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This techni cal note completes the experiment started by P. Hawkes

of Code 3150 under SF-1Ol—03—16 , Task 111 97 (NEL E1l971). His measurement

of the processing gain characteristi cs of a polari ty coincidence correlator

is reported in TM-1122. This report documents a polari ty coincidence corre-

lator’s Receiver Operating Characteristics (ROC) and processing gain using

a frequency modula ted signal , and the ROC using a pseudorandom noise signal.

This technical note has been prepared because it is believed that the infor-

mation will be useful in this form to others. -
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INTRODUCTION

This technical note documents a portion of Code 603’ s laborato ry

ROC and processing gain measurements . This is a continuation of laboratory

experi ments with a processing system similar to the LORAD system.11he ori ginal

LORAD DELTIC was modi fied in the laboratory to provide sarrple rates of 200 ,

400, and 800 samp les per second wi th bandwidths of 10 , 30, 100 and 3OO.2~~
Processing gain was measured wi th a PN signal for all continati ons of band-

wi dth and sample rate.3 This memorandum documents (1) ROC measurements using

PN signals havi ng bandwi dths of 10, 30, 100 , 300 Hz at a sample rate of 800 Hz ,

and (2) ROC and processing gain measurements using linear FM signal s having

bandwidths of 30, 100, and 300 Hz at sample rates of 200, 400, and 800 Hz.

I. BACKGROUND

A. Processing Gain

The apparent gai n of a DELTIC correlator wi th a half wave de-

tector is the difference between the input and output signal-to—noise ratios

and is a measurement of a system effi ciency when compare d to the theoretical

value obtained wi th the time-bandwidth product of the signal . Theoreti cal

computation of the processing gain for a clipper correlator yields

PG = BT

where

B = Bandwidth of the si gnal

T = Pulse length

1NEL Report 1060 , Lorad Status Report, 9 Octo ber 1961 (C).
TN 21, Laborato ry Instrumentati on Providing Multiple Sampling Rates, Sept

1967 (U).
3NEL TM 1122 , Laboratory Experi ments to Measure the Effects of Signal Bandwi dth
and Sys tem Sample Rate on Processing Gain, 21 June 1967.
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The measured or actual gain of a processing system was determined

in the laboratory by comparing the input and output signal-to-noise ratios .

S0 N1PG(measured) 
- X

whe re

S0 = peak outp ut signal

S1 = RMS input  signal 
-

N0 
= RMS output noise

N1 = RMS input noise

B. Recei ver Operating Characteristi c

This performance characteri s tic of a signal processor defi nes

the probability of detecting a target 
~~~ 

vs the probability of detection

a non—targe t and producing a false alarm 
~ qa~ 

for a constant input signal—

to—noise ratio and is a means for comparing processors.

With the threshold and input S/N fi xed 
~~~ 

and 
~~~~ 

are

defi ned as:

~~~~ 
- number of targets detected

d total number of targets

= 
number of non—targets detected

fa ’ total number of opportunities

If the input S/ N ratio is varied, a fami ly of ROC curves i s

generated.

It should be noted that these ROC represent the deltic correlator

di gital output such that one sample over the threshold is called a target.

Further improvement of the ROC curves Is possible by using computer clustering

techniques.
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The ROC curve data was taken at low signal-to-noise ratios be-

cause at higher S/N ratios the probability of false alarm fell to such a low

value , it was very diffi cult to measure.

1,

II. INSTRUMENTATION

A. General

The processor tested was a heterodyne DELTIC correlator (Figure

1) wi th 4.7 seconds of storage in the reference DELTIC. The pseudorandom

noise signal was generated by a 15-stage shift register clocked at 4 KHz wi th

feedback from stages 11 and 15. The FM signal was generated by a linear

digital Frequency Modulated generator.

Input signal—to—noise ratio was varied by the addition of white

gaussian noise to the signal . The signal and noi se were filtered to the bands

of interest , namely, 10, 30, 100, and 300 Hz. Sample rates of 200 , 400, and

800 Hz were used.

A USQ-20 computer was used to measure the input S/N rati o, the

output noise statistics , and the output correlation amplitudes. At each

samp le pulse a thirty-bit word was transferred to the computer for processing.

Figure 2 shows the test instrumentation used in the measurements.

B. Heterodyning to Baseband

With a processor of this type it is desirable to heterodyne both

the si gnal and reference signals to as low a frequency banc~ as possible so

that the available sample rates be used optimally; I.e., the ratio of sample

rate to hi ghest frequency sampled be as large as possible. However, with

the equipment available it was diffi cul t to do this readily for all bandwidths.

3

L — .-~~~~~---~~ . . -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



The FM measure ments were made using heterodyning as fol lows :

All three bandwidths were centered at the center of the transmi t frequency.

The reference channels of the 30 and 100 Hz bands were heterodyned wi th a

frequency of + 50) Hz while the signal channel was heterodyned with a

frequency of 
~~ 

- 50) Hz, thereby generating basebands of -100 to 0 Hz and

—65 to -35 Hz for the reference and 0 to 100 and 35 to 65 Hz for the signal

channel of the 100 and 30 Hz bandwidth respecti vely. The refe rence and

signal channels of the 300 Hz bandwi dth were hete rQdyned with frequencies of

- 150 Hz and 
~c - 250 Hz, generati ng basebands of 0 to 300 and 100 to 400 Hz,

respecti vely. In this manner the 300 Hz band does not get folded around

zero Hz , but the sample rate for the latter is only twi ce the highest fre-

quency in the band.

The PN ROC measure ments were made wi th all four bands (10, 30,

100, and 300 Hz) using heterodyne frequencies of + 50) Hz for the reference

and - 50) Hz for the signal . Thus , the 300 Hz band was folded about the

zero frequency axis.

III. MEASUREMENT TECHNIQUES AND CALCULATIONS

A. Processing Gain Using Frequency Modulated Signal

The RMS values of the DELTIC output noise , wi th an up-sweep FM

reference channel and a gaussian noise signal channel, was computed for the

output noise data base. A data base of 800,000 independent samples was

collected and averaged for the output noise measurement. The output si gnal

data base consisted of 200 cov’relations of a 5-second up-slide FM signal

against a 4.7 FM reference. The output S/N was the rati o of the average

of the correlation amplitude peaks to the RMS output noise at a constant

4 
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i nput S/N ratio. The input signal (FM up—slide ) and input noise (gaussian

white) were filtered to the selected bandwidth , i.e. 30, 100 or 300 Hz and

the RMS values of each individual ly computed.

The processing gain vs the i nput S/N ratio at various sampling

rates are plotted in Figures 3 through 5.

B. ROC Data for Pseudorandom Signal s

In all measurements the input signal threshold was set to zero

and the reference DELTIC loaded wi th a PN signal. The following cQmputer

programs were used to obtain the ROC curves.

1. Noise Base — The noise base is a statisti cal measurement of

the output noise of the processor at the comb fi lter detector. An analog to

di gital converter at the output of the detector was used to separate the data

into 4095 voltage levels , each level representing a sampled voltage falling

within its .00244 voltage range. Counting the number of times each voltage

level occurs allowed the calcula tion of P.~ (the probability of a voltage

level occurring) .

P1 = n1/ N where

= Number of samples in the 1th voltage level

N = Total number of samples

The cumulati ve probability is found by

L
nr cum~~~~~

n=1

2. S/N Ratio Measurement - The pseudorandom signal and gaussi an

noise were measured separately to determine the input S/N rato. The computer

calculated the average, standard devi ation , and RMS voltage of both the signal

5 
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and noise. Five thousand i ndependent samples of each were used in the deter—

nimation. The ratio of the RI.6 values of the input signal and noise were

computed and converted to dB. Figure 6 shows the computer output for the

signal—to—noise ratio measurement.

3. Output Signal — The output signal consists of two hundred

correlati ons at a cons tant S/N ratio. The maxi mum amplitude of each of the

correlations were sampled and stored in the computer. The output selecte d

as the correlation was the highest of the three s amples which contai n the

correlation as indicated by the PNG decoder. The output subrouti ne measured

the two hundred correlations , calculated the average , stored the data on

di gi tal tape and printed the amplitudes in order of occurrence (Figure 7) and

in order of amplitude (Fi gure 8).

4. Recei ver Operati ng Characteristi c - Computer generation of

the ROC curve points we re as fol lows :

a. The noise base data was searched to find the threshold

where the probability of false alarm 
~~~~ 

equaled 0.05.

b. Using this threshold the percentage of correlation above

the threshold was determi ned. This defined the probability of detection for

the given S/N ratio.

c. Steps 1 and 2 were repeated for U’fa) in increments of

0.05 unti l 
~fa 

= 1.0. This completed one ROC curve.

d. Steps 1 through 3 were repeated for each input S/N ratio.

Typical computer output for ROC curve data points is con-

tam ed in Figures 9 and 10 and a plot of the data Is contained in Figure 11.

ROC curves for 300, 100, 30 and 10 Hz bandwidths pseudorandom noi se signals

are plotted in Figures 12 through 15.

6
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C. ROC Data for FM Signals

The data obtained in the FM processing gain measurements was

manipulated to produce the ROC curves. Plots of the probability of detection

as a function of the false alarm rate for vari ous input S/N ratios are con-

tained in Figures 16 to 21. The thresholds are voltages corresponding to

the abscissa val ues of the probability of false alarms. These curves rela te

the condi tional probability that a signal will exceed a speci fied threshold

if a given percentage of the non-si gnals exceeds the threshold. When corre-

lators are compare d , the correlator whose curve falls to the left is the

superior. Figure 22 is a plot of the 100 and 300 Hz bandwi dth at -14 db

input S/N ratio. The 300 Hz bandwidth signal is to the left indicating that

the 300 Hz bandwidth has a greater probability of detecti on for a gi ven false

alarm rate.

Figures 23 through 29 are plots of the probability of detection

vs the standard deviati on of the output noise above the mean for vari ous input

S/N ratios . The standard deviati on -re plotted for val ues between 0 and 28.

The curves show the probability a signal wi th a known input S/N ratio wi ll

exceed a given threshold expressed in standard deviati on above the mean noise

background.

D. Di fferences in Measurement Techniques

Figures 16 through 21 contai ri~ the probability of detecti on of

a frequency modulated pulse when the signal is compared wi th the total noise

background. Figures 12 through 15 are the probability of detection of a

pseudorandom noise pul se when •the approximate locati on of the signal in the

noise background Is known. The former is a normal operational search while

7
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the latter is a laboratory calibrati on measurement. Unfortunately the latter

approach was not used wi th the frequency modulated pulse , but the FM generator

could not be clocked wi th suffi cient accuracy to pin point the locati ons of

the correlations.

Wi th the pseudorandom pulse the location of the correlati on was

determined from a count of the internal clock. Correlati on occurs 18,800

pulses after the all “1” state of the pseudorandom noise generator. Five

pulses on both sides of this count were samp led by the computer and the

largest outpu t in this region accepted as the correlati on.

Wi th the external frequency modulated generator a di fferent

method was employed since the clocks were independent and could not be

synchroni zed. Firs t a noise base was computed. Signal was added and the

correlation recorded. The input signal-to-noise ratio was maintained at a

level greater than -10 db to permi t the correlati ons to be separated from the

background noise, m e  output data was visually searched to locate the cor-

relations and the processing gain and probability of detection computed with

a calculator using the computer amplitude measurements.

Since two di fferent methods were used to measure the probability

of detection , the FM and pseudorandom noise data cannot be compared.

IV. RESULTS

A. Processing Gain for FM Signals

1. The processing gain of the DELTIC correlator increased as the

input S/N ratio decreased and the gain tends to the limi t of the theoretical

gain.

2. An improvement in processing gain was observed when the sample

rate was increased. Increasing the sampling rate to eigh t times the highest

8
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frequency of the 100 Hz band limi ted signal increased the processing gain to

approxi mately the gain observed with the 300 Hz band limi ted signal sampled

at twi ce the highest frequency.

3. The maxi mum input S/N rati o for which the output correlations

could be visually detected for the 300 Hz and 100 Hz bandwidths sampled at

800 Hz was -10 + 1 db. The maximum i nput for the 30 Hz bandwidth was -6 db.

4. The output was a linear function of the input for input

S/N ratios less than 0 db.

B. ROC for PN Signal s

Comparison of the four bandwidths at a 5/N ratio of -14 db is

done i n Fi gure 30. The Pd for the bandwidths with 
~fa = 0.1% is:

Bandwi dth Pd

300 86%

100 70%

30 22%

10 12%

The improvement between 100 Hz bandwi dth and 300 Hz bandwidth

is not as significant as between the other bandwidths. Two reasons for this

are:

1. Sample rate to bandwidth rati o changes from 8 at 100 Hz to

2.7 at 300 Hz.

2. There was frequency foldover because the DELTIC is designed

for a 100 Hz difference frequency.

C. ROC for FM Signals

1. The probability of detection increased as the input S/ N

ratio increased.

9 
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2. Increasing the bandwidth and/or sampling rate increases

the probability of detection.

3. The average output noise and standard deviati on increased

as the bandwidth and sampling rate decreased (Table 1).

4. The output noise ampl i tudes of the correlator tends to seven

standard deviations .

5. In general , the probab ility of detection increased wi th

increase d sam pl e ra te; however , when the si gnal was over sam p le d at low S/N
ratios the probability of detection decreased.

V. CONCLUSIONS

A. The processing gain characteristics of the DELTIC processor wi th

a frequency modul ated slide appeared to closely follow theoreti cal performance

for a system of this type.

B. When signals with the same time—bandwi dth products are compared ,

the frequency modulate d slide produced similar processing gain characteri sti cs

as the pseudorandom noise pulse reported by P. Hawkes in TP-l122.

C. As time-bandwidth product increases , the PN ROC curve imp roved.

The improvement is approxi mately equal to the increase in processing gain .

D. The highest probability of detecti on occurs when bandwidth and

pulse length are large.

E. A direct comparison of the probability of detection of frequency

modulated and a pseudorandom noise pulse cannot be ob tained from this technical

note since two diffe rent methods were employed in the measure ments .

V I. RECOMMENDATIONS

To improve the probability of detection with a polar ity coinc idence

correlator:

10 
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A. Process bandwi dths of 100 Hz or greater.

B. Sample the bandwidth between four and ten times the highest

frequency.

* 
C. Operate wi th S/N ratios greater than -10 db.

D. Develop method for locating correlation wi th S/N rati os less

than —10 db.

11 
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RDC EXPERIM EN T
INPUT S/N
MA Y 16 68

INPUT SIGNAL

MEAN STO DE~

0.064 0.036
0.065 0.036
0.064 0.036
0.064 0.036
0.063 0.036

AVE RAGE 0.064 0.036

RUS VOLTS 0.074

INPUT NOISE

MEAN STO DEy

0.369 0.276
0.370 0.277
0.375 0.280
0.366 0.27~
0.366 0.275

AVE RAGE 0.369 0.277

R~ S VO LTS 0.462
INPUT S/N = 0.161 :—15. 85 D6
SAMPLE RA TE S 800
8AN D P~IIDTH 300
SIGNAL TYPE PN

FIGU RE 6 -
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ROC EXPERIMENT
SIGNAL DATA 8ASC

- - M AY 16 68
ORDERED COR RE LA T ION S

NO AM P NO AMP NO AMP
118 0.156 87 0.720 79 0.937
1-52 0.297 25 0.735 .97 0.937
109 0.307 55 0.735 107 0.937
193 0.349 173 0.73? 179 0.954
12 ø.3~0 11 1 0.739 132 0.962
74 

• 
0.402 67 0.74? 115 0.964

28 0.424 91 0.754 188 0.964
159 0.429 44 0.75? 189 0.976
138 0.432 104 0.761 160 0.979
81 Q.437 192 0.791 58 0.981

139 0.439 - 99 0.793 101 0.981
141 0.439 100 0.793 64 0.986
19 0.454 51 0.805 68 0.988

122 0.459 171 0.813 30 0.993
54 0.493 . 114 0.820 77 0.993

186 - 0.493 62 0.832 170 0.993
36 0.525 24 0.840 56 0.996

102 0.537 • 8 0.842 38 1.006
154 0.551 46 0.844 120 1.013
57 0.556 14 0.84? 60 1.015
1 0.559 75 0.847 158 1.015

152 0.561 156 0.847 18 1.020
35 0.564 112 0.852 172 1.028

135 0.571 70 0.85? 15 1.030
124 0.578 161 0.859 167 1.030
6 0.583 33 0.864 22 1.035

200 0.588 19? 0.866 144 1.035
41 0.593 31 0.871 93 1.042
21 0.598 84 0.871 121 1.045
43 - 0.608 146 0.874 42 1.054
16 0.610 148 0.874 61 1.059
66 0.612 151 0.874 26 1.062
96 0.625 95 0.886 78 1.062

147 0.625 98 0.886 185 1.064
153 0.627 164 0.893 149 1.079
17 0.634 52 0.896 13~ 1.093

166 0.642 106 0.896 116 1.096
184 0.644 13 0.898 40 1.098
27 0.656 89 0.898 90 1.098
76 0.664 145 0.908 196 1.103
88 0.666 23 0.910 17? 1.113

183 0.671 73 0.913 194 1.115
65 0.678 10 0.920 153 1.120

103 0.678 53 0.920 32 1.125
180 0.681 126 0.920 3 1.140
29 0.698 5 0.923 175 1.142
80 Q .7o3 168 0.925 105 1.150

1 78 o .7aO 4 0.930 113 1.150
128 0.713 125 0.932 169 1.172
13 4 o .TiS 72 0,935 187 1.172

S IGN A L TypE : PN 8AN D ~ IDTH: 300 CpS IN PUT S/N : 4—G-.~ - AVG AVP 0.985
L 18 PL 9T 34741 ...

~~g 85’TRA 7000 ‘
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R OC EXPE R IME N T
SI GNAL DATA BASE

MAY 1 6 68
SEOUENT IA L CORRE LATI O NS

NO AMP NO AMP NO AMP
I 0.559 51 0.805 101 0,981
2 1.274 52 0.896 102 0.537
3 1.140 53 0.920 103 0.678
4 3.930 54 0.493 104 0.761
5 0.923 55 0.135 105 1.150
6 . 0.583 56 0.996 106 0.896
7 1 .313 5? O.~~56 107 0.937
8 0.842 58 0.981 108 1.536
9 1.369 59 • 1.775 109 0.307

10 0.920 60 1.015 110 1.377
11 6.564 61 1.059 111 0.739
12 0.380 62 0.832 112 0.852
13 0.898 63 1 .411 £13 1.150
14 0.847 64 0.986 114 0,820
15 1.030 65 0.678 115 0,964
16 0.610 66 0.612 116 1.096
17 0.634 67 o.747 117 1.418
18 1.020 68 0.988 118 0.156
19 0.454 69 1.260 119 1.531
20 1.~~79 70 0.85? 120 1.013
21 0.598 71 1.387 121 1.045
22 1.035 72 0.935 122 0.459
23 0.910 73 0.913 123 1.865
24 0.840 74 0.402 124 0.578
25 0.735 75 0.847 125 0.932
26 1.062 76 0.664 126 0.920
27 0.656 77 0.993 127 1.460
28 3.~~24 78 1.062 128 0.713
29 0.698 79 Q.937 129 1.216
30 0.993 80 0.703 130 1.523
31 0.871 81 0.437 131 1.604
32 1.~125 82 1.245 132 0.962
33 3,864 83 . 1.279 133 1.184
34 1.445 84 0.b71 134 0.715
35 0.564 85 1.306 135 . 0.571
36 0.525 86 1,550 136. 1.093
37 1.235 87 0.720 13? 1.365
38 j.006 88 0.666 138 0.432
39 1.223 89 0.898 139 0.439

1.098 90 1.098 140 1.242
41 0.593 91 0.754 141 0,439
42 1.054 92 1.702 . 142 1.269
43 0.608 93 1.042 143 1.264
44 0.757 94 1.255 144 1.035
.45 i.2~2 95 0.886 145 0.908
46 0.844 96 0.625 146 0.874

1.213 97 0.937 147 0.625
48 1.672 98 0.886 148 0.874
49 1.394 99 0.793 149 1.079
50 1.255 100 0.793 150 1.48?

SIGNA L TypE= PN 5AND~ iDTH: 300 CPS INI~UT S/Ne 1+r2 AVG AM P 0.985

FIGU RE 8•10
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ROC EXPERIMENT
ROC CURVE
MA Y 16 68

FALSE A LARM VS. PROBA BIL ITY OF DETECTION

FA RAT E PR~ B FARATE PROB FA RAT E pR~ B
0.0000 0.0000 0.3350 0.9850 0.6700 0,9953
0.0050 0.4850 0.3400 0.9850 0,6750 0,9953
0.0100 O.6j50 0.3450 0.9850 0.6800 0.9953
0.0150 0.6800 0.3500 0.9859 0.6850 O•9953
O.02Q0 0.7050 0.3550 0.9850 0,6900 O,995 ,~0.0250 0.7150 0.3600 0.9859 0,6950 0.9950
0.0300 . 0.7450 0.3650 0.9850 0,7000 0,9950
0.0350 0.7600 0.3700 0.9850 0,7050 0.9950
0.0400 0.7750 0.3750 0.9859 0.7 100 0.9950
0.0450 0.7900 . 0.3800 0.9850 0.7150 1,0000
0.0530 0.8050 0.3850 0.9850 0.7200 1,0000
0.0550 0.8100 0.3900 0.9850 0.7250 1,000 3
0.0600 0.8200 0.3950 0.9850 0.7300 1,0000
0.0650 . 0.8400 . 0.4000 0.9850 0,7350 1,0000
0.0700 0,8400 0.4050 0.9900 0.7400 1,0000
0.0750 0.8550 0.4100 0.9900 0,7450 1,0000
0.0800 0.8600 0.4150 0.9900 0.7500 1,0000
0.0850 0.8700 0.4200 0.9900 0,7550 1,0003
0.0900 0.8800 0.4250 0.9950 0,7600 1,0003
0.0950 0.8850 0.4300 0.9950 0,7550 1,000 3
0.1000 0.8950 0.4350 0.9950 0.7700 1,0003
0.1050 0.9100 0.4400 0.9950 0,7750 1,0000
0.1100 0.9100 0.4450 0.9950 0,7800 1,0000
0.1150 0.9100 0.4500 0.9950 0,7850 I.00P0
0.1200 0.9150 0.4550 0.9950 0.7900 1,0000
0.1250 0.9200 0.4600 0.9950 0,79 50 1,0003
0.1300 0.9200 0.4650 0.9950 0,8000 1,00.00
0.1350 0,9200 0 .4700 0.9950 0,8050 1,0000
0.1400 0.9200 0.4750 0.9950 0.8100 1.0000
0.1450 0.9200 0.4800 0.9950 0,8150 1,0000
0.1500 0.9300 0.4850 0.9950 0.8200 1,0000
0.1550 0.9300 0.4900 0.9950 0,8250 1,0000
0.1600 0.9300 0.4950 0.9950 0,8300 1.0000
0.1650 0.9300 0.5000 0.9950 0,8350 1,0000
0.1700 ~ 0.9300 0.5050 0.9950 0,8400 1.0000
0.1750 0.9300 0.5100 0,9950 0,845 0 1,0000

0.1800 0.9300 0.5150 0.9950 0.8500 1,0003
0.1850 0.9350 0.5200 0.9950 0,8550 1,0000
0.1900 0,9400 0.5250 0.9950 0.8600 1,0000
0.1950 0.9400 0.5300 0.9950 0,8650 1.0000
0.2000 0.9400 0.5350 0.9950 0,8700 1,0003
0.2050 0,9500 0.5400 0.9950 0,8750 1,0000
0.2100 0.9550 0.5450 0.9950 0,8800 1,0000
0.2150 0.9600 0.5500 0.9950 0,8350 1,0003
0.2200 0.9550 0.5550 0.9950 0,8900 1,0000
0.2250 0.9700 0.5600 0.9950 0,8950 1,0003
0.2300 0.9700 0.5650 0.9950 0.9000 1,0000
0.2350 0.9700 0.5700 0.9950 0.9050 1,0000
0.2400 0.9700 0.5750 0.9950 0,9 100 1,0000
0.2450 0.9700 0.5800 0.9950 0,9150 1,0003
0.2500 0.9750 0.5850 0.9950 0.9200 1,0000
0.2550 0.9750 0.5900 0.9950 0.9250 1,0000
0.2600 0.9750 0.5950 0.9950 0.9300 1,0003
0.2650 0.9750 0.6000 0.9950 O~935O 1,0000

cwI,I~ a 

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ --.- -~~~-.-.-
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0.2700 0 .9750 0.6050 0.9950 0,9400 1~ 0003
0.2750 0.9750 0.6100 0.9950 0.9450 1,0003
0.2800 0.9750 0.6150 0.9950 0.9500 1,0000
0.2850 0.9800 0.6200 0.9950 0.9550 1,0000
0.2900 0,9800 0.6250 0.9950 0.9600 1,0000
0.2950 0,9800 0.6300 0.9950 0,96 50 1,0000
0.3000 0.9800 0 .6350 0.9950 0.9700 1,0000
0.3050 ~,9~00 0.6400 0.9950 0,9750 1,0000
0.3100 0.9800 0 .6450 0.9950 0.9800 1,0000
0.3150 0.9800 0.6500 0.9950 0,9850 1,0000
0.3200 0.9800 0.6550 0.9950 0.9900 1.0000
0.3250 0.9800 0.6600 . 0.9950 0,9950 1.0000
0.3300 0.9800 0.6650 0.9950 1,0000 1,0000

S

4..

• FIGURE 10

~ 

~~ —p.-.-.- .--.- I -



. _—•_~~ __ _ _  ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •__ .~_•_ . —
,. ..— ,—.——-- . .—— .-. .-—-.--

201
+1 ++

+
+ *0*

+ 0 4 0 0 0 0
+ *0*
+ 0*
+ *

+ 0*

+ *0
+ *

+0.8 ++ *‘
+ *
+ *p + *

R + 0

0 + 0

B +0

A +
B +
I +0

L
I +
T + .

V +
+

0 +
F

+
D +
E +
1 +0,4 ++
E +
C +r +
I +

o +
+
+
+
+

+0 ,2  ++
+
+
+
+

+
+
+
+

0 ~~~++ + , 4 ++ ++ + ++ + ++ +++ + + ++ + + ++ ++ + ++ + + + + 4 + + + + + + ++ + + 4+ + + + ++ I+ ++ + + + + I+ +

+ + + + + . +
0 +0.2 +0.4 +0.6

FALSE ALA R M RATE
• . ROC CURVE

FIGURE 11

22

___________________________________________



~~
p.— 

~ 
- — — — -_ 

.— ——-—- _—— .—--- . ..-— -,.———+-..—-—-.,,
~~~~

-_.. - 
~
—

~
;--

~
-.- .- —--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.—- -——.- - -_- —-— ._- — — -.‘ - —-.-.-.—
~
-----———. .— , —-- -~

- 
. ~9•s$ 

1-f 
r~ ~~~~~~ ~~~~~~~~~~~~~~ ~~~~~

--•- 
- 
:~~~~~1~~~: (2,/:- ~~~~ 

~~1 

~~~ 
t :~~ —

~: :;~ 
~~~~~ ~~~~~ :~: ~~ :Ei.~::~ ~~iI~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~I~ L- --• 
_ _  

Jp 1 ~ +~r~ ~~ ~ L ~~~i~~14~~ 4H- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- - ~~

4
~~~~~~~—r:a~~ +~- ,~~ 1’~~~~ ~-r- 

~:! ~ ~~~~ - ~~~~~~~~~~~~~~~~ i~~i:~~~ Et~~
— —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _

~ur _ 
_ _

Efl ~~~~~~~~~ 

JI Ji~~~~~~~~~~~~ J~~~~~~~~ 

~~~~~~ 1—
~4~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘C ~~~~~~~~~ 

_ _  _ _ _

~~ ~~~~ / =~ —
~~~~~~ ~ ~z ~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~ ~~ 

-:
~
-

~~ ~~~~~~~ - :-~~ : :~ ~~ ~~~

_ _ _ __

i~~~ TIJ /~±~~~t~~ __ __ _ _ _ _

_
~~ 4 ~~~ -~-4-~-- ____  ____  ~~~~~~~~~ . _. _ .

_
~~~

.. ~
_. _

~~ . _ _ .
~~~

... _ _ _ _  . _ 
•
~~~~

. . • _ _ _ ~
-~ - - r ~ 

—i---- - -
~
---—1-- - 

~~~
- -

~~~ 
-o 

____  ~~ —

~

- 

/ ~~~~r 
____  

r-~-~ - 
-

= ~~~~‘ I  ~~~~~~~~
—— —  

~~~~~~~ ~~~~
— — i - ± ~~~~~- 4 -  

~~~~~
-

~~ _ _

±~ 1~~~~~~~~~~~ T~~ ±L
= -~~~~~~~~ ZL 

_____ 4 - ~~~~~~~

~ H~F iE~ ~~ ~ 4 ~~~E~JE ~~~~~ _ _ _

: T L~~~~~~~ 
~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~:1~~~~~~L

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• — - -T - - - — —i- - - -

~~~
- Probability of Detection vs L H -

— - 
-t  

- - - 
. 

— — f -  -‘--j-- Probeibility of False Al arm of a
— - . 

~~~ 
- . — —i- - - - - 300 Hz bandwidth Signal at Various -

— - _ I — - - — _
~~ 

Input S/N Ratios. - 
____

= - —v- - -.-- -
~~~~~

---
~~~~~ 

— ---
~
--—--- -.--~- Sample Rate • 800 Hz =

~~~~~I~~~~~~~~~~~~~~~~~~~~~~~~ f1~ur e r 2  
_ _

= - 
~~~~~ ::i ~~ 

- -
~~~~~~~~~~ ~~~r -~~~~~ c;:. ~~~ j 4 ~E ;~~~

- 

~~~~~~~~~~ -H ~ ii -I~ I~t T~
’ iI~ ~ +~ ~t4~ ~~~~ _ _

01 ~~~ _ _ _

— - ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ .~~~~~ 

JIITT ~1EtTI.1~i i~ffl~ ~‘~~i~iffl ~11 if UI i~1ll~ I ~~0.01 Ci.OS 0.1 0.2 0.5 1 2 S 10 20 30 40 ~ 0 60 10 ~o

- 

- PROBABILITY OF FALSE ALARM ~



T~~~~~~~~~~~~~~~~~~ 

_
:: :: ~

H- ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~

. E _— — - ~ - . —r- H i -~-4~~ i ?~r-~ I—— , . ~ ~ ~~~~~~~~~~~~~~~ ~~~. ~~~ — ,-( ~ ~~~~~ ~_ ._ ~- __ ~..,___ _ 
—.- —

E~~~~~~~

EE ~~~~~~~~~~~~~~~~~~~~~~~~~ ~H~~: ~~ : ~ H ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
r~~— - ~~1

_
p -  - - - 4 ~~ ~~~~~~~~~~~~~~ t~~~± t 4 i ~~~~~~~~~~ T 1 1~~~~~~~— ,—~ — — T - - 

~
-
~~~~

-- -- -  
~ 

—~~ -4-+ f— -- 
~~~~~~~~~~~~~~~~~~~~~ --‘H-~-

_ 
_ _

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

. . ~~ ~ 1=p: ~~~~~ ~~~ _ E-~t~i ~~~~~ ~::~ 
-
~~~rt . Tt~~ L~ 1 T:~~ ~~~ ~~~~~ :::: r:~L:

70 
: 

_ _  _ _~~~~~~~~ ~~~~~~~~~~~~~~ I .~ -~ ~~~~~~~ ~ 
.
~~~ 

—.
~~~ ~~

--- . --
~~~~~~~~

- —- _~ ~~~~~__ _ J~~~~ ~~~~ — _
~ . - - —  ——

~
~~ ~ 

d 

~~~~~~~~~~~~~~~ ~~i~~~~~H:~~ ~~~~~~~i
_
~~~~ :~~ ~~ ~~~~~ ~ IT

‘—I : 40 ~ 
:: ~ _ 

— -—
~
- .=_: ~~ :i ~i:~ .__.~._t::— — 

~~_:_ ___ _:=::... ~~~ .~::_. .~ _— -= .:. =.= ::_~-i:___

~~ ~~~~~~~~~~~~~~~~~~~~~~~~ iF~~~~~~~~~~~
- T::±H~~~r~3 30 ~~~~~ -~-I ~~~ :t ~~~ ttL ~~~~~~~~~ 

——  
~~~~~~~~~ ~:~:~:: :~~ =~:~ :~~: ::~= :~ _; ~ = ~~~= = :~:::

~ —V±-~-k--- — - I— - - -  . —--- — -4— — —  .—.— -
~
--.--.- .. __4___

~
______ -.-—~~ -- —4---- -.—-f- .-_ +--~-- -“—— - .-—  - - — —r —

~~
- 

~~~~~~ I ~~~ ~~~ 
. —

~1441~ t a -- 
_ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ ~~
~ ~~~~ 

--

~~~~~~~~~ ~~t 4 i 4 ~ -s:. ii ~~4 ~~~~~~~~~~~ ~~~~~~~ ~~ ~ r~: ~~~~ ~~~

t T Probability of Detection vs
— -tt ~tt 

—I— I ~~ it~ —Ii- Probability of False alarm of a
— -f  

~~ 
-+  - - - 1  i — — - - - 100 Hz bandwidth Signal at Various —

2 — . I - - .1 - I . - — - - - Input S/N Ratios. jJ ILL! 1.11
= ~~ .~~::ft - 

—
~~

-
~~ ~~~ 

—i--
~
-’
~ Samp le Rate 800 Hz_tI~~ : ;t~~~14 ~Th - Flqurel3

— - :~~ Ei ~~~~ ~~~~~~ 
-‘ 

~~~~~~~~~ fl4 E~ L ~~~~ r~: ~~~~- 
~~~~~h F -~~~~ •-$i4 ~~~~~~i ; H F ’ ~~~~t+ f4 :~ - -

~~~~~
.-

~~~~ ~
_ 

~~~~~~0.5~~~~~~j  f Ehi~Th~EE~E~~ ±~ ~LI~ ff f~f f ~J~~~~~J-1-H ~J I 1~tW i ft ±~i~ _ _

::~~~~~~~i ~~~~~~~~~~~~~~~ ~~ ~~~~~~~~ ~~0.01 0.GS 0.1 0.2 0.S 1 2 5 10 - 20 30 40 50 • 60 10 $0 90

PROBABILITY OF FALSE ALARM S 24 •

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - ——— — -——--- —. -— -— -------- ----—-- ..—

~

- —

~

---—_ --- ---- - - -  .
~~~

— ___ __
.~

—.-
~~

..!r— . . — — -
~
-—— --- --— ---,—-

~
-7----- —-.—-- —- _ - 

~39t 

_ _ _  

_ _ _

~~~~~~~~~ _

g 9 • t — - - 
Ti~~~~ i~ ~~~L h i  I 1 ~~iiT ~i~7’iiT IH~~~T 1Tt~-~TiT~ 7T IjJ

~T ~~~~~ flTh~ -~--TP - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

E~~~~~~LLff ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E 

_ _ _It 
j , 

~ 
1 Ii I I I _j~ ~~~ ~~ ~ I I I ! ~,4” ~ ~ I ~ t~~ ~ ~~ ~ ~ ~ ~ ~ ~ ~ I •

=i~ h~’ 
: 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~S. — - - -
~ 

- - - - • —r-- 

~~~ 
- - i~T ~~~ ~ ~~~ ;.T~t i ~ 

T~~~ fl ~~

_____ ~ iT~~
_ /~ 

_i~ _ .  
:2/ ; : : .-4~~

: -

_  
_

_  _ __ _ _  _ _ _  ~~~ ~~~~~~~~~ t~ -E
~ 5C —iAn-- — — ~7-~~ ~~~~~~~~~ 

k— -‘ _____ —— — — — — -_______
—., ———l----1— ,— - - -.-—, —4-—— -d- - -—- . - —— 

_,_______ .•.__ _
~

___ _ 
00  — --r —~~~- .--~~~~~-~~~~

~~~ 
_

_ _ _

~~~~~~ _ f~~ t E f f ft
T
~~~E~~~~~ ,

I - 1J r~4 ‘1 Probability of Detecti on vs 1 
______

_____ _____ - Probability of False Alarm of a -

30 Hz Bandwidth Signal at Various
= - 

~~ - :. ~~~~.,_ 
- - - input S/N ratios . ; . _ _ _ ~~~~~

= — 
. ~~~~~~ t F ~~~~~±t Sample Ra te = 800 Hz

-- — 
r —

~
—-

~ -~ 1 r — --
~
— - - .

t — - — -
~~ - — —~

- — — ~-•_.i_ - - - J. Flqurel4
= = -4- -~ —

~~~
--

~~
- ‘-j — —a—-’--- —

~~~ ~~~ i~
- 4~-1 4-i- -L~L U 141 ~~~~ ~~~T~~Vt

C t
~
i ~~ ~h -~ 1~~-4~ 

;
~~ti ~~~~ i i— ~~ 

I2~ ~~ ~0~~~~~~~ 

~~LiE~il ~fl IL tT 1~~~F ~~~~~iHi fLiIi ~iJ ‘
~~~ r~~~~T:~iH L UI I I  I H  l i i  f J f l hIUHlI1L~ T I

:E __i

~~~

f Efi

~ 

iii i-t-
~ 

-EiEf-E -
~~h k f f l~~~i~ 1 ~~~~~~~~~~~~~

____ - ____ ~~~ t~~+~ ~L-

J1~~W11~~ 1~ 
t~~t 

_ _  I 
_ _  ~ff~1EE

00I I]j ij4 i LL tii~ ill] .L - - JJJ. I Prob ability of False Alarm s
• 

0.01 005 0.1 0. 2 0. . 1 ~ 5 10 In Percent
~ 25 -

.

I.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ :.: .~~ . - ,  ~~~~~~~~~~~~~ —-- —-,- --- ---



F
r.— . — -  — - — - --  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~

___

~

_

~

_ _

~~~~

__
_ •L_

-:-
_ _ _ _ _ _ _ ___ _ 

—I’

‘9-s c _ _  _ _

“ s -FL
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~

=T~Ef: ‘ ~~:
2 

~~~ ~/ ~~~~~~
‘:: ~~~~~~~ ~~ ;,~ :~

:~E~E ~~~ ~L~1 ~~~ 
r~~ ~~~~ ~~ - - -

V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T?~~)u IiLiI~•j 1~~ I~ELi I ~~~~~~~~~~~~~~~~~~~~~~~~~~
,

+ ‘ ~~ T~~~~H~~ T _ I

~

TFI+

~~~~~~~~

/Ti

~~

EEH L

~~~

~~~~~~~ ~~~~
-
~:: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~ 
-

~~~~ — -~~~~ 

- 

~~~~~~ 
_ 7

~ ~~~~~~ ~~~ ~~~~~~~~~~ T~~ ~~~~~ :~~ ~~~~~~~ 
:- 

- -— F

~~4~~~
-

_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
ic ~~~~~ 

- •
~ 

- =
~
=- -

~~~~~/

‘

. ~~~~~~~~ 
-
~~~~~~ ~

- ---
~~~ :~.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
__ ~~~~~~~ ~i~t7~ ~EE~ ~~— ~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~ -— — — -~~~~~~~~~ —

° ~it~-li::. ~~~~ ,‘t:4:~: ii~~,/ ~~~~~ ~~~~~ :~~ :~~ r~~ ~~ _ _

_ _  _ _

_ _ _ _  
- /

‘%
‘—_ _: 

_ _  _ _  
— ---

~~~~H/: : L:t ~~~~~ :.~—i-- — . - — f - . - ~~1-. J’ -- -~~~~-.— •~ _::it4~ —-- i ,-. -.--~ --- - - •  — -~~
-- - -~--- ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ——  - - - - k  ——

= _ _ _ _  _ _ _

_ 1 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -
~~~~ ~~~~~~~~~~~~~~~~ -; r ~- — —

/~±H~~~: Til; ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~• — - -- -
~~~~~~ 

—H- I I  — — - - - r i  Probabil i ty of Detection Vs 
. J..j_1 f.

~~~
.

— i-r~ T~L1 fl Pro ba bi l ity of false a larm of a TtTT ~TT
— — - —— r r i  - — — - - - 1 10 Hz Bandwidth Signal at Vari ous ~~
— - — — 

I~~~~~ — — - - - I . Input S/N ratios. LLL_ —

E~L4—JEr ~ ETI-
~~ LE~ -~ E ~~~ ~ Sample Rate = 800 Hz

- ~~~~~ 4 f  ~ -l-+-~- ff Fl9ure 15

0 !-  

_ _

~~~~~~~~~~~~~~~~~ ThU i ff hffl t~~~~~~~i~~~~~~IE
~~~~~~~~~~~~~~~~~~~~~~ 

‘hj -i-
~ 

t~~~~~ff
—I— tfli T_L :j: it~~ ±ifl J~t lu.. I ‘fl1Ej~t L .~ Ut! ITh
i j. i~ _______ ii  -LI- I ________ Lfl I LI - - -~ ~ 1 1 i U. ILL L :~ ~.! LI JL~

0•01 J~ J~~~~~~~~~~1[1 _ .~U! ~~~I H W  ~~~ffi
0.01 0.09 0.1 0.2 0.S 1 2 5 10 ~20 30 40 10 60 70 $0 $0

- 2h 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- 

I

t T - i vU- -i- i-H ~ H~~f l  
.i~~~ 

- 
H 

- - ~~~~~~~ ~ .i.~ -ft 4~ ~4 ;~~

- 

~~~~~~~ ~~~~~ ~~~~ 
~i~4i

__
6 ki ~~~~~ ~~ 1THi~ 1~1~ 1 H ’

I 

~~~~~ ~~~~~~~~~~ 

r~~~~~ ~~~~~~

t~- .~~~L .
~~ I .~~~~

:li-
~~~-H~~~

~ 
-~ ‘-i~~ - - - 4 -t--~~ ~~~~~ F1 r~4 .fH~~l i~J~ - 

~ j~~~~~~~~ ii 1.
k

.iJH~~~~~~H 
.

-

~ 

• . .

~~T ~~~~~L H ~~ ~~~~~~~~ ~~~ ~i-~-1t~ _ _ _

-~~~~ 

~ ~~~~~~~~~~~~~~~~~~ ~~~}H ~~ ~~ ~ I ~~~~~~~~ I 
- -

3 
_

-
. 1~-- I - b - i -- ~-h 

-~ft Probability of Detection vs Proba- j  
t 

- -
‘ t l t ~ 

- - 

~ :1 1:t: Bandwidth Signal Sampled at 800 Hz. --

~~~~~~~
‘
~~i~~~~~~~ ~~j  ~~~~~~~~~ 

‘

- 

.r 

z~p i :L[j bility of False Alarms for a 300 Hz~- .i f r :r~~

: . i -
~~~ 

TI
~ft~ Input ~/N ratios are in db.

.1 
j~ ~~~~~ ~~~ ~- T ~~- : - ~ t4f~ 

~~~~~~~ 

- 

-
-

~~ ~ ~. 1+ :i±~1~ ~
- . ~~~~~~~~ -}-H H I H - i - - i - l i t  - 1

- I j 1 PROBABU~ITY OF FAI.~1 ALA1~4 T 1 ~ ‘ 
-

‘

- 

- - II :J~~ fl~LH H I  H I  H -H L~~ 1 I I I Hi ~j  - i~ IL L 1. ~.3 27 • 14 .5 .6 
-

— - 
_ , _ _ _ _ _ _ _ _ _ _ _ _ 1~~~~~~ _~~~_ .  —-—- — - — - - -. -~~~~~~~~~~~~ , - ~~~~~~~~~-- -—



~ - ~1 ~ ~ ----——--.----—-—--——--•--------- --
~~~
—------

~
;:---. ~~~~~~~- - - ~--~--- . -~ - -~~~

-_
~~-

.- ----—~
-_- -

1.0 

: ~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~ 
~~~—

~~~~A ~~~~~ ~=i I i-~~ ~
!-t~~

-I
~~ 

t[I~~j i ~~~~1H I±~~
:1Hi~ 

4

~ ~~~ 
~~~~~~~~~~~~~~ ~~~~~~~~~~~8 ~~~~

- TF 1~~~~~~~ j~~~~~Tft+i
1 ~~~~~~~~~~ ~~~~ :‘ 

I

~ /Lt+t~ 
~~~~~~~~~~~~~~~~~ 

JTh1f~ =ii 14-~M r~~ f ~t~J t~~ 1f ~~~Ht~J-f -

- 

~ tI ~ ~~ 11 
~r4t f ‘~‘~I~ ~L1~,tf i ~~ T

T~ 
f :  ifR~t~ ~~ ~k~fT } +I L TL~ E~

~~~ 1~~ IT f :~~ft ~~~~~ ~~ft
~~ ~

t~~~~1 ~4t~~- ~~ -~~ 1+ 
_ _

-
6 I~~L . + ~L ’ ’ ’ _ S~~ fl~~iiTi11H~~L £J±~~~~~~~ :1JJ~I ~~~~ 4~~~~~~LJ~~~~~~~f~~~ f _

~~~~~~~
. --

~~ -~ip-~u t4f~ 
~~~~~ ~I~k~

’ 1I~~I
• - F-  ~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~ L - I ~~ -

~~~~~~
-
~~~~~

- 1 1  
~~~~

-
~~~

- -
~~~~

-
~~~~

- -

- 
L Tft~~4~ 

- -

~~~~~~~~~~~~~~ 

- 

- 

- 

~~~ 4 t ’ -~~ 
T J

dft _ __ _
- i- ~ ~t1~~L :H~~t ~ j~~jj~~ ~:t H

i - 
--  

~~~~~~~ 
t±

p~~~~ :
~~
J±tT

~~~~~~~~~
t ~~~~~ J 

- 
I tHEU ±~~~~~i± ~Thi~~t~~4r~ ~-f~~ t _ 

_ _  

_

~
jjf~’ I~ ~~~~~~~~~~~~

=p
~~~~~~ 

~~~
.2 

~ 1 F L ~~ ~~
4 -i—f- Probability of Detecti on vs Proba- - 1 HT1T 

~~~~~~~~~ijr~~ 14H i-T i~~~4
1-i billty of False Alarms for a 100 Hz t-T ~~~~~~~~~ iLL141:T

Bandwidth Signal Sampled at 800 Hz ± 
IT JjJJT J~~~~1IIT1

kIT ± -I-f- - -
~

-}
~~

-}
~~
- Input S/N ratios are in db. ± ~~~ I L.

/ft ~ ~~~~~~ 4L ~~~~~~~~~~~~~ F~~T Fi ~~T~~~~ LII~ 
- -

t~ ~4~I 1~~ H H1 H I~ II tfl~-l-~ h 1~~~~~~ I

L

.~~~~~~~~~~ 4~- - H  . PROBABILI~~ OF FAI~E A I ~RM

Hltf I- j 
_ _ _ _ _ _ _ _  

4
0 

- I - -Il- - 
- 

— 
- 

~
- I-t~~~~ ~f I I I Mi H I H~~I1 H! t t  t I - I I •

0 .1. .2 .3 .l~ .5 •b —

28

L. ._ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ _ _ _ _ _ _ _ _ _



r~’-~
— -- --- --

~
--- -- --- -- - — _ —  - -  .- --——- ——-— ——-—-- -‘

~

—---- -r— —- - - - - - - ~~~~~~~ . . ,~~~- - 
3. . 0 - —r T •~ i j I I J—I—4-- ~ I ~ ~ ~ I T - •-r

~
--——

~
; —

~~~~ 
- 

~ ~ r ~ ~-- 4- - j - - t - V  -~ I ( -  - - 

~~~~~~~~~~~~~~~~~ 
HH--1

1
~~~ 4 i ~~~~~~~~~~~~~~

~~~~~~~~~~~~~~ 
~~~ ~ -~--i-~ ~~~~~~

.9 : ‘ 

~ -; +r-~ft- f ~~~~ I i  

L 
~~~~~~ 

- - L
~~-~~

- 
~~~~~~~~ -H ~~~~~~~~~~~~~~~

~- 

- 

.8 ~ ~ ~~~~~~~

~ WfEL~1~ ~4~ti~I 111~H~ I -1t
~HH~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~

-

~~~ ~~~~~~~ ~tJ~-H ~ 
; ~ ~kJ t-~ f~tfE~=~ ~~~~~~~~~~~~~~~~~~~~~~~ ~

- 

~ 
L~ T~~~J

:
7 

R]~~~ 4 H ~
J11 JT~T~ ~~

~~~~~ ~~ H~~’ 
~i11~ k±~~~

’
~~.6 

~~~~~~~~ ~ L-f~ cT - 

7 r~~~ T~~FII LL 
~LH r ~ TH~~T ~~~~ ~~- ; - f -  1fl~ -r~- ~~~~~~~~~~~~~~~

~~~
k

~~~~~~~+~~~~~~~~~~
u t  ft~ ~~~~~

~~~~~ ~~~ ~H~t ~± ;iW~- 

~ ~
_
~1Th ~~~~ftW fl J f [ {  

I ~~ 

_ _  

~~~~~~~~~~~~~~

- 

~ +t rT~~r ~T~TT H— -
~
---

1~~~ -- 

~~~ 
~~~~~~~~f1f~~~~~

} 

~~~~
J

~~~T 
~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~

‘

3 _ _ _  

_ 
_ _  _ _

- 

~jT1Ti ~~~~
T fIt~iXtff-iftHk~ ~t ffl~tt-f ~~ ft ~tftTHE~

~ ~ -U~~~~~~~~
4t
~~~~~ 

j E~-.2 ~~ I~t*L - 
.1 Probability of Detection vs Proba- f _ _ _  -~~~ ± :

4-f- L 1 ~~~~ 
—
~ ~1 bility of False Alarm s for a 100 Hz t -L

- - 

- Bandwidth Signal Sampled at 400 Hz. - + 1 ~~~~~~ ‘

- -

~~~~~~~~~ 
. 

-

~~~ 

- -4~~-.t I
- 

- Input S/N ratios are in db. -



r- -- —- - — —-—- - —I 
~~~~~~~~~~~~~~~~~~~~~~~~ ~ 

- -- —:‘------ -----—-- - - - - --;— __‘___ —-——- •--~~~~~~~~~ -- - I--- ~~~ ~ ~~~~~~~~~~~~~~ 

3. . 0 ~ 

~~~~~~~~~~~~~~~~~~~~~~ 

I 

~ _____9 ~~
fri

~ ‘ -IJ:~. Li ~~1 4~ S ._ 1
~:L If -  1 1 1  ~~~~ ~

j
~d+ - 

~~~~~~ 
— 1 I I  ~ 

• 1 r — ~ 1 r ~ I t ~i~~ I ~ I
— 

I j  I I ‘ -

- 

I 1~-V~ ~~~~
t ~ HA ~‘T~ ~ ~ ~ ~~~

I
-

~ ~~~~~~ H ~1 H ~- - .  ~ —I 
~ } - I ~ 

~~ ‘ - : -~- ~ ‘ ~ I I 
~~ 

I ~ I ~ i ~ I 

~ 
1~~ Ij Ij t ~ ~~~ ~

8 ~ ~ I ~
i t IL
:

I
~L 4i11i ~LtJ II L , ~~

I 
~~~~~ _ _

~~ L ~ ~ -H 
~ 

I L~1 : ~ ~ 
~~~
!-
~~~~

‘

j4+I 
1~~~~~ 

~~~~~~~ ~~~~~~ 
- I- ~-~-I ~~~

- 
~~
-- I - 

~4 ~ 1 -;t - 

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
Tl
~~R:~t ~l1~ LLE: T - i - , m~’~; 

- -  

!~~~t ~ ~ ~ ~ ~ ~~~~~~ ~ JT f+ 
r~4 ~ Il1-iLt ~ ~~~~~ ~ftTh~I~

- ~ - 

-

~~ 1 t - - 
-
~

{ ~~ ~ ~~~~ 
tItft rT ftE~~~ ~1~~~-ft H~~rft~t ~L~~ L-~~~ kT~ ~J ~~ ~~~~~~~~~~ 4~ E~~ 

J4h
i:’

6 ~~ ~ ~± L !LLIL~ ~~~~~~~~~~~~~ ~~ T~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~

I ~~~~L~ 4~~~r t iLr i I t  ~~~~~~~~~~~~~~~~~~~

k~
_- 1 J ~W~: M~ _ _  _ _ _

~ ~ ~-~- - ~~ -~n~ T -~~~~

~~~~~~~~ 

Li i ~~~H H L , Hf l  1~~T
- - -ftH- H I L ~~~

I j  Hi ‘H t H ~~~~~~~ ~~~~~~~
- 

~~~ ~~ 
~±!i HTt ~ J L~4~ ~L-ft+ 

~~
-
~ 3~~t ~l~tL~444~I 

~~ ~~~~ H~i~~~~L3

~ 14~W~ U f 
_ _ _.2 Probability of Detection vs Proba- ~L 

~ ft~4 ~~~~~~~~~~ 

- :-—-

t i 
~ 

t T4 I bility of False Al arms for a 100 Hz~ 
— 4 - 

-j 
~- 

I 
t-~~

--
~
-
~~ 

- i -  Bandwidth Signal Sampled at 200 H~J Lt * — -i-- -~-
I ~ : ±r~ 4 ~~~~ L!T Input S/N ratios are in db. ~~ ~~~ T:± r~4-~-~

- 

~~~
Lt ~~ 1- -~-~i- ~~ H I H  FIGm~~~19_~~~ - 

~~~~~~~~~~~~~ ~fi~ ~~~~~~ ~Th~t±
~~~~~~ T~~~~~~~ T~Tfl1IMfti~i ~H11+it ~~~I~~~~L 

~~~ 
r
~1

::tifttt:H -~ -! PRCBAB~~1~~Y OF FAI~E ALA~4 t: I. 1J~~
kJ.L i

~~~
:
~- •LLi•L±L~~ 

- 
~ i iiiitt H I I I - 

~~ 
j -~ t~ 1~~~i ~~~~~~ 

1
1 

~~~~~~~~~~~~~ 

~L. i.~ 1 ~



— —I l~ 

_ ___
~ - —-—— —----•—-______ ______ ~~~~~~~~~~~~~~~~ -.r— - .—---—— - . —‘ww- --—---—- ~~~~-.--,-~- - —~

—- - - —

1.0 

~~~~ ~~~~~~~~~~~~ ~~ 
1~T :j~i::r.fT~H;~J tftT :.1

9 
: ~ ~~ 

:~d - l~~T~
[ ll~-Lr~tt ~~-1-ill~Th ~ ~ 

I ~ h 1 ~ I ~ 1~1f1~TL~~L 1
I 

~ 

~~~~~~~~~~~~~~~ ~ ~~~ ~ tifi~t ~1~L1~11 I ~~ ~ L~ ~~ ~ 1~
t
~F ~8 ~ ~~~~ - t ~

i -i
~

--t 7- J ~ t~IL ~ ~~ ~
t
~i:i:h-l~4~ ~~~~~~ ~~~~~~~~~~~~~~~ ~

t 
---p - :~ ~L ~jI~i H T~ L 

~~~~ 
H~

i 
~ ~~~ 1 _~ L~L~ .H- -

~- --I ~iI4~: ~~~~~~:Ii~~~~~~ :

- 
- 

~~~

-

~~
- t _  

~ - 1A1i 
T ~~

- f~r:t~ H~ ~ 
-
~i

T
~1:L+lT , i~TL~ ~ 

-
~ I 

~ 
~ ~ j 44~ ~~~~~

7 ~ 

-

-

~~~~~ 

4~ t~
F
~f 1 ~ ~ ~~i L1

~
1 

!-i 1~1~r L~i-L L ~f~_ _ _

-

i -~~ N~ ~~ ~j~4~ t ~
1L F4~ ~~~~~~~~~~~

~~~~~~~~~~~~~~ H 
1

- -  

~~~T[4~~ ~- -~Th~ 
-- H HI -

~~TH 
~~~~HT ~~~~~~~~~~~~~~~~

-
~~~~~ ‘ 1 .  ftL

~~~4 

~H~4 i~ft H I H H ~ H~ft4J ~~~~L~~H-LT~~~

- - 
- 

- f -t 
~ L’ ~ t - I t I ~ ~~~~~~~~~~~~~ ~

_
- —  

-1:1 ~~~~~ 
irj  , r  1 ;  I 1-l 4 I~; _ _ ~L~1 —I ri - 

1~~~~~ i 
~~~~~~ 

- - I - - 
I ~~ I I iT - -i- I - 

r 
4~~~~~~~~~~J flT4 ~1- 

H 
- 

-
~~~ H 

LI I T’ r~~J: ~~~~~~~~~ q:~:

~ ~: 
~~~~~~~~~~~

- - 

~~~~~ I i~~~~~ ~~~~~~~~ lii 
4 

~~ _ _ _ _ _  _ _ _ _ _ _

-

- 

_  
__3 

- 
_

Probability of Detection vs Proba 
~~~ ~+- 

- - -  

~~rn4r~ 
bility of False Alarms for a 30 ~~~~~~~~~~~~~~~~~~~~~~~~- .2 - - - - Bandwidth Signal Sampled at 800 Hz .- T t - - 

1

-

- 
Input S/N ratios are in db. ~~~~~~~ ~ H~~: ~

1 
- 

- 

- 

- 

1 ~ 
1I~~i4 h~~~~~~~~

IG
~~

E 20~~~~ 

~1~1 ~~4 :~-
~~

- 

- 

~ Ii~T 1 ft iJ-Ur~1UI~~ ~1 L~ft =i~~! ~i:j-H
-

- . T ~ PROBPB~~IT~~OF FAI.43E

0 
~~ 

— 

~~~

- 

- 

- 

- :t t : ~ WI j :j :~ :t 11:1111 II I ~~
- - 1. - 

~~p: m:~ 
I .—- -—--.- “-— - ------- -



r••—- -• — -— — ----- — - - - 1 ~ ~ ~~~~ ,‘—‘-- - - - ,—,,- -.--rr--- —-- -~-- ~~~~~~~~~~~~~~~~~~~~ ‘~- - ~~~~ - ~~~~~~~~~~

1.0 
~ ~~~~~~~~~~~ . : -iO.T~J. ~~~~~ 

-
~~L1 ~ ~TJJ 

I ~ h~-~II Ti~- ( -~ ~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~9 

~~~~~~~~~~~~~ ~~T r 4 ~ ~11t~~r 
-

~~i=~~
;r

~~~~ ~8 ~ 
-~~ -.~~:i1 r~~~~~~~~ I±~~~~~~~i I  1+t 4-~ H~ ~~~~~~~ ~

- .  
_ _  _ _ _ _j 

~~
I/  

~ I 
- -  - ~~~~~~~~~~~~~~~~~ 

1 T -
~

- 
~~~~~~~ 

LI-H 
F~~~~J 

~~ H - -

~I~’~L ~1-t~ ‘ ~~~~~ ~ i4j~:~4 ~1N
_ _

_. 7 
-

~~~ ~ 
~~~~~ ~~~~~~~~~~~~~~~~~~~ 

~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~
6 ~~~ ~~ _ l fI-~~ ~~~~~~~~~~~~~TT - T I1  _ t L ’  ~~~~ _ I I i  

~~~~~~~~~~~~~~~ - I:
~±~1~1[ ~T~-N1 j~1 ~~~~~~~~~~~~ ~

1-i Ii -1
~ 

}T~~~~ T~Th~44

~Lft~ ~tL~±~ *-H ~i 
_ -

~~ _ 
4 

~* i~1’I ~~~~~~~~~~~ - - ‘ i i i i  T 
~LE 4JJLLL 4 ! .  ~ _ _ _ _

4 ~ ~H? ~i ftft H L’H~L ~

~~ 

-~ -i rr~~ ~L ’  ..LI1I[ I I t l i I I
4 1 ’ j lJ~~~~~ I~~~ - 

—i-- I

3 

i
~i~ ~~~~~~~~~~~~ ~~_  _ _  _ _  _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _
r 1i - 

Probability of Detection vs Proba- ip ~~~~~ ~~~~~ _ _ _ _ _.2 I - _ T ~ ~tIrT: bi l ity of False Al arms for a 30 Hz t~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

—

~~~
--

~~~~~~~ - -
- - 

~ 
- --L Bandwidth Signal Sampled at 200 Hz.—1 -

~~ ~~~~~~~~ ~:H~E--:-~-:
1f 

- 

~ - fl-f Inpu t S/N ratios are in db. --i ~-i~ i-I-ft - 
L~~~~~

1 
1~~T f~ it ft J~~~It~ FIG~~E 21 

~~~~~~~~~ H’ -
~~~~~~~

f~ ~ 
I IH 1U1~H ~zHTh~ J-ift~-~- I 

H
-

- 
~~OBABILI~~ OF FA~~E ~~~~~ L - :  - -r 

j
L~-

~~~~ ~~1i - ~ flJ ~ft~~H-I--H H] H-I I I LIT
I 

:if ft~H :6 L k~lT



r— - — -- -—---- - -- --- 
~~~~~~~~~~~~

—-
~~~~~
-

~~~
-:--- - -

~
-—-

~~~ — --- ~~- ---_ -—- —I-- ~~
1.0 - 

~-f 11~ 
- 1-

~1~
1- -1-fl-- T - - -  71T~ . Pi~

T
~~~r~

1JIl’ J T i J T riJi H
ILifi] ~ Irm ~~ J~!~ t ~ ~ 

‘
~~ I I I  I ~~~ ~~~~~

:~ ~~oo Hz. bandvlth : ~ ~~~~~~~~~ j ~~ L ~ 
1~~: . :1 ~ ~ fj ~~ ii. i]: J:1i:I ~ ~ :1

9 

I 
J Ill] I ~ JI1 L~ L ~ i~’ L I L~ ~ ~ I ~ i I - ~ ~ ~ JILL-

~I I 
~ ~ ~ ~

1’f’ ~ ~ 
j 4~~~~Ii ~ 1 f i

T 
i f j  ~ f I H i ~ I H4~~~~~~~~~~~ 

I ~~ ~
‘i ~T --~1:- fth: :i~~~

T T1 i1i~ :T :[± ~L :I~: :~‘+ ~ ~~~~ r -~ :
k - - ‘~ ~~~~

-. .8 :l :~:1~:)j T3: j~lj]~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~
- -  

~~ :~

~~~~~~~~~ Li’ ~ H ~ U ~ 1Y~ ~ 
‘ ~ ~ ~ ~ 

~i ~~L

I
I 1414 100 Hz bandwidth I ! I 

~ 
I

7 : 
~~~~~~~ 

~i~fl11 ~~ i~J1 

~ H ~ 

~~

6 IJY1T~~~ LftL~ hH l i t  
i lL ~‘!~ ~ ii 

-
~ ti Fr i~ ~~~~~~~~~~~~

.+1
~~ 

I 
- - -  ~~4 I p 1~~~~ I J  I 

~~~~~~~~ ~ I _ 1
~~ ~ 

! - f i H. j 1L

~ ~+ ~ f -~ t’ fli t ~~~ ft~! 4 1  -f -I H,~ fl ~ ~ I 
~ 

$ I ,14 

~ H1±fH ri~~T~I
:

~ 
1 ~~I iL4IIHHJ ‘ 1PH

1 t 4 H i J  ~~! Lf~~ 
H 1 1 ~ ~~~H I I

F L ’  H 1.L LI H. - ‘ 1 4 - i . j T
~~~4 LL  4 ’ , - L~~~~! LLI ~~L 4~

~~ 
~ H’ f :  

LI 
-
~~~~~ ~ 

i fttIl:1 H,1:~ .t :L~L 4 ~~~~~j  4±~i. 4’: 44 :

4~ LW h~ L ~ Lt1 r~~~~~~~ L~ Lt~~~~~1~~~
0~~~ 

. _i_ _
~~. i! — — ! , L , I _ I .  ~ j i. ._ ’ _ . _ _ i.__ _ L _ i___ ___.i_ t_ ’ J_j _

I 
[

4~~~~~~~~~~t ,  I~~~~
’ ~~~~~~~~~~~~~~~~~~~~~~~ —

- 

~
_
~

- - I  ~ j~~~ ; [ !  - H- i - - -  i Hj I , r r  ~~Iit l- - i__  -t L T~~ [ I I  I !  ~iJ I~ ~~~I1 — i l  1~~ 
I !  i~~~ I L j I  I~ 

1 i~~
1 i i  L I ’ ’

~ ~I -
~~~~~ i ~~

t H t H L 
ltr i

~~~~~~~~~~
i
~~~~~~

L1+I L_

: ~II~L U1J~L
~H ~~ _ _ _ _

- - - - -I-  probability of detection vs. ~fl . i  { . ]  - -

it - -fl ~ I probability of false alarms 
- : ~ . H H : 1 T~for a 3OO~ Irz and 100 Hz . L I  J - H -i- - J L I ’ ~~~~ I~~. 

: TT band width signal at ~114 db I - 1 T J  iH I I L .
_[ti .r~EI iii input signal to noise ratio. I 

fl-i ~~~~ 

- I
~~~ :fl::iit ~1 ftj H I ~~~~~~ ‘ I f  I I  I I I 

:2~
2
~~ HIH

- - ‘ i-- - j -
~ 

- PflOflAB ILIT~ OF FAU3E AI1’~h~1 -t 
- - 

I 
- 

~~IL 
~~~ ~~~~~~~~~~~~ 

1 1 1  ~ I~ ii:ij~ ’~~’
- — - - -  - -  _-



-- r ’  ~~~~~~~~~~~~~ r” ’r —-— . --~~~~~~~~~

‘ P .  ~~~-Z~
- . ” - - —~~ 

- 
~~~~

- --- 

-
- -

4 ‘
\~
\ 

N
\ Probability of detecti or s

-\ \ \ - - 
: 

- 

- 
. the standard deviati on ~~~~

I 

- 
- 

\ 
~~

• 
- : : : the mean background noise .

- - .\ -
‘ . \ . :  -

- . \ .  -
-
. 

. 
- . : ‘1 : 1  - 

. : _  . . t _

N 
-

~~~~~~~~~ ~~~~~~

“ I  
:

j 1
~~~

2 1 -r- ”
1- . • . . .

I \
\ T 

-

\ ‘  I 
‘I I —

I -

0 ‘ -‘ I

1 

-

£6 - \- -

‘ I

-

I —.
6— i \ I 

-

I I  
- -

-

~~ 

- -

~~~ 

~~~~~~~~~~~~~~~~~ 
I - ~~~~- 

\ Hz
- -- .. . ,j ~~ 

‘ 800 Hz Sampling Rate
2149 Volts

\ \ ~~: 153 Volts

\J~ H.7!,cIb~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~FIounE 23

cl - -  - -. 

cO 
- - - .  - 

_ _  - - -- -- - - 
- .



ri... — 

_ 
‘V — ‘ ‘  - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~ r ~~~

____
~ -

H 
- -  

H 
- 

~~~~~~~~~ ~ 
:1

I \ \ \ 800 Hz Saz~iplii Pate

\ \ \ I - 3l8 Volts

4 \
\ 

188 Volts

5
’ Probability of detection vs

the standard deviation above

- - 

the mean background noise

I 
- 

- 

~~~1 

- - 

--

- I I- 
-

I 
— —  — —

• - . • 
I. • - - • - —.~~ . . 

- . - - : : • : - - 

~: t~~~~~: - -  H ~~~~~~~~~~ ~~~~~
- 

-
.

o~ -- ~ - - - - -- -

\ ~~\ - b \ ~~ —

- - 
- 

- 4 - - - 
- 

- - : 
- 

- - 
- 

- :

~~ : .  : . :
I I I

- 
: H-) t

~~~~~~~~ 
- : . —  : :

4 t I
- --.--.!~~ ~ - -  -~~~

—
- : ‘ : : : : j o . ~\ .  .

~~ 
: . : . .  : . : : : j . :  : : . : ~~~ : : .  ~~~ . :  

1 4 — i :  -
~~ 

- .  • - I   
- I .  - - i  -

~~~~
- . - . t -  I ~~. . . . l

.02 ‘--  —-- - .- - - i. - -- - — —

I I ~1~1 .  
~ 

-

‘ 

\ — - -
FIGtj~ j  24 H

.0I - - - I I 
-- -. - -Q 10 -~~- L i5~ 20

I— - - - —- - - ---------- ---- -~~~~~~— 



—- ----- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~N 
- 

~~~~~ llz Samp1i~~ Rate
L 

-\ ‘/ 305 Volts

:~ 

- - 

- - 
I 

- 198 Volts

\ \ I Probability of detection vs
\ \ - the standard dev iation above

— - 

I \ 
\

\ 

l the mean background noise

I — — I

- H H-
~ :LN T -:

- 

I 

L - L H -

-\ \ : ‘
‘ 

- 

-

I

I •

~~~~~
- - . -

~~~ 
—
~~ ‘ I  . , , L I . .

~~

— I — ._ ~~~ 
I ~~~~~ _ — — —

13 — — - - - 1  — — -

~~~ 

— — —  t I —

0 — — — \ I  ~~~~~~ _ I 
- -—

I— ‘
~b ~~~~ I

—

- - 
\~~

- -—- 
~~~~~~~ ~~~~ 

- 
~~~
— -  - — - -—  - - - -

-

051 

- 
\ 

U I -.
~Q 

- - - - - 

- -

- 
- 

- - - 
~~~ (‘.~ - : - 

- - I : - 
- : : -- 

-

- 
1 

- - -
I 4) I I ”9- .  . — : . - - 

~~~
— - — -—

~~~~~ I~~ .. : : ; :::~~~: :: :~~ 
~~~~~~:.::~~— ~~ ~

- . - - 
-  - - -  - .~~~~~ ~~~~~ :T ~~

- 
- :- _ .I: . :  - 

- 1 -
- -

~~~ . :  
. . . : : : . .

I I

- - ,  - 1 - i _ I .~~. . . . ,  -
- - -  I - I  I - 

- : : . . . \ i  ~ 1~~~~~
.. . .  

_ . :

~ ~~

— 
I

i~ 
t 

—

I FIOURE 25 I

0 (0 
36 

‘
~~~ 

~~~~~~~~~~ 
O-’ ~O 2 a

_______________________ —--- - ----~~—— 
~~~~ . - — - — - . . .



r - 

______ 
-

:
1 

~\ 
- - 

I 

- 

222 Volts

- 
- - - -\ ‘ - ‘  - 

- - 
- 

- - \ i Probability of detecti on vs
- - .- \

~ 
\. - : - - 

- I I : I the standard deviation above
the mean backgroun d noise

\ I \ \

I 

-

~~ 

- -r
~~~~~~

I - -— J - -~~ I — 
-

I I t I
- - : - : - L:~~~. - 

- 
- \ i i , _  : _ . .  :. :: . I  i i  -

1 . 1 : : : ;

-

~~~ 

-1

~~ 

-

“I 
— - — - —  - —

0 ~~~ -

-

• 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~i~~i~~~[i~

I I FIGURC 26
I 

- : - :
- - I ,

I - - - - - Jo T
> 

-

~~~ 

-  — -- ‘- - - -

-- --— -- - - - -- I — —‘---- - -



p.— - - - —
~~
--

~~~~
- - 

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- --.------ -- —-—-- - - ------- ‘-.------‘-- - --- ------------.--- ——-----

~~~~~~ 
:~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ . . H probability of detectio r vs

I \ \ I \ \ I the standard deviation ~~c .e
~ 

- \ - — I the mean background noise

~~~~~ “~~H\ I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~H ± LI 11 1:- II H ~ .LH-t ~~~ I.H
~ \~ \ 

I

L \ ~ L 

~\ 

\H-\~ 
:~~~~

i j L 1

- 

i_

I 

~ 
t\

I

1

~~~~~

:

I

~~~~~~~~~~~~~

’

~~~

i

o ~\- - 

N ~~ - I~~~~~~ -- ~~~TTh - - - -

- ~f l  - I- - - -
o - I 

-

- N $ 
-- -~~~~I (r) 

I

.O~~!- —-- - — - - 
~~~~~~: : ~~~~~

- - ‘ 
~~- — - - —— ----——- - -i- ——- -—-- - ~- --— —-~~- -——--—--— --————-- - —--

— 1 _ c~ — —- - 
- 

- : :H : : : !  
- 

- 
- : — . - - - :  

~ 
- - - - ,  I - - -

- - - - - - i-—— — ——
~~~~ 

-

I l 
+ 

— 
— 

- 

- I : : :  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

: 
~~~~~~~ ~~~~~~~~~~~~~~~

I : ; s ~ -~---- H . :  . : - - : : . : : : : :j : : :  30 Hz Bandwidth
- - I - -  - - -   H 800 Hz Samp1in~ Rate 

-

H  ;  .~~~0~~Vo1ts

H : :H . 239 Volts

4- 
I I 4 I

- - - - f - 

I I
I j - •  I -  - 

- 

SO 
-

~ 2 C ~ 38 
- .  

20 
- -  - .  - 

2~

-_



-I- -- — ---- - - -
~~~~~

--- - -~~
,------ 

~~~~~~~
---

- T~~ 
\

‘ 

-

I I I \  : .

-, I \ 4  
-

~~~ ~ I

I 

I I 

I 

—

~H H j I
I l  

‘

~~~

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - : _ : :~~:~~~~ :: : :: : : :. : :‘ :: : _  —
0 . \ . . t  .~~~ I~~~~~ - -

- - I 
~ 

- . 1  1 4 . -  
_
~- - - — I . — ’ - —  _ I  _

~~~ 
- I  

.
-~~~~~ . - -

- - : 1  - -  - - — -  3 - - ’ ’ - i  

~~
_ \ . : : :~~~~~~~~~~~i : : : ; _ l : : : :

~~~~~
: : : : : : : :  -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ \ : i ~~ : : . : : ; : ~~~~’ 
:~~~~~: : :: I :  . :~~::~ 

H
- -  _ -L~~~~~~ -

I 
- — — - - — - - -

2 ~~
°~ 

- 

~~

- 

t 

-  - - -— - — --

~

. . .  .. :.~~ : . . : : ..  -
-

1 :  - :~~ - I : : :  H

04 1 -

_ :
~~~: : ~~~ 

- 
- 

- 
- 

- I : - - - — 
- 

- . : _ :  : : .  - - - 
- -

- - - --
- H - :  :L . .:H : :.i : . : ::

30 Hz Bandwidth I 
- - - - I - - —-

1400 Hz Sampling Rate  $ : . : : : : : : : :  - S - : : -

‘ .~~ .1418 Volts H . -  
~ : H :

°2r ~ .2514 Volts ~

I I  I

Probability of detection vs 4the standard devi ation above 
- 

FIGURE 28 : - I : :  -  ‘ : :  -

the mean background noise. - I - : - 
- ~: - I - - - 

- 
- 

-

~~~~~~~~~
- H~.\ : L . . :: : : :LH. . H . . 5

2 -‘1 •~~~ 
IC) 12 I”,’ I” / ~

-‘ 
~~~~ ,~? ~:‘-‘i ; ‘

~~
—

3q

- - - - - - -—— ---—------- -~~~~~~~ —- —-- - ---~~~~~~~~~~~~~ -~~~----- ~~~~~--  — - - --
~~~~~~~~~~

- --~~~~~~~—--



•1 ~~~ 
—-— ----—--- - -.2:~~ v!-—--~~~ ~~~~ 

— — ~~‘ — - -

-
- -...~~‘ 

- 
I 

~~~~~~ H 
-~~~H .

~~~~~~~~~~~ : ! H  
- -

“
. --~~~\ \-  \:. \ : - 

- 
-

- 

.

-
.

\ I 
-

7 - . 
- 

- - \\ . - \. - - I - . -~~~ - . \. 
~~~~~~~~~~~~~~

. .

\
~~~~ 

~~
- - - - - I - I . . - - . -.6 - : I- -— - - - . 

-
- - :  - - - - -—---: - - -  -

~ 
- - - - -

I - 
I 

- - -

I 
I I4 1

~- - - - — - . i -  ~~ L - - — . - . : :~~~ 1 _ _ . :~~~~~~~ . . :
‘ 

I 
I- - - I -  - _ 4  . -I t• I — 

—

.\ , : : : : ~ : . : - - - I  : . : : s : : : - : : : . I ; : : . : . . _ . :  - : 

: : - . - :  
- ~: : : - . --:

~ ::-- ::~ —, 1 : 1 : :  : : : : :~~~: : - ;~~~. - : : ; : : - :
~~~F - - -  ‘ - • 

t— 
‘ . -

H
~~~~~‘ 

I f I
I I I I j 

I
~~ 

~ \ -

~~~ z I 

-

~~ 
I 

— - L -- -0 &- I II Ii’-’ 0 — — 
~~~~~ —. — ~~~~ _ ,~~~ — — — — — I —

- :~ \ I ~~
‘—

~~ ~~~ 
- - --

~~~~~~~

-

~~~ 
- ~~- - :  - 

~~~-~~: - - - — —
~~ 

- 1:~~~~
- - - - - - i - -  -

~~~N - - - SD - —  - - -

\i ~~~~~ 

I 
- 

- :  - -- -- — 
~~~:

— - - --
~~

- - -  — --S — :-- — — . --- --- : - - -
~~

-
~0 I 

- - - - -- -

- 
-~~~~~~~~~~ -

4
- - -  

.

~~~~~
‘ ‘ -  1 -  - 

- - - - -  - - 4  
-Q

‘ ‘T
~~~~~~~~~~~~~ 

- - - 

- : - 

- 

: : . - 
- 

- 
~ - Probability of detection vs

- - I - 
~~~ - - 

N, - 
- - - the standard devi ati on abo’.-e03 - — 

~~~ 

— 

1:5 

- the mean back ground noise .
- 

~~~~~~~ I - 
~~.I 

- - -  -

:~~~. \~ 
- - - - ~: :  - - - - - S - 

- -  
- -

I : :~~~~~: _ _
~~~~~_ \- .~~~ I - _ :  _ :  t : . . ~~~.

02L I 
~~ 

I 
- - - - 

I 30 Hz Bandwidth
$ 

I 200 Hz Sampling FateI 
1414~ Volts

I 
• . : : :; H

.\  - 
H 

- 
• 

- - -
‘

~~~~ .276 Volts
- .

- 
- 

FI~UflE 29 H

H
o 10 / - - L 

~~~ 40 20 28

_  _  

___ 
_ _  — -—--- -~~~~



r— —-- -- - -- - I 
~~~~~~~~~~~~~~~~~ 

-- I--— ~ 
- - -  - - - - - -- . -- ---- - --- -- - - - - - ---- -- - .--- - -- - - -  - --- --- -

I $4.fl _ _ _ _

— 
I-f - :-;.=:Ii : -i-;:::r 

~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
-
~~~~,.:-fT-::T— ~7.f T -:;- ~T -::T4- =~~

~~E—~’ 
::~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I \Q f  I - t = --

~L~
-
~~~~

-- I-~~~~f

: “-t ii-LU~ irH1 i~~~ ~ _ _

~~~~

c

i

t

M:
~

LHfIHI

~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_
H ~~~~~~~~~~ I I 4 ~ 

‘ 4 H  4 i H  ~ ~ ~ ~ I I I  ~r ,~i ~r i4:~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
~~~~~~~ 7~~+4~b~ Jf 

~~~~~~~~~~-H4 ~~~~~~~~~~~~~ 1HH~ ~~~~~ /
‘

~~:~~~~ ~~~~~~~ _ _

‘ 

f ~_ 
_

_ 
_ _

CI I 
I ~ 

—4—--
~~~ ~ ~~ —i----- - ------ ‘ 

—
~

‘I I I ‘~ - ~~~~ ~~~~~ 
_4__

~
_____ If ~ ~ ~ 

r-4-
~~ ~~~tr

4, ;c ‘ di .:: - ~~ ~~~~~~~~~

- 

= ::_:~ 
-

~~
--— —

~
-- 
. ~:~::/_ ~~=: ::~ :L ~~~ L 

~~~~ ~ -~~ - ~~~~~~~ 
-

I 

~~~ 
_ _  

_ 
_ _

_ _ _ _  ~-L :~z: _
~~~~J 2~~ ~~~~~ ~~~~ i:~~ ~~~~ ~ii~~ ~_ _ _r ~~~~~~~~~~

J 1  ~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~0 
I I ,~ ~~ A _~~_ — - - - - — — --

~~~~~~ 

-

~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~ 
_ _ _  ~~ ~~~~~~~~~~ s-Tb ~~~~~~~~~~~~:~~ç7 .  .__. _ -  —.—--1--- . _  — 

~ ______ 
— ---. — - —  - --I--- “-‘-- — --,--— -,- ,--.- - —- - t-—-—— ------- —- t

~~~~~~~~~~~~ 
:~~~ T7 : ± J4y

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
.
~~~~~~~~~

-

— - 
I - - ~~~~~~ 

I — - Probability of Detection vs I I  I 

~L _ _1 $  t ____— - - - - --r -- - — — 1 - Probability of False Alarms for I— - - - - - 7 - 10 , 30, 100 and 300 Hz Bandwidth lit— - - - 
7 

- - Signals at a Constant —14 dB [fi
— - - - - - - - Input Signal to Noise Ratio. ‘

~~~~ 
_______

- 
— =

~~~~~t _ /  - - - — Samp le Rate = 800 Hz -- 1’~ - 

- - 

4 ~ I ~ FIgure 30 
- 

~~~~~~~

!~P~ 
_

• 

:~~~~~~~~~~~~~~ P’ I E ~~~~~
’ Ht4~~ ~~~~~~~~~~~~~— I 

~~~~~~ 
I I

1~~~~
I 

~~~~~~~~~~~~
- 

,_
~ ~~~

.. —-
~~~ 

— 
~~~

.- - - ~~-~ ~~~1I — -- t - —
~~~~~ ~~~~~~~~~~~~ ~~~~~~~ ~~~~~ ~~~~ -h i t4~~~~ ~i~ t ~~ ii- 

- .‘ ,~~i ~~ _______— 
_ _  I-- -1 t ~~± d~ _ _

001 IH I I I I 1111 ILI [III Iii — Prob ability of False Alarms - I

• 0.01 OOS 0.1 0.2 OS 1 2 10 In Percent
- 41 - 

• -
. -

~ 

•~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- ~~~~~~~~~ 

BANI)dI]YI1H SAMPLE RATE MEAN STANDARD DEWIATION

6
VOLTS VOLTS

300 Boo .2149 .153

100 800 .318 .188

1400 .305 .198

200 .381 .222

30 800 .14011. .239

1400 .1418 .2514

- 200 .1I.147 .276

OUTPUT NOISE
4

TABLE 1
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