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FOREWORD

This is the ninth report on the classified program of research
on Communications and Components which was started in the
Rescarch Laboratory of Electronics, Massachusetts Institute
of Technology, in the latc Fwi of 195C, &nd is now being con-
tinued by Division 3 of the Lincoln Laboratory.

Further progress in the development and production of nudible
radar and specialized VHF scatter-communication facilities for
PROJECT COUNTER CHANGE is reported in the sections de-
scribing the work of Groups 31 and 36,

The work reported herein was completed during the period from
1 January 1953 through 31 March 1958.

W. H. Radford
Division Head
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PROCESSING AND PRESENTATICN CF INFORMATION
GROUP 3.

Licklider, J.C.R., lLeader Levine, M. J.
Weiss, H.G., Assoc. Leader McGill, W.J.
Bennett, J. F. Miller, G.A.
Caldwell, E.E. Meyer, R.F.
Carpenter, C. H. Naka, F.R.
Degan, J.W. Ooertleufier, K.
Ehmer, R.H. Olivier, R. M. R.
Freedman, J. (Gr. 45) Plemenos, F.A. (USAF)
Green, B.F.,Jr. Randell, T.C.
Groves, M. L. Sallen, R.P.
Harris, W.P. Slanina, E.A.
Jenkins, H. M. Stern, A.
Key, E. L. Winick, M.

I. INTRODUCTION

Group 31 is developing techniques and equipment directed toward improving the
processing and display of information in air defense systems. I[n recent months, the activity
has been concentrated on two major programs: the development of equipment for a radar alert-
ing network in the far North; and a study of system organization directed toward optimizing the
processing of data presented by the Land display.
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II. DEVELOPMENT OF RADAR EQUIPMENT FOR A DISTANT EARLY-WARNING LINE
A. Arctic Alerting Radar

The Quarterly Progress Report of 15 January 1953 contained a discussion of the
work directed toward supplying alerting equipment for an experimental distant early-warning
(DEW) line. This work has continued at an increasing pace. At present, the principal endeav-
ors are production engineering, system checkout, and flight tests. The system i8 now de¢sig-
nated as Automatic Alerting Radar X-1.

Figure 31-1 is an artist's conception of a typical ai2rting station. Two complete ra-
dars and alarm systems (Radalarms) are to be installed at each northern site to insure contin-
uous operation. Figures 31-2 and 31-3 show the arrangement of the components in the Radalarm
units. Each unit contains six range gates and automatic alarm-, which provide for monitoring
six adjustable annular rings centered at the radar. The basic Radalarm components are in-
stalled in two 7-foot relay cabinets.

1. Status

Because of the *crash® nature of the development and production program (the prec-
gram is only now four months old), compromises have been made in system performance and
component fabrication. The completed production units, however, appear to be sufficiently
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RADAR  ROOWM CONTROL ®OON
1. ANTEMNA AS-340/TPS-1D 7. LOCAL OSCILLATON U SOtA
2. ANTENNA BASE AD-221/TPS"1D 0. AZIMUTH RANGE INDICATOR 10°141/ TPS-10 (MOD A)-
3.: RADAR RECEIVER- TRANSMITTER AT-212/TPS-10 (MOD A} 9. RANGE GATE CABINET X-i
4. RADAR MODULATOR MD-144/TPS-1D (MOD &) 10. AUDIU-ALARIA CABINET X-|
S. POWER SUPPLY PP-GT4/TPS-ID (MOO A) 11 LOUD SPEAKER PANEL X-!

6. SIGNAL COUPARATOR CM-34/TPS-1) (MOD A) 12. TEST EOUNPMENT X-§

Fig.31-1. Typical station arrangement (Autamatic Alerting Radar X-1).
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Fig.31.2. Range gate cabinet, X-1.

Fig.31-2. Audio alarm cabinet, X-1.
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GROUP 31
carefully constructed to withstand shipping and usage under the conditions likely to be encountered
in the noithern sites. Lincoln Laboratory is providing enough spare parts and components to
permit continuous operation of the equipment for a period of approximately one year.

Two modified AN/TPS-1D radars were shipped to the Western Electric Company
test sites in Illinois eurly in March, and six additional modified radars will be shipped about
1 April. Two Radalarm X-! systems wiil be _...cped ah~ut 10 April. The six remaining
Radalarm X-1 systems are scheduled for delivery to the Western Electric Compary on ! May
1853,

2. Flight Test

The experimental alerting system at Building 22, M.I.T., has been superseded by
a more finished installation at the Lexington Field Station. A flight-test program, for compo-
nent shakedown as well as system-performance data, was initiated approximately 6 weeks ago
at the Field Station. Flight-test data indicated that the AN/TPS-1D stalo did not have sufficient
stability to eliminate spurious responses from strong fixed echoes at long ranges. Laboratory
terts indicated that the instability was due to both mechanical and electrical inadequacies in the
u.-sign of the s*alo. The difficulties were eliminated by additional filtering in the power supply,
by reworking of the stalo cavity to improve mechanical tolerances, ard by placing the unit in an
external shock-mounted box.

The flight-test program is now evaluating the coverage of the automatic-alerting
radar system. The calculated performance of the equipment being shipped for DEW installations
is shown in Fig.31-4. Because of the necessity for eliminating signal components at multiples

of the repetition rate, the system is not sensitive

to Doppler velocities that correspond to fre-

quencies near 400 and 800 cycles per second.

The sensitivity of the system as a function of
Doppler frequency is shown in Fig.31-5. The
blind velocities can be determined from this
graph; the Doppler shift at L-band is approxi-
B3IBGS mately 3.8 cycles per miie per hour of radial

FRET | baibe |

target velocity.

3. Instruction Book

BAUTICAL wiLES

Fig.31-4. Calculated coveroge of Automatic A radar instruction book, covering
Alerting Rodor X-1 over poor soil. the radar modifications and the operation of the

Radalarm system, has been prepared by Jackson and Moreland, Engineers, under subcontract,

and will accompany the equipment into the field.

H.G. Weiss R.M. R.Oljvier
J. Freedman M. J. Levine

R. F. Meyer M. Winick
F.R.Naka

4. Inveetigation of the Performance of the Automatic-Alarm Components

Empirical tests are now being made to determine the effect of varying the threshold-
to-noise ratioand signal-to-noise ratioonihefalse-alarmrate and the target-detection probability of
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the automatic alarin circuits. At present, simulated signal and noise inputs are being employed.
Supplementary measurements will be made shortly when two narrow-band filter banks
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Fig.31.5. Filter characteristic (outomatic

olerting system).

are added to the system. One of the filter banks
was constructed in the laboratory. The other was
obtained from Motorola, Inc. The latter consists
of 40 tuned vibrating reeds ("vibrasponders®”),
each with an amplitude -sensitive contact. The
set of reeds covers the same band of frequencies
as the laboratory filter bank, i.e., 400 to 600 cpa.
A block diagram of the measurement
equipment is shown in Fig.31-6. The variable-
level limiter shown in the block diagram is em-
ployed in the determination of the necessary dy-

namic range of the amplifiers that drive the alarm circuita. Dynamic range is especially im-
portant when narrow-band filters are employed, for in that case only a small portion of the in-

MECHANICAL TIMER
(" TIME Ol TARGET®

CALIBRATED
ATTEMUATOR

> VARIABLE -LEVEL
Mixer r-" PEAX LIMITER

CALIGRATED

ATTENMUATOR

LMIF“

AUTOMATIC
ALARM SYSTEM

GENERATOR)
PULSE
AUDIO
—o{ GaTE ENVELOPE-
QECTUTATON SKAPING FILTER
NOISE
GENERATOR
MECHANICAL ALARM OUTPUT
COUNTER

VNMOER TEST

Fig.31-6. Block diogram of outomatic clorm system measursment apparatus.

put power spectrum passes through each filter.
The bank of 20 narrow-band filters built in the laboratory is now ready for testing.

A preamplifier and power amplifier have been constructed to drive the filters, and a simple re-
lay circuit has been added as an alarm detector. The alarm threshold level is adjusted by vary-

ing the gain of the preamplifier.
Since the last Quarterly Progress Report, several changes Lave been made in the

circuit of the filier bank. In place of the diode matrix, the arrangement shown in Fig.31-7 has

been employed for peak amplitude detection.

The use of the set of cathode followers shown in
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Fig.31-7 avoids completely the loading effect of the diode matrix on the tuned circuits. The re-

o duced loading, in turn, makes it possible to use
capacitors with higher dissipation factors and

thereby to dispense with the polystyrene condens-

ers that, we became convinced, were too bulky

for use in the filter bank.
R. P. Sallen
E.L. Key
B. CW Fence Radar

The CW Fence Radar (also called Fluttar
or Type F Radar) consists of a transmitter and

0 + receiver separated by approximately 30 miles. It
e >

o—— _ ‘ vperates in the range 400 to 600 Mc/sec. On re-

e e 1 bl : 3 :

i l: 1 J s flection from a moving aircraft, the signal, shifted

2 i | ]' in frequency (Doppler effect), mixes at the re-
Wy % === . ceiver with the direct signal from the transmitter
rer é b3 [ to produce an amplitude-modulated signal. The

side bands pass through selective filters and ac-

tivate an alarm. A description of this system is

it

included in the Lincoln Laboratory Quarterly

_F[\_ Progress Report of Division 3, dated 15 Jan-
e uvary 1953,
< E ‘ Because intensive field tests of this sys-

tem will be conducted shortly by the Bell Tele-

- —
= 5

w

Fig.31-7. Norrow-bend filter bonk.

phone Laboratories and the Western Electric
Company, our Fluttar activaty will be limited in
scope.

A Fluttar link, operating on 408 Mc/sec, was established between M.I.T. and Rock-
port, Mass., a 32-mile baseline, in December 1952. Although the actual strength of the signal
at the receiving location was considerably less tha: anticipated, it was possible to detect air-
craft passing through the link. It was established that the percentage modulation was over 50 in
most cases when the aircraft was directly over the baseline. The low signal-to-noise ratio, and
the high noise level at the receiving location, made quantitative tests difficult.

Because of the generally unsatisfactory results, it was decided to explore the possi-
bility of changing the location of the receiver site to a more favorable environment. A site sit-
uated in the Blue Hills in Canton, Mass., and presently under the control of AFCRC, was se-
lected. The Blue Hills site has an elevation of 685 feet. Two portable antennas, each having 11
db gain, were used to measure the signal strength. An adequate signal level of 40 microvolts
was measured at this site. Flight tests have not yet been resumed.

Alternate sites, with possible baselines of 30 to 36 miles, are being investigated north

of Boston. It is anticipated that one such site will be in operation during the latter part of May.

E. A. Slanina
E. Caldwell
H.G. Weiss
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C. Listening Performance of Human Operators

Work continues on (wo possible means of improving detectability of a signal repre-
senting a target in one of the range gates of the audible radar.

In the Quarterly Frogress Report of Division 3, dated 15 January 1953, it was re-
ported that spatial separation of the loudapeakers fec individually by the several range gates of
the radar failed to produce significant improvement in detectability of 500-cycle signals. Tests
have now been completed with signala of various frequencies. The previous findings hold
throughout the audio range. Further teats point to sound reflection within the listening room as
the disruptive factor. It would probably not be reasonable, however, to construct anechoic
listening rooms for the audible radara; one of the main hopes for aural radar preaentati~n is
eventual simplicily of equipment.

Means for presenting the signals from various range gates in separate frequency
bands have been devised and are ready for tesating. In addition, laboratory setups are being pre-
pared for studies of:

(1) The effects of variations cf antenna rotation rate and gate length;

(2) The relative efficiencies of automatic alarms and human listeners working
with identical signals;

(3) The effect of frequency modulation of an acoustic signal on its detectability.
J. F. Bennett
W.P.Harris
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Iil. INFORMATION-PROCESSING SYSTEMS

Analysis of the data obtained from the series of experiments on information proc-
iasing systems described in previouas Quarterly Progress Reports has been continued. The
principal functions of the intelligence section of an Air Defense Direction Center — detection,
identification, tracking, and cross-telling — have been evaluated. Further analyses of the la-
tencies and durations of these operations, of information-flow characteristica, of the decision
processes, etc., are being made. A l6-mm sound motion picture has been prepsared to illus-
trate the organizatior. and operation of both informaticn processing systems.

James W.Degan

Bert F.Green, Jr.

William J. McGill
IV. DESIGN AND EVALUATION OF DISPLAYS

A. Airborne Photographic Target-Position Indicator

Photographs of the display of an AN/APS-20A ground-stabilized PPl (AN/APA-81)
were made on a flight of 2 hours' duration in a ¥'2V air:raft borrowed specifically for the pur-
pose from an operating squadron at the Nava! Air Station, Quonset Point, Rhode Island. The
exposure plan of these pictures was such as to produce an c¢xact simulation of the Land display.
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Photographs were taken of two or three scans per exposure. The 75-mile range position was
used throughout the tests. The poritive film, printed from the developed negative, was pro-
jected iu a Stereo Vivid Projector (dual lens but less Polaroid filiers) with Wratten filters Types
A and B. Several frames were thereby superimposed, half of them in red and half in green,
and the stabilized blips from stationary reflcctors appeared yellow.

Study of the rcaults showed that several improvements could be made: the use of
shorter ranges would make moving targets more distinct; exposure should be reduced; back-
ground light, which was unexpected and detrimental, should be reduced; and the film-advance
technique should be improved. Nevertheless, th2 results showed promise; moving-target in-
dication by color (red and green separated for moving targets) was noted over water; and inte-
gration of very slow-moving boats in light sea clutter produced yellow blips.

When the Navy P2V aircraft assigned tc Lincoln Laboratory is equipped with ground-

stabilization gear, additional flight tests will be msade. E.Caldwell

CONFIDENTIAL
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B. Flying-Spot Scanner

The flying-spot scanner is a device that provides simulated radar signals from pos-
itive film transparencies.

Efforts have been continued to obtain photographs of suitable quality for use in the
scanner. With care, it is possible to obtain from a standard plan-twelve indicator photographs
that yield simulations useful in all but the most critical applications.

With photographs obtained from a special indicator-camera setup, it appcare to be
possible to obtain simulations that are very close to "live” radar. Conatruction of a special
setup can be avoided by modifying the scanner to permit its use for photography as well as for
reproduction. The modifications are to be incorporated in the production model of the scanner.

Consideration has beer given to the use of feedback around the scanner to control
picture quality. The feedback it from the output of the video stage to the intensity grid of the
cathode-ray tube. Analysis shows that useful control of the photographic Gamma and noise can
be gained. Experimental work will wait upon the delivery of the first scanner.

The labhoratory model of the scarner is on loan to the Naval Research Laboratory

where it i8 to be used as a source of radar signals in a system operational evaluation prcgram.
T.Randell
C. Polar-Coordinate Gridg

In the Quarterly Progress Report of Division 3, dated 1 October 1952, a study was
reported concerning the speed and accuracy of reading the positions of targets using polar-
coordinate grids of various desijms. A second study is now in progress. Five grids, all
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variants of a hasic grid with twelve azimuth lines at 30° intervals and three range rings at 50-
mile intervals, are being compared. B.F.Green, Jr.
Lois Anderson
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D. Data Links from ADDC's to ADCC's

At the rcquest of Group 21 of the Lincoln Laboratory, we have atarted an experiment
to determine the relative meritas of telefax tranamission and voice-telling for the purpose of re-
porting data from an Air Defense Direction Center (ADDC) to an Air Defense Control Center
(ADCC). Telefax presents a picture on a acope that ia viewed by a plotter at a large veitical
plotting board. The plotter looks at the acope and plots the poaitions of aircraft on the plotting
board. No voice communication is involved in this ayatem. In the alternative ayastem, a teller
at the ADDC voice-tella the aircraft positiona to the plotter at the ADCC. Both these systems
have been simulated in the laboratory. Data are being obtained on the number of tracks that can
be handled adequately under each aystem. B.F.Green, Jr.

Edna Wilson
SECRET
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V. CAPABILITIES AND LIMITATIONS OF THE HUMAN OPERATOR

A. Low-Probability Watch

We have continued work on the low-probability watch along t’»: lines deacribed in the
Quarterly Progress Report of Division 3, dered i5 January 1953. Two additional experiments
have heen run, and a more detailed analysis of the previous data has been made.

The recent experimenta demonstrate clearly that the rate at which aignals are pre-
sented has an important effect on the percentage of signals detected. Figure 31-8 shows the
percentage of signala detected at three average rates of presentation: 7.5, 60, and 480 signals
per hour.

In the earlier experiments, we confirmed Mackworth's findmg. that more signals
are detected if rest rcriods are introduced to break up a long watch. We became interested in
the effects of frequent brief interruptions. Figure 31-9 shows the marked improvement that re-
snlted when 80-:ninute watchea were interrupted for 30 seconds every 5 minutes. During each
30-second inlerruption, the observer's display was turned off. Turning off the display 10 per
cent of the time increased the detection of signals in the last hour of the teat by almoat 20
per cent.

*N.H.Mockworth, Reseorches on the Measurement of Humon Performance, Privy Counci!, Medical Reseorch Council,
Special Report Series No. 268, H.M.S.0. (London), 1950.
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In analyzing the data from the several experiments, we have been particularly in-
terested in finding out what factors govern the incidence of false reports. The following obser-

‘T T T T 1T 1T T 1
- MEAN SIGNAL RATE ! 60 PER MOUR
=5 ® o
o 3
,‘_"; 3 20— —
§§ 3 INTERRUPTED WATCH
XX "
3
32 u/ g sob— \ —
é: / @ \
83 I+ 5 \
3t $ o - .
=2 = CONTINUOUS WATCH
g: ) b} N -~
E = /
v sol— 0 0~ =
5 S ol N S N N N O
s 7 480 © 10 20 30 40 80 $0 70 8O0 90
MEAN NUMBER OF SIGNALS PER HOUR {log scaie) TIME IN MINUTES DURING THME WATCH
Fig.31-8. Detection os o function of the Fig.31-9. The effect of frequent brief inter-
meon rate at which signols are presented. ruptions on signol detection in o 90-minute wotch.

vation seems to be a step in the desired direction: the observer's average latency of response o lights
presented at irregular intervals during a watch is closely related not only to the percentage of signals corvectly reported
but also to the incidence of false reports. As the observer becuomes less alert, his reaction time in-
creases, the number of correct reportsdecreases, and the number of false reportsincreasea. The
observer continues to report, but the correlation between the r=ports and the signals decreases.
In this first phaee of the investigation, the intent has been to survey rather quickly
the effects of several experimental conditions in order to outline the general problem. A report

of the first-phase findings is in preparation. H. M. Jenkins
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B. Analysis of Sequential Effects in Auditory Judgments

When responses occur one after another in sequence, earlier parts of the response
sequence may affect the parts that come later. This rcsearch was designed to explore the ap-
plication of a new analytical technique to the sequential effects that occur in a series of auditory
judgments.

A listener learned to identify pulses of tones of four frequencies, 890, 825, 970, and
1005 cycles per second, presented one at a time in random order. After the listener had learned
to make accurate identifications, a masking noise was turned on, and he attempted to identify a
long sequence of tone pulses heard against the noise background. These identifications were

UNCLASSIFIED
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analyzed by an application of "multivariate transmitted information " Multivariate transmitted
information breaks down into a set of transmisgsion components that have the properties of
Shannon's measur< of transmitted information. Thus "transmission® from the tone pulses to
the listener's identifications, and "transmission® from previous responses to the listener's
identifications could be measured simultaneously. It was possible to compute a pair of weights
that showed the average effects of the stimulus and of the last identification in determining any
given identification.

Results showed that the listener's identifications started to become uncorrelated
with the auditory stimulus at a signal-to-noise ratio considerably higher than that at which the
tone pulses disappeared into the noise. As the information transmitted from the tone pulses to
the identifications decreaced, there was a small but consistent increase in the information trans-
mitted from the last response. When the tone pulses disappeared into the noise, practically all
the transmitted information came from the last response, but the effect was not large.

W.J. McGill

*See Technical Report No. 38 of the Air Force Human Factors Operations Research Laboratories.
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I. PULSED-DOPPLER RADAR

All major components of the pulsed-Doppler radar, with the exception of the indicat-
ing system, have been constructed and have been given preliminary tests. Details of assembly
and associated problems are under consideration at the present time; comprehensive tests of the
major components are in progress.

The RF section is complete and has been operating successfully for several weeks.
To facilitate flight tests, clutter targets within range of the radar are being located and plotted

on a map of the surrounding area.
W.P.Schneider

A. Audio-Frequency Section

Audio sections of three types have been completed. They comprise: (1) a wide-band
unit with limiting amplifier; (2) a narrow-band unit with limiting amplifier, and (3) a wide-band
unit with no amplifier. The first two of these were described in the 15 January 1953 Quarterly
Progress Report of Division 3; the third is identical with the first except for the omission of the
amplifier. The purpose of the third type is to permit a study of the signals without the mcdifi-
caticns introduced by the limiting amplifiers.

The characteristics of the clutter filter and the 3000-cps low-pass filter are shown
in Figs.32-1 and 32-2 respectively. Thcse curves are in satisfactory agreement with the

° - < o E
i me— Wi\
y A A w014,
£
° 1 lepe)
Fig.32-1. Clutter filter. Fig.32-2. Low-poss filter.
CONFIDENTIAL
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theoretical characteristics.

Experimental studies to determine quantitatively the performance of the audio units
are in progress. Since the system is nonlinear, signal-to-noise measurements do not provide
complete information; hence, direct experimental measurements of such quantities as the rela-
tions among ihe probability of detection, false-alarm interval, clutter-to-signal ratio, and signal-

to-noise ratio are planned.
P.J.Caruso,Jr.

B. Doppler-Filter Reed Banks

The development of the oscillator employing « eed as the frequency-determining ele-
ment, described in the last Quarterly Progress Report, has been temporarily suspended. Work
has proceeded essentially along two lines. Magnetic damping (with eddy-current loss) is being
investigated theoretically and experimentally. This method of damping looks promising although
it may involve an intricate mechanical arrangement. Work is continuing on the experimental
side, and a new idea, which will reduce the detuning, will be tried.

Three banks of one-cycle bandwidth reeds are being constructed. These reeds
measure about 0.002 X 1/16 X 3/8 inch, resonate about 400 cps, have bent tips for visual output,
and are tuned by end loading with solder. Magnetic coupling between reeds has been greatly
reduced by using a stainless steel which is only slightly magnetic.

Richard K. Bennet:

CONFIDENTIAL
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II. NOISE RADAR

This quarter has been devoted to building the noise-generating and receiving parts of
the radar system. Referring to the block diagram (Fig. 32-3), the status of each component is
as follows.

The phase-shifting noise source and narrow-band random noise source (described in
earlier reports) have been built and tested. The third random-noise generator shown may be set
for any one of the indicated bandwidths. It has been built and will be tested shortly.

Similarly, the gated mixer, limiter, timer, TR box, 100-kcps bandwidth receiver,
and multipliers have been built and are being tested.

A commercially available reed frequency meter has been modified to peru.it its use
as a frequency mixer as well as a Doppler indicator. These changes also increased the sensitiv-
ity of the meter. The construction and preliminary testing of a prototype power amplifier for
driving the reed bank have been completed. This amplifier has a pass band from 0.5 cps to over
1000 cps and requires a special transformer. Construction of three filter-amplifier units incor-
porating this power amplifier will begin very shortly.

18
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The three IF amplifiers shown are being constructed.

A prototype delay-line amplifier has been built.

GROUP 32

Construction of the complete set of

amplifiers will start soon in anticipation of delivery in about two weeks of the quartz delay units.

Fig.32-3. Block diogrom of noise rodor.
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It 18 planned to conduct the first experiments with three multiplier-filter-reed chan-

nels as shown in Fig. 32-3.
able on the delay lin:.

the last Quarterly Progress Report.

II. TEST EQUIPMENT

A. Spectrum Analyzer

S8ECRET
e s
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The three chennels may be connected to any of the range taps avail-
The multipliers are to be of the limiting type desc~ibed and discussed in

L.G. Kraft
Philip Fire
E. M. Howlett

As an aid to investigating the output of the pulse-Doppler radar, a specialized
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spectrum analyzer has been designed and built. The primary feature of the equipment is a high-

Q single-tuned LC filter having essentially the same band-pass characteristics as the mechanical
reed filter. A simplified block diagram of the analyzer is shown in Fig. 32-4. The unit contains

"3%".::.'“ —'E{;“ orrtmcnce two filters which may be tuned independently,
an 0hepe 21 Snea iar e rad with the half-power bandwidth of each being con-
LA !j tinuously variable from 10 cps to 30 cps. The
FiLTRY e filters may be connected directly to the input for
© TsiealT ] the purpose of investigating sidebands about 10
‘L_? = 1 ! kcps or to the output of the suppressed carrier
e p—m:'?;:"‘ modulator when i{hie input spectrum falls about
] DC. The output of the filters is indicated on both
Fig. 32-4. Spectrum onalyzer block diogrom. peak and rms type meters. The peak meter cir-

cuit is such that the peak output of either filter or the difference of the peak outputs can be read.
The rms meter is a thermocouple vacuum-tube voltmeter which has an external input for use as
a separate meter Yor nonsinusoidal wavefcrms (i.e., noise, pulses, etc.).

The analyzer is now being calibrated and tested.
Hayes Pertield

B. Doppler-Signal Simulators

Modifications of the Type C delay line® for use as a Doppler-signal simulator are
continuing. The crystal mounting has been redesigned and built. The testing of this unit awaits
completion of a pulsed oscillator which is under construction.

Philip Fire

IV. THEORETICAL STUDIES

A. The Probability of False Alarm
Let u(t), —w<t <+ew, be a stochastic process with the following properties:

(1) Temporally stationary, (that is, the probabilities defining u(t) are invariant
under translation of t);

(2) Markoffian, (that is, the future depends upon the present, but is independer:
of the past);

(3) Fort, * ty [u(tl). u(tz)]haa a nonsingular two-dimensional Gaussian
distribution.
2

Then the only physically recasonable u(t) has correlation function L4
2 2
o 2 = E ({u®) - E[ue)}?) .
which is independent of t by (1) and for t, <t,<...<t., [u(tl). ut,) ... u(tn)] is distributed
according to an n-dimensional Gaussian law with common mean, m = E[u(t)]., and common

exp[-B|t]}, where p>oand

variance, voz
Conditions (1), (2), (3) allow u{t) as a model for random voltages. It is of interest
in questions about false alarms to know the distribution of the maximum of u(t), that is,

*H. B. Huntington, Components Handbook, M.1.T. Rodiation Laboratory Series, Vol. 17 (McGraw-Hill, inc., New York,
1949), pp. 228-30.

20

CONFIDENTIAL

o lavringgd




QWMMWWM . T 3= —
m T I St -3 ¥ g WA BN PR TR i TR Bl v,

CONFIDENTIAL

GROUP 32

Prob { Max u{r)< c}

lo € vt
The determination of this distribution has been reduced to solving an ordinary, second-order
differential equation of Sturm-Liouville type on ( =®,®). This differential equation is being

studied.
E.J. Akutowicz

B. Dead-Velocity Control

The analysis of the method (see 1 October 1952 Quarterly Progress Report of
Division 3) for the control of the dead-velocity situation in radar systems by transmission of
pulses spaced alicrrately by times T, TZ' where 'I‘l < Tz. is now complete. The success of

this method depends on choosing carefully the first two n values, Cl = m+ p, and CZ =

3(m+ p). Since the positive odd integer p turns out to bcertl:tlec?:xctor by which the first blind
speed in the ordinary single-pulse system is multiplied (provided the criterion mentioned below
for choosing Cl is used), we wish to choose p as large as possible. However, if p is chosen
too large, zeros from the sinusoidal envelope factor will lie between Cl and CZ' and the
improvement obtained will depend not on p but on the location of the first such zero. Hence, the
improvement may be given by a factor that is much less than p. To avoid this sort of trouble,
it is pointed out that we should choose C, so that C, << 31/3. where s, is the first sinusoidal
zero. Even if this criterion is used, the question of the amplitudes of the spectral lines that
will be passed by the filter is one that should be considered in each individual case. We have
worked out a number of such examples.

Now consider the positive integer m. The !arger m, and hence T = 'I‘l + Tz. is
made, the greater will be the density of spectral lines. Thus, there is the possibilily that, if

we make m too large, certain of these spectral lines may lie quite close to the noncritical zeros.

In general, it is best to make m as small as possible (although this is not an absolute criterion).
Again, several examples have tuven worked out that show the effect of different values for m.

A further consideration regarding the praciicability of this system is the following.
The suppression of the (m + p)th line depends on maintaining the ratio (Tl/’l‘) = (1/2k) at a
precise value. Several examples hive been completed. The conclusion from these is that the
drift question is no real obstacle.

Detailed analyses will be made of other propusals for control of the dead-velocity
cituation.

A.F.Bartholomay
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Johnson, A.H. Wang. S.C.
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Lacey, G.G. Wood, G.D.

INTRODUCTION

The work reported here consists of both experimental and theoretical research on

ionospheric and tropospheric radio propagati»n, principally throughout the upper part of the

radio spectrum, and the practical application of this knowledge to problems in air defense sys-

tems.

The research includes:

(a) Investigation of ionospheric radio propagation, primarily at HF and VHF,
at frequencies normally above the median ionospheric maximum-usable-frequency
(MUF) as determined by current standard methods;

(») Investigation of tropospheric radio propagation, primarily at UHF and SHF
to distances well beyond the horizon:

CONFIDENTIAL
s e

SECRET

(c) Development of HF systems for the detection of targets below line-of-sight.

SECRET

CONFIDENTIAL

Some of the work formerly handled by Group 33, including the development of high-

powered transmission systems, has been transferred to Group 36, Systems Engineering, which

was established in January 1953. During the past quarter, several members of Group 33 worked
temporarily in Group 36 on tasks for PROJECT COUNTER CHANGE. This diversion of effort
necessitated curtailment of modulation studies started earlier in Group 33 under the VHF

"scatter®” nraopagation program.

CONFIDENTIAL
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RADIO-PROPAGATION RESEARCH
A. Radio Propagation at HF

GROUP 33

The propagation research at HF during this quarter was confined for the most part
to the Alpine (New Jersey) - Goose Bay (Labrador) 23-Mc circuit. At Round Hill, reception and
recording of 15- and 18-Mc signals transmitted from Cincinnati were discontinued 1 February
1953 because of the pressure of other work. Arrangements have been made with the Collins
Radio Company to provide special transmissions at 27.75 Mc beamed toward Sterling, Va., and

Round Hill, Mass., and these transmissions are scheduled to begin in April 1953.

1. Experimental Studies

a. Alpine-Goose Bay (23 Mc)

Transmission and reception facilities described in the 1 Qctober 1852 Quarterly

Progress Report of Division 3 were operated throughout this quarter.
The five-element Yagi antenna intended as an interim transmitting antenna at Alpine

was destroyed in an ice storm on 11 January before installation had been completed.
Fabrication of a two-Yagi stacked array was rushed to completion and the array

e >ipv
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Fig.33-2 Hourly medion volues of signal
and noise levels, 22.8585 Mc, December 1952
{Alpine-Gooss Bay).

shipped to Alpine. This antenna is to be located
at a mean height of 240 feet at the end of a cross-
arm on an existing tower at A‘lpine. Comparative
performance of this array and that of the existing
compromise rhombic antenna will be made during
April.

Elevation and plan views of the horizontal
45° corner-reflector receiving antenna at Goose
Bay prepared by the RAF are given in Figs. 33-1
(a) and 33-1{b). This antenna is located on a cliff
at a height of approximately 100 feet above the
reflecting plane. Antenna patterns, computed by
the E.C. Page Consulting Radio Engineers, are
given in Figs. 33-1(c)through 33-1{e). Computed
gains aregiven as 20.8db (perfect ground)and 18
db (with expected losses) at 3.8° vertical angle,
both with respect to a \/2 dipole.

As received at Goose Bay, median values
of 22.8585-Mc signals from Alpine, and noise
level for each hour have been obtained for the
months of December 1952, January and February
1953. Median values of signal level and noise
level, {ogether with values of signal level
exceeded 10 per cent and 90 per cent of the time,
are plotted in Figs. 33-2 through 33-4.
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b. Cincinnati-Round Hill (15 and 18 Mc)

Transmission and reception facilities of this circuit were described in the previous
Quarterly Progress Report. Reception and recording at Round Hill of 15.250-Mc and 17.795-Mc
signal: radiated from Cincinnati were terminated on | February 1853 because of the pressure cf

other work at the Rouund Hill Field Station.

Median values of recorded field intensity and noise

level for the month of January 1953, together with values of field intensity exceeded 10 per cent
and 90 purt cent of the time, are plotted in Figs. 33-5 and 33-6.

B. Radio Propagation at VHF

W.G. Abel

The propagation research at VHF has been reoriented during this quarter to allow

more experimental effort to be applied to other programs.

Continuous 24-hour daily recording

of signals from Cedar Rapids was discontinued on 1 February 1953, after completion of a full

year of continuous recording. Periodic signal-level recordings were made during teletype tests.
Detailed analysis of the time trends and distribution characteristics of 50-Mc data recorded over
a full year was continued during this quarter.

Further development on the all-electronic commercial glow -transfer counter version

of the signsal level vs time (SLVT) indicator has been curtsiled, as was further work on two-

frequency measurements and the 49.6-Mc pulse receiver.

level on space-diversity and teletype studies.

1. Experimental Studies

Some effort continued at a reduced

a. Time Trends and Distribution Characteristics of 50-Mc Transmissions

Transmission and reception facilities described in the 30 April 1952 Quarterly

Progress Report were operated continuously during this quarter until 1 February 1953.
Monthly medians of these received signals for December 1852 and January 1953,
together with mass plots of fEs observed at Washington, D.C, for the same months, are shown

in Figs.33-7 and 33-8.
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Signal-level distributions for the month of September 1252 were determined from
data obtained during operation of the SLVT indicator, described in the 1 October 1852 Quarterly
Progress Report of Division 3. Median signal levels, together with signal levels exceeded 10

per cent and 90 per cent of the time, are shown in Fig. 33-9.
W.G. Abel
J. B. Chisholm
G.D.Wood

b. Space-Diversity Studies

The array of five 5-element Yagi antennas described in the preceding Quarterly
Progress Report was installed during this quarter. Coneiderable difficulty was encountered in
obtaining a feed line and switching system that would operate properly under changing weather
conditions. The feed system was redesigned ‘o eliminate the original tubular dielectric lines
and switches in favor of a separate open-wire strain feeder from each of the antennas back to
the receiver building. Tests with a signal generator placed at a distance of approximately one
mile indicated that reception on each antenna system was practically identical. A twin-beam
oscilloscope and dual-channel receiver with common local osacillators was installed to allow a
photograghic study of the instantaneous phase relation of 50-Mc signals on any pair of the spaced
Yagi antennas. Further study is planned of the median gain of combinations of pairs of Yagi
antennas in the array by utilizing the time-totalizing equipment previously used in the recording

program.
J.H.Chisholm
J.E.Wilkinson
G.D. Wood

c. Comparative Teletype Studies

A National Company triple- diversity radio teletype terminal, Type AN/FRR-24,
shown in Fig.33-10, was installed at Round Hill
during this quarter. Operation of this equipment,
the CV/TRA-7 dual-diversity military-type
equipment, and other special teletype equipment

~d
-m
-

S e g

developed by this Laboratory, is scheduled for
the next quarter. Comparative tests of these
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teletype systems were made over a three-day
period in late March, utilizing the two broadside
antennas. Faulty operation of the teletype equip-

A"

K
{
g
|

ment at the transmitter was discovered in these
tests and the results were not considered valid.
An adequate monitoring system at Cedar Rapids
is being planned to overcome this difficulty.

J. H. Chisholm

T.J. Fitasimmons
Fig.33-10. Notional Compony type AN/FRR-24 G. D. Wood

triple-diversity receiver, used with additional frequen-

cy converters for 49.6-Mc reception.
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GROUP 33
2. Theoretical Studies
a. Autocorrelation Studies on VHF Sjmls

A major breakdown of the digital electronic correlator occurred at the beginning of
this period, which necessitated the complete reconstruction of the 45-tube multiplier chassis.
‘The new chassis employs the same basic circuit design as the original unit, but it has been
completely repackaged to facilitate maintenance. A reset circuit which is extremely useful for
locating faults in the multiplier and integrato: circuits has been incorporated in thc new unit.
After an extensive period of testing, the correlator was again placed in service.

In the interval during which reconstruction was proceeding on the multiplier, a
program of computation of the correlation functions was started on the Servomechanisms Labo-
ratory's mechanical correlator.‘ This machine requires input data recorded on Brush osciilo-
graph paper. Without employing frequency division, the nominal range of the oscillograph
extends from DC to 100 cycles per second. Tne paper record is fed through the computer by
an automatic drive. Conversion of the record is accomplished by two operators who track the
oscillograph trace with the aid of two linkage-operated styli. The motions of the styli are
coupled to two mechanical integrators in such a way that one integrator computes the mean
value of the signal while the other computes the mean of the product of the two tracking signals.
Various values of v are obtained by displacing the position of one stylus with respect to the
other.

To date, five autocorrelation functions of the received amplitude of the VHF signal
have been computed on the analogue correlator. The data were taken on the Cedar Rapids-

Round Hill link. Steps of r of 1/5 sec were
taken, with a maximum value of 4 to 5 sec. The

results are shownin Figs. 33-11(a) through
s 33-11(e).
\ : The veriations in the curves are
] probably attributable to the different times at
z : ! which the original data were taken. The re-

| ceiving equipment was operated from a gasoline
. o engine-generator power supply when the data

\ from which the curve in Fig. 33-11(a) was ob-
Y e tained were taken.

The average of the curves in Figs.
33-11(a) through 33-11(e) is shown in Fig.33-12.

Fig. 33-12. Averoge of correlation A power spectrum of this curve is being com-

functions of omplitude of received 49.6-Mc puted.
signais shown in Fig. 33-11.

More comprehensive results of the
autocorrelation analysis of VHF signals are given in Lincoln Laboratory Technical Report No. 21,

dated 18 May 1953. A.J. Lephakis
M. L. Stone

®N.Zobusky, *The Mechonical Correlotion Computer,® Engineering Report No. 32, Servomechanisms Laboratory, M.1.T.
(11 October 1951),
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C. Radio Propagation at UHF and SHF

Construction of the experimental equipment designed for an investigation of the
practical utility of tropospheric propagation of UHF and microwave frequencies at distances well
beyond the horizcn is nearing completion. Pretiminary operation of a 425-Mc system began on
27 March over a 162-mile path between Alpine and Round Hill. Operation will continue on a
0900 to 1600 hours schedule over a five-day week for the initial studies. Microwave pulse experi-
ments over a 188-mile path from Holmdel (New Jersey) to Round Hill are expected to begin in
April. Plans to supplement these micrcwave pulse experiments with a system that will permit
multiplexing of several voice channels were initiated 1n this quarter in collaboration with the
Bell Telephone Laboratories. The Laboratory received shipment in February of the components
of a crystal-controlled CW microwave radar systcm through the cooperation of the Air Force
Cambridge Research Center. This system, developed by the Sperry Gyroscope Company,
incorporates a 600-watt CW klystron amplifier operating at a frequency of 5050 Mc. This equip-
ment is being modified to provide a transmitter capable of FM modulation over moderate band-
widths with a high order of frequency stability. The Bell Telephone Laboratories is assisting
in this program by furnishing components of the standard AT & T Type TD-2 microwave relay
terminal equipment, and by modifying the final multiplier stages of the equipment to operate
with the 5050-Mc transmitter and receiver. It is expected that this system will be placed in
operation in the next quarter if two special multiplier klystrons on order with the Sperry
Gyroscope Company are received on schedule.

1. Experimental Studies

a. UHF Experiments (425 Mc)
The 425-Mc transmissions at Alpine are provided by a 15-kw crysial-controlled |

resnatron transmitter orerated by Major E. H. Armstrong. The antenna for this transmitter is a

16-foot diameter paraboloidal antenna with a numerical power gain of 300 above a half-wave dipole.

The transmitting antenna is mounted on a rotatable mocur: on a 100-foot steel tower and is

directed toward Round Hill on a bearing of 75°. The transmitter is capable of FM inodulation

and pulse-amplitude mcdulation. Initial operation tegan 27 March utilizing 1000-cycle tone

with 220 kc deviation frequency modulation, and was received at Round Hill on two identical

Motorola FM receivers described in the preceding Quarterly Progress Report. The receiving

antennas were two small horizontally polarized, corner-reflector antennas. One of the two

antennas is mounted in fixed position and the other is mounted on a carriage which permits a var-

iable horizontal spacingup to 50feet normal tothe propagation path. The mountingarrangement is

shown in Fig.33-13. The signals received on these antennas (approximately 9 db gain) during

the daily period 0900 to 1600 hours had hourly-median values of 3 to 10 uv across the 50-ohm

receiver input. These values are approximateiy 70 to 60 db, respectively, below free space for

this 162-mile path, assuming the gain of the transmitting and receiving antennas is fully realized. |
Preliminary recording of the detector current (first limiter grid current in the ¥'M receiver) v
for the two systems with an antenna spacing of 20 feet indicates a high degree of correlation in
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ation with common local oscillators, is scheduled for the next quarter.

One of two 17-foot paraboloidal antennas was received from the Boston Naval Ship-
yard through the cooperation of the Bureau of Ships, USN. This antenna and pedestal was installed
on Round Hill (as shown in Fig.33-14) for a comparative study of the gain characteristics of a
range of antenna sizes. The antennas available are the small corner reflectors, 17-foot diam-
eter paraboloid, and the 28-foot diameter paraboloid described in the SHF experiments. Antenna
feeds suitable for 425-Mc operation of the latter two antennas are under construction and will be

completed in early April.
J. H. Chisholm
T.J. Fitzsimmons
P. A. Portmann
G.D. Wood
b. SHF Experiments (3650 Mc)

The pulse experimental system described in the preceding Quarterly Progress Report
is expected to be complete and in operating condition in April. The two 28-foot paraboloidal
antennas were completed and delivered in March. Antenna foundations and the steel supporting
frames were installed at Crawford Hiil (New Jersey) and at Round Hill. Both antennas were
assembled and erected in late March. Rear and forward views of the assembled antenna at
Round Hill are shown in Figs. 33-15 and 33-16.

The modified SV radar equipment and its associated synchronization circuits have
been completed and tested in the laboratory. Some difficulty in the suhdivider system was
experienced, and it was found to result from the circuits containing germanium diodes. These
circuits were redesigned to give more reliable operation. A special pulse receiver shown in
Fig.33-17 was constructed for reception at Round Hill. This receiver was designed to

Fig.33-17. Speciai puise receiver for reception at Round Hill, 3650 Mc, of tronsmissions from Crowford Hill
(modified SV rodor).

35

CONFIDENTIAL

e i O TR e e

1 . b | o0 ad Y

Snvelbes i vl s




e s ———————— . . i 7 e et P S . <

T ——

CONFIDENTIAL

GROUP 33

incorporate en AVC circuit, to provide a large dynamic range for recording purposes and to
operate witn a photographic pulse-shape recording system. The two Western Electric 100-kc
frequency stundards were operated and compared throughout the quarter. A faulty thermostat
was tound 1n one of the units and replaced. It was found that the stability of these standards could
be further improved by mounting them in enclosed insulated cabinets. Latcst tests of the units
thus mounted indicate relative stability of one cycle at a 100-kc frequency over a one-hour period,
which indicates that use of the standards at each end of the test circuit would permit displaying
a pulse in a £-usec gate for periods of the order of 30 minutes without adjustment.

J.H. Chisholm

P.A.Portmann
W.C. Reisener, Jr.

c. Modulation tests at 5050 Mc over the Crawford Hill-Round Hill 190-Mile Path

During the last quarter, a program has been initiated in collaboration with the Bell
Telephone Laboratories and with equipment manufactured by the Soerry Gyroscope Company and
furnished by the Air Force Cambridge Research Center for the purpose of setting up suitable
equipment to study prupagation conditions well beyond the radio horizon at SHF (5050 Mc). The
equipment is intended to provide information on the suitabilily of long-range voice and teletype
communications at SHF, thus complementing the pvlse-propagation studies being made at 3650
Mc. It is 2xpected that the 28‘-1'00! paraboloidal antennas and the recording equipment set up for
the 3650-Mc tests will also be used for the 5050-Mc studies.

AFCRC has made available a Sperry Doppler -radar system which will be adapted to
the propagation studies. This unit consists of a crystal-controlled multiplier chain, microwave
klystron amplifiers, and a crystal-controlled receiver. For the purpose of the tests, this unit
will be modified at the Lincoln Laborato:'y to operate with an AT &T TD-2 microwave relay sys-
tem and a 70-Mc FM modulator which can accommodate a number of voice and teletype channels.
A hlo~k diagram of the proposed transmitter is shown in Fig. 33-18. When completed, this

[‘:-":‘cﬁiﬁmum::o.ﬁavm o T 7 transmitter is expected to have a CW power

! RRY 0OPMLER :
WO0r 180 ! tput of 600 watts and a f tability of
-:‘u:::‘;'xmno:z = .::'.'::7“ swos [rersra| e | output o i 8 a a frequency s ity o
To-2 wiceowawt | | aLYSTAON SIKEN 43 parts in 10".
/gLaY SYSTEN l 1
! l_”“_"__' Wo:rk on the zystem at B7'L and
! ™"~ "1™ Lincoln has been proceeding satisfactorily, and
] % ! BLL TELEPNONE
) Robiy ook H A abrhToR s the unit is expected to be ready for operation in
4 { ’ T
i gaAlN i " mopuuaTom April of this year. Thus far, modifications of
L rosteams ]

the TD-2 system at BTL have indicated that this

Fig.33-18. Black diogrom of 5050-Mc com- 2quipment will operate satisfactorily. Work at
municotion test tronsmitter (Crowford Hill). this laboratory has been directed toward assem-

bly of mounting racks and panels and provision of additional power supplies for an extra klystron
amplifier. A modified crystal modulator system has also been designed and constructed. The
klystrons and crystal modulator are shown in Fig.33-19.

Plans to moedify the system to obtain greater frequency stab:lity, if this proves tc be

necessary, have been formulated. The use of a highly Stable system would permit a substantial
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Fig.33-19. Kiystrons ond crystal modulator for 5050-Mc communication
test transmitter (Crawford Hil!).

reduction in the bandwidth of the receiving equipment, with a corresponding increase in signal-

to-noise ratio.
J. H. Chisholm
P.A. Portmann
2. Theoretical Studies: Comparison of Bilinear Model with Measurements at VHF

a. Bilinear Model Computations vs Measurements at VHF

Frogress with calculations based on the bilinear profile for the index of refraction of
the normal atinosphere has continued to indicate that experimental observations on the average
strength of weak nonoptical fields at VHF and microwave frequencies can be explained as a
normal properiy of the earth's inhomogeneous layer of air dielectric, without assumption oi
omnipresent turbulence up to several miles in the troposphere. For a frequency of 50 Mc, it has
been possible to calculate both the real and imaginary parts of the complex characteristic values
corresponding to a linearly stratified atmosphere of finite thickness, given surface index and
standard index gradient. Further, assuming conventional antenna heights of 500 and 30 feet,
only about 24 modes appear to make important contributions to the expression for the field
strength at £C Mc. Figure 33-20 shows & calculated sum of 24 mod=s at various distances from
5 to 400 miles from ihe 500-foot transmitting antenna to a 30-foot receiving antenna at 50 Mc. A
dotted curve by Saxton between 60 and 300 niiles, which represents his average curve drawn

2 __ =maamsmmens o BRI,
orTtra i 0v srussrss L~ Ll bl ) ]
octe M3are e depert
f
H ]
2 = [ 7Ametienace ] g | ety T T T e e
?_ S e i
t | :
! g NTEPNAL n'ut: 1T E
. A /aakes :
s :t:‘qnvu \. \.\~ A ¥
i DN
i::‘u:ou- \(:".“"; L ]
- -Jée = & =23
Fig. 33-20. Comparison of VHF measured field strengths Fig. 33-21. Computed theorstical VHF field strengths
with computed theorstical volues (bilineor model, 24 (bilineor modal, 24 modes).

modes). Measured data of Sextonin Englond (41.5, 58.25,
91.5 ond 93.8 Mc) ond FCC.
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through long-ierm experimental observations in England on FM and TV stations and long-term
average observations on United States FM and TV stations are also shown. The agreement of tue
mode-sum curve and Saxton's experimental-average curve is very good. Note that the moide-sum
curve in the region of the horizon slopes more steeply than it does further out, in approxim.ate
agreement with the conventional 4/3 earth curve. Within the horizon, the mode-sum curve joins
on to the values calculated on the basis of direct and earth-reflected rays.

Figure 33-21 shows a similar calculation of a sum of the same 24 modes for 50-Mc
frequency, but for 1000-foot antenna heights. Within the horizon, the mcde-sum curve oscillates
about the free-space value, and has a maximura and a minimum at about the ranges indicated by
the direct and refiected-ray calculations shown by the dotied line. The way the bilinear mode
sum agrees with simple ray calculations of the lobe structure within the horizon, and the rather
sharp drop-off just beyond the horizon, as well as the more slowly attenuating fields well beyond
the horizon, constitutes support for believing that the model reasonably represents the effect of
the normal troposphere on propagation out to about 400 miles. The conventional 4/3 earth curve
is not needed for the calculation at any distance. The conventional curve does follow the experi-
mental values for a short distance beyond the horizon — namely, where the field is still so strong
that the feeble interna!-reflectior effect of the atmosphere may be neglected compared to the
predominant upward leakage of energy in the near-shadow region of the earth bulge. The con-
ventional 4/3 earth theory fails well beyond the horizon in the deep shadow because it neglects
completely the downcoming partial reflections produced by the inhomogeneous troposphere. The
4/3 earth notion can be used to correct the diffracted field for the refractive effect of the normal
troposphere, but not for the reflective effect.

Although the bilinear profile seems to explain the average fields out to about 400
miles, it is believed that beyond this range the calculated values will b2 too low, because the
model assumes no air above 30,000 feet; and neglected partial reflections occurring at greater
heights will become more important as the intersection of the transmitter and receiver horizons

occurs higher in the air.
T.J.Carroll
R. M. Ring

b. Variations of 49.6-Mc Signal Strength With Surface Refractive Index

In previous reports, variat ons of 49.6-Mc signal strength have been compared with
sporadic-E ionization, or more specifically with fEs. On the basis of the observed correlations,
sporadic-E ionization is suggested as one probable mechanism for the propagation of these 49.6-
Mc signals.. To see whether the troposphere plays a more important part in the propagation
mechanism controlling the nighttime behavior of the long-distance 49.6-Mc signal, it was sug-
gested that tropospheric surfare index changes, both at receiver and transmitter, should be
examinedand compared withthe observed fields. Comparisons of this type have recently been made
by Pickard and Stetson“ both at 44.1 Mc and 92.1 Mc over a 167-mile path. The surface index

*See Quarterly Progress Report, 30 Jonuory 1952, Reseorch Laboratory of Electrenics and PROJECT LINCOLN.
*¢G.W.Pickord and H.T.Stetson, J. Atmos. ond Terr. Phys. 1, 32-6 (1950).
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of refraction at one or both terminals was shown 10 have a strong correlation with the received
fields.

The 48.6-Mc fields received at Round }iill from Cedar Rapids (horizontal polariza-
tion, path length approximately 1068 miles) were comparcd with the surface refractive index at
lowa City (Iowa) which is close enough to Cedar
Rap.ds to have very similar surface weather.
Weekly-median fields at Round Hill during the
nighttime interval 2000 to 0330 hours EST® were
coropared with the corresponding weekly numerical
averages of the surface refractive index” at
Iowa City during the nighttime interval 1800 to
0300 CST. The results are shown in Fig.33-22
for the period | February to 15 August 1952. An
examination of this figure shows rather poor
correlation during February and March; but,

S s, f i

§

(1) 8 000 -HOWA CITY, I CROC0-0400 [FT)
]

LA Al LUPVEL., 96 > ), ROUSD ML A

f:i9.33-f22.9 Cou'ponsoc; ?ot\vrn weekly night-
time volues of 49.6-Mc signal levels iezeived ot ]

Round Hill from Cedor Ropids ond nighttime aver- beginning with April and extending into August,
oges of surface refractive index ot lowo City. a much better correlaticn zeems evident.

J. R. Bauer
T.S.Carroll

CONFIDENTIAL

SECRET

III. RADAR SYSTEMS FOR TARGET DETECTION BELOW LINE-OF -SIGHT

A. Ground-Wave Radar Systems

1. Noise--Modulated System
The major part of the construction by the Theodore Loranger Company of New

Bedford for the Round Hill Field Station has been completed. The transmitter-receiver building
is finished and is presently in use. The broadside array of eight vertical semirhombics is
sufficiently well advanced so that definite plans for impedance, phase, and pattcrn measurements

can be made for the next quarter.
The Radio Engineering Laboratories Model 520 FM broadcast transmitter, modified

for use in the HF band, Las been delivered, and is now installed in the transmitter-receiver
building at Round Hill.
Progress on design and construction of the noise modulators, receiver components,
delay lines, and reed-indicating devices for this system is reported by Group 32 in this report.
In addition to the noise equipment, a crystal-controlled pulse modulator and cohereni

*Blecouse of polarization switching, horizontal-horizontol signals were recorded only for half-hour periods beginning

on the hour.
**The index was culculated from the formula given in Propagation of Short Radio Waves (edited by D.E. Kerr, McGrow-
Hill, Inc., 1951, Eq.(3), p. 13) in conjunction with hourly values of surface weather dato supplied by the United Stotes

Weather Bureou, Washington, D.C.
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dctector are being designed and built to permit this system to be used as a pulse radar. In ad-
dition to obvious radar applications, a provision for pulse modulation will facilitate studies of
fixed echoes around the site and Doppler studies of sea-clutter and back-scatter returns.

A study of alternate methods for display of the Doppler frequencies is also being
initiated. An aural presentation of the Doppler frequencies may offer considerable advantages
over reed devices, but because of the very low Doppler range (0 to 40 cps in the HF band) the
Doppler frequencies cannot be heard directly, so that some system, such as frequency multipli-
cation or modulation of an audio carrier, must be used.

2. High-Power Pulse System

Under a Lincoln Laboratory subcontract, the Raytheon Manufacturing Company is
installing transmitting and receiving equipment and providing other services for the placing of
the Air Force Field Station at Plum Island in an operational condition. Originally scheduled tn
begin 1 January 1953, the actual starting date was unavoidably delayed until 23 March 1953.

Installation of equipment will proceed in parallel with impedance, phase, and pattern
measurements of the antenna during the next quarter.

Constructions of the coherent detector for use with the high-power pulse system has
been completed at the Lincoln Laboratory, and it is now being aligned and tested preparatory to
installation at Plum Island.

B. Ionospheric Radar System

As stated in che last Quarterly Progress Report, the transmitting and receiving
equipment for the higih-power pulse system will be used for the first experiments on a one-hop
ionospheric system. A suitable antenna for general use in an ionospheric radar will not be
availablc for a considerable time, and is the bottleneck in performing such experiments at an
early date. It should be possible, however, to perform experiments of limited scope during the
summer months with the present ground-wave radar antenna and with the present frequency
assignments by utilizing one-hop E-layer transmission. The possibility of constructing an |
adequate array for Fz-layer transmission through use of simple and easily constructed elements
is also being investigated.

C. A. Stutt
W. T.Quinn, Jr.
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Davenport, W.B., Jr., Leader Paananen, R. A.
Selfridge, O.G., Asst. Leader Price, R.
Berg, R.S. Reed, 1.S. (Gr. 24)
Eisenstadt, B.M. Root. W.L.
Fleck, P.L., Jr. Silverman, R. A.
Green, P.E., Jr. Turir, G.L.
Mcl.aughlin, W.C. Wagner, C. A.

I. EXPERIMENTAL TWO-CHANNEL NOMAC SYSTEMS

A. High-Frequency NOMAC Teletype System

During the period 26 January to 6 February, the performance of a NOMAC teletype
system and a standard frequency-shift-keyed teletype system were compared on a 24-hour basis
over a 230-mile path from Coles Signal Laboratory, Fort Monmouth, New Jersey, to Building
B, Lexington, Mass., on a frequency of 5.4325 Mc. The results obtained with both systems
were unsatisfactory because of strong local interference. Pressure of other work has precluded

further testing. ) B. M. Eisenstadt
P.L. Fleck, Jr.
C.A. Wagner

B. VHF-NOMAC-FSK Teletype System!

During the week of 11 January, the VHF system was put into operation over the
Cedar Rapids to Round Hill link. This preliminary test indicated the feasibility of using noise
modulation over a path using scatter propagation. Several modifications were then made. The
major change was to replace the 125-kc band shaping filters, which were Jacobian elliptic
fil:ers, with 6-pole Butterworth filters. At the same time, the VHF overtone crystal for the
front end was received from the factory and installed.

Operational tests in the first week of February showed satisfactory perfvi mance;
the relatively large error rate, about viie per cent, was attributed to fading. Hence, the
receiver was adapted for dual space-diversity reception. During the second week of March, the
dual-diversity receiver was completed and tested. It was found that dual aiversity reduced the
percentage error in received copy to one-fifth to one-fourth of the value without diversity. In
the receiver, two methods of diversity combining were tried: the first was the addition of the
rectified keying waveforms; the second, the addition of the keying tones at the output of the first
averaging filter. Both methods gave about the same reduction in perceniage error.

R.S. Berg R. A. Paananen
W.C. McLaughlin G. L. Turin

C. NOMAC Systems for PROJECT COUNTER CHANGE

Equipment for six NOMAC systems for PROJECT COUNTER CHANGE is being built;
four will be completed by 1 May 1953 and the other two by 1 June 1853. Further discussion of
this work will be found in the report of Group 36.

R.S Berg R. A. Paananen
W. C. McLaughlin G.L. Turin
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D. UHF NOMAC Data Link

E] The experimental data link was sub-

jected to interfer . .ce tests. The tesis were

inconclusive, since the asymmetry of some com-

ponents caused different rates of error in the two

mItm mrge
CrasnL 1§

3Ll channels and denied us a satisfactory way of

LimTen

evaluating our results. For this reason, we are

revising the data link to improve the components.
We are now building input filters for
the revised system. When the system works, we
shall compare the limiting schemes shown in
Fig. 34-1 with various kinds of jamming action.
These results will be compared with theory.

B. Eisenstadt
P. Fleck, Jr.

Fig. 34-1. Diogrom of limiting schemes. C. Wagner

(4184 ¢
SnaNNgL 2

LR
Cuanngl ¢

II. EXPERIMENTAL ONE-CHANNEL NOMAC SYSTEMS

A. Stored-Signal System

The experiinental system has been completed and its performanc. > being studied.
Figure 34-2 shows a comparison of theoretical and experimental data on loss in output as a
function of time displacement between trans-
mitted and stored signals. The cocmparison has
been made for two different stagger-tuning con-
figurations of the ringing circuits whose com-
bined output forms the signal. The theoretical
behavior is described by Eq.(34-35) on page 55
of this report.

| i ) For condition I, the ratio of output-
Fig. 34-2. Loss of output vs time desyn- to-input (S/N) has been measured at 22.3 db,
chronization for two spectrum shapes. compared with a theoretical figure of 23.8 db.

P.E. Green
1. STUDIES OF PROPAGATION AND CHANNEL DISTURBANCES AND NOMAC SYSTEMS

A. Communicatior System Synthesis for Multipath Propagation

In the preceding x-epox-t.l mathematical synthesis of a representative path was
studied as a first step toward treatment of the general tiine-varying multipath problem. The
component path was assumed to be of fixed delay, but with a strength Rayleigh-distributed and
simple Markoff. Study of the transmission of white Gaussian symbols over such a path was
found to involve considerable analytical difficulty.

Re-examination of the mechanism of single-path fnding.z much as in recent studies
of ionospheric scatter transmission, has.led to a more realistic formulation of the component
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path, and hae also simplified the mathematicai expressions. The path model is now defined by
the following mnthematical operations upon the transmitted signal. First, it is still assumed
that the transmitted signal! and additive channel rcise ar- confined to a common frequency band
W wide, so that it iz possible to conduct the sampling-point type of entropy analysis usuaily
employed in the study of continuous waveforms. The transmitted waveform may be specified by
the amplitudes of sine and cosine components (or, equally well, the amplitude of the waveform
and its derivative) at these sampling points, which are spaced in time 1/W apart. This gives
2TW degrees of freedom in a transmission nominally limited to band W and time T. At each
sampling point, the resultant of the sine and cssine components is also adequate specification,
and path-strength fluctuations are considered to be the result of separate random multiplication
of the projections of the resultant on two axes 45° on either side of it. I the two multipliers
are taken to be Gaussianly distributed independent random processes with identical Gaussianly
shaped autocorrelation functions, the model satisfies the theory of random scatterers postulated
by Ratcliffe, and it agrees with the observed Rayleigh distribution of the received envelope when
a sine wave is transmitted. It is important to note that, with this revised model, the received
carrier phase is random. unlike the rather unrealistic consiant time delay assumed in the study
of the Rayleigh multiplier. Following the "complex” multiplication, channel noise is, of course,
added to complete the progression from transmitted to received signals.

Preliminary studies of the revised model of the path have been undertaken, assuming

are +a, with equal probability. Let i and j represent two successive sampling points, and x be
the projection of the transmitted resultant on one of the 45° axer. these axes beiug fixed at the
transmitter. Le! the random multipliers have unit mean-square, and the additive noise have
powcr :rnz. Let the projection of the received resultant on one of its 45° axes be W, with the
condition that both Wi and Wj are the projections of the two successive resultants on one of the
axes aligned at 45° to the first resultant. Thus at the receiver the axes are re-aligned from
one sampling point to the next. Although strictly possible, the main purpose of this artificiality
is to enable the two components to be treated independently in probability and entropy calcu-
lations. We find, if the signal and noise are independent from point to point,

/ o’z+x.2
P(W./W., x., x.)= | n i
PRET Yan(ef (0 f 4 x7yve Dxl o x 21— 99)
V [ n i n 7j i (544
2 =2\
W.xx.¢
[ W.\fo pxl o i
jvn i 3 2
o, +Xx
¥RV T2 4 52 T3 2 >
AR S A RIS X +x, xj(l..’)
{
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and
f 2 H .
(W, - kW,) (W, + kW)
exp| = 171 7 |t exP|- A
(e 2+ a) (1 -k 2e © +a%) (1 -k
p(wj/wi) = n ; (34-2)
24f2x( o2 + a%) (1 - k)
where
2
k = _{__za , (34-3)
o +a

and ¢ is the autocorrelation function of the multipliers, evaluated at 1/W. P(W ./Wi. X X;) is
the conditional probability density of Wj. knowing x;, xj. and W, while P(wj/wi) is that knowing
W1 alone. Similar equations hold for the components on the other 45° axis.

Now

H(W) = -/_:/_: P(W,, wj) log P(wj/wi) dwkdwj y (34-4)

&nd
x -0~ -0 -0 -0 j j J J J j

Using the results from Sec. B (pp. 53, 54) of this report, we obtain the channel capacity:

-1 ll_
; ( )tan a )forﬁ>0

n=2

(@]
"

H(W)-H,_,
(W) - H_(W) o) 3B et

log, 2- 2, -[-z-l]tan a-

wa

w (-1)"tanh~! =B
z (=4 <an (Zn-T) forp< 0
=2 n-1) l"_?;

where § = nz —4n(n -~ 1) and

2
2 2 2 4
.- »\/(cn +a’) —-¢ a . ‘l + R]z—,sz Be-a)

,az oR ’

with R = a’/e nz the power signal-to-noise ratio.

In Fig. 34-3, C is plotte” as a function of R and ¢. Also, for comparison there are
plots of C for no scatter, both for binary transmission and for the optimum Gaussian symbol
transmission. It is apparent that scatter severely affects the available channel capacity when
the receiver is operating on the simple Markoff basis specified by Eq. (34-1) and Eq. (34-2).
Below R = 0.5, the channel capacity is found to be roughly proportional to R in the nonscattering
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case, and to szz in the case of scatter. Furthermore, in this region these results apply
regardless of the form of the amplitude distribution of the transmitted resultants, provided they
still assume only the four directions. On the
oiher hand, the upper asymptotes indicated depend
in general on the statistics of the transmission.
For the binary transmission indicated, maximum -
efficiency is realized forgo * 1 at R ® 1.
Optimizing the transmitted symbols
for given R and ¢ involves a difficult integral
equation, and no general results have been ob-
tained from this problem. Nevertheless, the new
path model permits several integrals to be ob-

CnMEL CAMTTY PER GESULE OF PREED NS /7Y 0 (94, T

.

/ |
b A
SoEm e e tained in closed form where they could not be

before. This is mainly due to the Gaussian multi-

Fig. 34-3. Channel capacity of a binary
system for scatter ond noise in chonnel. plicative disturbance convoluting nicely with the

Gaussian additive disturbance.
It is proposed to investigate higher-order probability -computing processes at the
receiver, in the belief that improvements in channel capacity over those indicated in Fig. 34-3

can be achieved. R. Price
SECRET
s s
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B. The Effect of Channel Perturbations on NOMAC Systems

The problem under consideration is to eva'—ate the effects of certain general types
of channel perturbations on the performance of NOMAC systems. A formulation cf one special-
ization of this problem is given in the previous Quarterl, Progress Report, dated 15 January 1853,
to which we refer. With a slight cht}nge in notation we have, as we had there, an expression for

the output Y of the correlation detector

T [ 7T
Y =f / At, v) s(t - v)dr | 8'(t)dt ,
o o

where A(t, v) is in general a random function characterizing the behavior of the channel, T is the
time length of a symbol, T is the time interval over which a single impulse at the transmitter
is stretched out at the receiver, £(t) is the random function representing the transmitted signal,
and 8'(t) is equal either to s(t) or to another random function with the same statistics as s(t). We
want first to know the probability law for the random variable Y, or, failing that, at least its

first and second moments.
One special case which seems to be of interest is where A(t, ) is not actually random,

so that the perturbation of the signal i8 only a "smearing,” as might be caused by a nonrandom
scattering of the propagated signal. The previous report contained some calculations about this

CONFMENTIAL
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case. Another calculation has shown the following. Suppose the transmitted signal can be written
W.r -
a(t) = k}_.‘w [xk cos kuot + Yy smkuotJ 5
S|

where Xy and yy are normalized, independent Gaussian variables; suppcse A{t, v) = Ao = const,
Then the probability law of the random variable Y is given by the density function

Znuo
" exp(- sin nuo‘)’r]
12) = 2 ey o e TRRaTT (1T 2> 0
R R
and
Znw
exp[- sinnw Yr]
f(z)=Z° 2 forZ<o0 ,
n

sin nqul‘ H | nw sin kuo'{l‘
R - SN0 - o snno ST
nw, k#n wy 8in nuo'yT

where Z = 2Y/AT and §+ is the summation over all n between Wl and Wz for which nuo/sin nuo'y'l‘
is negative, and 2&' is a similar summation for nuo/sin nqur positive. It can also be shown that,
if A(t, v) is allowed to fluctuate with mean value Ao' the same probability density f(Z) is
approached as the fluctuations become arbitrarily fast.

Anoiner special case is that in which the smearing time T is zero so that A(t) is

simply a random multiplier. Then

Y =/TA(t) s(t) 8'(t) dt
(o]

If now we let A(t) be a stationary Gaussian process of moving averages with mean
value A_ > 0 and correlation function exp [- |at]] + A:' and restrict s(t) to be a given signal
function, Y is a Gaussian random variable whose mean and variance are easily calculated.

We may show that symptotically for large T the variance of Y isg

& z .2
2 (T - u) exp[~au] 8“(u) 8'°(0)du ,
o

if reasonable statistical assumptions are made about the class of signal functions (s(t)]. The
integral is elementary for either of the represenations of the signal that have been used above

and in the previcus report.
V. L. Root

IV. STUDIES OF CODING AND DATA HANDLING
A. Error Correction for NOMAC Systems

A new type of error-correcting code has been proposed. It is designed specificaily

for use with a two-symbol system using correlation detection.
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Let the two possible transmitted symbols be denoted by xl(t) and xz(t). and suppose

that the receiver has available replicas of each. H x,(t), say, is transmitted and corrupted by
channel noise to x,(t) + n(t), the receiver (ideally) forms the two finite-time correlations

. rT
M(T) = .}/o [x,(t) + n(t)] x,(t) 9t (34-8)
and

M,(T) = .}for[xl(t“ n(t)] x,(t) dt . (34-9)

The receiver then selects x,(t) or xz(l) as the transmitted symbol according to whether MI(T)
or Mz(’r) is larger (maximum probability detection).

A finite probability of error per symbol arises as a result of the possibility that
M,(T) is less than M (T) even though x,(t) was sent. For, as a result of the finite time of inte-
gration, MI(T) and Mz(T) are random variables with means

1 2
S= lim —/Tx (t)
T To 1

and zero, respectively, and variances

1 2
ch('r) = zrw (28° +SN) (34-10)

and

(T) = st esny (34-11)

1
’Mz 2TW
where N is the power of a Gaussian noise of bandwidth W. Equations (34-10) and (34-11) can be
derived in an elementary fashion from an expression given in a paper of Davenport, Johnson, and

Middleton.3 The probability of error per symbol P is then just

+
) =[ mprob(Mz = x) prob(Ml< x)dx , (34-12)

]

which can be evaluated as.

P-1(l-erra) , (34-13)

where

PP - DN (34-14)

Ve, ve )l

Our error-correcting code operates as follows: The usual parily-check digit is
appended to each transmitted word. (A word is a group of symbols considered as a unit, such as
a command in a data link.) As each symbol arrives at the receiver, it is tentatively decided that

*One method was suggested by Dr. 1.S.Reed, Group 24.
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the transmitted symbol is the one corresponding to the larger of the integrals Ml and M,.
However, each of the correlation outputs is stored until the parity-check digit arrives. If exam-
ination of that digit indicates an error in the woid, the symbol vith the least separation AM
between Ml and Mz is taken to be wrong and is corrected. (The symbol in question may be the
parity -check digit itself.) In this way, it is hoped to get a single-error-correcting code which,
though it cannot correct all single errors, may be as effective as a Hamming code for a fixed
data rate, since only a single additionnl digit is needed.

Calculations of the reduction of the per-word probability of error to be achieved by
use of this code are in progress and appear to be formidable but perhaps not prohibitive. We
hope to master the computational difficulties. As a preliminary result, we have calculated the
probability that, if one of the two symbols is known to be wrong, the wrong symbol is the one
with the least separationA M. That conditional probability is given by

3

Z_V%?Q_/_: exp [-«v2]lert(v + 2a) - erfa]dv (34-15)

where Q= 1~ P, and P and a are given by Eqs. (34-13) and (34-14).

R. A. Silverman
C.A. Wagner
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B. Binary Coding

We continue the problem posed before.4 A variable V, with values Vi is often coded
as a set of binary digits; Jduring transmission or handling, one (or more) of these digits is mis-
takenly altered, so that v, is received as V! for example. |v. - Vkl is called the error and
depends on which digits have been altered. If the probahility of altering one digit in a vi is small,
the probability of altering two is much smaller, and we therefore restrict our problem to that of

trying to find the coding that minimizes the mean-square error, say, accruing to altering all
possible digits one at a time.

As a starting point, we set V = [Vi] = [0, 1, ... A}, and the number of binary digits
N, and each of the ZN sets of binary digits x,, 8o that for a set [au] of binary digits
N

x, = L a -t
Yojel ij
Clearly, ZN > A. A function f maps v; onto the X, . €0 that f(vi) = X8 the inverse function ¢ is
such that either ,f(xk) = v if f(vi) = X, or, if not, ¢ is unspecified.
What we want to do, according to our formulation, is find a function f that minimizes

N
1 &N -1y 12
= j-l
where, if Qf(vi) +(1 - z‘lj) z"l is unspecified by its definition, it is set equal to Vi We set
UNCLASSIFIED
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.
rA.N as the least TA, N .
We have not been able to find any simple expression for TA N in terms of A and N;

a number of results is listed below, whose proofs are too tedious for this report:

i = § ZN'l
TA, N 0 fAZ€
. 1 ,2N
T <3 (2 - 1)
ZN, N 3
or, more generally,
. 2 N-1 N+2 N-1 N
TA,N‘S(A-Z ) (2 -1) for 2 < A <2
. aa - 2Ny N2, for N even
T <
AN
3(A - 2NN [2NH1V/2 3 for N odd,
N-1 N-1
where 2 €AK2 + k, for kg N-1. 0.G. Selfridge
UNCLASSIFIED
s e
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V. TINFORMATION THEORY AND NOMAC SYSTEMS
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A. Bounds on Entropy

Shmmon5 has shown that, for a one-dimensional probability distribution p(x), of
standard deviation o’z. the maximum entropy that can be achieved is log V2weoc®, and that it is
achieved when p(x) is a Gaussiarn distribution. The entropy H is defined for a continous proba-

bility distribution p(x) as:

H = -fw p(x) logp(x)dx , (34-17)

-0
while:
2 +00 2 [ 400 2

4 =/ x“p{x} dx - f xp(x) dx 3 (34-18)

-0 -00
UNCLASSIFIED
51

CONFIDENTIAL

oo ot tbninings SRR b A4 56 doiadia i 83




UNGLASSIFIED

CROUD 1

Thus:

We can establish a lower bound to the eniroupy with the inequality"

+00 5
—f p(x) logp(x} dx 2 - logf p (x)dx . (34-19)

=-a0 -0

2 \% +o0 2 +00 2
- log ’ p (x)dx € H £ log ve{ / x p(x) dx —[/ xp(x) dx] } g (34-20)
-0 -0

-0

These bounds become useful when Eq. (34-17) is difficult to evaluate in closed form.

The closeness of the bounds is indicated in the following table for a few elementary distributions,
all of zero mean and variance cz.

TABLE 34-I
+o + ‘o,
Distribution Form: p(x) = log/ pi(x)dx | H= -J[ p(x) logp(x) dx log ﬂe[/ x p(x)] dx
- Q0 - Q0 - o0

Gﬂmim: a exp[— ble log Viwo ]og v2we¢2 log VZweo

Exponential: aexp[- bx] log Veo? log V2e2o? log V2neo?

Uniform:

a; —bg xg b
log V12¢r2 l ing \/12_02 log VZ:ecz

0 elsewhere

It is also interesting to note that the maximum value of the lower bound,

+00 2
-log/ p (x)dx ,
-

for a giveno'z, is log V125/9 o? , achieved by a distribution that is an inverted parabola between
finite bounds and zero outside.

Since the logarithm is a convex function, Eq.(34-18) is an equality only if p(x) is

everyw~here 0 except for an intervai or set of intervals on which p{x) is constant. Thus Eq. (34-20)
never strictly determines H except for the degenerate case.. where p(x) is a delta function and

= -0, Or where p(x) <= 0 everywhere and H = + «.

I.S. Reed
R. Price
O. Selfridge
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B. The Entropy of the Sum of Two Displaced Gaussian Distributions

When binary digits are transmitted through Gaussian channel noife, the probability
aistribution of the levels cbserved at the receiver is of the form

. 2 2
plx) = z_ls/z—? expl- (’%&L] + expl- (%—3)—] ’ (34-21)

where the pulses have amplitudes 2a, and the noise has unit variance. We wish to evaluate

the entropy
+o0
H= - p(x) logp(x) dx . (34-22)

By a perturbation method, it has been found

2
H = log2 V2we - J_z: aexp[- ‘-‘z-] + (22 - 1) erfa)

' (34-23)
_ 3 1) exp[2a’n(n - 1)] erf(-a) (20 - 1)
i n(n-1,
n=2
where
2
erf(s) = =/ expl-%) dy . (34-24)
8
Ifa 3 1, the series convesges rapidly, and a good approximation is
— al 2 ex [nzl erf (-3a)
Hz log? Y27e - 0.79788 aexp[- -] + (2a” - 1) eri(-a) + P 5
(34-25)
expl- aT] 0.000456 , 0.000062
+ ———"-(0.010003 - =——=22 ¢+ ZTTE2E)
a a

In Fig. 34-4, the entropy power Py
of p(x) is plotted as a function of az. the signal

power. Entropy power is defined as the power of
a Gaussian distribution having the same entropy
as that given, and is related to H by

_ 2H
Py = s (34-26)

Indicated also in Fig. 34-4 are two
upper bounds. One is readily obtained for infinite

Fig. 34-4. Entropy power of two disploced
Goussion distributions. separation of the peaks, while the other was

53

UNCLASSIFIED

T e Ty




SECRET

GROUP 34
UNCLASSIFIED

established by Shannon7 as the sum of noise and signal powers. It is especially significant to note
the convergence of Py to the lz;tter, for this demonstrates the absorption property of Gaussian
noise, also stated by Shannon. It is seen that in this case the signal-to-noise ratio may be as
high as unity with no appreciable io8s in entropy power from the use of a non-Gaussian signal

distribution. R. Price
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