima, for spacing d = 1/5 À. 

Unequal spacing of the two pairs merely requires different antenna 
currents to give equal pattern amplitudes and, so long as those ampli- 
tudes are equal, produces no error. Improper orientation of a pair has 
the same effect as phase displacement, of the same amount, of the 
modulation of the supply to that pair. Stray coupling between pairs 
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is equivalent to misorienting each pair, while stray coupling between 
pair and broadcast antennas may be equivalent to broadcast modulation. 

An antenna system tilted out of the vertical, but remaining per- 
pendicular to a locally tilted ground plane introduces an error on the 
horizon 

= - 0.0044 S'2 [sin 2Q + sin 2 (0-Q)] (38) 

for a tilt of S degrees from the vertical in azimuth Q. This reaches 
maxima of only 1 degree for a tilt of 101/2 degrees. 

F- Receiving Indicator Conditions 

At the receiver, incorrect phasing of deflecting voltages applied to 
the cathode -ray tube produces the same errors as corresponding mis- 
phasing of modulating voltages at the transmitter, errors given by 
Equations (24) and (25). Decentering of the circular cathode -ray 
pattern with respect to the circular azimuth scale of the indicator 
displaces the deflection axes of the tube out of line with the cardinal 
axes of the scale. A simple geometrical construction permits analytical 
determination of the decentering error which, for small decentering 
of r per cent of the pattern radius, toward azimuth A of the scale, is 

«=- 0.57rsin (0+A) (39) 

degrees. This error resembles that caused by transmitter hum, and 
has maximum absolute values of 1 degree, at right angles to the direc- 
tion of decentering, for 1% per cent decentering. Deflection amplitude 
inequality produces errors in the indicator similar to those produced 
by directive modulation amplitude inequality in the transmitted field 
(see Equation 30). 

Cathode -ray tubes of usual commercial construction are not always 
accurately linear in deflection sensitivity or input impedance. How- 
ever, if pattern centering, deflection phases, and relative amplitude 
are given optimum values, all cardinal points will be indicated correctly, 
primary intercardinal points will be correct on the average and the 
residual errors at intermediate points will be small. To permit setting 
all five variables easily and accurately, it is convenient to be able to 
transmit, when required, a calibrating signal keyed off eight times at 
equal intervals, rather than once, per cycle. With this signal, one may 
adjust so that all cardinal and primary intercardinal points are cor- 
rectly indicated at once. This adds another condition at the trans- 
mitter: that the intervals between adjacent keying impulses, during 
such special transmission, shall each be accurately 1/8 cycle of the 
modulation. It also provides another transmitter function, since the 
seven extra marks can be switched on and off for telegraphic commu- 
nication, which may be read either visually by the extra marks on the 
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indicator or aurally by the change in keying tone, without disturbing 
bearing indications. 

4- CONCLUSIONS 

From the foregoing general discussion of the place of radio in 
navigation, and the description of principles and conditions of opera- 
tion of one particular radio navigational device, some conclusions may 
be drawn. Radio -range beacons are inherently accurate and are adapt- 
able to ultra- high- frequency operation. They create no extreme inter- 
ference problems and divide responsibility equitably between ground 
and flight personnel. Therefore, the decision of our government a 
number of years ago, to develop radio ranges as the major radio aid 
to air navigation in this country, was a very wise one. Recent develop- 
ments in the ground and airplane direction -finder art have opened new 
vistas of convenience and flexibility in navigational use of radio. Com- 
parable refinement of radio ranges is needed to enable them to retain 
their outstanding position in the face of these new and attractive 
alternatives. The impending change to ultra -high frequencies permits 
a free choice now of the course which development shall take. Indis- 
tinguishability and restricted number of courses with presently used 
ranges point clearly to possible lines of development. 

The rotating beacon principle is well suited to the provision of a 
type of radio range more flexible and convenient than those now in use. 
l;y employing basically simple electrical means to eliminate mechanical 
motion altogether, limitations on speed of rotation are removed. This 
permits automatic, direct indication of the position of a receiver any- 
where around the range beacon, or of deviation of the receiver from a 
chosen line through the range. In effect, a radio range course is avail- 
able wherever wanted, with no ambiguity. With such an "omnidirec- 
tional radio range" the indicating means, like the beacon, are basically 
simple. 

Many conditions must be fulfilled for ideal, error -free omnidirec- 
tional range operation. Analysis of imperfect fulfillment of these con- 
ditions shows errors resulting from small imperfections to be moderate 
in amount. Tolerances on adjustments are therefore reasonable. Great 
flexibility of strictly electrical beacons and indicators permits provision 
of convenient adjustments for fulfilling all necessary conditions for 
all- around accuracy. 

A system which combines the advantages of the range beacon with 
the convenience of its new alternatives emerges from these considera- 
tions. An experimental model of such a system and the results obtained 
with it, as well as ways of using it in flight, will be described in a 
further paper. 
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BY 

G. O. M IL S E 

I.,,teru I) i>iuu Litt/Ant-rt. National linwtlraaing l'uuqwo, lur. 

Summary -The reasons for estubliahiuy a central point for the monitor- 
ing of international broadcasting stations are given. The physical arrange- 
ment of the equipment used is described, und because of the peculiar 
deuutnds placed un men working in this service the problems encountered 
in obtaining necessary personnel are discussed. 

HE National Broadcasting Company's short -wave listening posta 
are located in the NBC Newsroom in RCA Building, at 30 Rocke- 

feller Plaza in New York City, and at Bellmore, L. 1. The listen- 

ing post was first established as an experiment on April 1st, 1940, 

operating two receivers during the late afternoon and early evening 
hours. Its importance has grown such that the service has been ex- 

panded to include eight receivers and twenty -four hour coverage. The 

Staff, under the direction of Mr. A. A. Schechter, Director of the News 

and Special Events Division, is headed by Mr. J. Van Item, as Super- 

visor, and includes five interpreters and four junior engineers. The 

men work in pairs, composed of one linguist and one engineer per 

eight -hour shift. 
As the European War began to spread, it became necessary to 

obtain up -to- the -minute news from Europe for use on the NBC News 

broadcasts. As a trial, two receivers were installed and monitoring of 

the news periods in English from foreign short -wave broadcasting 

stations was observed. Several instances during the invasion of Hol- 

land and Belgium proved the value of this service, but indicated that 

it would have to be extended to cover more languages than English 

alone. Ve, thereupon, started on the two problems that had to be 

solved to enable us to provide a complete service. These two were 

first -as efficient a technical plan as could be had at the location avail- 

able and second, the employment of linguists capable of using these 

facilities to best advantage. 
It was early indicated that facilities should be as near as possible 

to the NBC news desk. This was necessary in order to pass along with 

an absolute minimum of delay, any information received concerning 

the rapidly changing events in Europe. Usable information received 
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Fig. 1 

was broadcast instantly through the NBC networks as well as placed 
on the teletypewriters to the major news associations. 

The Rockefeller Center Organization had installed on the roof of 
the International Building a standard RCA multi -wave antennaplex 
system, Figure 1. This system gives very efficient coverage on the 
following bands : 

15.4 - 18.1 Mc 
12.7 -15.4 Mc 
10.0 -12.7 Mc 
7.3 - 10.0 Mc 
4.6 - 7.3 Mc 
2.0 - 4.6 Mc 

0.53 - 2.0 Mc 

Separate antennas and wide -band amplifiers are used for each of 
the frequency bands. The antennas are half -wave doublets arranged 
for use with low- impedance two -wire transmission lines. Reference to 
the antenna photograph will show that the various horizontal doublets 
are disposed vertically. It should be noted that this arrangement allows 
for convenient maintenance of the system. A two -wire transmission 
line of about 100 feet in length is brought from each doublet to the RCA 
multi -wave antennaplex amplifier which is located in a fan room on one 
of the upper tiers. 

The length of the coaxial cable which starts at the antennaplex unit 
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near the top of the International Building and runs to the NBC news- 

room in the RCA Building is about 1500 feet. The antennaplex unit, 
as it was installed, did not have enough gain on the high- frequency 
bands to make up for the loss in the coaxial cable. An auxiliary ampli- 
fier was added which contained two more amplifier stages for the 9, 12, 

and 16- megacycle bands. 
Four RCA AR -77 receivers mounted in a special table are used for 

listening. An input switching system is provided so that the receivers 
can be fed with a series of calibrating radio frequencies. 

Since only two men are on duty at one time, it was deemed advisable 
to provide an audio -switching system whereby either or both men could 
monitor the output of any one of the receivers without moving from 
his normal position, Figure 2. Also, because at times there might be 
as many as three simultaneous news transmissions to be observed, 
special provisions were installed enabling both men to monitor one 
receiver each while the third was fed into a recording machine. Selector 
switches were provided at each of the receiver positions for the 
engineer. The interpreter's normal position, as can be seen in the pho- 
tograph of the complete listening post, Figure 3, is at the left end of 
the table. Here he has one selector switch connecting him to the output 
of any receiver. He also has a selector switch by means of which he can 
feed the output of any receiver into the recording machine. Facilities 
are also provided so that the output of any receiver may be fed directly 
into the NBC networks through the adjoining news studios, one of 
which can be seen in the photograph. This has been done on a few 
occasions when the monitors, tuning over the various bands between 
scheduled news periods, came upon an event of great enough impor- 
tance to be put on the air immediately. Ordinarily, the news broad- 
casts from foreign countries retransmitted over the networks, are 
received in the United States by regular communication companies. 
The material received by the monitoring post is used if warranted in 
domestic news broadcast periods. 

The outputs of all receivers are also permanently connected to the 
dial monitoring system in all offices and studios of the National Broad- 
casting Company. It is thereby possible for any point equipped with 
the dial monitoring system and a loudspeaker to listen to any of the 
channels received by the listening post. Since the input to the record- 
ing machine, the input to the broadcasting circuits, and the input to 
the house monitoring system must be kept at a constant level, a VU 
mater is available on a selector switch at the engineer's position. Thus, 
maximum flexibility of control of the entire short -wave monitoring 
facilities has been provided. The receivers are in use 24 hours a day 
and have given excellent service. 

The duty of the engineers assigned to this service is to have the 
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receivers tuned to the proper stations at the required time and to 
assist in the copying of reports. They are also constantly tuning 
throughout the entire radio -frequency spectrum looking for new inter- 
national broadcast stations. At the outset, engineers were assigned 
to this service when they were free from regular broadcasting assign- 
ments. At present, however, there are four men assigned exclusively 
to this service as it was found that by monitoring regularly a kind of 
sixth sense is developed that enables a man to understand weak or 
noisy signals which one assigned only occasionally could not decipher. 
International broadcasting stations today are operating as close as five 
kilocycles and in some cases only three kilocycles apart. It is no longer 

Fig. 3 

possible to be certain that one knows the nationality of the station 
by the language in use, as so many of these stations use many lan- r 

guages, the British at present transmitting in twenty -seven different 
tongues. Only an experienced operator can be reasonably sure that he 
has the proper station tuned in at the required time. 

Difficult as was the technical problem, that of securing the services 
of qualified monitors was even greater. Since the profession of news 
monitoring was comparatively new, very little was known concerning 
the qualifications of a monitor, with the result that a large number of 
applicants presented themselves merely on the strength of their knowl- 
edge of languages. The chief difficulty in finding duly qualified moni- 
tors lay in an apparent contradiction. The monitor must be fairly 
young in order to stand up under the incessant pounding he receives 
by listening through earphones day in and day out, and at the same 
time, his knowledge of languages must be such as is usually encoun- 
tered only in persons of advanced age. 
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The following qualifications were finally determined : 
Must be American -born or a naturalized citizen of long standing, 

a college graduate or equivalent. Must know thoroughly at least four 
languages : English, French, German, Spanish (or Italian) . Some 
newspaper or writing experience essential. Must have European edu- 
cational background, or have lived in Europe for a great number of 
years, in order to speak at least German and French like a native, so 
that he understands dialects, patois, colloquialisms, idioms, etc. Must 
be thoroughly familiar with geography, international affairs, political 
situations, foreign prejudices, customs and opinions, minority prob- 
lems and similar factors. 

While these requirements may seem rigid, such a background was 
necessary in order to properly evaluate news items, talks, special fea- 
tures, etc., as distinguished from the wealth of pure propaganda which 
was transmitted by all foreign short -wave broadcast stations. After 
several months of trial and error, the present staff was assembled. 

Between 650 and 700 individual reports are written by the monitors 
each month. Quite frequently the reports of the English, German, and 
I talian broadcasts of a single important incident such as the bombing 
of a city or sinking of a battleship are recorded at different periods 
and then written into one report in an effort to obtain from them all, 
as nearly as possible, the true story. Recently, transmitting stations 
have been opened in various parts of the world, such as Japan, Indo- 
China, Belgian Congo, Greece, and Eire of sufficient power to be re- 
ceived regularly. To these can be added Australia, South Africa, 
Turkey, French Equatorial Africa, Persia, China, all of South America 
as well as all the major countries of Europe. Thus, through the short- 
wave listening post the National Broadcasting Company is in constant 
touch with the news of the world. The material received is used daily 
in the making of the news bulletins broadcast on the networks. The 
success of the plan is also attested by the fact that a monthly average of 
150 of the reports written are used by the news associations in their 
releases. 

Of the several news "scoops" received by this group, the outstand- 
ing one was the speech of Marshal Petain, announcing France's capitu- 
lation. Regular communication channels with France were jammed and 
delayed and radio reception was very poor. After playing the record- 
ing of the speech over twelve times, a complete transcript was obtained 
and broadcast and sent to the newspapers long before its receipt by 
regular communication channels. With the present war situation 
expanding throughout the world, the listening post takes on added 
importance in the proper transmission of the important news of the 
world to our American listening audience. 
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DUPLEX TRANSMISSION OF 
FREQUENCY -MODULATED SOUND AND FACSIMILE 

BY 

MAURICE ARTZT 
RCA Manufacturing Company, Inc., Camden, N. J. 

AND DUDLEY E. FOSTER 
RCA License Laboratory, New York 

Summary- Laboratory and field tests of multiplexing aural and fac- 
simile programs on a frequency- modulated wave have been made. The 
results obtained show that while technically possible, difficulties are en- 
countered that will probably make such operation undesirable. Enough of 
the theory of mult' tone modulation is discussed to show that circuit 
linearity requirements are severe, and that the side bands can easily exceed 
the 200 -kilocycle channel width if the aural deviation is not reduced. 
Quantitative data are given on the types and percentages of cross -talk 
obtained. 

1. INTRODUCTION 

HE F.C.C. rule defining requirements of high- frequency, aural 
and facsimile broadcasting stations is as follows : 

"S 3.228 Facsimile Broadcasting and Multiplex Transmis- 
sion. The Commission may grant authority to a high- frequency broad- 
cast station for the multiplex transmission of facsimile and aural 
broadcast programs provided the facsimile transmission is incidental 
to the aural broadcast and does not reduce the quality of or the fre- 
quency swing required for the transmission of the aural program. The 
frequency swing for the modulation of the aural program should be 
maintained at 75 kilocycles and the facsimile signal added thereto. No 
transmission outside the authorized band of 200 kilocycles shall result 
from such multiplex operation nor shall interference be caused to other 
stations operating on adjacent channels." 

Little practical experience has yet been obtained with multiplex 
operation of the kind called for in this regulation. For this reason it 
has seemed worthwhile to report the results of some laboratory and 
field tests carried out by RCA in Camden and New York. These tests 
were made with the object of determining first, if any limitations and 
practical difficulties were likely to be encountered, and second, to what 
extent the introduction of multiplex facsimile signals might effect the 
design of receivers for aural service only. 

It is generally conceded that in such a multiplex system the signal - 
to -noise level in the aural program should be favored as much as pos- 

sible. In order to maintain and protect adequately the high signal - 
to -noise ratio of the aural service, the facsimile signal must use a much 
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lower deviation. The ability of the facsimile equipment to operate on 
a much less favorable signal -to -noise ratio then becomes increasingly 
important. The facsimile equipment used in these tests was designed 
to operate under conditions heretofore considered too severe for good 
reproduction, and the final results obtained in the multiplex operation 
should therefore be considered on the basis that all possible favoring 
has been given to the aural channel. When used with a facsimile sys- 
tem requiring a higher signal -to -noise ratio, the facsimile would in 
general become less reliable and reproduction poorer. 

Practical difficulties were encountered in the field tests described 
later that limited the frequency deviations used for the aural portion 
of the multiplexing to 60 kilocycles. The facsimile service was added 
at 15 kilocycles deviation, thus sharing the maximum deviation of 75 

kilocycles between the two services. Many things contributed to this 
limitation of aural deviation and each will be described in turn. 

Before going to the tests and their results a description of the fac- 
simile signals used in these tests will be given. A general discussion 
of the frequency -modulation theory for multitone use is also in order 
if the proper interpretation of the results is to be made. 

2. THE FACSIMILE bSIGNALS 

In the usual broadcast facsimile services contemplated or now in 
use, copy areas of from four to twenty square inches per minute are 
transmitted. A good average at present would be 10 square inches per 
minute, the figure chosen for these tests. This was transmitted at 120 

scanning lines per inch, using a picture signal frequency range of from 
zero to 1200 cycles. This signal can be transmitted in a variety of 
ways, the usual one being to carry the signals as an amplitude modula- 
tion of an audio tone. However, previous facsimile work has shown 
that the use of a frequency- modulated sub -carrier for the facsimile 
signals has many advantages over the amplitude -modulated sub - 
carrier.' The sub -carrier chosen in this case was 18 to 24 kilocycles, 
the picture signals occupying the band of 20 to 24 kilocycles and the 
frequency being shifted down to 18 kilocycles for a short time once 

per scanning line to indicate phasing. The spectrum then is as follows : 

18 kilocycles -phase signal 
20 kilocycles -white picture signal 
22 kilocycles -50,'50 gray picture signal 
24 kilocycles -black picture signal 

The use of a phase signal to hold synchronism of the recorder is 

usually insufficient if very fine detail of recording is expected, and a 

1 Mathes and Whitaker, "Radio Facsimile by Sub -Carrier Frequency 
Modulation," RCA REVIEW, Oct. 1939. 
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secondary synchronizing signal to control motor speed between phase 
pulses is desirable. A simple method of accomplishing this is to trans- 
mit a control tone (60 cycles in this case) as an amplitude modulation 
super- imposed on the already frequency -modulated sub -carrier. An 
amplitude- modulation of 30 per cent was used in this case, and the 
60 -cycle wave is thus transmitted without requiring a third multiplex 
channel and attendant filtering problems. 

This complex wave of 18- to 24- kilocycle frequency variation and 
30 per cent amplitude modulation then carries the picture, phasing, 
and synchronizing signals. When used in a simplex service and with 
the proper limiters and filters, these signals have been found to be 
practically immune to any normal signal fluctuations, and to reject all 

1. 

AURAL GUARD FACSIMILE 
41. 

CHANNEL BAND CHANNEL 
I 

30n. 15000 18000 20000 24000 

PHASE J 
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BLACK 
UPPER SIDEBAND LIMIT 
OF FAX. KEYING 25200/. 

Fig. 1 -Audio spectrum for multiplexed aural and facsimile. 

noise 6 decibels or more below the signal itself. Occasional interfer- 
ences equal to or even greater than the signal usually cause little 
marring of the copy. 

This composite signal was then used to deviate the r -f carrier 15 

kilocycles, the aural channel being added at 60 cycles deviation. The 
overall audio spectrum transmitted is then represented in Figure 1. 

3. MULTIPLEX THEORY 

In tone multiplexing on an amplitude modulated system, the addi- 
tion of the second tone produces an additional pair of side bands dis- 
placed from the central carrier by the tone frequency itself. All side 
bands are proportional to the carrier amplitude and depth of modu- 
lation. In multitone frequency modulation the relationship of side 
bands is not as simple as this, for each tone in itself produces an 
infinite series of side frequencies. The case for two tones involves 
two such series of side frequencies, and their cross beat products. A 
derivation of the side bands produced in such a two -tone system is 
given by Crosby' and can be readily applied to this type of multi- 
plexing. 

2 Murray G. Crosby, "Carrier and Side Frequency Relations with Multi - 
tone Frequency or Phase Modulation," RCA REVIEW, July 1938. 
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Applying the Bessel function expression to the facsimile signal 
only, with no aural signal, gives the plot in Figure 2 of the relative 
amplitudes of carrier and side bands to transmit this signal with 
deviations up to 25 kilocycles. It can be seen that for deviations below 
15 kilocycles the second -harmonic side band (J2) is small and can 
probably be neglected without seriously affecting the facsimile signal 
itself. 

The radio -frequency spectrum for the facsimile signal when operat- 
ing simplex is shown in Figure 3. Suppose now that an aural tone 
is introduced and with such a low- frequency period that any small 
section of the wave may be considered as constant in frequency com- 
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Fig. 2- Facsimile sideband amplitudes (No aural). 
25 KC 

pared to the rapid deviation caused by the facsimile signal. Figure 4 
will then represent the wave. This is strictly true only when the aural 
tone introduced has zero frequency, for frequency modulations cannot 
be added directly; but for frequencies in the aural band up to several 
hundred cycles there is very little error. If only the first -harmonic 
side bands of the facsimile signal (± 20 kilocycles) are considered, 
the band width under this condition will be ± 60 ± 20 or - 80 kilo- 
cycles. If the second -harmonic side bands of ± 40 cycles are included, 
the width is it 100 kilocycles. 

With an audio frequency of 3125 cycles having a frequency devia- 
tion of 75 kilocycles applied alone to the frequency modulator the 
spectrum appears as in Figure 5 for frequencies on one side of the 
carrier, the side bands for frequencies on the opposite side of the 
carrier being similar. 
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At an audio frequency of 2500 cycles the resultant argument 
(Deviation divided by modulating frequency) comes within the range 
of the usual Bessel tabulations, and the sidebands of the multiplex 
modulation can be determined. Thus with a 2500 -cycle tone at 60 

kilocycles deviation and the 20,000 -cycle tone at 15 kilocycles deviatioo 
the amplitudes can be plotted as in Figure 6. The first chart gives the 
side bands of the audio tone only, and the second the side bands for the 
combination of both tones. In both cases all side bands and side fre- 
quencies are plotted as positive quantities, but due account of sign of 
the coefficients has been taken where several terms of the expansion 
are involved for a particular frequency. In these charts any coefficient 
greater than 0.1 per cent was included. 

It can be seen that the bandwidth in Figure 6 is somewhat greater 
than in Figure 5, but that the side bands outside the 200 -kilocycle 
channel have less than 1 per cent amplitude. 

J 

0.33 
J2 J2 

5ov_C. 40 30 20 1 IO - Fc + 10 '' 20 30 40 
k- DEV1ATIAN -*1 

Fig. 3- Sideband chart of 20 -kc signal at 15 -kc deviation. 

By comparing Figure 4 with Figures 5 and 6, it may be seen that 
the low aural frequencies cause a greater side band extension than the 
higher aural frequencies. For the higher frequencies, the product of 
the Bessel coefficients reduces the amplitude of the higher order side 
bands to a degree where the bandwidth of consequence becomes less 
than for a single modulating tone. 

The 60- kilocycle deviation for aural signals was used in the multi- 
plex calculations rather than 75 kilocycles, in order to keep the signal 
within the 200 -kilocycle band width. As can be readily seen from 
Figure 5, maintaining the aural deviation at 75 kilocycles and using 
the 15- kilocycle facsimile deviation would produce side bands outside 
the 200 -kilocycle channel. Reducing the facsimile deviation to 10 kilo- 
cycles would lower the amplitude of the out -of- channel side bands to 
64 per cent of their former value. This reduction would be insufficient 
to clear up the out -of- channel radiation, and furthermore would handi- 
cap the facsimile in signal -to -noise ratio. Thus Figure 5 shows the first 
practical reason for reducing the aural deviation tc 60 kilocycles when 
multiplexing with facsimile. 

6 
60 
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Before going to the experimental results it would be in order to 
point out the types of cross -talk that can occur if the equipment fails 
to pass this entire band as represented in Figure 6. If the bandwidth 
of the single -tone transmission is restricted at the extreme ends, only 
harmonic distortion of the resulting detected tone will be present, and 
a few per cent of distortion of this type will be little noticed. This same 
amount of restriction on the two -tone transmission will result quite 

DE VIATION 
100 KG 80 60 40 20 - F. r 20 40 60 80 Ica KG 

\ + \ - 
\ \ \ ` ` VERY LOW AUDIO FREQ. 

AT 60-KC DEVIATION 

FIRST SIDEBAND 

f 20 KC 

SECOND SWEBAND 

=40 KC 

/ 

20«C SIGNAL AT \ IS-SC DEVIATION 

\ 

\ 

Fig. 4- Facsimile signal of Figure 3 added to very 
low frequency signal at 60 -kc deviation. 

differently, for such band limiting will act as a preliminary frequency 
discrimination and change various side -band frequency modulations to 
amplitude modulations. This will introduce cross -talk in a manner 
similar to the action of a non -linear tube in amplitude multiplexing. 
It should be pointed out that a small percentage of cross -talk is far 
more objectionable than the same percentage of harmonic distortion. 

The process of detecting a frequency -modulated wave requires dif- 
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ferentiating3 the wave to change the frequency variations into an 
amplitude -modulated wave. Amplitude detection follows this differ- 
entiation (or discrimination) to obtain the amplitude envelope. If the 
waves represented by Figures 4 and 6 are differentiated, the original 
modulation frequencies are obtained intact. However, if one or more 
of the terms in these side frequencies are eliminated before differenti- 
ating, the differentiated (or discriminated wave) tone will contain 
terms proportional to the derivative of these missing terms. Any two 
of these waves can then beat together in the amplitude detector that 
follows this discriminator to give cross talk. 

Bandwidth limitation could occur in the transmitter itself, but the 
more likely place will be in the receiver intermediate -frequency ampli- 
fier or discriminator circuits. This is especially true in receivers hay- 
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Fig. 5- Sideband amplitude. 

ing good adjacent channel selectivity and consequent narrow band -pass 
action in the i -f transformers. 

After detecting, the requirements of linearity in any tube that both 
aural and facsimile signals pass through together are the same as for 
amplitude multiplexing. 

In the case of two modulating frequencies which differ in character 
as greatly as do those of sound and facsimile programs the linearity 
requirements imposed on the system are much more severe than in the 
case of single program modulation. With a single program, any non - 
linearity of the modulator, the detector, or the audio -frequency portion 
of the receiver causes harmonic distortion. Distortion may also be 
caused by too narrow a receiver passband. This latter distortion will 
be decreased appreciably, but not entirely eliminated by a limiter. All 
of these causes of distortion may be classed as non -linearity. 

The distortion which results from non -linearity in the case of a 
single program, if not too great, is not readily distinguished by the 
ear. For example, there are many radio receivers having 3 per cent 
or even 5 per cent distortion which are not objectionable to the major- 

3 Carson and Fry, "Variable Frequency Electric Circuit Theory With 
Application to the Theory of Frequency Modulation," Bell System Tech. á 
Jour., Oct. 1937. 
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ity of listeners. In the case of modulation by two different types of 
program, however, non -linearity anywhere in the system results in 
combination tones or cross modulation. The cross modulation of one 
program by the other has the characteristics of interference which is 
readily noticed by the listener. An interfering program 30 db below 
the desired program is easily apparent, whereas distortion of a single 
program 30 db below (approximately 3 per cent of) the fundamental, 
is seldom noticed. 

Consequently, duplex frequency -modulation transmission of sound 
and facsimile requires a somewhat greater bandwidth than a sound 
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Fig. 6- Sideband amplitude. 

program alone of comparable deviation, particularly for low modulating 
frequencies, and imposes much more stringent requirements on system 
linearity. 

4. DUPLEX RECEIVER 

The receiver for duplex transmission of sound and facsimile, in 
addition to the requirement of exceedingly linear circuits, must be 
provided with filters for separating the two programs following the 
detector. 

A block diagram of a receiver constructed for tests of duplex trans- 
mission is shown in Figure 7. Two selective circuits were used ahead 
of the converter and an i.f. of 8.25 Mc was employed to minimize like- 
lihood of spurious responses. The i -f passband was made somewhat 
wider than normal to guard against non -linearity from that source. 
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It had a response characteristic down 14 db at 100 kc each side of the 
center and down 37 db at 200 kc each side of the center. 

The detector characteristic was more linear than is usually the 
case, having very small departure from a straight line up to 100 kc 
on each side of the center. 

It was found necessary to separate the sound and facsimile pro - 
grams immediately following the detector, as passing both through 
a single common amplifier stage, even a fully degenerated stage, 
resulted in excessive cross modulation. The de- emphasis filter in the 
output of the detector attenuated the facsimile frequencies sufficiently 
so that cross- modulation did not occur in the succeeding stage. An 
additional low -pass filter was used following the first audio -frequency 

FM RECEIVER 

AND DISCRIMINATOR 

LO -PASS FILTER 

AUDIO 9PKR. 
AMPLIFIER 

LSKC 

NI-PASS FILTE 1 Fpuc.DSCRIMNüTRt 

O ID KC 

AMPLITUDE 
DETECTOR 

ac 

MOTOR CONTROL 

TO MOTOR 

US KC 24KC 

IN1111111111111 

1111111111111111 

PRINTER 

AMPLIFIER 

PHASING 
CONTROL 

TO 
PRINTER 

FAX. RECORDER 

Fig. 7- Receiver block diagram for multiplex operation of 
aural and facsimile. 

amplifier since the impedance at that point could be made low by use 
of a cathode load and a better filter designed for the resultant low 

impedance than for the high impedance at the output of the detector. 
The audio program was thus subjected to proper compensation for the 
high -frequency pre- emphasis at the transmitter and also had an addi- 
tional filter to attenuate further any facsimile frequencies in the 
sound channel. The resultant attenuation for facsimile frequencies in 

the sound channel was greater than 45 db for even the lowest (18 kc) 

facsimile frequency. 
High -pass filters to attenuate the sound program in the facsimile 

channel were provided in the facsimile equipment. 
A high -quality, Type 64B speaker was used with the receiver and 

was fed by a pair of 6L6G tubes in push -pull so that the reproduction 
of the sound program was of high fidelity. 
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5. LABORATORY TESTS OF DUPLEX TRANSMISSION 

The first laboratory tests were of a preliminary nature and used 
a special receiver (with audio circuits similar to those in Figure 7) 
and a signal generator set at 43.5 megacycles. The facsimile signal 
was as previously described, and the aural channel was fed by a beat 
oscillator or from a phonograph pickup. In these tests the receiver 
bandwidth was slightly higher than 200 kilocycles and good results 
were expected with the full aural deviation of 75 kilocycles and a 
facsimile deviation of 15 kilocycles. A tabulation of the results ob- 
tained follows: 

Audio Audio Facsimile 1 u terf erencc 
Freq. Deviation Deviation On Aural On Facsimile 

lO kc 75 kc 15 kc - 25 db Prints Interference 
Synch. Erratic 

5 kc 75 kc 15 kc - 69 db Prints Interference 
Synch. Erratic 

400 cy 75 kc 15 kc - 70 db None Noticeable 

*400 cy 75 kc 15 kc - 58 db Prints Interference 
Synch. Erratic 

* Receiver detuned 18 kc. 

These results show that only at the low frequencies of aural tone 
(400 cycles in this case) were the cross -beat products low enough 
substantially to eliminate all cross -talk. When high aural frequencies 
were used (5 and 10 kilocycles), the combination frequencies increased 
enough to cause deterioration of the signal -to -noise ratio in both 
channels. It was to be expected that the facsimile channel would be- 
come unusable first, for the cross -beat interference tones were of a 
high frequency and would come through the high -pass filter network 
feeding the facsimile amplifiers. 

Two general observations can be made from these tests : First, the 
use of pre- emphasis of higher aural frequencies will occasionally bring 
enough interference into the facsimile channel to mar the recorded 
copy if the full 75- kilocycle deviation is used for aural programs. 
Second, only a very wide band receiver could receive such a signal 
combination without cross -talk. Any reduction in bandwidth in the 
receiver will aggravate the interference in either of the above cases 

and a reduced bandwidth would probably be used in the average 
receiver to obtain a fair degree of adjacent channel selectivity. 

The most apparent cure for these difficulties was to reduce the aural 
deviation to 60 kilocycles, and this was done in all subsequent tests. 

A further test was made in the laboratory to simulate duplex trans- 
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mission of sound and facsimile. In this case a 4000 -cycle tone was 
used for the audio frequency and a 17,000 -cycle tone for the facsimile 
frequency. 

Simultaneous application of two tones to a system having any non - 
linearity results in combination tones that are the sum and difference 
of multiples of the individual tones. For example, if two tones having 
frequencies a and b are applied to a non -linear element, the result will 
be frequencies 2a, 2b, 3a, 3b, 2a - b, 2a + b, 3a - b, 3a + b, 2b - a, 
2b + a, 3b - a, 3b + a, etc. In general, in a non -linear system the co- 
efficients of the higher -order terms are much smaller than those of the 
lower -order terms so that the greatest amplitude of resultant combina- 
tion tones is likely to occur with a high audio frequency and a low 

facsimile frequency. However, audio frequencies much above 4000 or 
5000 cycles seldom have sufficient energy, even when pre- emphasis is 
used, to modulate the transmitter fully. Consequently interference 
between sound and facsimile is most likely for audio frequencies in the 
2000 to 5000 -cycle range. 

The test was performed by modulating a laboratory frequency - 
modulation signal generator by 4000 cycles and 17,000 cycles simul- 
taneously and measuring the resultant frequencies in a dummy load 
replacing the voice coil in the output of the receiver by means of a 
wave analyzer. Throughout the series of tests the input to the receiver 
was 50 microvolts and the output was held constant by means of the 
volume control at 0.5 watt. In all cases, except where otherwise noted, 

tuning was performed by applying approximately 150 -kc deviation and 
the receiver tuned to symmetrical distortion of the top and bottom of 

the wave as observed on an output oscilloscope. 
As an initial test, the 4000 -cycle tone alone was applied and the 

harmonics read as the deviation was varied. 

TABLE I 
4000 -cycle modulation 

Deviation 2nd 3rd 4th 

75 kc 7.5% 3.1% 0.25% 
60 3.6 1.2 0.14 
40 1.98 0.62 0.13 
20 1.85 1.1 0.10 

With the exception of the second harmonic with 75 -kc deviation 

which was believed due to the signal generator curvature, the har- 

monic content was low. In any event the second harmonic would be 

due to a second -order term and with 4000- and. 17,000 -cycle tones, 

the second -order term would give a 13,000 -cycle resultant, and the 

ear is much less responsive to that frequency than to frequencies of 
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the order of 1000 or 2000 cycles. If we designate the 4000 -cycle tone 
as a and the 17,000 -cycle tone as b, the resultant tones up to the fifth 
order, would be b - a, b - 2a, b - 3a, b - 4a, or 13,000 cycles, 9000 
cycles, 5000 cycles and 1000 cycles respectively. The amplitude of 
these resultant frequencies was measured in the output of the receiver 
with the two tones modulating the signal generator. 

In the second test, shown in Table II, the 4000 -cycle tone had a 
constant deviation of 60 kc and the deviation of the 17,000 -cycle tone 
was varied from 5 to 15 kc. The amplitude of 4000 -cycle output was 
taken as 100 per cent. 

TABLE II 
4000 cycles; constant deviation, 60 kc 

17,000 - 
cycle 4000 1000 5000 9000 13,000 

Deviation 

15 kc 100% 4.0% 5.1% 18.5% 1.0% 
10 100 2.1 5.0 15.0 1.0 

5 100 3.1 5.1 13.7 1.5 

Variation of deviation of the 17,000 -cycle component is seen to 
have little effect on most resultant frequencies. 

The results when the 17,000 -cycle tone deviation was kept constant 
at 15 kc and the deviation of the 4000 -cycle tone varied are shown in 
Table III. 

TABLE III 
17,000 cycles; constant deviation, 15 kc 

4000 - 
cycle 

Deviation 
4000 

60 kc 100% 
40 100 
20 100 

Output frequencies, cycles 

1000 5000 9000 13,000 

3.1% 5.1% 13.7% 1.5% 
1.9 4.6 12.2 1.1 
1.2 1.2 8.3 0.46 

Decreasing the deviation of the 4000 -cycle component is seen to 
decrease materially the magnitude of the resultant components. 

With 60 -kc deviation of 4000 cycles and 15 -kc deviation of 17,000 
cycles applied, the receiver was then tuned to minimize the audible 
resultant tones by listening. This tuning was found to be very critical 
and to depart by about 20 kc from the tune position determined with 
a single modulating tone. The resultant outputs were then : 

4000 cycles 1000 5000 9000 13,000 

100% 0.62% 3.0% 9.7% 4.2% 
This method of tuning the receiver is seen to reduce greatly the 
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resultant components, especially 1000 cycles, which was the most prom- 
inent in listening. Even with the receiver so tuned, the output to the 
ear was readily evident as being different from pure 4000 cycles. 

The results of these laboratory tests confirm the theoretical con- 
siderations that two tones applied to a system having any non -linearity 
whatsoever will result in combination frequencies exceeding in ampli- 
tude the harmonics which occur with a single modulating tone. When 
these two tones differ widely in frequency, the low modulating fre- 
quencies, while producing greatest side -band extent, produce combina- 
tion tones outside the audible range, hence are less disturbing to the 
sound program. The higher- frequency audio tones, combining with 
the facsimile frequencies, however, do produce serious interference in 

the sound channel. 
6. FIELD TESTS 

A series of tests was run on the system of duplex sound and fac- 
simile on W2XWG (W51NY) frequency- modulation transmitter lo- 

cated on the Empire State Building in New York City during January 
1941. The receiver used in the tests was the one described above and 
was tried at three different locations in Radio City, about one mile 

from the transmitter. 
The facsimile and sound programs were applied in parallel to the 

grid of the reactance tube modulator of the f -m transmitter and were 

independently monitored as to deviation. The response of the facsimile 

system was fiat from scanner to transmitter within 0.5 db up to 24 kc. 

With careful tuning of the receiver and limitation of the deviation 

to 60 kc for the sound and 15 kc for the facsimile, substantial freedom 

from interference between the two was possible. 
Even with these conditions, a sound program with prominent 

sibilants produced a short skip (white space) in the facsimile copy 

for each "s" sound, and during pauses in sound programs the facsimile 

could be heard in the background. 
If the receiver was not precisely tuned, little increase in inter- 

ference with facsimile was apparent, but the facsimile background 

became markedly evident in the sound reproduction. 
During the progress of the test one practical operating factor was 

noticed that illustrated the interdependence of sound and facsimile in 

duplex transmission. There was a tendency for unwarned individuals 

to tune to a different sound program for check purposes while receiving 

facsimile. This caused the facsimile to drop out of synchronism which 

had to be regained upon returning to W2XWG, so that about 1/4 inch 

of copy was lost for even momentary tuning to a different station. 

7. CONCLUSIONS 

The laboratory and field tests indicated that the frequency -shift 

facsimile method was capable of producing good copy and could be 

www.americanradiohistory.com

www.americanradiohistory.com


DUPLEX F -M SOUND AND FACSIMILE 101 

synchronized by a simultaneous amplitude modulation of the picture 
frequency modulation. This resultant signal could also be used to 
frequency- modulate a transmitter at the same time as a sound pro- 
gram to give duplex transmission. The required spectrum space for 
duplex operation is greatest for very low modulating frequencies, and 
for such frequencies, is likely to exceed the channel width. 

The test indicated several practical difficulties which may be ex- 
pected in duplex sound and facsimile operation. 

1. Necessity for adequate filtering to separate signals before 
passing through any audio amplifier. This could be done on receivers 
designed for duplex operation, but would be necessary on all f -m 
receivers whether designed for facsimile reproduction or not, if cross 
modulation of the sound by the facsimile is to be avoided. Thus, receiv- 
ers designed for sound reproduction only would require design provi- 
sions not now needed. 

2. Necessity for continuous uninterrupted reception of an unde- 
sired sound program to obtain a desired facsimile program and vice 
versa. 

3. Necessity for tuning accuracy beyond the capabilities of the 
average user for acceptable freedom from cross -talk. 

4. Necessity for unusually high degree of oscillator frequency 
stability to maintain this tuning accuracy. 

5. Necessity for unusually high degree of linearity in any circuit 
carrying both sound and facsimile signals. 

These considerations result in the opinion that duplex operation of 
f -m sound and f -m facsimile is technically possible, but has certain 
difficulties both technical and commercial which would appear to make 
it undesirable. 

The two services have too many conflicting requirements in receiver 
design and sale, in program design and in user's desire to change one, 
but not the other, to be tied together thus intimately. It would appear 
more desirable to operate with independent modulation of sound and 
facsimile on a time division basis, the facsimile being transmitted at 
a period when the station is not in use for sound transmission. 

The authors are indebted to W. A. R. Brown and T. J. Buzalski of 
the National Broadcasting Company for furnishing and operating the 
transmitter facilities for the field tests, and to W. L. Carlson, V. D. 

Landon, and H. Kihn of the RCA Manufacturing Company for a part 
of the laboratory tests described. Credit is also due J. A. Rankin of 
the RCA License Laboratories for able assistance in the field and 
laboratory tests, and to M. G. Crosby of R.C.A. Communications for 

is helpful discussions of the theoretical aspects of the problem. 
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THE EQUIVALENT CHARACTERISTICS OF 
VACUUM TUBES OPERATING IN 

FEEDBACK CIRCUITS 
BY 

JOHN H. PRATT 
Engineering Products Division, RCA Victor Company Limited, Montreal, Canada 

Summary -A graphical method of determining the effects of feedback 
upon the characteristics of a vacuum -tube amplifier is described. The 
method depends upon the fact that the characteristics of vacuum tubes may 
be considered to be changed by feedback. 

The method of obtaining vacuum -tube characteristics with feedback 
from the normal characteristics is described, and a number of examples 
of "feedback characterist :cs" for various percentages of positive and neg- 
ative feedback of both the voltage and current type are illustrated. 

THE effects of inverse feedback in reducing distortion, improving 
frequency response, and changing apparent source impedance in 
vacuum -tube amplifiers is very well known and since the original 

paper by Black' the subject has been treated mathematically by a num- 
ber of authors. 

It is the purpose of the present article to describe a simple graphical 
method of calculating the effects of feedback by assuming that the 
characteristics of the vacuum tube are changed by the presence of the 
voltage fed back from the output to the input circuit. O. Schade2 has 
shown that the plate characteristics of a vacuum tube may be said to 
be changed by feedback and has shown how equivalent characteristics 
may be obtained. 

The method to be described is most generally applicable when feed- 
back is over one stage only and when the phase of the fraction of the 
output voltage applied to the input is assumed to be exactly 180° or 0 °. 

However, the method can be extended to cover the case of feedback 
over several stages and also to take into account a phase angle asso- 
ciated with the feedback factor, although the graphics become some- 
what complicated and tedious in the latter cases. 

Figure 1 represents the circuit of a common type of inverse -feed- 
back amplifier simplified to show a -c components only. The feedback 
factor in this case is 

R2 
= 

R1 + R2 
(1) 

1 H. S. Black, Stabilized Feedback Amplifiers, Elec. Eng., Vol. 53, p. 114, 
January 1934. 

2 O. H. Schade, Beam Power Tubes, Proc. I.R.E.; Vol. 26, pp. 176 -181, 
Feb. 1938. 
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For any instantaneous value of plate voltage eb the voltage fed back to 
the grid circuit is 

eß = Bea (2) 
and the grid- cathode voltage is 

ec= eg - ßeb (3) 
The above equation gives the instantaneous grid- cathode voltage 

for any particular combination of instantaneous signal voltage and 
instantaneous plate voltage. By taking various values of eg as param- 
eters and allowing eb to vary, an equivalent family of plate character- 
istics may be obtained in which grid- cathode voltage is replaced by 
instantaneous signal voltage. 

For example, take the Type 6L6 with ß = -0.1 and assume e,, = 
-40 volts. When eb = 100 volts, ec = -40 - ( -0.1 X 100) = -40 + 10 
= -30 volts. 

Fig. 1- Negative voltage feedback 
Referring to the plate characteristic curves for this tube it will be 

seen that the plate current for ec = -30 volts, and eb = 100 volts is 5 
milliamperes. (Screen grid voltage = 250 volts.) 

Let eb increase to 150 volts. 
Then ec = -40 +15 = -25 volts and 
ib = 18 milliamperes 
It will be noted that the grid voltage increases by intervals equal to - ß times the plate voltage, so if the plate -voltage intervals are chosen 

equal to - 1/ß times the published grid voltage intervals it is a simple 
matter to plot the equivalent characteristics with feedback by simply 
moving one grid voltage curve for each plate voltage increment. A 
curve of this type was commenced above since the published Eel curves 
are at intervals of 5 volts making the necessary eb intervals equal to 
50 volts. 

Continuing : When eb = 200 volts we move up to the curve for Eel 
= -20 and obtain 40 milliamperes. When eb = 250 volts, we obtain 
ib = 67 milliamperes at the Eel --= -15 curve. Continuing thus the 
feedback characteristics may be plotted without any further calcula- 
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tions once the plate -voltage interval has been obtained for the value of 
¡3 desired, and the proper starting point has been found. 

In Figure 2 the complete equivalent plate characteristics for the 
Type 6L6 with 10 per cent voltage feedback (ß = -0.1) are plotted 
and Figure 3 shows the effect of a feedback factor of -0.2. The reduc- 
tion in plate resistance is immediately apparent and the reduction in 
distortion may be easily seen by plotting a load line on the equivalent 
characteristics in the usual manner and obtaining a dynamic charac- 
teristic curve (eq vs. ih). In order to obtain the d -c operating point 
from the equivalent characteristics, Equation (3) above may be used 
to find the grid bias corresponding to particular values of e and er or 
the desired plate -voltage vs. plate- current point may be transferred to 
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Fig. 2 

the normal characteristics and the corresponding grid -bias voltage 
obtained from them. The latter is probably the simpler method. 

Improvement in frequency response may be considered to be due 
to the reduction of plate resistance and the actual improvement with 
feedback may be calculated by comparing the reduction in output 
voltage which occurs as the load impedance is reduced on the published 
and the equivalent characteristics. Estimation of frequency response 
in this manner will not be accurate because the reduction in load 
impedance which causes a drop in frequency response is almost always 
accompanied by a change from a pure resistive to a reactive load. Thus, 
the feedback factor ß will have a phase angle associated with it, and 
in order to obtain an accurate equivalent plate characteristic, this 
phase angle must be used in Equation (3) which then becomes 

ec= eD- ebIßlL9 (4) 

Equivalent plate characteristics may be plotted for various phase 
angles and the load line for the reactive load may be plotted upon them, 
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but the amount of labor involved would hardly be justified by the value 
of the results.' 

Figures 4 and 5 are the equivalent plate characteristics with a 
feedback factor of -1, of the Type 6L6 and 2A3 respectively. These 
might be termed the "cathode characteristics" of these tubes since 
they represent the equivalent characteristics when the load is placed 
in the cathode circuit. Note that for Figure 4 to represent the true 
cathode characteristics of the Type 6L6 the screen grid must be fed 
through a high impedance and bypassed to the cathode. The cathode - 
loaded amplifier has been used as a driver for a class B audio stage 
where the load impedance varies widely over the cycle, and in television 
circuits where a low source impedance is required and a transformer 
is not practical because of the wide frequency range. 

O .; 

TYPE 61.6 
WITH VOLTAGE FEEDBACK 

fi=-0.2 
EC2 =250 V do 

I O ti I ?O EO =0 

1/I/I/IIIS7 IPARI 
APB' Af2 

rrrroo 

(0.4 A ; , °°\y \9 60 

100 200 300 400 500 
PLATE VOLTS (Eb! 

Fig. 3 

600 700 

Examination of Figures 3 to 5 brings out clearly a point which is 
generally neglected in a mathematical treatment of inverse feedback. 
The dashed lines on the four figures are the normal characteristic 
curves for Eel = O. The EC1 = 0 curve is in the same position no 
matter what the value of ß, and if the load resistance and signal voltage 
are such as to enter the region above this line, grid current will flow 
and grid- circuit distortion will normally occur. 

These equivalent plate characteristics show clearly the fact that 
although the apparent plate resistance of a vacuum tube may be low- 
ered by the use of inverse feedback, the load impedance must be kept 
high throughout the frequency range over which full power output 
is required. It may be shown that the low- frequency response of a 
transformer- coupled Class A amplifier without feedback is given ap- 
proximately by the equation 1 

n = (5) 
R 2 

(ALL 

3 Albert Priesman, Graphics of Non- Linear Circuits, RCA Review, Vol. 
2, No. 1, p. 124, July 1937. 
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where n is the ratio of the output voltage at some low frequency WL /27r 
to the output voltage in the middle range of frequencies, R is the 
resistance of the plate resistance and reflected load resistance in 

TYPE 6L6 
WITH VOLTAGE FEEDBACK 

43'-1 
EC2 =250 V 

100 200 300 400 
PLATE VOLTS (Eb) 

Fig. 4 

500 600 7u0 

parallel, and L is the primary inductance of the transformer. This 
equation indicates that for a particular value of n, a transformer with 
a lower primary inductance may be used with a tube having a low plate 
resistance than with a tube having a high plate resistance. Since the 
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plate resistance of a vacuum tube is apparently lowered by inverse 
feedback it would be expected that for a certain low- frequency response, 
the primary inductance of the output transformer used in a feedback 
amplifier could be lower than if feedback were not employed. This is 
true, but only if full power output is not required at low frequencies, 
for if the grid is driven to zero volts with respect to the cathode at 
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middle frequencies the same input voltage will drive the grid positive 
when the load impedance begins to drop. The primary inductance of 
the output transformer used in a feedback amplifier must be great 
enough to keep the load impedance so high that the grid is not driven 
positive at the maximum amplitude of the lowest frequency applied to 
the grid circuit if grid- circuit distortion is to be avoided. The same, 
of course, also applies to the load impedance at high frequencies, 
although in speech and music the amplitude of frequencies in the upper 
range, where load impedance begins to drop, is usually so much less 
than the amplitude of mid -range frequencies that grid- circuit distor- 
tion is not likely to occur. 

The limitation imposed on peak -signal voltage by the grid- current 
point makes a cathode -loaded triode a better driver for a Class B stage 

Fig. 6- Negative current feedback 

than a cathode -loaded pentode or tetrode since, for a limited peak -signal 
voltage, the load resistance may vary over a much wider range in the 
case of the triode than in the case of the pentode or tetrode, even 
though the latter may have almost as low a "cathode" resistance as 
the former. 

CURRENT FEEDBACK 

In all of the preceding paragraphs it has been assumed that a por- 
tion of the load voltage was being fed back to the grid circuit. Another 
form of inverse feedback is commonly employed in which the feedback 
voltage is proportional to the load current instead of the load voltage. 
A practical way of obtaining this type of feedback is by the use of an 
unbypassed cathode resistor. See Figure 6. 

With this type of feedback ß is not independent of the load resist- 
ance as it is with voltage feedback. For any particular value of load 
resistance RL 

ß-- 
RL 

RF 
(6) 
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From Figure 6 it may be seen that the grid- cathode voltage is equal 
to 

(7) 
(8) 

ec = eg - eß 

or ec=eg-ibRi,. 

Thus, it is possible (for any particular value of RF) to take eg as a 

parameter, find the values of ee for various values of ib and determine 
the corresponding values of e,, from the published characteristics. For 
tubes with a high plate resistance this procedure is not very practical 
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Fig. 7- Transfer characteristics of Type 6L6 with construction for 
obtaining current feedback characteristics 

because if the ib RF increments are chosen so as to make e, vary in the 
steps shown in the published characteristics, only one or two eb points 
can be obtained for each value of eg. A more practical method is to 

use the grid- voltage vs. plate- current characteristics. See Figure 7. In 

Figure 7 are shown the transfer characteristics of the 6L6 and across 

these are a number of parallel lines drawn at a slope equal to -250 
ohms through 10 -volt steps of Ec1 at the zero axis for Ib. The junction 
of any of these lines with a particular value of Ib extended down to 

the zero axis represents the grid- cathode e, for the value of eg on the 
line. In other words, the process indicated by (8) is done graphically. 
Thus, the points where the eg lines cross the plate -voltage curves may 

be transferred directly to a set of equivalent Ib vs. Eb characteristics. 
This is done in Figure 8. Figure 9 is obtained in the same manner, but 

using a value of RF equal to 500 ohms. 
It should be noted that this graphical construction is only valid for 

triodes, when current feedback is obtained by means of an unbypassed 
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cathode resistor. To hold true for tetrodes and pentodes the feedback 
resistor must be placed in the plate circuit so that only plate current 
flows through it. Both plate and screen current flow in the cathode 
circuit and since screen current varies with grid voltage somewhat as 
though the screen were the plate of a triode, the voltage developed 
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across the cathode resistor will not be given by equation (8). The 
current -feedback circuit for which this construction is valid might be 
similar to Figure 1, except that R1 would be the load resistance, R.., the 
feedback resistor and the output voltage would be developed across R1 

only. 
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The effect of current feedback in increasing plate resistance is easily 
seen in Figures 8 and 9 although it would be even more striking if a 
tube with a lower plate resistance had been chosen for the illustration. 
The fact that the eg curves are more evenly spaced than the Eel curves 
of the regular characteristics shows that distortion is reduced by cur- 
rent feedback. Figures 8 and 9 represent values of ß of -0.1 and -0.2 
respectively for a load resistance of 2500 ohms. If this load line is 

600 700 
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plotted on these equivalent characteristics and also on those of Figures 
2 and 3, (using the same operating point), it will be found that the 
resulting dynamic characteristic from Figure 2 will be identical with 
that from Figure 8 and the dynamic characteristic from Figure 3 
will be identical with that from Figure 9. Since current feedback 
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increases the apparent plate resistance of a vacuum tube, it is immedi- 
ately apparent that frequency response will not be improved by current 
feedback. In fact it is actually made poorer. It can be seen from 
Figures 8 and 9 that as the load resistance is decreased the output 
will drop off rapidly. 
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REGENERATION 

The methods described for obtaining equivalent characteristics of 
vacuum tubes with feedback are not limited to the case of negative, or 
inverse, feedback. They may be employed equally well to illustrate the 
effects of positive, or regenerative, feedback. Figure 10 shows the 
equivalent characteristics of the 6L6 with 10 per cent positive voltage 
feedback. The plate resistance of the tube has been made approxi- 

f 
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mately 1400 ohms negative and for any load resistance greater than 
1400 ohms the tube will oscillate. Figure 11 illustrates 20 per cent 
positive feedback applied to the Type 2A3. The plate resistance has 
been greatly increased, but is not negative at any point and thus, the 
tube could not be made to oscillate with this value of ß. The increase 
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in non -linearity of the signal -voltage vs. plate- current characteristics 
is very obvious. 

To complete the picture, Figure 12 shows the equivalent plate char- 
acteristics of the 6L6 with positive current feedback, the feedback 
voltage being developed across a resistance of 250 ohms. These equiva- 
lent characteristics were obtained in the same way as those for nega- 
tive current feedback except that the slope of the feedback resistance 
was drawn opposite. These are the dashed lines of Figure 7. The 
reversal in the characteristics at the higher signal voltages is caused 

Fig. 13- Oscillator circuit employing positive current feedback 

by the line representing the feedback resistance crossing the plate - 
current vs. grid -voltage curves at two points, as for example does the 
line representing eg = -30 volts. 

The so- called electron -coupled oscillator in which feedback is 
obtained from the cathode circuit and output is obtained from the plate 
circuit employs positive- current feedback. See Figure 13. The feed- 
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back resistance in this case (at the resonant frequency of the grid cir- 
cuit) is the resistance seen between the cathode tap and ground, multi- 
plied by the ratio of the voltage between cathode and ground to that 
between grid and cathode. 

It is interesting to note that negative voltage feedback and positive 
current feedback tends to rotate the plate characteristics in a counter- 
clockwise direction, while positive voltage feedback and negative cur- 
rent feedback rotate them in a clockwise direction. Negative feedback 
cannot produce either zero or infinite plate resistance, but zero and 
infinite plate resistance may be produced by the proper values of 
positive current and positive voltage feedback, respectively. H. F. 
Mayer' has noted these effects and has shown some practical applica- 

o 

V, 

o 

R, 
2 

Fig. 14- Feedback over two stages 

tions of the use of combinations of the various types of feedback in 
controlling the effective internal impedance of amplifiers. 

FEEDBACK OVER SEVERAL STAGES 

To apply the principle of equivalent characteristics to feedback 
over more than one stage it is necessary to obtain first a set of equiva- 
lent characteristics representing all the stages in the feedback loop. 
For example, in the circuit of Figure 14, first the equivalent charac- 
teristics of V1 due to the current feedback of R2 would be plotted. On 
these characteristics the load line would be plotted in the usual manner 
and a dynamic characteristic obtained. From this dynamic character- 
istic the grid voltage applied to V2 for various input voltages could 
be found and finally the plate current of V2 could be obtained from its 
grid -voltage vs. plate- current characteristics. Thus, a set of equivalent 
plate characteristics of the two stages (without feedback from the 

4 H. F. Mayer, Control of the Effective Internal Impedance of Ampli- 
fiers by Means of Feedback, Proc. I.R.E., Vol. 27, No. 3, p. 213, March 1939. 
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second tube) may be obtained. By the use of Equation (3) equivalent 
plate characteristics with feedback from V, may be obtained in which, 

ß= 
R,,. 

(9) 
R1 + RF. 

where RF is equal to R2 in parallel with the cathode resistance of V1. 

The cathode resistance of V1 may be shown to be equal to 

Rp + RL 
RK= (10) 

1+p. 
where Rp and are the plate resistance and voltage amplification 
factor of the tube at the operating point and RL is the resistance 
formed by the load resistor and grid leak resistor in parallel. 

In this example the grid- cathode voltage 

eC =e9 -eß (11) 
Although this is the same as the equation for current feedback (6), 
the plate resistance will not be increased because on the equivalent 
characteristics for the two stages the plate current increases as the 
grid voltage becomes increasingly negative due to the phase reversal 
through the first tube. 

The above procedure is rather involved and entails considerable 
tedious graphical construction, but by its use the effects of feedback 
over two stages may be predicted quite accurately. 

CONCLUSION 

The methods of graphically determining the effect of feedback are 
perfectly feasible, and not too complicated to use in general engineer- 
ing practice. Mathematical methods of treating feedback are quite 
simple and are probably more convenient to use when it is desired to 
calculate the performance of a feedback amplifier under a single set 
of operating conditions. However, when it is desired to try several sets 
of operating conditions in order to arrive at a desired result, the "feed- 
back characteristics" are very useful for with them it is possible to 
judge distortion by the shape of the dynamic characteristic without 
going to the trouble of expressing it as a number and then applying it 
in an equation for the reduction due to feedback. Gain is also obtained 
directly from the feedback characteristics without calculation. 
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FLUCTUATIONS IN SPACE- CHARGE -LIMITED 
CURRENTS AT MODERATELY HIGH 

FREQUENCIES 
BY 

B. J. THOMPSON, D. O. NORTH, AND W. A. HARRIS 
RCA Manufacturing Company, Inc., Harrison, N. J. 

PART V- FLUCTUATIONS IN VACUUM -TUBE 
AMPLIFIERS AND INPUT SYSTEMS 

(Continued from April RCA Review) 

TELEVISION CAMERA PICK -UP TUBE 

THE output signals from an Iconoscope or from other television 
camera pick -up tubes have certain characteristics in common 
with those of phototube- output signals. The output current is 

proportional to the light input ; the signal which we wish to amplify 
appears as modulation of this current; and fluctuation current is pro- 
duced in the pick -up tube in accordance with the shot -effect law. The 

major difference is in the effective band width, which is of the order 
of 5 megacycles in the television case. 

When the capacitance of the pick -up tube and the first amplifier 
tube total 20 µµf. a resistor of 1600 ohms could be used to obtain 
approximately uniform response over a 5- megacycle band. It would be 
practical to use an amplifier tube with less than 1600 ohms for its 
noise -equivalent resistance, thus insuring that the amplifier tube does 

not contribute seriously to the noise level. However, the thermal - 
agitation noise of the resistor would exceed the pick -up tube noise 
for all pick -up tube currents less than 30 microamperes, and would 

seriously limit the sensitivity of the system. 
This thermal- agitation noise can be greatly reduced by the substi- 

tution of a resistor of considerably greater value. The signal voltage 
developed in the input circuit then becomes greater at low frequencies 
than at high frequencies, but this effect can be compensated for by 

using an inductance as the plate load for the first amplifier tube. A 

resistance in series with this inductance balances the effect of the 
resistance in parallel with the input -circuit capacitance. This circuit 
arrangement is indicated in Figure 4 -a ; additional refinements, such 
as circuit elements to provide the right amount of damping at the plate - 
circuit resonance frequency, are not considered. 

Figure 4 -b is an equivalent circuit showing the pick -up -tube noise 
and the resistor noise introduced by constant -current noise generators 

114 

www.americanradiohistory.com

www.americanradiohistory.com


FLUCTUATIONS IN SPACE -CHARGE CURRENTS 115 

with noise -equivalent conductance values of 201 and 1 /R, respectively. 
The tube noise is shown as introduced by a constant -voltage noise 
generator Req. The diagram gives a correct indication of the noise - 
frequency distribution; noise current from gQ and gb is amplified in 
a uniform manner over the amplifier- frequency band since it enters 
the system in the same manner as the signal, while noise from Reg is 
amplified in the manner indicated by the plate load of the first tube. 

The noise voltage produced by Req could also be produced by a 
constant -current noise generator represented by a noise -equivalent 

TELEVISION 
CAMERA 

PICK -UP 
TUBE 

(a) 

AMPLIFIER 

CONSTANT - CURRENT Ly - +C 
NOISE GENERATORS 

(b) ga = toi gb = jR 

(C ) 

I go gb gc(f) 

1 
'Y 

w 

wT 
gt(f) =ReqIY12 

NOI3E POWER 
OUTPUT 

PER KILOCYCLE 
BANDWIDTH 

(d ) 

I Vi 

FREQUENCY 

Fig. 4 

conductance varying in the proper manner with frequency. This "gen- 
erator" is represented as ge(f) in Figure 4 -c. The mean -square voltage 
delivered by Reg in a small frequency band df is 

dé2= 4kT Reg df 
The square of the admittance of the Input circuit is 

1 2 

1Y12 = -R 

The mean -square current in Y which would produce the mean - 
square voltage d is 

die =dé2 1Y12= 4kTReg 1Y12 df 

w2C2 = g2 -I- Ú)2C2 
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The mean -square current produced by a conductance g, is 

di "= 4kTgdf 
Consequently, the required noise -equivalent conductance to produce 

the same noise -equivalent mean -square voltage as that from Rfq, in a 
specified narrow frequency band, is 

ge = Reg (g2 + w2C2) 

We can symbolize this by the equation 

gcq(f) = Ro l Y I2 

The total noise -equivalent conductance represented in Figure 4 -c is 

geq(I) = ga + gn = gc(1) 

or, substituting values, 
1 Rfq 

g,g,f) =201 +-+ w"C'= 

R R2 

The noise power output per unit bandwidth for the system is pro- 
portional to g,.q(f) so it can be represented by the curve of Figure 4 -d. 

An average noise -equivalent conductance value can be obtained readily 
from this equation. It is 

1 Ro 1 

g,. = 201 + -+ + - Reg w3maa C= 

R R2 3 

The total noise -power output will be proportional to this value. 

Let R = 50,000 ohms 

C= 20µµf. 
R,.q = 720 ohms 

f,,,al. = 5 X 106 cycles per second 

Then, when 1 is given in microamperes, 

_ (201 + 20 + 0.29 + 96) X 10 -6 

= (201 + 116) X 10 -6 mho 

The corresponding equation for the circuit using the 1600 -ohm resistor 
is 

1 Raq 

gfq=201+-+ 
R R2 

= (201+ 625 + 281) X 10-6 

= (201 -}- 906) X 10-6 mho 
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At low current inputs an advantage of about 9 db in signal -to -noise 
ratio is indicated for the circuit of Figure 4 -a. The current input 
required to produce noise equal to the fixed noise under the assumed 
conditions in the circuit of Figure 4 -a is 5.8 microamperes and the 
rms fluctuation current in a 5 -Mc band with this current flowing is 
0.0043 microamperes; the rms fluctuation current with no signal input 
(I = 0) is 0.003 microampere. Since noise is evidently not at a pro- 
hibitive level with the 5.8- microampere signal, operation at lower levels 
may be assumed. At low -input levels the first amplifier tube is the 
principal noise source. 

The frequency- distribution curve for the circuit, shown in Figure 
4 -d, will quite evidently produce a different effect on the television 
screen than would a uniform distribution. Fluctuation "noise" on a 
television screen gives somewhat the appearance of a snow storm. 
When the noise is concentrated in the high- frequency portion of the 
band to the extent indicated in Figure 4 -d the result is finer "flakes." 
Tests have shown that greater noise power outputs can be tolerated 
under this condition than under the condition of uniform frequency 
distribution. Therefore, the effective improvement obtained from the 
circuit of Figure 4 -a (under the assumed conditions) over the circuit 
using the 1600 -ohm load resistor would be even greater than the 9 -db 
power- output -ratio improvement. 

RECEIVER INPUT CIRCUITS 

The noise from the input circuit of a radio receiver can be divided 
into that produced by thermal agitation in the circuit itself and that 
picked up by the antenna. The first part is readily determined. An 
equivalent circuit such as the circuit of Figure 1 -d* can be used to 
represent the system, with a noise- equivalent resistance value equal 
to the resonant impedance of the circuit assigned to the noise generator 
Rh. When the input circuit does not have much effect on the overall 
selectivity of the receiver the "filter" of Figure 1 -d can be eliminated 
and the noise -equivalent resistance for the amplifier can be added 
directly to that for the circuit. 

When the first circuit is selective enough to have an effect on the 
overall selectivity, the noise -equivalent resistance for the amplifier 
should be multiplied by the ratio of the effective bandwidth determined 
for the amplifier only, to that for the complete system. The noise - 
equivalent resistance value thus obtained corresponds to the value for 
the noise generator R'd of Figure 1 -e.* It can be added to the noise - 
equivalent- resistance value for the input circuit as before and the 

* See page 511, RCA REVIEW, April, 1941. 
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noise -equivalent sideband input for the receiver can be determined by 
using the total noise -equivalent resistance and the overall effective 
bandwidth. 

Example: Let the first tube be an r -f amplifier with a noise- equiv- 
alent resistance of 10,000 ohms. Assume an effective bandwidth of 
6000 cycles with the first circuit disconnected and 4000 cycles with the 
first circuit in use ; an input circuit operating at 600 kilocycles with 
a "Q" of 100 could produce this result. Let the resonant impedance 
of the input circuit be 50,000 ohms. The resulting total noise -equivalent 
resistance is 65,000 ohms. "Ensi" for this receiver, referred to the 
grid of the first tube, would be 2.1 microvolts. 

Of course, we could obtain the same result by using the effective 
bandwidth and the noise -equivalent resistance of the amplifier as refer- 
ence values and assigning a correspondingly reduced noise -equivalent 
resistance to the circuit. The total noise -equivalent resistance would 
then be 43,000 ohms and the effective bandwidth 6000 cycles ; "ensi" 
would still be 2.1 microvolts. 

An extension of the same idea can be applied in the analysis of a 
receiver using an "untuned r -f" stage ahead of a frequency converter. 
A circuit for such an arrangement is shown in Figure 5 -a, and a repre- 
sentation of a curve of power output against frequency for a constant - 
current "sideband" signal introduced at point "A" is shown in Figure 
5 -b. This curve applies when the receiver is adjusted for a signal of 
1000 kc; the assumed intermediate frequency is 455 kc and the cor- 
responding oscillator frequency is 1455 kc. The dotted curve (Figure 
5 -b) represents the response of the interstage coupling circuit, and 
the relations between the heights of the rectangles and the dotted curve 
represent the relative gains (squared) of the converter itself at the 
different frequencies indicated. The squares of the relative overall 
gains determined for one such system were as follows : 

2d- harmonic 
1 -f Signal Image Images 

Frequency 455 1000 1910 2455 3365 

(Relative gain) 2 1.72 1.00 0.75 0.22 0.15 

Small responses could be observed at higher frequencies but their 
importance with respect to the total noise output was small. 

Additional data for this system were: 

Converter noise -equivalent resistance 240,000 ohms 
R -f gain 5 

R -f tube noise -equivalent resistance 10,800 ohms 
Circuit resistance (1000 kc) 100,000 ohms 

4 

www.americanradiohistory.com

www.americanradiohistory.com


FLUCTUATIONS IN SPACE -CHARGE CURRENTS 119 

Converter noise -equivalent resistance values are referred to the signal 
frequency only; the value of 240,000 ohms referred to the r -f grid 
(divide by 25) gives 9600 ohms. 

The r -f tube produces noise at all the response frequencies, but 
comparison is to be made with a circuit operating at only one of those 
frequencies -1000 kc. Consequently the noise -equivalent- resistance 
value to be added on account of the r -f tube is obtained by adding the 

POI NT "A" 

(a) 

CONSTANT- CURRENT SIGNAL INTRODUCED 
AT POINT A" IN CIRCUIT(a) 

n 
455 1000 1910 2455 

(b) FREQUENCY -Kc, 
3365 

Fig. 5 

(relative gain) 2 factors and multiplying their sum by the noise- equiv- 
alent resistance for the r -f tube; the resultant product is 41,500 ohms. 
The total noise -equivalent resistance for the system is consequently 
151,000 ohms. A "broad" input circuit is assumed. 

ANTENNA NOISE 

An antenna can be regarded as a transformer coupling the input 
circuits of a receiver to "space ". In this sense, the radiation resistance 
of an antenna is the reflected resistance of "space" measured at the 
antenna terminals, and the efficiency is the ratio of the radiation 
resistance to the total resistance of the antenna. There will be a 
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thermal -agitation voltage at the terminals of an antenna of the magni- 
tude determined by the antenna temperature and the ohmic or dissipa- 
tive resistance of the antenna, but noise associated with the "radiation 
resistance" component does not originate in the antenna ; it is properly 
classified as "received" noise. 

There is one situation in which this received noise can be calculated. 
If we imagine an antenna in a large enclosure, with the boundaries and 
the contents of the enclosure maintained at a constant temperature, we 
know that the antenna must then be in thermal equilibrium with any 
resistor connected across its terminals. This condition means that the 
thermal -agitation law must apply to the radiation resistance of the 
antenna as well as to the dissipative resistance. 

When a resistor is connected to the antenna, part of the thermal - 
agitation energy is radiated into the enclosure. Maintenance of thermal 
equilibrium requires that an equal amount of energy be received by the 
antenna ; otherwise the resistor would be cooled by the loss of thermal 
energy to the surrounding space. The thermal- agitation voltage asso- 
ciated with the radiation resistance would be a measure of this received 
energy. If the boundaries of the enclosure were cooled to a temperature 
below that of the resistor, the resistor could actually lose heat by radia- 
tion, no thermodynamic principle would be violated and the thermal - 
agitation voltage association with the radiation resistance would be 
reduced. We could take this into account by using a noise -equivalent 
resistance for the antenna equal to the sum of the dissipative resistance 
and the proper fraction of the radiation resistance ; or if the tempera- 
ture of the enclosure was higher than that of the antenna and the 
resistor, we could use a suitable multiple of the radiation resistance. 

Unfortunately, since we cannot locate any boundaries for the space 
enclosing a real antenna, this method of noise calculation cannot be 
used. An experimental approach would require a determination of the 
amount of noise picked up by antennas of known characteristics at 
various frequencies. Perhaps analysis of the results of such an inves- 
tigation would reveal a steady component of noise which could be 
classified as thermal agitation. Our real interest, however, would be 
in the determination of that minimum noise level which could be 
expected to persist for time intervals long enough to permit the recep- 
tion of useful signals. We need not be greatly concerned as to whether 
or not the name "thermal agitation" is properly applicable to that 
minimum noise. 

The "transformer" analogy indicates that the received noise power 
will be proportional to the radiation resistance when other factors (such 
as directivity) remain constant. If we assume that.the relation between 
radiation resistance and noise input is known for a particular system 
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we can represent this component of noise by a noise -equivalent resist- 
ance such as Re in the circuit of Figure 6 -b; Re will be a multiple (or 
fraction) of that component of the circuit resistance measured at the 
grid, which is due to the antenna radiation resistance. This component 
is indicated as R2 in Figure 6 -b. Its magnitude can be calculated by 
transformer theory and the ratio of its magnitude to the total resist- 
ance (R.,/ (RI + R2), Figure 6 -b) determines the efficiency of the 
system as a whole. The ratio of "Re" to the total Reg determines the 
efficiency of the system with respect to signal -to -noise ratio, for if Re 
is much greater than (Ra + Rb) the signal -to -noise ratio in the receiver 
approaches equality with the signal -to -noise ratio existing in "space." 
It is evident that this desirable condition can be realized most readily 

TAIL2111L( 
(a) 

(b) 
Fig. 6 

if the ratio of the noise -equivalent- resistance value corresponding to 
the radiation resistance, to the radiation -resistance value happens to 
be large ; but this is no more significant than a statement that a quiet 
receiver is of no particular value in a noisy location. When it is found 
that the ratio is small in a given situation, we are justified in doing 
everything possible to improve the coupling between the antenna and 
the grid of the first tube and to reduce circuit losses to a minimum. 

In most home receivers operating at low frequencies the component 
of circuit impedance derived from the radiation resistance is so small 
that noise picked up by the antenna under quiet conditions is negligible 
in comparison with the internally -generated fluctuation noise. At 
higher frequencies, however, it is practical to build efficient antennas 
of reasonable dimensions. Consequently the determination of minimum 
values for the ratio of radiation resistance to noise -equivalent resist- 
ance at the higher frequencies may become a matter of considerable 
importance. 
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FEEDBACK 

A simple circuit involving feedback is shown in Figure 7. A signal 
current i is introduced from a high- impedance source. A voltage eg is 
developed between the grid and the cathode of the tube. The plate 
current ib flowing through the "tickler coil" induces a voltage in the 
grid circuit. This induced voltage has the same effect as a second 
current 

M M 

L L 

introduced into the circuit in the same manner as the signal current, 
and the value of eg is the resultant of the effect of these two currents 
in the grid circuits. Represent the impedance of the grid circuit as 
Z. Then, 

M 
eg= i -1--g,eg Z 

L 

or eg - iZ 

and ih = 

M 
1 - - g,,,Z 

L 

ig,,,Z 

M 1-- 9',Z 
L 

A spurious current component originating in the plate circuit will be 
represented by i'b and a spurious component originating in the input 
circuit will be represented as i'. Inclusion of these components gives 
the total current into the grid circuit as 

M M 
¡too = 2+ Z' + - Z'b + - gue/ 

L L 

M M 
consequently eg = Z i {- i' -- - i' + - g,,,Ze 

L L ¢' , 

M 
i 

or e= 
M 

1- gmZ 
L 
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. and ib=g,,,e+Zb 

(i -}- i') g,Z _ + 
M 1-- MHZ 
L 

(i i') g,Z+i', 
M 1-- gn2Z 
L 

1+ 

M - g,Z 
L 

M 1-- g,,,Z 
L 

The numerator represents just the plate- current components which 
would be observed in the absence of feedback, so it is evident that the 
signal component and both spurious components are affected to the 
same degree. The result should not be surprising; it is difficult to see 
how feeding part of the output back into the input could affect the 
relation between the desired signal and spurious signals introduced 

L M 

T 
ME e9 

C L R 

Fig. 7 

with the desired signal or generated between the "input" and "output" 
points. 

It is conceded that situations of greater complexity, to which the 
above statement does not apply, can be developed in vacuum -tube 
amplifier circuits. However, the circuit of Figure 7 can be used to 
illustrate some of the effects of feedback on signal -to -noise ratio and 
particularly on the measurement of noise. 

(1) When a second amplifier stage following the circuit of Figure 
7 produces a significant amount of fluctuation noise, the amount of 
feedback affects the signal -to -noise ratio by its effect on the first -stage 
gain. 

(2) The feedback in the circuit of Figure 7 changes the effective 
bandwidth of the circuit and, consequently, it may change the effective 
bandwidth of the whole system. The signal -to -noise ratio in the plate 
circuit of the tube would be unchanged if the signal power were dis- 
tributed uniformly over the frequency band passed by the system, or 
if the frequency band passed by the following amplifier was so narrow 
that Z could be replaced by R in the equations for Figure 7 for that 
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band ; otherwise, the total signal -to -noise ratio in the output of the 
amplifier of Figure 7 would change with the amount of feedback. 

(3) The frequency distribution of the output noise changes when 
feedback changes the effective bandwidth by a significant amount. 

In the measurement of noise it is common practice to make a meas- 
urement of noise -power output with the input circuit of the first tube 
effectively shorted (a "carrier" signal is introduced when necessary) 
and to compare the result of this measurement with the noise -power 
output observed with the input circuit in use. With the circuit of 
Figure 7 the feedback is eliminated when the input circuit is shorted. 
Shorting the input circuit might result in a considerable change in the 
noise- power- output component due to tube noise, especially when the 
feedback is regenerative. It is evident, therefore, that the ratio of the 
noise -power output measured with the input circuit shorted to that 
measured with the input circuit operative does not always represent 
the ratio of tube noise to total noise. When there is regenerative feed- 
back into the input circuit there will be a decrease in noise -power 
output when the input circuit is shorted, even though the circuit noise 
is entirely negligible. 

The principal limitation to the scope of this series is implied by the 
title phrase "At Moderately High Frequencies." There is a source of 
current fluctuations associated with the component of tube -input con- 
ductance produced by electron transit -time effects, a source which 
becomes important when the input frequency is high enough to make 
the transit -time input conductance relatively large.12 There are also 
complications introduced at high frequencies by electron- transit angles, 
which make it more difficult to take feedback into account in noise 
determinations. The lower limit of frequencies at which these effects 
become important depends on the high- frequency operating charac- 
teristics of the first amplifier tube; the limit may range from about 
30 to 200 megacycles. The theory and application methods presented 
in this series are believed adequate to permit the complete determina- 
tion of the more important manifestations of fluctuation phenomena 
at lower frequencies. 

12 D. O. North and W. R. Ferris, "Fluctuations Induced in Vacuum 
Tube Grids at High Frequencies." Proc. I.R.E., Vol. 29, pp. 49 -50, Febru- 
ary (1941). 
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- - - and J. W. Corm.' -Water-Cooled Resistors for Ultra -High Frequencies -Electronics, 
April. 

FOSTER, DUDLEY E. and ARTHUR E. NEwLON- Measurement of Iron Cores at Radio Frequencies 
-Proceedings Institute of Radio Engineers, May. 

and J. A. RANKIN Video Output Systems -RCA Review, April. 

GUY, RAYMOND F.- International Broadcasting -Telling the World -ATE Journal, April. 

Engineering Factors Involved in Re- Locating WEAF -RCA Review, April. 

IIALLBORG, II. E.- Short -Wave Radio Transmission and Geomagnetism -RCA Review, April. 

Short -Wave Radio Transmission and Geomagnetism, Proc. Am. Philosophical Soc., Vol. 
84, No. 2, May. 

HARRIS, W. A.- Fluctuations in Space- Charge -Limited Currents at Moderately High Frequencies, 
l'art V- Fluctuations in Vacuum Tube Amplifiers and Input Systems -RCA 
Review, April. 

HILLIER, JAMES and A. W. VANCE-- Recent Developments in the Electron Microscope- Proceed- 
ings Institute of Radio Engineers, April. 

HUNTER, D. -An Electronic Fader -ATE Journal, April. 

KEACIIIE, J. H. -see WALTER and KEACIIIE. 

KREWSON, CLARENCE H.- -see WALKER and KREWSON. 

LANDON, V. D.- Cascade Amplifiers With Maximal Flatness, Part II -RCA Review, April. 

LEWIS, C. M. and J. D. CoLvIN- Speech Input Systems -Broadcast News, May. 

LINDENBLAD, N. E.- Antennas and Transmission Lines at the Empire State Television Station. 
Part II- Communications, April. 

Antennas at Empire State, Part III -Communications, May. 

LYNN, R. A. -Noise Reduction in Disc Recording- Broadcast News, May. 

MALTER, L.- Deflection and Impedance of Electron Beams at High Frequencies in the Presence 
of a Magnetic Field -RCA Review, April. 

READ, S. JR., and E. W. KELLocG- Stability of Synchronous Motors -Journal of the Society of 
Motion Picture Engineers, May. 

RETTENMEYER, F. X. and J. H. LITTLE -A Five -Band Receiver for Automobile Service - 
Proceedings Institute of Radio Engineers, April. 

SHARDLOW, L. R. -A New Series of Insulators for Ultra -High- Frequency Tubes -RCA Review, 
April. 

SEELEY, S. W.- Frequency Modulation -RCA Review, April. 

VANCE, A. W. -see HILLIER and VANCE. 

WALTER, J. C. and J. H. KEACHIE- Six -Wire Transmission Line - Broadcast News, May. 

WOOD, HERBERT H.- Push -Button Switching for the Small Broadcaster -Electronics, May. 
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