UNCLASSIFIED
A0 404 476
Reproduced
by the
DEFENSE DOCUMENTATION CENTER

FOR
SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDFEIA. VIRGINIA

UNCLASSIFIED




NOTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operstion, the U. 8.
Government thereby incurs no responsibility, nor any
obligation vhatscever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the sald drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporstion, or conveying any righte
or permission to mamufacture, use or sell any
patented invention that may in any way be related
thereto.



A

{;75;,5,- j‘

EDL-M53 | 4 0 4 4 7 6 DA 36-039 SC-87499

Improvement In Gaussian Signal Perception
By Deterministic Signal Injection
And Harmonic-Zone Detection

UL
TR 404476

A

. > ARTHUR WEINER
- | WILLIAM R. KELLY
- 2D |
fu e
-y <=
R -
-
-
_—cs
[
L]
N
[ ]
]
] -
— )
|
L]
]

S‘Yl‘,\'.»\f\'l;\ ELECTRONIC SYSTEMS

Grovernment S.\'stt'ms Munﬂ;.‘,vmt'm

for GENERAL TELEPHONE & ELECTRONICS @
ELECTRONIC
DEFENSE

LABORATORIES

PREPARED FOR THE UNITED STATES ARMY



US ARMY ELECTRONICS RESEARCH UNIT
Post Orrick Box 20%
Movatain Vigw, Catironnia

DISTRIBUTION LIST FOR EDL PUSLICATIONS M-531

Commanning Orricee
US Amny EvecTremics Reszance Unit
Post Orrioct Bex 208
Mouurain Vigw, CaLirormia 1t

Cueze o Resgasce & OeveLorment
0C8, SEranTnEnY OF THe Army
Wasninevon 25, 0 C 2t

Teounicat Lionany, OASD R&D
Roon JE1065, Tue Prarason
Wagnineton 25, 8 C et

Comunsing OrricEn

Hamay Diamone Lasomatonics

ATTH = Tecn REF S10~~OROTL==06,33
Wasuineren 25, 9 € 4

Cmier, Suntay orF Muarens, RAAY
DEPARTNENT OF THE NAVY
WasninetTon 25, 0 C L14]

Cuier, Buntav oF NavaL Wearons
OEPARTHENT OF THE Navy

ATTH = Codt N=12

Wasnineron 25, 0 C (.13]

Orrrce oF NavaL Restancn
OEPARTNENT OF THE Navy

ATTN = Couk 427

Waswinevon 25, 0 C T

CEnTRAL INTELLIGENCE AstacY

ATTH - OCR MaiL Room

2430 € Sraeer, W

Wasuineton 28, D C (14]

US Atemic Enensy Commission
DIvISION OF MILITARY APPLICATION
ATTE = CLASSI P1ED TECH Lisnanry
1901 ConsTiTuTION AVE, W
Wasmington 28, 0 C 13

Cuigr or 8tarr, U8 Ata Fonct
SerasTment o Tar Air Force
Avre = AFRSTS

Wasnineron 25, 0 C 100
Derury Crigr oF Starr ror Mit Oras
OLPARTNENT OF THE AsNMY

ATT = Osen, RD Baanch

Waswineron 25, 0 C "o
Direcron, US NavaL Restancn Las
CounTEamEASYRES BRancH

ATre = Cosz 2027

Wasnineton 28, 0 C 2

(6 mav 63)

* =

Cuser or 8varr, US Ala Fonce
DEranTHINY OF THE Als Fonct
ATTa = AFORD-

Wasninaton 25, 0 C 131
Commannzn, Air ResEarcn & OzveLornent Commane
ATTH = ROSBTL==He TecH Lionany Brancy
Awongws Air Fenor Bast

MasnineTon 25, 0 C 14e1
Comtansine GENERAL

US Aamy MateateL Comuns, OtTacHmEaY 4
ATTN = NCRB/B1=3 (PENT) RD=9
Wasmineron 28, B C 1581
Maning Conrs Liaisen Orrictn

ATTe « SELRA=LNR

US Axny Erectasnios R4D LASORATORY
Fort Mommourn, New Jursty 1611
Commaneine OrricER

US Aany ELECTRONICS R&B Lasenaveny
ATTH = SELRA=SE

ForT Mowmoutn, Ntw Jirsty 1701
Commamine Orricea

US Amny ELecTromics R&D Lasoratomy
ATTR = SELRA=AOT

Font MeumouwTn, New Junsey 1819
Liatson OFrscin

US ConvinenyaL Asny Cormane

US Aamy ELecTaomics R&D Lasomatony
Forty MommouTwn, Niw Jeasey 1913
Cuigr, US Arny SECURITY AeEnCY
ARLINGTON HALL STATION
ARLINGTON 12, VineImIA 2081
Derury Presininy

US Ammy SECuriTY AsEncY Bears
ARLINSTON HaLL STATION
ARLEneTON 12, VireiNIA 2181
Comanstr

ARMES SEAVICES TECHNICAL INFORMATION ASENSY
Arte = TISIA

AsLonevon HaLL STaTIen

AsLanevon 12, Viasrmia

Cormannine Orricin

US Arny Fortisn Science & TecwmoLesy CENTER
ATTH = AMXST=PP=CB
ARLINGTON MALL STaTiON
AnLoneTon 12, Vireimia 2
Dingcron oF CommumicaTions & ELECTAONICS
Ne Tacricat Ain Commane

LanGLEY AFB, Vinsinta 2411

(comvinvee on ntveast sion)



US ARMY ELECTRONICS RESEARCH UNIT
Post OrricE Box 205
MounTatn View, CaLirormia

DISTRIBUTION LIST FOR EDL PUBLICATION M831 {conTinNuED FROM REVERSE $10E)

REOSTONE SCIENTIFIC InrPORMATION CENTER
US Asmy MissiLe Comuane
REDSTONE ARSENAL, ALASANA 25¢8
Commansing GENERAL

US Aany Arn Derenst Ceuten

Foar BLiss, TEixas 2611

Pagstolny
US Aany Ats DErenss Boase
Foar BLiss, TExas 21

Cornmamei ng OrriCER

US Amny ELEcTaemics R&D ACTIvITY
ATTe = SELMS

Wive Sanes Missiit Rawet, No M. 2814
Commanning Orricen

US Aany R&D ACTIVITY, NwacHuCA

ArTe = SELMU=EE

Foay Huacwuca, ARIZoNA 2951

Cormanoing Orricer

US Anny CorownicaTions=ELECTRONICS
Consat DEFELOPHENT AsENCY

ATtn = CAGCE=AT

FORT HuACNUCA, ARiIZONA 3001

Commanoge,

wWaient Ara Deverormear Qivisien

ATTA = ASRNCF)

Wisur=Parrerson AFB, Owio 311

ASDO

ASAPRD =~ Dist
Wrisut=Patrinsen AF9, Omio 32e2
Conmanotn, AtaomawticaL Svsvims Division
Atr Force 8vstems Commans

ATTE = ASRNCO=1

Wrient=PATTERSON AFB, Owio 330

Direcron, Natiomat BEcumiTy AsEncYy
Arve = G3/T00

ForT Geonat G Meang, ManyLame 3422
Commansgn, Ront Arn DEVELOPNENT CENTER
ATTa = RCYLD

GrePFISS Ata Foace Bast

Rome, New Yenx 35¢1

Cormanntn, FIeLo Commame
OEFENSE ATOMIC SuPPOAT Astacy
ATTe = Ozvereenent Divisten

Sanesa Dast

MBveuereue, New Mexi00 3N
SAnD 1A Conroration Lisrany

Sanoia Bass

ALsueuinqus, Nev Mexice L33

Tug Rane Conroration

ATTH « ELECTRONICS DEPARTMENT
1700 Main Stacer '
et

SAaTA Mowtca, CaLirornia

MIT LinooLs LasoraTory

ATTH = Lisaany

PO Box 73

Lextnaton 73, MassacaustTrs 3

Dinrgcror, Communications & ELzoTasnics
Air Deranse Command
Ent A1a Forct Base
Cotorase Srninas, Cotorase 4011

RESEARCH LASORATORY OF ELECTRAOWNICS
MASSACRUSETTS (NSTITUTE oFf TECWNOLOQY
ATTE = Lionary

Comniast 39, Massacmuserrs
(L[ TTLTONTR

4ot

CommandEr, AF Camdrider Restancn Ctatin
ATTe =« CRREL
Manscom FreLe
BEOFORd, MASSACHNUSETTS 42¢1

Commansine OrricER & DinecTon
US NAYY ELECTRONICS LABORATORY
San Diteo 52, CaLirornia an

Als ForcE MissiLeE TEST CEntin
AFMTO=PMTBATY

Parrick AlIr Foack Base, FLonida
stassiries emy

Mect

Ain Fonrct Missine Tast Cenven
AFMTC TEcm Lisrany == My 135
Patrick Atn Force Basg, FLoRIDA
UNCLASS! FIED ONLY

45ev1

COMMANGER, AIR Proving GrowNd Commane
ATTH = APGC==PGAP!
EeLIn Am Forcet Basy, FLerisa 46¢1

Commane I ne GENERAL

US Anmy ELECTRONICS Comuam

ATTE = NBEL=EW=A/FiILIPPe

BeiLotne 2528

FORT MowmowTn, NEW JERSEY 47t

ADDITIONAL DISTR1BUT ION FOR M=831

Commanding GENERAL

US ARMY SATELLITE COMWNICATIONS ASENCY
ATTas Comumications Oarr

Forr MommowTn, NEw Jemsgy 1 ey




EDL-M53l

ELECTRONIC DEFENSE LABORATORIES
P. O. Box 205

Mountain View, California

TECHNICAL MEMORANDUM
No. EDL-M531
8 February 1963

IMPROVEMENT IN GAUSSIAN SIGNAL PERCEPTION
BY DETERMINISTIC SIGNAL INJECTION
AND HARMONIC-ZONE DETECTION

Arthur Weiner
William R. Kelly

Approved for Publication.... J. E. Armstrong
Manager
Tactical Electronic Warfare
Department

Prepared for the U.S. Army Electronics Research and
Development Laboratory under Contract DA 36-039 SC-87499

SYLVANIA ELECTRIC PRODUCTS INC.



Section
1.
2.
2.1
2.2
3.
3.
3.
3,
3.
3.
3.
3.
3.
3.3
4.
4.1
4.2
5.
6.

BV b bt bt et et e e

~N oD Wy

EDL-M531

CONTENTS

Title Page

ABSTRACT . . . . . . ittt s e e et e et e 1
INTRODUCTION . . . . . .ottt e e s i e s e i s 2
Definition of the Problem. . ... ... ......... 4
Qutline of the Experimental Technique ., . ..., .. 4
EXPERIMENTAL EQUIPMENT. ... ......... 7
Test and Measurement Equipment . . . .. .. .. .. 10
Summer Circuit . . . . . o L 0 e e e 10
Multiple-Pole, 83-kc Band-Pass Filter . ... ... 12
Harmonic -Zone Detectors . . . . ... ... ...... 12
Broad-Band Summer. . . .. ... .. .. ... ..., 12
Limiter Circuit . . . . . . . . .. v i st v e o 14
Harmonic-Zone Amplifier . . .. ... ... .. .... 14
Additional Test Equipment Used in the

Quantitative Measurement . . ... ... ...... 14
Experimental Procedures . ... ............ 17
EXPERIMENTAL RESULTS « - . « - ¢« oo v 0 0 v v 19
Qualitative Data . « . .« . . o o v v 19

Experimental Results with Signal Integration. . . . 20
SUMMARY AND CONCLUSIONS ... ......... 27

REFERENCES . . . . . i i i i e et i e v i e e s e e 28

- i -



EDL-M531

ILLUSTRATIONS
Figure Title Page
1, Block Diagram of Experimental System........ 5
2. Measured Transfer Characteristic of

Symmetrical Limiter ................. 8

3. Response of Amplitude Channel and HZ

Channel to Input Square Waves ........... 9
4, Narrow-Band Summer Circuit. .. ... ........11
5. Broad-Band Summer Circuit. ... ... ... ... ..13
6. LimiterCircuit--o..-...........‘ ...... 15
7. CLICSystem . . ...t v it nenons ce.. .16
8. Perception Probability of a Narrow-Band

Gaussian Signal in White Gaussian

; - 1073

Noise --Pp = 107 . 22

9. Perception Probability of a Narrow-Band

Gaussian Signal in White Gaussian

. - -4
Noise -- Pp, =10 .23

10. Perception Probability of a Narrow-Band
Gaussian Sigral in White Gaussion
Noise -- PFA =10"%

& * & + & s T e 2 e s s 24
11, Perception Probability of a Narrow-Band
Gaussian Signal in \;fhite Gaussian
Noise -- Pp, =107 ... 25
12, Photograph of the Video Output From the HZ
Channel and the Amplitude Channel ... ... . .26



Table

EDL-M531

TABLE
Title Page
Comparison of Amplitude Detection with

Deterministic Signal Injection and
Harmonic-Zone Detection. . . ... ....... .e0 2l

- iy -



EDL-M531

IMPROVEMENT IN GAUSSIAN SIGNAL PERCEPTION
BY DETERMINISTIC SIGNAL INJECTION
AND HARMONIC-ZONE DETECTION

Arthur Weiner
William R. Kelly

l. ABSTRACT

An experimental investigation of perception of narrow-
band, Gaussian signals was performed. A new
technique, using a reference sine wave, a stiff limiter,
and a harmonic-zone filter was investigated. The
technique used both energy and gross phase character-
istics of the Gaussian signal in the perception process.
The comparison of this new technique with energy
detection showed equal signal perception at 3-db lower
S/N ratios for perception probabilities greater than
0.5 at fixed, false-alarm probabilities of 10, 10,
1075, and 107 .
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2. INTRODUCTION,

The search for improvement in perception of a narrow-band, Gaussian
signal in the presence of narrow-band receiver noise has led to the
investigation of deterministic signal injection reported herein. The
term ''‘perception' used in this report includes the following processes:

(1) Linear Filtering: processing waveforms to separate
desired from undesired frequencies by linear, frequency-
selective circuits.

(2) Harmonic-Zone (HZ) Generation: processing narrow-band
waveforms through a nonlinear device to.generate narrow-
band, harmonic zones.

(3) Detection: processing a narrow-band waveform through
a nonlinear device and a video filter.

(4) Decision: processing a waveform through a nonlinear
device which categorizes the presence or absence of
signal in the waveform.

(5) Deterministic Signal Injection: inserting a reference sine
wave in a receiver to change the receiver's noise
characteristics.

Note that perception in conventional receivers includes processes 1, 3,
and 4.

The word detection has been frequently used with two distinct defi-
nitions in describing a receiver's operation. The older and more

widely used definition relates to the process which goes on in a detector.
This is analogous to modulation and modulator, reception and receiver,
where the noun form stands for the device and the verb form stands for the
process. The second and more narrowly used meaning comes from the
field of Information Theory and is synonymous with perception as
defined above. It is believed that using the same word with two distinct
definitions in the same narrow field is confusing and, therefore, the
second meaning of detection should be replaced by the word perception,
In addition, the word perception, by explicit definition, includes the
decision process which is inherent in an automatic receiver.

It is predicted that a significant improvement in signal perception can be
achieved by investigating new decision methods and processes.

-2
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2.1 Definition of the Problem.

A narrow-band, Gaussian signal is defined as one whose center
frequency is at least ten times the half-power bandwidth, and whose
amplitude probability-density function is Gaussian. The narrow-band
Gaussian signals considered in this investigation had a phase
probability-density function which was uniform.

A harmonic zone is defined as a frequency band in the output of a non-
linear device that is harmonically related to a narrow-band waveform
at the input to the device. The characteristics of the harmonic zones
are a function of both the input waveform and the nonlinear device.!"*
The application of harmonic-zone detection to narrow-band, Gaussian
signals was based on the hypothesis that information contained in the
gross phase characteristics of the signal could be used in the decision
process in addition to the information contained in the energy of the
signal. Since the phase probability-density functions (pdf}) of both the
signal and the receiver noise are the same, it is not at all obvious
that the phase information can be used. Both the signal and the
receiver noise are assumed to have a uniformn phase pdf. The gross
phase information can be used in perception by injecting a reference,
deterministic waveform.

The phase information in a Gaussian noise signal contains up to 50
percent of the available information in a communication channel.?"?
Earlier theoretical investigations® have shown that for weak signals
(where the signal power is at least 10-db weaker than the noise power),
the energy measurement is the optimum reception technique. Optimum
is used in the sense of maximizing the likelihood ratio of the probability-
density function of signal-plus-noise to the pdf of noise. This analysis
is based on the assumption that the chi-squared amplitude pdf which
results from the linear addition of two, independent, normal distribu-
tions can be treated as a normal distribution. While this assumption
may be satisfactory for the weak-signal case, it is not believed to be
satisfactory for the strong-signal case where the signal power is at
least 10-db greater than noise power.

1-4 See references 1 through 4 in Section 6.
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2.2 Outline of the Experimental Technique.

The harmonic-zone detection technique used in the experimental investi-
gation to test the above hypothesis is shown in a block diagram in
Figure 1. The experimental equipment will be described in Section 3.
The point of interest here is the lower part of the block diagram shown
within the dashed lines. The output of the band-pass filter is linearly
added to a reference sine wave. The combined waveform is coupled to
a limiter whose output is applied to a harmonic-zone amplifier and
filter. The purpose of this arrangement is to utilize the gross phase
information in the Gaussian signal in addition to the energy information
in the perception process.

The level of the reference sine wave is adjusted for "stiff limiting'!,
The frequency of the sine wave is selected so that its 9th harmonic
appears in the center of the HZ filter. The original band-pass filter's
center frequency was 2. 72 Mc with a bandwidth of 83 kc. The center
frequency was selected so that the separate harmonic content generated
in the limiter will not appear within the 150-kc bandwidth of the HZ
filter which is centered on 28.9 Mc. The principle of the operation is
as follows:

The level of the reference sine wave is set 35-db above the receiver-
noise level. At this ratio, the limiting process is controlled almost
entirely by the sine wave. The energy in the HZ filter is maximum
and almost sinusoidal. When a noise signal is added at the input, the
ratio of sine wave to total noise (noise signal plus receiver noise)
decreases. The energy in the HZ filter decreases as a nonlinear
function of the ratio of waveforms. There are two effects which
occur simultaneously. The energy in the HZ filter decreases as a
function of signal energy, which moves the center frequency of the
HZ energy out of the HZ filter, and the bandwidtl of the energy in the
HZ filter widens as a function of the gross phase structure of the noise.
It is this simultaneous exploitation of energy (amplitude) and phase
information which improves signal perception.

The reference sine-wave frequency is offset from the center frequency
of the signal to provide both amplitude and phase changes as the signal
is injected. If the two frequencies were the same, then the spectrum
in the HZ filter would only widen as the noise waveform introduced
phase modulation. This was investigated experimentally and was found
to be not as effective as the offset HZ-filter technique.
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2.2 -- Continued.

The processes described above are complex and difficult to communicate.
The experimental equipment and techniques described in the next section
will help clarify this introductory material.
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3. EXPERIMENTAL EQUIPMENT.

Refer to Figure 1l for the equipment block diagram. The two noise
sources are General Radio, 1390-A, random-noise generators. The
two noise sources are linearly summed in a circuit with a 91-kc band-
width. The summer's output is applied to a band-pass filter whose
center frequency is 2. 72 Mc and whose bandwidth is 83 k¢. This band-
pass filter is analogous to the band-pass IF filter of a superheterodyne
receiver. The output of the band-pass filter is applied to two separate
channels. The upper channel is a conventional amplitude or energy
detector. A half-wave linear rectifier is coupled to a 35-kc band-
width video filter. This conventional amplitude-detection channel
provides a means for experimental control. The accuracy of the
results from the HZ detection channel can be determined by a compar-
ison with results from the conventional channel which, in turn,may be
compared with theoretical curves available for this technique.

The HZ channel is shown within the dashed lines in Figure 1. The out-
put from the band-pass filter is summed with a sine wave from a
reference oscillator. The combined waveforms are coupled to a
symmetrical limiter circuit. This limiter was designed as close to an
ideal symmetrical limiter as was practical in one stage. The measured
limiter's characteristic is shown in Figure 2. The bandwidth of the
limiter circuit is well above the l11th harmonic of the input waveform.
The level of the sine wave is set so that "'stiff' limiting of the sine
wave is achieved. The added noise waveform makes for additional
limiting, but the change is small. The frequency of the sine wave is
set at 3.21 Mc so that its 9th harmonic is centered in the HZ filter at
28.9 Mc. The energy in the band-pass filter is centered on 2.72 Mc
with about an 80-kc bandwidth. The direct harmonic energy of the
waveforms from this filter will not appear within the 150-kc bandwidth
of the HZ filter.

The output from the HZ amplifier is coupled to a half-wave linear
detector. The video bandwidth of both the amplitude and the HZ channel
is 35 kc. The over-all bandwidth of the two channels is almo st the
same. This equality of bandwidth was verified experimentally by
injecting square wave signals into both channels. Figure 3 shows the
response of the two channels to square waves with pulse repetition
frequencies of 1, 3, and 6 kc. Time goes from left to right in the
traces. The HZ channel responds slightly faster than the amplitude
channel. The overshoot in the HZ-channel's response is due to
additional tuned circuits in the HZ amplifier.

-7-
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I-xc SQUARE WAVE

3-kc SQUARE WAVE

6-xc SQUARE WAVE

Figure 3

Response of Amplitude Channel and
H# Channel to Input Square Waves
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3.1 Test and Measurement Equipment.

The test and measurement equipment that was used with the experi-
mental equipment is listed below. Pertinent comments about its
application are included.

(a) Receiver Noise Source. General Radio, Random Noise
Generator (Type No. 1390-A); roise spectrum is
reasonably flat from dc to 5 Mc.

{b) Square-Wave Noise Sipal Source. Laboratory-fabri-
cated modulator; uses a square-wave generator and a
GR random-noise generator as inputs.

(c) Modulating Signal. Hewlet-Packard, Square Wave
Generator, Model 211A.

(d) S/N Ratio. Measured by a Millivac R. M. S. Noise
Voltmeter (MV-19FW1). S/N was monitored at
point (C), and point (D) as shown in Figure 1.

(e) Oscilloscope. Tektronix 531 and 545 oscilloscopes were
used to observe the outputs of the amplitude channel
and the harmonic-zone channel on an alternate-sweep
basis.

(f) Recording Camera. Dumont Oscilloscope-Record
Camera {Model Z97) recorded the outputs from the
amplitude and HZ channels.

(g) Spectrum Analyzer. Polarad Model TSA; Freq. Head
STU-1.

3.1.2 Summer Circuit. The summer circuit had been previ-
ously developed for another experiment. Both the receiver-noise input
and the noise-signal input to the summer are isolated by buffer i
amplifiers which were designed with a center frequency of 2. 72 Mc.

The noise-signal amplifier's bandwidth is 120 kc, and the receiver-
noise amplifier's bandwidth is 100 kc. Both employ a single-tuned
stage, a high input impedance, and a 50-ohm output impedance as shown
in Figure 4. The outputs from the noise-buffer amplifiers closely
approximate a normal or Gaussian distribution.

-10 -
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3.1.2 -~ Continued.

The receiver-noise buffer amplifier consists of a single tube with a
tuned plate circuit. The output is taken from a 50-ohm tap on the coil,
The noise-signal buffer amplifier consists of two tubes in a paraphase
configuration. The output is provided by a transformer having a
coupling coefficient greater than 0.9 and a 50~ohm output impedance.
The outputs are isolated by a 470-ohm series resistor. This arrange-
ment provides approximately 20-db isolation between the noise-signal
buffer amplifier and the receiver-noise buffer amplificr. The outputs
were summed across a common resistor at the input to a cathode
follower.

3.1.3 Multiple-Pole, 83-kc Band-Pass Filter. The band-pass
filter is a K-type filter with M-derived, L-matching end sections. The
filter has a cathode-follower input and a cathode-follower output to
provide high input impedance and low output impedance. The filter
has a center frequency of 2. 72 Mc and a bandwidth of 83 kc. At one
octave from the half-power points the filter has more than 35-db
attenuation.

The over-all bandwidth was measured at several points as shown in the
table in Figure 1. The over-all bandwidth was also checked by injecting
a square wave into the system and comparing the rise time as shown in
Figure 3.

3.1. 4 Harmonic-Zone Detectors. Almost identical detectors
were used to detect the amplitude-channel waveforms and the harmonic-
zone channel waveforms. Both detectors use a half-wave linear
rectifier. The video filter is a K-type filter with M-derived, L-matcaing
end sections. The filter has a bandwidth of 35 k¢, with less than 2-db
attenuation from dc to 32 kc, and more than 40-db attenuation at 40 kc.
The input and output impednace is 25 kilohms.

3.1.5 Broad-Band Summer. The summer consists of two,
pentode, RC amplifiers, isolated by two resistors which provide
approximately 15-db isolation. The amplifier outputs are added across
a common resistor in the grid circuit of a cathode follower. Figure 5
shows the manner in which the signal and noise amplifiers are con-
nected to the summer circuit. The circuitry of the summer following
the band-pass filter slightly increases the net bandwidth into the limiter.

-12 -
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3.1.6 Limiter Circuit. The almost ideal limiter consists of

a low-Q (Q less than 4) tuned circuit in the plate of a pentode tube
which, in turn, is coupled to the grids of four cathode followers in
parallel, as shown in Figure 6. The output of each cathode follower is
coupled to two parallel groups of series diodes (A and B). Group A
limits on about plus 0. 15-volt positive input and Group B limits on about
minus 0. 15-volt negative input. The resultant, output, random square
wave from the limiter is coupled into a broad-band cathode follower to
preserve the high-frequency components in the output.

A gain control is provided at the input to the limiter, enabling the
voltage into the diqdes to be controlled from zero to 50 volts. The
limiter's transfer characteristic was shown in Figure 2. The
harmonic content of the limiter's output was observed up to 120 Mc on
a spectrum analyzer,

3.1.7 Harmonic-Zone Amplifier. The HZ amplifier is a
band-pass amplifier whose 150-kc bandwidth is centered on 28.9 Mc.
The gain of the amplifier is approxxmately 45 db. The input impedance
is 10 kilohms,and output impedance is’ 600 ohms.

3.2 Additional Test Equipment Used in the Quantitative
Measurement.

In the quantitative measurement of perception probability (P ), the follow-
ing additional equipment was employed:

CLIC is an equipment developed at these laboratories for statitistical
measurements. CLIC is an acronym for Clipping, Limiting, and
Integration by Counting. The operation of the CLIC system may be
explained with the aid of the block diagram and waveforms shown in
Figure 7. The equipment consists of one (or two) ac amplifier, followed
by a dc restorer, a bottom clipper, a stiff limiter, a Chance oscillator,
and a digital counter. The input video waveform is amplified and
stripped of its mean or dc component. The reason for the use of ac
amplification is to avoid the instability inherent in a high-gain dc
amplifier. The output from the ac amplifiers is clamped to ground by
a dc restorer.

The dc restorer's output, shown in Figure 7A, is fed to a clipper whose

clipping level is determined by a preset threshold voltage. The wave-
form at the clipper's output, shown in Figure 7B, is that portion of the
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3,2 -- Continued.

total waveform which lies above the threshold. This waveform is
processed through a hard limiter which results in rectangular wave-
forms as shown in Figure 7C. The limiter's output is now an analog
of the time that the total waveform is above the threshold level. An
analog to digital conversion is accomplished by a Chance oscillator.
The rectangular waveforms from the limiter are converted into groups
of 5-Mc clock pulses in the Chance oscillator as shown in Figure 7D.
These clock pulses are coupled to a digital counter (Hewlett-Packard
model 524B). Note that the integration here is not signal integration,
which narrows information bandwidth, but a digital integration of an
area where the integration in CLIC is performed by counting after

the video waveform is processed through the threshold device. Itis
of interest to note that the information processing circuits in CLIC
have a wider bandwidth than that of the band-pass filter which defines
the receiver's bandwidth.

it may be possible to improve signal perception by wide-band, informa-

tion-processing circuitry which utilizes more information in the
signal than do present receiving techniques.

3.3 Experimental Procedures.

The experimental procedures employed in measuring perception prob-
ability were as follows:

The receiver-noise source (see Figure 1) was connected to the summer.
The receiver-noise level was set so that the sine-wave reference to
receiver-noise ratio was +35 db. The Millivac RMS noise voltmeter
was used to set this ratio. The output from the amplitude channel was
coupled to the CLIC and the threshold in the CLIC was set to produce

a particular false-alarm probability. The false-alarm probability
was computed from the ratio of the number of alarms which occurred
to the maximum number which could occur over the time interval of
measurement. The false-alarm time interval was set to provide at
least 10 false alarms . so that a reasonable average false-alarm
probability was measured. In the measurement of signal perception,
false-alarm probability is not critical; that is, a change in false-alarm
probability by a factor of two will result in a change in S/N ratio of
less than 0.5 db for most perception probabilities. This eases the
experimental measurement techniques.

-17 -
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3.3 -=- Continued.

After the false-alarm probability had been determined, the signal-noise
source was connected to the summer. The input S/N ratio was measured
at the output of the band-pass filter. The S/N ratio was changed in 2-

db increments to provide a sufficient number of data points for the
construction of a smooth curve of perception probability as a function

of the S/N ratio for each false-alarm probability. This probability was
determined by the ratio of the number of alarms which were measured

to the maximum number of alarms which could occur in the time interval
of measurement. Since the number of counts increases with the S/N
ratio, the data should be more accurate for large S/N ratios. The
region where perception probability was 0.5 or greater was considered
the most important region. The data obtained in the amplitude channel
was compared with theoretical curves supplied by Mr. S. Gee of these
laboratories, which were based on derivations of C. W. Helstrom. 8

The objective in accuracy was to achieve experimental curves within

0.5 db of the theoretical curves. The measurement of amplitude
detection provided an experimental control for the harmonic-2zone
detection,

As stated above, the sine-wave reference to receiver-noise ratio was
set at +35 db. This had been found experimentally to be almost the
best ratio for improvement in signal perception, The output of the

HZ channel was coupled to the CLIC, and the noise output was used to
set the desired false-alarm probability. The experimental procedures
that followed were identical with those described above for the amplitude
channel. There was no integration employed between the detector and
the threshold unit. Without integration, the decision about the presence
or absence of a signal is made in a time almost equal to the reciprocal
of the band-pass filter. This is labeled N=1 in the graph, which
corresponds to a decision on one pulse for the perception of pulse
signals.

- 18 -
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4. EXPERIMENTAL RESULTS.

A comparison of amplitude detection and HZ detection was made for
N=1 and false-alarm probabilities of 10, 107, 107, and 10 %.

This is the region of main interest, although measurements at lower
false-alarm probabilities would also be of interest. Unfortunately,
with the IF bandwidth of 80 kc employed in this investigation, a
prohibitively long time would be necessary to set the false-alarm
probability. Furthermore, any transient interference would upset the
accuracy of the measurement.

The experimental results are shown in Figures 8, 9, 10, and 11,
These figures show graphs of perception probability as function of the
S/N ratio for four false-alarm probabilities. The improvement in
signal perception with HZ detection is determined by the additional
S/N ratio which must be added to amplitude detection to obtain a
particular probability of perception. The improvement in perception
with HZ detection was tabulated at perception probabilities of 0.1, 0.5,
0.9 and 0. 95, and is presented in Table 1. The improvement is

shown in the Adb columns for each PFA

The accuracy of measured data is indicated by the agreement (within
0.5 db) of the experimental and theoretical amplitude-detection curves.
A conservative estimate of the accuracy of the probability of perception
(Pp) for the experimental HZ -detection curves is 1 db. Even with this
convervative estimate, there is a significant improvement shown with
HZ detection. In the region of greatest importance,where Pp exceeds
0.9, the improvement in perception ranges between 2 and 4 db.

4.1 Qualitative Data.

In addition to the quantitative data described above, a qualitative com-
parison of HZ detection and amplitude detection was made by observirg
their outputs on an oscilloscope for square-wave inputs. A photograph
of the video outputs from both the HZ channel and the amplitude channel
was made and is shown in Figure 12. The picture shows a comparison
of the two channels for the three input S/N ratios of 0, +10, and +20 db.
The ratio of sine-wave reference to receiver noise in the HZ channel
was 35 db. The signal was gated on and off with a square wave at a PRF
in the audio range. The residual noise output of the two channels can be
observed during the time that the signal is off. This residual noise level
was equalized by visual (subjective) means. The qualitative improve-
ment in perception prubability in the HZ channel can be seen where the

-19 -
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4.1 ~-=- Continued.

input S/N ratio is +20 db. If a threshold level is assumed at |
centimeter above the base line for each waveform, the HZ channel
shows over 0.9 probability of exceeding the threshold while the
amplitude channel shows about 0.5 probability of exceeding the
threshold. If the threshold level is assumed at 1/2 centimeter above
the base lines, the HZ channel shows almost unity probability of
exceeding the threshold while the amplitude channel shows about .
0.9 probability. This qualitative comparison is verified by the
quantitative comparison in Figure 6 for the case PFA = 1074,

4,2 Experimental Results with Signal Integration.

The results discussed above were obtained with no signal integration
after detection. The HZ technique employed in this experiment was
predicted to offer improvement in perception for input S/N ratios of

+10 db or larger. When signal integration is employed, so that the
input S/N ratio is less than +5 db, very little improvement in perception
was expected. The HZ technique reduces to straight energy detection
at low S/N ratios.

Experimental data was obtained with signal integration for ten times
the reciprocal of the bandwidth of the band-pass filter (N = 10). The
data showed that HZ detection and amplitude detection produced results
that were within 0.5 db of each other in the region of input S/N ratios
from O to +4 db. There may be other nonlinear processes that
improve signal perception in this region, but none have been investi-
gated at this time.
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Figure 12
Photograph of the Video Output from the
HZ Channel and the Amplitude Channel
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5. SUMMARY AND CONCLUSIONS,

The results of the experimental investigation have confirmed the
hypothesis that information contained in the gross phase structure of
a random waveform can be used to improve signal perception. This
can be done without prior knowledge of the signal phase, other than
that the phase probability-density function is random.

The harmonic-zone detection technique investigated and described
herein showed over 3-db improvement in S/N ratio as compared with
amplitude detection of a narrow-band,Gaussian signal for no integration.
A summary of the results obtained is presented in Table 1.

On the basis of the results obtained, it is concluded that further
improvement in signal perception can be obtained by additional non-
linear processing of the signal. Nonlinear processing will enable
additional information in the signal to be used in the decision process.
There is a continuous trade-off of improved signal perception for
complexity of nonlinear processing up to the point where full use is
made of information in the signal.
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