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PREFACE R
w4
Wires and other obstacles of small, cross-sectional areas have been significant safety o
hazards to low-flying Army helicoptors for many years. With the increased use of -
nap-of-the-earth and terrain contour flight techniques, the probability of wire strikes ~
occurring increases. Also, substantial increases in the cost of the newer, more :::
sophisticated Army helicoptors such as the Apache (AH-64) make the economic :'.:;
impact of associated equipment losses more critical, even without considering losses NG
of highly trained and valued personnel. During fiscal years 1981 through 1983, Army
records showed that 20 wire strikes occurred, resulting in 13 fatalities and $12 million 28]
in equipment losses. ol
o
"The Army needs a low-cost, lightweight sensor which is capable of providing Ay
helicopter pilots sufficient warning of the existence and location of wires to allow ®
evasive action. Laser radar is the strongest candidate technology for this application N
because of the high angular and range resolution it can provide consistent with ]
volume and weight constraints. Coherent carbon dioxide laser radar operating at a
wavelength of 10.6 micrometers is one of the options under consideration for this Q'
purpose. °
In order to adequately model and predict performance of candidate sensor designs, Z:;:
quantitative retroreflectance information on types and conditions of wires and cables ::_f‘
expected to be encountered in the field is needed. Measurements of wire eos
retroreflectance at 10.6 micrometers have been reported previously by several . )
authors.'> The investigation reported herein extends the data base to include other A
wires and, more importantly, measures the retroreflectance when the wires are wet }";
and atter weathering has occurred. As will be shown in this report, the latter two ‘{::.
cases are significantly worse than dry, unweathered wires since reflectance is :3:}'-
substantially reduced under those conditions. System performance implications are s
considered and detection range is related to retroreflectance for a variety of .\.
conditions. — 3‘_"
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. SECTION I. WIRE AND CABLE RETROREFLECTANCE X
b MEASUREMENTS R
‘s
[
Experimental Configurations
- The optical configuration is shown in Figure 1. The detection scheme is offset .
v homodyne. Bragg cells are used to create a frequency difference of 10.7 MHz between o
the local oscillator and transmit beams. A portion of the transmitted radiation is o
reflected back to the system by the wire sample and is mixed with the local oscillator.
The transmit and receive apertures are displaced from each other by a distance of =
approximately 3 cm. This results in an angular displacement of less than 1° as seen -
_ from the sample. The sizes of the transmit and receive apertures are determined by
3 the beam waist at the laser output mirror and by an adjustable iris placed in front of Y
the detector. The iris was adjusted to a diameter of approximately 3 mm, making it
) the same size as the beam waist. We will thus assume that the two apertures are one N
) and the same; i.e., the system is effectively monostatic. N
v : :‘
N N
~ N,
- Beam qudrxzarvr)n -
ot Virror Sphitter / ,":
S __<_ .| Trans —_—— %_ Lasr" b:
.. .' N
) i T \1/ \.:
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- Figure 1. Optical Configuration Used for Measurements :
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The signal is electronically processed through a bandwidth of 30 KHz and the detector
voltage, which is proportional to the return signal, is measured with a spectrum
analyzer. The wire sample is placed at a distance of 6 meters from the transmit
aperture, and is oriented parallel to the optical table. The incident radiation is
polarized horizontally. Speckle and glint averaging is accomplished by rotating the
wire about its long axis at a constant rate of approximately 0.3 Hz. This results in a
maximum frequency shifting of the return signal on the order of 1 KHz which lies
well within the system bandwidth. For the wet measurements, wires were wetted by
irrigating the above samples. Copper tubing was positioned above the wires and water
was delivered through a series of holes in the tubing. :
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Retroreflectance Distributions
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The retroreflectance, f, is defined by:

L L
a~y
LY

ddr = f didr

o

so that

f

dé-
- & dQr

.

w “( {‘{‘($f

‘5
4

Qr = Solid angle subtended by the receive aperture
$ Incident flux
$r = Reflected flux

:
1>
¥

S
Ay

This retroreflectance can be equated to the bidirectional reflectance distribution function
bv noting that the former is just a special case of the latter when the transmit and
receive aperture are the same size and located in the same position. In other words,
retroreflectance is the monostatic equivalent of bidirectional reflectance.
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The comparison of two reflecting samples allows us to write the ratio of the
retroreflectances as:

i

.
P
Pl )

" a
»

20

ddr.
Gurdlr

dQr.2
2400z

.

LY R
' A
L

" ..",..‘}~ v,
AN _'

7

S 4
L] l'
R

rr_r_v
)
.

.
v N,
R

4"y .n'..i', ol w '(.'v. '
"y -—- A

r
]

s
LI 4

»
s

"

.“,.’

et e LN LT NS RN L e LT e L e I S
AR N A R AN .r\. vl e




o3

+ .".I
> -.’N
) Assuming that the two samples have identical geometries, and that the radiation incident -:'.:
on them from the laser radar is constant, we have for the monostatic case: Y
. \J
e
, fi dér. '
3 = Fo
\ f2 ddr.2 (4] oy
. o
) '-\.

' In this experiment, sample 1 is the wire to be measured and sample 2 is a reference
standard. The retroreflectance for the wire sample is given by:

.’l. I‘

: dr. ]
- f = o —— oA
ddr.2 (5] ._':
T
The transfer standards for this experiment were strips of sandpaper cut to the same y
: width of the wire to be tested. Sandpaper samples have been shown to be excellent Y
: approximations to Lambertian surfaces in previous experiments® as well as by using this '
. apparatus. “
“_:-
The reflectivity, o, of a material is defined as the ratio of the total reflected power in all ’“
directions to the incideat power. * Using a Lambertian reflector and integrating the ::C
¢ cosine distribution of reflected power over the hemisphere into which power is reflected, NG
3 it can be shown that the relationship between reflectivity and reflectance is: G
N
» :‘J'
y f =2 _ : - 18] v
)
" ' o
[,
' Combining equations [5] and [6] gives: N
A
% ddra 7
fi = — —— .
b g 64)(.2 [7]

e

AN

For the case of heterodyne detection:!

"l'

l.l 'I
LAY

-

K
A ~
=
j K = Constant -
V = Detector output voltage o
A = Detector area (8]

d )
1 .Jl
] Substituting this result into equation {7] gives the result for the retroreflectance of the .:'-;'.
‘ wire sample: e
A 4
DY
P,V ~

f‘(g) = - —_— !
T V:z ;:-
(9] o
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Measurement Procedures

The experiment consisted of measurements of reflectance for the monostatic case
which is shown in Figure 2. Three major types of wires were studied: stranded
metallic, consisting of aluminum and copper wires; insulated; and weathered metallic
wires, of all which were measured in both wet and dry states. Descriptions of the
individual samples are given in Table 1. The procedure was verified by measurements
on a 4 inch diameter disc of flowers of sulfur. This sample has been shown
previously 3 to be an excellent approximation to a Lambertian, or perfectly diffuse,
reflector at this wavelength. The reflectivity has been measured to be between 0.5 and
0.8 for such a surface. For a Lambertian reflector, the reflectance falls off as the
cosine of the incident angle. Plotted in Figure 3 is the retroreflectance of the sulfur.
The values are divided by the cosine factor, so that the surface should plot as a
straight line. It is seen that the results are very much as expected. The sharp peak at
normal incidence is an irregularity of this particular sample, and has been observed in
previous experiments. Converting the retroreflectance values to reflectivity and
integrating over the possible viewing angles, we obtain a reflectivity value of 0.85
which is near the range of previously obtained values.

d” ?"ffr‘f- %

RS

v e

. '/ ."l ./I
.

In order to simulate an actual wire detection system and avoid scaling errors due to
the position of the wire in the beam, it is essential that the beam be larger than any of
the samples. The relative sizes of the samples as compared to the laser spot are
depicted in Figure 4. The portion of the beam not irradiating the sample can be
reflected by background objects causing spurious signals. To eliminate this, the beam
is directed by a gold mirror onto a disc of rotating black felt. The felt itself has a
reflectance of 4.7% and is rotated at a rate of 78 Hz. The beam is incident at
approximately 4 inches from the center of the disc at an angle of approximately 60°
so that the background signal is shifted in frequency by 66 Hz and lies outside the
processing bandwidth.
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Figure 2. Geometric Configuration for Monostatic System
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' METALLIC

Aluminum

Copper

Copper

Copper

INSULATED

Aluminum

Arms communication

WEATHERED

Copper

Corper

Table 1.

10 mm

4 mm

10 mm

10 mm

Wires and Cables Measured

Six strands in helical arrangement about
center strand.

Six strands in helical arrangement about
center strand.

Six strands in helical arrangement about
center strand

Twelve strands in helical arrangement; center
is made of the 4 mm sample described
above.

Strand arrangement as above: enclosed Iin
black insulation.

Insulated pair, 1.7 mm each in side-bv-ade
arrangement.

Surface tarnished and corroded uniformly
over all surfaces.

Surtace tarnished on all surtaces. Corrosion
present between strands.
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SECTION II. RESULTS AND DISCUSSION

Solid aluminum wire was measured for the purpose of comparison with the work by
Hayes and Brandewie.! Their paper presents results as reflection coefficients. Dividing
these values by x converts them to retroreflectance values. Figure 5§ shows a
comparison between the results of the two experiments expressed in terms of the
retroreflectance. Again, close agreement exists.

The distributions of the stranded, non-insulated wires (Figures 6 through 9) had
central peaks with width of approximately 20° at full width, half maximum. This
central structure consisted of two outer peaks located at approximately 10° on either
side of normal. Between these two positions, the retroreflectance dipped slightly at
and near normal incidence. The stranded wires consist of 7 to 19 strands wrapped in a
helical arrangement. For a typical wire of 10 mm diameter, one strand wraps
completely around the cable through a length of 180 mm corresponding to a strand
pitch of 10°. When the cable is viewed from an angle of approximately 10° on either
side of normal, the strands at the very top or bottom of the wire, which are inclined
at 10° with respect to the face of the wire, will be reflecting the laser beam normally
thus causing a peak in the retroreflectance. The height of these peaks is determined by
the specularity of the wire surface. The peak-to-valley ratio, defined here as the ratio
of the retroreflectance at normal incidence to that at 20°, was in the range of 100 for
the stranded cables with the copper wires having larger values than the aluminum.

The cables took on a drastically different appearance. when wet. The most significant
change was a 1 or 2 order of magnitude drop in retroreflectance for normal incidence.
The peaks at + 10° disappeared as the retroreflectance assumed a more specular
appearance.

The insulated samples (Figures 10 and 11) were much more diffuse. There was a
reduction of 2 orders of magnitude in the normal retroreflectance as compared to
the non-weathered stranded wires. Peak-to-valley ratios for insulated samples were
near 10.

When wet, these samples also became specular. Again, there was a reduction of
normal retroreflectance although it was less than 1 order of magnitude. The Army
communication wire showed the smallest change when wet, with its normal
retroreflectance decreasing by a factor of only 4.

A dramatic change was observed for the weathered samples (Figures 12 and 13).
These appeared very diffuse, aimost Lambertian in nature. There was a reduction of
two orders of magnitude in retroreflectance from the non-weathered samples.

Al-Khatib also measured stranded metallic wires.? Details necessary to make
quantitative comparisons of data such as surface composition and condition are not
known. In comparing the data presented here with that in Al-Khatib’s paper, one
finds close agreement with both the measured data and the theoretical predictions of
the earlier work.
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SECTION III. CONCLUSIONS
Wire Retroreflectance

Within each of the three groups of samples, all of the cables had very similiar
retroreflectances. There was no significant depcndencc on the overall size of the cable
nor the size or number of individual strands comprising it.

The metallic samples all had fairly broad, tall peaks. Copper samples had slightly
higher values than the aluminum, but both showed the very narrow peaks on each
side of normal incidence. Reductions of retroreflectance in the range of 1 to 2 orders
of magnitude were seen when the wires were wet.

All of the samples looked similiar in the wet state, although the metallic samples
tended to have slightly broader central peaks. In devising a procedure to irrigate the
samples, it was found that the stranded metallic samples, particularly the aluminum,
shedded water very rapidly. In order to maintain the cables in a completely wet state,
it would have been necessary to use an excessive rate of water flow that would have
simulated an unnatural environment condition. The result was seen in the broadening
of the central peak for the wet data from these samples.

System Performance Implications

The signal-to-noise ratio of a laser radar is determined by:*

P{ A' Ar pre-caR n
Qg R* hvB (10]

S
N

£
o
o
-
(2]

= transmitted power

area of the target

area of the receiver

target reflectance (ster - ')
atmospheric absorption coefficient
range to the target

overall sensor efficiency

solid angle of the transmitted beam
= Planck’s constant

= the optical frequency

= the detection bandwidth

>
|

1

W~ T03 R ©°
[0

For the case of a wire whose diameter (d) is mu».h smaller than the beam but whose
length 15 much larger than the beam,
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The other terms are:

T 1 AN
B = — (Gb)z T —— —_——
4 4 D (12]

1r

Ar = — '
4 D¢ (13]

where D: is the diameter of the matched transmit and receive aperture, and 8s is the

beam divergence. Substituting these terms into the equation above, we obtain:

P-d D’ o’ (f) e~ +Ry
2XR'hvB (14]

Z|w

Some turther simplification 1s possible if pulsed modulation is used to measure the
range to the wires. We note that:

E. = P.B [15]

’

E. = P..'F. [16]

where E, is the pulse energy, P,.. is the average power, and F; is the pulse repetition
frequency. Making these substitutions using » = ¢/ (where ¢ = the speed of light),
we have the final signal-to-noise ratio equation:

_P.-d Dietye 1R .
2R F he (17]

P

Using this equation, the signal-to-noise rauo is plotted versus range tor several cases
of wet and drv wire reflectance at both the normal aspect angle and at S0 ° off
normal. The svstem parameters assumed are:

P,. = 2watts
D. Som
d = luom
a = 1.4 km' (95°F 100% relative humidity)
n = 0.1
F. = 100,000 Hz (ambiguous range of 1.5 km).
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The families of curves in Figures 14, 15, and 16 show the range performance under the -
conditions indicated. The horizontal line suggests a threshold which must be exceeded N
for acceptable performance. The threshold level of 26.5 dB corresponds to a Rayleigh N
fluctuating target, one pulse integration, 0.95 probability of detection and 10-'° >
probability of false alarm.$ (For a sensor with the pulse repetition frequency assumed =~
above and a 50 nsec pulse width, this will lead to about one false alarm every 17 P
minutes.) We observe that even under these severe conditions the range performance :
can be acceptable. Detailed studies of flight profiles and required detection ranges are "
beyond the scope of this report. <

Future Plans
It is planned that similiar measurements at wavelengths of both 1.06 and 1.54

micrometers will be made in early 1988. More detailed performance modelling of
candidate laser sensors will also be performed.
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FOOTNOTES : ‘

1. C. L. Haves and R. A. Brandewie, '‘Reflection Coefficients for Wires and Cable at
10.6 um,’" Applied Optics 12(7). July 1973.

K 2. H. H. Al-Khatib, **Laser and Millimeter-Wave Backscatter of Transmission Cables,’
N SPIE v. 300, 1981.

k 3. T. W. Stuhlinger, E. L. Dereniak, and F. O. Bartell, ‘' Bidirectional Reflectance
. Distribution Function of Gold-Plated Sandpaper,’’ Applied Optics 20(15), August 1981.

-l:.'_:I 4. W. Wolfe and G. Zissis. The [ntrared Handbook, Office of Naval Research,
e, Department of the Navy (Washington, DC: 1978), pp 1-30.

3. M. Kronstein and R. Kraushaar, ‘*Sulfur as a Standard of Reflectance in the
Infrared.”” Journal of the Optical Society of America, 53(4), April 1962.

-r_.‘ 6. Ruadur Handbook, ed. M. Skolnik (New York: McGraw-Hill, 1970).
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