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FOREWORD
 

This report contains the results of the Space Geodesy Aircraft Experi

ment awarded Raytheon Company under Contract No. NASW-1932 by the Geodetic 

Satellite Program Office, Office of Space Science and Applications, National 

Aeronautics and Space Administration. 

The experiment was conducted by the Equipment Division of Raytheon 

Company under the direction of Mr. Myer Kolker as Program Manager with 

Mr. Emile Genest as Project Engineer and Dr. Charles J. Mundo, Jr., 

as Program Scientist. 

Successful implementation of this effort was due largely to Mr. Jerome 

D. Rosenberg, Manager, Geodetic Satellite Programs, NASA OSSA, who.
 

initiated the effort, and provided the necessary initial direction and guidance,
 

and to Mr. Allen Selser, Technical Monitor, NASA Wallops Station, who continued
 

the direction and guidance through the conclusion of the experiment.
 

The primary objective of this experiment was to obtain measurements 

at normal incidence of radar backscatter and waveforms for varied ocean 

conditions. 
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ABSTRAC T 

Measurements of the radar pulse shape and cross section per unit area, 

a , at vertical incidence from various ocean conditions were made during 

the 1969-1970 Winter approximately 120 miles east of Norfolk, Va. The 

radar equipment consisted of an X-band trahsmitter, receiver and antenna sys

tem generating pulses of ten through one hundred nanoseconds. The reflections 

were received on a high speed oscilloscope inside an aircraft flying at 10, 000 

feet. Ocean truth was provided: (1) by two cameras located in the aircraft, 

one of which obtained pictures which were subsequently processed to provide 

two-dimensional Fourier transforms of the ocean surface; (2) by a NASA 

ship on location which provided measurements of ocean and atmospheric con

ditions, and; (3) by a second aircraft with a laser profilometer which pro

ocean waves. The results indicate a a0 
vided precise measurements of the 

ranging from 8 to 21 dB and a noticeable trend for a versus wind speed. The 

waveform of the return compared favorably with the- expected waveform. 
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SPACE GEODESY AIRCRAFT EXPERlMENT 


EXECUTIVE SUMMARY 


During December, 1969 and January, 1970 sixteen test flights were 

flown out of NASA's Wallops Station, Virginia with the purpose of measuring 

o .
radar pulse shapes and radar cross sections per unit area, (J , at vertlcal 

incidence from various ocean conditions. 

The radar equipment consisted of an X-band (9 GHz) transmitter, re

ceiver, and antennas (standard gain horns) capable of generating pulses as 

narrow as ten nanoseconds. The transmitter was a low level local oscillator 

with a TWT amplifier (12 watts) after the pulse modulation. There were two 

receiving antennas (standard gain horns of 22 dB with a 12 0 beamwidth) that 

were cross polarized with respect to each other permitting measurements 

of both direct and cross polarized return energy. The transmitting antenna 

(8 0 beamwidth) was mechanically boresighted to the same axis as the receiv

ing antennas. The receiver was a fixed gain superheterodyne type. A wide 

band oscilloscope was used to indicate the sea echos which were photograph

ically recorded. The number of pulses that were integrated, displayed and 

photographed varied from one to 278. Most of the flights were flown at 

10, 000 feet using a 20 nanosecond pulse width which resulted in pulse limited 

. returns (rather than beam limited). 

Ocean truth data was provided by (1) a down-looking camera which 

photographed the ocean corresponding to the radar scope photographs, (2) 

a second camera which obtained photos which were subsequently processed 

to provide two-dimensional Fourier transforms of the ocean surface, (Stilwell 

process), (3) a NASA ship on location at the test area which supplied measure

ments of ocean and atmospheric condition, and (4) an ONR aircraft with a laser 

profilometer which yielded precise measurements of the ocean waves. 

, 
Approximately 600 frames from ten of the flights were selected for 


further examination. A point coordinate mensurator was used to precisely 


I 



measure the return pulse peak and noise level, and digitally record these 

points on to punched cards. All the pertinent radar and environmental data 

were recorded onto cards. These cards were used as the input data for a 

processing program which calculated, by using a form of the radar equation, 

0 athe radar cross section, a , for each frame. For each flight and for 

selected number of runs, the mean, the standard deviation, and frequency 

distribution were then calculated. 
o 

The spread of values of ua ranged from approximately 8 dB to 21 dB 

for wave heights up to 12 ft and wind speeds up to 26 knots. In comparing 

ao- for each flight with the sea condition, there appears to be correlation 

between a-0 and wind speed. Since the capillary waves are directly related 

to wind speed, the data indicates that at X-band o- is probably more dependent 

on capillary wave formations than any other ocean parameter. The data also 
o 

showed no significant change in a- when the aircraft was flying at various head

ings with the sea direction. Expected pulse shapes, calculated for various 

pulsewidths, altitudes and a-
0 

, compared favorably with the actual pulse shapes. 

The rise times were linear and equal to the pulsewidth and the decay times 

were related to altitude and beamwidth. 

It is recommended that the analysis be further extended to measurements 

of rise and decay times .along with amplitude distributions as a function of time. 

The Stilwell process should be further developed by analyzing all the available 

photographs. The relation between a and capillary waves should be further 

investigated by implementing a method of measuring the capillaries and per

forming further aircraft experiments. These aircraft experiments should 

also include measurements of.correlation between pulses, altitude bias from 

wave heights, waveform sampling techniques, and candidate data processors. 



SECTION 1. INTRODUCTION & SUMMARY 

The Space Geodesy Altimetry Aircraft Experiment Program supports the 

goal of developing a satellite radar altimeter which will be capable of measur

ing the distance between the orbit and the ocean surface to accuracies of ± 1 

meter or better. At the present time, there is a lack of empirical data on 

the way in which radar pulses are backscattered by the ocean at vertical in

cidence. 

During this Aircraft Experiment empirical data was taken which will aid in 

developing a valid electromagnetic model of the ocean at X-Band as a function of 

pulse-length, sea-state, and altitude. Radar returns from a variety of ocean 

conditions were 'observed, recorded, and analyzed. This data will be useful for 

designing a satellite radar altimeter capable of measuring heights above the ocean 

to accuracies of ± 1 meter or better at aJ,titudes of 1000 to 1500 kilometers and at 

orbital velocities of 7 to 8 kilometers per second. In addition, the data will also 

be useful in interpreting the data from the GEOS C Radar Altimeter Experiment 

in which accuracies of ± 5 meters are expected and in which consideration is being 

given to recovering the shape of the return waveform. 

The objectives of the flight tests were to measure the pulse shape as 

reflected from different ocean conditions and to attempt to find a correla

tion between the return pulse shape and the ocean parameters. Specifically. 

the intent was to obtain a measure of ero (radar scattering coefficient) and 

H.(ill) (impulse response) for various states of the sea or ocean. 
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This final report describes the equipment used for making the measure

ments (see Figure 1-1). It describes both the radar equipment and the auxil

iary equipment for making the necessary measurements of ocean and aircraft 

characteristics. Briefly stated, the basic radar system consisted of three 

antennas, a receiver rack and a transmitter rack. The antennas were mech

ically installed, and b6resighted in the NASA C54 aircraft. The receiver and 

transmitter units were mounted in standard nineteen inch racks in the aircraft. 

Three operators were required to operate the radar equipment, auxiliary data 

recording equipment, and the three cameras (oscilloscope, ground viewing, 

and ocean spectra). 

The data gathered in this experiment consisted of approximately 10, 000 

frames of oscilloscope photographs, 10, 000 frames of ocean photographs at 

vertical incidence, and 150 frames of ocean photographs at 45 0 incidence. 600 
o 

frames of oscilloscope photographs were reduced in order to obtain 0 and pulse 

shape measurements. The process used in reducing the 600 frames of data is 

described in Section 4. 0. 

This report also attempts to relate a 0 to wave height, wave period, 

wind speed and roll angle. The a0 measurements are made with narrow pulse 

returns as would be encountered in a satellite radar altimeter. The rela

tions between pulse shape, altitude, pulse width and wind speed are derived 

and compared to actual measurements. Various methods of obtaining ocean 

parameters are described and compared. These include "eyeball" estimates, 

laser profilometer measurements, and two dimensional Fourier transforms 

using photographs. The "eyeball" estimates of wave height, and wave period and 

anemometer readings of wind speed were obtained from the NASA Range Recoverer 

ship (Figure 1-2) on location in the measurement area. The laser profilometer 

measurements were obtained by ONR personnel who used a Cessna 310 aircraft 

with the laser equipment aboard (see Figure 1-3) in the same area. The ocean 

spectra photographs were obtained from photos taken by a side looking camera on 

the NASA C54 aircraft used in the experiment (see Figure 1-4, 1-5). 
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Figure 1-2. NASA Pecovery Ship 



Figure 1-3. CESSNA 310 Aircraft With Laser Equipment Aboard 
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Figure 1-5. Ocean Spectra Camera (External) 



Summarizing the conclusions and recommendations: 

Conclusions 

0 
1. 	 if appears to have a functional relation to wind speed but none 

to wave height, period, or direction. 

Z. 	 - Variations in T 
0 over the looking angles of 0 to 4 degrees are 

small. 

return 	signal and hence fo3. 	 The distribution of the amplitude of the 


appears to be Rayleigh.
 

4. 	 Cross polarized returns at normal incidence were 30 dB down 

from direct polarized returns. 

0
5. 	 The return waveform and i are unrelated to sea direction. 

6. 	 The leading edge of the return waveform was a consistent ramp 

with little fluctuations. 

7. 	 The trailing edge of the return waveform contained large fluctua

tions for the individual pulse but the average value had a predictable 

decay functionally related to altitude, pulsewidth and beamwidth. 

8. 	 The average characteristics of the measured return waveforms 

agreed with the computed waveforms. 

9. 	 Ocean parameters were consistently obtained by visual observa

tions. 

10. 	 Implemented techniques for measurement of ocean parameters 

included Stilwell photography and laser profilometry. The former 

is simpler but it requires further development. The latter is 

more complex and provides one dimension spectrum. 
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Recommendations 

1. 	 The same analyses conducted on the chosen 600 frames of data be 

extended to the remaining frames to fully exploit the data from 

this experiment. 

2. 	 Measure rise times and decay times and correlate with theoretical 

values. 

3. 	 Analyze the distribution of pulse amplitude as a function of time 

using 	a densitometer. 

4. The Stilwell process should be further developed by processing all 

the available photographs and extending the analysis of the results. 

This 	includes, at least, analyzing frames from the same flight for 

self consistency, correlation of Stilwell and laser profilometry 

data from flight 5, and correlation with surface "eye ball" reports. 
o 

5. 	 The relationship of a- to surface wind should be further investigated 

including flying over areas where the surface has no capillary waves 

(no wind) present and includes conditions of no waves present and 

swell 	waves present. 

6. 	 Altitude biases as a function of sea state should be investigated. 

This includes ground range calibration and an independent accurate 

source of aircraft altitude. 

7. 	 Correlation measurements between pulses as a function of time and 

frequency shift should be performed to compare with satellite 

measurements. 

8. 	 A waveform sampler should be implemented in addition to the 

oscilloscope and camera. 

9. 	 Candidate data processors should be flown and compared. 
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10. 	 Methods for ground truth measuring of capillary waves should be 

investigated. 

11. 	 In planning future aircraft experiments, major emphasis should 

be given to methods, availability, and confidence level for the 

ground truth measurement of the ocean surface conditions. 
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SECTION Z. TEST SYSTEM
 

2. 1 System Parameters 

Table Z-1 gives the system parameters used in making the measure

ments. Much of the data was taken at 10, 000 ft with Z0 nsec pulses because: 

(1) sufficient S/N was available at this altitude; (2) pulse limiting conditions 

prevailed; and (3) the higher altitudes created operational problems because 

of oxygen requirements. 

The parameter values used were dictated by various practical and 

operational considerations. The altitude of 20, 000 feet is the maximum limit 

that aircraft available for this operation can fly. The pulsewidth values are 

those which future radar altimeter designs will be considering and also those 

which can be generated with present available equipment and a minimum of 

in-house design effort. The transmitted power of 12 watts is obtained by 

using a TWT amplifier unit packaged complete with its power supply. Higher 

power units proved to be proportionately more expensive and impractical for 

this application. The antennas are standard gain horns which are readily 

available and have well controlled characteristics. The transmitted wave

length is approximately 3 cm or X-band. The entire X-band from 8 to I GHz 

was capable of being used although the experiment concentrated at one ar

bitrarily chosen frequency (9 GHz). X-band was used because previous studies 

have indicated that future GEOS radar altimeters will probably operate in that 

band. 

The oscilloscope camera has a shutter speed of 1/50 of a second and 

the prf was determined so that one pulse or up to Z78 integrated pulses can 

be displayed on an oscilloscope and photographed. This permits an evaluation 

of individual pulse returns as well as the integrated effect of many pulses. 
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Table Z-1. System Parameters 

Altitude (ft) 


Pulsewidth (nsec) 


Transmitted Power (w) 


Antenna Gain (dB) (two way) 


Frequency (GHz) 

Roll and Pitch (deg.) 

Radar Output 

Auxiliary Data 

Pulse Repetition Rate 

Bandwidth (IF) 

Antenna Beamwidth -

Antenna Bearnwidth -

Detector 

Signal-to-Noise 

Prime Power 

Size-Receiver 

Size Transmitter 

Weight per Rack Unit 

Transmit 

Receive 

1500, 5000, 10000, 15000, 2000 

10, Z0, 100 

3, 12 

47.3 

9.0 

0, 3, 5 

Scope Photographs 

Vertical Photos 
Side Looking Photos 
Roll & Pitch Recordings 
Ship Reports on Sea & Weather 
Laser Profilometer 

0 to 5 KHz 

200 MHz 

8 degrees 

12 degrees 

Square Law 

18 dB or greater 

1200 watts 

19-inch rack 4 ft high 

19-inch rack 4 ft high 

300 lbs. 
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A wide IF bandwidth (200 MHz) was deemed desirable in order to obtain 

clear pictures of the expected fast rise times. Bandwidths wider than 200 MHz 

would have-made the system much more complex and expensive. 

The antenna beamwidths were selected so that the system remained 

pulse limited at the operating altitudes and yet provided sufficient gain. 

The detector operated as a square law device and permitted convenient 

calibration between power and voltage. 

Signal-to-noise was kepthigh in order to see the effect of ocean param

eters on the pulses independently of the thermal noise. 

The prime power, size and weight for all the necessary equipment were 

not critical parameters. 

2. 2 Radar System Components 

The equipment (see Figure 2-1, Z-Z) can be broken down into three 

functional and physical subsystems. They are the transmitter, receiver, and 

antenna. The transmitter and receiver subsystems consist of rack-mounted 

units of general purpose equipments with a minimum of in-house designed 

and fabricated units. 

The antenna assembly (Figure 2-3) consists of two receiving standard 

gain horns cross polarized with respect to each other and fed by a waveguide 

switch selecting either receiving horn. A standard gain transmitting horn 

completes the antenna assembly. The E-plane vector of the transmitting horn is 

perpendicular to the line of flight. 

2. 3 Transmitter 

The type of transmitter selected for this application is a low level 

local oscillator with a TWT amplifier after the pulse modulation (see Figure 

2-4). This is preferred over the magnetron type because it permits wide 
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bandwidth or fast rise time pulses. It also permits variable pulsewidths and 

pulse repetition rates to be used,thereby giving flexibility to the experiment. 

The equipment shown in Figure Z-2 consists of various pieces of general 

purpose lab instruments such as the klystron power supply, pulse generator, 

TWT amplifier, and variable attenuator. The other units were designed and 

built by Raytheon. This approach of using as much off-the- shelf equipment 

was used in order to minimize the design effort and have equipment avail

able on a short schedule. It also has proved to be the most economical ap

proach and provides flexibility in parameter variations. 

The local oscillator is a low level klystron (2kZ5 or equivalent) which 

is readily powered with standard laboratory voltage power supplies. The 

same power supply is also used for the receiver local oscillator. The kly

stron is a very stable oscillator which also can be mechanically adjusted over 

the entire X-band. 

The requirement for fast rise times (5 nse and narrow pulses (Z0 nsec) 

necessitates the use of a varactor switch which in turn requires an avalanche 

transistor switch driver. These are shown in Figure 2-5. The-rise time is 

controlled by the switching speed of the avalanche transistor and the varactor 

diode. These have been tested and shown to produce better than 5 nsec rise 

times . The pulsewidth is controlled by the length of the delay line used in 

the circuit of Figure 2-5. The delay lines are various lengths of coaxial cables 

(1. 5 nsec delay/ft). 

The switch driver is triggered by a standard pulse generator such as 

those manufactured by Hewlett Packard or Data Pulse. This will permit 

selection of pulse repetition rates up to 5 KHz and as low as one pulse (by 

manual trigger). The pulse generator is also used to provide the synch sig

nals for the oscilloscope and to provide the triggers for the camera controls 
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The pulses are amplified in a TWT amplifier which has the necessary 

bandwidth to preserve the pulse shape. The amplifier can provide a minimum 

of 10 w peak CW power. 

A variable attenuator (0 to 30 dB) on the output of the transmitter permits 

the use of the system at low altitudes without imposing a requirement for large 

dynamic range on the receiver. 

2. 4 Antenna and Microwave Assembly 

The transmitted and received signals are fed'to the antennas through 

.waveguide runs in the aircraft. Waveguide is required in order to keep the 

losses to a minimum. 

A mechanical antenna switch connects either of two receiving antennas 

to the receiver. The two receiving antennas are cross polarized with respect 

to each other permitting measurements of the direct and cross polarized re

turn energy during flights. The receiving antennas are standard gain horns 

of 22 dB gain with a IZ degree nominal beamwidth. They have low sidelobe levels 

(less than 20 dB). Switching between antennas is remotely controlled from the 

operator's console. 

The transmitting antenna has an 8 degree nominal beamwidth. It is mechan

ically boresighted to the same axis as the receiving antennas. The H-plane of the 

transmitting antenna is parallel to the line of flight. 

The isolation between the transmitting and receiving antennas is re

quired to be in excess of 60 dB in order to avoid transmitter leakage. Tests
 

were run on the antenna prior to aircraft installation (see Figure 2-6) with
 

a simulation of the aircraft skin area in order to assure proper alignment,
 

isolation, and beam characteristics. 

2. 5 Receiver 

The receiver used in this experiment (see Figure 2-7) is a fixed gain
 

superheterodyne. type. The RF (9.00 GHz) received by the receiving antenna
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is converted to an intermediate frequency of about 120 MHz in a,crystal mixer 

with no RF preselection. The local oscillator signal needed to perform this 

mixing action is obtained from a low power klystron oscillator (Varian VA

Z03B/6975). Both this local oscillator klystron and the klystron used to pro

duce the transmitted signal are powered from the same power supply. 

The intermediate signal produced-by the mixer is amplified in a wide 

band IF amplifier (see Figure 2-8). 

The IF amplifier provides sufficient gain to produce an output noise 

signal after video detection of approximately 10 mV. This means that with 

a noise figure of 10 dB and a video rectification efficiency of 50 percent, the 

rms noise signal from the IF amplifier will be 20 mV(IF noise power of 8 .W). 

The gain (RF input power to IF output power) needed to produce this 

size signal is therefore 

N 
A =IFA= TF-1

ETBF 
10 6 (2-i) 

Gain A in dB 60 dB. (Z-Z) 

These gains are necessary in order to produce useful signal levels at 

the input to the oscilloscope to be used for recording the signals returned 

from the sea surface. With a S/N of Z0 dB, the voltages at the scope input 

will be 100 mV and with 20 mV/cm deflection, produce 5 cm of deflection on 

the scope face. The IF amplifier has a useful dynamic range of greater than 

40 dB. The unit requires power supplies of :h 12 volts dc. Both the IF and a 

video output are available on this unit so that other kinds of detectors could be 

used if needed (square law, coherent, etc.). The physical size of this mixer 

IF amplifier is shown in Figure 2-8. 

Z-13 



I
I. 

5
S.

1 
dl 

[NJ* Figure 2-8. Mixer IF Amplifier 



A wide-band oscilloscope (Tektronix model 585) is used to indicate the 

return from the sea. This unit has a frequency response sufficiently wide 

to obtain pulse rise times of 3 to 4 nsec. A Beattie Coleman camera was 

utilized to obtain photographic records of the resulting waveforms. Special 

films (Kodak 2485) were used to permit recording single pulse returns as well 

-as multiple returns. 

2. 6 Ground Support Equipment 

The purpose of the Ground Support Equipment (GSE) (see Figure 2-9) 

is to permit field maintenance, calibration,and sparing of the radar system. 

The sparing is accomplished by providing units in the GSE which are identical 

to the onboard equipment. The receiver and transmitter units in the GSE have 

already been described in the previous sections. 

For purposes of maintenance, a power meter, a VSWR meter, and a 

Polaroid camera have been included as part of the GSE. 

Preflight calibration of the onboard equipment is accomplished by dis

connecting the aircraft antennas and attaching the GSE at the coax'termina

tions. 

A special purpose for which the GSE was used was that of runway calibra

tion checks. The equipment was used as a transponder by attaching receiving 

and transmitting antennas. 

The equipment is conveniently packaged in a mobile rack unit (see
 

Figure Z-10) for use and for transporting.
 

2.7 Component Specifications 

Specifications for transmitter and receiver are shown in Tables Z-a
 

and 2-3.
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Table 2-2. Transmitter Specification 

Transmitter LO: 

Low power klystron oscillator 

Power 20 mW 

Tunable frequency 8. 5 to 9. 6 dHz 

Output connections - UG39/U 

Convection cooled. 

Diode Switch: 

Bandwidth 8.5 to 9.6 GHz 

Connections Waveguide - UG39/U 

Switching Time 5 nanosec 

Incident power 50 mW cw 

Max I Loss 1. 0 dB 
ms
 

Isolation > Z5 dB
 

TWT Amplifier: 

Gain a:30 dB 

Bandwidth 8.5 to 9.6 GHz 

NF 30 dB 

Max power out at gain of 30 dB 110 watts 

Integral Power Supplies rack mounted. 
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Table Z-3. Receiver Specification 

Mixer IF Amplifier: 

RF input 9. 0 GHz 

RIP input conn. Waveguide (UG39/U flange) 

IF frequency 120 MHz 

Bandwidth 200 MHz 

Noise Figure -10 dB
 

IF output Z = 50 ohm
 
0
 

RF to IF gain -56 to 60 dB
 

Video Output Required
 

video det. efficiency -5016
 

video bandwidth 1
100 MHz 

into reasonable resistive 
load 50 ohm -- 1 kohm 

I dB IF compression pt 0 dBm 

Oscilloscope Requirement: 

Fsec delay time1. 	 Delayed sweep greater than 5 


delay jitter < 0. 5 nanoseconds
 

2. Rise time < 5 nanoseconds 

3. Vertical sensitivity adjust. min. of 10 mV/cm 

4. Sweep speeds up to 5 nanoseconds/cm. 

Camera (Oscilloscope): 

1. Solenoid activated shutter 

2. f/16 lens or better, shutter speed 1/50 

3. Capable of using at least 100 ft o± 35 mm film 

4. Data storage on film 

5. Simple to load. 
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2.8 Output Data 

The outputs of the system are pulses photographed from the face of an 

oscilloscope. A single pulse display or an integrated pulse display can be 

provided and photographed. The transmitted and received pulses can be both 

displayed on an expanded time scale and photographed. 

The oscilloscope photographs also contain a counter reading and clock 

which aid in the data reduction. 

2.9 	 Ground Camera 

Photographs of the ocean were taken at the same time that radar 

pictures were taken via the oscilloscope. These photos permitted a check on 

the sea conditions and more importantly helped to explain any anomalies in the 

data, such as returns from ships and clouds. 

The ground camera (Flight Research Model IV) is a 35 mm roll-film 

camera. The camera shutter is controlled by the circuits that control 

the oscilloscope camera at the operator's console. Data synchronization is 

obtained through use of a counter and clock which are photographed on the film. 

Z.10 	 Ocean Wave Measurements 

The main requirement of auxiliary data was to obtain some quantitative 

measure of the ocean, characteristics to be compared with the radar data. 

Ocean wave heights, directions,and wavelengths were the quantities of interest. 

Wind direction and wind speed indicators were furnished by the NASA ship 

stationed-in the test areas. Experienced personnel aboard the ship also provided 

some 'eyeball" estimates of wave height and period. 
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Photographic techniques were used to provide an optical Fourier transform 

of the photographed ocean and thereby provide the directional energy spectra of 

the ocean. This technique was developed by D. Stilwell of NRL and is referred 

in this report as the "Stilwell" or "Ocean Spectra" process. A side looking 

camera (see Figure 1-4 and 1-5) provided high resolution photographs for use in 

this technique. The camera uses nine inch film of low graininess. It is 

mounted to look out the side of the aircraft at an angle of approximately 45 

degrees from the vertical. Photographs were taken while climbing to the operating 

altitude and at the end of the run when descending. Sets of photographs were taken 

at angles of 0, 90, 180, and Z70 degrees with respect to sea direction. 

Z.11 Aircraft Data 

Roll and pitch data was continuously recorded on a strip chart-recorder. 

Aircraft altitude, cabin temperature, outside temperature and weather were 

monitored and recorded by the operators. 
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SECTION 3. FLIGHT OPERATIONS
 

3. 1 Source of Data 

The data collected on these flights came from many sources. This 

section lists the sources and the data supplied by each. 

3."1. 1 Raytheon 

A) Radar Data 

1. Transmitted power 
2. Antenna beamwidth, gain, and polarization 
3. Transmitted frequency 
4. Pulse width 
5. System losses 
6. Number of pulses per frame 

B) Oscilloscope Data 

i. Oscilloscope settings 

3. 1.Z NASA Aircraft Data 

1. A/C Altitude 
2. A/C Heading 
3. A/C Speed 
4. A/C Location 

3.1.3 Strip Chart Data 

1. A/C Roll Angle 
Z. A/C Pitch Angle 
3. Oscilloscope Camera Synchronization 

4. Time of Day 

3-1 



3. 	1. 4 NASA Range Recoverer Ship 

A) Ocean Truth Data 

1. Wave direction 
Z. Wave height 
3. Wave period 
4. Wind velocity (speed and direction) 
5. Air 	and Sea temperature 

6. Air 	Pressure
 

3.1.5 	 Oscilloscope Film 

1. Received power 
2. Pulse shape 

3. 1. 6 	 Ocean Film (Flight Research Camera) 

1. Ocean photograph for each oscilloscope photograph 

3. 1. 7 	 Dr. Stilwell - Ocean Specta Film (K-17 Camera) 

1. Ocean spectra data 

3. L 8 	 ONR - Laser Profilometer 

1. Ocean spectra data 
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3.2 	 Summary of Flights 

The value of the flights is determined primarily from the availability of 

useful data. Table 3-1 is a summary of the radar and environmental parameters 

that were recorded for each flight. In the following paragraphs each flight is 

briefly summarized. Included also are various observations that were made 

during the flights. 

3.2.1 Flight 1 - Nov-Z4-1969 

This flight, the first of three shakedown flights, was flown over coastal 

waters near Wallops. From a height of 6000 feet, 8 Stilwell photographs were 

taken 	and 4 radar runs were made using Flight Pattern 3, (Figure 3-3) the 

rectangular pattern. However, it was observed that sea direction is difficult 

to obtain accurately at this altitude, and that morevoer any estimate is likely 

to be 	off by 1800. The strip-chart was not recording for the entire flight and 

the ground camera worked only for a short while. Also, according to the 

NASA 	FPS-16 radar, the C-54 altimeter (SCR-718) could be off by 400-600 

feet at 	6000 ft. This flight lasted two hours. 



Table 3-1. Summary of the Radar and Environmental Parameters 

FLIGHT 1 FLIGHT 2 FLIGHT 3 
RADAR PARAMETERS 11/29/69 12/11/69 12/12/69 

Pulse Width . 100 lis . 100 s 

Polarization cross direct 
Pulse/Frame 50 50 
Frame Rate I/sec I/sec 

Pulse Repetition Freq. 2500 2500 

Peak Power 12 watts < 12 watts 

Attenuation 

Sweep Speed 
0 z 

16 dB 
is/cm 

Amplitude Set. .01 v/cm 

Time Delay Z.0 pts 41.5 s 

ENVIRONMENTAL 
PARAMETERS 

Sky Condition Clear Clear Partly Cloudy 

Cabin Temp. 75-F 75*F 750 F 

Water Temp. 

Wind Direction 

Wind Speed 
Sea Direction 146" or 326 ° 150 ° or 330' 
Altitude 6000 Ft. 1000 Ft 20,000 Ft _ 

A/C Velocity 150 Knots 145 

No. of Runs 4 2 
Location OffShore Offshore 37'50' x 75' 20' 
Air Surface Temp. 

Wave Heights 

Wave Period 

STILWELL PARAMETERS 

No. of Runs 4 8 4 8 4 
Altitude 

Camera Parameters 

6000 Ft 1000 
III 

18,000 
III 

1000 
.*t2T 

80.000 
[ @fZ2 



Table 3-1. Summary of the Radar and Environmental Parameters (Cont.) 

RADAR PARAMETERS 
FLIGHT 4 

12/15/69 
FLIGHT 5 
12/17/69 

FLIGHT 6 
12118/69 

FLIGHT 7 
1/6/70 

FLIGHT 8 
1/8/70 

FLIGHT 9 
1/9/70 

Pulse Width .100as .10 s.02 p. .0 20 s - *100 ps .020 Is .020 

Polarzation direct- , direct cross direct cross direct direct direct direct 

Pulse/Frame I 50 50 50 I .50 s0 s0 Ih 

Frame Rate 

P. R. F. 
Peak Power 

Attenuation 
Sweep Speed 

Am.plitude Set. 

NA 

NA 
12 watts 

10 dB 
.050"/Cu 

I/sec 

2500 

v/em 

I/sec 

2500 

v cm 

I/sec 

2500 
12 watts 

0 dB 

. 05.s/cm 

*5 v/cm 1 vcm 

NA 

NA 
12 watts --

.050s/cm0m 

. 00 v/cm 

I/sec 

2ado 

10s 

1/sec 

2500 

I/sec 

2500 

.* 050 

NA 

NA 

2.9. 9 

NA 

VAR. 

12 watts 
0 dB 

.100 v/cm 

NA 

NA NA 2501300 

12watt< 
OdD 

. s -

Jii .00 .05 

<9 

Q 

_______________________ 

TimePDelay 
ENVIRONMENTAL
PARAMETERS 

1-25, 
3.11s 10 p. 10 as 2.8 pis 120 a 32s 3 6 .O fs 5 20 ISt 

Sky Condition 

Cabin Temp. 

Water Temp. 

Wind Direction 

Partly Cloudy 

75-F 

NA 

293 

--

-

Partly Cloudy 

75°F 

N-A 

320' 

- Partly Cloudy 

75 F 

NA 

330' 

Cloudy 
° 

75'F 

58°F 

310' 

Cloudy 

70?F 

53-F 

350' 

CloudI 

70-F 

61F 
" 

290' 

Wind Speed 26 knots 16 knots - 8-16 knots 3 knots 19knot 30 knots 

Sea Direction 290' 320' -- 330' 32' 340' 290' 

Altitude 1500 ft 5000 ft 5000 ft 1500 ft 10,000 ft 1500 ft 15, 000 £15,000f£0,000£ 1500 ft 

A/C Velocity 165 - - 155 165 160 160 160 150 165 198 208 186 

No. of Runs 

Location 

Air Surface Temp. 

Wave Heights 

8 

7'07,x33o38' 

46.4-F 

8 ft 

4 

37'07'x73-381 

4."5-C 
4-6 it -

4 64 

37'07' x73'28 

6,20C -

5 tt 

]g,'071x7 
3
' 

96°C 

3 It 

37-07' x 73Z8 

12 

73'38 
." 3'C 

7 ft 

Wave Period 8 sce NA 5 sec see NA 

STILWELL PARAMETERS 

No. of Runs 
Altitude 

8 
1500 

8 
1500 1 

8 
1500 "00 

{14 
z 4 

I a-Of16f16 
4 

Camera P.rame.ters ( ifIFocal Length l at fll 
Laser Data Available 

AT C fl Laser Data Avaiable 
Laser Data Available 

e6 I 

IU
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Table 3-1. Summary of the Radar and Environmental Parameters (Cant.) 
FLIGHT 10 FLIGHT 11 FLIGHT 12 

RADAR PARAMETERS 1/20/70 1/Z1/70 1/22/70 
Pulse Width .]ps0 0 IAI- -_ .020 as 

Polarization direct I direct -

Pulse/Frame 1 2 10 50 148 1 2 10 50 148 Z78 
Frame Rate NA NA NA 1 1/2 NA NA NAI 1 /2 112 
PRF NA NA 500 2500 5400 NA NA 500 .250C 5400 13900 
Peak Power* 3watts - 3 watts 
Attenuation 20 dB ---- 0 ddB 
Sweep Speed 

Amplitude Set. 

.100 
pLs/cm 
.010/ --

.05 4 U O50 
-Q W s/cm 

G .05 -Z 
em .7,m- v/cm

Time Delay l0 }sIle 21 Ls 
ENVIRONMENTAL 
PARAMETERS
 

Sky Condition Cloudy Clear 
Cabin Temp. 70 OF 70°F 
Water Temp. 32 -F NA 
Wind Direction 0800 - 3300 
Wind Speed 3 knots 15 knot -

Sea Direction None 2650 
Altitude 5000 it 110, 000t --

A/C Velocity 160 164 knotsknots 

#of Runs 4 4 4 4 4 4 4 4 4 4 4 
Location Tangier Sound Tangier Long Island Sound 
Air Surface Temp. 27*F NA 
Wave Heights Calm 2ft 
Wave Period Calm - NA 
STILWELLPARAMETERS 

# of Runs 4 4 NA NA
"Altitude 1500ft 5000 it NA NA 

Camera Parameters 0@f8 0@$8 NA NA Z 
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(Cont.)
Table 3-1. Summary of the Radar and Environmental Parameters 

RADAR FLIGHT 13 
PARAMETERS 1/26/70 

Pulse Width . OZOs 

Polarization direct -r - cross 

Pulse/Frame 1' 1050 1427850 

Frame Rate NA N 1112/2 1 

PRF NA Z5%00so 

Peak Power 3 watts 

Attenuation 
Sweep Speed odB. 05 Ls/cm -

Amplitude Set .02v/cml-- Olv/c 

Time Delay Zlsj 

Environmental 
Parameters 

Sky Condition Cloudy -

Cabin Temp 75'F 

Water Temp 58F 

Wind Direction 220' 
Wind Speed Z6kts 

Sea Direction 220' 


Altitude 10, 000 ft 

A/C Velocity 159 kts 

No. of Runs 4 1 4 144 

Location 37'07' N x 73'381w 

Air Surface Temp. 55'F JF 
Wave Height 9 ft 

Wave Period 8 see 1 

Stilwell 

Parameters 

N.oRus8 i4 
Altitude 1500 ft 1500 ft 


Camera Parameters I O. f I11 @f 16 

00, 200 


U) ... ,z 

FLIGHT 14 
1/27/70 

" 010ZS 


direct irfdir, 

1 10 50148 0 50 50 

NA NA 1 1 1 1 

NA o% 

12 wattsW-s-t-

A/c - .2Z0
od 
00.05 

.-0-.oz. 05.05 

Roll Angle '3" 

Partly Cloudy Clear 

70'F 70' 
55F -

360 

2 -kts-6 

350' 


10, 000 ft -240 ft 

177k 

4 14 4 rames 
37'07N x 73'38' w and 

f t5 

5 sec 


1500 ft 10, 000 ft 1500 ft 

1 @fl6 i@_2 !I 


N00 200 


FLIGHT 15 
1/28/70 

.0o0[ 

direct 

-

- -

FLIGHT 16 
1/29/70 

.0201 -

direct 

1 10 50 41 10 0 1450 148 

NA 

NA 

A 

Soo, 

I/ NA 

NA 

N 1 

5o 

1/2 

5400 

12 watts 

.05"s/cm - - •05Rs/c n
 
odB 


005 gdB-- .0 .05lOv/ 02v 

- 5Rs - -. 

5- olor Film 

I 
Clear Clear 

75F -75*F 

55'F 551F 

210 -10 

kts ZZkts 
10' 210'
 
10, 000 ft 10, 000 ft 

185 kts 177 kts

4 4 44 4 44444 

37*07' N x 73'381 w 37'07 N x 73'38i 

51'60'F 

3 ft 7 ft 

4 sec 7 see 

114111114 4 8 
1500 it 1500 ft 1500 ft
 

12 10 Zj~i~i2ZlAtb
 
2000 2 
o z o io o
 



3.?.Z Flight 2 - Dec-11-1969 

This flight, the second shakedown flight, was flown over approxi

mately the same area as the first flight. Upon arriving at the test area a 

Stilwell pattern was flown at 1000 feet without regard to sea direction. The 

d-54 then climbed to 18, 000 feet for the radar runs. The climb took about 

45 minutes, which was considerly shorter than had been predicted. Since the 

C-54 was above 10, 000 feet, oxygen was required by the crew for the first 

time. The radar return signal was strong, but at approximately 17, 000 feet 

the oscilloscope developed synchronization problems and a trace could not be 

obtained. All radar runs, therefore, had to be aborted. A Stilwell pattern 

was flow at 18, 000 feet and then again at 1000 feet. The purpose of the second 

Stilwell pattern at 1000 feet was to observe what effect condensation on the lens 

had on lens resolution. 

3. 2. 3 Flight 3 - Dec-13-1969 

This was the last shakedown flight. Since there was no usable data 

from flight 2, a similar flight plan was used except that only the 100 nanosecond 

pulse width was attempted (It was extremely difficult'to change pulse widths 

while using oxygen). The radome was removed for this and subsequent flights 

in order to improve the return signal level. Stilwell patterns were flown in 

the following order: 1000 ft. , 20, 000 ft. , 1000 ft. Some radar data was taken 

at 1000 feet and a full Radar Pattern 2 was flown at 20, 000 feet. It was difficult 

to see any return signal using cross polarization, so'direct was used 

during the entire flight. The sea direction could not be determined, so that 

arbitiary headings were flown during the data runs. 

3.2.4 Flight 4- Dec-15-69 

This was the first data flight. It was flown over the Atlantic Ocean
 

about 1Z0 miles east of Norfolk at 370 07 t N, 730 38' W (hereafter known as
 

GEOS test area) with ocean truth data being furnished for the first time by the 
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NASA Range Recoverer ship. ONR personnel were to fly with us in their Cessna 

with the laser profilometer but they had to cancel due to aircraft problems. How

ever, it had been decided previously to fly at a low altitude, 5000 feet, so as to 

make coordination between the two aircraft easier. A low cloud ceiling forced the 

cancellation of the 5000 foot Stilwell pattern. Two Stilwell patterns were flown at 

1500 feet, one before the radar runs and the other after. At 5000 feet Radar 

Pattern 1 (Figure 3-1) (12 runs) and Pattern 2 (Figure 3-2) (6 runs) were flown. 

Some single pulse per frame data was taken during the Stilwell patterns. The re

sults confirmed that individual pulses are visible on the film. 10 dB of attenuation 

was deliberately put in the receiver so that the return signal would not be saturated. 

The roll and pitch gyros were operating and the strip-chart was calibrated 

and operating. The counter of the ground (Flight Research Camera) camera 

jammed although the camera itself operated. 

3.Z.5 Flight 5 - Dec-17-1970 

This flight was flown at 10, 000 feet in the GEOS test area. Due to low 

cloud cover Stilwell Patterns were only flown at 1500 feet. ONR personnel flew 

their Cessna and took laser profilometer data. The Range Recoverer was on 

station and relayed ocean truth data to the C-54. An attempt was made to change 

the pulse width but during the change a connector pin was bent,making further 

data runs impossible. Therefore, only one Radar Flight Pattern 2 (Figure 3-2) 

was flown at 10, 000 feet. 

3.2.6 Flight 6 - Dec-18-1970 

ONRpersonnel accompanied the C-54 again with their laser profilometer. 

The low cloud cover over the GEOS test area again forced cancellation of the 

high altitude Stilwell pattern. Radar Flight Pattern 2 was flown twice at 15, 000 

-feet and once at 20, 000 feet. There did not seem to be any noticeable return 
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during any of the cross polarization runs, but there was a strong return 

signal when direct polarization was used. The transmitted frequency was 

measured to be 9. 00 GHz. 

3.2. 7 Flight 7 - Jan-6-1970 

The Range Recoverer was on station in the GEOS test area, providing 

the only source of ocean truth data for this flight. There was a Navy block 

to all aircraft in the area from 0 to 5000 feet with a cloud cover somewhat 

below 5000 feet. All Stilwell patterns were therefore cancelled. Also, 

because of the cloud condition, the ground camera was not used. 

Pattern Z was flown once at 15, 000 feet with the pulses per fra-n e varied 

during each run. Although usable data was obtained, the procedure of 

varying pulses per frame during each run was time consuming causing each 

run to cover a large area of ocean. Therefore, on following flights pulses 

per frame were kept constant during each run and only changed between runs. 

Upon returning to Wallops a system calibration check was attempted by 

flying over the GSE on the runway. The GSE picked up the aircraft signal 

for a very short time while the CSE signal was not received in the aircraft. 

3. 2. 8 Flight 8 - Jan-8-1970 

Before flying to the test area, another attempt was made at a system 

over the runway at 5000 feetcalibration check using the GSE. Four passes 

gave very marginal returns but did permit a verification of the system calibra

tion. Because of the low ceiling and the trouble receiving the signal from the 

GSE, the 10, 000 foot passes were cancelled. The calibration runs scheduled 

upon return from the test area were cancelled due to stormy weather. After 

(370 07' N, 730 38'W), it was learned that thearriving at the GEOS test area 

Range Recoverer went in toward the shore during the night because of stormy 

at that time 80 miles west of the test area, at 37 0 N, 75 0 W.seas. The ship was 

Since the ship was in coastal waters, it was decided to make the radar runs at 

the test area rather than over the ship. 
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The ship's ocean truth and weather reports were used as estimates of the 

conditions in the test area. Because of the very low overcast and surface 

fog, only one Stilwell pattern was flown at 1000 feet. Flight Pattern 2 was flown 

4 times at 10, 000 feet with the pulses per frame varied with each pattern. 

3.Z. 9 Flight 9 - Jan-9-1970 

Two Stilwell patterns Were flown at 1000 ft upon arriving at the test 

area. The C-54 then climbed to 10, 000 feetfor the radar runs where it was 

discovered that the TWT'hadfailed. The transmitted and received signals 

were lost, and thus the radar runs were cancelled and the C-54 returned to 

Wallops. 

3. 2. 10 Flight 10 - Jan 10-1970 

The 12 watt TWT that failed was replaced with a 3 watt TWT. In order 

to get calm water conditions, this flight was flown over Tangier Sound in 

in the sound and reported a calmChesapeake Bay. The Range Recoverer was 

surface although the surface appeared from the aircraft to have a small wave 

pattern. There was a considerable amount of ice along the-shore of the Sound, 

although the center of sound was ice free except for a few small patches. Two 

Stilwell patterns were flown, one at 1500 feet and one at 5000 feet. Radar 

Pattern 3 (Figure 3-3) was flown 5 times at 5000 feet. 

3. 2. 11 Flight 11 - Jan-21-1970 

This flight was scheduled over Tangier Sound,but during the previous 

night the Sound became completely frozen over. The Range Recoverer, still 

in the Sound, was unable to get to any other possible test areas that day. 

Therefore, the flight was cancelled and the C-54 returned to Wallops. 
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3.Z. 12 Flight 1Z - Jan-22- 1 970 

This flight was scheduled over Long Island Sound in an attempt to 

get calm water conditions. Sea direction, wave heights, and wind velocity 

estimates were based on observations from the aircraft and on radio conver

sations with the Bridgeport, Conn. Air Control Area. There were no Stilwell 

photos taken on this flight and all the ground film was later accidently double

exposed during flight 13. Radar Pattern 3 was flown six times with a different 

number of pulses per frame for each pattern. The 3 watt TWT was again used. 

3. Z. 13 Flight 13 - Jan-27-1970 

With the Range Recover again on station, the test flights resumed 

in the GEOS test area, 37 07 N, 730 381W. Three Stilwell Patterns were 

flown at 1500 feet, and low cloud cover forced the cancellation of the 10, 000 

foot Stilwell Pattern. As mentioned above, the ground film was accidently 

double-exposed on the film of flight 12. Radar Pattern 3 was flow six times, 

five times with direct polarization and once with cross polarization. There was 

no signal return when the horns were cross polarized. 

3. 2. 14 Flight 14 - Jan-Z7-1970 

The 12 watt TWT was repaired and reinstalled for this and the 

area with theremainder of the flights. This flight was over the GEOS test 

Range Recoverer supplying ocean truth data. Three Stilwell Patterns were 

flown six times each. For one pattern the aircraft was kept at a constant 30 roll 

angle which caused a slightly reduced return signal. The cross polarized mode was 

tried again with no success. Before returning to Wallops, the C-54 flew over 

Tangier Sound and found it to be ice-bound, which precluded any further testing 

in that area. The ground camera was jammed for the entire flight. 
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3. Z. 15 Flight 15 - Jan-28-1970 

Radar Pattern 3 was flown six times on this flight over the GEOS test 

area. One pattern was flown with a constant 5' roll angle,which again caused a 

slightly reduced return signal. Three Stilwell patterns were flown, two at 

1500 feet and one at 10, 000 feet. 

3.2. 16 Flight 16 - Jan-29-1970 

This last test flight was flown over the GEOS test area. Three Stilwell 

patterns were flown, two at 1500 feet, and one at 10, 000 feet. Radar Pattern 3 

was flown six times. On the last two patterns extended range color film (E. G. G. 

Type XR), rather than black and white film, was used. 

3.3 Typical Data Sheets 

The data sheets presented in this section are the actual data sheets for 

flight 14. The original data sheets for the other flights are similar to the ones 

presented here. The data was recorded during the flight by the Raytheon 

controller. He received this data from the Raytheon radar operator, the 

aircraft pilot and/or co-pilot, the NASA Range Recoverer, and the ocean 

spectra (K-17) camera operator. 
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3.3. 	1 Flight Data Sheet 
FLIGHT DATA SHEET OF (1 

FIGHT# 14 DATE 1/27/70 
Take-off 9:45 A.M. 
Land 1:30 P.M. 

LOCATION 	 NAME OF RECORDER 

Wallops 9-D 	 J. Bartlett 

STATUS OF OTHER ELECTRONIC 	EQUIPMENT
 

EQUIPMENT STATUS:
 

PULSE WIDTH: (a) 2 	 (b) 50 (c) 200 (nanosecs) 

POLARIZATION: (a) direct 	 (b) cross (see below) 
PULSES/FRAME: (see below) 

FRAME RATE: (a) 1/2 . (b) 1 (c) 2 (per sc) varied 

so (b) 160
BEAM WIDTH: (a) 


PEAK POWER: (a) 10 	 (b) 20 C.Q watts 

FILM ROLL #: (a) C i(b) BW 

ENVIRONMENT: 

SKY CONDITION: (a) Uniformly Overcast
 
(b) Cloudy
 
(c) Partly Cl6udyV
 
(d) Puff Ball Clouds
 
(e) Clear
 
(f) Rain 
(g) Fog
 

VISIBILITY RANGE: 8i 

HUMIDITY:
 

CABIN TEMPERATURE: 70' F
 

OUTSIDE AIR TEMPERATURE:
 

WIND VELOCITY AND DIRECTION FROM A/C:
 

THIS SHEET PERTAINS TO RUNS All 	 Roll 

TOTAL NUMBER OF RUNS FOR FLIGHT Run # Pulse/Frame Polarization Angle
 
1 dir 00
1,2,3,4 

10 dir
24 5, 6,7, 8 

00
9, 10, 11, 12 .50 	 dir 
dir 0.13, 14, 15, 16 148 
cross
17, 18, 19, 20 50 00 

21, ZZ 23, Z4 50 dir 30 
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3.3.2 Run Data Sheet 

3900-3906 - Transmitted Pulse 

FLIGHT 
14 

I DATE 

1/27/70 
NAME 

J. Bartlett 
Sheet 1 

RUN 

FRAME # 

START END 

AIRCRAFT 

HEADING 

TAS 
VELOCITY ALTITUDE 

SEA 
DIRECTION 
HEADING 

LOCATION 

LATITUDE LONGITUJDE 
TIME 

DE~ 

Amp
Set 
v/cml 

1 
2 

3919 
3951 

3948 
3980 

3500 
2600 

177 kts 
177 kts 

10, 000 ft 
10, 000 ft 

350-
3500 

370 071N 730 38'W 
370 071N 730 38tW 

.050 

.050 
3 3983 
4 1016 
5 1048 
6 4080 
7 112 
8 1 44 
9 176 

10 18 
11 Z60 
1Z 30Z 
13 344 

4012 
4045 
4077 
4109 
4141 
4173 
4215 
4257 
4Z99 
4341 
4383 

1700 
0800 
3500 
2600 
170 
0800 
350-
2600 

1700 
0800 
3500 

177 kts 
177 kts 
177 kts 
177 kts 
177 kts 
177 kts 
177 kts 
177 kts 
177 kts 
177 kts 
177 kts 

10, 000 ft 
10, 000 ft 
10, 000 ft 
10, 000 ft 
10, 000 ft 
10, 000 ft 
10, 000 ft 
10, 000 ft 
10, 000 ft 
10, 000 ft 
10, 000 ft 

3500 
350-
3500 
350 ° 

3500 
3500 
3500 
3500 
350c 
3500 
3500 

370 07'N 730 381W 
370 07'N 730 38tW 
370 071N 730 38'W 
370 07'N 730 381W 
370 07"N730 381W 
370 07'N 730 381W 
370 07'N 730 38'W 
370 07'N 730 38'W 
370 07"N 73 0'38'W 
370 07'N 730 38'W 
370 071N 730 38'W 

.050 
.050 
.020 
.020 
.020 
.020 
.020 
.020 
.020 
.020 
.050' 

I

oD 
00



3. 3. 2 Run Data Sheet (Continued) 

3900-3906 Transmitted Pulse 

FLIGHT 

14 
# DATE 

1/27/70 
NAME 

J. Bartlett 
Sheet 2 

FRAME # AIRCRAFT SEA LOCATION Amp 

RUN START END HEADING VELOCITY ALTITUDE 
DIRECTION 
HEADING LATITUDE LONGITUDE 

TIME 
DELAY Set 

14 
15 
16 
17 
18 
19 
20 

21 
ZZ 

Z3 
24 

4386 4425 
44Z8 4467 

4470 4509 

4512 4532 
4535 4554 
4557 4576 
4579 4598 

4600 4640 
4643 4683 

4686 4725 

4728 4767 

4773 i4782 

2600 177 kts 
170 ° 

0800 

350 
2600 
170 ° 

080 ° 0 

3500 
'2600 

1700 

0800 

TI ANSMITTE] 

10,000 ft. 

PULSE 

3500 370 07'N 730 38'W 050 

.010 

.050 

Lt 



3.3. 3 Ocean Truth Data Sheet 

FLIGHT RUN(S) #(S) DATE LOCATION 

14 All 1/27/70 Wallops 9-D 

J. Bartlett Time: 10:10 AM 

PARAMETER VALUE SOURCE 

SURFACE WIND0 Range Recoverer 

DIRECTION
SPEED 

1kt 
12Z kts" 

WATER SURFACETEMPERATURE 54. 6°F 

AIR SURFACE 
TEMPERATURE 

0 
43 F 

WAVE HEIGHTS 5 ft 
AVERAGE 

(DOMINANT)
WAVE DIRECTION 

0
350 

AIR PRESSURE 1020.3 mb 

VISIBILITY 8 miles " 

WAVE PERIOD 5 seconds 

DEW POINT 360 
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3.3.4 Ocean Spectra Data Sheet 

OCEAN SPECTRA CAMERA (STILWELL) 

FLIGHT 
1k 

FRAME-
_# ALTITUDE 

A/C 
HEADING 

SEA 
DIRECTION TIME COMMENTS 

14 1 + 2 

3 +4 

5 + 6 

7 + 8 

9 + 10 

11 + 12 

13 +14 

15 + 16 

17 + 18 

19 +20 

21 + ZZ 

23 +24 

1, 500 Ft. 

i0, 000 Ft. 

1,500 Ft. 

350 

2600 

1700 

0800 

350 

2600 

1700 

0800 

35Q0 

2600 
0 

1700 

0800 

350 10:30 

10:32 

10:33 

10:34 

11:46 

11:47 

11:48 

11:49 

12:0Z 

12:03 
12:04 

12:05 

Before Climb 

f16 @ 1 
O0O 

fZZ @ 1 
200 

Broken Clouds 

After Climb 

fZZ @ 1 
200 

Heavy Haze 

TAS 

TAS 

= 142 Kts 

= True Air Speed 
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SECTION 4. DATA PROCESSING
 

4. 1 Radar Analysis 

The data from the flight tests in the form of scope film, ocean film 

(ground camera), ocean spectra film (K-17 camera), laser profilometer output, 

weather and ocean condition reports from the Range Recoverer, and strip

chart recordings were gathered, correlated, and analyzed with the objective of 

finding the average a*, (radar cross-section per unit area) for various ocean 

conditions. The a° was calculated for each of the selected frames and average 

a Is were calculated for each flight. 

4. 	1. 1 Procedures 

Approximately 600 frames from ten of the flights (flights 4, 5, 6, 7, 8, 

10, IZ, 14, 15, 16) were selected for processing. All the pertinent environ

cards for computer processing.mental and radar information was recorded onto 

0 
Using 	a form of the radar equation, the radar cross section, a , was then 

calculated for each frame, for each flight and for a selected number of runs. 

The mean, the standard deviation, the frequency distribution, cumulativeand the 

probability distribution of a' were then calculated. The results are presented 

in Section 5 and Appendix A. 

4. 	1. Z Analysis 

The radar cross section, a°, was calculated from the radar equation, 

using 	the relations derived below. 

Derivation of Equations for a0 

The radar equation can be written in the form: 
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G 2 2SPT 41) 
(4r)' h4 L 

where 

P = received power 

P T transmitted power
 

G - peak antenna gain
 

x = transmitted wavelength
 

0 = target cross section 

h = altitude
 

L = combined system lossed
 

1. waveguide loss 

2. attenuation (receiver calibration correction) 

3. antenna pattern loss 

If the return is from an area such as terrain, then 

-= a A (4-2) 

where 

a-* = radar cross section per unit area 

A = area of terrain illuminated 

The. area illuminated is calculated from the geometry of the radar 

system (see Figure 4-1). 

]RADAR 

Figure 4-1. Geometry of the Radar System 
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The area, A, will depend on whether the radar system is pulse limited 

or beam limited. 

From the geometry, if 

h6 2 

C 

then the system is beam-limited, and if 

h2 
hO)
 

c
 

then the system is pulse limited, where 

T = transmitted pulse width
 

h = aircraft altitude
 

c = speed of light
 

6 incidence angle 

A. Pulse Limited Case 

The area illuminated for a pulse limited system is:
 

A = lccrh
 

The relationship of the range to altitude is,
 

r = h sec P sec R
 

where 

P = pitch angle of aircraft 

R = roll angle of aircraft. 
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For these flights, the roll and pitch angles of the aircraft during 

the radar operation were four degrees or less, and it can be assumed that 

sec P = sec R= 1.0 

therefore, a can be 	expressed as 

h 3PR (4w) 3 L==o 	 (4-3) 
z2 

- P TGX 7rc-

B. 'Beam Limited Case 

In this case, the geometry of the system leads to' an illuminated area 

of 

A = 0G h (for small angle e). 

Now equation (4-1) can be expressed as 

PT G w - O 

R = (4w) 3 h 2 L 

solving for o°,
 

PR(4w) 3 L
= K(4-4)h z 


P G X we
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Estimation of Average a0 

The value of the received power, P W as expressed in equations (4-3) 

and (4-4) is an average of the peak power return. For these test flights, where 

the majority of the oscilloscope frames recorded at least 50 return pulses, the value 

of PR desired for each frame is the average of the power of the pulse peaks 

recorded. Since a procedure of calculating the return power for each pulse 

and then averaging these values was not feasible, an estimate of the average 

peak power was made for each frame. This was possible since each frame 

represented integration of 50 or more pulses. Figure 4-2, the oscilloscope presenta

tion, illustrates the maximum and average pulse peaks. Point 4 is the average 

pulse peak and point 3 is the maximum return pulse peak. As can be seen by 

this figure, point 3 can be mneasured rather easily, while point 4 can only be 

estimated. 

Figure 4-3 shows a single pulse representation. Point 2 is the peak 

power return. The value of PR derived from point 2 is equivalent to the PR 

derived above using the average return power for multiple pulses. 

° Statistical' Groupings of cr Data 

Average 'r0 s were found in various groupings of a° . This data is 

presented in Section 5. Standard statistical equations were used to find the 

mean and standard deviation of o0 (as a ratio). 

n 

TO= ! 7 .° ; n = no. of frames 

i= 1 
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3 
RETURN PULSES
 

RECEIVER NOISE 

Figure 4-Z. Scope Presentation: Multiple Pulses 



Figure 4-3. Scope Representation: Single Pulse 



n 

( n-i -

The mean and standard deviation of ao were later converted to dB for presen

tation purposes. 

The histograms of a° are based on the mean and standard deviation with 

each bar of the histogram being one-half of a standard deviation wide. The 

number of r0 values were'totaled in each of the ten ranges of the histogram 

for each grouping. The ten ranges are as follows: (let S = S 0 

r 0 ° < a0 - 2.0S 

0G° -2.OS:5T. <O - 1.5S 
i 

°a° - .5SS-. <°-0 - 1.0S 

0I 

° - .OS--. <a 0 - 0.5Si 

To -0. 5S5 0 < 

i 
a-0 !5 (. 0 < ( + 0. 5S 

I
 

a-0 + 0. 5S-!F.0 <if + L.0S
 

0 0a-f +t1.OS:5. < a" 1.58 

° To + 1.5S- < -. < " +2. OS 
1 

T° + 2.0_ i 0 
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The cumulative probability distributions were found by integrating the 

frequency distributions, i. e., the histograms. If f(m° ) is the frequency dis

tribution of 0° , then the cumulative probability distribution is: 

0 
T 

°
 ( = f(x) 

4. Z Selection of Flights and Frames 

4. 2. 1 Flights Selection Criteria 

Of the sixteen test flights, ten were selected for analysis. Those not 

selected included the three shakedown flights (flights 1, 2 and 3) which had 

very little ocean truth data, flights 9 and 11 which were aborted before any 

radar data was taken, and flight 13 which hadpoor multiple pulse oscilloscope 

film quality. Frames were selected from all of the other flights in order to get 

radar data for a variety of sea conditions. 

4.2.2 Frame Selection Criteria 

Approximately six hundred frames were selected for processing from the 

ten selected flights. From each flight, the frames were selected in such a 

on the return power of varying aircraft altitude, pulsemanner that the effect 

width, number of pulses integrated, aircraft heading, antenna polarization, 

etc., could be studied. The frames that were eliminated from consideration 

fell into one of three categories: 

1. if the return signals were saturated or were masked by the noise, 

2. if the roll and pitch angles of the aircraft were excessive (greater 

than 5P ) at the time of the recording of the return pulse, and 

3. if there were any possibilities the film could be misinterpreted. 
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4. 2. 3 Point Measurement of the Scope Film 

In order to calculate the radar backscatter per unit area, a"* , an accurate 

value of the return power, P was needed. The return power was measured 

from the scope film using a point coordinate mensurator, a measuring instru

ment with a 24" x 24" viewing screen and a magnification capability of 20 Xto 

30 X. The procedure was to precisely locate each point of interest under the 

reference crosshair of the instrument, and automatically record the coordinates 

of the point on a punched card. The measured coordinate values are in microns. 

Using Figure 4-2, the oscilloscope representation of multiple pulses as a 

reference, the following points were measured for each frame with multiple 

pulses. 

Point I - The top 'of the noise level at the start of the return pulse. 

Point 2 - The bottom of the noise level at the start of the return pulse. 

Point 3 - The absolute return pulse peak. 

Point 4 - The average return pulse ,peak. 

A. Multiple Pulse Procedure 

The value of the average return signal power, Pl! was obtained in the 

following manner. First, the y-coordinate of point 2 was subtracted from the 

oscilloscope, thisy-coordinate of point 4. By knowing the amplitude setting of the 

value could easily be converted to volts. However, this represents both signal 

and noise returns and to obtain just the signal return, a minimum receiver 

noise level in volts had to be subtracted from the original result. This mini

mum noise level was found by subtracting the y-coordinate of point 2 from 

the y-coordinate of point 1 and then dividing this result by 2. The final value 

of P was then converted to dBrn by means of a receiver calibration curve
R
 

(see Figure 5-8).
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B. Single Pulse Procedure 

For those frames with only single pulses, the following two points were 

measured (see Figure 4-3): 

Point I - The start of the return pulse 

Point 2 - The peak of the return pulse 

P was found for single pulse by subtracting the y-coordinate of point 1 
r 

from the y-coordinate of point 2 and then converting this value to volts and 

finally to dBm by using the receiver calibration curve. 

4. Z. 4 . Card 	Format 

All the pertinent information concerning each frame has been stored on 

punched cards. There are three sets of cards. The first set, the flight cards, 

the second set,includes information that was constant throughtout each flight; 

the run cards, includes information that varied during the flight but was con

stant during each run; apd the last set, the oscilloscope cards, includes the measured 

points -from the oscilloscope film. 

A. Flight Cards 

The following information is included on each of the flight cards: 

1. Flight 	number 

2. 	 Location code
 

370 07'N x 730 38'W (120 miles east of Norfolk, Va.
 

Tangier Sound (in Chesapeake Bay) 

Off shore near Wallops Island, Va. 

Long Island Sound (Middle Ground) 

3. Sea Direction (0 

4. Wave 	Height (ft) 

5. Wave 	Period (sec) 

6. Wind 	Speed (knots) 
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7. Wind 	Direction (0) 

8. Water Temperature (* F) 

9. Air 	Pressure at sea level (mb) 

10. Peak Power Transmitted (watts) 

11. Receiver Attenuation (dB) 

12. Beamwidth (0 

13. 	 Ocean Spectra Data Available (Stilwell) 

yes 

no 

14. 	 Laser Profilometer Data Available 

yes 

° no
 

15. 	 Sky Condition 

Glear 

Cloudy 

Partly Cloudy 

16. Date 	of Flight 

B. Run Cards
 

The run Data Cards included the following informationz 

I. Flight number 

2. Run 	number 

3. Aircraft Altitude (ft) 

4. Oscilloscope Sweep Speed (nsec/cm) 

5. Oscilloscope Amplitude Setting (millivolts/cm) 

6. Number of Pulses per Frame 

7. Transmitted Pulse Width (nsec) 

8. 	 Antenna Polarization Code
 

Direct
 

Cross
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9. Aircraft Heading (0 

C. ' Oscilloscope Cards 

!The Oscilloscope Data Cards have the following data. 

1. Flight number 

2. Run number 

3. Frame number 

4. The x- and y-coordinates of the points of interest as described 

in Section 4. 1. This is the output of the Point Coordinate 

Mensurator. 

4. 3 Coxputer Processing Program 

A data processing program was developed which used the flight, run, 

land oscilloscope cards as ingut to calculate the radar cross section per unit area, 

¢°, and the return signal power, P , for each frame. It further calculated 

for each flight the average a and its standard deviation, a histogram of the 

individual 0-°'s, and a cumulative probability distribution of IT'. This was 

0
done for the if 0 based on the average peak return signal and for the based 

on the absolute peak return signal (see Section 4. 1). This program (Figure 4-4) was 

written in FORTRAN IV for use on a CDC 6600. 

4.4 Results of Processing Program 

All of the output from the processing of the flight test data is presented 

Further analysis and groupings ofin Appendix A in computer printout form. 


this data are found in Section 5.
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READ 
SCOPE 
DATA 

N 

= YES PPF PULSES PER FRAME 

CALCULATE AVE. RECEIVED VOLTAGE CALCULATE AVE. RECEIVED VOLTAGE J 
FOR EACH FRAME : FOR EACH FRAME : 

y NOVLT/M= ( Y4 - Y2))"-(NO. VOLTS/CM) R(V(2-
PR (AV) - Vl) + I/2(YI M IC RO N S/ CM) O(NO. OF MICRONS/CM) PR(V Y(NO. I O F( ) 

CALCULATE ABSOLUTE RECEIVED 
VOLTAGE EACH FRAMEP P 

PR (P) ((Y3 - Y1) + 1/2(YI - Y2)) (NO. VOLTS/CM) PR(P R(NO VOLTS/AV) 

(NO. OF MICRONS/CM) 

CONVERT PR (AV) AND PR (P)TO POWER 

USING RECEIVER CALIBRATION CURVE 

DETERMINE ANTENNA PATTERN LOSSES 

6 
Figure 4-4. Computer Processing Program 
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RADAR EQUATIONS 

7 =PULSE WIDTH; 60=1/2 BEAM WIDTH 

" NO h =A/C ALTITUDE; C = SPEED OF LIGHT 

YES 

PULSE LIMITED CASE BEAM LIMITED CASE 

CALCULATE o: CALCULATE a 0 : 
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PTG 2 X2 7 Cr" 
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PTG 2 X2 r 0 2 

FLIGHT 

M ANCALCULATEE SANAR 

R1TE
 

ECEVEO !
 

CALCULATE MEAN a"0 AND STANDARD
DEVIATION (OVER ALL FLIGHTS) 

n j=I
 

Sao= (Oi°-W°)2 

n-i 

n= NO. OF FRAMES 

Figure 4-4. Computer Processing Program (Cont.) 
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B 

WRITE j0 Sao AND SAMPLE -

SIZE , n. (OVER ALL FLIGHTS) 

0CALCULATE o AND S 0 FOR 

EACH FLIGHT 

CALCULATE FREQUENCY AND CUMULATIVE 
PROBABILITY DISTRIBUTIONS FOR EACH FLIGHT 

WRITE aSao, n FREQ. AND 

CUM. PROB. DISTRIBUTIONS 
FOR EACH FLIGHT 

KO. OF MEASURED FRAMES IN EACH RUN 

CALCULATE F0 AND-S a 0"FOR EACH RUN 

CALCULATE FREO. AND CUM. PROB. 
DISTRIBUTIONS FOR EACH RUN 

WRITE Fo , K , FREQI. AND
 

CUM. PROB. DISTR. FOR EACH RUN
 

Figure 4-4. Computer Processing Program (Cont.) 
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FOR EACH FLIGHT SORT 
ACCORDING TO PULSES PER FRAME 

CALCULATE F' FOR EACH GROUP 
OF EQUAL PULSES PER FRAME 
FOR EACH FLIGHT 

WRITE V 

END 

Fipure 4-4. Computer Processing Program (Cont.) 
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.4.5 Distribution of Pulse Peaks 

aThe theoretical distribution of pulse peaks for a number of pulses is Rayleigh 

This is actually the circular normal distribution in polar coordinates.distribution. 


The Rayleigh frequency distribution is given as:
 

2 2
 

f(r) - r e-r/2a
 

where
 

to the origin in a bivariate
(Y-y)] /Z ; the distance[(x-ix) Z 
x 

+ 
y
 

normal distribution
 

a *= a = a (x,y refers to rectangular coordinates)
x y 

1.253 times the standardmean of the distribution equals(See Figure 4-5.) The 

deviation. 

To show that the pulse peaks appear to have a Rayleigh distribution, the 

a few frames from each selected test 
distributions ot pulse peaks were found for 


which
done by using a microdensitiometer/isodensitracerflight. This was 


the density of points in a film transparency
automatically scans and measures 

and plots the values as a quantitative two dimensional density map of the
 

are the distri
scanned area. The following curves (Figures 4-6 through 4-15) 


one frame from each flight. The numbers on the

butions of pulse peaks for 


to the densities of each

vertical axis of the densitometer tracings correspond 


step of a "Zl-step wedge" (Kodak Photographic Step Tablet No. 2). The hori

amplitude

zontal axis corresponds to the 	amplitude of the return signalwith the 

The point where the distribution starts to rise out 
increasing from left to right. 


return signal.
of the noise level corresponds 	to the minimum 

seen from the density tracings 	the distributions appear to be
As can be 

required to definitely show this relation. The
Rayleigh. Further analysis is 


film transfer functions should be considered at that time.
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4. 6 	 System Error Analysis 

The equation for a has been shown to be 

PR(4)3 h 3 L 
o 	 R
 

P TG -N7'1T
 

are zero, the applicableSince the nominal roll (R) and pitch angles (P) 

error equation is 

2 A P 2 + 2 2 AP 2 2 Z=[ *R_+r3AhJAL-	 --Z J + + [-[OO.i3 =P [Ch 2 'Lv rPtt[zr IT~ 

To obtain the errors listed in Table 4-1 the calibration errors of the
 

equipments (oscilloscope, power meter, etc.) were used. An additional factor
 

was also included for human error in making the measurements. The major
 

contributors to the error budget are the received power measurement (API/R) 

the altitude measurement (Ah/h), and the transmitted power measurement 

(AP/Pt). The power measurements involve the use of: (1) an oscilloscope 

(accuracy better than 5%); (Z) power meter (accuracy better than Z%); and human 

error 	(estimated to be 316) in reading the oscilloscope and/or photograph. The 

altitude measurement error (57o) is that which was specified by manufacturers 

of the 	aircraft altimeter. 

The error contribution (standard deviation) expressed in dB is listed in
 

Table 4-1 for each error with a notation describing the sources of each error.
 

The RSS error for a obtained from these elements is therefore 

o RSSz 0.9 dB 
0 
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ERROR 
APR 

(1) 	 .R 
P R 

(2) ALL 

(3) 	 3 
h 

APT 

(4) 	 PTT 

(5) 	 ZAG 
G 

(6) 	 2 A 

(7) 	 AT 

T 

RSS 

Table 	4-I. FLIGHT 

PERCENTAGE.
 
0-F 

ERROR 

10% 

2% 

3 x 5% 

10% 

2 x 4%o 

Z% 

4% 

% 

ZZ% 

TEST 	ERROR CONTRIBUTIONS 

la 	VALUE
 
(dB) SOURCES OF ERROR
 

0.4 	 VIDEO SCOPE CALIBRATION AND 
OPERATION. INTERPRETATION OF 
POINT COORDINATOR MENSURATOR. 

0.1 	 MEASUREMENT OF SYSTEM LOSSES 
AND IN CALIBRATION. 

0.6 	 MEASUREMENT OF A/C ALTITUDE BY 
THEA/C ALTIMETER. 

0.4 	 MEASUREMENT OF TRANSMITTED 
POWER BEFORE FLIGHT AND SCOPE 
MONITORING OF CHANGES DURING 
FLIGHT. 

0.3 	 MEASUREMENT OF ANTENNA GAIN 

AT 9.0 GHz. 

0. 	 1 MEASUREMENT OF FREQUENCY. 

0.2 	 MEASUREMENT OF TRANSMITTED 

PULSEWIDTH. 

0.9 



SECTION 5. DATA EVALUATION 

5. 1 Average Radar 	Cross Section (cro) 

As described in the previous section;a was obtained by averaging the 

multiple trace oscilloscope photographs and by computing the average of individual 

pulses displayed on the oscilloscope. The oscilloscope was used to obtain 

1, 50, 147, and 278 	pulses per frame. a0 values obtained by averaging in

about two dB less than when averages were taken of 50 ordividual pulses were 

more pulse traces. 

The plotted values of a0 on a per flight basis (Figures 5-1, 5-Z, 5-3, 5-4) 

repreinvolve the averaging of more than 18 frames per flight with each frame 

senting 50 pulses. 

toPlots of ao were made for each flight in order to relate a 0 values 

ocean conditions. The numbers shown on the Figures 5-1, 5-2, and 5-3 

next'to the points refer to flight numbers and hence to the day which the data 

was taken. 

The spread of values of co ranges from 8 dB to 21 dB. As can be seen 

from the plots of c-0 it would be -questionable to claim any trend or functional 

relation to ocean parameters. There seems to be little or no relation between 
oo 

in a value to wave height or wave period. If therethe a value or the change 


is any relation it exists with respect to wind speed (Figure 5-3). A trend line
 

is shown on Figure 5-3 and would apply if a functional relation exists.
 

Flights 8, 10, and 12 in Figures 5-1 and 5-3 are flights in which the 

height were not related as would be therelation between wind and wave case 

seas (greater than 12 ft) but the
in a fully developed sea. Flight 8 had very high 


On the other hand flights 10 and 12 were made in

wind had started to die down. 

a
inland waters with the wind blowing an insufficient time and fetch to produce 
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fully developed sea. It is felt therefore
0 

that these three points on Figures 5-1 

and 5-3 reinforce the argument that a is functionally related to wind but not to 

wave height because they improve the fit of the data in Figure 5-3 (Co vs wind) 

but they destroy the fit of the data in Figure 5-1 (a0 vs wave height). 

data used for making the above plots are the "eyeball" measure-The ocean 

ments obtained from the NASA ship on location when taking radar data. More 

definitive ocean parameters are possible from the Stilwell photos taken for each 

flight but the proce'ss of obtaining the necessary two dimensional Fourier trans

the Stilwell process requires further development
form from these photos in 

(see Section 5-3). 

If a relation exists between aY and wind speed, it probably exists because 

of the relation between wind speed-and capillary waves. If a is in fact related 

to capillaries (and there is much reason to believe this to be so because the cap

illary wavelength is comparable to the X-band wavelengths) then some methods 

for measuring capillaries will have to be devised. To date no such measurement 

capability exists. Investigations by Kinsman and Molo Christianson and cur

rently underway to measure capillaries. Also, Stilwell photography at low 

altitudes may make the measurements possible. 

Variations of a- as a function of sea direction are negligible and within 

the measurement accuracy as shown in the representative measurements of 

Table 5-1. This is further substantiated in the extensive data in Appendix A 

where additional bearing angles are covered. 

Variations of a-* as a function of angle from vertical are negligible, as 

shown in Figure 5-4. This agrees in part with the curves of Moore and Schooley 

(Figure 5-5). 
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Table 5-1 

0 vs. Sea Direction 

Flight Run Bearing* 0°
 

14 9 0 12.9
 

14 10 90 12.8
 

14 11 180 13.4
 

14 12 270 13. 6
 

* Bearing angle with respect to sea direction 

5. 1. 1 Pulse Limited vs Beam Limited 

The basic radar range equation defines a (radar cross section in square 

meters) as follows: 

24
P (4') h4L (5'.1)a= 
P G2 A 

t 

where 

P R = peak received power 

h = altitude 

L = system losses 

P = peak transmitted powert 

G = antenna gain 

= wavelength 

The average radar cross section (ao) is the radar cross section per unit 

area or 
(5-5)
aO = 

A 
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C 

When the transmitted signal is a pulse, (see Figure 5-6) the return signal 

will be scattered from the area (A),or footprint,which is a function of time (t) or 

angle (0), where: 

h Ort = (5-3) 

t is here defined from the instant the leading edge of the pulse initiates 

the first return and 6 is the angle from vertical 

The maximum value of t is T (pulsewidth),but the maximum value of 6 

is not so well defined. The 3 dB point has sometimes been used as the maximum 

value of 6,but this is purely arbitrary. 

The data in this experiment was reduced to a values by measuring P ,
 

P tand h,and then performing the computation in Equation (5-1). Values of PR
 

were obtained by measuring the peak and average voltage of the return pulse
 

(see Section 4 for a more detailed description). The a values were then com

puted using Equation (5-Z) with values of A as follows: 

A = 7T c7h (5-4) 

This in effect assumes an h 3 relation for the radar range equation - a
 

pulse limited relation. How valid is this assumption?
 

The area (A) can be related to the angle 0 using the simple trigonometric 

relation tan 0 = r/h: 

2 
A = 7T r (5-5) 

= 7Th 5 (for small angle 0) 

Note here that 0 is a function of time (t) as follows: 

2
z ct/h (5-6) 
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If the maximum value of t (t = r) is reached before some maximum value 

of 6 (0 = 0 ), the area then becomes 
m 

A =c rh (5-7) 

Which is the pulse limited situation, or an h cubed relation in the radar range 

equation. 

If however a maximum value of 0 (0 = 6 ) is reached before t = T then 
m 

the area becomes 

A 7ThO (5-8)6 m 

which is the beam limited situation or an h squared relation in the radar range 

equation. 

The problem is now one of defining 0, or beamm limiting. To define 0m 

as the half beamwidth angle seems indefinite, and some initial calculations of 

the data with this assumption provided inconsistent values. 

The approach used was to work the problem in reverse and determine 

what 0 m should be. Flight 4 provides the data for making such a determination 

because on flight 4 nine runs of data were obtained with 100 nsec pulse, and nine 

runs of data were obtained with a 20 nsec pulse. Even though all runs were at 

the same altitude and over the- same ocean area,it is evident from the data that 

the received power is functionally related to the pulsewidth. 

By comparing the average received power for the two pulse widths we can 

determine 6 m 

If 

P = average received power 100 nsec pulse 

P = average received power Z0 nsec pulse 
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From, the data of flight 4 

PI/P = 4 (5-9) 
R1 2 

Note here that if the functional relation were proportional to pulse width 

(r), then the above ratio should be five rather than four. This indicates that 

the transistion between pulse limiting and beam limiting at an altitude of 5000 

ft occurs somewhere between Z0 and 100 [Isec. By letting the radar range 

equations for P and P take the corresponding limiting relations 

R R 

PI e /h (5-10) 

p R cT/h 3 , (5-11) 

we then obtain 

e 2 
4 cr/h. (5-12) 

m 

This gives a value of 

0 70 (5-13) 

in o 

The effective half beamwidth (3 dB) can be computed from the measured 

beamwidth by assuming a Gaussian distribution and summing the exponents. 

1 1 1 1 1I- + I + I +
 
0e 0HI 0HZ 0El 0EZ
 

and 

0HI 0HZ 0El 0EZ 
(5-14) 

e 0HO + HZ + El 0EZ 

where H " 0HZ' 6 El' 0EZ are half the 3 dB beamwidths measured from the 

antenna patterns and are equal to 50, 6.50, 4.30 , and 6 ° respectively. 
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Performing this computation,, 

0 2.5.
0 (5-15) 

e 

Comparing this to 3 = 7 ,we see that the effective angle where beam 
m 

limitingoccurs is much greater than the 3 dB angle. 

5. 1. 2 Maximum Value of ao at Vertical Incidence 

If we assume that the scattering surface is a flat plate, normal to the trans

mission and of infinite dimensions (see Figure 5-7),and that the energy impinging 

upon the flat plate is all reflected to the source, we then can compute the maximum 

value of a 0 . The radar range equation for the above assumptions becomes: 

GzP 2 -A2 

p _ T (5-16) 

(47w) 4h L 

The symbols are the same as previously defined. 

This is the equivalent of a transmission and reception one way over a 

distance 2 b6 twice the-'altitude. 

The comparable range equation for a reflected surface is: 

p = T (5-17) 

3 b4i (4v)h L 

Combining equation 5-16 and 5-17 we get 

o 
G= 

z 
7 h /A. (5-18) 

22Z 
The maximum value of A is wr h 0 

m 
for the beam limited conditions and 

therefore 

(5-19)a = 1/ . 

For the previously obtained value of e = 7 0 ,we obtain a value of 

0m 
0 (5-20)a =18.3 dB 
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A similar value for the pulse limited condition is obtainedbut the computa

tion must be based'on a plate of finite -dimensions, and the two way path must be 

taken into account. 

5. .3 Calibration 

The values of received and transmitted power used in the computation of 
0 

a were obtained from oscilloscope photographs. Calibrations of scope 

a function of received power (Figure 5-8) were made fordeflection voltage as 

the two receivers. Calibrations of detected power level from the transmitted 

output were also made. 

The losses in the system were primarily waveguide and cable los.ses 

(Table 5-2). An additional loss factor associated with the antenna pattern was 

also included (Table 5-3). This pattern loss is due to the peak of the pulse 

occurring at an angle away from the beam center. In general the values associ

ted with the pattern loss are small enough to be negligible when considering the 

variability of the data. 

The other factor involved in calibration is the antenna gain. Antenna 

pattern measurements were made with an aircraft mockup. The results of these 

measurements were used to compute the gain. Table 5-4 is a summary of antenn 

characteristics. 

An overall check on calibration was obtained by flying the aircraft over 

the Ground Support Equipment (GSE). In this instance the GSE received the 

signal and the value of the received power was recorded. The GSE then 

transponded the pulse and transmitted to the aircraft where it was again 

recorded. Measurements made in this fashion served as a check on the system 

gains and losses which had been independently calibrated. The operational 

felt that coordinarequirements of this technique were not fully developed. It is 

tion and synchronization of the aircraft, radar, and GSE operation must be 

automated to a considerable degree in order to improve the reliability of this 

method of calibration. 
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Table 5-2. Measured Losses 

Transmitter waveguide and coaxial losses 

a. coaxial from TWT to output coupler 

b. waveguide loss from attenuation output to 

transmitter antenna 

c. insertion loss of variable attenuation 

Receiver waveguide, waveguide switch and all coaxial, 

flexguide, etc., in both parallel and crossed 

polarized modes 

Total Losses 

Table 5-3.' Pattern Losses 

Pulsewidth Altitude 

1(sec) h (ft) 

10 5000 
Z0 5000* 

10000 
15000 
20000 

100 5000 
10000 
15000 
20000 


1. 2 dB 

2. 0 dB 

0.5 dB 

Z. 0 dB 

5.7 dB 

Loss 

(dB) 

0.3
 
o.6
 

0.3 
0. Z 
0.15 
3.0 
1.5 
1.0 
0.75
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Table 5-4 

Antenna Characteristics 

f = 9 GHz 

Transmitting Antenna - Aircraft 

Beamwidth - H Plane .0.00 

Beamwidth - E Plane 8.50 

Gain 25. 2 dB 

Receiving Antenna - Aircraft 

Beamwidth - H Plane 130 

-Beamwidth - E Plane 120 

Gain 22. 1 dB 

GSE Antennas 

Beamwidth - H Plane 18. 

Beamwidth - E Plane 18-

Gain 18. 9 dB 

5-18 



5.2 Pulse Shapes 

5.2. 1 Theoretical 

Before discussing the actual results of return pulse shapes it is necessary 

to discuss what the expected pulse should look like. Pulse shapes for various 

pulsewidths, altitudes and a '°were used to compute the expected waveforms 

(Figures 5-9, 5-10, 5-11). All waveforms are normalized so that comparisons 

of the wave shape can be readily made. 

Figure 5-9 is based on antenna bearnwidth of 6 degrees. The pulse shape 

corresponding to 100 nsec and 5, 000 ft is clearly beam limited, whereas at 

20 nsec and Z0, 000 ft the pulse shape is clearly pulse limited. 

-Figure 5-10isfor a beamwidth of 1Z degrees and the distinction between 

pulse -limiting and beam limiting is less pronounced. As will be seen, the actual 

pulse shape data more closely resembles the 12 degree beamwidth. 

Figure 5-11 is a plot of pulses of Z0 nsec width at altitudes 20, 000 and 

10, 000 ft. The pulses are normalized and a a 0 factor is introduced which is 

based on curves by Moore and Schooley (Figure 5-5). The pulse shape changes 

very little as a function of changes in a 
0 

5.2.2 Measured Pulse Shapes 

Figures 5-12 through 5-37 are actual photographs of multiple pulse 

returns under various ocean conditions, altitudes, pulse widths,' etc. A 

somesampling of the more than 10, 000 frames taken is used here to show 

significant features. 

It first must be pointed out that these are reproductions of reproductions 

and at each step much information is lost. In fact, the reproductions of the 

single pulse traces were not visible at all even though they were visible on the 

original negatives. 
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Generally the frames were taken one second apart. It was clear that there 

was little variation from frame to frame. The sweep speed in all cases was 50 

nsec/cm. Selected frames are shown in the following figures: 

Flight 4 (Figures 5-12 through 5-17) shows the difference between beam 

and pulse limiting. Figures 5-15 through 5-21 are based on a 100 nsec pulse 

where some evidence of a flat peak is visible. Figures 5-12 through 5-14 on 

the other hand are based on a 20 nsec pulse for the same conditions and here 

no flat peak exists. 

Flight 5 (Figure 5-18 through 5-30) shows true pulse limiting as
 

evidencedbythe long trailing edge when the altitude of 10, 000 ft is used with
 

a 20 nsec pulse. 'This should be compared with the expected values of Figure 

5-10. Flight 7 (Figures 5-24, 5-25, and 5-Z6) shows increased pulse limiting 

at an altitude of 15, 000 ft for the same 20 nsec pulse. Flight 7 also shows the 

slight variations in exposure by using three values of pulses per frame (50, 

147, and 278). 

Flight 10 (Figures 5-27, 5-28) shows 10 nsec pulses over very calm
 

water at 10, 000 ft.
 

Flight 14 presents acomparison between pulse shapes as a function of sea 

direction. Figure 5-30 is taken with the polarization of the transmission in the 

direction of the sea whereas Figure 31, Figure 5-3Z and Figure 5-33 are at 90, 

180, and Z70 bearings with respect to sea direction. It is clear that wave shapes 

are not related to sea direction. 

Flight 14 (Figure 5-34) also shows the results when reception is cross
 

polarized from the transmission. The signal level here was into the noise
 

indicating greater than 30 dB between direct and cross polarized returns.
 

The returns from ice at low altitude (2, 500 ft) are shown in Figure
 

5-35.
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Figures 5-12 through 5-37. Flight Pulse Data 

LEGEND 

FLT: Flight Number 

RUN: Data Run for That Flight 

ALT: Aircraft Altitude in Thousands of Feet 

P/F: Pulses Per Frame 

PW: Transmitted Pulse Width in Nanoseconds 

BRNG: Bearing 
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The pulse shapes of flights 14, 15, and 16 (Figures 5-33, 5-36, and 5-57) 

show that winds of 12, 6, and 22 knots, respectively, have little effect on pulse 

shape. 

5. 2. 3 Individual Pulses 

Figure 5-38 represents traces of individual pulses copied directly from 

the negatives. This procedure was necessary because the faint traces on the 

negatives were washed out in the reproduction process. Figure 5-39 represents 

10 pulses per frame which are barely visible. 

It is clear that considerable amplitude variations are visible in the in

dividual pulses and that multiple traces are actually overlaps of individual 

traces. In general, the leading edges of the individual traces are fairly linear 

(see Appendix E) and peak at the pulse width. The trailing edges, however, 

show wide amplitude fluctuations. 

5. 3 Ocean Truth 

Two methods were used to obtain ocean parimeters on all flights 

observations from a NASA ship stationed in the test area in the area, and 

Stilwell photographs. In addition, on flights 5 and 6, a Cessna aircraft from 

Office of Naval Research flew alongside with a laser profilometer aboard. 

The ship observations were used in reducing the data because they repre

sent the most complete available information. Comparisons of ship observations 

with the laser data on flight 5 (see Figure 5-40) show very good correspondence. 

The Stilwell photographs (Figure 5-41) offer the greatest pbtential for 

they provide a two dimensionalocean truth measurements because,when reduced, 

spectral representation of the ocean. However, the techniques and computations 

associated with reducing the data require further development and evaluation 

before it becomes an acceptable ocean parameter measurement tool. Two 

two dimensional oceanphotographs from flight 6 were reduced to provide the 

spectrums shown in Figures 5-4Z and 5-43. These were in turn converted into 

line spectra along the dominant wave direction (see Figure 5-44). 
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These line spectra agree quite well with line spectra taken by the laser pro

filometer on the previous day (see Appendix B). 

The results of the Stilwell process of ocean spectra measurements are 

discussed in detail in Appendix B. The technique offers great promise because 

of the ease of implementationbut further work on processing methods is required 

before it can be used to provide valuable and reliable outputs. 
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SECTION 6. CONCLUSIONS AND RECOMMENDATIONS
 

6. 1 Radar Cross Section 

The results do not indicate that average cross section (a,* ) is functionally 

related to the large ocean wave parameters, i.e., wave height (Figure 5-1), 

wave period (Figure 5-2), or wave direction (Table 5-1). A functional relation 

appears to exist between a' and wind speed. This seems entirely credible in 

light of the possible relation between wind speed and the generation of small 

high frequency capillary waves. This is particularly logical when one con

siders the dimensions of the capillaries (1. 7 cm or less) and the dimensions 
1rgt,2 

of the transmitted X-band frequency (3 cm). Mr. John W. Wright has shown 

that X-band backscattering at angles other than normal are highly dependent
3 

on capillary waves. Kinsman (see also Appendix C) has also shown that the 

slopes of capillary waves can be very high, even exceeding 900, and that the 

average slope of waves is more affected by capillaries then by the large wind 

waves or swells. 

-The results also show that variations in a ' over the looking angles of 0 to 

4 degrees are small at the various wind speeds (see Figure 5-4). This agrees 

in part with the curves developed by Moore and Schooley (see Figure 5-5). 

-Distributions of pulse amplitudes, and hence a0 , appear to be Rayleigh 

and'independent of ocean parameters. 

Cross polarized returns at normal incidence were found to be at least 

30 dB down from the directly polarized returns. 

6.2 Pulse Shape 

Pulse shapes were recorded on film showing the relation between individual 

pulses and the integrated effect of many pulses. The individual pulses showed wide 

fluctuations in the trailing edge,especially immediately after the peak. The leading 
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edge of the pulses,however, showed a consistent ramp with little fluctuation. The 

start of the leading edge did not vary significantly from pulse to pulse. 

The multiple pulse tracings showed an.integrated average effect which 
4, 5 

agrees with calculations performed by others The pulse returns show an 

integrating effect from the time of the first pulse returns up to the pulse width, 

and then a decay thereafter. The impulse response can then be determined as 

follows: 

t 

h(t) = k 5' f(t) dt 0 < t < (6-1) 

0 

t > T 
= ke-t-7/T 

where 

f(t) -= the input pulse 

= pulse width
 

T = decay time constant
 

2O~h 
T.-- (see Ref. 4)2. 77c 

k = a constant (6-Z) 

which includes a* and all other radar range parameters. 

From this we can derive H(m) by performing the Fourier transform 

(6-3)H(a)) Kj(c-0n) 

where 0 = I/T 

K = k eT/T (6-4) 
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The above relations assume that the beamwidth of the radar is large com

pared to crTh , that a pulse limited condition exists. In actual calculations from 

the reduced data it was found that the transition region between pulse limited and 

beam limited condition occurred at an angle which was twice as large as the 3 dB 

beamwidth angle. 

In summarythen, average pulse shapes agreed with that predicted by the 

theoretical computations. The peak pulse amplitude is determined by U0 . The 

rise times are linear and equal to the pulse width and the decay times are related 

to altitude and beamwidth. No changes in a with looking angle were found, and 

whether these could also affect decay time is unknown, Wave shapes were 

found to be independent of sea direction. 

6.3 Ocean Parameters 

As in all experiments involving reflections from a target, the characteristics 

of the target are never as well defined as they could be. It appears that measure

ments of capillaries are needed to fully determine a functional relationship between 

radar and ocean waves. 

Of the ocean measuring techniques used in this experiment, the Stilwell
6 

process offers the greatest promise. It may provide the most comprehensive
 

quantitative description of the ocean surface 
and could be operationally easy to
 

implement. However, the total process is still in 
 a research and development 

stage, and requires further theoretical and experimental evidence before it can 

be an accepted tool. 

The good old-fashioned "eyeball" technique of measuring ocean waves 

again yielded the most reliable and consistent results, although lacking in defin

ition, accuracy, and resolution. Laser profilometer measurements of wave spectrums 

did provide some valuable measurementsbut the instrumentation and data reduc

tion is more complex than Stilwell photography. Laser profilometry is, however, 

a more proven technique. 

6-3 



6.4 Recommendations 

Further radar backscatter measurements should be made at X-band to 

verify that a relationship exists between radar cross section and small high 

frequency waves (capillaries). This is not primarily a radar problem, but it 

is an ocean parameter measurement problem. Techniques for making the 

ocean parameter measurements should be further developed, especially the 

Stilwell process. 

An altimeter data processor should be developed which takes into account 

the leading and trailing edge characteristics discussed in this report.. Such a 

data processor, or range tracker, should take into consideration the wide ampli

tude variations in the trailing edge near the peak, as well as the relatively minor 

amplitude variations on the leading edge. 

The next phase of precision satellite altimetry experimentation should 

be started. This involves accurate range or altitude measurements on a 

ground test range in order to calibrate equipment delays, and in an aircraft 

in order to measure altitude biases. 

Further flight tests should include correlation measurements between 

pulses, waveform sampling techniques, and evaluation of candidate data 

processors.
 

The data gathered in this experiment should be further analyzed in order 

to determine rise and fall times as well as the distribution of amplitudes as a 

function of time. 
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APPENDIX A 

COMPUTER PRINTOUT OF FLIGHT TEST DATA 

This appendix contains the results of the data processing program described 
in Section 4. 1.4. It includes a listing of all the ocean and radar parameters for 

all of the flights, along with (Y0 calculations for all of the selected frames. Average 

a0Is, standard deviations, and frequency distributions were calculated for various 
groupings of a0 . The results are divided into five sections as described below. 

A-i. co Per Frame 

This section includes significant ocean truth and radar parameters for
 

each flight and for each run of each flight, and for each frame the calculated
 

received power, target cross section, and radar cross section per unit area
 

(all values in dB) 
 using both the average return pulse peak and the absolute
 

return pulse peak in the calculation of aY .
 

AT2. Average a Over All Flights 

The mean o° and its standard deviation and sample size calculated over 

the ten selected flights are presented here. 
0 

A-3. Average a for Each Flight 

This section includes the mean a-*, its standard deviation, and sample size 
0calculated for u- based on average power return and for a°, based in turn on 

absolute peak power return for each flight. The one standard deviation boundary 

limits are included for both values of (o. A histogram and cumulative probability 

distribution have also been calculated. The histogram is divided into two parts, 

the first is a frequency distribution over the spectrum of o° values with each 

bar of the histogram being one half of a standard deviation wide, and the second 

A-I 



° is a frequency distribution for values of r within the one standard deviation 

limits, with each bar being one eighth of a standard deviation wide. The cumu

lative probability was derived from the first histogram. 

- ° A-4. Average r for Selected Runs 

The output presented here is similar to the input of the data of Section 

A-3, except that the results are based on selected runs rather than flights. 

This shows that a is independent of sea direction. 

A-5. Average if vs. Pulses Per Frame for Each Flight 

Here the average a" is calculated for each variation of pulses per frame 

during each flight. The values of pulses per frame were 1, 50, 148, or 278. 
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6j. _ 
67.78 
68.33 
67.58 ... _ 

. 
17.380 
.532 
18.681 
18.184 
16.33700_6 

20.646 
19.089 
20.132 
20.679 
19.925tO. 89k 

10 
I 

"2l2u 
tl 

-5-.l 
-A.t,. 

-2.22 
-Q0.0 9 

64.45 
66.73 

67.25 
68.78 

16.795 
19.080 

19.598 
21.129 

Ff fGHr SFA 1)r (.1-Iii JAV rl- I ,rkiTlI) WAu) P4i2tSIFC) .[Nl hPF&I)(KT) lINI) n]HYFTTON WATER IEMP(F) AIR TFHP AIR PRgqIMB) 

6 33o? 4 V4 12 330 60 43 1028.00 

H2N A[ I Ihil'IF) PkUl.SEb PI-1r[NAME POLSF WEI)1H(NS) PEAK POWER POLARIZATION(1) C54 HEADING 

2 
A 
4 
S 

I~-( 
15(,2
I 0 
Iti" 

I 

htL 
1 
1 

'.0.Uo100 

1 
102 

J=JL 
10) 

I Jo 

12 

12 
12 
12 

2 

2 
I 
I 

330 
240 

60 
330 
285 

- -

, 

,- -

I 
III 

II 
I? 

---- ---..---
1-

h 

1$ 

I.,p,.,
15'. 

11,i 
1 P'. 
I',, 
)-"f-

-. . 
1.. 
?lPlil 

f,I' b,") 
AbwJ, 
-

25 

-_ 

. ,)110O.si 
Si 
52){ 

S1b 
, I 
I,: 

__- - - - -,u 
0 

11),I) 

, 
50 

T12?102) 
IOU
1(1U 
200 
100 
.1--- -- - -
1)10 
u ---

luO0 
1 
I OU 
1) 
1 

- - -

---

-A-

12 
1212 
12 
12 

- - -
12 
J--Z 
12 
1 
12 
12 

-----

11 
1
1 
2 
2 
2 -----------
2 

2 

1 
1 
1 

24s15 
60

150 
330 
285 

15 
60 

ISO 
330 
2 85 
240 

760 

-

- - - - - -

-

-

4I 

. . . 
2', 
26.. . . 

,iJ , 
1S"o 
lb. ;, 

s,, 

1 
I 

100 
IOi 0 
100 
1(0 . . . 

12 
12 
12 
12... . . 

1 
1 
1 
I . . . .J 

150 
330 
240 
60.._ 

-------------------------------------------------------------------------
F' 8) ,Jrk'lIHi)fl RCVI) PWN(IHM)PEK SIGMA AV SIGMA PEAK SIGHAZ(DB) AV SIGMAZ(DB) PEAK 

o7 
-,'-(t 

. 

'4,41 
4.. ' 

'14',9 

, I 
, 

-I. •4.b4 
b.. 

-IA. .4 
- ,1 
-4 .t. 
- .I 

.A-,.R7S.23 
I 

-.. 4 

t 

-4$.3J 
-41.2 i 

4. .,41' 
-mn.Ub 

-461f 

-46t3 
4h 

7.17 
74.55 

,74.43 
7.21 
16.71 
14.14 

13.3b 
7h.049 

76.87 
18.14 
78.28 
79.69 
80.46 
77.7t 
78.19 
77.78 
7q.96 

18.765 
18.153 
18.031 
18.812 
20.371 
18.339 
18.828 
16.955 
19.685 

22.471 
21.741 
21.880 
22.292 
24.062 
21.349 
21.791 
21T3-8 0" 
?3.961 

-



4 

FlIGHT S A 1I. rCT(f. IlhQ' i Il I) WAVE PRl-tOUISC) WIND SPEbD)(KT) WINO DIRECTION WATER TEMP(F) AIR TEMP AIR PRES(MB) 

7 At) i 1 3 30 58 49 1020.80 

, .d1II ,hfk r P8)1 PIk PULS-. PEAK POWER POLARIZATION(1) C54 HEADINGI I) YES FROt IOTH(NS) 

I I'- , - 49q ?O 12 1 320 

? Is', 199 eO 121 21 
31 sltH) 44 ?12 1 230 
IS0 0 l,,e12 1 5 

.494 C') 12 1 s0 

, 1 fId. 99 - 20 12 1 140 

I-'4LiI- NCSI# r;',ilHl,)V NCVIJ PWH(l)HM)PEAK SIGMA AV SIGMA PEAK SIGMAZ(D8) AV SIGMAZ(DB) PEAK 

1 ,I 
I'0/ 
I'.t 

-'0,.') I 
-. ,4 
-. x/. 

-b'.84 
-,4.44 

-'q.5l 

68.99 
69.06 
6d.65 

71.67 
73.17 
71.94 

19.576 
19.644 
19.234 

22.257 
23.760 
22.532 

I ,.1 -o. 14 -54.09 69.78 72.42 20.3b5 23.008 
I ,1' !.fl/( -4.16 69.25 72.35 19.835 22.943 
. t-.M? -bb5.3 58.69 11.16 19.281 21.749 

e .47 -/. " -54.23 69.16 12.28 19.750 22.874 

? 
?t 

'.tN -. 
,l"J 

44 
52.99 

-55.65 
69.68 
6H.08 

7 3.52 
70.86 

20.271 
18.6b5 

24.110F 
21.451 

2 43,) -4h.3th -51.50 70.15 73.01 20.741 23.604 

e 31 -Y,. r -5J.h 70.40 72.89 20.984 23.482 
2 434 -"./I -Se.61 70.80 73.90 21.386 24.493 
C 434 - '.."1 -bU.94 71.69 75.57 22.275 26.164 
.' 4.. -4not6 -52.$ 69.7b 73.70 20.344 24.289 
C' 

__/ 

4 1!, 
4'3/
4 

j, 

-4 .4'! 
-4,5. 1 
-,.I) 

-52.26 
-5b.89 
-bdb 

70.19 
b9.82 
71.41 

74.25 
74.63 
73.95 

20.781 
20.406 
21.998 

24.842 
25.216 
24.536 

p 4. -'44.I6 -,d.I1 71.35 73.80 21.939 24.391 

L
4 

4'4°) 
44,2 

454 

-'P..t 
-b'f'il 

-51. 1 
........ 

-5.80 
-h1.91 
---.6 
-5,4.19 

10.87 
10.82 
69.46 
69.46+ 

73.72 
74.60 
73.46
72.42 

_ 

21,459 
21.405 
20.053
2'0.046 

24.304 
25.188 
24.044
23. 009 

4 'P.4 - I -,-.- -54.10 70.40 72.92 20.992 23.505 
3 . - ;..5 -53.18 69.06 73.13 19.646 23.720 

I 

4"-h 
ib. 

/-
-h4.'9 

-54.10 
-1,'.99 

69.40 
7 IP 

72.41 
75.52 

19.986 
22.709 

22.999 
26.111 

.59 -4,.96 -I.$7 70.55 74.64 21.142 25.233 

f 4h" 
3------_=61L--

-4b.3 
-5'.?" -

-51. (6 
51---- .L? 

70.88 
71.2b 

14.75 
75.20 _ 

21.472 
21.8532584-

25.340 

3 
I 

46? 
4t,4 

-5'.,2 
-.. S8 

-bi.24 
-51.15 

/1.6U 
11.93 

7527 
75.36 

22.185 
22.519 

25.861 
25.952 

$ 4, 

- - --. 
-4,q .u, 
- 4 

-S2.45 
"-1.6 

71.56 
12.04 

74.26 
74.86 

22.144 
22.630 

24.853 
25.446 

--. 1 
4 .9.... 

-----.---
-4...4 

70.10 
68.77 

7355 
71.8$ 

20.692 
19.356 

24.137 
22.467 

4 .8O -51AU -54.62 69.01 71.89 19.597 22.479 
*4 l h/.liJ -'14.36 69.48 72.1b 20.068 22.738 

4 482 -51.10 -52.97 69.41 73.55 20002 24.135 
.. . . . .- --. L - - - - - - - - - -- -S. --. _23,,52 _ . . . . . -

-. . .- - -__-_ 4 .-..-. ,485 . . . -S5.13_-_ -5e.05 . . . . . . .- -. 54,17 -_ -- -- 70.78 - 0-,A- 74.46 - -6.2-- 4-.... 21.373 
- -,3-.. ?J . I- - - 25.046Z.4_,_aL -.. .. . .. ..-, 

4 
4 

448 
4k49 

-55.v2 -5.95 70.60 
7lA 

73.56 
71.A-Sn~2 

21.184 
4!2.A 

24.149 

4 491 -55.74 -52.68 70.71 73.83 21.358 24.416 

-------- ..L_ 
44 

4t L-
49' -lh.hO 

- -Z-d-------
-53..19 

-- -- -- -an-7,L-
69.91 

- - - -J7A,6L--------- L 
72.72 20.502 

-
23.306 

£ 

-.-.-.- .....-- I. _4a__ . L.-------- -53.20 - -- - - --.... - .4------....7-,2- -.-.-- 2.532. .-.---- 239 5. ....... 
4 494 -'i5.92 -52.33 70.60 74.19 21.184 24.774 
5 & -L,46 .I -. 4.44 A,.7R 72.07 19.37,1 22.66.3 



- - --- ------------------------------------------------------------------- 

S 7), -50.4t -5,4.2b 	 68.04 72.26 18.631 22.854 
.... ._-O 	 667 - - .22. ---. . --.- ------

72.31 19.222 22.901
-54.20 	 68.63
L 509 -5.a 	 L .. -.-.-. -'.- _..-_ i.- - .-L - - ..5 - . . . .ZR..AR- - -. - - --.-bl..- -. -- -_ . _.- -=_4_.,_ 


' S1 -S(.I 	 -53.62 69.34 72.89 19.926 23.476
 

S LIII -5.19 	 -69.47 71,32 74.04 21.913 24.621 
70.46 73.44 21.045 24.033
 

b 514 -h.tjb 	 -53.07 

"; ------ - - L- - - -M.-	 - - .. -- -- ----------- _ ..... 

73.58 20.484 24.170
S6---- -----h. 62 -52.93 	 69.89 
Z-- -- - . - .- -3.-- .----.-- -.. . . -E l 	 ------..----------------L--6-- . - L-01 .... 

SA, -4.95 -51.91 71.56 73.60 22.149 24.192 

21.101 23.479
70.51 72.89
540 -So.I) 	 -83.62 

65.37 69.63 15.960 20.222 .. ..
._
56iJt- -1.14-	 -56.88 . ..... . 8?L.. .. ... 7,Ljq-. . . _J O . . Z5_.._u L,,... . _y ,.&.. .. -. ,.j3 

65.59 69.44 16.182 20.029

-60.' 	 -51.07-
6 '34 

A4-RI 7fl.O 1%-469 20.690
' -A' I '2 -&. 

16.648 20.949
66.06 	 70.36 
49--. ------6 !36 -60.45 -5b.15 

--. 	 -- - - - - - --

19.421 23.317


b 519 -b. -A - -53.78 	 68.83 72.73 
--j --	 .... 7--- 7 ....--------. 4.L----- - --

- - - - --	 ' ... 
68.66 72.46 19.246 23.047
6 541 -5(.T4 -4.05 


A -56.a -54.34 
 70.08 71.18 20.668 23.765
 

70.57 74.48 21.157 25.065h 44-55.')'. 	 -52.04 
Ri2.62-.51.4 --- -n.--- - -1 -' --- h 14, 	 .6P --- 70 - - -4I 

12.96 19.616 23.552
 
" h -Lt.49 	 -53.58 69.03 

b 1 7. 	 1.2b 11.79 15.25 22.379 25.839 -..	 -51.. 
. H'+. -'. f 	 -51.41 70.78 75.10 21.369 25.692 

AIR PRES(HB)

Ft 11IGHr t t)0IL ('iI' wV tlLIbHT(F I) WAVL PERIOU(SEC) WINO SPEED(KT) WIND DIRECTION WATER TEMP(F) AIR TEMP 

-

a 	 19 340 53 99 1016.00
8 340 13 

PUILSE WIIITH(NS) PEAK POWER POLARIZATION41) C54 HEADING
 
R IN Al TITI)I (F I) PIJASES PFH FRAME 

1 20 12 1 	 340
I 100 U,P -- - - - - - ------ o -.-------------------- I---- - 1 29-5 

1 250Iv-00 1 20 12 

4 1110o 20 12 1 2s 
1 	 70I Ilil 1 20 	 12 

12 1 - - - 160h. 1 0)110 1 	 20 
1 	 3401212 I 	 295I I1Jl010l'u 22 2020 

12 1 250 .. I1e 
10 11,000 2 20 12 1 25 

12 1 	 701I I 10)0 2 	 20 
1 	 1601? L uO011 2 20 	 12 

12 1 	 34013 10000 so 	 20 
20 12 1 	 29514 10 00 50 


l ioOO 50 20 12 
 1250 
1 	 251, 141000 50 20 12 

1? 11.11)(1 20 12 1 70 
20 12 1 	 160LP 11Ul0L P) 

34019 I Uo'v P7m 	 20 12 
12 1 	 2952i1 10000 21$ 	 20 


?I 0i 212 1 250 

S l1)0,o ?18 20 12 1 257012 1,2u
11 
1 160$ I tlOi, 

24 lO))( ?7H 20 	 12 

FN MM- HCvlU PWR(O)HM) AV - CVU PWN?(UHM)PEAK SIGMA AV SIGMA PEAK SIGMAZ(D) AV SIGMAZE(O) PEAK 

-------------------------------------------------------------------------------

1 
I 
1 

(01 
7-,-
71.3 
1114 

-,h.41 
---. O( 
-56.24 
-61.04 

-50.41 
-58.07 
-56.e4 
-60.26 

63.06 
61.40 
63.23 
59.21 

63.06 
61.40 
63.23 
59.21 

15.410 
13.747 
15.579 
11.562 

15.410 
13.747 

15.579 
11.562 



-- --------------------------------------------------------------------------------------

e 706 -bt.]9 -57.1q 62.28 62.28 147629 14.629
? u7 -5b.26 -56.26 63.21 63.21 15.563 15.563 

film -60.18 -60.38 59.08 59.08 11.434 31.434 
2 	 /tq -6.18 -56.78 62.68 62.68 15.034 15.034 

[H) -1,6.mO -U8.80 60.67 60.67 13.022 13.022 

7113 -h .,t -60.b5 58.61 58.61 10.964 10.964 
.3 114 -hl.HO -61.80 57.67 57.67 10.020 10.020 
.4 t1i -62.2 -62.25 57.22 57.22 9.567 9.567 

.1 /16 -61.n2 -63.02 56.44 56.44 o8.794 8.794 
4 fg9 -6l.4b -61.95 57.52 57.52 9.872 9.872 
4 121) -62.41 -62.41 57.06 57.06 9.409 9.409 

---- -- 4 121e 5l9.99 ---- -59.99 59.48 -5 -- 9.o48Lh3 - -LV 11 _ - -

4 722 -60.b9 -60.59 58.88 58.88 11.227 11.227 
5 /,4 -5.49 -59.49 59.98 59.98 12326 12.326 
5 725 -60.44 -60.44 59.03 59.03 11.379 31.379 
5 7/ -S.76 -58.76 60.71 60.71 13.055 13.055 

S 727 -60.34 -60.34 59.13 59.13 11.475 11.475 
S 126 -56.48 -50.98 	 62.49 62.49 14.838 14.838 

n JO -t9.83 -59.83 	 59.64 59.64 11.992 11.992
 
131 -b4.l6 -64.36 55.11 55.11 7.463 7.463 

h 733 -hO. -60.71 58.76 58.76 11.108 31.108 
6 734 -56.12 -56.12 63.35 63.35 15.698 15.698 

13 795 -55.62 -51.12 	 63.85 68.35 16.200 20.700 
I- 196 -"S.19 -51.83 	 64.28 67.64 16.625 19.993 

13 /97 -54./9 -51.11 64.68 68.35 17.026 20.703 
13 198 -sos9 -50.27 62.88 69.20 15.228 21.552 
13 /99 -54.49 -5054 64.48 68.93 16.829 21.279 

3 1.J Mu0 -56.40 -52.02 63.07 67.45 15.418 19.800 
13 Mal -b.41 -51.41 63.06 68.06 15.405 20.410 
13_.j 802 -.. -50.15 63.41 69.32 15.756 21.666 
13 8v3 .- bb..7 . -o.57 63.70 68.90 16.047----- 2--5"d 

113 K0o4 -56.50 -51.31 62.97 68.15 15.319 20.504
 
13 805 -56.37 -50.62 63.10 68.85 15.448 21.195
 
13 80h---- -- -51.74 64.09 67.73 16.438 20.083
 
1.4 807 56.M2 	 51.64 62.65 67.82 14.997 20.17 

60U1 	 -52.63 
13 809 -57.18 -52.09 62.09 67.38 14.440 19.729 
Ii $10 -5/.17 -51.57 62.30 67.90 14.650 20.251 
13 11 -b6.hb -51.20 62.82 68.27 15.171 20.616 
13 $12 -t.17 -50.98 62.30 68.48 14.652 20.833 
13 813 -b6.M4 -51.03 62.62 68.44 14.973 20787 

•.. ..14 -57,J5 	 62.12 66.84 14.465 19.190 

1. 814 -5.12 -50.85 63.45 68.62 15.803 20.970 
14 $16 -5d.4 -53.78 60.63 65.69 12.978 8.037 
14 817 -b8.,9 -54.02 61.18 65.45 13.533 17.798 
14 818 -56.43 -53.22 63.04 66.25 15.390 18.600 
14 n l -59.98 -55.99 59.48 63.48 11.834 15.833 
14 820 -S0.74 -55.26 62.73 64.21 15.080 16.560 
14 1521 __ _-56.29 -54.57 63.18 64.90 15.527 17.248 
14 6?2 -55.85 -53.97 63.62 65.50 15.968 17.845 
14 823 -59.40 -5b,57 69.07 89 - -_ 1 ? . 
14 824 -51.53 -5s.11 61.94 64.36 14.293 16.713 

-54.69 61.82 64.78 14.173 17.132 

1 Z ----- 5iA---- ---- - - 5!a --- - - - - - - - - -.611.518 ----- -. - 9- - - - - - iz- - - - - -------
14 H8 -5.91 -5t.37 60.56 64.10 12.910 16.452 
14 $P .I&'.S4S 62.04 &A.Qfl 14-IQ1 17-749 

14 8AO -51.43 -b4.45 62.04 65.02 14.392 17.365 
--- -- L d4509-........- ----. 61 L - - . - 53 ..... - ----------.-.-----.._ .. 

14 82b -51.65 


4U 
14 832 -58.00 -54.88 	 61.47 64.59 13.821 16.940
 

~~-..-5L2 - - - - - - - - --- D-fi--------k 	 -f-A--------
14 H34 -5H.15 -54.10 61.32 65.37 13.670 17.717 1 
14 WAS. -. I4 54.77 6.96704341748c 
15 837 -58.14 -55.36 61.33 64.31 13.678 16.663 L 

L_ __-l- -... -,5tn ....... -53 . .t .- .-.--- 5 	 --.---------.
-65,55 -3 -. -9 
15 839 -5/.20 -53.88 62.27 65.59 14.623 17.939 

--- _L------6 05 -. . .... ! ..... .16 
15 o41 -5.83 -53.17 62.64 66.29 14.985 18.644 

It $42 -51.23 -5.44 62.24 66.03 14,593 8.377 
IL 843 -56.44 -53.31 63.03 66.16 15.381 18.506 

5h.------ - - - - - - 5a1. -- --- 6aZ---t ULU$.-- ------ 152- - ----- A -- -- -- -- ---

S . .----. ....----. -.----------------	 5 



1 84, -56.,6 -53.64 62.51 65.82 14.855 18.174 
- 1-',-

15 
- - -.... 

8'7 
-=51.2 L ........ 
-57."7 

-_ 
-54.09 

- - - -
61.60 

..... 
65.38 

140 k--
13.946 

---- L7 9_ 
17.731 

15 $48 -90.60 -54.01 62.87 65.46 15.217 17.809 
Is 849 -S7.,9 -53.86 62.38 65.61 14.732 17.958 

IS Ab1 
-... . .-._ _ 

-59.45 
- - U.a .Q -_--  - - -... . . . 

-55.34 
6? _49__ 
60.02 

-_tf._gl
64.13 

. . . . . L4 0 5 - . 
12.366 

. . 0 
16.482 

15 $52 -5b.4b -53.78 62.62 65.69 14.968 18.040 
15 853 -bb.6b -53.55' 63.81 65.92 16.155 18.267 
IS 854 -56.16 -53.32 63.30 66.15 15.653 18.495 
IS 855 -51.20 -52.89 62.19 66.58 14.542 18.932 
IS._ 8b6 -7.69 -53.8-... 96f. 61..78 49 _4J3 L .. 842 
16 
16 

858 
8-59 

-57.44 
-_57.f -- -_-

-S4.68 
-751....L 

62.03 64.78 
------ ....

14.375 
L4.,_7_-- -----

17.134 
L7-99_ .........-

16 860 -57.68 -53.35 61.79 66.12 14.142 18.465 
16 861 -55.62 -53.00 63.85 66,47 16.195 18,820 
lb 862 -b7.08 -53.14 62.38 66.33 14.734 18.675 
16 8 . --_-J - - -k.-_ - -.-- - 89 - - -
16 864 -57.28 -53.25 62.19 66.22 14.543 18.569 
16 865 -56.56 -53.30 62.91 66.17 15.255 18.523 
16 806 -55.41 -52.72 64.06 66.75 16.411 19.095 
16 867 -51.44 -54.60 62.03 64.87 14.376 17.218 
16 868 -57.44 -53.89 62.03 65.58 14.377 17.933 
16 869 -57.75 -54.26 61.72 65.21 14.067 17.559 
l1 870 -57.89 -54.92 61.58 64.55 13.927 16.902 
16 $71 - .30 -54.64 61.16 64.83 13.514 17.175 
16 872 -58.52 -54.17 60.95 65.30 13.301 17.650 
16 873 -57.59 -54.54 61.87 64.93 14.224 17.277 
16 874 -51.61 -53.18 61.86 65.69 14.210 18.037 
S875 -57.77 -53.4 - 61.70- -4A04_ 65 9- 18.274 
16 876 -57.1$ -54.20 62.29 65.27 14.643 17.615 

17 879 
--------

-58.47 
- - -L-  51034-A 

-55.45 
Z,56&
61.00 

61 
64.02 

L49-------
13.353 

--L 7- -- -- -- -- -
16.373 

17 880 -51,53 -54.21 61.94 65.26 14,291 17.608 
17 881 -57.10 -53.99 62.37 65.48 14.719 17.826 
17 
17 

882 
883 

-56.6-
-55.47 

- -53.97 
-53.b3 

62.79 
64.10 

65.50 
65.84 

15,34& 
16.446 

17.845 
18.192 

-------- 1L 
1r 

j ------__-_- .... 
RS 

-__ -_=5t_ L 
-98.16 

---------...---5--15L -.-0j 
-54.21 

. 0 
61.31 

- .. -6 . 
65.26 

. ILl6 ----
13.658 

- . L6L 
17.606 

*17 886 -58.29 -54.46 61.10 65.01 13,533 17.356 
17 887 -57.24 -54.02 62.23 65.45 14.579 17.795 

--. . .-.--.--.--- -
17 

b 
889 

L 
-S1.',J 

...... -_ _5 - - - ---------- , 
-54.11 61.94 

-- L 
65.36 

1---i0 
14.291 

--- --s-. - 8-.. 
17.707 

.. . 

17 .9) -55.94 -54.23 63.5- 65.24 15.878 17.591 
17 891 -61.s3 -55.79 61.64 63.68 13.986 16.030 
17 8921 -68.83 -55.09 60.64 64.38 .12.987 16.731 
if 893 -5H.91 -55.41 60.56 64.06 12.912 16.412 

I-$9 --. 2 5159.7 -"976~Z46 ----- UC - - 15.593 -

17 R95 -58.31 -54.66 61.16 64.81 13.512 17.156 
17 89h -51.38 -54.38 62.09 65.09 14.441 17.442 
17 897 -8.2p1 -55.41 61.26 64.06 13.608 16.412 
it 498 -56.70 -54.57 62.77T 64.90 15.116 17.253 
1h8 9OU -58.67 -55.04 60.80 64.43 13.147 16.777 
18 901 -51.29 -54.30 62.18 65.17 14.532 17.518 
18 902 -S7.00 -54.1$ 62.46 65.29 r?7618l64I--------- -
1. 903 -bT.15 -54.11 62.32 65.35 14.665 17.704 
I 904 -5f.e -54.02 - 61.84 65.44 14.194 17.795 
1H 90' -1.6 -54.13 61.79 65.34 14.137 17.690 
18 90h -51.-7 -54.67 62.00 64.80 14.346 1.153 
Ix ' 901 -5d..6 -53.87 61.01 65.60 13.363 17.947 
1b 9OH -56.hO -3.97 62.87 6S.50 15.220 17.848 

qvIy49-19 -5f.11 -5b.26 61.76 64.20 14.113 16.554 
1H V)(I -51.,9 -54.89 61.77 64.58 14.124 36.931 

S1H 
C Is 

911 
91? 

-S6.?8 
-b$.I/ 

-54.6L 
-54.69 

63.19 
61.30 

64.85 
64.78 

15.542 
13.647 

17.203 
17.130 

18 913 -5H.hl -54.6i 60.86 64.85 13.208 17.204 



----------------------------------------------------------------------

C 

I 914 -sR.0b -5b.1 4 61.41 64.33 13.758 16.681-
IN 915 -b5.40 -5b.39 61.07 64.08 13.423 16.431 
IN 91b - -54.90 -55.85 59.51 63.62 11.915 15.970 
IN 917 -59.?8 -Sb.bb 60.19 63.61 12.542 15.959 
IN 91M -sh.1y -5b.45 61.28 64.02 13.632 16.369 
IN 91q -59.l -54.J5 60.36 66.12 12.707 17.467 
14 923 -55.09 -54.68 61.38 64.79 13.733 17.135 

- l 924 -S7.k4 -Q---- 9 61.99 6.47 _i 14337 17.824 
19 925 -b8.15 -54.95 60.72 64.52 13.065 16.868 
14 9(2 -S?./2 -54.b2 61.75 64.65 14.102 16.996 
19 927 -5f.26 -54.53 62.21 64.94 14.555 17.285 
-1 965 -'56.54 -53.79 62.93 65.68 15.281 18.027 - 
21 4b6 -5b.94 -53.63 62.63 65.83 14.979 T.-184 
21 96? -b/.75 -54.06 61.72 65.41 14.067 17.762 
21 96* -,f.S6 -54.40 61.90 65.07 14.254 17.417 
21 969 -58.96 -53.90 60.50 6S.56 12.854 17.914 
24 1032 -5b.30 -53.56 63.16 65.91 15.514 18.255 
24 I133 -56.90 -54.06 62.56 65.41 14.914 17.759 _ J 

24 1034 -58.52 -54.29 60.95 65.18 13.300 17.532 
24 IU35 -bo.74 -53.76 62.73 65.71 15.078 18.059 
24 10J6 -56.72 -53.86 62.75 65.60 *15.097 .953
 

FLIGHT SEA DIRtCTION WAVE HEIGIT(F[) WAVE PERIOD(SEC) WIND SPEED(KT) WIND'DIRECTION WATER TEHP(F) AIR TEMP AIR PRESIMB)
 

9 290 99 30 290 61 28 1018.50 

RUN Al rI1,aE IF?) PUL SF5 PFR FRAME PULSE WIDTH(NSI PEAK POWER POLARIZATION(1l C54 HEADING 

No DATA COLLECTED ON THIS FLIGHT -

FRAME RCVL) PWR(I)HM)AV RCVU PWR(DHM)PEAK SIGMA AV SIGMA PEAK SIGMAZ(DB) AV SIGNAZ(DB) PEAK
 

FLIGHT SFA DIRFCTION WAVE ttIGHT(VT) WAVE PERIODISEC) WIND SPEED(KT WIND DIRECTION-- WATERTEMP(-AIRTEMP-AIR PRESEB --

i.. 888 0 99 3 80 32 27 1019.80 - -


RUN ALTTTUD(F.) PULSES PER FRAME PULSE WIDTH(NS) PEAK POWER POLARIZATION(1) C54 HEADING 

I 5000 ° 1 10 3 1.io 

3 5000 1 10 3-1 360-- -

5 

1 

5000 2 
',fOp ? 
5000 2 

10 
In 
10 

3 1 180 
I QO 

3 1 360 

.. . . . . -1 - -_ -_ -. 
9 

_ 

11 
I? 
1 

50O 10 
- , . . . . ..--- In -  -  -  ---

50OU 10 
600s 1I0 

5UO0 bO 

lO 
J..O-

10 
30 
10 

3 1 180 
-a -  - - - - -L - 9_0_ . . -• 

3 1 360 
3 1 270 
3 1 180 

. . . . . .-  - - - -

15 5000 50 10 3 1 360 

SIs 

-- -- -- -

if 

19 
Z--

5000 148 
b~l)o 148 
5000 148 

510Q- -- -- --- J411- -- -- ------

10 
10 
10 
-- -- ----

3 1 180 
3 1 90 
3 1 360 

----------- -- -L ---------- ii---



---------------------- ------------------------

--------------------------------------------------------

- - - - - - - - - - - - - - - -

4 

- - -E-fim --- lUk ,Lf~&RCMLL PtiA4.OB)AMIEA. -S 5IfLEA AYP-I~L 	 LL)Sh Ath1-A~-

13 I64Y -84.01 -80.87 	 49.44 52.58 7.812 10.953 
. . . . . -- --	 .
.. . .. . . . _ -__ _ L- . . . -__ - - ---- L - . .- '--I 4 . ---.~.-2 -.-.-0-.- - - - 

13 [Inb1 -74.b3 5 9.489 12.2899-H2.33 	 51.12 53.92 

. . .L 	 -- i .. 1 J 6 16.9 _8 ... .. . I b --.. 4 3 - .. 	 . 

1 1690) -*0.80 -77.89 52.64 55.56 11.014 13.927 
I,, IA'41 -19.k7 -7A.74 -g.7A KA.71 12.14A 15.077 

14 ]fly -40.34 -7b.92 53.11 56.52 11.480 14.894 

1,, /34 -HL.14' -78.06 52.31 55.39 10.677 13.763
 

-- -- -- -- 2ItL- 0..la--- - - - - ---------- .S.A.- --- -LIslt------- L ?- -- -- -- -- -- - ,-Z.-.-I- 
t 1?74 -,..11 -F6.79 53.34 56.66 11.708 15.030 

- I II/1% -". 1 -77.4'; 54.2 56.00 12.64A 14.367 

16 17th -71.99 -75.72 55.46 57.73 13.826 16.102 

------ -- _tl- - T---7 ---5502 .----- ..... ---- -1 - -..- -- ---- ----- ..... -----------L 1. --------
17 1817 -75.43 -73.31 57.52 60.14 15.886 18.509 
It mI1 -743 -71.54 	 58.91 6*1 . . 28. 20_.282
 

17 1819 -7"..1 -72.05 58.04 61.40 16.409 19.768 
11 1820 -7b.Hi -73.32 57.60 60.13 15.968 18.500 

Is 8b58 -19.45 -7b.16 54.00 57.29 12.368 15.656 
,-. -1 .8 - 7j._ -........--- 5I_5-......--.----...-.....-J2, oJ_ -- -- -6L3t ...----- ----

1 1b3O -7 • S -7b.01 53.77 57.44 12.139 15.812 
IA ] .,1 -8.1 _ -7b.16 55.14 58.29 13.507 16.656 
18 I3f8? -7b.18 -75.74 54.67 57.71 13.035 16.079 
14 19010 -l'.tb -71.14 53,5H 56.31 11.954 14.679 
I), 19(1 -(9.49 -7§.99 	 5j.95 57.46 12.325 15.828
 

-----	 ---- - - 5 ----- -- -..--...- .--- --- 5.. . - 1558 
19 I-0J -,tI.P9 -71.17 53.16 56.28 11.529 14.647 

.- --........---- -- --------------- t_-----------.------" 	 J 7-....-_---...--------------------. 5- .---- . 15sl 
0 394 -H0. b -76.6b 53.20 56.79 11.573 15.161 
21 1443 -MO.411 -7s.8) 53.05 57.63 11.423 16.003 
pi 1944 -9.43 -7b.08 54.02 57.37 12.388 15.736 

_ 	 ? - l19 -80.93 -16.18 52.52 56.67 10.886 15.038
 

21 194b, -1q.41 -1t.J9 53.98 57.06 12.349 15.427
 

----- )------	 ;F' F- --------------------------------
F.1'TGm ISFTjECII,'. YJAVr -Ikuti U-T) wAV tNIOU(SLC) WINO SPEEO(KT) WINO DIRECTION WATER TEMP(F) AIR TEMP AIR PRES(MB) 

- - - -99-- - - -	 99 999 99 99 9999.90 

RI--JyNq i I, FUANL 	 PSELAH LZATJ.iJ(11 C4 HEALN -----------	 TC )t (r) PO1 S;E, PI'H lPUiSE-AjOIH(NS) PEAK POWER 

i 

NO DAT, COil U'lILI Jl"It1'S Fl I Ht 

-- -CVi F---F P50(-)----- HCUU rWN(DB)Tf'AK SIGMA AV SIGMA PEAK SIGHAZIOB) AV SIGAZIOB) PEAK
 

- FLIGHt SF4 l1[ItCTIh(I WAVE .ltroHl(FI) WAVE IHEIOLD(SC) WIND SPEED(KT) WINODIR-ECTIO'N--WAT-E--flE-PFT--AIR N-Ir lW )-----' 

12 2h5 99 99 	 i5 330 99 99 9999.90
 

StIN ALT~lIzE(FI) PLISE- PFH FRAME PULSE WIDTHNS) PEAK POWER POLARIZATION(Il) C54 HEADING 

1(1o 1 	 20000 

I uOu 1 20 3 1 355 
- 4 100o 1 0 3 1 265 

N 	 10.(0 1 0 3 1 175 
I10( (00 2 20 3 1 -- - - - - 5 

h Iu0ol) 2 20 3 1 355 
f 101-00 2 20 3 1 26- -' 

1 



-----------------------------------------------------------------------

- - - - - - - - - - - - - - - - -- - - - - - - -- - - - - - - - - - -

3 1 	 175
m 10OOu. 2 	 20 
5


4 100() 10 e.0 3 1 


I luO0o 
 10 eo 	 3 1 355 
3 1 	 265I I 100)- II) 	 20 
3 1 	 1751000), 14) 	 20 

85
l 100011 50 20 	 3 1 
1 	 35514 l000 50 20 	 3 

20 	 3 1 265I', 1o0o SO
1 lofl S5 20 	 3 1 175 

20 3 185 
IV 10000 14k . 20 3 1 355 
14 1001, 14$ 20 3 1265 

17 10000 M14$ 


1 	 175
20 	 320 10000 148 
3 	 1 8521 10000 27$ 	 20) 
3 	 1 3552? I0(oo 218 20 

23 100400 21$ 20 3 1 265 

24 1(00o 278 20 3 1 175 

SIMA AV 	 SIGMA PEAK SIGMAZ(D) AV SIGMAZ(DB) PEAK

FWAfE NCV) PqP(04M))AV RCVU PWR(OHM)PEAK 

17 ?642 -6i.S2 -60.88 61.97 64.61 14.318 16.955 
i ?643 -2.h5 -61.21 62.84 64.28 15.193 16.626 

15.09?17 2644 -b2.74 -60.f3 	 62.75 64.76 
1 7 2645 -63. 	 -60.69 62.37 64.80 14.723 17.146 

62.37 64.91 14.717 17.260

17 2646 -hA.12 -60.58 
12$ ?89 -65.43 -62.91 60.06 62.58 12.408 14.925 

18 2690 -64.94 -62.36 60.65 63.13 12.995 15.77 
61.06 63.18 13.407 15.534


2691 t 	 -62.30-64.43 
61.54 63.37 13.888 15.723"I 2692 -63.95 -62.12 


62.74 13.204 15.094

II ?693 -64.64 -6,-74 60.85 

19 ?215 -64.10 -6e.14 61.13 
 62.75 13.481 15.100
 

------------	 1 272 -66.13 -63.91 58.75 61.58 11.104 13.932 Q 
19 1727 -6b.26 -62.67 59.23 62.82 11.575 15.165 

L-- -- -6 	 59.49 -- 33 11.839 15.679 
- - - -_- 7d_ -66.0 

19 2129 -64.JS -61.36 	 61.14 64.13 13.485 1. 
62.30 10.419 14.650

20 2167 -(1.42 -63.19 	 58.07 
63.10 12.340 15.448
20 ?768 -66.50 -62.39 	 59q99


59.53 _ 

20 2170 -65.78 -62.03 
2 769 -65.6 -62.86___ .---------------------- 6.63-- --	 7 --

59.71 63.46 12.060 15.813
 
11.821 15.70620 1771 -66.1)2 -62.13_ 59.47 63.36 

Ft 16HT SEA DIRECCllON wAVt ElbtjTCtT) WAV PtkIPU(SEC) WIND SPEU( KT), WIND DIRECTION WATEZR TEMP(F)- AIR TEMP AIR PRE(MB). 

8 	 26 220 58 55 1005.90
13 2/0 9 

----------	 70,-FF--------------------------------------------------------------
ALTIlIi (FT) PULSES PER FRAME PULSE WIOTH(NS) PEAK POWER POLARIZATION(1) C54 HEADING
PUN 


---------- ---------------.-	 - ---- ------L- - --- - - ------- O 
1 20 	 3 1 130? 10000 


..-.-. . .-.----- -U----.- -----------------------	 L.---------_- ------Ap. A___-	 -..

1 	 3104 100 )()1 	 20 3 

1 	 220S 	 Inot'(.) I(fl20 
I6ok10 I) 20 3 1 130 

----- ---- ---- ---- ---..-------------....----------...............-------------

3 	 1 310 . 10000 10 	 20 . . -. - . .- -I . - -Z~ - --M
 
130
 

-_I(-.-_ .-	 o_ . -0.. .. - -. .- - -' 

1o 10000(2 50 20 	 3 1 
3 	 1 401I 100011 50 	 20 

20 	 3' 1 31012 1u000 bo 
la ~~------ --------------------- - ---- ------- 0---- -- -- -- ---- ---- -- -- L-- -- -- ------ 229-- -- -- -- ----- ---

104100 14$ 20 3 1 130. 

1 	 310l 160002 148 20 	 3 22020 3 1 

20 3 1 130
I, 1('0(00 21A 

f 	 218j100100 
40---------------
AtUDL -- -- - - --- t	 L---

-l 



-------------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------------

-- ----- - - - - - - - - --- - - - - - -- -- -- -- - - - ------ ---------------

31020 1Oook ?18 20 3 I 
-

3 2 130 
21 100111" 50 20 3 2 220 
72 110,0 20 
p'! 1 ('ano iSO9 20 3 2 4 

2 310
24 JUiO( 50 20 3 


FRAME CVtl PW9W(I)IHM)AV HCVL) lWNHIDBN)PAK SIGMA AV SIGMA PEAK SIGMAZ(OB) AV SIGMAZ(DB) PEAK
 

WINO SPEEO(KT) WINO DIRECTION WATER TEMP(F) AIR TEMP AIR PRESCMB)
Ft IGHT SF, I)FA " lteiiI (Fr) WAVE PLPIOU(SUC)l.C.1tt.'1 i.V 

14 iSO 5 12 360 55 43 1020.30 

RljJ Al I TIPi*l (FI) PLIIStS PaR FRAMF *PLSF WIITH(NS) PEAK POWER POLARIZATION(1) C54 HEADING 

I I OOo l 20 12 1 350 
OOu(i0 220 12 1 - 260 

3 100(1 1 40 12 1 170 

4 1001 0 so8?N~a 12 
S It1.8100 I) 20 12 1 350 

U, - - - -- L -(-00- 2 _0 -- - - - - - - - 
f .100u. 10 20 12 1 170 

. . . . - - - - - - -- U ~- - - - -I O - - - --. JI.- - - - - - - - - - !O.- - - - - - - 

9 fi)00 511 Z0 12 1 350 

11) I004111 SVa 20 12 1 260 
II 1l la) 0b) 20 12 1 170 

-*- I,-O - --- ------------ 2 2 - 1 80 -..... 

13 tootoo 444 10 12 350 

I 4 ?o 12 1 ITO 

)h 1(0n ) 148 21.1 12 1 80 
2 350 

015 1l I0(l 


it 10('00 ,fl 20 12 

I Q I o&., to 20 12 2 170 

-2-- -O-I -- -2) 10 -12 --t 80
 
21 U000 5O 20 12 1 350
 

2? 1oo0 50 20 12 . 1 260
 

?3 I0oO0 sO 
 2U 12 1 170
 
_ii 1L....- - - - . 1ooNau )_ I .80 

FRA,<IE. RCVI V NCVU PWH(LUM)tPEAK SIGMA PEAK SIGMAZ(OB) AV SIGMAZ(OB) PEAKP(L)HM) SIGMA AV 


9.549
3 19 -h4.,(7 -he.47 57.20 57.20 9.549 

1I 4- 1 i .49 -63.44 55.98 55.98 8.331 8.331 ----- --- 55.74 -.........
3,4e1 -1. ,J -- - - - - - 3. 7:j - -55.74 -69T - -

I 14L? -t.1-65.b7 53.90 53.90 6.250 6.250 

8.245 8.245 
1 i4s3 --h3.!"4 -6s.04 55.83 55.83 8.178 8.1T8 
I 4,$b -010. 6 -6b.Lb 53.31 53.31 5.658 5.658 

I 3'"?? -64.1 
, 4 -64.b4 b4.92 54.92 7.274 7.274 

I ?9H -$.x7 

1 39?3 -63.4I -3.67 55.90 55.90 

-62.6 56.60 56.60 8.950 8.950 "•
 
6.782
 

- - - - - -. --5 11 -- -6.bO 54.43 54.43 6.782 
1 3930 -hb."'M -66.98 52.49 52.49 4.837 4.837 
1 3931 -1.10 -66.j 51.16 51.16 3.513 3.513 

1 344j? -1,81.44 -6H.94 !,0.53 50.53 2.875 2.875 
L N34 -bh.26 -6b.3b 53.11 53.11 5.463 5.463 

I 3434 -h.po b.20 54.27 54.27 6.619 6.619 
393i -b.oI 1 -63.91 55.55 55.55 7.904 7.904 

1 3936 -64. 3 -64.53 54.94 54.94 7.291 7.291 

1 3937 -6n..o9 -6.09 54.38 54.38 6.732 6.732
 

I "4,3143 -63.97 -63.97 55.50 55.50 7.845 7.845 
- 3939 -60.48 -66.48 52.99 52.99 5.337 5.337 

64.9 54.58 54.58 6.929 6.929
I I940 -64.49 
3941 . . t. 70 ........ 63._0 55.77 5.77 ..... _._ I . L 

http:t.1-65.b7


-------------------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------

I 3942 -66. 1 -6 .12 54.35 54.35 6.701 6.701 
i 
9 

3943 
411hE 

-h4.14 
-hl.43 

-64.19 
-59.07 

54.68 
57.54 

54.68 
60.40 

7.026 
9.888 

7.026 
12.746 

9 
9 

10 

4181 
.]H?
4?.2 

-b., 
-61.,$
-6I.h 

-SH.bO 
-59.07 
-5b.44 

.58.62 
57.88 
57.78 

60.97 
60.40 
61.03 

10.971 
10.234 
10.129 

13.316 
12.748 
13.383 

10 422? -6 .AA -58.91 56.64 60.50 8.985 12.846 
1) 
11 

4223 
42h3 

-62.55 
-6U.41 

-59.36 
-56.05 

56.92 
59.04 

60.11 
61.42 

9.268 
11.392 

12.457 
13.770 

II 42t4 -60.hO -58.12 58.87 61.35 11.215 13.700 
it 
I? 

4!65 
4J05 

-60.44 
-6?.17 

-57.96 
-b5.13 

58.53 
57.30 

61.50 
60.74 

- 10.883 
9.649 

13.854 
13.087 

1? 
1? 

430( 
4301 

-62.0 
-62.48 

-58.49 
-59.18 

57.42 
56.99 

60.98 
60.29 

9.773 
9.337 

13.327 
12.637 

i1 4347 -57.4d -54.95 61.99 64.52 14.342 16.865 

_ 13 434H -5,1. bI -55.67 61.46 63.79 13.807 16.144 - -
13 4349 -54.30 -55.43 61.17 64.04 13.519 16-387 
13 4J30 -5M.44 -5s.10 61.03 64.37 13.377 16.715 
13 4351 -5f.31 -54.05 62.16 65.42 14.507 17.772 
14 43H9 -b7.4'1 -55.07 61.99 64.40 14.344 16.750 
14 43911 -5,(1.6 -54.8d 62.41 64.59 14.757 16.937 

14 
14 

4391 
4342 

-58H1 
-54.b 

-55.82 
-55.49 

60.60 
61.32 

63.65 
63.98 

, 12.952 
13.666 

15.997 
16.328 

14 4....93 -- -51.41 -54.99 62.00 64.48 14.351 16.827 

15 
)I 
15 

4431 
4432 
4433 

-T.50 
-56.13 
-58.0 

-54.5!4 
-5s.82 
-55.81 

60.97 
60.73 
60.97 

64.92 
63.65 
63.66 

13.321 
13.084 
13.321 

17.273 
156997 
16.012 

15 
IS 

4434 
4435 

-5.07 
-51.65 

-bb.U6 
-5t. 5 

61.40 
61.82 

64.41 
64 .12 

13.746 
.. T4716I---- -

16.757 
6- - ......... 

16 
16 
16 
lb 

4473 
4474 
4475 
4476 

-sq.09 
-S.:lIj 
-5b.91 
-59.66 

-56.54 
-56.52 
-5./12 
-57.08 

60.38 
60.16 
60.56 
59.81 

62.92 
62.94 
62.75 
62.39 

12.728 

12.909 
12.161 

15.274 
.12.5115;293 
15.101 
14.735 

lb 4477 -5v.59 -56.60 59.88 62.87 12.232 15.215 
FLIGHT SEA I)IRECTIIIN WAVE HEIGHT(FI) WAVL PERIOO(SLC) WIND SPEED(KT) WIND OIRECTION WATER TEMP(F) AIR TEMP AIR PRES(MB) 

15 10 3 4 6 10 55 5 1027.8o 

RUN ALTITUDE(F ) PULSES PER FRAME PULSE WIDTH(NS) PEAK POWER POLARIZATION(l) C54 IEADING
 

I 1 001W 1 20 12 1 10 

2 10010o 1 20 12 1 280 

4 110001) 20 12 1 100 
--------1---- kA ------- m-1 -- -- ----- ---- -------- Z -- -- ----------------- P----------------1-9 - 

6 1oooo 10 20 12 1 280 
7 10000 10 20 12 1 190 
H 10000 10 20 12 1 100 

20 12 1 280 

-iC ----- L-uu-- -i0 ------ Z0- -. - - -- -- -- -- L ----------- 190 

12 1000) 50 20 12 1 100 
13 1lou 148 20 12 1 10 

10 1000o 50 

14 1000m) 14$ 20 12 1 280
 

16 10000 148 20 12 1 100 

1" 1)0000 278 20 12 1 280 
19 1)D0 a0 218 ?0 12 1 190 
a' 10000 218 20 12 1 100 

?2 1 00w, w) 20 12 280 
u. 24 100(0 SI) 20 1e 1 190

24 100111 50 20 12 V100 

I 



FRA'4F MCVD PWB()H})AV RCVL PWR(DHM)PEAK SIGMA AV SIGMA PEAK SIGMAZ(DB) AV SIGMAZ(0B) PEAK 

---- -- J----.----- -- ------------------------ f~ft6h--------~s--------tl------------
- - .- . . . __ --.. -- . -. - -- 5 ,.- - -. . 6 -- 7 . .. -63,17 ---- . - . . . . 5 ....	 -_ . - . . ... -b}, -. LeaU S_ -.-. 

I L,?t4 -S/'i) -51.50 61.97 61.9? 14.321 14.321 
1 ,?5 -b?.q2 -51.92 61.55 61.55 13.902 13.902 
p L254 -57..b -57.4h 62.02 62.02 14.373 14.373 

-S._ .....-----511a- ---------.... - -_5... - - -........- 9 l-- - -- - --.. -_-. -- - - - - -_ 
2 5256 -,1.b7 -51.07 62.40 62.40 14.750 14.750 
-------- -bfq -V5 -7.99 6l-4 1. - - - --- 13~821.3 

- Li58 -5$.98 -5H.98 60.49 60.49 12.843 12.843 
3 %$86 -56.04 -5(,.04 63.43 63.43 15,776 15.776 
? l -5.68 5-bb.b8 63.79 63.79 16.137 16.137 

',,$M -.. 	 -. . . . 62.43 6.43 7 4.777 
3 ',Ie9 -b.7 - 6.8 62.69 62.69 15.042 15.042 
3 -i?95. -bn.58 62.89 62.89 15.241 15.241 
4 f89 :31$ 61.38 61.38 13.732 13.732-. -5.09 
4 319 -T,]q -51.A3 61,84 61.84 14,189 14*189 
4 53 0 -6i. 3 -60.43 59.04 59.04 11.393 11.393 

- -- ------------------t L t 	 6fA-------6tf-4----- --L ~ ---4 2Z-- -- -- -- -lh z 

4 S32,' -b5.3t -59.31 60.16 60.16 12.512 12.512
 

---------------- 5484L = -L....... fl 2, -~ lk.32L------L tl -- -- -- -- -Lu---------=-~uL--------

9 54H5 -5.mb -53.79 63.61 65.68 15.955 18.025 
9 S4H6 -bt.l' -52.89 63.99 66.58 16.337 18.931 
9 548 -t,4.44 -51.tt 65.02 67.81 17.374 20.160 
9 8_- -. .648 61....64 . 16,9 . .2719.990
 
9 4 -S..,' -51.04 64.78 67.82 17.131 20f174 

--.-.- - -- - _ 54L -- ...- -- - - -. ---... -.. - - ---. _90 a ? ..... --- 0 L7 o_t ..----- ." It .-- , .... 
9 5491 -.Sfl 	 -51.95 64.46 67.52 16.807 19.865 
* 	 549 -.. u -S,±.o5 64,56 67.42 16.912 19.766 
S 494 -'.'4 -b2.b6 64.93 66.81 17.275 19.157 --_ -=: i -_-_. . . . . . =.,, . . - . -- !t_ - . 0 ..- -_ -.. 

'4 149L ,b.S -le.if 63.90 67.10 16.253 19.445 
9 5496 - I, -5.09 63.56 66.38 15.909 18.732 
4 4'7? 	 -52.59 6.35 66.87 19.224
 

-.-.-. . . . . -_ _ 4i . ... -. .- _ . . - ._ 6 - . . -- -- J . . .- - 15 08_98- . . . I9_.!p - . . . . . . .
 

64.*2 16.698 
9 49 5.1(1 -52.10 64.37 67.37 16.717 19.720 

5-55.51 -2.1 6J.90 66.77 16.253 19.118 
S- -Y,3 -501 -52.51 63.84 66.96 16.191 19.313 
4 ll -54.22 -51.91 64.95 67.50 17.302 19.845 
'4 '1 -5. -52d.* b3.82 66.96 16.172 19.306 
9 h-04 -54.5 -52.e4 64.91 67.22 17.262 19.574 
9 'o -"0.. -5e.14 63.46 67.33 15.811 19.681 
94 Q -?.-" -b,!.84 	 63.43 66.63 15.784 18.982 

9 55oh 1 -0. -51.11 65.41 67.76 17.758 20.105 
9 55,Ok',.' -b1e.ta 63.b7 66.79--------T-57------- - ----0 -- -- -- -- -
9 '.04 -'bS. 	 51.b 63.98 65.82 16.326 18.169 

1o 5/4 -',*.I -'1.43 64.36 66.53 16.708 18.884 
11 -'l.'1, -52.28 6b.47 61.19 17.824 19.537 
Fh, 5'1?' -1ns-S 	 -52.dr 63.77 6b.59 16.124 18.944 
lo v'-.) ".b69 	 65.78 15.317 18.129I 62.97 
i '" -b'.., -54.36 63.78 66.11 16.131 18.456 

- tl 52. s., -Id. 12 64.70 66.75 17.047 19.102
 
Iii 'I54, -Tor,.I -b5J3*o 63.27 65.97 15.643 18.321 -


I') 54l16 -5.j -52.19 64.61 66.68 16.961 19.033
 
oI -5?.12 63.80 66.75 16.154 19.095 

1i '9,5I -5550 -52.16 63.97 66.71 16.319 19.057 
~ 30- ~ J 534 -514.64 -L,2.83 	 64.83 66.64Fiisr7w-------

In ;s31, -14.h9 -12.39 	 64.78 67.08 17.131 19.428 
101 '36 -54.,it) -52.44 64.66 67.03 17.014 19.378 
I) c537 -be*18 -52.*4 64.09 b6.93 16.441 19.276 
11) 49Jt' -b5.4b 61.01 16.92? 19.359-54. F9 64.58 
11 519 -5.4 -52.04 64.66 67.42 17.007 19.774 
10 b4(i -S(.?1 -5J.0 62.26 66.40 14.609 18.745 
10 554 -9lu -94.34 60.39 6b.13 12.740 17.478 
10 '542 -5o*s -52.54 62.52 66.93 14.867 19.281 
14) 55)43 --. 252.19 	 6?.75 66.68 15,09S 19.032 

01 



III q544 -b6.,41 -53.81 62.bb 65.66 14.911 f8.011 
Ill 5545 -56.1'? -51.40 63.40 66.07 15.745 18.421 
In 554h -bb., 5t.,t o 64.38 66.91 16.729 19.261 
III S547 -5b.14 -52.4b 64.43 67.01 16.777 19.360 
I(o 954H -14.hy -52.56 64.78 66.91 17.129 19.260 

II 566 -,4./0 -52.30 64.77 67.17 17.121 19.522 
II 556? -St.M4 -5e.38 63.63 67.09 15.978 19.436 
11 56m -54.(1 -51./S 6b.45 67.72 17.804 20.067 
II 5569 -54.11 -51.91 65.35 67.50 17.704 19.845 
I1 IS0 -54.?3 -52.U6 64.73 67.41 17.083 19.756 
1] 5571 -S'.I1 -52.12 63.70 66.75 16.047 19.102 
II 5572 -53.53 -51.46 65.94 68.01 18.291 20.360 
11 9u73 -54.$1 -b1.JU 64.65 68.17 11.004 20.517 
II S57' -55.20 -51.66 64.27 67.81 16.623 20.162 
Ii S575 -55.75 -51.85 63.72 66.61 16.070 18.964 
11 5576 -'4.34 -50.93 65.13 68.54 17.482 20.893 
11 5578 -55.71 -52.14 63.70 67.32 16.047 19.674 
II r579 -5b.12 -5112 62.75 67.75 15.095 20.101 
11 55aA -b4.91 -52.-4 64.56 67.23 16.912 19.578 

-------.. 55661 -5t.?t -5,.IS 63.25 67.32 15.597 19.670 
11 95582 - 16.3 -53.20 63.10 66.27 15.446 18.621 
LL. 55H3 -56.42 -51./4 63.05 67.73 15.401. 20.082 
11 55H4 -55.64 -51.14 63.83 68.33 16.181 20.680 
11 5658 -56.31 -53.05 63.16 66.42 15.505 18.769 
l] S8M6 -57.00 -51.71 62.47 67.76 14.821 20.113 
11 55B7 -55.66 -52.38 63.81 67.08 16.156 19.434 
11 5Sfh, -55.66 -52.?2 63.81 66.74 16.159 19.094 
... _ _9. - . . -1._7 ._ . . 6 .. 16.806 . 20.066 
1! .5590 -55.31 -51.84 64.16 67.63 16.510 19.976 
1? S608 -5h.57 -53.34 62.90 66.13 15.247 18.483 
12 5t09 -57.22 -53.67 62.25 65.80 14.598 18.145 

S.....- 6J. ._5 .. 61. . 142_6 17.545 

* ... .. 
12 

? 
4 6 11 

6 
-56.19 
- I.31 

-52.b? 
-e5.31 

63.28 
63.16 

66.80 
67.16 

15.633 
15.509 

19.146 
19.508 

1? 5613 -54.98 -51.85 64.49 67.62 16.836 19.967 
I? 
1? 

S614 
5615 

5!f.-52.'.9 
-56.69 -53.96 

-. 65,14------------------------------19.333 
62.78 65.51 15.129 17.863 

-

53,tAh.-------- - k3-1.-.- --- ---66.......M.AA& --- 4 4.---- -- -- - - -

-------

12 5617 
8 

-55.68 
-_5b1- - -....... -

-53.10 
... 

63.79 
------.. ha ..--- -. 

66.36 
-sAL -- ---- 

16.137 
L ...--... 

18.714 
- ----------

12 561q -5.?4 -53.28 64.23 66.19 16.576 18.543 
1p Se?0 fi6fl-5l66pq 6A.RA 16319,213 

12 "621 -54.3J -51.Vb 65.13 67.52 i7.484 19.867 
- - - - - - -l- . - .. . . .- -t .-. .-9s-- . /8_ . . ..- L it L 

I? 56l,3 -S. -- - - -5-.43 64.48 67.04 16.831 19.387 

It? h?5 -cl.3 -52.50 64.54 66.97 16.887 19.319 
I? h6 5A. -52.80 64.Pi 66.67 16.584 19.020 
I? b6?? - .', 5d.+ 63.65 67.06 15.998 19.405 

1Z~b~t- dsA- - - -- ----.. h ------ 6LI--- - - - - -U L..L- -- -- -- -- -
1? "6?q -55.16 -52.e1 63.71 67.26 16.057 19.606 

I? 631 -55.54 -52.36 63.93 67.11 16.279 19.455 

-IIIf ? SpA?-Dj-J-t--,'.. HE-kibL7 -KYE 6-6 67.10 17.09 1.45 
-.- - - - . _- - A I- - -  - - JJ I.-- ------ --- - -A-R- - -IPRE--_ _ _ 

16 2,1') 7 7 22 210 55 60 1016.60 

RUN ALIII J. IFt ) PuI SES PFH FRAME PULSE WI[1H(NS) PEAK POWER POLARIZATION(I) C54 HEADING 

1 0(0i0, I 0 . 12 1 210 
-i ou 1 20 12 1 120 

-4100" 1 20 12 1 30 
4 flifjfi) 1 20 12 1 300 

~l(u It)- ---- 20 ! - - ----- 1- 212 L-10 



-----------------------------------------------------------------------

-------------------------------------------------------------------------

l61100 10 20 12 1 	 1206 

- - -------- UL0on , - ---------- - - I?-.-------- L---------- ----------------
A I I)(io 10 20 12 1 300 

10 A OiI 20 12 	 1 210 
1 120LII 	 1101 ',el 20 12 

OW N111(1, 50 20 12 1 	 300 
I 101 4( 14', 20 12 - 210 

I - 11014i 148 20 12 1 2 
11 14$ 20 12 30 
l' 	 Ili~i'~ 148 20 12 1 300 

1lOIluI0- - - - - - -20 12 1 210L -- 
1 	 1201,0l1, 50 20 	 12 

I 	 I 00L~ih 510 LO 12 1 30 
].j ... ,0 12 1 300'. 20 


L I 11046141 14M1 ?a1 
 1 210 
2 I tp.i., 141 20 12 1 120 

24 ~ h 1" 2) 2! 30 
2'. 	 1 hn 
 14H 20 12 1 	 300
 

I-dnrF 1CVwI t4-1'(,)I V RCVV PWRIOHM)PEAK SIGMA AV SIGMA PEAK SIGMAZ(DB) AV SIGHAZ(DB) PEAK
 

4 i-of7 -b.14 -60.61 54-73 58.86 7.081 11.210 

'6 8( ,-o -9.21 -- -62 6--0.38 9.970 12.28 
q '/,- .u-60.21 	 56.06 59.26 8.414 11.612 ...
 

56.33 59.11 8.684 11.457
• 6 	4 -60.J
l -'<1.43 

4,62', "' 
 tbu.l2 56.48 58.75 8.826 11.098 

In -ht4.,1 -60.8- 55.85 58.61 8.204 10.961 
II~ ~hb69.65J0~ ~ ~ ~ ~ L LIb _ .5.2 JI -.9154 j~5 

-- I i? n(A-60.bO 56.b9 58.87 9.036 11.220 
1Ii ,?' -- r S --- -'b9.b d ' 5b.95 - 59.62 9.298 11.971 

12 4/,0 -6.n(I -60.38 57.07 59.09 9.418 11.440 
le "Ji'4 -6d.,,4 -60.32 56.63 59.15 8.982 	 L1.501 
1? "/l" -61.12 -bu.el 50.45 59.26 8.798 11.610 

I - -15 -h - - --6-. 2 54.86 57.45 1.208_ 9.798 

i1 "SI] -b2..9 -60.6l 56.58 58.85 8.933 1 .203 
I$ --84.' 611.98 54.90 58.49 7.250 10.841 
I , 1., . -Mi.U2 55.78 58.44 8.132 10.793 

It /',. -64.'s -bO.n6 5b.18 58.80 7.529 11.154
 
8.190 	 10.941
 

14 A(4$ -oq'o -h1.41 55.42 57.99 7.771 10.344 
-T -17 -II -- -61.13 -- 5----

14 M(2-1")-80.86 	 5b.84 58.59 

- - - -- 55.42 7.-74WTh --------	 --
10.564
14 6/')' -6.3.,, -61.e5 55.67 58.21 8.017 

14 6,79- -60.b2 56.23 5.65 8.580 11.003 

P, 1,4 -4.I( -62.8 54.70 57.19 7.045 9.535 

i 7 77q4 -.. I -bU.14 56.80 59.29 9.148 11.636 

I' 1 .r..Ab -59.04 56.92 60.43 9.273 12.778 

I,, ./ -'I..' -5Yo12 58.23 59.95 10.581 12.295 
. . __ - --. 9 -9.d4 	 56.88 60.23 9.225 12.579
 

-" -n/ -1.*'----I- ----	 -60.19 56.46 59.28 6~'----------TI763-- --- ----}h h-	 -bo.,b 56.07 59.01 8.417 11.361
 

8.788 11.984 

I, 4*19 -6H.'O -9.95 56.97 
Ito "( f -1.3 	 -59.84 56.44 59.63 

59.52 9.318 11.865
 
It, 6-pl -h1 ..4 -S .63 57.53 59.64 9.882 11.991
 

I P1 I CRObSA'I/l liiC0i)6S LI~t.C14e 


NO- cTF 	 4AM14 VAIFl )DU8IN(, HIMl WITH VALUES OF 50.148,278,; F I I/.P$I 'SbPt< 

O
 

I 

http:M(2-1")-80.86
http:n(A-60.bO


--------------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------------------------

- -- -- ---------------------------------------------------------------------------------------------

------------------------------------------------------------------------

-------------------------- 

-----------------------------------------------------------------

---------------------------------- --------------------------------------

-----------------------

- - ------------------- ---- -- -- -- -- --

A-2 OVERALI FL. IG'HT 

MFAN STGA{IJ) sTI'.t i,. S'5 LL SIltt '4LAN SIGP(0h) SID.DEV. SAMPLE SIZE 

16.115 t"4,.I' 19.25 19.171 414.0
 

A3-, FLTHT V ,A4Ih,/tot)A SA14H E bIL7 blU.DULV.(Ub) MEAN SIGL(DB)PK SAMPLE SIZE STD.DE.(DB)
 

4. k 71 	 Is ,0 11.88 18 4.SI
 

s31,/A V I "1 0tV Ii SIGLAV - J 11 UEV UH SIGZPK * I SID UEV OB SIGLPK - I STD DEV DO 

7.6" 12.61 11.00 

I- -------------.--------.--------------.---------------------------------------------------------

FLIGHT HT';TOORI JA (I40.OF Si l.Utv.F(UN 1Il 

Fl IGHT t11-4) (-2 "1 -1.,) (-I" 10 -I) 1- ( *-.) (-.' TO 0) (0 To abI (.5 ro I) I1 TO 1.5) 11.5 TO 	 2) (6E 2 

4 -- ( - 3 1 - - I 3 2 5 3 0 0 

. j_ L_T(.p__M,_.I L H -. -'-IL)_ __-_ - Q.. _S_ L . . . . - - - -- - - - --- -- --- --- .. L) -I r(--L- [_i .I V. - ..
 
0 0 1 U U 0 1 2 1 
 1 0 0 1 2 2 0
 

CUMULATIVE PH(I3AH L l.Y
 5
(1.00001 (l.00QU .Ih,67 .22222 .Zl7778 .44444 .555-6 .83333 1.00000 1.00000 1.0000 

FLIGHT HISTO(RAM(NO.OF sro.ULV.FIOM MEAN
 

PLIGHT eLI-,) I-? TO -I.b) (-. __. -i) (-1 TO -.b) (-.b TO 0) (0 TO .5) (.5 TO 1) (1 TO 2.5) (1.5 TO 	2) (GE 2) 

- I - -9 ----__!L _~~ _L _L ( o0-1 

4 0 4
4 	 1 0 0 

I I ? U, 1 0 0 0 1 1 1 0 0 0 
7----------------------------------------------

CUJI.ATIV V 4EpI4A,HII ITY 
1h6A7 * 

'isA .44444 66667 .7222 0 On0 00000 1O000000 )h000() 1i.f Ulblth 

MEAN SIGZ(D$)PK SAMPLE SIZE STD.DEV.(DB)
- -+AN ST(h/(iI)AV SA'4PLL SIZE bTI.OEV.(OU) 

18 11.93 

FLIG-t 


7 	 20.471. 5 
- -EV - --
I+ '.%,I~I)t/ Is hI(,LMV - I bIV 0EV 0 SIGZPK I S- SIGZPK - I S- EV 

19.821.19 	 16.66 21.04 

F1 [G-T NIi PmA I jI*.0 SIiUI.AItV ilO MEAN
 

------------flAUJZL-At&l--U-A-A.J---lir.5t----tr--.b.--tW 


4 .32 3 	 225 0 

- ) [ I I i Cl 1 0 0 2 0 1 0 1 

CtimFiLA 11Vt P-wI,'~ IL1 1 I 
(I 11110.inl 	 AAMSQ7 .IrAA7SA3Aaee? . 313 -4RRQ9 1-000O IAOOO0 

http:HISTO(RAM(NO.OF


-----------------------------------------------------------------------------

------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------------

-------------------------------------------------------------- --- ----------- -----------------------------------------

- -- - - - - -- 

--------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------------------------------------------------

FlIGHT HI 	 flITIl4VI.(I3,CI. I I ' .VF"U'i MF.N 

"-J,_..--_ t J- J .Z 1J. .--- -. .- - - -L. 

5 1 4 3 4 1 3 1 0 

----J. - tJ __-J.J LI-.- -(---J -.. L 	 - - - -_-_- ---


H1I)(,- A',.FL'I" -I ItI-11/d.-7,' ft -.4/ -- ItI TO I Sithi)FV.
 

S 2- I I I I I I ' 2 1 0 1 0 0
 

CIJMIL&T Vr 	 p'i,'.jI If, 
..- - .. UL l Q l .__A - - -. 44L _ O OQf. . . 

F-T-T .EAjlI,/tlA V S JLL S/.E STIJ.UFV.(D) -MEAN SIGZ(DB)PK SAMPLE SIZE ST-.-EV.(-)
 

I".' " 12.3b 22.38 9 16.16
 

SIC,/'v * I -I ' S ; AV - I blt) iF.V U SIGZPK I SID UEV 0B SIGLPK - I STD 0EV D8
 

...-... - - - - - - -

S- - L- - - - 1 3 0 1 1 0 

HISTOG-JA-A41-,' -1 .- /n.,-U., go -3/ - 7/s IU I s[o.0Ev. 
( DI I I 0 u 3 0 0 (1 0 0 0 0
 

CIIMIIL T V[L'~HI I I I 1
fit,. W.... .o)	 . ] 11 .33J33 .44444 .77778 .77778 .88889 1.00000 1.00000 

F1 lGHT (I I-,) (- -I .- ,) (-I. It -1) (-1 (-5 TO 0) (0 ro .5) 1.5 vu 1) (I ro 1.5) (1.5 TO 2) (GE 2) 

0 -6 - - - - - - 0 1 1 0 -- 

- _Llr -1 [0 -/A.-?', It) 1J/49---f(/8 1U3I 5113.13V.-HlTOfO i-, 4lj 

I L I_t _ I I 1 1) 0 0 0 0 0 0
 

CIIMIJI IT TV)-t 	 Pl 'V,-t- I IIt 

' 3 o.UOOII '.00o1)U .44444 .66667 .77718 .17 7 .88889 1.00000 1.00000 

-

Fl T(*T 1't 
4. 1l1,t,)V bA4APLr Slzt lu.I)*V. (IH) MEAN SIGZ(L)B)PK SAMPLE SIZE ST.O)EVeiDB)
 

7 ?0.". "18 1b.bI 24.01 78 18.57
 

v

,6I7A"V I Isi *, 1 IGZAV - I 113 3)EV 14H 1 STO OH - I STD DEV D8OH 	 SIGZPK + 0EV SIGZPK 

?A*") 19.11S 25.10 	 22.55 

FLIGHT HISTCIiIM''(+,lI).F , IU.ILVIwig t4- AN 

http:p'i,'.jI


-------------------------------------------------------------------------------------------------------------------

Ff TGHT ( IT-?.) (- TO-I..,) (-1. 11) -1) (-1 10 -. ,) (-.5 lu) 0) (0 TO S5) US idp 1) (1 TO 1.5) (1.5 TO 2) (GE 2) 

7 3 3 1 16 13 17 9 8 6 0 

HTST 06)PAd.FW 
4 S 

OW- I Ti -7/ 
e 

-f/n 
h6 

10 -J/4.----/$ 
1 3 

1-
3 6 

OLV. 
T 5 6 4 4 1 0 

- ---. 

CUMUILATTVI P490tA l [IV 
0o000O' *03Av .07o92 .115b .32051 .48718 .70513 .82051 .92308 1.00000 1.00000_ 


i---- st$i,$$1$%$S'$1$,iSbSSSS$S$1S1 

FLIGHT HIST(1GPA,, (MO.0F Sfl).IlQ.troRM MEA1I 

- - - - - ----- - L----------- ---------. 5Lb--L------ -1--L-qE -- -- -- -- --,...F.....EHfTIILT-?) (-2- Io -1e_.)_J- 1.b 10 -I) .- 1 10 -. 5) (-.5 To 0) to0 TO .5) jos To I) (1 10 1.5) Q..5 TO 2) (GE 2) 

7 3 f12 is 17 9 6 S 2 

.... ISTOGO .gw_-1 10 _-1/_8,-f/s_ TO -3/4 .-.- 7/8_ To1i 5100EV._ 
2 4 4 A 6 4 4 1 ' 7 b 2 3 1 2 4 2 

CUMUI ATIVE PR)iillI ITY 
(.0(10)O .r p. .0O64 .153$ .30769 .50000 .71795 .83333 .91026 .97436U 1.00000
 

FL.IGHT '4fAN SIC,7())V SAMPLE SIZE STU.DEV.(D) MEAN SIGZ(DB)PK SAMPLE SIZE STO.DEV.(DB) 

8 14.34 161 9.do " 18.19 135 13.70
 

SIbtAV + I TT)I0EV Or SIGZAV - I STU UEV D0 SIGZPK * I ST) DEV 08 SIGZPK -1 STO 0EV 0B 

] .so 12.7b 19.51 16.28 

FO IGHT HIST144 (IJO.OI "RIOOhV.I,4iM MEAN 

------------------------------------- t)----------------------------------------------------------------A h I H : 30 34 28 II 6 5 

4 8 4 10 ,I 11 6 6 9 7 4 8 

CLIMUL pIt,."j I t-Al IVit 
- (110 . a. / .. 11l. 1t - I &q, 1? .2) 'l9 .41742 .R94 .93168 .96804 1o00oo.fl ,t .8633S 

FLIGHT H Tl; P (Ii * h I ') o VD "lt@kN 1-- L--.ITNJS-l,-t-----I--v.-Qt--- 'ttN---------------------------------------------------------------------------------------------------. 

- 8 0 06N49 19 3- 3 .5 
Hr¢;TfrIAM°fr H()i,,-J I -?/hIi-/ ltflt -4/w--//N Iii I sIl,.r'FV. 

9 6 4 I' $ b 4 1 1 2 0 0 

N-----------------------------------------------------------------------------------------------------------------

CIIMIIATIV P$I&lL~r
 

11 



------------------------------------------------------------------------

FIl1GH7 -'F.,SI,'(+-,)A, bOlILL Sli/ St).EV.,UId) MEAN SIGZIUi)PK SAMPLE SIZE STO.OEV.(DB) 

.tO I ' . 33 10.30 15.99 33 13.16 

I. 

,itl/ltI * I 1 

1". 1"+ 

r '9,I I'VAV - I 

9.31 

SI) UEV L1H SIGZPS - I STD 1EV UB 

17.81 

SIGZPK - I STD DEV US 

L2.78 

,_ 	 IGT I 1?) (-_ I -,., 1-.__H,_ -_. (-1it -,',) (-._ _r, 0) ( TO .5) (. N 1) I-10 1.5) 

10 0 -0 15 3 1 I 

HTSTOGOhM.&111O-W~-1 TOI tr.'7t 	 IQ4-1l1IStI)V 
3 	 I c biS ,+ b I I I) 1 I 1 0 0 

CI IMII ATI1VE. PNIItl*'I I I 88 4 8 
.	 .Gi81ld
* 	 o.ittII(II 'i.i,.jI, ~ .a'0,Us+i j.3030 . TU13 4_27U7 . 

a-------------------------------------------------------------------------
FI TONI 	HlST0,(*A' C0flIr .lit1v- jL ISO 

Ft 	IGHT ( I-?) (-, f T -. ,i- ) (-1 ru -. 5) (-.5 0 O ) (0 TO .h) To (1 1.,5)Tt-i., ') 	 (.5 1) TO 

10 t - - - 13 6 u 1 

' .
HIST0(,I AIA.Ft sIt- I (1 7/br-[r, I-) -/4,----/3 I 1 sIl) IEV. 

I 1 . 4 1 0 2 1 0 - - -D- - -F0( 

I YCLIMLILAT1VE lI I'eitlS'I-	 I 
0.u()01 0 	 on , ).itt 00 .0901 .e7273 .66667 .84848 .84848 

-- - -T-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -M-A- - - - - - - - --N-	 - - - -	 SAMPLE-


qi;;~~--------------------------------------------------------------------------------------------
Fl IGHtT 	 NISTt~it+i +(itl.tI-" "+l,.,tr.-('' M I+. 

FI 16HT (IT-') - 1,f -I.,) 1-1o.1 1% -4) (-1 1if -. 5) (-.t 10 0) (0 10 .5) (.s ro 1) (1 TO 1.5) 

- - - -/ ,-- - - - - - - - -- I- - - 

1 3 1 u u I I u 0 0 1 0 0 

CUMULAT IVF HOI4AP-, III r, 
t.d f)(OIh 	 i.i' ~It, L IOiO .45000 .55000 .700.0 .80000t+.,...t (s 

(1.5 	TO 2) (GE 2)
 

2 2
 

0
 

,ji8T9 .93939 . OOQ. .. .. 

(I..k.TO 2) 	 GE 2) 

2 2
 

-07- - - - - - - - - - - - - - - - - - - - - - 

.87879 .93939 1.00000
 

-E--	- - -- V- -Z -T-.-E - - 

(1.5 	 TO 2) (OE 2)
 

- - - - -* -+----

1
 

.90000 1.00000 1.00000 

FLIGHT 	sISTIGP t lIC t}f SIIJ.Ih-1-4.Ir(iI IVAN 



FLIGHT 

12 

([T-P) 

0 

(-2 ro 

I 

-z.b) (-I-2 

I 

Ic -i) (-1 10 -. 1) (-.b TO 

7 

0) (0 TO 

0 

.5) (.5 TO 

2 

1) (1 TO 

1 

1.5) (1.5 TO-2) 

3 

(GE 2) 

0 

.-- . -I 
0 2 .4 

CUMULATTVE PNIHAHIL 
A. (I0hnn 

T-)--
u 

Iry 
.,,, "I 

I/n/-. 1 .-_ 
I e 

..r-nu 

-- 7/8 

. j.0 

, 
0 J- .- l y.

00 0 

.35000 

-,. 
0 

.7000U 

-
0 0 

.70800 

--.... 
1 

..... 
0 

.0000 

1 
-j. -

.85000 1,00000 1.00000 

- -- *L!41$%1 $hI$51Aits -* k l5t $S A-*-ISs---- ----- --- -- -- -- --

Ft IGHT 'AFiAr SII./(0)f)V S'PLt; SIZL bTI).t)EV.(OB) MFAI SIGZ(0H)PK SAMPLE SIZE STD.DEV,(-B) 

14 10.44 bb 9.21 15.38 32 10.95 

SIG/AV 4 I S11) 0V I0, SIGZAV -'I STU UEV 08 SIGZPK *I SrD 0EV 0 SIGZPK - 1 STD 0EV+A 

.13.6 16.2 13.44 

Ft IGHT ,-ST0GRGt(NO.OF MII)EV.F'OMMEAN 
a- -....... .. . . . . . . . . . . . . . . . . . . . . 

a.____.LFLHI(L I-) I-_TI)__-..) (-1 .b_O_ _-IL (-1 10 -. 5) (-.5 TO 0) (0 TO -)(,5 TO 1) (- TO .5) (._5. To 2 

14 0 0 18 10 4 5 7 . . 

-- SIOOR~atE~flML 118* U&IIU-fl~k~c.U& - - -  -  -  -  - -. -L - -...............................------------
7 4 , te 4 3 1 2 1 1 0 2 0 2 a I 

CUMULATIVE PHOBAqIL ITY 
fl.flO)(hh{l 0( OtmIlII Il.0,Ill{il)d-I 11714 .j.;fl7 60(,714/ - AA7 .7A7?A .A@ .Q;PI&, 

. 

| 

. . 

-GE 

OOCO0 

. 

-

, 

FLIGHT hISTO(4kA'l (NI.oF I"'.I)EVFOOUM MLAN 

14 0 I 9) 3 5 3 5 5 1 1 

NISTOGPA.A.FOM -1 TO -7/1,-/ I -/ 4t---1/8 1o I STD.DEV. 
I ?e 0 U I I 1 3 0 U 0 

CLIMLILAl lv. PRIHAHII. I 0Y1W J0.00000 _ .00___.0.1j91O___,.489I25___._.4750.0____3_1 

3 1 

____2 

2 

_00_ 

1 

725 

1 

_IS0___.96875 . 1.00000 

> 

IN 
w -- -

FI.li(-IT M-.AN ',I0?(IH)AV 

15 16.17 

SI(,/AV + I S1,1 It'V I 

17.12 

FLIGHT HISTOGWAM(NO.*)F M Ih),EV.* 

I GH TL -L- ,-

SAMPLI SIZE-TU.OEV.(08) 

It? 

SIZAV - 1 Sfu 

l.. b19.95 

om 4EAN 

L--AA 

10.05 

UEV 0U 

Jz6 0_ 

MEAN SIGZ(DB)PK 

19.34 

SISZPK * 1 STI) OEV D8 

LLL-i5I.fULO2LQL L_25 0 L 

SAMPLE SIZE STD.DEV.(DA) 

99 11.12 

SIGZPK - I STU DEV DB 

18.63 

L ,TO .. ) J - - - -



-----------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------

------------------------------------------------------------------------

------------------------------------------------------------------------------------------

--------- ---

--------------------------------------------------------------------------------------------- ---------

,

1 4 3 IA 13 24' 19 22 12 1 

HTSTOGPAM.FROM -1 TO -7/8.-7/8 TO -3/4.---7/8 TO I STO.OEV,
 
3 3 3 4 3 6 11 7 5 3 4 5 5 7 5
 

CUMULATIVE PRORAHII.I T .29060 ' .49573 °65812 .4615 .94872 .99145 .0000
 
U0 0 34j 1949 ol06 Ii 5 4 ?1-

... . ._0o.ooo.u'_ _. .4] ___.. uY4.33 94_ 

Ft IFiHT NIS [tJ Mb'l(NOOP SIUO)LV.t .UM MEAN 

I1 T-P It, i-1,, -IiFIl GHT f- -- -. ( I rn)I -. ,w I-', To Ai) in Tn -4) I-L; To 11 (1TooA'.;) (T- 2) ((IF?) 

a. -.-------------------. L0. .2J-----21--------12 13 1 3 

1 1.3 4 95 A b 6 2 4 4 4 0
 

CUMU ATIVE P',IIA.4 It I I
 
!PA!L -~~~1---
D --- g-t-$Q91,ht l t-- IZ D.2 Jt D----

FLIGHT ,,F ! S[(,/(I,)AV SA,.PLPt SJ/E hfL).DtV.(OH) MEAN SIGZ(Ob)PK SAMPLE SIZE STO.DEV.(OB) 
.2 

it. s. ti 3 1.6h, 11.41 32 3.83 

+ I s]11E V IH S1U(AV - I 5i) DEV UH S(GZPK 1 STU DEV DH SIGZPK - 1 STU DEV OB 

1.14 1 12.11 10.58 

Fl 1CNT '1151114)4i("'.() I o t~r0 *'EAI
 

FLIW, II r-P) (-A To -1.5) (-I., Io -1) (-1 It) -. b) (-.b 7%)0) (0 TO .b) (. l0 1) (1 T0 1.5) (1.5 TO 2) (WE 2)
 

HI T G A ~ 4 . -1 TO' -(-qI/ It, - 10.I) 1/rISTU.L)LV. -- - - - - - -- - - - - - - - - - - - - - - - - - - - -- - - - - 
1 Y, ' I 1 4 A 2 1 2 1 1 1
 

C(JMIII.ATIVF IJ'/,,'A II,
 
-,. illb1 t I.dII. . t,.,su .15tlAb .J4375 .4687 .687S0 .90625 .90625 .96875 1.00000 

HIj+ffillll-+ tt. 'r tAlq.Fl IGHT -. .P U O),.b 

------------------------------------------------------------------------------- --.-o -) -o -o -5 -- I ._ -( -, -i -- -o +, ' --s . o I I . O _) _ L-, --. 

16 1 A?6 7 5 1 1 2
 

HISTO(,-JA.- -1 - b I.IJ-V.
 

-F LIGHT Qt r-.1) 

- - ,tm 'lu -i//$-tIH I) /4,---f/H I 1 

0 1 I 1 3 I 1 3 u 4 0 1 1 1 0
 

CIMI1I ATIVP ' A ') I I I
 
II >. 10111,0 .1,I,' ., lb * h1"6 .31210 .50000 
 .71875 .87500 .90625 .93750 1.00000 

$)---- - -± - -t1----$SS
 



--------------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------------

A-4 I DISTUIRu ,TIDS S Lr C1.d'FRi ,ow
 

FLIGHT PuN , ,If,(UH) Ti). tV. SAM.bILE S1GP(D0) SIU.3EV. SAM.SIZE
ANA MEAN 

PUN HISTO(NA't(IO.(iF (i) OllV. <O. MEAN 

_l LU._?) I*A _-I.) 1 I_ 4 4 0) O .5) 1) TO (i.5 TO 2) (GE 2)FI.JGHT (-. Lt Lr.b)-tIJJ A [O To 1.5_ TO (I 1.5) 


8 13 0i ---t -- 4 .32 2 2 1 1
 

HTqTf0GlAN.Fk(OM -I To,-/,I. TO -3 -- / TO 1 TO).UEV.
 
A i) • I d 2 0 I0 2 0 0 1 0 1 0
 

0. 1)0U10 .uouut) .C00uu .3S600 b000o .70000 --. 80000 __.9000 .95000 1...._[00000...... 

PUN HI STObN*''i(hOr.1)If TSiio* 1 ° I ' ,al-AN 

FLIGHT o1m ( l (-) H,-1.=) (-1.5 fCt-1) (-1 It ,-.b) (.5 TO 0) (0 TO .5) (.5 TO 1) (1 TO 1.5) (1.5 TO2) (GE 2) 

---- LA ------------_--------- --- - -..- - -.---...--


I 1 1 t o) 1 1 1 2 0 2 0 1 0 0 1 

CUMUIL ATIV" f-'O14A't l IT,,
 
-- - - D.( aA 
 ~ ~ 9 0 f~~ --------

OTSTRIMIITIOI5b fl~w Sri rH. [tI, ,11N5
 

FLIGHT NOdA FN "It ltiOt,) 5 .0EV. SA.bl MEAN SIGP(D6) STD.DEV. SAM.SIZE
 

R 4 14('Il 4.od 20 11.15 9.09 20
 

PIN HIST(kUW4A(INO.OF ST,; .AAI, tdtAN
 

UI-------tI-----------AaU.1n2 Aaa1~~JLn~~-------------------------------------------------------------

0 2 I I I 1 0 U A 4 UI 0 0 0 0
 

CUIliAT! Vt 1.i
 
-.- - 1i- a- -II.- -,-- - -- -- - -.- - - - - S ))* .-- 8 0000- - QOOOO .5 00 0 0 000 

------------------------------------------------------- flM-----lflSS---------l-i---lfl----l 

....N H__TObS9 I,( I? ,.i -4. k3 041 

P- 0 1 -' -.- - - - - 

http:HIST(kUW4A(INO.OF


1 I I I • I 2 1I u L 1 0 ( 0 0 1 

CIPHIII4TIV F -- ,-Iii 

(1.0(1(ii., '. i, , .i.n', II * jidOd J.olJou .60000 .75000 .80000 .95000 .95000 1.00000 

FaTrGHT 

R 

RUN HISTO 

>i.\l -F 

ILI 

' (IIFtP ' 

,v,, 

o 

I *) 

.F4. .) 

(,.-If. IV 

FI+, 

S!l.ouLL 

2e" 

ChrJ.]-v,rI'AN STbP(OUf) 

Id.0b 

EV. 

9.27 

SAM.SIZE 

20 

----.-

FI IGHT 

Ai 

ILI 

b 

Qp l-') 

I 

(- I -1) 

- 

(-1,, 1'% -1I (-1i IU 

- ? - - -  -

-,l) (. T-) I) 10 ilt .S) (.5 I( 1I) (1 TO 1.5) (1.5 TO 2) (GE 2) 

I 
I-e-

. S 
" 
I 

zL 10TG'r1,r'A~ I&F.----IV----. 
I e 0 

-i 
0 

-H'-'~-
1 

---
1 3 0 

--- ----

-

C I i HMII A 

-I'.F,'di 

lI h -V , 

. ' ,+ .j' II * P%,' ./51,' .450010 .65000 .90000 
.I9

.95000 
. 0'

.95000 1.00000 

RUN HTSTO R-'(''I. 1 . ,Ir. 'r- 1 

-

FLTGHT Q(JUj (II--') 

A IS 

IISTOG JA i.*FkP, L 1 -, 

fl 
CUIICLAT I Yr-",JhiIH"te J [= Ii 

, I* )',L 

- , -IF C-

t 

/' ' -3 . - //,I 
LI 

* FlEU)(l * 1"l 

I0 -. 

Iv I 

1 o.5 II ) (u 10 .5) (.5 TO 1) 

f, 2 6 

-bII --- - - --)LV 

1r) 1 1 I 

.UbII .50000 .60000 

(1 t0 1.5) 

1 

---

3 0 

.90000 

(1.5 TO 

1 

- ---

.95000 

e) (GE 2) 

0 

---

1.00000 

- -

1.00000 

-----

FLIGHT pillI 

A I.4 

PUN HISilh& '+(F.(' 

'.,' ..,, ,) 

I'..'l 

< 5I''otlV.I-.' I, 

5 l.)Lv. 

14 

ti,l/' 

bA.'nMj]t.l 

CII 

LEA14 SICP C 

IH.01 

) bli).EV. 

9.65 

SA .SItE 

20 

_F 

A 

-IIH aur,.CI t-+I 

U, ii 

(-, I :-I.') (-L. rj._,-I) 

S+ 

(-1 I1 -. 5) (.s IU 0) (U 

6+ 

T0 .5) (.5 

5 

TO 1) 

1 
(1 10 1.5) 

0 

(1.5 TO 2) 

0 

(GE 2) 

2 

N 

HIST0O q.1."d'"+l- -1 1,- ++-

0 1 F e 

t"IINIILATIV I 
+ 

k'1.+~i ]IF 

ii .LF , ,.,, ,,.-a - - - - - - - - -

/, 

L 

Ito - /f+- - / 1) 1 

.1 1 1 

ui~itI .J()FFOIF_.30 

, ,DEt~pV. 

1 1 

00 _ _ 

0 

.60000 

1 0 

.8 000 

0 I 

.90000 

0 

.90000 ___ .90000 1.00000 



--------------------------------------------------------------------- -------------

PFIN HI SFOTO 4'T-(,IF+ hl~i.. Fv FP
. 

rOA 

11 I-,>) 1-1. It -. [() I") (o It . ) (. 1( (1 TO (1 .5 2)F1 T6+HT r++lh, 1-; (-1 .1 111 - 1 (-I l I. 10 { 1. %) TO IGF 21 

•~~~-c--- I- ... -+ i-- ~.. - -h- -.-/- -- -i - -- - - - - -.. - - - - - -J -G- --- - -,- - - - - 

0 (' I u I I c 0 0 1 0 0 3 1 

CtIULATIVF wol I I I I
 
- 0 - r-- - Ill-- - - (- U(U -)-0- -.. U 400U .bOUOo .65000 8115000 .95000 1.00000 1.00000
 

DISTPIRIITIONS r' SLI.FCIbti llk')'
 

FLIGHT Pu1N *'E. .,I(fl ,(Il) STI.iLTV. SMt'.SlL '4EAN SIP(iO) STD.OEV. SAt.SIZE
 

. . it 14.41 - .. 6 20 1 .33 9.50 20
 

P'IHINIO)aPI (Iill.'f .N, 0I 'tAN
MEl)LV 

---------- t-- U±U------U&(L-tItU-.---------------------------------------------------------------------M 17 I2 I4+ t : 2) 1 

I I I ,) 1 0 2 1 1 1 0 1 2 0 0
 

CAIMIILAT IVI' PPWIi'A,. iI r
 
(

I I'i,' i'll, 0l0.)() .111 00 .40000 .,5000 .70000 .85000 .85000 .95000 1.00000 

flhGH2L~tILL~tC-------------------------------------------i~~3~2i~a2-----------------

... ................... .... -- ,..... -.. - -.
....... +..--L.. 0
 

WlST0 IA4.I-I2M -1 h, -1 /e.-//i I.! -4/1----'I Ii Sf).[J . 

0 ', I, . 1 1 1A 0 3 1 2 1 0
 

C*IINLI.AT rvt 1 lw~~x<l ii
11 


-- ... - - - 0ti ~ 00a .u130 .40000 .65000 .85000LO- 1.00000 1.0000000Q 1.00000 

SISTRhuJ q + (2, 'rI.. tI+122'S) ,ltt'',v, 

'EVh. u 


Ft I' I -. Vo dtI 1.14 8.55 20
 

PlAl HIT(lINA'4hi '.- SI I.SILV.t ll 1ILAN
 

FLIG.HT 2,D i5 ) STIJ+ . L AI'n -n.I- - -N - - - -)-T--V -A--SIZE 

' 

FiIGI-HT .. I- )(. , .,) (-I.' rt I1 I1 u .$l ('. ro o 0 r . ) b.5 To 1) i TO 1.5) (1.5 TO ) (GE 2) 

A, i- 1 - - - - - - - 

http:C*IINLI.AT


t t.. TO( 2M.i.oI4'P -I I'v -a t/ I) -- //-- 10 I- v -.-_. . . .. --.--- - - - -I. 
. , I1 0 0 j 1 1 0 1 0 1 

20 

CIIMIII.fLTAjIff ..P',-01, I I 
, . . .---,-4,,-J-,--- i 10s-'. '--. ,..,- - - - -  j .- - - - - -_.b-O -. b0 -s 0 00- -±---- .---  - O-0 . .. . .. 

- -

8 4)4 it 4 4 / 3 4 4 0 0 

I I 

4' *.1 (1 41 

4 

4 ".4,41 

I 

* I 

j 

1 1"C11S)1 

, 1 J. 

. biO0 

U 0 

.4'100 

U 1 

*60000 

1 0 

.80000 

2 

I.00000 1.00000 1.00000 

01ST44'II 

FLIGHT 

114.'. , 

44,, 

FII.- S.Lr( Vr,,,i 

i) t, vS1'I.utV. SAM..zI| HtAN S1&P(UH) 510.UEV. SAM.SIZL 

PUlN HiSTO(,4-ztdl(i'.II ,'.'I I j.r,4 . 4 A 
-- -t

" 

14 1 0 

HIS10N4'A 4."'4 
' 

I I 

C11I4111 AT'IVr ,P ".4-

,,.i,,,I 

-I 

"II 

1.4 -,/fl*-(/v 

Ii 
1 

.. 

/ 

IL -v/..-.--f/ 
"ea.' 

.1. .9 $1 .26 

. 

I I 5IlU.0V. 
0 

1 . 

6 

0 

59I6I.b4167 

2 

0 ? 

.62$00 

I 

0 

0 

3 

.91667 

2 

1 

.91667 

1 

.95833 1.00000 

' 

FLiGi4T ,IllN (Ir-?) 

14 1 

IST(GUIt.. u 

II 

CtiMII ATIVI. .. 'l 
... 

-

1--.. l -1.1 ) -1i (-1 1(0 -. n) (. 4 U) (0 To .b) (.5 TO 1) 

- - -  - 0 0 

10 .. . .I.' ./,. .- .I. -3/.-.-/. I. 
II I LI 4) U 40 0 0 0 0 0 

Ill''I 
.,,',i ,0.lIiL 4.00000 0.00( 0.00O00 0.00000 

F I.$'b'l, bt$bb$$$%$ l% ,$% ,i f$ S$$ 

(1 rO l.b) (I.5 TO 

0 0 

.II..II.V. 
0 0 

0.00000 0.00000 

2) (GE 2) 

1 

0.00000 1.00000 

Fl IGHT 

11 

)j4. 

4.-J 

" , : ', 

It717-

I ,, I 4"A)*.SIL'u..orv. 

- -  - -. 

,hAN SIGP(I)H) 

19.41 

SII.DEV. 

10.49 

SAM.SIZE 

2-5 



--- -- -------------

-- - - - - - - -- - - - - - - - - - -

------------------------------------------------------------------------------

-------------------------------------------------------------------------------

------------------------------------------------------- - --- --- --- ----

RUL I-II TtM tl'(,,L ,1l iist".I.(j. MlAV 

-_- ---- . I-- I ') -,' I-i' -I.' [ 3-. -0-/)-- (-I U -*-) 5 - - ) -(0 T- .5) TO 1) TO .5) (1.5 TO 2) (GE 2) -

15 I) I "4 3 3 4 4 0 1 

,L -- I-- - /.4-----/-- I j bTO5l--)-V -- ----- - ------ --

0 ' - ii u e 1 0 2 0 1 1 
CIIMIJL AT~u'E +A 'l' .II Ii --- - - - - - - - - - - - - - - - - - - - - - -... ... .. . 

Il.II IT, ),* , ', l,..(3jr .c'.4 rItBC . 0I1iI .h200 ) .64000 .80000 .96000 .96000 1.00000 

RUN HI]SI (I(+ i .+'1,+F .- -Ij'-- -- -tAl-

J _5 .~( .... ... _. .-... ._ . ._.
.L .
 

l I .4 1 I 1 .1 1 0 2. 2 1 1 0 

---- - - -- - -- -- -- --L.--- -- -- -- -- - -- - 

< - - - 4--- . --.----- ----- ~ - - - - - - - - -'- - - - - - - - - - - - - --'t - ---- .
Cuin T ! lVi~OuP IH II I- T' 'i\ "-

Fl IGHT WON(I ' S I., 'ii SIih LV. S iI.bILE MEAN SI(GP(DB) STD.DEV. SAM.SILE 

Is II ,. 9.LI ?h i6.98 9.64 25 
+ 

A- P11 MIST9P+'LI. (14.,1o SIp.ilEV.I-s,+ ,EAN 

F ITGHT 'JJa ( T- ) (-j I - -' - .1 I< JI I TI r:I+ {( { "+1++1..,5 In 11 (1 TO) 1 ,51 (1-5 Tn ?I IGE PI 

_ _ _ L _ __.J _ _ _ _ . . . . .
 - -- -- -. - . - -.. L - -. -.-- -_ -. 

- _- - - --- -_-_--J -!_-]- - -_,- - -
S I I I . 1 j 1 00 2 1 22) 3 3 

- -0, -_ -_-- - -.-_
 

CUMIII All VI IJIowt.l, i 11. 

- - -, - -. - - . - - - -_ -++,+,--L_-__- - -_-'; - -. L-,-L-& - -L( - -- _ L L . . . - - - -.. (J 0 _-,- O- - - -.. -- ) - - -- - - -. -- - -.. . . ..

snnnflfln--- fli--- ---R UN Il"T) II I ; ,;- *fl. ,t V. Illjo W AN 

| % i
) I 1"j 3 6 8 1 1 0 

S*1 I + I 1 , e 1 o 3 1 3 1 
I TVI( l0 W I f1 0IJM JAT 0 0 0 

4o (I 1'"'',/ t I ,II',,I .d1-1114CI .d*+II()O .4600i .60000 .92000 .96000 1.00000 1,0O0000 



-------------------------------------------------------------------------------------------------------- ---- -- -- -- --

-------------------------------------------------------------------------

--------------------------------------- -- ---------- ------------------------------------ ------------ --------- --------------- --- ------ ------- -

------------------------------------------------------------------------------------------------------------------------

SFLIGHT iRN "jA0,-o,(lidi.11) tV. SAk.ILt MAN 51GP(UH) STO.I)EV. SAM.SIZE 

$--

15 

PUN 

It 

HISTI)I6Pl rr °' 

.'e' 

.lllO-FSI,.g v 4l 

9. 

-:L-AN-

I 24 19.81 11.07 24 

HISTOGP"4A.FJI-/' -1 , -3/----7/h 1U 1 :IU.I)LV. 
? * 'ig! I t .s a a I I I 1 1 2 0 0 

).()OlI0 qiqiaIlii "181,6/ .2d9167 .54161 .70833 .83333 .87500 .95833 1.000000 '.00/ 

FLIGHT tbl (I T--) I -1.L,) I-1.- 10 -I) (-1 IU -.. ) (.5 IO o) CO TO .5) (.5 TO 1) (1 TO 1.5) (1.5 TO 2) (GE 2)
 

15 Il I - - - 5 5 3 2 1 1 -


HISTOGIA4d l'F I/'-/- 1/4 L blIULEV.
, - I 1h) -514.--- 0 
1 O 3 1 0 - 00 0. v" 2 -

CI)MLIIATTVF P 11 IIOI4(litt 

n.Ufll.tl .(.B,'hI .,'"J LI .21I(33 .29167 .50000 .70833 .83333 .91667 .95833 1.00000 

DISTPIP~nIITTO,'S Hd SI Ir.I, I-.*,\,') 

FLIGHT tlO.N 'rI,(' ,A (III) s i)Dt V. SAM.,I/L I4LAN SIUP(U5) ST0.IEV. SAH.SIZE
 

15 I? 1,.?, '.3fi 2b 19.08 10.69 25
 

RIIN H I T I6P'116-0 .f r .,, v.P' l -, itI j
 

FLIGHT '>N (I I-)) (-, j ',-1.2 (-I. h) -1) (-1 h) -. t) (.5 h) 0) (0 TO .5) (.5 1O 1) j 10T1.5) ( r 0.2) (GE 2)
 

ib ? A S .3- 6 4 0 3 0
 

HISTO(PAN. I)' -I TU -/ .- /,'n Ii - I/..---/8 I 520U.o V.
 

1 2 ' 1 - 0 3 0 - 22 1 1 -


CUJMULAT IVFE 11dIl1II 
A.001.0-t W.,",, I .UU.lO . iouut .36000 .48000 .72000 .88000 .88000 1.00000 1.00000 

01 

http:n.Ufll.tl


-------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------

-------------------------------------------------------------------------------------------------------------

15--
L ---1, 1 - - - 1 5 9 1 1 0 

HISTOGAM.FIu, -1 I -7/b.f-l [N -3/',--1/6 fu I bi.1D)UEV.
 
I I 1 0 1 1 a 0 2 4 3 0 a
 

CIlIILATrVF iH I - - - - --- -- - 
fl.U 11, *.J0L. * IJUII .200)u .320UO .36000 .56003 ... 92000 __.96000 1.00000. .00000" 

FIPAWAL NCVi) HWWW(1H)AV kCVU PWH(UHM)PEAK SIGMA AV SIGMA PEAK SIGMAZ(DB) AV SIGMAZEDB) PEAK 

S, 51 -- O.h0 "53.19 60.83 64.24 9.197 12.609 
.---- L 
SsJi? -1I.?7 -53.64 

--  - - -.. -b L --.-
59.65 

--5 
63.79 

__ __ 
8.015 12.159 

-..-. -6 

m 4IH - . -55.76 58.21 61.67 6.576 10.035 
...... . -. h

13 
, L 
"i'e-

. C - -L-Sv. - - - 1) .85 ..... 
5"Ab4.b9-----------8.57------62.74 

_-.- - .... -t 4 .. .- 9 
6.937------11.110---------

L --. -... 

---- --- tt-U 
14 4".10 

---
-f.4d 

-- -- ----- 5&at 
-5j.82 

---- 611.,24----
61.01 

62..fa3-
63.61 

J 1ED 
9.381 

fl---.Z04 
11.980 

--- ---

It 
414'AsM 

.19 
i.li 

t,.8-59.d? 

-61.51 54.32 
53.95 

Sh.91 
57.56 

9,680 
9.308 

11,291 
12.920 

-_ 

1$ 
-l. 
,,bp 

, 
-64.?4 

-. L----L -
-61.49 

----- -A(A --
53.19 

. . , 
55.94 

. .-..--..--. 
8.552 11.297 

- -

I 
I 
" I 
'l 

"'h's 
1, 4 
I I 

sip' 

- -.------
- 4.48m 
b5.'.Ut 

-h4.,1 

-6 0 -
-60.07 
-60.b4 
-6U.(7 

- 51.0 
53.94 
51.93 
53.42 

-..-. - -- 
57.36 
56.89 
56.66 

------- 5_-
9.303 
7,285 
8.782 

12.744 
12.715 
12.245 
12.016 

" - -  - -- L - . .- - -  j4 ...Q----- .. 59L., 4-_9_. . . . . _ _ _: _- _ . _ 

A-5 Fj.. t_'.___L._.._,:,_ . _.- - .$IAIAAIA/ liL &1 ._y~.st_$LI._ taL _iLA 

4 V 4.•,I 18a. 

l"-.I ,101)AV NCVU PWN(tbM)PEAIK SIMA AV SIGMA PEAK SIGHAZ(DB) AV SIGMAZ(DB) PEAK 

*1 'U -'1 .--. - - - --------- Oa03 8.36 7 20.375 
S JJ *... -50.sb h6.96 69.01 19.308 21.356 
., ) . . . .7 o1. . . 63.64 67.62 15.991 19.974 
, ',i]A. - i.ah -St.tj 65.50 67.84 17.854 20.190 

I,--.s-50.62 64.93 68.85 17.277 Z1.201 
h , -"9-9b7. bb.96 b8.90 19.306 21.251 

- - -- -. -- ,,- -51.5? --. 79 67.90 18.139 20.248 
/tIIa .. / -511.11 66.39 68.36 18.744 20.709 ---

- Im --- ---b' -' . - -  64.44 67.48 16.789 19.827

7., -,4.4J -- )1dd 65.14 68.19 17.487 20.540 
)I'I -' . -51 .1 7 65.03 68.30 17.380 20.646 
1/ t. 1 .i,I5.1 64.18 66.74 16.532 19.0897 

---- 1'? -111.69 66.33 67.78 18.681 20.132., 
.. . .14 h5.83 o.3 18..18.4 - 20.6792 d- - - i - 

- -9- - -' .- - 1•', - 63.99 67.58 16.337 19.925 
I" J" -W., I -60.A 64.6 68.54 17.006 20.891 
'. "' 1' 

- ". -S'.,d' l645 67.25 16,795 19.598 
I .I1 ",./ -.'U.o 6o.73 b8.78 19.080 21.129 

Fl iII '-t1 1I 1 t 'r ,1C141n/(ig11) AV, PLAK01 Si1U-A/(f)8) 

11 I.H5 e0.47 18$ 

http:I,--.s-50.62


in... 1qti, r't4'ikI) iV kCyu P14N(UK)PEni( SLMA &V SELAP K SLM D)A XMZD!pA 

1 '1447 -,j.i -41.h4 75.17 78.87 18.765 22.471 

S '1 -. t.i" -4te.J 74.43 78.28 18.031 21.880 

-
t 

- -oi
", 

----.' 
-I". U. 

- -. 1.6
-46.0a 

75.21
76.77t 

78.69
80.46 

18.812
20.371 

22.292 
24-.062 

'.i 1-'4.71 -4M./b 74.74 77.75 18.339 21.349 
II .. 5, -'I.' -4d.J2 75.23 78.19 18.828 21.791 

,'IL. 
I , 

-1.1i
-5..44 

-4d. /j
-4o°55 

73.3676.09 77.7879.96 16.95519.685 21 .38023.561 
------------------------------------------------------------------------ I 

FLIfriT -411Si 'ri i" .'. , .. li-,mt) AV, SIjMAZ(D8) PEAK 

6 11.?/h 22.3d 9 

r.tll.. I I.. ;; .0'lIV I'CV,)E-r(I)HM)PLK SI(A AV SI6MA PEAK SIGMAZ(DB) AV SIGHAZ(DB) PEAK 

I 411 l.5 -14.814 6".99 71.67 19.576 22.257 

--- ---
I 

-
4f1? 

4 
-b .,.h 
-s(..'1 

-b3.J4 
-54.,t 

69.06 
68.65 

73.17 
71.94 

19.644 
-1.204 

23.760 
22---.532 

I 404 - 4n.4 -5..u9 69.78 72.42 20.365 23.008 
I 
I 

'.1 
,11 

-1.A1 
-n1°.d 

-,1).1 
-AS°J5 

69.25 
68.69 

/2.35 
71.16 

19.835 
19.281 

22.943 
21.749 

v' 47 .t -4.23 69.16 72.28 19.750 22.874 
2 
? 

-.2-
4? 

-,. 
-".44 

-S.99 
-55.45 

69.68 
68.08 

73.52 
70.86 

20.271 
18.665 

24.110 
21'45T 

4.11' -v. -5,.t60 70.15 73.01 20.741 23:604 

-.1 
- ,.'3 

-bh 
-'s./ 

-Sj.62 
-52.a1 

70.40 
70.80 

72.89 
73.90 

20 984 
21.386 

23.482 
24.493 

P 414 -51.93 -5.4 71.64 15.57 .22.275 26.164 
2 43 -- -',-. - -2._-- 1 69.76 -. 20. 4 24. 289 
4 3, -,h. e -42.2 70.19 74.25 20.781 24.842 
?I ,,i -1n.(u 51.$ 69.82 74.63 20.406 25.216 

4'. -S .It -52.bt 71.41 13.95 21.998 24.536 
;1 "t -Sn.1' 52.ll 71.35 73.80 21.939 24.391 
4' 4. I -Vnf 4 -b5.du 70.87 13.72 21.459 24.304 
/ .44 -. -51.91 70.82 74.60 21.405 25.188 
I 5? 

,'$ 
-/. 
-51. 

*, -b5.O 
-5. 

0 9 
69.4b 
69.46 

73.46 
72.42 

20.053 
20.046 

24.044 
23.009 

4 I.54 - I.11 -53. b 70.40 72.92 20.992 23.505 
-- 5j.8--- A -.- 69.06 73.13 19.646 23.720 

, .',i, -'(.n -54.LO 69.40 72.41 19.986 22.999 
iv -S0.99 72.12 75.52 22.709 26.111 

*4 t, -... -51.67 70.55 74.64 21.142 25.233 
,-55.4 -51.16 70.88 74.75 21.472 25.340 

3 l -5 .t -51.J2 71.26 75.20 21.853 25.784 
.-. '.e -51.e4 71.60 75.27 22.185 25.861 

46.14 -. ;s - --51--b.15 -7-1 .93 75-- T .36 -2 --- i.590 -2 . 952--------
- .6,. -- h. -- -5e.eb 71.56 74.26 22.144 24.853 
i ,? -4b'1.4l -51o 72.04 74.86 22.630 25.446 
I 'h"4.h. -532.V6 70.10 73.55 20.692 24.137 
4 41q -11.( -54.b3 68.77 71.88 19.356 22.467 

4I1 -',. u -54.b2 69.01 71.89 19.597 22.479 
4-72.15 20.068 22.738 
4... 41 -5.IU -Se.97 69.41 73.55 20.002, 24.135 
4 
4 i,','1 -. 

(.i -S.4b53.45 
-52.05 

68.86 
70.78 

73.06 
74.46 

19.445 
21.373 

23.652 
25.046 

4 4. -5-1.9 -52.17 70.62 14.34 21.211 24.931 

4 414 -5.---- - 5.95 10.60 73.56 21.184 24.149 



- - -

* 4k -1 .Y -b4.32 10.65 73.20 21.241 23.785 
4 -*. -S,.V. -5d.t8 70.77 73.83 21.358 24.416 
4* 9 -4q.? -52.90 70.97 73.61 21.563 24.202 
'4 4, -. rII -53. T9 69.91 72.72 20.502 23.306 
* .,4 -4.4 I -s3.d0 10.94 73.32 21.532 23.905 
4 *,t -,.)e -bt.33 70.60 74.19 21.184 24.774 

S~"'6 -1. 1( -54.44 68.78 72.07 19.371 22.663 
. 5t, -5 .1 -54.,5 68.04 12.26 18.631 22.854 
S ,$ - h54. 53.5- 66.76 72.94 23.528-1; 	 17.344 

5 5. - ' -t.°O 68.63 72.31 19.222. 22.901 
S 510 -,',.V -.4.68 68.13 71.83 18.715 22.422 

- - - - - - --- -- 1?--- blj ----h~ -5iC- ------------h%1--4 ~I-------- -- U 4( -- -- -- --
S 	 1"1 -bs.I) -52.47 71.32 74.04 21.913 24.627 

~~~~~--J - - - -
2 - -fsZSLt.--------~----------- 4--s44-- 

5 515 -.h.48 -5,2.bO 70.03 73.91 20.621 24.502 
b b(6 -56.62 .. A936.89 73.%A_ __ 20.484 24.170 
b bi -1.4 -be.0 71.77 74.51 22.363 25.101 

- -4----J - -- - ------------- -- -- --- 24 U ?-- --- -
.1 - 4 -52.23 72.13 74.31 22.715 24.903 

. . .. .- -. ..-- ,di . . . . . . . -t 	 ta L - - -- . .. YLSL . . - ---- . - -. 79_-. ..--
* sl -bo 	 -53.0d 70.21 73.44 20.798 24.024 
* 	 bS? -h1.14 -5b68 65.37 69.63 15.960 20.222 

J.53-"V. -5.J3 66.82 71.19 17.406 21.775 
- - -4 . . . . -2., - - -- - - - - - - . . . . . .- YE_..ac- . . .. 

,535 -01.6J -5b.41 64.88 70.10 15.469 20.690 
.... , 6. 	 -6t. . .- . i_ 66.06 7 . _ 16.648 20.949 

* 3k -5bj.4j -53.60 	 70.10 72.91 20.688 23.499 
* big -iI.6. 	 -,i3. 8 68.83 72.73 19.421 23,317 
6 b4(0 -L1. hi -S3.bT 68.88 72.84 19.467 23.431 

------------ - fL----r ---- ~-- -- -- ------------ -t L9,2A&-- - - - -- -a -- z-b-	 - - -VA- -- --
* 4, -',f. 	 -54.?4 70.08 .73.18 20.668 23.765 

6* 55 -'.,"J -52.14 70.48 74.37 21.068 24.962 
6 4 r',(-,, -S s.5S 69.03 72.96 19.616 23.552 
6 547 -14.7ed -1.26 71.79 75.25 22.379 25.839 

.......... 6____--. .... ,-'jj - - - - ......... 7 .. 8- J..11 ...- - -. 39 .--- --- 25692 ---------- 

...... fl _ftaL 	 t---------------------------------------------------------------..rI',_t±L_ 	 AA.$._±_ 

7 949 	 ?0.64 24.01 78 

------------------------------------------------------------- ±.~lif~llf~l 	 ------------------------------

FWPF kCV. t'w(lIH,)AV RCVL) PWR(L)HM) PEAK SIbMA AV SIGMA PEAK SIGMAZ(L)B) AV SIGMAZ(DB) PEAK 

L-	 -L - - - - -_-_---- 6-.06- ...-. ----- 4J-- -- ---- - _5L .--......- 0 
-'0. -bt.;M7, 61.40 61.40 13.747 -13.747 

,2 ,-.2L 63-.- 6-.-3 1---79 15.579 
1 /'i -6.. -tw.26 59.21 59.21 11.562 11.562 

1".- -- 1.I9 -57.19 62.28 02.28 14.629 14.629 
A /,17 -,o.,o -5b.26 t3.21 63.21 15.563 15.563 

I2 f~d--------- -1 1-IlL.0J -- 1b43 Insj A--- -- - -
P l" -gb. /$ -So. (8 62.68 62.68 15.034 15.034 

- -i - - .. U -58.80 60.67 60.67 _13, 022 13.022 
3 (i -4l., 4,-1.85 58.61 58.61 10.964 10.964 

o 	 I ('4 -. ,1."O -t1.t( 51.67 57.67 10.020 10.020 
3 	 (15 -2., -62.e5 57.22 57.22 9.567 9.567 

---------- ---- L ---------- 58.4 -8-- -- 4 8.794 
((14 -,J.•5 -61.9b 57.52 57.S2 9.872 9.872 

6 -L,- -L----------,432%1 9.409-- - 9". --- :t -- -b" 4- ----------- . 
'. frl -"5.99 59.48 11.832 11.832e.i9 	 59.48 


888 	 11.227(?t 	 bm9-rI., 5A.88 11.227 
.I S/ 	 4. -4 .. 9 59.9H 59.98 12.326 12.326 

- • ....... ~:4. nt -60.44 59.03 59.03 11.379 11.379 
( sb 6 -1. /6 -b8.(b 60.71 60.71 13.055F3.055 


b 94 -/n.q 	 -"h.48 h2.41) 62.49 14.R3A 14.RIR 



------------------------------------------------------------------------

- -

--------

7.46355.11 7.463/13 -1.*.•lo -t4.3 55.11 
L 'U - IULOS... ... 

-- -1-. -d -~~? -l.6 
63.35 63.35 15.698 15.698 

h Ii -StI.It -n.lt 

F1 TGHT Pilu1Fl .'l rlI s1c'*A,/(i) AVG S/MAZ(OH) PEAK 

II2l./H 1c (13 26 

t 

SIbMA PEAK, SIGMAZ(DB) AV SIGMAZ(D8) PEAK
 
FN4,it RCVI) r* i,(lHI)AV WCvL PWH(L)bM)PEAK 5IGMA AV 

-

- - .3 - '. - 6 . - - - . -51- - -7- f-.-


b7.64 16.625 19.993
 
-

-55.1v -51.63 64.28 68.35 17.026 20.70313 In
14? -'.IV -51.11 64.68

1 

15.228 21.552


U. 62.88 69.20 

14 (41 -3,,.nY 
 16.829 21.729
64.48 68.93 
13 f99 -5'*.99 -53.54 

15.418 19.800 
Ii i"' -ho..o - 0-.Ot 63.07 67.45 

-15.405 20°.10 
1 41 63.06 68.06 

1.- 'I -----. -. l 15.756 21.66663.41 69.32

I3 no? -'6.6 -0.l5 

69.90 6072u&0-
I i. -'nut-1, -', T 37 

68.15 15.319 20.504 o 
- -§1.1 6e.97

''
l11 -5.o2 63.10 68.85 15.448 21.195Ii U41 -so.,? 
67.73 16a438 20.083
 

*06 -b.3i 51.(14 64.0913 14.997 20.174
-bl.64 h2.65 67.82 


A till -s6.s 
 14.465 19.190 - 62.12 66.84 9.2 911 $1.8 -1.35 -52.63 67.38 14.4-40 
62.09 


4 og 
 5 .09 
$I9 -i7. 

67.90 14.650 20.25162.30
13 818 -D(.If -41.5? 
68.271 .71T 20616

I ~ I-n.,,-S .062.82 
6828 14.652 20.833
62.30
13. 14 -S.! -50.°98 
68.44 14.973 20.787 


Li il -4. -51.03 62.62 


68.62 15 803 20.970
 
14 _-t.s..' -50.85 63.45 


65.69 12.918 18.037', .ijA -56.84 -53.8 60.63 
61.18 65.45 13.533 17.798
 

ji. NI? -,i.?9 -54.02 
66.25 15!390 1.600
63.04
-53.2
- 56.4.]4! 518 63.48 11.834 15.833
59.48
-bj.q$ -5.991'. 64.21 15.080 16.560 

.- % . 6.73

1- 2(-, 15.527 17.248
63.18 64.90 

14.21 -86.29 -"1.5 

15.968 17.845
 
-;.5 -53.V7 63.6? 65.50 

14 -t? 
60.0? 63.89 12.423 16.244 

14 '*tX -5..ll -55.5( 
64.36 14.293 16.713
61.94
-b.11
I4,r4 -. A 

64.65 12.659 16.996
 

-99. 6 -54.62 60.31 64.78 14.173 17.132
14 -5..69 61.82It h -51.65 


-55.1 60.98 64.29 
 13.329 16.635
 
14 m?? -.. 9 


-- 16.45i2 ---------
-5.4 Z55 T4 -60.---- ; 5S6------- 64-106 12.910 

1-4 ' 
62.04 64.90 R131 1724 

14 ' ?9 -s/...3 -5.4.57 14.392 17.365
-14.45 6e.04 65.02 16.879
$J) -11.43 61.24 64.53 13.5891414 .31 - -$.AA -5494 

64. 59 13.821 - -- 16.94061.4714 '3 b.'I-5.4.08 16.84013.23860.89 64.49 
-- 14 6 3 -5-.5 - -5--.9 

65.37 13.670 17.717 
I '33' -b,.lb -54.10 61.32 

61.99 47014.344 17,048
*I .,11 -54.1?14 H p, 13.678 16.663

-tb.16 61.33 64.31
I' 831/ - .1 
62.98 65.55 15.330 1 ---.-.-.-.-.--

I. 34 -... 49 -5.... . 14.6235 -918.3962.27 6-.9 
.,39 -51.20 -53.8 

63.05- -5-9-- -b-*I- - -3.4 

66.29 14.985 18.644
62.64
-53.17
lb '41 -6.'J 14.593 18.377
 

15 4 -,f.3 -53144 62.24 66.03 
15.381 18.506
 

I. 143 -So.44 -53.31 63.03 66.16 
15.423 18.533
63.07 66.18


-56.4U -53.29I, 844 65.82 14.855 8-17462.51
-53.4
I- 84' - b.6 17.349; 14.02615 846 -b.95.76.865.0 
17.731 

IS 147 -L.718 -54.09 
65.46 15.217 17.809 

61.60 5....38 13.946 
62.87
-54.01
IS 44 -. A. 

http:b.'I-5.4.08


i1 ') 	 -53.6 62.38 65.61 14.732 17.958ll 	 -5/.' 
1._.. . -- .-	 --. - 62.49 6. 07 14.835 18.420]S ASI -S9.'. -bb. 4 60.02 64.13 12.366 16.482 
Is 5? A62.62 -b..8 18.040-56.45 65.69 14.968 
15 -------5 -53.55 63.81 65.92 16.155 18.267 

-O.1b b15 o54 I4.3 6$,30 . . 66p 15,6$3 10.495 . 
IS 855 -n,.,' -52.89 62.19 66.58 14.542 18.932 
-Lb_--j- - - - - ---- --- - - -- ---- h3 ---- -L.h1L -- --- ---- . L- - - - -L7 .......------I. 
16 MSA -51.4' -5Q.6 62.03 64.78 14.375 17.134 

----- t --- ---- ---- 62 - l ---65 A S&-A -7,06 f -- -- ---b~t f -- l 6 
1 864) -/.1B -53.35 61.79 66.12 14.142 18.465 
16 HA! -q-,LMq lI 00Ala 5A.47 if. 199 1R.8;I) 
16 86? -1/.)I -53.14 6?. 8 66.33 14.734 18.675 

-........- _---n ..... - L -........--------- ...--.----...- ---- ----- . 6 	 --

I. 964 -51.2)1 -53.db 62.19 66-22 14.543 18.569 

It -- - - ........ -- ult4 (L--.- - ----- 2L---- --- A.L53---- --- - --
It 806 -" .41 -S2112 64.06 66.75 16.411 19.095 
16 887 -51.44 S54.h0 62.03 64.87 14.376 17.218 
14 4'"t -'11.1,4 -53.69 62.03 65.58 14.377 17.933 

- -	 -?- -.. ---. .--...... L--	 t "--- - ----- ~ -- -.-------. --- 6 L - A AAL-- i5 
Ih Sf1 -l(.89 -54.Y2 61.58 64.55 13.927 16.902 

- - ---- --- - t.s 4 -1 - -- §Z_ (_ ___ 6S1a ... L , j4_ 17.175 

16 mI) - ' .17 60.95 65.30 13.301 17.650 
In ,ifi .- f.4-5.54 6187 64.93 14,224 17.277 
p, ;gt -"1. I -1 3. 7 bL.86 65.69 14.210 18.037 

- - - - - - - -.. .. .. . . ._ - -L-.- . . . . L4-.0A----------5 7..-. -_ -. -_.-/tL .. - . -.-- ... .L± 
It. s/' -'. 16 -34.dO 62.29 65.27 14.643 17.615 

--- ----- J- L -.... -=,1L --- ----- b-d------- L4.909 ..-1- • 4 
11 AtY -t.,,I -5.QS 61.00 b4.02 13.353 16.373 
17 - -, ---.-. -:,-2£1 61,94 65.26 14.291 17,606 

I t 1 -/. Ir -- 3.99 62.37 65.48 14.719 17.826 
..... -- ....... - - - -------------	 --- . L -------------------------------------- - L ------- .... 

]I 'j -sn.st 1 -3.63 64.10 65.84 16.446 18.192 
I- - -,- -sn.s - -5,3.o66 62.67 65.81 15.016 18.161 
1/1 T -o,.It, -b4.21 61.31 65.26 13.658 17.606 
It " '-..~ -L,.4.6 61.18 6S.01 13,533 17.356 
I/ '457 -',(.,4 -14.02 62.23 65.45 14.579 17.795 

- - - -5,9-85 ....... -_ __5. _3.64 . t.L ------. t 
it 'A,<t, -"f.J -54.11 61.94 65.36 14.291 17.707-V - • --- --.	 -
I __- .....- - " ..._ Z t . -- y i -5,2-i. . 9_. . l 8 .....-L L7-
It ,v.l .. ,.. -5.19 6,1.64 63.68 13.986 16.030 
it 4,'t 5 

nII o064 64.38 12.987 16.731 
I ,q jb.fl -v. 60.56 64.06 12.912 16.412
 
I '4' , -i - . -'I.d- 59.71 63.24 12.064 15.593
 
It Wi'' -'.,• 41 -'>4.Ub 61.16 64.81 13.512 17.156
 
!f -'tw ----- -- . ,- - 62.09 65.09 14.441 17.442 
it 'V.? -'..! -4...1l 61.26 64.06 13.608 16.412 
17 '.' ,. Ih 1,2.77 15.116... -bnbt 64.90 17.253 
I' ,'. ...... -,b.U4 60.80 64.43 13.147 16.777 
I- ---..- - -5'4.30 6-.18 65.17 14.532 17.518 
1" ,14 -/.,, 5'.18 I h2.46 65.29 14.814 17.643 
.. - --. I. - - -I --. b .32 65.35 14.665 17.704 
I'. '4'., -- if...T -b. 6.1 -W4 -1- 65.44 14.194 17.795 

41* 	 -'744.3 1,1.79 65.34 14.137 17.690 
1., ", -'.., -54.01 	 62.00 64.80 14.346 17.153 

Ii ',' -S...) 	 -",S.'7 62.87 65.50 15.220 17.848 

4 H -ht., v -54..,9 	 61.77 64.58 14.124 16.931
is * 41I -so.*;, -St.6? 1,119 64.85 15.542 17.203 
l '.ljs - 4.)I/ -54.69 61.30 64.78 13.647 17.130 

-.- - - -..... g -.... 60.86 13.208 17.204o. 	 6_4.85 

I. '

4 - 0 -.. 	 61.41 64.33 13.758 16.681 
--- -- - - ,,. -. _ .. -- 6- .4-23 - - - - 16.431 

1p p -I L,5)5 S, 63.62 15.97059.57 	 11.915 
4. 	 41/ - ,-. . -h5*.8 60.9 63.61 12.54Z 15.959 

(S 	 Ir *I, -,'.1 -55.45 61.28 64.02 13.632 16.369 
.!b -_6.I - - ,- -	 -- 60.6 . . .J ? - - - - 2 707 .... 17.467 



--------------------- 

- - --------------------------------------------------------- ------------------

--------------------------------------------------------------------------------------

= 815=T . ' ,'" . t " 1['4,''( ) Vl [ 4./db ) PEAK 

-------------------------------------- s 

- - - - - - - - - - - - - - - 51bMA AV - GMA PEAK 

l1 9,', - '. , -*.bH 1b.38 64.79 
- - T'A, -Z- -- -3. 9 6L.99 65.47 
14 ,", - "1 - .9 60.72 64.52 

SB' ',,'" -- /. '? - '4. d? 61.75 64.65 
I" 4,r -/ ." -4.53 b2.21 64.94 

el ,q.' - .'. -53. (9 62.93 65.60 
i '4r', . -'3.o3 62.63 65.83 

e,'I t -)P.V' -4.Ub 6L.72 65.41 

? 1 #1 '.',#.4b --5.q i 61.90 65.01 

-i -- (.9 - - - .'-- -'tj.v0 60.50 65.56 

24 I'S? -.,. h, -,4.5, 63.16 65.91 
?'. 1.4 - =,,.'j -54.4.2 62.5b 65.41 

2, I' 44 -)4.,' -5q*.d 6U.95 65.18 
3 -- - - - -,- -5 1.1 6.13 65.71 

-- ,. /2 -5 j .. 7b 65.60e I 3 

FL rcuT Si S ' r'' " ', ,'',',) ,"Vt, SIt''l / (Cd) PEAK 

8 - -- , 1 f. -- - 15 

I,,, r , .y,, ,-(td-'dsV tPvLi' r,.NIuflm)H LAK SI[MA AV SIGMA PEAK 

I 4?4 -,4.1 -110.01 49.44 52.58 

I"i I .'. 4? -7 .qs, 51.43 53.76 

lj Inbi - ?. 43 -4.tI3 51.12 53.92 
1/ IV 1" _rn.tv -74.nJ 56.75 58.62 

- 1 - - - - 5..-54 55.56I.-L - -i- - -
l.J -/'-.I 1., -I1.14 53.78 56.71 

7.9 53.11 56.52 

1' 3(.2 -'/. 40 "1&4., 51.15 54.89 
lb I '4i -.I . -d. 06 52.31 55.39 

15 1( -8' .1(1 -1. 9 53.35 55.49 

1. I':, -'." 

I IP. - I I - --. -6.19 -53.34 56.66 
I-/7 -. 11 71.45 54.28 56.00I-ht 


-H.1/ I' -75. 1_ 55.46 57.13 

O PL81KFl 64T "Id Sr "rI' I,',, S,',i t/lilri) ',Vt, SIlbiA /ilH) 

141 S.d L1./I 14.33 13 

" 4Cv5) .... (itlWM),V HCVL) PWN(UHM)HEAK SIGMA AV SIGMA PEAK 

55.59 58.31 --

I- - , -1- -1,. 3 -7.31 51.52 60.14 

It 1411H --*.-- -71.54 

17 161h -I/.,t -/5.14 

58.91 61.91 

31 119 -/3.4 -,12'.05 58.04 61.40 
If 14-"' ',/5.$ -73.32 57.60 60.13 

1H liS1t -I4.45 -,Ab.1 ;4.00 57.29 


Ih IrW -ts.O -13.98 5J.65 59.47 

6 -16.01 - - - '-3.77 57.44'- I -. 

31 inil -(6.4l -'75.16 55.14 58.29 

SlGMAZ(UB)PEAK
 

13.733 
-.S3T ... 


13.065 

14.102 
14.555 
15.261 

14.979 
14.067 
14.254 

12.854 

15.514 
L4.914 

13.300 

15.078 

15.097 


SIGMAZ(DB) AV 


7.812 

9.803 

9.489 

15.116 
11.014 
12.148 
11.480 

9.523 

10.677 

11.716 


11.708 .
 
12.648 
13.826 


.-


SIGMAZ(OB) AV 


13.956 

15.886 

17.284 

16.409 


_ i5.968 

12.368 

12.016 

12.139 
13.507 


17.135 
Y.8-4
 
16.868 

16.996 
17.285 
18.027
 
18.184
 
17.762 
17.417
 
7.9 -

18.255 
17.759 
17.532
 
18.059
 
17.953 

-

SIGMAZ(DBI PEAK
 

10.953 
12.127
 
12.289 
16.989 
13.927 
15.077 
14.894............
 
13.264
 
13.763
 
13.862
 

.0. 030
 
14.367
 
16.102
 

..
 

SIGMAZ(OB) PEAK
 

-
16.677 
18.509
 
20.282
 
19.768
 
18.500
 
15.656
 
17.836
 
15--.8-12
 
16.656
 



------------------------------------------------------------------------

------------------------------------------------------------------------

1$ I 6 -7,.r( -7b.14 54.67 57.71 . 35 "'i-. 9" " 
_ 19I JL - -JL. - - --- -- 5.- - . - ----- 9 ---, .........-...- - - -. U ._95 

I- 101 -19.49 -45.99 53.95 57.46 12.325 15.828 
.L-- __ ,-----_- . .....-. .b- ....... . . .99 .-------. - - -.-L-64_ .LL(L-. - . 
i1 l'q' 3 -&a./L -71.17 53.16 56.28 11.529 14.647 
I 0 1,4 -4.1 -r 9.04 54,17 57.41 12.544 15.782 
?') 1.? -) ,v

4
, -Io.bb 53.20 56.79 11.573 15.161 

-d , Ii4t1 -0.'.U- _. 53.05 _5S..6 123 - - 16.003 
?,' 1944 -/V.43 - 6.ob .54.02 57.37 12.388 15.736 

?_L Ltl - - -... - = -- ). -± - - --Jt,-- - ... 5 .. h ,--- -- -----LO.Sb- ------. - ,Q -.---------. ------
'a' 1440 -/1.41 -1b.j9 53.98 57.06 12.349 15.427 

Ft.Ib(HT "1II.',H. Og-W F--bt4I-. S1Iy1AL(I)1) AVU SIG AZ(DB) PEAK 

I IH 13.4M 16.80 20 

- ----------------------------------------------------------------------- t 

I - o114? - oi.'. -60.m ol.97 64.61 14.318 16.955 
I 
I 

?1'43 

?t'. 

-r ,, 
-r 

1 
4 

-61 .1 
-hi).tJ 

62.84 
62.75 

64.28 
64.76 

15.193 
15.097 

16.626 
17.110 

A1L -

17 
Ix 

.t 
." 

-
4 

-j~~-21-
-~i . Ir, 
..- a.43 

-b $.62.37 
-6.91 kO.06 

64.91 
62 .58 

IA-.2.Z---
14.711 
12.408 

17.260 
14.925 

---- -

lx )4I,.' 

I' 

-",- .4 

hi '--I-r,.,
"v2 ' t' 

-62.3b 
-,,. ii61.06
-he. 1? 

60.65 

6 1.54 

63.13 
63.18
63.37 

12.995 
13,407
13.888 

15.477 
15,534
15.723 

- - - -_.. - .. ,,_,- . . .. . _"' ;i ... ... _ .MJi..-------- Z.1 L. . .i ? 9 . . L .. ------........ 

I' , -2'.t4 61.13 62.75 13.481 15.100 
L-__-- -t---..... 
I9 2127 

-, i 
-rh. .h 

........ .- _, L . 
-h.o 

---- -.- -- .-.L------- b.L . 
59.23 62.82 

-5--L-- .---- L 
11.575 

-.----9--
15.168 

- - -- -

I) 
39 ?1c 

-/' -,1111) 
-114 .' 

-b2.1t, 
-61.J6b1. 

S9.49 
14 

b3.33 
64.13 

11 .839 
13.485 

1'.&79 
16.477 

.. . . . . 
2" 
2, 

" 
2/N 
2", 

-5.'-
-n ..r, 

-

. 

- - 6-2 
-62.39 

.6_-. 

- - -. . . .... 

- -----.-

t9/-
59.99 
_5 ,. .....--. 

k 
63.10 

- - -

.....--

U3 -. --
12.340 
Lh L7 

- ---- 4t_05 -_ 
15.448 
14.978 

?tl 

2' 
2/62 
P Il 

-. Itt 

-,e. ' 
03.-62.0 

-2.13 
59.71 
59,7 

63.46 
63.36 

12.060 
11,821 

15.813 
15.706 

_..FLl l'L_L__(lL__Y-,._ L -._-., __ U_-q, (IU L V -_ - L _LI -_ -_ -_-_____. -_ -_ -LZL- --- - -_L-_Z-PEA- -  - - - - -

I ,, , "'.v K(,V 'vWJ(IDiM)&tAK SI4A AV SIGMA PEAK SIUIAZ(DB) AV SIGMAZ(D8) PEAK 

I I-I" 
, 

-r 
-,,9. .9 

-6 . / 
-his.,9 

51.?0 
5b.98 

b7.20 
55.98 

9,549 
6.331 

9.549 
8.331 

__ I 
I 

- ,.1,- - --.- - 3./ ,5b.74 
-tc-r.,-t~.-39-

55.74 
53._906---

8.089 
C. 250 

8.089 
6Z50 

-I 

- - --
I-,r. 

-
-,, 

.-I 
4.., 

-A.I.f 
-b' .b4 

5.90
55.83 

55.90 
55.83 

8.245 
8.178 

8.245 
8.178 

S ''. - -C,. 6, -00.16 53.31 53.31 5,658 5.658 

,,n 
?' 

-
- ,,'. 

,~ 
,. . . 

-h4.14 
- 6 4 .1 ? 

6.,-6 .04 
._6.6 

54.92
0 

54.43 

54.92 
5- 6 0-
54.43 

-. 
7.274 
8, 9 5 0 
6.782 

7.274 
8 .9 50 
6.782 

, - - 
. . . . . . - 6 .$-V 

52.49 
L 1.16 

52.49 
51.16 

4.837 
3.513 

4.837 
3.513 

-I ' it -, . ~ -h6.94 50.53 50.53 2.875 2.875 
I 
t. 

-Sn. 
-. .,'I 

_i6- .Jb 
-h.Zl 

53.1 
54.2/ 

53.11 
54.2f 

5.463 
6.619 

5.463 
b.619 



--
SI',IL -r" . -. *j 

...... -4. j 
--------------------------------------------------------------------------------------------

"-,'1 -n'., " -6,.U9 
I , t,4-h. ( -43./ 
I )54 -i .'.fl -'b.4$ 
I4J. - ,.' 9 4-h4.9 

-.41 - -. --- -. 4. 
I4',? -i. If -. 

1 4.j4 1h4 (964. t9 

5b.
b4.94 

S4.38 
55.bu 
52.99 
54.58
bt5b. 77 
52b4.3b 
'.4.68 

5.55S4.94 

54.38 
55.50 
52.99 
54.5855.77 
54.35 
54.68 

7.904
7.291 

6.732 
7.845 
5.337 
6.9298.121 

6.701 
7.026 

- . . -

7.904
7.291 

6.732 
7.845 
b.337 
6.9298

6.701 
7.026 

Fl 1,4 '.' ,I S 'Ir' rIb44 51M..1tH MW, 51At4AZ(O ) PEAlK 

14 1.I 1.It 24 

F .,,... os<" ($H),v RCVD P'W8ILtO)PEAK SIGMA AV SIGMA PEAK SIGMAZ(DB) AV SIGMAZ(DB) PEAK 

lb 
1.1 

I 
I1 
I I 
I? 
A 
I? 

, 

" : 
I-'.-19. 

4,'I 
t.' / 

{42 I 
4/'4 
','i.. 

, 
44".-,, 
, l',. 

-- .-

. -, •, 

-41.59 
-,d.', . 
--
-8,.4J 
-..,II., 

-5.I.Ji 
- '.I /
-a-''. S, 
-'.2.411 

-.-5-. 

-5s. 0 
U 

-stl.44 
- d..91 

-- -.--
-5I.05 
-e.12 
-b1.Vt 

-%8. --
-5 .. 9 
-s9.1l3 

--

-- -

57.54 
58.62 
51.8b 
51.78 
5b.64 
59.356.92-
59.04 
58.87 
£8.53 
57.30 
51.42 
56.99 

6(0.40 
60.97 
60.40 
61.03 
60.50 
6011 
61.42 
61.35 
61.50 
60.74 
60.98 
60.29 

-

9.88 
10.971 
10.234 
10.129 
8.985 
9,268 
11.392 
11.215 
10.883 

9.649 
9.773 
9.337 

18.746 
13.316 
12.748 
13.383 
12.846 
12.457 
13.770 
13.700 
13.854 

13.087 
13.327 
12.637 

F' ItHrIIWITI('ll) -I st- r I . , '.'t AV,, lbMA/()R) PEAK 

4 l'~ l13.18 12- - - - -  -  - - -  - - -  -

------ -- -- -- -- ----- --------- ----------------------------------------------------------------

Fl'F RCVi Hp(i]HI)AV 14CVI PWHIDiJM)PEAK SIGMA AV SIGMA PEAK SIGMAZ(DB) AV SIGMAZ(DB PEAK 

- .... 

- -

S.. 

- -t, 

-

14 44? 
LI ,44 

14 4 49 
IA 44'j&I 

-+ 4L4, 
. . 4 9 
I" 4 35* 
14 4491 
14 439? 
14 43t1.4 

1_5 4.3i 
15 4,.J2 
I 44 
1'- 4434 
1 4435 

16 '44U 
16 4414 
I 

I 4L 
lb 4,11 

. . 

- - 

'-4.4I 
-5.1. 
-61. u 
ilM.44 
-/. 11 
.-s .1 

-/.I8n 
-,H.$( 
-. L4 
-57.41 
-54.5-
---H. 3 
-5b.5I 
-5,4.1 
-s,... 
-9.409 
-59.4i 
-5.970-5-

-5'.66 
-89.59 

-

-Sq.,Y 
-1.b( 
55.kJ 

-.. 
-54. U 
-- . 
5,.88 
b,$2 
-t.49 
-54.99 

-54.b4 
-b. 
-55. 1 
-55.06 
-55.35 
-b.54 
-16.52 
-St.l. 

-51.08 
-6.60 

.. 

- -

-

. 

61.99 
61 4.63.79 
61.17 
61.03 
62.16 
61.99 
62.41 
60.60 
61.32 
62.00 
60.97 
60.73 -
60.97 
6-1.-40 --
61.82 
60.38 
60.16 

59.81 
$9.88 

64.52 

64.04 
64.37 
65.42 
64.40 
6.59 
63.65 
b3.98 
64.48 
64.92 
63.65--
63.66 
-64.41 
64.12 
62.92 
62.94 
62.75 
62.39 
62.87 

14.342 
13.807 
13.519 
13.377 
14.507 
14.344 
l4.757 
12.952 
13.666 
14.351 
13.321 
13084 
13.321 
13.746 
14.166 
12.728 
12.511 
12.909 

12.161 
12.232 

. 

16.865 
16.144 
16.387 
16.715 
17.772 
16.750 
16.937 
15.997 
16.328 
16.827 
17.273 

9-97 
16.012 
16.7571 
16.469 
15.274 
15.293 
15.101 

14.735 
15.215 

.; Ft 18T PULI-S4 Ott FRAME SIbMAZ(I)H) AVG SIbMAZ!DH) PEAK 

14 14? 13.55 16.31 20 
-----------------------------------------------------------



- -  - - - - - - -

------------------------------------------------------------------------------------------------------------------

-

---- - -DB -M. .. LEQ_ -- -- .
-. . .. - ---bM tE __ L U AAC. - S -- -

I PP ' U-55.60 63.87 63.87 16.215 16.215 

,e'2 -, tto -57. o 61.97 61.97 14.321 14.321 
,I -ba.92 61.55 61.55 13.902 13.902 

____-2 _ .-.- . . - ,- -- . - -.5L.-h- - -_-----.-- ----62---- -_-. ---_ _--.. ..- - --- --- - -- . lt --
61.93 14.279 14.279
d ;45S -;P.S" -5/.5' 61.93 

9 ?o I - /.y9 -S t.99 61.48 tl.48 13.832 13.832 

? 5?' -,H.98 -158.98 60.49 60.49 12.843 12.843
 
63.79 16.137
? ?ht -SS.61 -55.68 63.79 16.137 


-- ----- - AC- ---- r~- -- - - - - - - -- - -- ---
- - -,M# - -- - .A&--------..3 3- - -- - -j.6----1 6------
I it. -',?.,14. -5/.04' 62.43 62.43 14.777 14.777
 

- -- - - - - - - L- ----- , -- - - - - - - - 5la ---- -- -- -- -62.bt9 L-- -- ---. bZO9 -- -- --- 15a.QA.- - - - - -- OL- -- -- -- ---
3 L] - h. +' -5b. fi 62.89 62.89 15.241 15.241 

4 - . m -S,.I9 61 .-.$ 61.3$ 13.732 13.732 

a ,41' -u.&-3 -37.63 61.84 61.84 14.189 14.189 
--__-- -- ..... ---.-- -- -_h.& --- . -- _ - ---- - . . 

62.43 62.43 14.777 14.777
.4 -'?5/ -1(. -51.0 

Fr TthHT will "Fl l Ii,14AJ1I1M ) AVi4 'MAYfl)Hh PFAK 

-N4,F tv, .JQ(IIF'4)Av NCV) PWH(I)LM)PEAK SIGMA AV SIGMA PEAK SIGMAZ(OB) AV SIGMAZ(DB) PEAK. 

,4t 4 -' oh0 -S2.U3 63.97 67.44 16.321 19.793 
S,,* -. ,..,6 -L53.79 63.61 65.68 15.955 18.025 

9 h -',',.44 -1)2.d9 63.99 66.58 16.337 18.931 
'f"b/ - 4.44 -Si.ob 65.02 67.81 17.374 20.160 

51 .B3 64.b5" 67.64 16.927 19.990 
--,I b4 64.78 67.82 17.131 20.174 

',. -',Jb6 64.72 67.81 17.065 20.159 

I -fl.'.i -51.95 64.46 16.807
67.52 19.865 
'4 " *, -' 4.4j -52.05 64.56 67.42 16.912 19.766 

9 s',i -'4.'4 -bde.t6 64.93 66.81 17.275 19.157 
-- .c 9 - -4-.,- -.- 63.-- 67.18 .898 .19 .532 .. . . .. . ... 

9 ',ys -'-!'S " -2.37 63.90 67.10 16.253 19.445 
.4 54L n -5 .9 -54.09) 63.56 6k..38. 15L909 18.732 
'4 ','.W -t'.Ic' -52.59 64.35 66.87 16.698 19.224 

9 4A -5l -. 1,10 64,37 67.37 16.717 19.720 
-52.lu 63.90 66.77 16.253 19.118 

- - ---- - - 52-. b3.84 66.96 16.1 91 19.313 
-51.9.95 6750 17.302 19.845 

- . - --- 2.. - -. . -- 3_0. . -- .
 
b4.914-5,.!4 67.22 17.262 19.574
 

0'-i' """ I -Sj,1' 64.46 67.33 15.811 19.681 

4 ','..,, -- '.j J-S.6 63.43 66.63 15.784 18.982 
. . .. .- -. -- =hIJL - -6i .-± L - - 61.- .... t - . .- - - -1O 

-n,, -b'f,' -5).8 63.5 66.79 15.919 19.137 
.,,5,9 -'.4 --4.0- -.. 63.98 6.82 . 326 18.169 

I"I.1'. -- 5.11 

. -. - - -__ 2 . . . . D-1, 8__.-_- -' . 6A,9k . ltx U3?. . . - - _.J6_ .- - .. 

-5e.93 64.36 66.53 16.708 18.884 
I, "."sr, -'1.S2 -2.48 65.47 67.19 17.824 19.537 

-" .n -52e.87 63.77 66.59 16.124 18.944 
lii 55,'f -h 'j. --5J.89 62.97 65.78 15.317 . 18.129 

-- - 3.46 63.78 66.11 16.131 18.456 --.-'c,--o- - , 
UI ---. L - -1 - 5 . - 64.70 66.75 17.047 19.102 

03 ]" S5 ,' - 40.bi 6J.27 65.97 15.623 18.321 

1"541 -54.tn -5.19 64.b1 66.68 16.961 19.033 
i1 ",5 -).hf' -52.12 63.80 6b.75 16.154 19.095 



-- 

-

h 


[' '"." hZH364.83 
-*- ---- -- -5be.3y 64.78 

IL 3 .o-52.44 64.66 r

I ~l-.3 	 -2.664.09 

1q1) iA - ,.89 -5e.46 64.58 

- -"- - h .l -5.- 6 .66 
It. l -: 1.,,1 -53. U 62.26 
II*651 -d.zl-5636039 


e , 5 -6,b-5 2.56 62.52 

III 44 f?. -62L.79 62.75 

II h 1-5.4 bL.56 


I" h5 -. 3I-4J0 63.40 

_ , h~ b -5>2.56 64.38 

I, - z -5e.46 64.43 
lr 5 -,.9-52.b6 74.7T 

)1 h>lr- .0-5!d.j 64.77 
II ¢- -bd..38 63.63 

h SI -5 1. is 65.45b.' 

I11 h~ - 4.11 -51i.97 655 


--.. -- . .-- . - L -- I- - - .- - A.2L ---.. --.. ---- . -=54 ,-0t . . .-. -_5 -_ --_ ,3 . . .. 
11 , ll -', .77 -be.12 63670 
11 ';,7? - J-', -51.46 6!P94 
I] Ii qq -bl.J0 64.65 
... ... .6 -(.L -4. 	 2Z8
I1 

11 L, ( bb.=-28
3.72 


. .. . .L__5btq - 4..4 --- -bl.93 65.13 

11 h /- .[-5 1 63.10 

It ,79 h.2 h 6".75 

11 5 , 5 	 -5,!.24 b4.56 

It 5 ,.Il -b 2 -11-. 15 63.25 
11 b"? h -5j.e0 63.10 
it "b'43 -1,6.42 -51./4 63.05 
11 I M4 65 -5i.14 35 
11 5 8m5 -".i1 -5300b 63.16 
If h8-/0 -hI.71 6e.47 
it ,"l - .6, -52.36 63.b1 
ii hb.ni -bb.hb -52.12 b3.81 

. .... 1 Y10 9 t, Io -51.1b 64.4b 

II~~~~~~~~~~ ~~ --. 3 gt --. H-- -6-7 -. -7-.. 1 


I? I2hOA -56.5i7 -b3.34 b2.90 

I? 601,72 -53.67 62.25 


t 	 . ... 12 5 10 h/5 -54.27 61.92 
12 5,,l -I. 	 - -- --. -- 63.28 -6 

_ . . . l 12 -o.l -52..1 	 63.16 

I? hl3 -54.9h -5[.85 64.49 

1? 1,614 56 -52.49 165.14 

12 5,6151,6 -53.96 b2.78 


• .. I? htb -. 5-5J.46 	 63.12 

12 5617 -155.58 -SJ.lO 63.79 

.. ... . - . ...A-b. ... 93_ .. . .. 54.06 -- 62.54 

I? 56eO -56.?2 -52.bi 63.25 
12 51621 -54.13 -51.95 65.13 

12 5,62.1 -54o99 -52.43 (A.48 
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I. INTRODUCTION 

The variable amplitude of the sea surface waves constituting a sea wave 

profile can be recorded on a photographic film if the sky light providing the 

illumination of the sea surface varies continuously in a linear manner. 

The amplitude of the sea surface waves may be defined in terms of a 

potential energy spectrum of the wave surface. (3) If one thinks in terms of an 

infinite summation of sinusoids defining the sea surface, each sinusoidal com

ponent must be characterized by a frequency and vector wave number. The energy 

spectrum of the sea surface will then, in general, depend upon surface position 

and wave number vectors and the time and frequency scalars. The photographic 

record of sea surface amplitude variations or slope variations is also a repre

sentation of the potential energy spectrum of the surface. 

The optical density variations on the photographic film, referred to later as 

the scene negative, are in a one-to-one correspondence with the sea surface dis

placement or slopeproviding the linear sky light illumination condition is satisfied. 

The optical density characterizes the variable light transmission property of the 

negative and is defined by the equation I = I 10 Dwhere I is the light intensity 

transmitted through a medium of optical density D, and I is the incident light
o 

intensity. For a photographic film, the optical density D is related to the light 

energy which exposes the film by the linear relationship 

D = y log E 	 (i) 

(3) 	 Kinsman, Blair, "Wind Waves, Their Generation and Propagation on the 
Ocean, " Prentice Hall, Englewood Cliffs, N.J., 1965. 
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for long enough exposure times. The quantity E is the exposing energy density 

and depends on the product. 

E = kIr joules
Z 

( 

m 

where 

I = exposing light intensity, 
watts2 

m 
7r = exposure time, sec. 

k = relates to film sensitivity to light 

= the" slope of the film characteristic curve (log E vs D) in the 
linear region 

A camera located above the surface of the sea and looking down in the 

direction of the water wave propagation will record a two dimensional optical 

density pattern - D(x, y). As indicated by equation (1), the numerical value of 

the density at each point on the scene negative will depend upon the light intensity, 

exposure time, film garnma, and sensitivity. 

The light intensity(I)received by the camera lens will depend upon: 

(1) the geometry of the sea surface and camera position,(2) the manner in which 

the sky light intensity varies with zenith angle and azimuth angle, and (3) the polariza

tion and frequency sensitive water reflectivity. 

A. Linear Sky Assumption 

For a basic understanding of how the slope angle t of the sea wave profile 

is recorded on the scene film, the assumption of a linear sky is a good starting 

point. If the sky light reflected off the ocean surface varies linearly with zenith 

angle e (see Figure 1), then the light intensity that exposes the camera film I(x') 

will have a functional dependence which is linearly related to the slope angle 1)(x) 
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or wave height Tf(x). This important concept is illustrated below. Assume the
 

sea wave system is such that no azimuth angle dependent light reflection is
 

recorded.
 

z 

a 
camera film 1 a 

records I(x') 

\ 	 /// 
camera focal 

a 

plane / 

/ 	 e 

A 

Sea surface 

Figure 1. 	 A One-Dimensibnal View of Ray Geometry for 
Determining I(x) Under Calm Sea Condition. Distance 
xi is Measured on the Scene Negative. 

In Figure 1, the light intensity I(x') will have the form I I + IZx provided 

the sky illumination a(6) is linear with zenith angle 6. The light ray a will 

undergo specular reflection at x = 0 and expose the film at a point corresponding 

to say x' = 0. Light ray a3 will reflect at x = x 3 and expose the film at point 

x1=xt 3 with greater light intensity. A measurement of optical density D(x') along 

tthe x axis of the scene negative will be that shown in Figure Z (microdensitometer 

tracing) 
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D(x9')I(x') 

T

X
 

Figure 2. Scene Negative Optical Density Trace for Linear Sky Condition 

If the sea surface is now wind driven the camera illumination I(xl) is of the 

form 

l(x') = I + I (xI + cc (x') ) (3) 

c is a constant relating angle to distance.where 4)(x') is the slope angle and 

Comparing Figures I and 3, it is seen that the tangent plane for specular 

reflection defined by slope angle p(o) in Figure 3 will provide illumination at the 

camera only by sky ray a 3, and not a2 (Snell's Law). In terms of the unperturbed 

sea state of Figure 1, this corresponds to specular reflection from point x 3 . 

Hence, the term c1 41(xt) must be added to x' to account for the increased light 

intensity exposing the film at x' = 0 (see Figure 4). 

A scene negative will thus contain an optical density pattern D(x') 

(4)D(x,)' = y log + I 2 (x' + c14(x')d1 
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Normal z 

Camera 

X1 
Sea profile	 Ta 

1 

Tangent plane for 
specular reflection 

Figure 3. 	 One-Dimensional View of Ray and Slope Geometry for 
Determining I(x') Under Wind Condition 

D(xl) - I(x') 

average optical density 

XI
 

Figure 4. Optical Density Tracing of Scene Film Showing Sea Profile 

Defined by Slope Angle 4(x') 

3 
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:
where if a is the amplitude of laser light incident on the scene negative, a 

0 10 -D( )/2 
o 

is the transmitted laser light amplitude. 

B. 	 Optical Computer 

-D(x') 
The Fourier transform of the transmission function T(xl) = is now 

performed by the optical computer diagramed in Figure 5. 

v
 
x1
u LensFourier 

transform 
pattern 

Laser 

Laser light profile 
(Gaussian-like)

length 

focal al
-fo length 

Scene Negative 

Figure 5. Optical Computer 

By placing the scene negative in the x' -y' plane, located in the front focal 

plane of the lens, and exposing the film to a monochromatic, colliminated light 

beam (lasqr), the Fraunhofer diffraction pattern (Fourier transform) of the 

-transmission function T(x') will be recorded by a camera placed in the back focal 

plane of the lens. This transform negative will contain the spectrum of wave 

numbers (frequencies that constitute the sea wave profile Ti(x) or slope 4(x)). By 

simply reading the coordinates of a point in the transform (u l , vI), a corresponding 

vector wave number is calculated by the important relationship 
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-zv)I 
F R f7? = r (5) 

where f?\ is a calibration constant, and K is the vector wave number in radians 

per meter. r is the position vector. The vector wave number K 1 corresponding 

to the point ul, v I specifies the wavelength, direction, and frequency of one 

sinusoidal component of the sea wave spectrum. 

C. Results of Calculation 

The energy spectrum is calculated from the optical density pattern D(u, v) 

provided by the Fourier transform negative. A two dimensional integration of 

10-D(u, v)/y the optical density transmission function, and evaluation of appro

priate calibration constants determines the energy spectrum. The calibration 

constants are calculated from microdensitometer tracings of the scene -negative, 

transform negative, laser beam cross-section negative,Ronchi grating transform 

negative (f' product), and camera focal length and position. The microdensitometer
-DIy 

basically measures the optical transmission property of a negative, 10 

A one-dimensional energy spectrum calculation for Raytheon Flight No. 6 

ocean wave data indicates that the peak spectral component of the wave system 
2 

is in the range of 0. 188-0. 226 ft -sec at a wave length of approximately 20 meters. 

Assuming 20 meters to represent the dominant wavelength of the system, the 

corresponding period is 3.6 seconds. Shore observation recorded a wave period 

of approximately 5 seconds for this flight. Also, for frequencies greater than 

two radians per second, the spectral amplitudes decay according to the well 
-5 

known D5 dependence where Wis the radian frequency. 
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I. SEA PHOTOGRAPH ANALYSIS 

The general two-dimension transmission function 10 -D(xl', y') represented 

by the scene negative is now derived for the two-dimensional case. The analysis 

approach follows that given by Stilwell. 

Consider the illumination at the camera from light reflected from some 

arbitrary point on the sea (see Figure 6): 

I(A) = Ka(e) p(e) (6) 

where 

K = 	 a constant and varies inversely as the square of distance 

from the point of reflection to the camera position in the sky. 

a(8) = 	 the luminance of the sky and is a function of zenith angle, 8. 

p(O) = the reflection coefficient ot the sea water and depends also on 

the zenith angle. 

A = camera angle 

In Figure 6, the position vector r is drawn perpendicular to a differential 

area in the focal plane of the camera. n is normal to tangent plane. 

Equation (6) implies that the illumination of the camera is governed only by 

light rays that lie in the plane defined by the unit vectors Ar and An. 

The change in camera illumination for a small perturbation of the surface 
Anormal unit vector n (small slope angle 4) is 

dI d 	 dp(e) dO(a(G) ) 

a K ddO (G)+ a(e) d J d' (7) 
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z 

a(e) 

Cameraa/ / 

I 

A 

Figure 6. Specular Reflection at a Point on the Surface of the Sea 

Assume cos4,' l, sin 0 

de 
The factor -- is

de
 

= d A A A A (8)ae 
(r - n) where r nCos# sineE 

sin G dc c 

~sin lSCOS(B + 
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cos 7P for e+ +A =90 and cos =, 1 sint=0 (9) 

So 

dl (da(6) p(e)+)cosdO 
(10)

d C 
dd = K d 

Integrating equation (10) gives 

1(8,4, p) = K ( O) p(O) + a(e) dp(8) ) Cos .P 4+ I (11)
(do) dO / 

The constant of integration 1 may be looked upon as the illumination I for 4 = 90' 
o 

or 4 = 0. Equation (11) is simplified by defining 

K (dai2- p(E) + a(0) dp() =1 = f(O) (z) 

I(0' ,, ) = I + 1' cos 4' (13)
0 

Equation (13) is the two-dimensional illumination function originally derived by 

Stilwell. 

In terms of general coordinates on the sea surface, Equation (13) is changed 

to read 

I(x', y') = I0 (x, y') + I'(x', y') (x, y') cos I (14) 

The illumination terms I0 (x, y), and I'(x, y) are assumed to be constants 

in Stilwell's optical analysis. This would imply that the sky light intensity a(G) 

(see Figure 6) changes linearly with zenith angle 6 and all light rays reflected off 

the sea surface see the same water reflectivity. If this assumption is true, then 

I defined by equation (IZ) would take the form 

V' = K da(6)
dO - p(O) constant. (15) 

The validity of the assumption I0 (x, y) = constant may be examined by inspection 

of the optical density plot of the scene negative. (In Figure 2, the average change 

in optical density is related to I (xt). 
0 
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III. OPTICAL ANALYSIS-

A. 	 Average Power Spectrum of Photograph 

In general, then, for small slope angles c(x, y) (cos 4 = 1, sin 1) = 0) 

I(x, y) = o(x', Y') + V(x', yl) (x', y') cos (16y; 

A scene negative will record the above illumination function in the 

form 

D(x', y') = y log [k1 I(x', y')]. (17) 

The primed coordinates refer to distances measured on the scene film. kI 

is a constant related to the film sensitivity. T is the film exposure time. 

A laser beam transmitted through the scene negative, which may be thought 

of as a diffraction grating, will experience attenuation as shown in Figure 7. 

yI 

xt 

diffraction
 
grating
 

DW, y,) a (x', y') 

(incident light)a (x', y')!O 

X1A 

Figure 7. Transmission Through Scene Negative 
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The transmission function for light amplitude is 

'T'(x',y') = 1 0 -D/2(x', = [klI(x', y)T/ (18) 

where y,], TI refers to the scene film. To put equation equation (18) into a 

form useful for analysis, a binomial expansion is made. 

-yI/2 

T'(x', y') = [ 1 l(Io(x'., y') + I'(x', y')c(x', y') cos ] (19) 

-y 1 /2 I'(x', y') -Y1 
= [rlkio(X'3 y')] [1 + I (x,y' 4(x%,yt) cos ](20) 

o 

-' 1/2 'YI 
[t I (x, y')I L -- g(x', y')(x',y t ) cos y ] (21)1 lo 

where 

g(x', y') A I'(x', yt) (22)
I (x', y') 

and the assumption is made that 

P <<[g(x', y')4(x', y') cos «2 1 (23) 

The transmitted light amplitude a'(x', y') is passed through the lens 

shown in Figure 8, and exposes the film placed in the back focal plane. The 

light intensity registered by the film is the Fraunhofer diffraction pattern 

(Fourier transform) of the light amplitude of the front focal plane. Each 

optical density point on the exposed film is uniquely related to a spatial fre

quency composing the transmission function of the diffraction grating (scene 

plane). The value of D(u, v) indicates the relative intensities of the frequency 

components. 
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v 

Lens 

UXT
 

(uav(xat y') 

ilm . 110- - f scene 
negative 

Figure 8 

The light amplitude a T(u, v) exposing the film is therefore 

-iK 

+00 - i-(ux vy')
 
aT(u,v) = const a'(x', y') e dx' dy' (Z4)
 

-00 

or iK 

= const a(x', y') T'(x', y') e dx' dy' (25) 

+ 0 0o - o (ux'-vy') 

+00 co -YI/2 

= const 5 a(x', y') [lhkl 0(x', y') [1 - -g(x', y')Mx', y') cos ,l. 

-00 

1'K
 

e - f (nx'f-vy') dx' dy' (26) 
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10 

The constant of proportionality is f\ (see appendix). 

(,V) = (f a(x', y 10 - [1 - g(x', y')4(x', ycos P 

T SY 2 
-00 

iko---(ux'+vy') 
(27) 

e dx' dy' 

where ?\ is the laser beam wavelength, f is focal length, k = Zf/VA," and 
-D l(x', [k y - 1 /2./') The film in the u, v plane is sensitive to 

f, itklo(x, Y'Y] 

the light,intensity I aT(u, v)l 2 I So, the optical density D2 (u, v) is given by 

2 D2 (u, v)/Yz
k Z 7 a (UV) = 10 (28) 

where k is the transform film sensitivity factor, 72 is the exposure time, and 

_YZ is the gamma of this film. 

From equations (27) and (28), we have 

e - ( l /5 2 ) (x' ty' 2 ) 10 [ - --'- g(x', y')(x', y') Cos 

oo iko (ux'l+vy') 2 

e dx' dy' (Z9) 

(]- 2( V)/Yz) ) (fX 2k 2 T 2 ao2 (k2(0 (30) 

2o 

For a Gaussian beam, a(x', y) = a e - (1/ (x 2 +y12 Now let (Stilwell
 

assumptions)
 

-%(x,y ,1)/z 
10 = constant (31) 

nd
 
Y, g(x', y') - be constant -> g(x', y') = constant. (32) 

log1 0 e 
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Hence 	 2 

f )( z (D z (u, v)/Yz)+ (X', y') 4 log oe
 
(k2T a ° )Cos V/ D
 

o---(ux'-vy') 	 2dx ' dy' +)r2 z 2y )2) ik 
e 	 ( 1 / a - ) ( x ' (x , y' ) e 0 ( x i v ' 

s -

The Fourier integral of the constant term for a finite aperture goes like 

s ) and will contribute, to the frequency spectrum at and near center of the 

transform (o = 0). In the squaring process, it has been assumed that terms 

multiplied by the Fourier transform of the constant term do not contribute to the 

desired power spectrum. 

The average power spectrum recorded by the transform photograph is 

00e 22 z - ik0 (u~ik 2 

P(K,K) = e.+ .(x', y') e dx' dy' 

_00 

(34)
where 

K 
0-u= K (35)

f x 

K . V (36) 

f Ky
and u = x' v = y' for the geometry of Figure 8. 

Equations (35) and (36) relate density points (spectral amplitudes) in the trans

form to correspondingwave numbers. Equations (33) through (36) are the basic 

optical analysis formulas. 

To gain some insight into the meaning of equation (29), take as an example 

Y1
 

(x,y') 4x,y') = 1 -x 	 (37)1 g 

* 	The factor 2w/a2 is related to an elemental area in the transform plane 
and is derived in Stilwell's paper. 
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Hence 

+00 -*-
a 

e z 

+ -Z) k 

e 

(xlu + vy') 
dx' dy' (38) 

00 

is sketched as curve 1, and 

-i 

+00
II 

x 

~00 

e 

a (yx2 ++yt 2 ) 

e 

k 
f 

vy') 

dx' dy (39) 

is represented by curve Z in Figure 9. 

,..-CURVEI (Dc TERM) 

CURVE 2 

(SLOPE) 
FUNCTION 

Figure 9. Fourier Transform Components 
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a *a a
T T = T 

USEFUL REGION 
OF ENERGYSPECT UM
SPEGTRUM 

Figure 10. 	 Power Spectrum for 

1 -I = l-x 
-- g (x', y') 	4(x', y') 

The plot shown in Figure 10 represents the average power spectrum 

of this hypothetical sea state. 
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IV. SEA SPECTRA 

A. Basic Power Spectra 

The sea surface displacement 'f(x, y, t) may be expressed as a linear super

position of sinusoidal components (wave packet) provided that statistically
(4) 
independent, small amplitude components are assumed 4 

+ifK x+K y- ct) 
1(x, Yt) = B(K ,K ,w) e X y dK dK do) (40)x yx y 

K Kw 
y x
 

where the amplitude spectrum B(K , K , w) is given by 
x y 

-i(K ri-K y -ct) 

x e dx dy dt. (41)B(K K W) = 3 


x yt
 

The instantaneous power spectrum of the sea surface displacement may be
 

derived from the above relations and is
 

2-i(Kx-loK yo 
O'(K, K,w, x, y,t) = (I)2 ? xY ilxo +o t) e -( x0+Kyy0dx dy 

11 z~Xy SS0 0 

x y
 
(42)
 

where the function
 

y 0ot ) ' H(x, X0o, __a 1 (x, Y, 0) Tl(x+x o , Y+yo t) (43) 

is the autocorrelation function of the sea surface displacement. (The bar
 

indicates mean value. ) Its inverse is
 

H(x, x , t) (K , K , to, x,y,t)e Xo0yo0dKdK do.y, y, 3 i 
0s' 7Jj Xy x y

1 

KK y o) (44)x y 

For a homogeneous sea (one independent of the reference position for meas

urement) and stationary wave process, we havedropping the x, y and t dependence, 

H(xo, yo) = S (Kx , K, o) e dKx dKy do 

KxKy .y (45) 

(4) Ibid (3) 
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b (K , K )ei(Kx 0 KYy°) dK d 	 (46) 

-x55 K y XO 	 yddK(6 

K K
 
x y 

where 

C)(K X, K y) t(K(I , KoWd 	 (47)X 	 .y O )
 

Co
 

C)(K ,K ) is the two-dimensional wave number spectrum. The function xy
 
( (K K , co) is the three-dimensional spectrum for a spatially homogeneousI y 
and temporarily stationary wave field. Kinsman states thattt (Kx,K, W) 

represents the waves generated on an ocean of infinite extent over which 

a statistically uniform wind has been and will be blowing forever". "More 

reasonably, it isn't a bad model for the interior of a three- or four-day 

North Atlantic storm covering an area of 500 by 500 nautical miles. " 

The spectrum that is easily measured in practice (Spar Buoy) is the 

one-dimensional frequency spectrum given by 

1 C)= 	 0sb(K K odK dK (48) 

KK
 
x y
 

It gives the contribution to the potential energy of the wave coming from 

each frequency wo, irrespective of the vector wave numbers associated with 

that frequency. The frequency spectrum gives no information about which 

directions the various waves come from. (They add up at a point to define 

the potential energy of the composite wave.) 

A typical 	frequency spectrum is shown in Figure II. 

Figure 11 
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Thus, for the ocean wave process, there are three basic power spectra: 

(1) 	 The three-dimensional spectrum - (K , Ky, 

'(Z) 	 The two-dimensional wave-number spectrum - ( (k , k
 

- (CO)
(3) 	 'The one-dimensional frequency spectrum 

B. 	 One -Dimensional Frequency Spectrum 

A relationship between the wave number spectrum and frequency spectrum 

I for infinitesimal waves which have a unique connection between wave 

d frequency. For small amplitude, deep water waves, the relationship 

Z
 

3 
(I) 	 9Ti (,* ? (49) 

g o 

where g is the gravitational constant, ?P is the azimuth angle (see Figure 2) and 

2o = gK where g = 9.8 meters radians (50) 
Zsec meter 

Kinsman points out "'that finite amplitude waves do not have a unique relationship 

between wave number and frequency but yet the application of equation (49) seems 

to give very good results." 

For each wave vector K = K Ax+ Ky there is a energy given by 
x 

S(K,K ). All wave vectors of the same lengthx K and corresponding 

frequency n =I lie on a circle of radius I 	 I = CU in the K ,K plane (see 
g x y 

Figure & } 
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(Kx,Ky) 

/ /
 

I / 

Figure 12. Energy Spectrum Evaluation 

Quoting Kinsman, Equation (49) says, "Add up all the energy on this circular 

ring and you will have located all the energy which is batting around at frequency 

C." 



V. RELATIONSHP BETWEEN SEA SPECTRUM AND PHOTOGRAPHIC SPECTRUM 

A n 

TANGENT PLANE
(WAVE CREST PARALLEL 
TO A LINE PERPENDICULAR 

Y/y TO r INTHE x-y PLANE) 

Figure 13. 	 Geometry for Calculating Relationship Between 
0l (K , K ) and 0 (K , K)'nxy xy 

The 	wave height spectrum 0 (0) is related to the slope 	spectrum (I (o)
I 

as follows: 

For 	a wave propagating in the r direction in x-y plane (see Figure 13), 

P (x,y) = tan 4(x,y) = ,(X,y) (51) 
8r
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and x = r sint4 

sd
 

(x, = sin 7P (52) 

8x 

For a stationary wave process, equation (40) gives
 

i(K x+ K y) 
(x,) B (K , Ky,) e dK dK d& (53) 

x y
 
K K
 
x y
 

f._l(xy) x + K y)

Sx x 
 dK dR dm (54)
 

= iK I (x, y) 

= $x, y) sin 7P 

or 

iK 
(55)
4(x, y) = sin P] (x,A 

.(x,y) = iKfl(x, y). (56) 

Therefore, equation (41) 

-i(Kx + K yy)1 f 
B y (-)7rK (x, y) dx dy (57) 

K K 
x y
 

becomes
 

B(K,K 2n)()) 4+ i(K x Kxy y) dxdy (58) 
x y ZrT iK 33 

and the power spectrum given by 

x 
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1 zS 	 -i(K x +K ') 
TI'MK x,K Y OW)) --2vW 	 ) I- (xy)l(x+x ,y+y 0 ) e dxarK<00 (59)
 

xy
 

becomes 

2 -i(Kx + Ky
K JTXyxXY+Y)e dx dyo (60) 

xy 

or 

K D(K K, ) 4 (K, Kc) 	 (61)
Txy ~ x ' 

and 

K (KS ) =1- (K, K) ) 	 (62)-
XFYx'7 	 Y 

(both for small 4(x, y). 

The power spectrum 	defined by the equations (33) and (34) is proportional 

to 4 (K , K ): 

~)~(5) K~X) 2 (Th2(uv/y9)+U-- 2 log]1 0 e - (3 
~xY (K2 ao " 	 D 23 

The constant of proportionality is (-5- where Px, y are scale trans

'formation factors relating the sea coordinates x, y to the transform coordinates x3, y'.(5) 

(5) Ibid (1). 
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VI. CALCULATION PROCEDURE 

The calculation of wavelength is based upon Equation (5) which relates 

various points in the Fourier transform to corresponding vector wave numbers. 

The f?'. product is determined from either the optical bench or the Ronchi grating 

transform. f is the focal length of the lens and ? is the wavelength of the laser 

beam. Knowing the focal length and position of the camera used in taking the 

scene picture, a scale factor relating a distance on the ocean surface to a dis

tance on the transform can be determined. A calibration equation relating a 
(3) 

distance in the transform x to a corresponding wavelength 7\x is therefore 

determined. (Propagation along the orthogonal axis has been ignored. ) 

The computation of the energy spectrum function {cI) is based upon 

Equations (49, (6Z) and (63). Required for this evaluation are the calibration 

equation and microdensitometer tracings of: 

(1) laser beam cross-section 

(2) scene negative 

(3) transform negative or isodensitometer of transform negative. 

The transform density tracing shows rapid oscillations with frequency. An 

averaging process has been applied to the transform for a reasonable estimate 

of the spectrum function. 

(A) Wavelength Calibration 

The vector wave numbers and frequencies comprising the sea state energy 

spectrum (Kx , Ky) are calculated from the relationship between vector positions 

in the transform or isodensity tracing of the transform and wave number K . 

A typical Fourier transform and its corresponding isodensity tracing is shown 

in Figures 14 - 17 for * = 0 and 4p = 90' . The major axis of the pattern indicate 

the general direction of wave propagation. 
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Figure 16. Fourier Transform for Flight No. 6, 7 = 0
 
Camera located in z lane
 

Figure 17. Fourier Transform for Flight No. 6, P 00 
Camera located in x - z plane 
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The following relations apply for all points in the transforms: 

K
x (3) (64)

f- x 

and 

K 
( y(3 ) (65 

the wavelength of the monochromatic,f is the focal length of the lens and - is 

collimated laser beam. 

Alternatively, the D\ product can be determined by analyzing the far field 

pattern (transform) of the Ronchi grating. The basic equation is 

Af (66)
=-b
b 


where Zb is the distance between grating lines and Ax b is the distance between 

two maxima in the transform recording. (See Figure19 ). 

The first step in the wavelength calibration procedure is to determine 

the scale factors relating a distance on the sea surface Ax, ty to a distance in the 

transform or isodensity tracing of the transform, and a wave number-xF Ky of 

the sea state to a wave number in the transform. 

In Figure18 is shown the camera position relative to the ocean surface (4I=0). 

Camera 

1500 Ax cos 45oft
 
45\ 

A:
 

Figure 18. Calibration Geometry for One-Dimensional Spectrum 
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Let 

on sea surfaceAx = incremental distance 


Ax ( I on a 9 inch film in camera (scene negative)
= incremental distance 

on a 35 mm film (scene negative)AxM = incremental-distance 

Ax( 3 ) = incremental distance on isodensity tracing of transform 

and K , K (2), K ( 3 ) are the corresponding wave numbers. 
xe x x x 

spectrum is highly directional along the
It will be assumed that the power 

x axis and therefore all K =0. 
y
 

Now, for flight No. 6 and follow-on film processing work,
 

Ax ( I ) focal length of camera
 
range
Ax cos 45' 

1 

1500 T1

so 
(67)

x(1) Ax 
A3000 

The 9 inch film is now reduced to 35 mm film: 

Ax -= 1 (68) 
(1) 14.4 

overenlarged 10 times the 35 mm 
The isodensity tracing of the transform is 


transform.
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6x( 3) 

(2)  
 10 

The scale factor (3 is 

x(1) " x(2) A (3 ) 

1x_ A "x( I) AxMz (69)PX = Ax 

or 

Ax 4320 (70) 

,gx(3) x 

radians 
wave number K is dimensionallyand since 

-- unit length 

K(3) 
(71) 

K 4320. 
x 

The position-wave number calibration equation is 

( (3) 

Ax(3) = (f ) 

(72) 

(Zb Axb) 4320 = Z~r x 

The line spacing Axb is measured on the Ronchi grating isodensity transform 

(see Figure 19Y as approximately 0.50 inches. The grating is specified as
 

The result is
having 2 lines per mm, so, Zb = 0.5 mm. 

(3) 27.4 -2 2 
A = x 10 meters Calibration Equation (73)A 

x 
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(B) Frequency Spectrum Calculation - (in) 

The two dimensionsl wave number spectrum in terms of the photographic 

parameters is 

-t Cr V' 2 7,, 1(f 	 i0) Z 2 0 	 4sec2 log e(74) 

and using 

P (K K)= K 1 (K ) 	 (75)
x 	 7X(Kx y 

and 

27
 

) w K Ky de
(KK) 	 (76)9z 0 
g 0 

we have 

2w 

M aprKY 2 3 ( 10 D,4lgze 5 0( 2' /Y2zsec2zV1d? 1z(,V
K - 22a0 0 

(77) 

Equation (77) is the basic equation for the energy spectrum evaluation. The 

following numerical values apply: 

(1) Px= 4320, pIY =1 

(6 = 1 because a one-dimensional spectrum is calculated)y 

42 
K2(2) 	 Z
 

2
 

so 

2K1 g =I where 

2
 

in = Kg for small amplitude, deep water waves.
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-. 64 

-. 49 

-.34 

X(3) 

N 
go, 

-. 19 
.04-

Figure ZO. One-Dimensional Laser Beam Profile 

td a. 



z 
(3) 	 a = gaussian beamwidth of laser beam. 

From the one-dimensional density tracing of the film negative of 

the laser beam exposure see Figure Z') (which is not gaussiani a 

is approximately 0. 875 inches. 

On the 35 mm negative, this corresponds to 

ay = 2Z. x 10-4 meters.
 

2
 
(4) 	 f7' = 0.65 mm (Ronchi grating data) (see Figure 19) 

2. 	 D/-y
(5) 	 The factor k zzao is equivalent to the term 10 ,in which D/y is 

the optical density arising by exposing film in the scene plane to 
2 

laser intensity a 0 . From the gaussian beam density trace of 

Figure 20, the peak value of D is approximately 0. 62 . 

2 0.62
k a = 10 = 4.16 (Assume -y = I in calculations) 

D1
 

(6) 	 The term 10 is related to the I (x, y) of the illumination function 
0 

I(x, y) and corresponds to the average optical density of the scene 

negative. Figure 21 is a one-dimensional density trace of the scene 

negative used for this example. 

10 100.74 5.5 

(7) 	 The term 

,YI'(x', y')

D I (x, y') log10 e 

0 

is related to the slope of the average optical density trace of the 

scene 	negative (see Figure 21 ). 
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Figure 21. Density Tracing of Scene Negative for Determining 

I andD 
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If we assume (Stilwell linear approximation) that 

dD dx 
dx d4' 

then 

ID = 0.47. 

The frequency spectrum, 

(2)(4320)(0.65 

WQn) (22. 2x 1 O-4) z 

c(cn), is therefore given as 

2 2 
mm ) (5.5) (4) log 1 0 e 

2 c(4. 16) (0.47)2o 

2 
meter - sec 

radian 

2wT 
10D (u,v)/y 

0 

sec2d 

(78) 

-3.69 x I0-3 

ZV 

0 

D (u v)Y 

10 sec rdWFTZ-sec. (79) 

From the calibration equation (78), 

w~4FW=-(9 
xx 

81(6" 28)Ax(3 
-2

j27.4 x 10 
- 15 Ax(3) (80) 

for Ax (3) in meters. 

=15 (81) 
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Equations (79) and (81) and the density tracing of the Fourier transform 

shown in Figures 22 and Z3 were used to calculate both the one dimensional 

energy spectrum (K 0) and wavelength calibration scale for the isodensi
y 

tometers shown in Figures 14 and 15 . A 21 point calculation of the energy 

spectrum was based upon the smooth curve construction shown in Figure 23, 

The smooth curve values and equation (78) resulted in the energy spectrum 

plot of Figure Z4 (positive wave numbers only). An experimentally determined 

energy spectrum for a different Raytheon flight is shown in Figure 26. 
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Figure 22. One-Dimensional Density Tracing of Fourier Transform 
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Figure 23. Smooth Curve Construction of Fourier Transform 
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Figure 26. Laser Profilometer Data. The average optical density 
that appears in the scene negative density tracing and 

manifests, itself as a dc term (w=0) in the Fourier trans

form does not appear in Figure 26 
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VII. CONCLUSIONS 

The calculations presented in the preceding section outline the basic 

computational technique developed by Stilwell for analyzing a sea energy spectrum 

from photographs. The particular sea photograph analyzed was taken on Raytheon 

Flight No. 6,and the resultant calibration photographs and transforms were done 

by D. Stilwell at Naval Research Laboratories. The microdensitometer tracing 

work was done at Raytheon, Autometrics Division, under the supervision 

of 5. Hendrickson. 

The method of energy spectrum analysis of sea waves as outlined by 

D. Stilwell has been applied to Raytheon Flight No. 6 ocean wave data. 

The calculated wavelength calibration equation and one-dimensional 

energy spectrum c(cn) indicates that the peak spectral component of the wave 

system is in the range 0. 188 - 0. Z26 ftrseconds at a wavelength of approx
radian 

imately 20 meters. (See Figure 24 ). Assuming 20 meters to represent the 

dominant wavelength of the ocean wave system (gravity waves) of the photograph, 

the corresponding period is 3.6 seconds. 

As pointed out by 0. vi. Phillips
6 
, the consideration of wind generated 

when the duration and fetch of the wind are large, justifies the considerawaves 

tion of an equilibrium range in the energy spectrum for large values of 

frequency wi. The spectrum obeys the relationship 4(3) c w-5,where c is a 

constant. Application of this asymtotic rule to the calculated spectrum is shown 

in Figure 24. 

(6) 	 0. M. Phillips, The Equilibrium Range in the Spectrum of Wind-
4, 426-434, 1958.Generated Waves, J. Fluid Mech., 
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Shore observation data recorded a wave period of approximately 

5 seconds and a significant wave height within the range of 3-5 feet. The time 

average wind velocity was 8 knots with 16 knot gusts. Aircraft observation 

unlike that of previous flights, appearedreported that the seas for this flight, 

wavesomewhat confused. Even though there appeared to be a well defined 

propagation direction, other wave directions were observed. 

Experimental measurements of the energy spectrum were made with a 

laser profilometer. Results for a different flight are shown in Figure 26. 

Raytheon Flight No. 6 data was n6t available. 

The basic theory of sea wave energy spectrum evaluation from photo

graphic data as developed by D. Stilwell rests on assumptions that require a 

good deal of physical insight into ocean wave properties. It appears that the 

the requirement for underreally fundamental aspect of the entire process is 

necessary to obtain scene photographs thatstanding what, sky-sea-state is 

indicate an accurate measure of the instantaneous power spectrum of the 

should be related to suchlocal sea state. The sky-sea-state referred to above 

parameters as: 

(1) Type of wave system (capillary, gravity, infragravity, etc.) 

(2) Position of sun relative to camera position. 

(3) Optimum sky condition (uniform overcast, partial overcast, etc.) 

(4)' Wind velocity and direction (related to type of wave system). 

(5) Wave profile function ,7 (x, y) (white caps, sinusoidal, etc.) 

(6) Reflectivity characteristics of ocean surface. 

sky illumination with zenith angleCondition (3) related to the average 

scene can be determined from examination of the optical density tracing of the 
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negative. A linear change in density along the x or y axis of the scene 

negative constitutes what Stilwell refers to as a "good picture. " If the linear 

sky condition is not met, the spectrum evaluation does not represent 

the power spectrum of the two dimensional slope angle 4(x, y) characterizing 

the sea wave profile. The illumination function I(x, yA)* that characterizes 

a scene photograph is really the most important function in the entire optical 

analysis. Its mathematical form must be understood before detailed analysis 

of the sea wave system energy spectrum can be made. With I (x, y, A) known, 

one could then give an accurate interpretation of the scene negative density 

tracing as far as identifying the local sky-sea-state. Consequently, the 

Fourier Integral of the height function jj (x, y) or slope angle function 4 (x, y) 

could be clearly identified in the transform isodensity plot, or in other words, 

the region in K-space that corresponds to the energy spectrum of the slope 

angle function would be known. 

Several observations based upon the analysis and calculation are given 

below: 

(1) 	 The scale factors that relate distances and wavelengths of the 

sea surface to distances and wavelengths in the transform are 

two dimensional functions, P (x, y), P (x, y). 

(2) 	 The transform isodensity tracing shows an asymmetric spectrum 

plot and one that varies rapidly with wave number. It is suggested 

by Cox, Monk, and Stilwell that an averaging process be applied 

to this density function so that the general trend in the spectrum 

behavior be ascertained. It is this trend which is subjected to 

optical analysis in order to evaluate real sea energy spectra. 

The illumination function represents the light intensity reflected into camera 

from sea surface. 
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(3) 	 The collimated monochromatic laser beam is not truly Gaussian. 

As indicated in the optical analysis a Gaussian beam is assumed and 

is used to calculate the Fourier transform of the scene plane trans

mission function T(x', u') modified by the beam function 

expa (x'+ y').
 

The Fourier transform is
 

(FT 	 T'(x', y') e -1/a(x' + r,). 

One is actually performing the Fourier transform of the slope 

angle function multiplied by the beam shape function, resulting 

in a distortion of the slope angle power spectrum recorded in the 

transform plane. 

(4) 	 The theory as developed by Stilwell does not allow the energy 

spectrum evaluation for all azimuth angles 

27
• ( 	 ."iAZC 2 

( 10 sec 7 d 

0 

since sec 2 - coas - The transforms generally 

indicate a non-zer'o wave number (K) near the center of 

the transform. 
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(5) 	 The density tracing ot the scene negative could be enlarged and a 

detailed analysis of slope function made. A mathematical description 

of this function could then be employed in a digital computer, Fourier 

transform calculation. 

(6) 	 The question of accuracy of results in the optical analyses of 

energy spectrum remains to be answered. For example: 

(a) 	 finite granularity of film 

(b) 	 grain characteristics of film 

(c) 	 camera movement and wave movement during exposure time 

(d) 	 the number of photographs necessary of aparticular sea 

state to completely characterize -its energy spectrum. 

(e) 	 aperture size of microdensitometer slit used for plotting the 

transform 

(f) 	 lens field of view as related to calculating the scale factors. 

(g) 	 Statistical limitations of calculated energy spectrum g'wf). 
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VIII. 	 RECOMMENDATIONS FOR FUTURE WORK 

(1) 	 Extend mathematical analysis of entire Stilwell process, i.e. 

linear sky assumption, non-Gaussian laser beam effect on 

calculated spectrum, camera field of view as related to scale 

factors, etc. 

(2) 	 Develop theoretical understanding of the statistical limitations 

of calculated energy spectrum. 

(3) 	 Examine optical bench assemblies that would provide efficient 

calibration of scene negatives and transforms. Use photoelectric 

cell or microdensitometer for calibration equipment. 

(4) 	 Optically process existing Raytheon ocean wave data based on 

part (3), and present knowledge of optical evaluation technique. 

Select those scene negatives that have a linear variation of 

optical density and experimental data (laser profilometer and shore 

data). Compare in'detail, experimental data with optical analysis 

data for a large number of scene negatives. 

(5) Study the Stilwell process for application to radar scattering 

measurements. What, if any, correlation exists between energy 

sneetfrum 1))o and the corresDondina rada-r cross-section a ? 
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IX. APPENDIX 

A. 	 Relationship of Optical Power in Scene Plane to Optical Power in 
Transform Plane 

In the back focal plane of the lens (transform plane), the light amplitude 

a T(u, v) is the Fourier Transform of a'(x', y'), the light amplitude distribution 

of the scene plane 

+00-( /f)(uxfvy')
 

aT(u, V) = (const.) a'(x', y') e dx' dy' .
 

00 

The 	corresponding light intensity is 

= IaT(uv) 12
uT(uv) 

2 o 
= c SS a'(x', y') e(iK f)(ux'+vyl dx' dy' 

00 
2. 

where c is the constant to be determined. 

The 	light amplitude distribution a'(x', y') is 

-1/e (x(x', y'
a0 e2 T'(' y')
 
a'(x',y') = laser beam Transmission
 

(Gaussian) 	 function of 
scene negative 

In the absence of the scene negative (T'(x', y') - 1)-and evoking the require

ment of equal optical -power flow in the input and output focal planes, 

we have 
Zwroo 2 

5 a e r' r'dr'd6' = 

0 0
 

r r Z~,Z 2 


C2 a e (x' +y' e dxt dy'1 r" dr" dO"
 

0 0 -00
 

200 +-00c _/2 2 -(11< /f)(x,, +y",2 - ) 

output plane powe r density 
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where the independent variables are cylindrical coordinates about the optic 

scene plane and the double primeaxis. The single prime refers to the 

refers to the transform plane. 

The power density
 

2 /f)2x" z+y" z
ir2ofr,T2I + 

= a 0 2 4 "reXdx' dy'
-y'2) ea2a e k (x ' 

ri'2 ''
= x"2+ ", f = focal length, and X = beam wavelength in angstroms = Zr/K0 

and 

O 2 22 Cf-(Z/N)r'2 1 22
 

Z- a Se- r'dr' = 2 T 

0 

so that 

Zn cc 4-i a 2r"' 8 
1 2 2 2 22 2CC f2 Xk

- Tra - = 4c a 2r2 
 e r" dr" dG"
 
2 0 0
 

0 0
 

2 2 2 4 1 fX 
- C a r 8S-

o 2 2 16 
iTr
 

or 

2 1 2
 
c f
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APPENDIX C 

THE FINE STRUCTURE OF THE SEA SURFACE 

Dr. B. Kinsman*. 

Radar altimetry over the ocean confronts difficult problems -- not the least 

being how to describe the target. In a search for an answer it has turned to the 

oceanographers and has found little comfort. Waves are a primary response of 

the ocean to the wind -- and extended regions of calm seldom exist for very long. 

The waves of the sea are highly irregular, they run rapidly across the surface, 

and they constantly change their forms. It is only since the second World War 

that oceanographers have made a start at understanding waves as they exist on 

the ocean and have begun to create usable forecasting methods. Understandably, 

their attention has been focused on "practical" problems, which in this case means 

the larger waves -- those big enough to interfere with amphibious landings, 

refueling, and air-sea rescues. Now radar altimetry tells us that the small 

waves, those with lengths of the order of 1 to 10 centimeters, are of intense 

"practical" interest. They are the ones which have the greatest effect on radar. 

For waves on the water surface with lengths in the range 0(lcm) to 0(10 cm) 

both gravity and surface tension may be important restoring forces. Waves with 

lengths greater than 5.47 cm are primarily gravity waves; the effect of the surface 

tension on their phase speeds is less than 5% of the effect of gravity. Waves with 

lengths less than 0. 54 cm are capillary waves; gravity contributes less than 5% 

to their phase speeds. For waves with lengths between 0.54 cm and 5.47 cm both 

gravity and surface tension are important. 

A great deal is known about the physics of these small waves. The 19th 

century hydrodynamicists did not neglect them. Lamb's "hydrodynamics, " for 

example, records this extensive body of results. Our'theory even provides us in 

* Oceanographer 

Chesapeake Bay Institute
 
John Hopkins University
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Crapper's wave that very rare commodity: an exact solution to a nonlinear 

problem. Further, theory has been abundantly confirmed by experiment. Small 

waves are relatively easy to house in a laboratory. 

What clues, then, do theory and experiment offer us? The linear first

order, small-amplitude theory is satisfied by a sinusoidal wave and, because of 

linearity, by sums of sinusoids. The theory tells us that each component wave 

will run at a phase speed or celerity, c, 

2 
= (pg/k+ kT)/(p coth kh) 

where 

p = the density of the water,
 

T = its surface tension, and
 

h = its depth;
 

while 

g = the acceleration of gravity and 

k = the radian wave number which is Zw divided by the wave 

length, L. 

When the water depth h is greater than half the wave length, the waves are 

and the phase speed is very closely approximatedin "deep water, " coth kh z 1, 


by
 

(G-1)C (g/k) + (T/p)k 

we interpret 0 (10 cm)For waves on the range 0 (1 cm) to 0 (10 cm), even if 


so applies to most
 as 50 cm, any depth h> 25 cm will be deep water that (1) 


of the ocean.
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Equation C-1 has a number of interesting features. The effects of gravity 

and of surface tension on the phase speed are additive. It is on the basis of 

(1) 	 that a simple calculation yields the wave lengths for 5% residuals previously 

we may usean error of no more c 

for gravity waves 

given. Thus with 	 than 5% in the phase speed 

L> 5.47 cm 	 (C-2)c2 g/k whenever 

and for capillary waves 

c z (T/p)k whenever L < 0.54 cm. 	 (C-3) 

If 0.54 cm< L< 5.47 cm the waves maybe called ripples and the full approx

imation, equation (C-i), is required. 

The phase speed for gravity waves is a monotonic increasing function of 

the wave length, c - L. For capillary waves it is a monotonic decreasing function 

of wave length, c - 1/L. Clearly, within the ripple band there must be a minimum 

phase speed which can be found by searching equation (C-i) for extrema. One 

finds that no wave can travel slower then c = (4g T/p)i/4 which corresponds 

/m -Z -1 
(gp/T) 1 Using g = sec T 74dynes cmto awave number k = . 980 cm , = 


and p = I g cm one finds a slowest speed of cm = 23. 2 cm sec associated
 

with the wave of length L. = (Zw,)/k m = 1.73 cm. Waves either shorter or longer 

is clear that there is always athan 1. 73 cm travel faster. From Figure C-i it 

pair of these waves, one shorter than 1. 73 cm and one longer, which travel at a 

common speed. For such a pair the shortwave will appear as a fixed roughness 

There will be other short waves whose speeds are near on the'longer wave. 


those of the long wave which will appear as a slowly changing roughness on the
 

are
long wave. Such phenomena do occur in a wind driven sea and clearly 

apparent to the eye. That they are precisely described by the linear theory may 

since the linear theory was developed for small-amplitude (mathbe doubted 


If you can see it, its not small-amplitude.
ematically infinitesimal) waves. 
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When the small-amplitude restriction is removed theory tells us that the 

invertedsinusoids become deformed. For gravity waves one solution is an 

prolated trochoid. Such curves can be generated by tracing the locus of a point 

on the radius 0± a circle which is being rolled along the under side of a straight 

fine. Figure C-a shows a trochoid which is improbable as an ocean wave because 

13 and k were selected to be 1. Ocean waves theoretically never become that 

"pointy", the maximum angle just before they break being lZ0 . If you look at 

the ocean or at plunger generated gravity waves you will see that the trochoid, 

while too regular to be a good description of the sea surface, is still much more 

realistic than the sinusoid. The sinusoid always has smoothly rounded crests 

while the crests of the trochoid have an edge. A sinusoid is symmetric about 

a level halfway between crest and trough. You can't tell whether it is upside 

'down or right side up. The trochoid has troughs which are long and flattened 

and crests which are short and angular so that mean water level is not half way 

between crest and trough. Further, its wave steepness, i.e,, the ratio of its 

6 = H/L has some sizable value. It is not infinitesimalheight H to its length L, 

can beas 8 must be for the small-amplitude sinusoid. Thus the trochoidal wave 


effect of this finite steepness is to make the trochoidal
visible to the eye. The 


wave run slightly faster than the speed given by equation (C-Z as shown in
 

Figure C-3. 

For capillary waves the exact solution of the nonlinear problem which 

makes no obeisance to the small amplitude assumption yields a water surface 

shown in Figure C-4. As drawn, the uppermost line is the water surface for a 

capillary of maximum steepness, 5 = 0.73 in the sense that locally, near the 

surface recurved so that thetroughs, the slopes have become vertical and the 

surface is about to coalesce. The lower lines are streamlines of the flow for 

this extreme capillary. However, if a capillary has a steepness of 6 = 0.53 the 

and the lower lines remain streamlines. Sosecond line is the shape of the wave 
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Figure C-1. 	 Waxe Speed as a Function of Wavelength (or 

wave number) When Both Gravity and Surface 

Tension are Considered 
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Figure C-2 
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Figure C-3. 	 Phase Speed Correction Factor for Gravity 
Waves as a Function of Wave Steepness 
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also for the others. What you see in Figure C-4 may seem startling since most 

of the waves you have looked at have probably been gravity waves that resembled 

Figure C-2. Here it is the crests which are broader and rounded while it is the 

troughs which are narrower and more pointed. However, in any process governed 

by surface tension, as, for instance, the formation of droplets on a non-wetting 

surface, the shape taken is always as near spherical as the other forces acting 

permit. Strange as they may seem these wave forms have been shown to exist 

in laboratory experiments. I think the bearing of such wave forms on radar 

sea are like trochoids whose maxishould be obvious. The larger waves of the 

mum steepness is 6 = 1/7 = 0. 143. Observed values even in young seas which 

tend to be steepest seldom show values greater than 6 = 0. 12. Even locally they 

don't become very steep. However, these longer waves may be and frequently 

capillaries then the overallare covered with short waves. If the short waves are 


slope may reach & = 0. 73 and the surface can locally approach the perpendicular.
 

8:B073 

Figure C-4. Streamlines for Crapper's Wave 
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As with the trochoidal wave there is a correction to the phase speed given 

by equation (C-3) which involves the finite steepness as shown in Figure C-5. In 

this case the effect of the finite amplitude correction is to slow the wave a bit. 

The combined effect on Figure C-i of the corrections shown in Figures C-3 and 

C-5 is to raise the curve a bit when L/L < 1. It may also change the value ofm 

k used for scaling but only very very slightly.m 

10 

S(1 	 + 

0.6

£04 

0 o4 

02-

SII 	 I 9073
01 	 0.2 03 04 0.5 06 07 0.8 

Wavesteepness eH (1] 

Figure C-5. Phase Speed Correction Factor for Pure Capillary 
Waves as a Function of Wave Steepness 

Even casual observation of wind driven seas shows that a fine structure of 

small waves riding the longer, larger waves is the rule rather than the exception 

in reasonably strong winds. As recently as 14 years ago we had no remotely 

satisfying deduction from physical principles to tell us how the wind might make 

these small waves; those with lengths less than 5.47 cm for which surface tension 

must be reckoned with. Certainly if surface tension is important then viscous 

dissipation will probably be important and these waves will have to be continually 
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regenerated by the wind. Further, when- a wind strong enough to make waves 

flows over a calm water surface the first thing that always happens is the forma

tion of waves with lengths of a centimeter or so running, not with the wind, but 

symmetrically at an angle to both sides of the wind. They form a typical diamond 

shaped or rhomboidal pattern on the water surface. In 1957 Phillips offered the 

first mechanism deduced from hydrodynamic principle that could account for some 

of what we see. This is hardly the place to attempt an account of the Phillips 

generation theory. Suffice it to say that the generation of small waves by his 

process depends critically on a resonance between the waves and the pressure 

field on the water surface created and swept over the water surface by the 

turbulent wind. The resonance is selective for the short wave lengths and the 

off-wind angles of wave propagation. However, if the turbulent wind does not 

contain appreciable energy in the small pressure structure it can be strong and 

still create no small waves. The locus of resonantly excited wave numbers in 

wave-number space is shown in Figure C-6 which may puzzle you a bit. Actually 

it has been borrowed and contains more information than we need here. The k 1 

wave-number component axis is lined up with the mean wind so that the k Z-axis 

is cross-wind. This is only half the plot. There is a mirror image in the 

k I > 0 kZ < 0 quadrant. Further, it is assumed that the pressure field on the 

water surface expressed in wave-number space has no appreciable energy (for 

whatever reason -- viscous dissipation in the turbulent wind, perhaps) at wave

numbers outside the circular sector AOB . Under these conditions Phillips has 

shown that there is a critical angle to the mean wind which defines a locus in 

k -space and a narrow band associated with it (the shaded part) in which resonance 

will strongly excite and continue to feed energy into surface waves with wave

numbers within the band. Note that beyond the arc AB the band has been left 

unshaded. This represents waves with wave numbers which could be excited but 

are not since the surface pressures necessary to excite them are lacking. You 
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can see from Figure C-6 how it may be possible that a strong wind may not 

generate waves by this mechanism. If the, wind is uniform and lacking small 

structure itself, the radius OA of the sector AOB shrinks and, if OAbecomes 

less than OD it falls below the resonance locus. Should that happen no small 

waves will be created by this mechanism. The mechanism is probably not unique 

but so far it is the only one which has been worked'out that accounts for small 

waves and it is an excellent start. Theory could tell us many other things about 

waves with lengths 0 (1 cmI to 0 (10 cm) but I doubt that they would be any more 

useful in the real world than what wehave already. 

0 

Band of possible 

------ resonance waves 

'A SExcited resonance 
waves 

A -

/ 

/ __},' 

0 
Nube Sac 

B 92 

Figure C-6. The Locus of Resonantly Excited Waves in Wave-
Number Space 
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The real ocean can be a very confusing place and, lacking good data, 

perhaps the best I can do is to describe a few of the things I, myself, have seen. 

One thing I can hardly overstress in the patchiness and evanescence of the fine 

structure. When a wind begins to generate waves on a calm surface you often 

find the rippled surface in cat's paws separated by regions of still calm water. 

The cat's paws may be small, 10, to 12 wave lengths, or relatively large, 500 to 

1000 wave lengths. They may persist, spread, and coalesce until the entire 

surface is rippled. However, if the wind is puffy and dies momentarily, the cat's 

paws may disappear again in a few seconds. If the wind sets in steadily and 

freshens, the longer gravity waves soon appear and the fine structure, while 

still there and wide spread, is usually very different in character on the different 

parts of the longer waves. Often the down-wind faces of the large waves are 

covered with much more prominent fine relief than are the up-wind faces. 

are movingSometimes the small waves on the down wind faces at almost 

the same speeds as the larger waves and seem to hang fixed on them. I remember 

watching something like this in the Miles River for an hour or so. The wind was 

blowing about 30 kts over a fetch of perhaps 5 NM. The large waves were around 

3 ft high with characteristic lengths near 30 ft. Over and over again a packet of 

5 to 10 very steep small waves with lengths around 5 to 10 cm would suddenly 

pop up on the forward faces of the large waves. They ran just a little slower 

than the large wave so that ultimately they were overtaken by the crest and they 

disappeared as the crest went by. Before this happened, however, the small 

waves seemed to catch each other up; steepening on their forward faces until they 

looked like the overlapping tiles of a tile roof. At that time their forward faces 

were a centimeter or two high. The entire process from formation to vertical 

forward faces to obliteration when overrun by the crest occupied no more than 

local spatially occupying an area of10 seconds. The phenomenon was just as 
2 

perhaps 10 m. 
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One more situation may perhaps be of interest as illustrating the need 

for fine wind structure if fine wave structure is to be ,excited. My pier is located 

on an arm of South River. The water runs north-south and is perhaps a quarter 

of a mile wide. A twenty-five knot wind had been blowing from the south for 

some hours with an unobstructed fetch of 3/4 mi. The usual slope of gravity 

waves with periods around a second was running. What struck me when I looked 

at it was that it was abnormally smooth. For a wind that strong there were very 

few small waves. As I looked up to windward I saw a pier that had been toppled 

by the winter ice and was lying half submerged across the wind. In its lee the 

water was entirely covered with a plume of rhomboidal fine structure which 

extended some 30 ft to leeward where it suddenly disappeared. Looking further, 

every obstruction to the wind that I could see had its own pendant plume. I feel 

sure that this was an instance of the CA radius in Figure C-6 being less than OD. 

As the wind tripped over the obstructions small scale turbulence was generated 

in it and CA momentarily became greater than OD which permitted the small 

off-wind waves to be created. However, energy dissipation in the air flow 

rapidly sapped the energy from the small scales and, once it was gone, the 

small waves no longer had an energy source. With nothing to sustain them, 

they were rapidly destroyed by viscosity. I cannot prove that the story I have 

told is true but it certainly provides a rational explanation of what I saw: no fine 

structure on the open water even with a strong wind and plumes of rhomboidal 

fine structure behind each obstacle to the airflow. 

Considering the spottiness, rapidity of change, and variety of form of the 

fine structure it is interesting to turn to the results presented in the body of 
o 

this report in Figures 5-1 to 5-3. Figure 5-1 plot average g against wave 

height while Figure 5-2 plots it against wave period. Both the wave height and 

the wave period are visual obserations which notoriously fail to take proper 

account of the small waves. It is well known that if you have a record of water 
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elevation made at the same time and place a visual observation is made, you can 

usually duplicate the visual height observation very closely by reading all the 

and then taking the mean ofheights on the record, putting them in order of size, 


only the highest one-third. The period estimate also ignores the small waves.
 
0 

But the practically important waves for radar, and consequently for a , are the 

small ones. Thus one can say a priori that no connection is to be expected. This 

and 5-2 confirm.is precisely what the plotted points in Figures 5-1 
0 

Figure 5-3 plots average a against wind speed and this is something else. 

anemometerThe wind speed, whether estimated or computed as a mean from cup 

data, is just as "gross" a parameter as the wave height or wave period. It 

tells us nothing about the turbulent structure of the airflow. However, the higher 

the wind speed the higher the Reynolds number and the higher the Reynolds 

There is at least some
number the more turbulent the airflow is likely to be. 

and wind speed since the 
reason to anticipate a connection between small waves 

higher wind speeds are more likely to contain appreciable energy in the small 

It isn't a tight connection but something
eddies necessary to excite small waves. 

that you aren't
ought to be there. Figure 5-3 suggests that there is and further, 


structure very precisely if all

going to be able to say anything about fine wave 


you know-is the mean wind.
 

of the sea and
The problems of the hydrodynamics of the fine structure 

altimetry over the oceanhow to characterize it usefully urgently posed by radar 


needs and deserves close study.
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APPENDIX D
 

FLIGHT PLANS
 

This section includes the flight plans for all 16 flights. These plans were 

formulated before the scheduled flights. Comparing the flight plans with the 

flight summaries (Section 3.2) will indicate where and for what reason(s) the 

flight plans could not be followed. 
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Flight 1 - Nov-24-1969 

Low Altitude Shakedown 

1. Pre-Flight Briefing 
2. Take-Off 3:00 P. M. 
3. Fly to Test Area (Coastal Waters Near Wallops) 
4. Fly Stilwell Pattern at 6000ft. 
5. Fly Rectangular pattern at 6000ft. withthe following parameters: 

Pulse Width = 100 nsec 
Pulses/frame = 50
 
Polarization = cross
 
Peak Power = 1Z watts
 
Sweep speed = 50 nsec/cm
 
Attentuation = 0 dB
 
No. of Runs = 4
 

6. Fly Stilwell pattern at 6000 ft. 
7. Return to Wallops 

Flight 2 - Dec-11-1969 

A) High Altitude Shakedown 

1. Briefing (Pre-Flight) 

a. Desire course-rather than track
 
- b. Define Sea Direction
 

c. Reference names 
d. Required data 

2. Take-Off and fly to test area 
3. Fly Stilwell pattern at 100 ft. 
4. Fly flight Pattern Z (6 runs) 

B) Radar Parameters 

Pulse width = 100 nsec; runs 1, 2, 3 
Z0 nsec; runs 4, 5, 6
 

Pulses/Frame = 50
 
Polarization = cross
 
Peak Power = 12 watts
 
A/C Attitude = 00
 

Sweep speed = 50 nsec/cm
 
Frame rate = I/sec
 
Attentuation = 0 dB
 
No. of Runs = 6
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1. Fly Stilwell at max. altitude 
Z. Fly Stilwell at 1000 ft. 

Flight 3 - Dec-12-1969 

A) Znd High Altitude Shakedown 

1. Pre-Flight Briefing 
2. Take-Off and fly to test area 
3. Fly Stilwell pattern at 1000 ft. 
4. Fly to max. altitude 18K ft. 
5. Fly flight pattern 2 (6 runs) 

B) Radar Parameters 

Pulse width = 100 nsec 
Pulses/Frame = 50 
Polarization = cross (3 runs); Direct (3 runs) 
Peak power = 12 watts 
A/C Attitude = 00 
Sweep speed = 100 nsec/cm 
Frame rate =1/sec 
No. of runs = 6 

6. Fly Stilwell pattern at max. altitude 
7. Fly Stilwell pattern at 1000 ft. 
8. Return to Wallops 

Flight 4 - Dec-15-1969 

1. Briefing (9:00 AM) 

Discuss: 

a. Course vs. track (we desire course) 
b. Definition of Sea Direction 
c. Reference name of those on flight 
d. Inform crew of data required during flight 

Z. Take-Off (10:00) 
3. Calibrate GYRO Compass of both A/C 

(Cessna and the DC-4) b flying together to the ship 
(Ship will be at Lat. 37 07' , Long. 730 38 ie. Section 9, 
Quad. D. ) 

4. Pilot contact ship and request to start recording data 
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5. 	 Start Stilwell pattern at ship with first heading in same 
direction as sea. DC-4 at 1000 ft., Cessna flying same 
pattern at 700 ft. 

6. 	 Both A/C repeat Stilwell pattern; DC-4 at 5000 ft. , Cessna 
at 700 ft. 

7. 	 Both A/C fly flight pattern 1 (12 runs) DC-4 5000 ft., Cessna 
at 700 ft. 

A) Radar Parameters 

Pulse width = 100 nsec 
Pulses/Frame = 1; for 1st 5 frames 

50; rest of run
 
Polarization = cross
 
Peak Power = 1Z watts
 
A/C attitude = 00
 
Sweep Speed = 50 nsec/cm 
Frame rate = 1 /sec 
Attenuation - 0 dB 

No. of runs = IZ 

8. 	 Repeat step 6 (Stilwell pattern). 
9. 	 Return to Wallops 

3. 	 2. 5 Flight 5 - Dec-17-1969 

1. 	 Briefing (8:30) 

Z. 	 Take-Off 9:30 A. M. 
3. 	 Fly to Wallops sec 9-D; Lat. 370 07'; Long. 730 38' 
4. 	 Pilot contact ship at earliest time and ask for weather 

data (sea direction etc. ). 
5. 	 At test area; DC-4 fly Stilwell at 1500 ft; Cessna fly 

profilometer pattern at 300 ft. (single pulse radar runs) 
6. 	 DC-4 fly to 10, 000 ft. and fly pattern 2 (6 runs) with 

following parameters: 

Pulse width = Z0 nsec
 

Pulse/Frame = 50
 
Polarization = direct
 

Sweep speed = 50nsec/cm
 
Frame rate = I/sec
 
Attenuation = 0 dB 
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7. 	 Fly pattern Z again (6 runs): Same parameters as #6 
except: Polarization = cross 

8. 	 Fly to 15000 ft. and fly pattern 2 (6 runs) with same 
parameters as #6 

9. 	 Fly Stilwell at 15000 ft. (or below ceiling): 
radar pattern #2 with parameters of #7 

10. 	 DC-4 fly to -1500 ft. and fly Stilwell pattern. 
fly profilometer pattern at 300 ft. 

11. 	 Return to Wallops. 

Flight 6 - Jan-5-1970 

1. 	Pre-flight briefing 8:30 A. vi. 
Z. 	 Take-off 9:30 A. M. 

Also fly 

Cessna 

3. 	 Fly to Wallops Sec. 9-D; Lat. 370 07' ; Long. 730 38? 
4. 	 Pilot contact ship at earliest time and request weather 

data. 
5. 	 At target area: DC-4 fly Stilwell pattern at 1500 ft. 

Cessna fly profilometer at 300 ft. 
6. 	 DC-4 fly to 15000 ft. and fly pattern Z (6 

following parameters: 

Pulse width = 100 nsec
 
Pulse/frame = 50
 

Polarization = direct
 
Sweep speed = 50 ns/cm
 
Frame rate = /sec
 
Attenuation = 0 dB
 

runs) with 

7. 	 Fly pattern Z again (6 runs); same parameters as #6 
except: Polarization = cross 

8. 	 Fly to 20, 000 ft. and fly pattern Z (6 runs) with same 
parameters as #6. 

9. 	 Fly Stilwell at 20, 000 ft. (or below ceiling): 
radar pattern #2 with parameters of #7. 

10. 	 DC-4 fly to 1500 ft. and fly Stilwell pattern. 
profilometer pattern at 300 ft. 

11. 	 Return to Wallops 

Flight 7, -. Jan-6-1970 

1. 	 Pre-flight briefing 8:30 A. M. 
2. 	 Take-Off 9:30 A.M. 

also fly 

Cessna fly 

3. Fly to Wallops Sec. 9-D; Lat. 370 071 , Long. 730 38' 
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4. 	 Pilot contact ship at earliest time and request weather 

data. 
5. 	 At test area fly Stilwell pattern at 1500 ft. 

6. 	 Fly to 15, 000 ft. and fly pattern 2 (6 runs) with following 
parameters: 

Pulse width = 20 nsec 
100, 500, 1000"Pulse/Frame =50, 

Polarization = Direct
 

Sweep speed = 50 nsec/cm
 
Frame rate = I/sec
 
Attenuation =-0 dB
 

* 4 	frames for each pulse/frame 

7. 	 Fly Stilwell at 15, 000 ft. (if weather permits) 

8. 	 Fly Stilwell pattern at 1500 ft. 
9. 	 Return to Wallops 

10. 	 Fly over hanger at 5000 ft. GSE will be ready for 

calibration. 
11. 	 Land 

3. 2. 8 Flight 8 - Jan-8-1970 

1. 	 Pre-flight briefing 8:30 A. M. 

2. 	 Take-Off 9:30 A. M. 

3. 	 Make 3 passes overy runway (parallel with runway) at 

5000 ft.; make another 3 passes over runway at 10, 000 ft. 

All 6 passes at minimum speed. Calibration using GSE 

will be made during passes. 

4. 	 Fly to test area, Wallops Sec. 9-D; Lat. 370 07' , Long. 
730 38' 

5. 	 Pilot contact ship at earliest time and request weather data. 

6. 	 Fly Stilwell pattern at 1500 ft. 

7. 	 Fly Stilwell pattern at 10, 000 ft. 

8. 	 Fly pattern Z (6 runs) with following parameters (10, 000 f 

Pulse width = 20 nsec 

Pulse/Frame = 1
 
Polarization = direct
 

Sweep speed = 50 nsec/cm
 
Attenuation = 0 dB 

9. 	 Repeat Step 8 with Pulse/Frame = 2 

10. 	 Repeat Step 8 with Pulse/Frame = 50 

11. 	 Repeat Step 8 with Pulse/Frame = 500 
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12. Fly Stilwell pattern at 1500 ft. 

13. Return to Wallops" 

14. Repeat step 3 

15. Land 

* Pilot notify Wallops plot when starting back to Wallops 

Flight 9 - Jan-9-1970 

1. Pre-flight briefing 

Z. Take-Off 9:30 A. M. 
3. Fly to Wallops Sec. 9-D; Lat. 370 07' ; Long. 730 3 8 1 

4. Pilot contact ship at earliest time and request weather data 

5. At test area, fly Stilwell pattern at 1500 ft. 

6. Fly pattern Z (6 runs) at 10, 000 ft. with following parameters: 

Pulse width = 20 nsec 

Pulse/Frame = 10
 
Polarization = Direct
 

Sweep speed = 50. nsec/cm
 
Attenuation = 0 dB
 

7. Fly pattern 2 again 

Pulse/Frame = Z0 

8. Fly pattern 2 again 

Pulse/Frame = 148 

9. Fly Stilwell pattern at 10, 000 ft. 
10. Fly Stilwell pattern at 1500 ft. 

11. Notify ship that we are leaving the area. 

12. Return to Wallops 

Flight 10 - Jan-20-1970 

1. Pre-flight briefing 8:30 A. M. 
Z. Take-Off 9:30 A.M. 

3. Fly to Tngier Sound; Lat. 38 ° 04' , Long. 75 00, 

4. Pilot request weather data from range recover ship 

5. Fly Stilwell pattern at 1500 ft. 

6. Fly pattern 3 (4 runs) at 5000 ft. with following parameters: 

Pulse width = 10 nsec 

Pulse/Frame = 1
 

Polarization = Direct
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Sweep speed = 50 nsec/cm
 
Attenuation = 20 dB
 

(40 frames/run)
 

7. 	 Fly pattern 3 with: 

Pulse/Fr ame = 2 

8. 	 Fly pattern 3 with: 

Pulse/Frame = 10 

9. 	 Fly pattern 3 with: 

Pulse/Frame = Z0 

10. 	 Fly pattern 3 with: 

Pulse/Frame = 50 

11. 	 Fly pattern 3 with:
 

Pulse/Frame =148
 

IZ. 	 Fly pattern 3 with:
 

Pulse/Frame = 278
 

13. 	 Fly Stilwell pattern at 5000 ft. 
14. 	 Fly Stilwell pattern at 1500 ft. 
15. 	 Return to Wallops 

Flight 11 - Jan- 21-1970 

1. 	 Pre-flight briefing 8:30 A. M. 
2. 	 Take-Off 9:30 A. M. 
3. 	 Fly to Tangier Sound, Lat. 380 04'; Long. 750 00' 
4. 	 Pilot request weather data from ship 
5. 	 Fly Stilwell pattern at 1500 ft. 
6. 	 Fly pattern 3 (4 runs) at 10, 000 ft. with following parameters: 

Pulse/width = 20 nsec
 
Pulse/Frame = 1
 
Polarization = direct
 
Sweep speed = 50 ns/cm
 
Attenuation = 0 dB
 
(40 frames/run)
 

7. 	 Fly pattern 3 with:
 

Pulse/Frame = Z
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8. Fly pattern 3 with: 

Pulse/Frame = 10 

9. Fly pattern 3 with: 

Pulse/Frame = 50 

10. Fly pattern 3 with: 

Pulse/Frame = 147 

11. Fly pattern 3 with: 

Pulse/Frame = 278 

12. Fly Stilwell pattern at 10,'000 ft. 
13. Fly Stilwell pattern at 1500 ft. 
14. Return to Wallops 

Flight 12 - Jan-22-1970 

1. Pre-Flight 8:00 A. M. 
Z. Take-Off 8:30 A. M. 
3. Fly to Long Island Sound (Middle Ground) 

4. Determine Sea and Wind direction 
5. Take 10 frames of transmitted pulse 
6. Fly six rectangular patterns with: 

Altitude = 10, 000 ft. 

Pulse/width = Z0 nsec
 
Polarization = direct
 

Sweep speed = 50 nsec/cm
 
Attenuation = 0 dB
 
Pulse/Frame = 1 30 frames
 

= Z 30 frames 

= 10 30 frames 
- 50 40 frames 
= 148 40 frames 
= 278 40 frames 

7. Take 10 frames of xmitted pulse 
8. Land at JFK 

Flight 13 - Jan-Z6-1970 

I. Pre-Flight briefing 8:30 A. M. 
Z. Take-Off 9:30 A. M. 

3. Fly to Wallops Seg' 9-D; Lat. 370 07' , Long. 730 38 
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Recoverer ship and request weather information4. Contact Range 
5. Fly Stilwell pattern at 1500 ft. 

6. Take 10 frames of transmitted pulse 

7. Fly six rectangular patterns with: 

Altitude = 10, 000 ft. 

Pulse Width = Z0 nsec 
Sweep speed = 50 nsec/cm 

Attenuation = 0 dB 

Peak Power = 3 watt 

run 

1 
z 
3 
4 
5 
6 


pulse/frame 

1 
10 
50 

147 
278 
50 


DOlar 

direct 
direct 
direct 
direct 
direct 
cross
 

8. Fly Stilwell pattern at 10, 000 ft. 

9. Take 10 frames of transmitted pulse 

10. Fly Stilwell pattern at 1500 ft. 

11. Return to Wallops 

Flight 14 - Jan-Z7-19 7 0 

i. Pre-Flight briefing 8:30 A. M. 

2. Take-Off 9:30 A.M. 
3. Fly to Wallops Sec 9-D 

4. Take 10 frames of transmitted pulse 

5. At test area fly Stilwell pattern at .1500 ft. 

6. Fly six rectangular patterns with following radar parameters: 

Pulse Width = 20 nsec 

Peak power = 12 watts 
Altitude = 10, 000 ft. 

Attenuation = 0 dB 

Sweep speed 

Pattern * 

1 
2 
3 
4 


5 

6 

= 50 nsec/cm 

Pulse/Frame 

1 
10 
50 
148 

50 


50 


Polarization 

direct 
direct 
direct 
direct 

cross 


direct 

Roll Angle . 

00
 
00
 
00
 
00
 

°
 0
 

30
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7. Fly Stilwell pattern at 10, 000 ft. 
8. Fly Stilwell pattern at 1, 500 ft. 

9. Take 10 frames of transmitted pulse 
10. 	 Return to Wallops (fly over Tangier Sound to check on 

ice cover). 

Flight 15 - Jan-Z8-1970 

1. 	 Pre-Flight Briefing 8:30 A. M. 

Z. Take-Off 9:30A.M. 
3. Fly to Wallops Sec 9-D 
4. Take 10 frames of transmitted pulse 
5. Fly Stilwell pattern at 1500 ft. 
6. Fly six rectangular patterns at 10, 000 ft with: 

Pulse width = 20 nsec
 
Peak power = IZ watts
 
Attenuation = 0 dB
 

Sweep speed = 50 nsec/cm
 
Polarization = direct
 

Pattern # Pulse/Frame Roll Angle 

0011 
0010Z 
00503 
001484 
002785 
50506 

7. Take 10 frames of transmitted pulse 
8. Fly Stilwell pattern at 10, 000 ft. 
9. Fly Stilwell pattern at 1500 ft. 

10. 	 Return to Wallops 

Flight 16 - Jan-29-1970 

1. Pre-Flight briefing 8:30 A. M. 
Z. Take-Off 9:30 A. M. 
3. Fly to Wallops Sec 9-D; 370 071 , 730 38' 

4. 	 Take 10 frames of transmitted pulse 
5. Contact range recover for weather data 
6. At test area, fly Stilwell at 1500. ft. 
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7. Fly six rectangular patterns at 10, 000 ft. with: 

Pulse width = 20 nsec 
Peak power = 12 watts
 

Attenuation = 0 dB
 
Sweep speed = 50 nsec/cm
 
Polarization = direct 

Pattern # Pulse/Frame Film 

1 1 B&W 
Z 10 B &W 

3 50 B&W 

4 148 B & W 

5 50 Color 

6 148 Color 

8. Take 10 frames of transmitted pulse 

9. Fly Stilwell pattern at 10, 000 ft 

10. Fly Stilwell pattern at 1500 ft. 
11. Contact Range Recoverer when leaving area 

12. Return to Wallops 
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APPENDIX E 

SHARP LEADING EDGE OF MULTIPLE PULSE RETURN
 

FROM OCEAN SCATTERING
 

E-l. Introduction 

It is interesting to note that the leading edge of the multiple return pulse 

signal is more sharply defined then the top of these pulses (see Figure E-l). 

There are several reasons why the observer should expect this to be true. The 

variance of the signal strength at any time during the pulse is proportional to the 

amplitude at that point so that lower signal values on the leading edge results in 

less signal variance. In addition the density variance of leading edge traces is 

measured in a direction perpendicular to that leading edge; while the variance 

of the pulse at the top of the pulse is measured perpendicular to the time base. 

From Figure E-Z we see that when the pulse has a slope to the leading edge this 

results in the variance of trace density being reduced by a factor of the cosine 

of the slope angle; therefore, the full variance appears 6n the top of the pulse 

while the variance on the leading edge in trace density is reduced by two factors, 

the slope of the leading edge and by the lesser expected amplitude of the signal 

on t~e leading edge. 

A formula is derived for the variance of a square law detected Rayleigh 

fading signal corrupted by additive Gaussian noise. In the special case of the 

ramp-like waveforms that arise in satellite altimetry, the formula for the time 

dependence of the variance of the detector output is developed and sketched for 

comparison with flight test data. 

E-1 



Figure E-I. Multiple Pulse Returns 
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Variance in 
signal strength 

// trace density 

Figure E-Z. Expected Waveform and Variance 

E-2. Analysis 

Anarrowband Gaussian (i. e., Rayleigh fading) signal s(t) with power profile 

E[s 2(t)] = P(t) (1) 

is corrupted by additive zero mean stationary Gaussian noise n(t) of 

variance N. The combination y(t) = s(t) + n(t) is subjected to square law 

detection. We seek the variance of the square law detector output v(t) = y Z(t), 

namely 

2
aAZt)) = E [vZ(t) - v(t)] (2) 

where E denotes the statistical expectation operator. 
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From Eqs. (9) and (A-2) of Reference I we have, respectively, 

E[v(t)] = P(t) + N (3) 

2 2E[v (t)] = 3[P(t) + N] . (4) 

(In deriving (4) we have made use of the fact that p (t, t) = p(0) = 1.) 

It follows that 

N] 2c 2 (v(t)) = 2[P(t) + (5) 

Observe that the ratio of the standard deviation of v(t) to the mean of 

v(t) is 

G(v(t)) 
( ) 

E[v(t)] = 42 (6). 

independent of t. Accordingly, the RMS value of the fluctuation of the 

signal is proportional t to the expected value of the signal at each instant. 

E-3. Results Applied to Satellite Altimetry 

In satellite altimetry one receives a signal whose power profile 

is a ramp, 

P(t) = -Pt/T, 05t- T 

when a square pulse is transmitted and a wideband receiver is used. The 

standard deviation of the square law detector output therefore grows 

linearly with time during the interval [0, T]. Accordingly, under low noise 

conditions (P/N >>l).we expect the square law detector output pulses to 

have the general appearance sketched in Figure E-3. 

t The constant in (6) is J-Zrather than I because in Reference 1 we assumed for 

simplicity that the signal was comprised solely of an in-phase component. 
Actucally, it has both in-phase and quadrature components, each with peak 
power P/, and similarly for the noise. Whenthis is taken into account, 
the 4.2 in (6) reduces to I. 
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