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PREFACE

This final report presents the results of work performed by the
Lockheed Missiles & Space Company, Inc., Huntsville Research & Engineer-
ing Center, under Contract DOT-TSC-1098 for the Department of Trans-
portation Systems Center, Cambridgé, Mass. The objective of the contract
was to modify, calibrate, and deploy a mobile laser Doppler velocimeter
system for the measurement of wake vortices and winds at terminal areas.
The period of performance for this study was from July 1975 through June
1976. Lockheed-Huntsville personnel contributing to this effort were E. W.
Coffey, C.E. Craven, B. B. Edwards, E. W. Feese, E.J. Gorzynski, J. L.
Jetton, A.J. Jordan, M. C. Krause, G. M. Miller and K. R. Shrider. The
Contracting Officer's Representative for this work was Dr. J. N. Hallock.
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1. INTRODUCTION AND SUMMARY

1.1 BACKGROUND

Considerable effort is currently being devoted to the development of
instrumentation to remotely sense atmospheric flow phenomena. Some of
the avenues being pursued are both active and passive acoustic, optical, and
radio methods. A useful survey of such methods is presented in Ref.1. Two
advantages of remote sensors are that flow conditions can be ascertained in
regions of space where it would not be convenient to locate conventional in-

’ strumentation, and no modification of the flow at the point of interest is intro-
duced by their use. The lagser Doppler velocimeter (LDV) is a particularly
attractive device for remote sensing of atmospheric phenomena. In the LDV
system, laser radiation is backscattered from moving particulates in the
atmosphere and is used to establish the velocity of the flow. Since optical

¥ tracking of the laser focal volume is possible, a scanning LDV system can

rapidly determine the velocity field over a large region in space. A CO2

laser Doppler velocimeter system possesses the following advantages

over other remote sensing techniques: (1) the sensing volume can be varied

4 with ease as only optic pointing and focusing operations are involved; (2) the

ambient aerosol provides an adequate scattering target; and (3) the sensing

mechanism is non-mechanical which results in the potential for a high fre-

quency turbulence sensor.

The feasibility of utilizing a LDV system for the remote sensing of

boundary layer winds and for the detection, tracking and measurement of
aircraft wake vortices has been demonstrated (Refs.2, 3 and 4). However, !
the development of an effective LDV system for monitoring wind, wind shear, J
i) and wake vortices at terminal areas required further refinement and appli- ‘
cation of this technology including the following tasks: (

b T |




Design and fabrication of a compact, mobile, self-supporting LDV ‘
system.

Improvements to the automatic optical scanner, display, and soft-
ware and accommodation of both wind and vortex tracking modes
of operation.

Comprehensive field testing of the LDV system in both wind and
vortex tracking modes to establish the basic operational capabilities,
resolution, and integrity of the system,

This technical report deals with the above tasks and summarizes the efforts
carried out by Lockheed-Huntsville to develop a wind, wind shear, and
wake vortex remote sensor. Tasks 1 and 2 were undertaken by Lockheed-
Huntsville using Company funds. A mobile self-supporting LDV system, the

Lockheed-Huntsville LDV van, with automatic scanning capabilities for wind

and wake vortex measurements was designed, fabricated, and field tested in
1975. Based on the successful demonstration of the LDV system, the Depart-
ment of Transportation, Transportation Systems Center, contracted Lockheed-
Huntsville to make further refinements to the mobile LDV system and to deploy
it at the John F. Kennedy International Airport (JFK) and to evaluate its opera-
tional capabilities. The results of the research and development effort are

the subject of this technical report.

1.2 PROGRAM OBJECTIVES

The research program focused on the evaluation of the Lockheed-

Huntsville LDV for providing wind, wind shear, and wake vortex measure-
ments in support of airport operations. The program encompassed the

following tasks:

| Completion of minor modifications to the Lockheed -Huntsville LDV
; to enable tracking of vortices over a long period of time ~

Calibration of the laser system in its various scanning modes
Installation of displays to monitor the operation of the system on-line

Collection of a data base of both wind and wake vortex measurements
at JFK '

Establishment of the overall performance capabilities of the system
for wind, wind shear, and wake vortex measurements based on the
analysis of the above measurements.

1-2
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To achieve these program objectives, the LDV system was deployed at two
test sites: at the Huntsville Jetplex in Huntsville, Alabama, and at the John

F. Kennedy (JFK) International Airport in New York. The purpose of the
Huntsville Jetplex tests was to calibrate the system and to obtain sample

wake vortex measurements. Following the successful demonstration of the
system at the Jetplex, the LDV system was transported to JFK. During the
JFK field tests, spanning 30 days, the LDV observed and recorded wake
vortex trajectories during normal landing operations. In addition, wind field
measurements were carried out with the LDV and compared with JFK meteor -
ological tower measurements. The report discusses the check out, calibra-

tion, and operation of the mobile laser Doppler system during the two tests.

1.3 REPORT FORMAT

A discussion of the mobile laser Doppler system is presented in the
following sections. The development of the LDV systcm is addressed first
in Section 2 followed by a description of the computer software algorithms
in Section 3. The field tests of the LDV are discussed in Section 4 and the
wake vortex measurements are presented in Section 5. Wind and wind shear
measurements are discussed in Section 6. A summary and overview of the
program is given in Section 7.




2. LASER DOPPLER SYSTEM DEVELOPMENT

2.1 SYSTEM DESCRIPTION

A remote sensing system has been developed by Lockheed-Huntsville
for tracking wake vortices and for measuring a three-dimensional
wind profile. The basic hardware consists of a laser and associated optical
systems, the scanning system, and the display/processing system as shown
in Fig.2-1. The apparatus is housed in a mobile van, sketched in the upper
right-hand corner of Fig.2-1. A description of the LDV system includes
discussion of the laser Doppler principle, optical system, scanning system,

signal processing system, and data recording and display system.

2.1.1 Laser Doppler Principle

An LDV wind/vortex sensor involves measurement of the Doppler spec-
trum of laser radiation backscattered by atmospheric aerosols. The instru-
ment must incorporate means to transmit the laser radiation to the region of
interest, collect the radiation backscattered from the atmospheric aerosol,
and to photomix on a photodetector the scattered radiation and a portion of
the tranmitted beam. A variable frequency component, at the Doppler shift
frequency, is generated at the photodetector which is translatable into an
along -optic-axis wind velocity component using appropriate electronics. The
magnitude of the Doppler shift, Af, is given by the equation

Af = 'i- Ivl'colo.

where
velocity vector in the region being sensed

> <l
n

the laser radiation wavelength (10.6 microns for the
COz laser), and

® = the angle subtended by the velocity vector and the
optic system line of sight.

2-1 e
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Using the CO2 laser, 1 m/sec of line-of-sight velocity component yields a
Doppler shift of 188 kHz. Thus, measurement of the Doppler shift frequency,
Af, yields directly the line-of-sight velocity component |—\"| cosf. Some
advantages of the CO2 laser Doppler method are: (1) the Doppler shift is a di-
rect absolute measure of the velocity (for example, a hot wire yields velocity
via a cooling effect on the wire), (2) the ease with which the sensing volume
can be varied (optics pointing and focusing operations only being involved);

(3) the ambient -aerosols provide sufficient scattering, thus enabling opera-
tion in clear air conditions; and (4) the ambient aerosol tracer has a small
inertia and responds quickly to variations in windspeed and could thus be a
good turbulence indicator.

A useful instrument must incorporate means to scan the system's reso-
lution volume in a prescribed manner and to effect the required signal process-
ing, on-line read-out, and permanent recording requirements. The hardware
implementation of the field laser Doppler unit used during the investigation

is discussed in the following subsections,

2.1.2 Optical System

The optical system is of a monostatic design and uses a continuous
wave laser. The system depends on focusing the transmitter telescope at the
location of interest for its spatial resolution property. Details of the optical
arrangement are shown in Fig.2-2.

A horizontally-polarized, 15-watt, continuous wave CO2 laser beam

(10.6 micron wavelength) emerges from the laser @nnd is deflected 90

degrees first by a mirror @and then by a 90% reflecting beam splitter @
The approximately 0.23 in. diameter beam then passes through a Brewster
window @ and a CdS quarter waveplate @ which converts the beam to cir-
cular polarization. The beam impinges on the secondary mirror @and is B
expanded and reflected into the primary mirror (1 ft diameter) @ and “?
then focused out into the atmosphere. A wire stop @ eliminates most of ji
the secondary mirror reflection of the outgoing beam. A small portion of :
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the original laser beam is transmitted through the beamsplitter @and is
used as a local oscillator after being rotated to vertical polarization by a
half waveplate @ Energy scattered by aerosols, at the focal volume @

is collected by the primary mirror @ collimated by the secondary @, and
passed through the quarter waveplate @ The quarter waveplate @ changes
the polarization of the aerosol backscattered radiation from circular to vertical
linear polarization. The vertically polarized beam is approximately 78% re-
flected off the Brewster window @ and directed via a mirror @through the
beamsplitter @ where it is combined with the local oscillator radiation.
After passing through the collecting lens @ the two beams are photomixed
on the detector @ in a heterodyne configuration. The electrical output of
the detector ({2 is amplified with a 5 MHz bandwidth, 20 dB gain low noise
type preamplifier @ and fed into a spectrum analyzer @

An alternative operating configuration consists of using the portion
of the outgoing beam backscattered into the interferometer by the secondary
mirror @al the local oscillator beam. This mode of operation is less
susceptible to optical misalignment difficulties and was the technique used
during most of this investigation. When incorporated, the optical leg @@@
was deactivated by the beam stop and the wire stop @ removed.

2.1.3 Optical Scanning System

To give the flexibility needed to operate in various modes of operation
(Section 2.3) the antenna arrangement shown in Fig.2-3 is used. The mirror
arrangement AB can be rotated about the vertical axis, thus producing the
Velocity-Azimuth Display (VAD) or conical scan mode of operation. Mirror
A is adjusted to deflect the beam into a plane normal to the plane of the paper
and at a zenith angle corresponding to the required conical scan angle.

A plane or an arc in space can be interrogated by using the system's
elevation scan capability which consists of rotating mirror A about a horizontal
axis. The transfer of this capability from mirror C to mirror A and the in-
crease of the elevation scan angle range from 60 to 180 degrees was one of

R




Conical Scan

I‘ Rotation Axis

| (Vertical)

Elevation Scan
Rotation Axis
(Horizontal)
Mirror A only

62

Fig.2-3 - Scan Equipment Added to LDV




> the tasks of this program. This added capability admitted considerable
flexibility in the tracking of wake vortices. The scanning hardware is de-
ployed on the mobile van as shown in Fig, 2-4.

The system's focal volume is range scanned by varying the separation
of the telescope secondary mirror, E, and the primary mirror, D (Fig.2-3).
This is done by varying the position of the mirror, E, in a controlled manner
by an electric motor/optical encoder combination. The scanning system is
addressed by a control panel incorporating thumbswitch controls and LED
monitors. The system's scan capabilities are summarized in Table 2-1 and
Fig.2-5.

2.1.4 Signal Processing System

The LDV signal processing system consists of a detector, spectrum
analyser, frequency voltage converter (tracker), input/output coupler, and
peripheral hardware. A block diagram of the basic signal processing system
is shown in Fig.2-6. The heterodyned laser return is converted into an elec-
trical signal by the detector and is amplified. The frequency content of the
signal is determined by the spectrum analyzer. The resulting signal is dis-
played and its intensity and frequency ultimately recorded in digital form.

SRR TS S AT 2 e e g

The Doppler content of the photodetector output is extracted through the
use of a sampled spectrum analyzer which provides frequency spectra at a
70 Hz rate. A typical Doppler wind spectrum is shown in Fig.2-7. To yield
a line-of-sight velocity estimate, a voltage is generated which has the same
time behavior as the Doppler shift, { g 28 given by the peak of the spectrum,
The implementation of this technique is, in essence, a recursive com-
parison method. The spectrum analyzer scan is driven by a sawtooth voltage
derived from a D/A converter, the input to which is counter clocked at a con-
@ stant rate, hence the digital number output of the counter represents frequency
on a linear scale. At each new count, the spectrum analyzer output is con-
verted to a digital representation by an A/D converter, and the binary number

2.7




Fig.2-4 - Multimode Scanner




Table 2-1
SCAN CAPABILITY

RANGE

Maximum Limit: 2600 ft
Minimum Limit: 52 ft

Scan Frequency: 0.1 to 6.9 Hz

ELEVATION

Maximum Limit: 90 deg
Minimum Limit: 0 deg

Hard Limit: 3 deg with Override
Scan Frequency: 0.1 to 0.5 Hz

O O 3 A SN Y Qe 08 i

VAD MODE

Measurement Altitude: 33 to 2100 ft
Measurement Time/Altitude: 5 sec
Sample Rate: 1 to 7 Cycles

Number of Altitudes: 8

MULTIMODE

Elevation Coverage: 3 to 90 deg Upwind and
Downwind

Scan Plane Azimuth: 360 deg
Vertical Line Scan; 52 to 2100 ft

Overhead Arc Scan: 90 deg Coverage Maximum

ACCURACY

Range: 1 ft at 98 ft, 98 ft at 984 ft
Elevation: 0.25 deg
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Wind Signal

Signal Amplitude

0 0.75 MHz 2 MHz
(~ 13 ft/sec) (34.8 ft/sec)

Frequency (velocity)—

e S — SNUUNEES S e —— -

Fig.2-7 - Typical LDV Wind Signature as Displayed by Spectrum Analyzer
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representing the current sample is compared with that obtained on the pre-
vious count. If the current one is the larger of the two, it is saved by storing
in a latch, along with the binary number representing its frequency; if it is
smaller, the previous one is retained until the next comparison. This process
is continued for the entire sweep. It is evident that the number remaining in
the frequency store latch, when the sweep is completed, corresponds to the
highest signal power observed, i.e., the peak of the spectrum. At the end of
each sweep, the new peak frequency found replaces that obtained on the pre-
vious sweep. An example of the output is shown in Fig.2-8 for tt & case of an
FM signal of center frequency 2.0 MHz (fo) modulated to +200 kHz about fo at

a 5 Hz rate sinusoidally.

f =5 Hz Sine Wave
m

Oscilloscope Data

Horiz.= 0.1 sec/div
= 1 V/div

Fig.2-8 - Output of Signal Processor for FM Modulated Input

A provision is included for tracking single sideband-suppressed carrier
signals, with an identification of upper or lower sideband such that if used
in conjunction with an acousto-optic modulator the unit can discriminate the
sign of the Doppler shift. The signal feedthrough at the translated frequency
can also be discriminated against digitally, thus elin.inating the need for a

"notch filter.!
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The raw spectral information (output of the spectrum analyzer) is also .
made available to the Systems Engineering Laboratories (SEL) 810A data
logging minicomputer which is programmed to generate its own estimate of

the spectral peak and is discussed later in Section 3.

2.1.5 Data Recording and Display

The primary data gathering function is performed by a SEL 810A general
purpose minicomputer. Data acquired by the Mobile Atmospheric Unit is for-
matted by the computer software and stored on magnetic tape for subsequent
processing. The SEL 7-track tape control and magnetic tape units allow

} digital recording of data at 800 bpi at 45 ips. The data logged by the com-

puter includes:

. All scan volume location parameters

oo

""Mode of operation' identifier

0

. The instantaneous line-of-sight velocity information

o

. The Doppler spectrum peak strength

e. Full spectrum intensity and frequency information

(optical)
f. A data quality identifier.

Properties of the Doppler spectrum, namely the amplitude and frequency

) corresponding to the spectral peak, are obtained as a result of on-line com-
puter processing; the frequency is also obtained by the spectral peak locator
(velocity processor) discussed previously. The latter allows some flexibility

for on-line operator displays (see below).

The velocity processor estimate of the instantanzous line-of-sight
velocity, updated at a 70-Hz rate, is available in analog format which can
\ be recorded directly on a strip chart recorder (an option which is extremely
useful during the VAD mode of operation for monitoring the characteristic
profile). During vortex tracking operations the velocity processor's output
is used to modulate the intensity of a CRT beam which is driven to trace
on the tube face an exact replica of the scan pattern generated by the

t 2-14




scanning system. The display shows on-line the location of high velocity
regions. For vortex tracking purposes, the display aids the operator in
selecting the optimum scan adjustments so that the trajectory of the wake
vortex can be recorded. The integiration of such a vortex display into the
system was a required task in the Scope of Work. The information in this
subsection is supplemented by the discussion in Section 2.4 relating to data

transfer and formatting.

Some overall views of the mobile unit hardware as used during the

program are shown in Figs.2-9 through 2-12.

2.2 SYSTEM SPECIFICATIONS

Specifications for the subsystems and components are as shown in
Table 2-2,

2.3 MODES OF SYSTEM OPERATION
2.3.1 Winds Aloft Sensing

Using the basic system outlined previously it is possible, by scanning
operations, to determine the three-component wind field at any specified
altitude between 50 and 2000 feet. Since the LDV system measures the wind
velocity at a given point in space along the optical system's line of sight, it
is necessary to sample the line-of-sight velocity at different points in space
to compute the full three-dimensional wind field. The scanning method em-
ployed is commonly referred to as the Velocity Azimuth Display* (VAD) tech-
nique which was used by Lhermitte and Atlas in conjunction with a micro-
wave radar (Ref. 5).

The telescope is focused at the altitude of interest, the beam being di-
rected at a zenith angle, a. The beam is then scanned in azimuth, thus tracing

*Aluo known as conical scan technique because of beam scanning configuration.
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Fig.2-12 - Computer Mainframe, Teletype, and LDV Electronics




Table 2-2
LOCKHEED DETAILED COMPONENT SPECIFICATIONS

Overall Performance Specifications

Range & 52 ft to 2600 ft Line of Sight
Velocity Measurement Threshold: =& .7 ft/sec Line of Sight
Measurement Accuracy: Velocity % +1.64 ft/sec, Direction &~ +3 deg.

Laser

Type: Honeywell Model 9000 with Recharging Capability
Power: 15 W at P(20) (Nominal)

Mode: TEMggn, (Single Mode)

Stability: Long Term, +2%; Short Term, *+0.5%

Beam Diameter: 0.0197 ft

Type: Rockwell, Pb-Sn-Te Photovoltaic

2

Diameter: 12 in. Primary, 0.5 in. Secondary
Spatial Resolution: #+ 125 ft at 1000 ft range at 50% power point

2. | Detector
Quantum Efficiency > 40%
Freq. Response: > 50 z
Element Size: ~.4 x 10~ ft
Dynamic Impedance: >200
Number of Elements: 4

3. | Telescope

4. | Interferometer

Type: Mach-~Zehnder
Polarization Input: Horizontal
Polarization Output: Circular
Polarization Recombined: Vertical
Components: Mirrors (4)
Half Wave Plate (1)
Quarter Wave Plate (1)
Brewster Window (1)
Beamsplitter (2)
Lens (1)
Aperture (1)




Table 2-2 (Continued)

Range/Altitude Scan

Excursion: 52 ft to 2600 ft
Rate (Auto): 0.1 to 6.9 Hz in 0.1 Hz Steps
Rate (Manual): Slew — 0.2 Hz
Step — 6.56 ft Increments
Accuracy: Static = 0.7% at 1148 ft Range
Dynamic — 0.5% at 561 ft Range

Modes: Manual — Slew
Manual — Single Increment
Auto ~ Range
Auto ~ Altitude

Altitude Limits: 33 ft to 2100 ft
Altitude Steps: 8 maximum, Any Combination
Incremental Altitudes for 8 Equal Steps
Readout (LED): Range, Altitude, Azimuth Angle, Altitude Increment

VAD Scan

Measurement Time/Alt.: 5 sec
Frame Rate: 40 sec
Cone Angle: 0 to 60 deg, Manually Adjustable

Processing System

Signal Processor: HP Spectrum Analyzer, Velocity Processor (LMSC)
Sample Rate: 70 Hz
Modes: Translate or Non-Translate
Velocity Peak or Velocity Max.
AGC: Auto Threshold
Output: 0 to 5 Vdc
Resolution: 0.328 ft/sec

Minicomputer
SEL 810 Data Logging System

2-21
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Table 2-2 (Concluded)

9.1 Van Support Equipment

15 kVA 4 Cycle Generator
(4.3 x 1.6 x 2.3 ft, 800 1b)
24,000 Btu Air Conditioning
5 kVA Heating (Electric)
Leveling Jacks

10.| Optional Scan

Elevation Scan Added to Provide "Finger-Scan' Mode for Vortex
Tracking.

Excursion: 0 to 90 deg
Rate (Auto): 0.1 to 0.5 Hz in 0.1 Hz Steps
Rate (Manual): Slew ~ 0.2 Hz
Step—~ 0.5 deg Increments
Accuracy: Static — 0.8% at 60 deg Angle
Dynamic ~ 1.6% at 90 deg Angle
Modes: Manual — Slew .
Manual — Single Increment
Auto — Elev.

Readout (LED): Elevation Angle )

Van Support — Equipped with air conditioning, heat, power

Equipment distribution, 100 ft cables, lights, leveling
jacks and 15 kVA auxiliary power unit

Signal Processing — Spectrum Analyzer, Velocity Processor

Data Processor — SEL 810A Data Logger

Scanner — Auto Range, Altitude, Azimuth, for VAD,

etc; Elevation Scan Optional

Operational Equipment — Time Code Generator; Oscilloscope; Power
Meter; Tesla Coil; and Calibration Target

2-22




out a circle at the selected altitude (Fig.2-13). The instantaneous mean

radial velocity within the sensing volume as measured by the radar, Yot is

given by

v, = W sina cos(0 - 90) + w cosa,

Yh and 90, respectively, being the speed and direction of the horizontal wind
motion and w the vertical motion at the height being sampled. From the
amplitude, phase and dc component of the VAD signature it is possible
to compute the horizontal speed and direction and vertical velocity of the
wind field.

In the present mode of operation it is the absolute value of * (lvr“ that
is sensed, a deficiency that allows an ambiguity of 7 in the wind direction esti-
mate. The modifications that this makes to the VAD profile and the respective

equations for the velocity components are indicated in Fig.2-14.

While operating in the VAD mode the system is capable of interrogating n
(n = 1 through 8) altitudes (that can be dialed in by using thumbswitches) in

sequence over a total time period of 5np sec where

5 sec = time for conical sweep at one altitude
n = number of altitudes to be interrogated

P = number of VAD scans at each altitude
(can be chosen to be 1 through 7).

During this investigation n = 8, p = 1 were utilized thus allowing the interro-
gation of eight altitudes every 40 seconds and the sequence was repeated for

the required test duration.

2.3.2 Coordinated Range and Elevation Scanning and Fcint Sensing Mode
of Operation

The basic LDV has the capability of determining the wind velocity com-
ponent along the optical system's line of sight and within the system's sensing
volume (Section 2.5). The hardware is arranged to range scan along a selectable
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Fig.2-14 - Azimuth Angle Dependence of Measured Velocity Component

line of sight by varying the position of the telescope secondary mirror, E,
relative to the primary, D, (Fig.2-3) so as to scan the system's sensing volume
linearly betwecn fixed range limits. The relationship between the separation,
DE, and the range to the sensing volume is given by the lens equation.

This procedure will result in the line-of-sight velocity profile along the chosen
line of sight and between the range limits. The elevation angle can also be
scanned in a controlled manner by scanning the output mirror shown in Fig.2-3.
A coordinated range and elevation scan was the basic mode of operation during
vortex tracking. Fast range and slow elevation scans generate a ''finger scan"
pattern in the plane of interest. Any location of interest could be '"dialed in"
using the scanner controls and that region interrogated continuously. The

scan patterns traced out in the two modes of operation are shown in Fig.2-15.

24 ON-LINE DATA MANIPULATION

The data from the LDV system are (ransferred to the computer along four
digital input channels. It is reformatted and recorded on 7-track magnetic
tape for off-line data processing. Software to locate the peak intensity within
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each spectrum, subject to the constraints of frequency and amplitude thres-
holds and the associated sample count number (velocity), is also incorporated.

Additional details of the latter process are included in Appendix B.

Recorded data consist of four 16-bit words for each spectrum analyzer
sweep. The se four words correspond to the four SEL logical input channels
(60, 61, 62 and 63) read for the spectrum analyzer sample count at which the
peak intensity occurred during a given sweep. The logger identifies the peak
intensity condition independent of the ''data acceptable' condition*;‘ four 16-bit
words (identifying sample count location, range or altitude, angle, and appro-
priate scanning parameters) are saved for each spectrum analyzer sweep with
the data acceptable consideration left to the off-line software. After 280 spec-
trum analyzer sweeps an 1120-word buffer is filled (four words/sweep x 280
sweeps) and a block transfer to magnetic tape are accomplished. The logger
ensures that this block transfer is completed before permitting data acquisi-
tion to proceed. Thus, a period of one spectrum analyzer sweep and two
spectrum analyzer flybacks are occupied with the block transfer of data; thus
one spectrum analyzer sweep is lost every 280 sweeps. At the 70-Hz rate,
the 1120-word buffer is filled and written to tape approximately every four
seconds. The format of the 7-track magnetic tape for the peak intensity logger
is given in Fig.2-16. In general, each run (VAD or aircraft fly-by), will gen-
erate a distinct number of 1120-word records (one every four seconds at 70-
Hz rate) with one end-of-file at the end of the run. At the end of the day (or
data taking period) two (2) end-of-files are marked at the end of the last run

on tape.

*
""Data acceptable' condition is an indication as to whether a Doppler burst
above both velocity and amplitude thresholds occurred during a spectrum
analyzer sweep.




MAG. TAPE FORMAT 1120 WORD RECORD DESCRIPTION

1 Load Point
P 1120 Word Ch. 60 Ch. 61 Ch.62 Ch. 63
| Record
EOR Sweep 1 |Word 1 Word 2 Word 3 Word 4

1120 Word Sweep 2 |Word 5 Word 6 Word 7 Word 8
r Record EOR

l Runl<

EOR Sweep 280|Word 1117 Word 1118 Word 1119 Word 1120

1120 Word

Record
b—— - ——{EOR

End-of-File|

1120 Word
Record

Bl

{ EOR

Run2<

EOR

1120 Word
Record

EOR

\_ | End-of-Filg

EOR is standard 3/4 inch
End-of-Record gap

(" | 1120 Word
Record

EOR

EOR

1120 Word
Record

EOR
End-of-Fildg

N End-of-File

Fig.2-16 - SEL 810A Magnetic Tape Format (Peak Intensity Logger)
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2.5 PERTINENT LDV PERFORMANCE PARAMETERS
2.5.1 Theory

The performance characteristics of an LDV system can be quoted in
terms of the signal-to-noise ratio of the output and the dimensions of the
sensing volume interrogated. Expressions for these parameters are derivable
from an electromagnetic wave treatment of the laser radiation propagation and
interaction with the aerosol medium. For the Cassegrainian optical system of
interest here the field, u, generated by the telescope assuming a TEMOOn laser

beam mode shape is given by (Ref.2)

2 : 2
alt,x',y',2") = - }%J@ exp[i (kz' -wt)]exp(‘—‘-é—}).

ao/a
/ 7, (2 BE expz-[l-i,’:} (1-8)] xzixdx.

a./a

i
where p'2 = x'2 + y’z = radius at range z' from the telescope, k =27/A, A= laser

wavelength, a = exp(~2) radius of the TEM laser mode at the telescope exit,

00n
N = number of photons transmitted per second, a = telescope outer radius,

a, = radius of telescope inner hole, Jo( ) = zeroth order Bessel function,

B = waz/xz, € =2/f, f = range to focus in the atmosphere, (x', z')are dimensions

in the plane of telescope, ¢ = speed of light, and t = time.

For a >>a (laser beam width considerably smaller than the telescope
diameter, i.e., the telescope does not truncate the laser beam) a simple treat-
ment of the total LDV system is possible. Specifically the following results
apply (see Ref. 2 for details):

The signal-to-noise ratio (S/N) at the output of the monostatic continuous

wave LDV system is given by
S/N = p(no) AP/4hyB,
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where "
n = the photodetector quantum efficiency

ng = the scattering cross section of the aerosol at a
wavelength, A (units of inverse length)

P = laser power transmitted
hy = photon energy at the wavelength, A, and

B = bandwidth of the filter being used to monitor the
Doppler frequency.

Note that the above is independent of the range to focus and also of the

optic diameter. The physical reason is that the sensed volume varies as
(f/R)4 where f is the range to focus and R the optic diameter. The number
of targets is therefore o £4 which cancels the f-4 dependence of the return

from a single target.

Substituting typical parameters in the S/N equation, namely,

n = 0.3 '
ng = 5.03 x 10°7 £t~! (14 mi visibility)

A = 106

P =15W

B = 30 kHz (i.e., a filter with ~ 0.5 fps resolution)
hy = photon energy at 10.6 = 1.78 x 10-23 Btu,

we have an estimate of 45.5 dB for the signal-to-noise ratio. This estimate
should be further adjusted by no more than 5 dB of system optical losses.
Such signal-to-noise ratios are routinely observed from wind returns.

The spatial resolution cell parameters of interest are the length along
the optic line of sight and its diameter. The latter is always small for the
ranges of interest here (~0.4 in) and will not be considered further.
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The along -axis resolution is given by 2) fz/:a2 for the untruncated
theory (where a can be considered to be the telescope diameter). In practice,
achieving the condition ao>> a is difficult for a given beam diameter, a, be-
cause optic sizes become unwieldly. Studies have shown that the optimum
arrangement for a given optic size is to illuminate the telescope such that
the exp(~2) points of the intensity pattern coincide with the extremity of the
mirror. Under such a condition the LDV sensing volume length, AL, along

the optic axis between the 3 dB antenna pattern points is given by

I

a

>

AL = 4.4

(ao = telescope primary radius).

N
o N

This equation represents a degradation of a factor of 2.2 over the untruncated
case. The truncated effects on the signal-to-noise ratio (~ 3 dB loss) are of
little concern here since in practice under a variety of weather conditions in

various parts of the continental United States the signal-to-noise ratios have

always been ample (> 25 dB).

For the one-foot diameter optic size of interest the sensing volume

length at various ranges are:

Range Sensing Volume
(ft) Letgtn
100 +0.975
500 +24.4
1000 197.4
2000 1390.0




_

2.5.2 Summary of Pertinent Performance Data

Spatial Resolution vs Range Results

The antenna pattern of thelaser Doppler system was investigated by
interrogating a target of known velocity and position — a rotating disc
at various ranges from the LDV. The procedure involved adjusting the
line of sight to intersect the disc at some radius to yield a convenient Doppler
shift. Range scanning along this line of sight was then initiated. The disc sur-
face consisted of No. 600 grit sandpaper and four ranges between 230 and 800 ft
were carefully measured. The heterodyne output of the Pb-Sn-Te detector
was monitored by the spectrum analyzer adjusted to operate in the fixed fre-
quency receiver mode and tuned to the Doppler frequency. As the secondary
mirror was scanned the receiver response was recorded on a strip chart re-
corder along with the range command voltage. The range increment at which
the Doppler signal deteriorated to the one-half power level was then graphi-
cally obtained from the chart data. A typical strip chart record is shown in
Fig. 2-17 and the resolution data calculated from such profiles are shown in f
Fig. 2-18 on which is also plotted the expected theoretical behavior for the
nominal system parameters, i.e., 2 beam diameter of 12 inches at the telescope

primary (defined at the exp (-2) intensity points).

It is observed that the measured values are some 40% larger than theo-
retical (i.e., above diffraction limit) which is indicative of some system ineffi-
ciences. Among the contributing factors are respectively: aberrations, alignment
difficulties, and beam size and shape deviations from nominal. Experience
has shown that beam shape deformation is probably the chief culprit in that
occasionally, when the laser beam output is observed to be non-gaussian (i.e.,
when it contains multiple intensity peaks), serious degradation of the system
spatial resolution capability occurs. Analysis shows abberation effects to be
small and also that beam size deviations from nominal are not overly important
(a fact not obvious from the theoretical equation for the resolution, i.e., AL =

2 Al
544—-12‘— , since the degree of beam truncation by the telescope primary has been

T a,
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