
Atmospheric Propagation Effects
on a Laser Ship Mast Detector

Item Type text; Proceedings

Authors Curtis, Harold O.

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © International Foundation for Telemetering

Download date 19/05/2023 15:22:06

Link to Item http://hdl.handle.net/10150/609320

http://hdl.handle.net/10150/609320


This work was performed at Harrington, Davenport and Coates, Inc., under the sponsorship of
the Massachusetts Port Authority, Contract No. L-840
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1.  Summary

The performance of a laser gate ship mast detector is evaluated. The laser gate consists of
transmitting optics and laser on one side of a shipping channel and receiving optics and
detector on the other side of the channel. Expressions relating the probability of detection
and the false alarm rate to laser power, noise, visibility or atmospheric attenuation of the
beam are developed. Finally, at power levels meeting safety standards and for useful
probabilities of detection and false alarm rates, the visibilities which limit system
performance are determined as a function of laser gate path length. The gate, at visible
wave lengths, will function at visibilities only slightly less than the path length.

In the next step, the expected performance of the laser gate using a CO2 laser radiating at
10.6µ in the infrared is analyzed. The extinction coefficient, which is only a fraction of that
in the visible case, is estimated for poor visibility conditions (RVR = 1,000 ft.) from a
combination of attenuation measurements relating attenuation to total water content and
meterological results relating visibility to total water content. Then, for the infrared system,
the same arguments as above are invoked and, in this case, it is shown that the infrared
system will provide the required performance at much longer path lengths.

Predictions of Laser Gate Performance

2.  Introduction

At Logan Airport, the use of the full 10,000 foot length of Runway 4R is allowed only in
VFR conditions in the daytime. When the ability of the pilot to see Boston Harbor is
inhibited either by darkness or by weather, the threshold for landing is displaced 2,500 feet
down the runway because of the possibility that the high masts of ships transiting Boston
Harbor have penetrated the approach zone.



In 1971, the Lincoln Laboratory of M.I.T. demonstrated the operation of a ship mast
detecting laser gate.1 In this experiment a narrow visible wave length laser beam on the
east side of Boston Inner Harbor was pointed at a narrow field of view detector on the
west side; the interruption of the beam by a one inch vertical mast on a ship traveling at a
speed up to 12 knots was, in good visibility conditions, an easily detectable event. In lower
visibilities, laser gate operation was demonstrated at visibilities somewhat less than the
laser path length.

The goal of this study was to evaluate the performance of a laser ship mast detector at
runway visibilities as low as one-quarter mile.

A quick survey of possible and convenient locations shows that no gate is characterized by
a path length approaching 1,200 feet. Since operation with a visible laser at visibilities
much less than the path length is recognized as marginal, this study was accomplished to
estimate quantitatively the performance of the laser gate as a function of path length and
visibility.

The process is first to establish the relationship used by the FAA to yield runway visual
range (visibility) from the transmissometer measurements of extinction coefficient if
runway visual range is known. The second step is to characterize the noise which will
inhibit operation of the laser gate. The third step is to develop a set of performance
expressions relating the probability of a missed mast - or the miss rate - and the probability
of false alarm - or the false alarm rate - to the signal-to-noise ratio observed in the laser
gate.

Finally by setting useful values of the miss and false alarm rates, numerical limits on the
signal-to-noise ratio are established. The signal is then observed as the power removed
from the beam when the beam is interrupted by a mast and, of course, contains a
dependence on the extinction coefficient. The expression for signal-to-noise ratio then
yields, for a given extinction coefficient, the maximum path length. Going back to the
relationship between runway visual range and the extinction coefficient, this implies a
determination of maximum path length given the runway visual range.

3.  The Relationship of the Extinction Coefficient and Runway Range

The path loss, L, of light from a beam in propagating through the atmosphere a distance r
can be estimated by

3.1
where " is the extinction coefficient. The extinction coefficient is related to the runway
visual range (RVR) and although the connection is in some ways tenuous, “standard”

L -= -ar e 



techniques for establishing the relationship are used in the measurement of RVR. 2,3,4

In the daytime in reasonably good visibility, the RVR is defined by Koschmieder’s theory
which applies to the viewing of contrast

3.2

where V is the RVR

eo is the contrast threshold of the eye.

At night and in poor visibility in the dayime, Allard’s Law, which holds for the viewing of
lights, is used to define the visibility

3.3

where E T is the illuminance threshold of the eye in mile-candles.

I is the source intensity in candellas.

Arbitrarily using the values for thresholds defined by the RVR instrumentation and for
airport lighting as it exists at Logan Airport, the two expressions become

3.4

where " is the extinction coefficient in (feet)-1

V is the runway visual range in feet

For daytime, the RVR is taken as the larger of the values computed for V using
Koschmieder’s and Allard’s Laws.2 At the crossover,

V = 3,827 ft.

The variations of " with small changes in wavelength will not be considered; i.e., we
assume laser beams at visible or near visible wavelengths are attenuated with the same
extinction coefficient as that yielded by the visibility measurement which considers the
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total response of the eye to reflected sunlight. This assumption will make estimates of ",
given a visibility, conservative at near infrared wavelengths. The vastly different extinction
coefficients at 10.6µ wavelength will be considered in Section 6.

4.  Noise Source

4.1   Background Noise

If the background noise density is N, the collected noise is

4.1
where Ar is the receiving area in cm2

S is the field of view in sterradians

W is the bandwidth in Ao

From the rather meager data available for the near horizon sky 5,6, for day time with the sun
not too close

and 4.2

For night, ignoring lights, we might expect 7 N = 10-14w/cm2 Sr Ao . A 100 watt (optical)
light at a range of 1 km with an effective bandwidth of 3,000 Ao gives isotropically
N = 3 x 10-13 w/cm2 Ao, independent of the field of view.

4.2  Signal Shot Noise

In the formulation used here, signal generated shot noise may also be important. Thus, the
received power, Pr, also contributes to the effective background noise; this contribution
will be evaluated below.

4.3  Internal Noise

There are a variety of sources of internal noises. To a first approximation these are
characterized by the Noise Equivalent Power (NEP) which is the root mean square (rms)
value of sinusoidally modulated power required to generate the same rms output in a one
hertz band as does the noise. The optical power, which would generate the same (shot)
noise as does the detector can be shown to be

= NA QW r 

N = (0.1 + 1} µw/cm 2 Sr A0 from 4000-9000 Ao 

N - (.01 - .03) µw/cm~ Sr A0 around lµ 



4.3
where R is the detector responsivity in amperes/watt.

4.4  Total Noise

Combining the results of 3.1, 3.2 and 3.3

4.4

For our purposes, the only effect is a shot noise of (measured) power density

4.5

5.  Performance Expressions

The effect of the mast will be considered to be a rectangular pulse of width w/v where w is
the beam width defined by the optics and v the velocity of the ship.

In relating the performance to the system parameters, the performance measures are taken
to be the probability of a missed mast, Pm , and the probability of false alarm Pf.

For simplicity, and with little error, we think of the problem as a sequence of decisions on
successive time intervals of duration

5.1

For values of w = 1 inch and V = 15 kts,

The average miss rate is then Pm/J misses per second 5.2
and the false alarm rate is Pf / false alarms per second for single beam.

For a two beam system with identical beams, the probability of a miss is the probability
that either beam misses and the probability of false alarm is that both beams alarm within a
prescribed interval Ta. Thus, as far as noise performance is concerned with two beams



To estimate Pf and Pm, we assume that the receiver integrates (or counts) the received
signal for a J second interval and compares the result with a threshold L. If all the noises
are treated as Gaussian with a combined noise power density No amp2/Hz (measured) we
know8

5.4

where R is the cathode responsivity (amp/watt) including glass losses, etc.

Pr is the received signal power level in watts - here assumed constant over J, and

If a pulsed system is used J is replaced by Jp. the pulse duration. The expressions for Pf

and Pm are valid if the signal and noise levels are strong enough that individual events are
not distinguishable, which is incorrect in detail here. For lower count rates, Poisson-
derived expressions should be used, but, for our present purpose, the complexity is not
worth the improved accuracy. Thus, in summary, we shall use

5.5
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Ta, the guard time on one beam after the other has fired, is the horizontal distance between
the beams divided by the ship speed. In Pf and Pm, J is the window crossing time or the
transmitted pulse duration - whichever is smaller. In the rates, it is the window crossing
time.

We shall use a miss rate of one per five centuries, Pm = 9 x 10-14 or

5.6

One (noise induced) false alarm per day should be acceptable. To get some feeling for the
noise alarm behavior, note that, for a miss rate of 1 per 5 centuries

5.7

5.8

Evaluating 5.8 for Ta = 1 sec and J = 3 ms, values of                               which is the
signal-to-noise ratio greater than 1.75 yield false alarm rates less than 1 per century. Thus
we specify

5.9

for J = 3 x 10-3 sec. and a cw system.

For a pulsed laser with Jp = J,

5.10

where Pr is the received power when the pulse is one, i.e., the peak power. We have, to
some extent, assumed that the threshold was set to achieve the desired Pm; this means in
practice that the threshold is varied with attenuation. If it is not, the false alarm rate is
constant but the miss rate varies.

miss rate= 2P /, m 

,(RP ) 2 
r 

pow;: 1 
~ 1 -,~ RJ? 

r 

Thus, the alarm rate is 

false alarms/second = 

RP 
r 

yNO 
> 175 



If the system is quantum limited, the best possible situation,

5.11
and for unpulsed operation, we require

5.12

or

5.13

where Pr is the average power received.

For quantum limited operations with pulsing, the average power requirement is the same
(the power in Equation 5.13 is the peak received power.)

6.  Performance Calculations for Visible Wavelength Lasers

6.1  Received Power Level

Let the window size be w x h, the path length be R, and the extinction coefficient ". In the
absence of multiple scatter, the power through the window incident on the receiver is

6.1

where pt is the power density that would exist at the mast if " were 0. Here, we have
assumed that the receiving aperture is masked so that it receives all the light that passes
through the window which represents the mast. In the Commonwealth of Massachusetts
Safety regulations 9 require that, where people can be exposed, pt not exceed 10-5 w/cm2,
for visible and near visible lasers. We shall also assume that the radiation levels at the
transmitting aperture are at the safety limit, and that the beam is collimated at the
diffraction limit.

For a four inch transmitting aperture, the maximum laser power will be about 10-3 watts.
For a four inch aperture and lp wavelength, the beam is 10-5 radians and, in path lengths of
4,000 ft., the beam will have expanded only one inch. We ignore this expansion and the
variation in power density across the aperture. Thus, the power through the window is

6.2

= 2eRP r 
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This is also the power removed when a mast of width w blocks the beam. If the receiver
aperture is also four inches in diameter and masked for w equal to one inch

6.3

6.2  Noise Levels

In Section 3.4, we showed that the noise is

and gave typical values for N.

A typical value for R is 0.1 (GaAs - Cs2O)10 in the range 4,000 to 9,000 Ao . We shall take
the NEP for this surface as a photomultiplier cathode to be on the order of 10-13 to 10-14.
For a silicon photodiode, R is about 0.1 to 0.2 and the NEP is about 10-12 . For Ar . 25
cm2 , S = 10-6 sr, W = 10 Ao, the contribution of (day) background is about comparable
(order of magnitude) to the detector contribution even for a photomultiplier tube. Since we
can decrease our receiver field of view well below 10-6 sr, we can, without too much error,
neglect background. At night or with a photodiode, or with a narrower receiver field of
view, this will be even more true. Thus, approximately,

6.5

For quantum noise to dominate,

6.6

which is not possible. Thus, the system is detector limited and

6.7
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6.3  System Performance Relationships

Substituting by 5.7 .1µ into expressions 4.9 and 4.10, we obtain

6.8

or

6.9

In particular, for Jp = 10-7 second, which is a typical pulse width, with one pulse per
decision interval, we have

6.10

Finally, it should be noted that no margin has been allowed for overlooked losses. A factor
of 10 dB margin in power is desirable so

Pr $ 1750 (NEP) unpulsed, 10 dB margin
6.11

Pr $ 10 (NEP) 100 ns Pulse per 3 ms, 10 dB margin

6.4  Minimum Visibility Operation

The expressions, 6.8 - 6.11, combined with 6.3 and 5.4, yield "R as a function of NEP.
For three values of NEP, the relationships become

NEP No Margin 10 db Margin

CW Pulsed CW Pulsed

10-14 18.8 23.9 16.5 21.7

10-13    "R# 16.5 21.7 14.2 19.4

10-12 14.2 19.4 11.9 17.1

One way to use these relationships is to ask the practical question, “In how low visibility
will a laser gate of path length R feet operate?” We assume the best photomultiplier,
NEP = 10-4 watts/hz and compute the minimum extinction coefficient corresponding to a
path length R. Table 1 gives the results of these computations.

Pr > 175 (NEP) 

Pr > 
peak 

175 (NEP) / 3x10-
3 

\j Tp 

Pr > 175 (NEP) ~ v-;;;;;-3 
average 

Pr > (NEP) 

average 

unpulsed 

pulsed 



Table 1 Minimum Operating Runway Visual
Range for

Three Values of Laser Gate Path Length
10 db Margin, NEP = 10-14 w/Hz1/2

Path Length (ft.)

1,500 3,000 4,500

"cw("R = 16.5 1.1 x 10-2 5.5 x 10-3 3.67 x 10-3

"   ("R = 21.7
   Pulsed

1.4 x 10-2 7.2 x 10-2 4.82 x 10-3

Daytime

Minimum RVR CW 620 1,020 1,350

   (ft.) Pulsed 520    850 1,100

Nighttime

Minimum RVR CW    1,100 1,900 2,700

  (ft.) Pulsed       900 1,540 2,150

7.  Performance Predictions for 10.6µ Wavelength Lasers

7.1  Extinction Coefficient in Fog

At visible wavelengths attenuation of the laser beam in any aerosol is caused almost
completely by scatter and the important parameter is the ratio of wavelength to particle
size. As this ratio increases, i.e. at longer wavelengths, the effective cross section for
scattering decreases and the attenuation decreases. At all wavelengths, the attenuation in a
real fog depends markedly on the particle size distribution. In addition to being scattered,
infrared radiation is absorbed by water. Thus, in a fog, the attenuation in the infrared
depends not only on the particle size distribution, but also on the liquid water content.

The measurements of the attenuation coefficients of fogs of differing water
content11,12,13,14,15,16 may be summarized as follows:

Worst Case Fog: 50 db/km, " = 2.9 x 10-3 ft.-1 . 1/3 "visible

Probable Fog: 33 db/km, " = 1.9 x 10-3 ft.-1 . 1/5 "visible



and, in the absolute worst case, in clouds

Clouds: " = 4.5 x 10-3 ft.. ½ "visible

7.2  Safety Requirements at 10.6µ

From the Massachusetts Regulations on the use of lasers9 the safe level for the CW
radiation at 10.6µ is 10 W/cm2.

7.3  Noise at 10.6µ

10.6µ is not only the wavelength of the CO2 laser, it is also the wavelength of the peak in
the black body radiation pattern objects at or near room temperature. However, if the field
of view of 10.6µ radiation detector can be restricted by cold baffles, it may be possible to
operate that detector in a way that its internal noise, which is primarily due to the thermal
generation and recombination of electron-hole pairs, is smaller than the background
noise17,18. At any rate, the NEP of infrared detectors, as measured, are a combination of
internal and background noise and, as such, the manufacturer’s quoted value for NEP is
that which will be used in our computations.

The detectors which are used at temperatures of liquid helium, Ge:Hg, Ge:Cu, exhibit
NEP’s of 10-11 for 60o fields of view. Hg:Cd:Te detectors operating at temperatures of
liquid nitrogen have NEP’s of 10-10. Pyroelectric detectors, operating at room temperature,
exhibit NEP’s of 10-9 and by careful selection 10-10. For the purposes of our computations,
we shall use 10-10 watts/hz1/2.

7.4  Diffraction Effects

At 10.6µ, the performance of the very simple optical and detection system in which the
transmitted radiation is collimated and the receiving aperture masked to a one inch slot to
match the mast diameter to be detected is seriously inhibited by the spreadout diffraction
pattern of the mast. In the infrared, the angle to the first minimum of the shadow pattern,
i.e. the angular width of the shadow of the one inch (.025 m) mast, is 4 x 10-4 r. and the
width of the shadow at 2,000 ft. distance, mast-to-detector, is 0.8 ft. The decrease in
power, i.e. the shadow, at the plane of the receiver is then spread out over ten inches and
the decrease in power is on the average only 10% as large as it would be at very short
wavelength. At visible wavelength (8 = 0.7µ) the angle of spread of the shadow is
3 x 10-5 r. and the diffraction width at the receiver 6 x 10-2 ft. (0.7 in.). Thus, the shadow of
the mast is only slightly larger than the mast at visible wavelengths and our assumption
that the diffraction effects are small in Sections 2-5 is substantiated.



One straightforward way of overcoming this problem is to move the mask from the
aperture to the focal plane of the receiver. Whereas, in the visible, the receiving telescope
was only a collector, in the infrared, it must be capable of resolving the one inch mast at a
distance of about 2,000 ft., i.e. its resolution must be 4 x 10-5 r. At 10.6µ, the aperture, Ar ,
then must be

With this aperture, and a 2 meter focal length, the field stop would be a slit of width, b,

7.5  Performance Calculations

In the infrared, we shall assume that both the receiver and the transmitter are 10 inch
optical systems and we shall ignore the spreading (2 inches in 4,000 ft.) of the collimated
beam. Again, the power density at the aperture will be that allowed by safety regulations,
10-2 W/cm2. The power removed when a mast is focussed on the field stop is

where R is the path length.

The relationships,

which were derived in Section 4 may be applied. They prescribe an extremely low miss
rate (one per five centuries) and a false alarm rate of one per day. These relationships,
used with the extinction coefficients given in Section 6.1 and an NEP of 10-10 watts/hz,
yield the following values for the maximum length of the gate, Rmax which can be used at a
runaway visual range of 1,000 ft.

10.6 X 10-6 

4 X 10-S 
= 0.26m z 10 in. 

b = 4 x 10-S x 200 = .008 cm= .003 in. 

p 
r = 0.64e-aR > 175 - (NEP) for CW radiation 

Pr = 0.64e-aR > NEP for pulsed radiation, - pulse width 100 sec., 
same average power as 
CW system. 



Rmax

CW pulsed

Worst Case - Clouds - " = 4 x 10-3 ft.-1 4353 5645

Worst Case - Fog      - " = 2.9 x 10-3 6005 7786

Probable Case - Fog  - " = 1.9 x 10-3 9165 11884

With a 10 db margin, Rmax becomes CW pulsed

Worst Case - Clouds 3777 5069

Worst Case - Fog 5211 6992

Probable Case - Fog 7954 10672

The simple instrument assumed here does not optimize the performance of the gate
operating under the constraint of the safety requirement. For example, an optical system in
which the transmitted beam is focussed on the mast will increase the power removed by
the mast by almost an order of magnitude. The safety constraint would seemingly apply to
the mast rather than the aperture, but for visibilities low enough (" > 10-3 ft.-1, aperture =
12", and 3,000 ft. from transmitter to mast) the power density decreases monotonically
with distance. For all the situations above (" > 10-3 ft.-1, the performance would be
improved. This change would add about 800 ft. to the maximum path length in the worst
case fog situation.

The comparison between the performance of the laser gates at visible and infrared
wave lengths is basically that the infrared laser gate provides adequate performance with
laser gate lengths several times the visibility whereas the visible laser gate provides
adequate operation only with laser gates about equal to the visibility.
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