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OBJECTIVE

Investigate the potential and suitability of optical communication links with anti-
jam and anti-intercept capabilities for task force/group operations at greater than line-of-sightV 

ranges. Specifically, perform a tradeoff analysis among systems parameters for two types of
extended line-of-sight optical communications links; optical forward scatter fro m the atmos-
phere and remotely piloted vehicle relay links.

CONCLUSIONS

Based upon the analytical model developed for over-the-horizon optical propagation
and a systems tradeoff analysis, the following conclusions were drawn : the operating data
links can use the same shipboard system; significant performance advantages can be achieved
by exploiting decreasing aerosol concentrations with elevation; the primary factor which
determines communication-link availability at a given range anu data rate is meteoro-
logical visibility and , based upon statistica l studies of visibility, communication ranges for
bit rates of 2400 bits per second and for rates of 75 bits per second were determined for
availabilities of both 85 and 70 percent. The communication range s are considerably greater
at night or when low clouds occur to provide a scattering layer.

RECOMMENDATIONS

The analytical model developed in this study should be experimentally tested to
assess its validity. Simultaneous pulsed laser propagation measurements at two wavelengths

• (1.06 and 0.53 ~zm) should be conducted. The perfo rmance gain achieved by the use of
elevated beams and exploitation of clouds should be evaluated. Fading rate and other data

• should be obtained to allow evaluation of time , spatial , and receive angle diversity receiver
techniques.

It is strongly recommended that experiments be conducted to verify the meteoro-
logical effects upon propagation predicted by the models. An integrated and systematic
capability for measuring and predicting the meteorological conditions predominating over

V the path should be developed.
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SECTION 1. INTRODUCTION

The wide dispersal of elements of a modem task force requires coordinated intra-
elemen t , real-time communications. At present , the Fleet canno t operate with positive
Command Control , and Communications (C3) without making itself vulnerable to enemy
detection and countermeasures. The Naval Telecommunications Architect has stipulated
tha t the post-1985 Naval Telecommunications System must have survivability equal to the
forces served in the face of both physical and electromagnetic attack. It is planned that
this goal will be achieved through media diversification and anti-jam , low-probabili ty-of-
intercept (AJ/LPI) capabilities. For intra task force (group) netting, h f systems with AJ/
LPI capabilities have been specified as the prime service, but hf will require considerable
augmentation to accomplish the full capability needed for the Naval Tactical System (NTS).

Optical systems are strong candidates for this augmentation role for a number of
reasons. These include reduced susceptibility to jamming, intercept , spoofing, an d direction
findi ng; a reduction in spectru m crowding; and potentially high data rates. Optical links
also have potential limitations including meteorological effects , mult ip la tf o rm transmissions ,
and range limitations imposed by the horizon.

The true potential of electro-optic communications systems needs to be better
defi ned in order to determine its proper future (1985 era ) use in the NTS intra-task group
applic ation. This use is to be scoped in relation to other candidate future systems such as
hf and JTIDS (Joint Tactical Information Data System). Systems concept engineering is
needed , as is more extensive data on performance capabilities and limitations. The candidate
concepts are being explored in a variety of projects within the electro-optical communica-
tions program at NELC . The particular aspect addressed by “Extended Line-of-Sight Opti-
cal Communications System Exploratory Development ” is to examine and demonstrate
the feasibili ty for maintaining optical links to distances well beyond the horizon. This re-
port represents a theoretical analysis of the concept of optical communications to beyond
line-of-sight ranges.

OBJECTIVES

The pri m ary objective of this study was to carry out a tradeoff analysis among
system param eters for two types of beyond line-of-sight optical communication links:
Forward Scatter Channel and Remotely Piloted Vehicle (RPV ) Relay. The general appli-
catio n of such communications links is for the control of dispersed task force units.

The tradeoff study for the forward-scatter channel originally intended to use
available scatter models . However , discrepancies were noted between the models and data .
This type of discrepancy was particul arly apparen t in the observed small spot size on the
horizo n compared to the large diffuse illumination predicted by many models. ’ Thus , an
added objective was to generate a forward-scatter model which would allow for realistic
engineering esti mates of scattered power at ranges beyond the horizon.

‘Naval Research Labora tomy Report 6152 , Experimental Observations of Forward Scattering of Light in
the Lower Atmosphere, by IA Curc,o and LF Drurnr i~eter , ir , 30 September 1964
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SCOPE

The tradeoff study was broad ly divided into two parts: analysis of the optical chan-nel , or link an alysis, and equipment-dependent factors. The link analysis , embodying con- V

sidera tion of background noise and transmission loss, is more complex analytically and is
presented in a form such that it usually need not be repeated for a change in system para-meters. The results of the link analysis are presented as signal-to-noise ratios (S/N ) for agroup of nominal system parameters. The resulting S/N for a change in a parameter , egradiated power, can usually be rapidly determined.

A forward scatter propagation model which appears consistent with previous fielddata was generated. 2 The model also revealed novel strategies for reducing path loss, eg,the use of vertical fan beams and the use of an optimum elevation angle for pencil beams.
This model was used for the scatter channel path loss computations. The scatter link anal y-sj s predicted that the near infrare d (IR) wavelength would provide the best performance.
Consideration of state of the art sources and detectors indicates that 1.06 microns is the pre-ferred wavelength. Therefore, the most complete data for both communication links are
presented for that wavelength. Complete link and equipment analysis at all wavelengthswould be prohibitive. However , since the final definition of an over-the-horizon system orsystems is likely to be an iterative analytical and experimental process, computer programswere generated to provide additional data beyond those presented in this report. The pro-grams were designed for ease of altering channel parameters. -

Characterist ics of various optical system components and possible tradeoffs are dis-cussed. Emphasis is on the near JR but some discussion is included for ultraviolet throughJ R wavelengths. A discussion of modern techniques and require d S/N is included.
An at tempt has been made to include inform a tion which might be of use as designconcepts change , since this is apt to happen in any new technology . Thus, besides discuss-ing the system concepts presented , additional infonnation of the design handbook type

has been included.

PLAN OF REPORT

The general system pertormance requ irements are given in section 2. Section 3 dis-
cusses the concepts for the two over-the-horizon links and summarizes the system parameters
and expected perforniince . Section 4 discusses signal modems and S/N requirements for
system acquisition. Communication data rates are also considered.

Transmission l oss data for both link types are given in section 5. This is combined
with back ground radi ation to provide predicted S/N for nominal system parameters . Thedata presented in section 5 are based on models and computer programs described in detail Vin the appe ndixes.

The character istics of vanous system components such as lasers , optical filters , anddetectors are given in section 6. Tradeoffs between the component parameters are discussedbriefly in section 7. Covert and ant ij amm ing factors are briefl y considered in section 8.
Section 9 presents concl usions and recommend ations ; the more detai led summary is pre-
sented in section 3.

2 Megatek Report R2005.039.IF. 1 . Propagation Model / or a !.awr- 7\,~ Be vond-the.llori: (,n C”rnmunica-
twns Link , by PH Levine , 15 December 1975
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SECTION 2. GENERAL REQUIREMENTS
*4

The main use of an over-the-horizon optical link would be to communicate between
naval task groups. Communication within a group would generally be on a line-of-sight

• basis, although slightly extended line-of-sight might be considered within a group for in-
creased dispersal . The range of interest for the links is 25 to 1 50 nautical miles.

The present Navy Tactical Data System (NTDS) typically uses a ra te of 2400 bits
per second. This, then , becomes the desired information rate for the system. There are
other tactical requireme nts which can be satisfied with a rate of 75 bits per second. A high

• degree of jam ming and intercept protection is expected , and a general requirement is for
the system to be much less susceptible to interference and intercept than high-frequency
radio systems. In summary , the requirements are:

Range : 25 to 150 nautical miles
Data Rate: 75 bits per second (minimum )

2400 bits per second (desired)
Covertness : High anti-jamming margin

Low probability of intercept

SECTION 3. SYSTE M CONCEPTS AND PERFORMANCE SUMMARY

This section discusses the concepts for two over-the-horizon (0Th ) optical commu-
nicatio ns links. Modulation and detection considerations are summarized. Link acquisition
and communication data rates are discussed. Finally, systems composed of state-of-the-art
components and subsystems are defined , and performance predictions are given ~‘or each
type of link.

SYSTEM TYPES

LINKS

Two different types of 0TH optical communications systems are con~~ red. Thc~
are : Forward-Scatter Channel and Active RPV Relay . The forward.scatter sy~- . rn makes
use of scattering from atmospheric “haze” and aerosols and does not depend ‘ n  the
presence of clouds. If clouds were present , scatter from them could often be 1 . dependin g
upon their altitude.

An ac tive relay would receive an optical line-of-sight signal from one ~~ i. would
demodulate the sign al , and would use it to modulate a lase r on the RPV. Tlu . in optical
receive r and transmitter and a pointing system would be located on the RPV power
source would be require d for the transmitter , receiver , and poi nting system.

Both links wot~d ~ise high-po\~V~~r shipboard transmitters with pointi n nd tracking
systems. The receiver wowd be boresig~ :’d to the transmitter frr use with t - relay link
but migh t be capable ot pointing and tra 1 King independently for the scatt e . annel.

9



A particular Fleet application migh t use any one ora combination of links. For
ex am ple , for a certain ship spacing, a scatter chan nel migh t be used at night and during high-visibi lity daytime conditions. If the visibility began to decrease , as indicated by a decrease insignal level , an RPV could be launched.

H ETERODYN E VERSUS DI R ECT DETECTION

Heterod yne . or coherent , optical detection systems have been developed at I O.6pmwhich approach theor etical sensitivity limits very closely . At 10.6 pm , a heterodyn e system
is about 40 dB more sensitive than a direct-detecti on receiver limited by 300°K background
~OU t C~~s whic h peak out at tO pm. However , at wavel engths shorter than about 1.1 pm , de-tec tors are available with low noise internal gain which give dra matic improvement in directdetecti on , as compared to availabl e direct detectors at 10 pm. In addition , both practicalprob lems and i nhere nt limitations in coherent detection , especially relative to a scatter chan-nel . are compound ed at shorter wavelengths. For the reasons discussed here , a direct detec-tion system is assumed (wavel ength less tha n 1.1 pm).

The receiving aperture and the field of view in a heterodyne receiver are not inde-pend ent . but are related by the appro ximate relatio n. 3

A 
~1r = A 2,

or
4 r

where
A = receiving aperture ,

= solid angle field of view ,
0 r = plane angl e field of view , and

A = wavelength.

Note t hat  f Vo r a  f V
i \ed  field of view , the a p . ’ . are a varies as the square of the wavel ength.For a field of view ( FOV) of I degree, such as might  be used in a scatter channel , the max-imum aperture at I pm is about 4 X J O 9 square metres . Even for a FOV of 0.1

degree , which migh t be used in a line-of-sigh t (LOS) link , the aperture are a is about  4 X J0~~square metres. A direct-detection receiver does not hav e to satisf y the coherence require -V ment and may have a large aperture .
Spatial coherence is degraded due to atmospheri c turb u lence ; 4 the coherence diametervaries as A 6f~ Thus , turbulenc e is more of a problem at short waveleng th s ftc coherenceproperti es of the scatter .channel field have not been analyzed hut  it is expected tha t  coher-ence would be lower at shorter wavelengths.
Hete rod yne systems are more complex . in that  a very stable local oscillator is re-quir ed (th i s  may be the unm odu iat ed tran sm it t er  source l’or a homodyne sy stem) . t he reare also stringent alignment toleran ces requir ed to keep the signal and local oscillator inphase over the detector surfiice. V

~S~~.rnj ~ Al The Antenna Pr ptr t i tsof Opti~j l lkicrod yne Reçeivers /~ )(((d,ngs (,f(/1( I i i  /
p 1350 io I 356 . I

~1 r ~ it , WK , Laser (‘om,nunj ( aj j onx .S i ’s (c ’~,,~, Jolni Wiley & SUTI~~. 1969
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Based upon the above factors and the fact that the path loss is excessive at 10.6 pm,
a direct -detection system is assumed throughout this report. If the atmospheric window
at 3.8 pm becomes available t hrough the development of new lasers in the future , hetero-
dyne receivers should be considered.

MODULATION

For a direct-detectj oii system , short , high-power pulses enhance the ability of a re-
ceiver to discriminate against a fixed background by allowing time gating. The sign al-to-
noise ratio (S/N) expression given in section 4 shows the advantage quantitatively. As will
be discussed in section 5, shortening the pulse much below the time dispersion in a scatter
channel does not continue to improve the S/N. However , on a LOS lin k , it appears that
the pulse duration (constan t energy ) should be as short as practical.

The use of pulse modulation has a number of potent ially practical features.
The space between pul ses can be monitored for interference on any of the link types.
The pulses can be used in a light-detection-and-rang ing (LIDAR) system for possible de-
tection of approaching missiles, or for monitoring the location of an RPV .

Some types of pulse modulat ion and expected data rates are discussed in section 4.
Pulse-modulation systems have generally been assumed throughout the report , although
many results (eg . path loss) apply independent of equipment types. Pulse rates of about
200 pulses per second (pps) are required for a data rate of 2400 bits per second.

Polarizatio n and intensity modulation appear possible for the relay link. Phase mod-
ulation should also be possible but could not be detected with a non-heterodyne syster~tPulse-rate requ*rements for a pulsed inte rrogation beam are discussed in section 4. A mini-
mum ‘I c  of 480 pps would be required for a data rate of 2400 bits per second assuming a
i~~d B S V N ( S  bits per pulse) .

ACQUISITION

FORWA R D-SCATrER LIN K

An acquisition subsystem similar to that used in the OCCULT system is assumed for
the forward-scatter link. The pointing system on all ships would rotate continuousl y and
synchronously through 360 degrees of azimuth. A ship initiating acquisition would flip the
transmitting beam 180 degrees in azimuth and begin t ransmitting with a 4 degree vertical
fan beam. Because of the synchronous rotation , the receiver FOV of another ship would be
pointing at the transmitting ship at the time the beam swept the ship.

The single scattering out of the beam will appear to the receiver as an approximately
vertical fine source (see appendix E). The forward scatter is peaked in the forward direction
but has some angular width , so that the line (starting at the horizon) can be “seen” over
several degrees of azimuth. Assume a horizontal FOV, 0h’ for the receiver. The FOV of a
singl e receiver will be limited to about 4 degrees by the interfe rence filter constraints (assume

I I  
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IA width; see section 6). The receiver would see the line source a fraction , O.SO h/ 360 °, of a
rotation of the acquisition system. The number of pulses, N~ , entering the receiver would
be:

O hR
~~~~~~~~~

where
= horizontal field of view in degrees,

A = Azimuthal scan rate -- revolutions per second , and
R = Pulse repetition rate — pulses per second.

As an example to indicate approximate scan rates , consider a 4 degree horizontal
FOV (0h = 4

0
) and require 4 pulses to occur within the receiver FOV. A range of acquisition-

response criteria could then be used. For normal operations , a single detected pulse might
initiate a response , while a “quiet ” ship might require four pulses, or even more than one
group of four pulses, at the proper time inte rval , before tri ggering a response . Refe rence
curves usefu l for determ ining detection probability and false alarm probability tradeoffs
are given in section 4. When more than one pulse is detected , the “center of gravity ”
direction would be used for the transmitted response . If the laser was operated at the 200
pps nominal rate required for communication at 2400 bits p~r second , the azimuthal scan
period would be 3.6 seconds per revolution . Norm ally, up to 2 revolutions (7.2 seconds)
would be required for azimuthal acquisition.

After azimuthal acquisition , the fi rst ship could swi tch from a fan beam to a pencil
beam and scan the transmit beam in elevation . The received signal level at the second ship
would be fed back to the firs t ship to enable it to select the optimum beam elevation. l’he
second ship would then go through the same procedure to complete acquisition.

The S/N required for acquisition depends on the identification friend or foe (1FF)
code and probability requirements . As discussed in section 4, 1 S-dB S/N should cover most
1FF requirements. Many of the S/N curves in this report are for a FOV of I degree, while
the example assumes a FOV of 4 degrees. Increasing the vertical FOV increases both the
received energy and the received background noise. As is discussed in section 5, the S/N
increases with increased vertical FOV until the time dispersion is about equal to the pulse
duration and there remains constant if the receiver electrical bandwidth is adjusted correctly.
For typical pulse lengths (0.02 psec) at 1 .06 micrometres, the S/N does not generally im-
prove for an elevation FOV greater than I degree. Increasing the horizontal FOV from
I to 4 degrees increases the background noise by 6 dB. The energy for a single pulse is not
increase d as it was for a vertical FOV. Four pulses are received and filter techniques , such 

V

as summing the pulses by use of a tapped delay line , can produce essentially the same S/N
as for a FOV of I degree. However , it would probably be easier to use a FOV of I degree
when a single-pulse detection criterion is used. When a 4-pulse 1FF code with a I 5-dR S/N
requirement is used , the 2I-d B S/N level on a FOV curve of I degree would be used for
coverage prediction .

The S/N and resulting 1FF detection can be enhanced at the expense of acquisition
time. Rather than the example given above , assume a FOV of I degree with a resulting
6-d B lowe r noise level. If the azimuthal scan rate is reduced by a factor of 4, 4 pulses will
occur within the receiver FOV. Increasing the pulse-repetition rate does not improve the
detection since the laser has an average power l imitat ion so that the peak power is reduced.

12 
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If approximate ship locations are known from a previous acquisition or by other
means, the acquisition transmission could be applied to a restricted azimuthual region. This
would reduce the prob ability of intercept. If the point ing systems on both ships were re-
stricted in azimuth , the acquisition time could be reduced.

• RPV RELAY LINK

The acquisition technique for an RPV relay link would be very similar to that
described for the scatter link. The launch ship would activate an azimuthal scan with a
vertical fan beam on the RPV when it was at a sufficiently high altitude. Figure 25 in sec-
tion 5 shows that a beam divergence of 1.8 degrees would provide a range capability of a
full (150 nautical miles (RPV at midpoint) for a visibility of 20 ki lometres. The fan beam
would be approximately 7 degrees by 0.25 degree. Requirements of from I to 4 pulses for
acquisition result in 4 by 360 to 16 by 360 pulses per azimuthal scan . Use of a rate of
200 pps gives a scan time of between 7.2 and 29 seconds. If the launch ship were to know
the approximate location of the other ship, the RPV transmissions could be restricted in
azimuth to minimize the probability of intercept and to conserve energy .

COMMUNICATION RATES
V 

The communication rate for a pulse-position modulation system is discussed in
section 4. It is shown that a rate of 1 2 bits per pulse is not far from the theoretical
in formation rate when pulse-time dispersion (fo r the scatter link) is taken into account V

A data rate of 2400 bits per second requires a 200-pps rate using I 2-bit words.
For a data rate of 75 hits per second , I 2-bit words would still be used and the pulse rate
would be reduced. The reduction in pulse rate would be converted into a higher peak-
pulse power with a resultant extension in ope rating range .

STATE-OF-THE-ART SYSTEM PERFORMANCE

SYSTEM PARAMETE RS

The link analysis given in section 5 clearly shows the advantage of the near infrared
for both a forward-scatter and a LOS optical system. (‘onsiderat ion of the state of the  art
in laser sources and detectors shows tha t  1.06 micrometre s is the pre ferred wavelength.

In this section , we consider systems operat ing at 1.06 inicrometr e s and maximize
all system parameters , consistent with available components as discusse d in section 6. Fhe
parameters for the systems defined in th is section di ikr  from the nominal syste m parameters
used in section 5. The nominal system parameter s (section 5)  were selected to he somewhat
typical of a large span of wavelengths and were chosen to be powers of 10 where reason aHe

The system concept synthesized in this study uses the same shipboard equipment
for both data links , hut  with different operating parameters , as indicated in table I .  \Ios t
of the parameters are based upon components l is ted in section 6. Signif icant advances cur-

V 
rently being made in the development of plastic optic s, are not discussed in this report.

13



TABLE 1. 1.06-pm SHIPBOARD SYSTEM PARAMETERS .

Scatter Link Active RPV
Acqul- 75 2400 Acqui- 2400

Parameter Constant sition b/s b/s sition b/s
Transmitter

Radiated peak power (MW) 44) 1280 40 40 40
a’s

Pulse rate (pps) 200 25 200 200 200
‘.5

Beam divergence (mrad) 1
0 beam 1.5 1.5 1.5 1.5

or 40 fan
Pulse width (psec) 0.015

Receiver
Field of view (deg) 1° 1

0 
1
0 7° X 20

V4° fan
Aperture area (m2) 0.2
Optical bandwidth (pm) l0~~
Detector responsivity 0.018
(amp/watt)
Gain *

Dark curren t (amp) 10 13
Electrical bandw idth (Hz) ‘5 ‘ 7 X l0~ 7 X l0’

~

Notes:
5Photomultiplier gain suffiaent to give dark current (or background ) limited opera tion.
“Bandwidth adjusted to be equal to the inverse of the received pulse duration at planned maximum range .

‘55See text.

However , the use of plastics is expected to reduce large-aperture costs from a few thousand
to between ten and a few hundred dollars. A 50.8 cm diameter aperture (0.2 m 2) is assumed
for the system.

The Nd: YAG laser is assumed to have 120 watts average power, and a tradeoff be-
tween pulse rate and peak power is made for different operating conditions. The tradeoff
to 1280 megawatts (6 pps), listed for a data rate of 75 bits per second, may be impractical.
However, if it cannot be achieved, it is expected that receiver techniques which average over
many pulse intervals may produce similar effects on S/N.

A beam divergence of 1.5 mihiradians (mrad ) is listed for data transmission on the
links. The divergence is not critical on the scatter link as long as it is less than about 17 mra d
( I  degree). In the scatter link performance prediction , it is assumed that the beam is pointing
at the optimum elevation angle.

The shipboard transmitter parameters for the active RPV link are listed as being the
same as for the scatter link. This represents much more power than required for the uplink.
The power would normally be reduced to a value just sufficient for satisfactory communica-

V~ tions, in order to reduce the probability of intercept. The shipboard receiver also uses a
vertical fan-shaped FOV for link acquisition.
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The general characteristics of an active RPV terminal used for this performance pie-
diction are listed in table 2. The only vehicle paramete r used explicitl y in the performance
prediction is the altitude. The other parameters, listed for convenience, give the expected
capability over the next few years (see section 6 for a discussion of RPVs).

TABLE 2. RI”,’ TERMINAL.

Parameter Value
Remotely Piloted Vehicle

Altitude 2.5 km
Loiter time 6 hours
Payload 50 pounds

Tra nsmitter

Radiated power 1 MW
Pulse rate 200 pps

Beam divergence :
narrow beam I mrad
wide beam i .8°

The ship-to-RPV link is not explicitly considered here since the rang, with fairl y
simple receivers exceeds the down-link range . Two different examples of beam divergence
are considered for the active RPV transmitter. The wide-beam case (1.8°) will provide less
coverage but will greatly simplify the pointing system.

PERFORMAN CE

Table 3 gives the performance predictions for daytime background and 2 visibility
values. The contour maps in section 5 show that 1 0-km visibility is typically available
about 85 percent of the time. Data indicate that a 20-km visib ility would be available
about 70 percent of the time. The link availability neglects the presence of clouds which
can either degrade or enhance a channel as discussed in section 5.

A 1 5-dB S/N is taken as the requirement for data communications. This S/N should
provide low error rates but includes little margi n for signal fading.

The channel acquisition is based on acceptance of ’ a single pulse with a I 5-d R S1N.
If 1FF codes are used to minimize false al arm s, the acquisition times will be increased over
those listed in the table. For the forward-scatter link , the use of a pencil beam of I degree
and a fan beam of 4 degrees are considered. The estimate for the fan beam is conservative
relative to that of the pencil beam since it assumed that only the energy at the best I-degree
elevator segment is used. In reality, other portions of the beam will contribute energy , but
then pulse time dispersion effects must be included. Other tradeoffs between acquisition
time and ran ge are possible , and this are a should receive additional attention.

15
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It is noted that an active relay channel provides the full I 50-nmi communication
coverage with an 85-percent availability. The scatter link gives a 100-km communication
range with 70-percent availability. This range can be extended to 165 km by reducing the
data rate to 75 bits per second.

Table 4 shows that considerably better perform ance is provided at night. The scat-
ter link can provide a data rate of 75 bits per second over the I 50-nmi range.
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SECTION 4. SIGNAL MODEM CONSIDERATIONS

The purpose of this section is to describe general considerations for 1FF and
communication signal design , and to establish signal-to-noise ratio requirements. Some
examples are given , but the final design and specification of parameters will depend upon
the specific Fleet application. As discussed earlier, the emphasis is on pulse-modulation
systems. Information is presented on 1FF design to allow for tradeoffs between false-
alarm and detection probabilities . The effect on S/N of several system parameters are
considered.

NOISE STATISTICS AND SIGNAL-TO-NOISE RATIO

Photodetection is most correctly analyzed as a Laquerre counting process? However ,
under most conditio ns of i n terest, Poisson statistics apply and the Poisson detection process
has been analyzed in some detail. 6

Following Karp , the average numbe r of electrons produced by a received optical
pulse of peak power Pc and duration T is given by

K 5 = riPcT/hv ,

where i~ is the photodetector quantum efficiency, v is the optical frequency, and h is Planck’s
constant. Similarly, the number of electrons produced by background radiation in a time I
is given by

K N = ?7PbT/hV ,

where 
~b is the received background average power. Note that KN is proportional to T for a

constant background , so that the use of short pulses and corresponding short sign al interv als
decreases the amount of interfering radiation.

The number of electrons “counted” in a time slot that contains the signal , isa
Ik isson-dj strj buted random variable with mean KN + K5, and the number of electrons
counted in a slot containing only noise is a Poisson random variable with mean K N. The
ratio of the square of the electron count (le square of detector current), when no noise is
present , to the variance of the count , when noise is present , has many of the characteristics
of a S/N and is usually referred to in this way. For Poisson statistics this becomes:

S/N = K 2 / ( K 5 +

The error probability for Poisson statistics depends upon both signal and noise energy ,
and not upon merely their ratio. An example of an error probabil ity curv e is shown in figure
I . It is noted that the error probability approaches the familiar Gaussian case for a large
background count. It appears that the familiar Gaussian statistics can be used for daytime

5 Gagliardl , RM , “The Effect of Timing Errors in Optical Digital Systems ,” IEEE Tiwisactk ’ns on C’ommuni-
canon Technology, COM•20, p 87 to 93, 1972
‘Gagllard i , RM and S. Karp. “M.ary Poisson Detection and Optical Communications .” IE EE T)ensactions
on Communicatkrn Technology, COM.I7, p 208 to 2 16 , 1969
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background conditions while the more precise Poisson statistics would apply at night. Since
a system would generally be designed for worst-case conditions , the emph asis is on Ga ussian
statistics.

10
_ i 

— 9(6)

10 2 10.1 1 10 io~
Figure 1. Error probability versus normalized noise-energy , K,

for fixed values of S/N = N 2/N + K , M-2 (courtesy IEE E) (ref 6).

The S/N expression can be cast in more useful engineering terms by noting that the
signal photocurrent , IC, is the product of the electron charge, q, and the number of photons

V per unit time. The current may also be expressed as the product of the de tector respon-
sivity, Sd, (ampere per watt)  and the incident power or ,

I~ = (nq/hv)P~ = SdPc.

A similar expression holds for the background current. Consider a photodetector with inter-
;ial current gain G , feeding an amplifier presenting a load, 

~~~ 
It can be shown S that

S~ P~ G 2
S/N = d ~

2qB (Sd(P b + ~c ) + 1d) G2 + 4kTB/R L

where

Sd IS the detector respons ivity (ampere /watt),
q is the elect ronic charge (coloumbs),

~c is the receiver carrier power (watts),
B is the electrical bandwidth of the system (hertz),

~b is the background power incident on the detector (watts),
1d is the detector dark current (amperes),
k is Boltzmann ’s constant (j oules/K),
I is the therm al noise temperature (K), and
R L is the load resistance (ohms).

19
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For practical amplifiers , T will be greater than the ambient tempe rature . This expression,
neglectin g the thermal noise term (second term in the denominator), is used in the link
analysis given in section 5. For sufficientl y high gain G, the S/N is independent of the
thermal noise.

Practical gain mechanisms include current gain within photomultipliers and ava-
lanche photodiodes and heterodvne detect ion. As discussed earlier , a heterodyne system V

is not considered a candidate for a scatter l ink because of the operating wavelengt h and
possible loss of cohe rence in a scattere d field. Practical photodetector parameters are
given in section 6.

For sufficiently high gain , the therm al noise term can be neglected. When the
background-generated current , SdPb, is large compare d to the dark current , the expression
for background-limited detection is obtained as

SdP~S/N (background limited) = ___________

2qB (
~ b +

For systems operating in large backgrounds . 
~b may be considerably larger than 1

~c. In this
case, a decrease in optical filter bandwidth , B0 (note that 

~b a B0), gives a proportion al
improvement in S/ N :  reduct ion of bandwidth by a factor of 2 improves S/N by 3 dB.
(A reduction in the electrical bandwidth , B, has the same effect, but B must be wide enough
to respond to the pulse envelope.) An increase of 2 in Sd (or qua ntum efficiency) improves V

S/N by 3 dB. The S/N is increased 6 dB by a doubling of transmitter power (or 
~~~ 

rather
than 3 dB as might be expected intuitively. A doubling of the receiving antenna ape rture -— — -

doubles both P~ and 
~b and thus increases P

~/~ b by 3 dB.
The S/N expression indicates that it is advantageous to concentrate the laser pulse

energy in a short pulse in order to obtain high peak power. Cutting the duration in half
gives a 3-d B S/N advan tage , since P~ is increased 6 dB while the noise is increased 3 dB. due
to a doubling of the requ ired electrical bandwith . B. Pulse lengthening due to propagation
time dispersion will limit this improvement.

MODULATION

Pulse modulation has been assumed for both the scatter and active RPV links. Common
type s of pulse systems are pulse amplitude , pulse position (PPM), and pulse intern al (P IM )
modulation. Because of possible amplitude fluctuations in the scatter link , and primarily
because of the low pulse rate ( for high peak power) , pulse-amplit ude modulation is not con-
sidered for the active links. Pulse-positi on modulation requires accurate synchronization
( for example , by the use of precision frequency standards) but has some advantage over PIM
in S/N and covertness , in both communications and 1FF.

Pulse-time dispersion will l imit the width of independent or orthogonal intervals for
both PPM and PIM. For a scatter link , the time dispe rsion can be as large as 2 microseconds
(table 5) for a fan beam and a field of view of 4 degrees. However , for likely system para-
meters the dispersion should be considerably less than 0.5 microsecond, and this va lue will
generally be considered for the independent interval.

20
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1FF

1FF coding tradeoffs between false-alarm rates and probability of detection will vary
with Flee t vehicles and tactics. For example , a submarine wants to have a very low proba-
bility of being tri ggered into an unnecessary transffiission. False-alarm probability changes
very rapidly with S/N so that a reasonable example establishes the approximate S/N require-

• ment.
An example of an 1FF code consisting of three pulses has been analyzed7 . The

required S/N , for a fal se alarm rate of 0.5 per hour with a detection probability of 0.99, was
• calculated for a range of pulse rates from 10 to 200 pps, and from I to 4096 time-code

intervals per pulse. A S/N of 12 to 13.5dB covere d the range . A 1 5-dB S/N appe ars to be
a conservative requirement. -

Curves of detection probability as a function of false alarm and S/N are included to
aid in the design of specifi c 1FF codes. Figure 2 is based on a Rayleigh noise distribution.
or the envelope of Gaussian noise , and would app ly for daytime background conditions.
P~ in the figure is the probability that the noise exceeds a th reshold, while 

~d is the prob-
ability that the signal (plus noise ) exceeds the same threshold. This curv e is for single
pulse probabilities. (See Ander son 7 for computations involving more than one pulse. ) If
in 1FF code is to be created specifically for nigh t use , Poisson statistics would probably
apply. Probability curves for this case are civen in figure s and 3.
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COMMUNICATiON RATE

When the system switches from acquisition to communications , the tradeoff between
false alarm and detection probability changes. That is, additional false indications are
acceptable if the pulse detection can be enhanced enough to reduce the overall error rate.
In a fixed-threshold system , the threshold level would have to be altered. However , another
strategy, such as maximum-likelihoo d detection , should probably be used.

The inform ation rate for a pulse position modulation system has been shown to be
approximately: 9 ~ 0

H = (log2 M)/MAT — 
~E f( l og2 M)MLIIT~ ,

where

M = number of slots,
duration of slot , and

= probability of error.

The ft term is smal l for the S/N considered here for communications and is ignored in ob-
taining approximate information rate . The information rate for PIM should be close to
that of PPM with some capacity used for synchronization. Th obtai n the maximum in for-
mation rate for a given pulse rate , assume that the period between pulses is divided into
slots of 0.5-microsecond duration. This duration is dictated by pulse-time dispersion in a
scatter link. For a LOS link , the slot duration could probably be shorte.r. Table 5 gives the
information capacity for several pulse rates. I t  is noted tha t the capacity increases with a
decre ase in M (increase in pulse rate ). The information rate is also given assuming one 12-
bif word j , r nuke . Optical communication sY stems using 1 2-bit words have been imp le-

rnted ’ and it is noti ced that very l i t t le  is generally gained by going to more than 4096
slots.

TABLE 5. INFORMAT IoN RATE.

I Data Rate Using
Period M - H 12 b its /pulse

Pulse Rate (rnsec) 
- t oo) (bits /se e) (bits/ see)

10 100 200 .000 I ‘ô 120
20 -~ 50 00.000 332 240
50 40.000 - 265 600

tOO It ) 20.000 1 1430 1 200
200 10.000 2660 2400

~ RCA . IV ’leetr (,.Op (i(.s llandha’,ok. I ~74
~ Lscp. S -.md RM Gaghardi. ‘The design ol a Pulse-Position Modulated Optical Communication System .~’

I/- I- I Tran~,etions on G~mmunieation Technology, COM- 17 . p 670 to 676 , 1 969.
‘° Karp . “i. I - I  O N c all  and RM (;.a glia rd i . “(‘o,nrnunication Theory for the Free-Space Optical Channel ,

I~~I ’U~ e ’t i lPIV~ of the lI~.’E , V 10 , p 161 1 ta ~ 1b2~ , 1970
~ \a~aI E lectronics Labor atory Center Tethnical Note ~o72 , Voice C’ommun,carion ~Ath a Flaslüamp-

h u e d  81ur-G teen Dye Lawr , by JE Celto . EJ Schimitschek and JA Trias , 24 April 1974*
N11 (’ j~~~~~ notes are informal docum ent s intended primarily for use withi n the Center.
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SECTION 5. LINK ANALYSIS

The ( ink analysis is separated into four parts. Firs t , the transmission loss as a function
of range and wavelength is given for both the scatter and direct (relay) propagation links.
The optical background noise is also described. The S/N is determined as a function of range
and wavelength for nominal  system parameters. The value of this computation is that  it m di-
cates the pre ferred operating wavelengths and allows a rapid assessment of the S/N resulting

- from a change in system parameters . Heavy rain , dense fog, and clouds can produce losses
of from 20 to 30 dB per kilometer and obliterate an optical channel.  Estimates of l ink
availability are also given.

TRANSMISSION LOSS

In the visible portion of the spectrum, the major loss mechanism is aerosol scattering.
The aerosol scattering also permits 0TH communications as discussed quanti tat ively in
appendix V. Near the low wavelength end of the visible region , molecular (Rayleig h ) scat-
tering begins to contribute to the loss. In the ultraviolet (UV) region , Rayleigh scattering
becomes more im portant , and absorption by ozone causes very large losses for wavelengths
below 0.3 ~m. Because of these losses, the UV region has not been considered in detail.

In the I R region , the effects of absorption by water vapor and carbon dioxide need
to be considered. These losses are minor for windows in the near IR but become pronounced
at large r wavelengths. The absorption losses are superimpose d upon the scatter losses. lR
absorption loss is ti rs t considered , and then 0TH propagation in the visible and IR regions
is discussed.

IR ABSORPTION LOSS

In :Ii e absence of haze or clouds , the major loss mechanism in the IR region is ab-
sorption by atmospheri c components , particularly water vapor and carbon dioxide. The
com putation of rad iative transfer is very complicated and numerous approximate methods
have been applied. ’ 2 For a single frequency , the transmittance over a homogeneous path
is of the same general form as for scatter , ie ,

1(X) = exp (—k( X )w),

where

T i s  the transm ittance ,
k is a coe fficient ,
X is wavelength , and
w is the amount  of absorber in the path.

12  LaRocc;a , AJ , “Methods of Calculat ing Atmosp heric Transmittance and Radiance in the Inf rared ”
&()errdings of the I/fL!: , V 63 , p 75 to 94, I 975
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However , considering absorption over an entire absorption “line ” and the effects of .. •~cent
absorption lines leads to various expressions for transmittance. For weak absorption lines or
short distances, the above form is often applicable. For strong absorption lines or long dis-
tances the following form is often used: i ~

1(X) = exp (_k(X)w) Y2 .

This expression is often used for water vapor in part of the IR spectru m , and the following
expression is used for other I R wavelengths. ’ ~

T(X) = exp [-k (X)w/( I + 2k 2(X)w) Y2]

For large w, this approximates the previous form for transmittance.
Transmittance tables for 1120 and CO2 are given by Valley (tables 10-13 and 10- 14) . ’ ~

The table for CC) , covers the range of absorption concentration of interest in the present
study. The CO2 concentration is about 0.294 pascal (30 atm-cm) per kilometer of sea level
path and decreases with altitude. A value of 0.245 pascal (25 atm-cm), corresponding to an
average altitude of 1 km. was used to obtai n the absorption for transmission windows be-
tween 1 and 4.6 pm. For GO, laser transmission at 10.6 pm. the laser transition occurs
in reverse in the atmospheric CO2. This absorption is combined with water vapor absorp-
tion. A typical loss value is about I dB/ 1.6 km.

Absorption loss in water depends upon the total water vapor concentration over the
path (scatter depends on drop size). The relationship between precipitab le water and rela-
tive humidity and temperature is shown in figure 4. In determining absorption , we assume a
temperature of 20°C and 50-percent relative humidity.  The 0.9 cm/km is reduced to 0.84
to account for a drop in water content with altitude. The transmittance table in Valley is
onI ~ applicable to 50 cm of water ( 60-km path ) .  The transmit tance values for longer
ranges were genera l l y  extrapolated assuming an exponential  (kw Y/2 va r ia tio n . When
the variation in the table was still close to exponential (w) at maximum w , this variation was
used to 2 w and then the w½ variation was assumed. With the extrapolation used , loss
values for range s beyond about 100 km are somewhat suspect.

The ahsorpt ion Vloss as a function of range for various transmission windows is plotted
in figure 5. The loss is similar for wavelengths close to those indicated but generall y becomes
ext remely  large at intermediate wavelengths. Vrh e IR absorption loss is combined with the
scatt er loss in the next section for the diffe rent types of propa gation channels. -~h’~orp t ion
loss for wavelengths below 1pm is considered negl i gible and is ignore d.

I 3 
Ii ited States Air Force , iland book of Geophysics and S~~ce /f nv i ronment , SL Valley, Editor , I 065

‘~ Naval I~k~t ’ ~nics Laboratory Center Tt~chn icaI Note 2714 . Radiated Background Noise Ui the 10-45
~; l/ z Band , by 013 Sailors . Di Adrian and P11 Levine . 2-1 June 1974*

4NE LC technical notes are inFormal documents intended primarily for use within the Center.
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Figure 4. Water-vapor concentra tion as a function of temperatur e and
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FOR WARD-SCArrER LINK

A forward-scatter optical communication channel , where the scattering arises from
atm ospheric “ha.ze” aerosols, has been an aiyzed. 2 The referenced report is included as
appendix E for convenience. As illustrate d in figu re 6, the two primary mechanisms for
0TH propagation (with absence of clouds) are sin gle and multiple scattering from atm ospheri c
aerosols. Ignoring absorption and noting that scattering tends to be peaked in the forward
direction , it is meaningful to think in term s of an “aura ” of multiply (forward) scattered
photons surrounding the laser beam. This aura will , in general , attenuate less rapidly with
distance than the direct beam and , were it not for the effect of the nearby Earth ’s surface,
would be the dominant source of radian ce at long ranges. However , the effect of the Earth ’s
surface is to remove energy from the aura by a combination of absorption and diffu se scat-
tering so that , for near-surface transmitter /receiver links , the aura will attenuat e more rapidly
with range than that of the singly scattered component. For this reason , the compute d trans-
mission loss is for the singl y scattere d component. It should be borne in mind , however , that
at ranges less than abou t 100 kilometers , the aura can , under favorable conditions ,2 be the
dominant component (by about 10 dB).

A BASIC language program (see appendix B) was written to compute the scatter
transmission loss as a function of visibility, wavelength , distance , and transmitter vertical beam
width . The scatter model was developed in terms of the extinction coefficient. As discussed
in the appendix , the commonly used simple relationship between extinction coe fficients and
visibility or meteorological range , underestimates the extinction coefficients by as much as an
order of magn itude for some wavelengths and visibilities. However , it has been possible to
combine the semi-empirical model of Elterman with other theoretical and experimental
results to obtain a model of sufficient accuracy for the range of visibi lities and wavelengths
required for the system tradeoff studies. This is discussed further in appendix A.

/

~ENV EL0P E” OF ./
‘ 

UNSCATTE RED BEAMMULTIPLY FORWARD
SCATTERED RAYS

.7 SCATTERED

MULTIPLY SCATTERED
— .

Figure 6. Beyo nd .the- ho rwo n propagati on mechanisms (cloud.free case).
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The computed tr ansmission los s does not inc lude the aerosol scatter ing “gain ” in theforward direct ion but it is included in the S/N computat ions  presented lat er.  The absorptionloss in the IR band has been combined with  the scatter transmission as a mult ipl ic at ive factorin the data presented here . Dotted lines connect the IR windows for ease of viewing the data.Absorption between windows is generally such as to preclud e commun ications at any signi-ficant distance.
Figure 7 shows the path lo~ versus wavelength and distance for a pencil beam. Thevertical lapse rate of the aero sol concentration is I .3 km for the fi gure . This figureindicates the advantage of a system operating in the near 1k . The background noise varieswith wavelength as shown in the next section and the resulting S/N indicates an even greateradvantage for near IR (eg. 1.06 pm) compare d to visible (eg. 0.53 pm ). Experi mental com-parison of scatter at 1 .06 and 0.53 pm would appear to be an important step in evaluating

the forward-scat ter model.
Figure 8 shows the loss assuming a 4 degree vertical fan-beam transmitter ,  The otherparameters are the same as for figu re 7. Comparison of the two fi gures shows th e signal enhance-ment produced at long ranges by the fan beam . As discussed , ( in LIN K S/N RATIOS ) thisadvan t age will be effected by time dispersion for short-pulse systems. It is also noted thatthe fan beams tend to sh i ft the wavelength for minimum path loss towards the lower IRrange. Considering available laser sources, 1. 06 pm is clearly the most probable operatingwavelength. The path loss at 1.06 p m as a function of vis ibility and range is shown infigure 9.
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Figure 9. Path loss at 1 .06 pm , scatter link.

L1N~ -0F-SIGHT

A line-of-sigh t (LOS) propagation path is involved in the active relay l ink.  A progra m
to compute the transmittance as a function of visibility, wavelength and distance is described
in appendix C. The program also computes the S/N when the applicable system parameters
are specified. Transmittance as a function of wavelength and distance is shown in figu re 10
for a 20-km visibility. The distance indicated is the surface distance while the transmit-
tance is computed for a path between a surface terminal and an airborne tt rmina l at the
minimum altitude necessary to maintain a line-of-sigh t path. The 1R absorption loss is supe r-
imposed upon the scatter loss. Geometric loss due to beam divergence is not included in the
path loss but is. of course, included later in the S/N calculation . It is seen that the near I R i s
preferable to the visible for LOS links as well as for the scatter link described in the previous
section.

Figure I I  shows the path loss to an RPV at 2.5 km alt i tude as a function of
range and visibility. it is noted that the higher RPV altitude gives considerable small?r path
loss than shown in figure 10. As range is incre ased , the loss incre~ ses more rapidly since a
lower elevation angle is requii ’ed (constant RPV altitude), thus increasing the fraction of the
path in the low-altitude , high-loss reglon.
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Figure I I .  Path loss as a function of range at 1.06 pm.

BACKGROUND NOISE

Noise and noise sources may be characterized by source distribution , spectral distri-
bution , and statistical characteristics. Statistical characteristics of noise in optical systems
were discussed in the section on signal modems. Sources and spectral distributions are dis-
cussed here .

SOURCE DISTRIBUTIONS

Sonic contrastin g characteristics of source location are : intern al or extern al ( back-
ground); uniformly distributed or local ized; and stationary or nonstationary .

Internal noise may be of two ty pes. Thermal noise originates within the amplifiers
and load resistors of the receiver. Internally generated quantu m noise is caused by dark
current in a photoemissive or photovoltaic detector. The quantu m or photon-fluctuation
noise produced by exte rn al radiation is proportional to the powc . incident on the detector.
Thus, both the signal and background radiation contribute to the noise. The photon noise
associated with the signal (self noise) is included in the program listed in the appendix
although , at long operating ranges , it is negligible compared to the background.
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The importance of the distributed versus discrete source has to do with the measure
of background. If the source tills the receiver field of view , the spectral radiance , N(X),
(watt m 2 steradian ’ pm ’ ) is an appropriate measure . However , if the source does not
fill the field of view (discrete source) the irradiance , H(X), (watt in 2 pm 1 ) is more
appropriate.

When a source is contained within the receiver field of view, the received background
power, 

~b, in term s of H is given by

= H(X)A rtotaBo ,

where

A,. = receiving apertu re ,
B0 = optical bandwidth ,
t0 = transmittance of the receive optics ,
ta = transmittance of the atmosphere , and
A = wavelength .

When a source completely fills the receiver field of view , the received power may be expressed
in terms of the radiance , N , as

= N(AW~rArtotaBo ,

where

= solid angl e receiver field of view.

For a conical field of view , the solid angl e is related to the plane angle of view , O~., by

~~r 
2~~( i ~~~0sO r/~~

)

r -
= 

~
—:

~
—- , for small angles.

[ h i s  l a t t e r  re la t ion hold s for sy stems consi dered in t h i s  stu ds- - For a nonconic al  field ot ’
v i ew . eg. cy l i nd r i ca l  optics . the e l fec t iv e  solid angle needs to be ei ther  determined , or roughly
approximated by replacing °r in the above expres sion by the product of the linear FOVs
in the largest and the smallest direct ion.

The major background radiation sources are the sun and sky. The sun may be con-
sidered a discrete or a distr ibuted sotirce depending upon whether the receiver FOV is larger or
smaller than the 0.5-degree angle subtended by the sun. The spectral distributi on for the sun
is given Ifl the next  section , but  it is generally assumed in this study that  the receiver does
not look directly at the sun. The sky background may be considered as a distributed uniform
source for any FOV considere d in this study. The relative locations of natural sources may
be considered approximat ely stationary when viewed from a ship. This may no longer be
tru e for an airc raft .
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Intentiona l  or nnintentional man-made ~nter1crence sources will generally be po in t
sources Howeve r , scattering of thi s encr~~, eg by clouds, may generate a distributed inter-
terence source. Inter ference source locations may well be nons tationar y .

st’ l~( ’r RAI .  ( H A R A C T L ~HlSTICS

The spectral distri bution tar the sun is ShoWn in Ilgure 1 2. 1 I t  is n oted tha t  a black-
body at 5Q99 K fits the cu rve quite well. In fact , the blackbody approximation is r eij sonab lv
good t hro ugh the mil l imet re portion of the radio band) ‘ Figu re 12 also shows the spectral
distribution at sea level . The effect ol absorption by water vapor , carbon dioxide , and ozone
is apparent .  The spectral irradiancc within the atmosphere depends upon the density and
composition of the air along the path of the be.atn. Figure 13 illustrates the depletion of the
solar beam in passing through cleat air to ~ca level as a function of the optica l a ir ma~ and
ien i th  angle. Detailed tables of solar irrac.haiice are given in Valley. ’ ~

The daytime sky b~wkground radiance is due to scattering of incident solar radiat ion
and to emission by atmospheric partic les heated by incident radiation. The visible radiance
is predominately scattered radiation , and the infrared is mainly  atmospheri c emission . Roth
the level and the spectra l distribution depend upo n the characteristic s of the scatterer.
Radiance from sunl it  clouds may be an order of magnitude higher than from a clear sky.
Sky background data for several conditions are shown in figure 14. Atmospheric absorption
ba nds , il lustr ated in figures 1 2 and 13. are not included. The dashed line is discusse d in the
nex t  section of this report .

Nigh t sky background radiance data are shown An fi gure 15 The main source in
the visible is scatte red moonlight. At nigh t , aurora and ai rglow can he import ant for some
\s axche n gtns near I . h pin. I hermal erassion predomin ates for wavelen gth s greater th an  2.~pm. in contr ast to a value of 4 to 5 pm during th e d iv .

AN A LYTJ(’A L APPROXIMATION TO BA(’KGROUND

An analytical approximation to the background was needed for the l ink  p ertorm anc e
computer  progr am. From fi gures 14 and 15 , it is seen that a 2~ 3 K b lackhody radiat ion curve
serves as a fairly good enve lope to the measured values. Fx am ina t ion  of curves in the IR
hand~~ ‘~~ indicate tbu t  2~ $ K may be s!ightiy better , In fact , the 28I1 K indicated for figures
4 and IS  may well be a misp rint. The radiance may be derived from Phanek ’s law for spectral

radiant  emittance , WOt~,

_______ 
IW (A ) 

- exp (~~/XkT~
_ I

K~~etk a , ~4S and I Koldogna. ‘‘K~t~kgyi~~nd Noise in Optical (. unmIuIncaIIon Sy steni~. ’ Proee ’dlng ~ of —
the Ii’I T, v 10 . p 157) u 1577 . 1970
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Figure 12. Spectral distribution curves related to the sun; shaded areas
indicate absorption , at sea leve l , due to the atmospheric
constit uents shown (ref 13) .
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where

c = velocity of tigh t ,
X = wavelength ,
T = tempe ra tu re of background radiation source ,
h = Planck’s constant , and
k = Boltzmann ’s constant

If it is assumed that the source is a diffuse radiator ( Lambert surface), it can be shown that ’

N~~) = W(A)/,r .

The expression for N with I = 288 K is used for the emission portion of the sky noise .
The scattering of sunligh t is a function of wavelength , so that a blackbody term alone

cannot be used for this component. Comparison of the blackbody radiation for 5900 K and
the measured data yielded an empirical multiplying factor of

4 X

where X is in p in. The empirical expression for the daytime background is th cn

4.75 X 103 l .2 X 108
N(X) = 

x 1312 (e2.44A—l) 
+ 

x~ (e
50/X _i) 

(daytime),

where X is in pm. The dashed curve in figure 14 shows a plot of this expression. A similar
approach for the night sky background gives

8.3 X l0~~ 1.2 X 108
N (X ) = 

x 13’2 (~2.44/A i) 
+ 

A 5 (e50P
~_ l)  

( n ight i .

This expression is plotted as the dashed curve in fi gu re 1 5.

LINK S/N RA11OS

PULSE DISPERSION EFFECTS

The transmission l oss ~ ven earlier is actually the value for loss ut energy . The cu rves
also ~ ve powe r loss for continuous-wave transmission or pulse transmission where the pulse
durati on is long compare d to the time dispersion introduced by the media. However , time-
dispersion effects must be considered when obtaining the S/N for a short-pulse system. The
received energy will be spread over a time equal to the sum of the pulse duration and dis-
pe rsion.

We firs t consider the time dispersion for a pencil transmitter beam and a finite held
of view. Referring to figure E3 of appendix E , let the elevation angles be equal (ie , 3~~~=~~~~2=p )
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and denote the dashed line by Z 3. The dif f çicnce ill propagation time within the receiver
tield of view , F , (F ~~~ iii the figu re ) is:

~ T = - ~~ - ~JZ 1 + Z 3_ Z2j

— 
Z sin F + sin 2~ —l— 

sin ( 2S3+F)

where c is the v e l o c i t y  of l ight .  The law of sin es was used in the derivation. Next  we let:

D = 2Z,  and
= D/2R ,

where D is the distance between receiver and transmitter and R is the “4/3 earth” radius
(see appendix E) of 8493 kilometres. After some trigonometri c ~nanipulations and replacing
the sines of angles by their arguments , we obtain the time dispe.i~ion for a pencil beam:

/
(

D2F
= ~~~~~~

— (pencil beam).

Table 6 lists the time dispersion in microseconds for~several distances.

TABLE 6. TIME DISPERSION .

Time in Microseconds
Path D Pencil Beam Fan , Beam
in km FOV Fan Angle = FOV

________ 
1
0 4~ 1

0 
4

0

50 0.004 0.017 0.025 0.41
100 0.017 0.069 0.050 0.8 1
200 0.069 0.28 0.10 1.6
300 0.156 0.62 0.15 2.4

For a fan beam , we assume an equal fan and FOV angle , F. The difference in propagation
time between the ‘ipper and lower edge of the beam is then found to be approximately
(assuming lower edge as a flat earth):

= ~.2 = ~~ ( I / c o s F — l )  (fa n beam).

t ime-dispersion values are shown in tabl e 6. Some of the dispersion values are significantly
longer than  typical  pulse lengths (eg about 0.02 psec for a Nd :~~-\G laser ) .

If the  dispersion equals the  pulse duration (eg. at 100 km . for a pencil beam and I-
degree field of view ),  the peak power is reduced to half that expected from the path-loss
co m pt i t a t l ons . I - u r t h e r  increase in the FOV would increase the signal energy but  not the —

pca~ power. The increased energ y comes from increased pulse stretching. Consider the
S/ N ~~~~~~~~
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Sd ~cSNR (background limited) = 2qB 
~~~~~~

The required bandwidth , B , is inversely proportional to the received pulse duration , T+.~T,
where I is the transmitted pulse duration and AT the dispersion. Since P~ is also inversely
proportional to the received pulse duration , the S/N is approximately,

SNR = 1~~ 1.

Once I is smaller than ~ T, there is l i t t le  advantage in reducing it further. It  is noted that
the bandwidth must be varied as ~ T varies. This could be done stepwise , for example , with
2-to- I changes in bandwidth (3-dB changes in noise) .

Now consider the effect of varying the FOV . Once the FOV is large enough that the
time dispe rsion is comparable to the pulse duration , a further increase will give no increase in
peak P~. The background 

~b will increase but B may be reduced , thus keeping the S/N con-
stant. It is advant ageous to increase the FOV until the background current term exceeds
the dark current. In addition , a wider FOV would relax pointing accuracy requirements.

The time dispersion or extended source effects migh t conceivably be put to some
use , such as angle diversity . For example , 2 detectors could be used, each with a diffe rent
elevation look angle. The pulse received at the higher angle should lag the other by an
alr~ount depending upon the transmitter distance. This would allow discrimination against
interference (intent ional  or unintentional ) with a diffe rent time relationship. Some advan-
tages of diversity reception could also be achieve d in that 2 scattering volumes with possibly
different short-term characteristics would be viewed.

FORWARD-SCATTER LINK 
-

The pr ogr am described in appendix B st as used to compute the S/N data given in
this section. The IR absorption loss discussed earlier in this section is included in the data.
Dashed lines connect the IR windows for ease of following the curves. In general , there will
be excessive absorption loss in the wavelength regions indicated by the dashed lines. The
computed values are applicable when pulse dispe rsion can be ign ored. For some of the data .
corrections are applied for  time-dispersion e ffects as described in the last section.

Figure s 16 through 18 show the S/N variation as a function of wavelength and dis-
tance for three different  visibilities using a pencil t ransmit ter  beam pointing at the hori ion.
The noise level for mos t of the curves is the max imum noise ( analyt ic  expression) . The
results for  the noise curv e , I) of tigure 14 is indicated in fi gure 16. The system parameters
td ven in table 7 are used independent ly of wavelength , in order to indicate the generally
pre fe rre d wavelength region. As can be seen in section (1. there is not generally a stron g regu-
lar variation of sy stem parameters with wavelength. The figure s indicate the advantage of
the near I R.  Consideration of available laser sources and detectors indica te s  tha t  I .06 pm
is the best op erating frequency at present . The 3.8-p m reg ion shou ld he considered in t he
fu tu r e  if component advance s. .esp ecia l l ~ chemical  (deute r iu m fluoride) lasers , continue.
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TA BLE 7. NOMINAL SYST EM PARA M ETE RS.

Parameter Value

Transmitter
Radiated Powe r 106 W
Beam Divergence 4

0 fan , or pencil beam
Height 25 m

Receiver
Field of View 10

Aperture A rea 10 2m 2
Optical Bandwidth 10 4 pm (I  A~
Detector Responsivity 0.065 A/W
Dark Current 10 14 A
Electrical Bandwidth 7 X t0~ Hz
Height 25 m
( Background or dark current limited operation is use d , based on the use of

a detector with adequate gain).

Figure 19 com pares S/N for different aerosol distributions using a fan beam. The
best results are given for a marine aerosol , which would be expected over most of the ocean.
Continental hazes , which may exist near coast lines , are expected to generally produce signal s
a few dB smaller than marine aerosols. The difference between the S/N for the two aerosols
is greater in the visible than in the near IR. The Deirmerdjian forward-scattering funct ion for
a marit ime M haze at wavelengths of 0.45 , 1. 19 , and 10.0 pm is given in figure 20. Similar
curves for a Deirmerdjian cloud ar.~ given in figure 21.

Figure 22 shows the S/N versus range for a 4-degree fan beam with v i s ib i l i t y  as a
parameter , for a I .06-pm system. The system parameters used were the same as given in
table 7. The presently available detector responsivity at 1.06 pm is, however , only 0.018
ampere /watt (A/ W ) rather th an 0.065 A/W. The curves would also apply to far ranges
(where Pb> ~~ 

for a responsivity of 0.018 and a laser power of 1.9 megawatts (which is
presently available). The effect of time dispersion on S/N (assuming a 0.015-psec pulse) is
indicated in the fi gure for the 20-km visibility curve. The same reduction would app l y
to all curves. It is assumed that the electri cal filter bandwidth is adjusted to the inverse of
the dispersion time for each distance. The pencil beam results at V = 20 km are shown in the
tigure for comparis n. It is seen that the time dispersion reduces the advantage of the fan
beam for short pulses as discussed in the previous section.

Figu re 23 shows the effect of launch angle on the S/N for a pencil beam. A detector
responsivity of 0.018 A/W and a dark current of lO~~~ ampere was used in the computation.
Other parameters are as shown in table 7. It is noted that a beam elevated at about 4 degrees
gives a large enhancement in S/N at long ranges. The optimum elevation depends on aerosol
distribution and range. Thus, elevation scanning should be part of the link-acquisition proce-
dure.
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Figure 20. Forward-scattering function , water haze, M.
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Figure 2 1. Forward-scattering fu nction , water cloud . C 1.
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SYSTEM PARAMETERS:
(SEE TEXT)
DAYTIME RADIATION BACKGROUND
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Figure 23. Effect of launch angle on SIN.
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F xarn in a t io n  of figures 1$ and 23 shows that  a 1 5-d B S/N ( for Sd 0.0 1$ A - W , P= I • o)

~1W . X = I .06 pm )  could he expected for  ranges less tha n 60 kin and 100 km for visibi l i t ie s of ’
20 and 50 km respectively. The use of a 40-megawatt t ransmi t te r  would ex t end  these ranges
to $0 and 160 km. The effects of parameter changes on S/N ar e discussed in section 4 and
cove rage predictions for an optimum set of parameters are given in section 3 .

A(’TIVE RPV LINK

The received power for an active l ink is given by,

A r T( R ) P t
=

where

Ar = receiving apertu re area.
1(R) path loss at range , R ,
Pt transmitter power ,

transmitte r divergence , and
R = range .

Loss in the receiver optics is ignored but could be considere d to be incorporated in an e ffec-
tive aperture area. The received power was used to determine S/N. It is assumed that suffi-
cient gain is used in the photomult iplier so that the thermal noise of following amplifiers can
be ignored. Dark current is include d in the computation but has negligible effect upon day-
time S/N.

Using the transmitter and receiver parameters given in table 7 the S/N was computed
for a ran ge of visibilities . It is assumed that the path is between a ship (system at 7-rn altitude)
and an RPV (at 2.5-km alt i tude).  Figure 24 shows that  a I 50-nmi comm unication range
( S N  = 15 dB ) w i th  an RPV located at the midpoint  (140-km ship-to -RPV pa th )  could be
achieved with visihi l i t i e s  greater than 10 km. S/N curves for a 1 0-degree FOV should allow
a simpler receiving point ing control system to be used (ship-to-RPV l ink ) .

The RPV p ointing accuracy for transmission presents a more stringent requirem ent .
The curves in figure 24 assume that the receiver is w ith in  the 1-mrad EOV. Figure 25 shows
the S/N for a 20-km visibi l i ty .  Curves are also shown for a t ransmi t te r  divergence of 1.8
degrees (or 0 D 0.060 and 

~R l0 3 W) . It is noted that  the desired range ~ in be achieved
with a pointing accuracy of about ± degree on both the t r ansm it ter  and receiver with a vis ibi l i ty
of 20 km.

LINK AVAIL ABILITY

Weather affects the link availability in 2 ways. Firs t , the path loss, in any of the l ink 
—types, is a strong function of visibility or meteorological range . Second , clouds can affect the

links in diffe rent ways. On an RPV link , a cloud on the path will at tenuate the signal. In a
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Figure 24. S/N for active link, RPV altit ude =2 .5 km.
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Figure 25. S/N for active link , RPV altit ude = 2.5 km. visibility 20 k m.
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scatter l ink , a cloud can ei ther  a t tenuate  the signal or increase the scatter , depending upon
location. Operational strategies could probably he developed to maximize scatter-li nk
availabili ty under cloudy conditions .

Contour maps showing the percent of t ime t h a t  the horizontal vis ibi l i ty  is less t h a n  5
mi mi have been published . 16 

~
. x ample s  of I liese f l ap s . ~ I5 l i l t !  t h e  pert cii t of t ime  t l i . ~t t lie

V I s i b i l i t y  is less than 5 nmi . are shown  in figures . o throug h 2 1) . We a re pr im ari l~
interested ill v i s i b i l i t i e s  s i g n i f i c a n t l y greater than 10 km (almo st  ~ nmi  ). I \ a i n i f l a t i O l i  of
t he dat a s.ini p les t . iken  f rom nine  d i f f e r e n t  l o ca t ion s  shov.’ t h a t  a v i s i h i l i t  g r e a ter  t h i n  20 km
occurs between 10 and 20 percent ( u s u a l ly  about I ~ pe rc ent I less o f ten  t i t a n  a v i s i h i l i t ~
greater  than  I D  k m .  17 Thus , in t he absence of a more d e f in i t i s c  i n f o r m a t i o n ,  i t  ~.i i i  he
e st imat e d t h a t  the avai lab i l i t y  of a 20—km v i s i b i l i t  would he I 5 percent  ~~~ t h a n  shown
on the maps.

(‘ontour maps sh owing the percent frequency of low clouds are shown in ligures 30
throug h 33 ~ 1_ow clouds are def ’j ned as clouds w i t h  a base at 243~ lB or lo~ ci l o
determine the availability of an RPV l ink , a comprehensive analysis , ta k ing in to  account  the
base heigh t distribution and distribution of cloud size and spacing, would be required. Some
information for such a study can be found in Cato ’8 and Green and Greenwell ~ p ubl ished
on I May 1975. The contour maps do . h oweve r , provide informatio n on the lower l imi t  of
avai labi l i ty .  That is , an RPV system could operate some , as yet  undetermined , f r a c t i o n of the
time even with low cloud cover. As indicated earlier , the effect of clouds on a scatter sy stem
is complicated and can sometimes improve as well as degrade the l ink .  If the cloud base is
greater than 91 5 or 1 220 metres . the scatter signal can be greatly enhanced.

“McDonnell Douglas Report F.063 , Marine Weather of the World, Ju ,ie 1968
‘Naval Weapons Center , China Lake , Technical Note 4056-16. Weather EJJ~cts on Infr ar ed .Svstems .tbr
Point Defence, by EF Nicodemus , May 1972

“ Ilectro-O pti cal Syste ms Report 4440, Final l i i . Laser Systems Study’ . “art III , Fffecrs of aouds . by GA
(‘ato . LW (‘arrus  and KJ von Fssen , 14 December 1975

‘9 Naval I - lectron ic s Laboratory Center Technical Note ~~23. Optical £4 ltOM: b.’ffects of Clouds on 
—

Ghthal A vailability of Optical Satellite (‘ommunications l.inks , by SW Green and R A Greenwe ll , I May 1975*
NF.[.(’ t echn ic al no tes are informal  docurn ci i i s  inten ded prima rily for use within the (‘enter.
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SECTION 6. COMPONENTS AND SUBSYSTEMS

The major components involved in syste m tradeoff considerations are brie fl y
described in th is section. The range of practical parameters fo r  ~ach component is gen era lly
listed as a function of wavelength . Approximate costs are given where available to aid in
tradeoff considerations. (‘omponents to be discussed inclu de the following: lase rs , optical
f ilters , dete c to rs, po int ing  control systems , and remotely pilote d vehicles (RPVs ) .

LASERS

Laser action has been demon strated in various media inc lu ding ga~e s . l iquids , cry ’-ta l l ine  solids . an d glas,ses. A huge number  of cont inuous and pulsed sources have been
developed with use fu l power outputs at wavelengths which span the optical spectrum. h ow-
eve r , there arc a relat ivel y small number  of high pea k-power l ase r types. These are discussed
brief l y in th i s  sect ion. Sum maries of laser types and characteristics are fot ind in Geusic 2 0 andRCA 8 . while the perf ormance of commercia lly available lasers is given in Laser Focu s. 2

The pn n cip a l  high-power pulse lasers for diff e rent wavelength re~~ons are listed in
tab le ~~ . Pulse p arameters , beam divergence , and cost are listed for commercial units. It
sho uld be note d tha t  peak power and pulse-repetition rate can generally he al tered ,  keeping
th e average power constant.  l)ye and chemical lasers are under active development and
much higher powers are likely in the fu tu r e .

Principal hi gh-power continuous wave laser types are li sted in table -) . (‘ost s for
Vari o~j~ output  powers are listed f’or use in tradeoff considerations,

20 Geuisic . J F . WB Bridge s and ii Pank love , “(‘oherent Optical Sources for (‘omniuni cations P~oeeedings
of rhi ’ ll ’ H- . v lO ,p  14 19 to 1439 , June  1 970
1975 Lacer bon,.c Ru~’ers ’ GuiJe , Advanced Technology Publications , Inc . 1975
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OPTICAL FIL TERS

Background rad auon noise may be reduced in the frequency domain ( f i l t e r i ng ) ,  the
ti me domain gated rece iver  in a pulse system), o~’spati ally ( l imited FOV) . Frequency-sel ective
fil tering is considered in th i s  section h ut  the max imum FOV is generally related to band-
width for narrow-band filters. The major emphasis in this section is upon inter fe rence fi l-
te rs . which provide narrow passhands and can he designed over a wide range of optical wave-
le ngths.  ‘~ c o i i s t i c a l l ~ tuned optical filters are also discussed , Some other filter types are
br iefl~ considered.

IN l’l’ Rb ERENCE FILT ERS

Interfe rence filters arc commercially available with typ ical standard bandwi dths  of
lO , 30 and I OOA (about S 200, SI  50 and $100 for 6 1-cm diameter).  Mul t i layer  dielectric-
stack filters are available with bandwidths down to about 5A and solid-spacer Fabray-Perot
fil ters have been developed with an optical bandwidth o fO . 5A. 2 2

Recently develop ed filters in the infra red provide bandwidth s of from 0.3A to 8A in
the I to 5 pin hand. 2 ~ l’he 0.3 k -f i l ter  at  I pm has a I-degree allowable FOV .

In its simplest form , an interfe rence filter consists of two partially re flecting surfaces
sepa ra ted by a spacer with re fractive index n as indicated in figure 34.

Reflections shown off
an gle for clar ity .

d

Figure 34. Inte rferen ce filter.

fli e signals will be enhanced when the optical path length is .

2nd = mX ,

where in is an integer (order of interfe rence). Peak transmissions occur at wavelengths ,

= 2nd/n i ,

22 Mc lntyre , (‘ , et al , “Op.ical (‘oI.ipo nent s and Technology in 1.a~ r Space (‘ommunicat ions Systems ,” 
—

Proceedings of the Th’EE , v 10. p 1491 to 1503 , I 970 —23 Roche , Al and AM Title , “Tilt Tunable Ultra Narrow Band Filters t o m  hl igh Resoluti on Infrare d Photometry ,”
Applied Optics , v 14 , p 765 to 769 , 1975
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so that multiple tran smission bands are produced . The separation between tran smission bands ,
or the free spectral rang, is,

Xs = Xm 2 f2 fl d.

One way of retai nin g very narro w bandwidths hut increasing the e ffective X5 is to operate 2
filters in tandem. The free spectral ranges of the 2 filters are chosen so that undesired coin-
cidences occur in regions where they can be reduced by blocking filters leg . absorption f ’i l ters ) .

When ligh t is incident on the filter at an angle, 0 , relative to the normal , the wave-
length of peak transmission , X0, in each band is lowered by an amount of 6X given by.

= X o O 2/2n~ ,

for small 0. This allows the filter to be fine tuned by tilting but also restricts the FOV for
e ffective filtering. Figure 35 shows a plot of SX/X 0 versus 0 for typical values of re fractive
index. The figure shows , for examp le . that a I A bandwidth at 1 .06 um is limited to
a ±2 degree FOV. The values of n vary with the general optical band in a direction to
reduce the direct dependence of bandwidth on wavelength.

‘.1 API

I , a

Figure 35. Shift of center wavelength of typical
Interference filters with angle of incidence.

The temperature stability of solid-spaced interference filters depends both upon
the bulk linear coe fficient of thermal expansion of the substrate and the temperature
dependence of the index of re fraction .
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[he magnitude of ’ the e f f ec t s  depends upon material , operating temp erature , and wavelength.
While temp erattir e control may be necess ary . it is not generally a di f f icul t  requirement .  For
example , in the near-to-mid IR range , a t emperature stabil i ty on the order of ± 2  degrees (‘ is
suff icient  f ’or less than a IA shi f t .  2

AC ’OUSTICALLY TUNED OPTICAL F I L F E R S

Electronically tun able acousto-optic t’ilters (ATOF ) have been developed in the past
few years . 2 4 2  A tunable filter combined with a tunable laser ( 5 ’g. dye lase r ) ,  o f f e r s  t h e
possibi lity ofspread optical spectru m techniques wit h resulting countermeasures advantages.
Bandwidths roughly comparable to those obtained with interfe rence filters can he achieved.
However , the fi lter is pola rization sensitive and requir es a microwave power source. Inter-
fe rence filters would be preferable unless the tuning capability is needed.

Figure 36 shows the bandwidth as a function of wavelength. It is noted that  a FOV
of ±3 degrees cause s little degradation in the bandwidth.  Other designs (crystal at diffe rent
orientation ) can produce very large off-angl e sensitivi ty (eg, a 20 times increase in bandwidth
for a 1 -degree aperture angle) .

2 4  Har ris. SI- , SIK N ich and OK Winslow . “Hectronica lly Tunable Acousto-O ptic Fi lter , ’ A j ’plied Physics
Letter /5 , p 32S , 1969

~~Ku sters , JA,  DA Wilson and DL Hammond, “Optimum Crystal Orienta t iar1 for Acoustically Tuned
Optical Fi lters ,” Jo urnal ol Iht. Opi’iea! Society 11/ Ameru ’a. V 64, p 434 to 440, 1974.2

~ Naval Electronics laboratory Cenier Technical Report 1990, Possible In ’  of Organic Dyes and Inorganic
(}‘mpo unds in l.iquid as Wide-Aperture , Narro whand , Optical Filters , h ’. JA Trias (in preparat ion)

2 7 Scniii k y , H , “N arr uwband Ult i avio let Vapo r Filter . “ lpplied Optics , V .4 , p 23$ to 244 , 1975
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Figure 36. Filter optical passban d as a function of the optical wavelength (ref 2 5 )  -
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ABSORPTION FILTERS

Absorption filters can be used with a wide I’OV , hut  usually have such a wide band-
width that they are generally use d only for gross fil tering applications. Recently, h owever ,
a moderate b andwidth ( IOO A ) ab sorption fi l te r has been achieved in the blue-green with
the use of organic dyes having a field of view of ±45 degrees. 2 6 Absorption fil ters may
also be used to suppress unwanted transmis sion bands in interferenc e filters .

VAPOR FILTERS

Vapor filters use the phenomena of selective re flection from a vapor. The vapor be-
haves as a reflector at a resonant frequency and transmits radiation at other frequencies. A
mercury vapor I~V f i l t e r  at  2537 A has been con structed. 27 The bandwid th  of the f i l t er  varie s
from ’O. IA to I A  as a function of mercury vapor pressure. An acceptance angle of 7 degrees
was achieved. It appears that vapor filters will only be availab le at certai n specifi c frequen-
cies in the near term and are not likely candidates for the present system.

PFIOTODETECTORS

The thre e par ameters which define a photodetector are its responsivity or q u a n t u m
efficiency, i t s  noise , and envelope bandwidth. For a pulse system , a sufficient bandwidth  is
require d for the detector to respond to a short pulse. Pulse durations as short as about 0.0 15
microsecond are considered in this study. The advantage of internal detector gain was dis-
cussed in section 4. Two types of detectors with intern al gain are discussed bri e tl y in this
section. A detailed discussion of photodetectors is given in Melchior. 2 ~

l’I I O TOMUL T I PLIER S

(‘ommercially available photomu ltiph iers using conventional electrostatic focusing
have bandwidths up to about tOO MHz , which is sufficient for the present application. The
use of addition al electrodes and crossed-field techniques can provide much large r bandwidths.
In f ac t , a dynamic cross-field phot omult ip l ier  can be used as a high-speed gated detec tor
to minimize the effect of background radiation. 2 9

As indic at ~d in figures 37 , 38 and 39, high-efficiency photomt iltip lier s cover the
range from the near UV through the visible to about 0.~

) p m .  Typical responsivity
in the near UV is 0.04 to 0.07 ampere/watt while 0.06 to 0.08 ampere/watt  is available in
the visible spectrum. Quantum efficiency decreases very rapidly above 0.9 micrometre as
indicated in figure 39. However , uni ts  are now availabl e at 1.06 microm etre with a 2-percent
quantum efficiency or 0.018 ampere /watt  respon sivity .2 ~ The gain of ’ photomultip lier s
typically runs up to about 106 .

2$ Melchiii ,r . II , MB Fisher and I It Aran is . “Photodetect ors for Optical (‘oi1~lii unic at ion Systems .’’
Proceedings of the IL I:’!: , v 10 , p I 466 to I 486, 1970 

—2 9  Leverenz . Di and OL Gaddy , “Subnanosecond Gating Properties of the Dyna m i c  (‘ rtiss . Field Photo-
multiplier ,” &oceedjngs~,Jthe /b.’b,’F, v 10 , p 1487 to 1490 . 1970.
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I ’he d ark  c t l r ren t  in a p h o t o m u l t m p li er depends upon the  t y p e  of p h o t o e m i s s m v e
surf .mce - cath ode  area and temperature . At room t emperatur e . the range of dark  cur ren t
fo r  d i f f e r e n t  s i i r t ac t ’ mater ia ls  varies f rom ab out  10~~ ~ to lO l -~ amperes per s q u a r e
cm. Val ues Ii  ir spL ’ci l ’k’ mater i a ls  are given in figure 37 . The dark current  decre ases
w i t h  t e m p e r a t u r e  and order s of magn i t t i de  decr eases are possible.  I ) a rk—curr e nt  va lue s
for  pho t omul t ip l i e r  t t ibes  are t i sual l  g iven in amper e s  ra the r  t h a n  amperes per ( l U  2

and o f t e n  are given as anode or a m p l i f i e d  dark cur ren t .  A dark current  of 1 0 — 1 4
ampere Was used for  most of the l ink a r m a l ~ ses . l’h is value is appropr ia te  at  room tem-
p erature for 11 ( 1st of the spec t rum .  hu t  I U ~~ ~ ampere (room t e m p e r a t u r e )  is more t v p k a l
at  I .06 pm. I - or  most pra ct ical  sy s tem p ar am e ter s . the  cur ren t  generated b~ the  day-
t im e b ackground wi l l  exceed the dark current .  At n ight  the  rev er se condit ion u sually
e x i s i s .

Commerc ial grade photon lultip lier tube costs in the visible vary f’rom less than one
hundred to a few hundre d dollars . Solar-blind UV tubes cost close to a thousand dollars .
while near UV costs are comparable to the visible. Prices in the near IR ( 1.06 p m )  range
up to a few thousand dollars but would be expected to dro p once volume production was
obta ined.

AVALANCHE PHOTODIOD ES

The avalanche photodiode is a p-n j unction detector in which avalanche mul t ip l ica t ion
is obtained by operation with a high reverse bias voltage . These devices have high internal
gain and large bandwidth but have a small light-sensitive area and generate an internal  noise
which is a function of the gain. The ‘~ma~l junction area is require d to keep the diode capaci-
Li nes’ low for  f a s t  respoflse ) and leakage current s  small.  The sen sit iv e area of ava l anche
ph ot a dm ode s Var ie s  f rom about  2 X I 0~~ to 2 X I ~~~~ cm 2 which makes  focusing of
lig ht onto the  area much more d i f f i c u l t  than  wi th  pho tomu lt ip l i e r s . which ha~e ca thod e
area s on the  order of I cm 2

Quantum efficiency as a function of wavelength for several types of photodiodes
is shown in figure 40. Other characteristics of avalanche photodiodes are shown in table tO.
In addition to dark current , avalanche photodiodes have a multipli cative noise term which is
a function ofga in . 28  The S/N expression in section 4 may he writ ten to include this term as:

S~~P~~G
2

S/N = 2qB (Sd(P b + 
~~ 

+ 1d) G2 F(G) + 4kTB /R L

where F(G) represents the mult ipl icativ e noise. Other quantit ies were defined in section 4.
The factor , F , is essentially equal to G t’or germanium diodes and usually equal to about the
0.4 to 0.5 power of G for silicon . The optimum gain is achieved when the noise out of’ the
diode ( f i r s t  term in denominator ) equals the amp l i t ’ier therma l  noise . [vei l though the dark
current  is general ly h igh t l 0 10 to I 0~~ A ) .  the  d a y t i m e  bas -~ ‘round current  for X near I pm
is expected to exceed it he sau se of ’ t i l e  high Sd (abou t  0.5 A W ) .

62

V 

-



V

‘0 0

I)

U~~~~. ~~~rl V
I I

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

— .~~ ~~~ ‘— a  A
‘.d t~~~O..

I/~ ~~‘ - C -‘
-~~ ~~ri d o ~ ~

- 
~~~ 2 

— - -
~~‘ao ~~ (I -

~~ ~~ (Io C- ).~ 
( C.~1.1 >

1 0A 0. 2  ~ 2

— r i —

A ~> m

—

HI~ _________________

~~ f
_i.

—~ Ic’ 
~•‘(

I I I
9 2 2
x x x

r I  r i  —

~~~ ~~

~~ ..~~‘ — 
—: — ~~~ c 

“ ~~~

Q -:‘ — r.:
~ 

h / .
V ~~‘ ~~~ ,,~ ~I~1 1’ ,,

~ ‘,,

~ 0 0  ~~
‘:

+ C.

+
C

v 
~~
‘ ?- -4 ’ E

+ + +
-— C C C -— ~

C C C
C C E
~
S :,~

- . 

- . :- ,0 .  ~~~~~~~~ -

— - -



SI p’I.n , WITH A N T  REFLECT ION COATING
I 00 

~ 
N W - 3.3 ~

32m m
N 

~~~~~~~~ S p-i n WITH 08 mm
80 — \ ~~~~ 

N 
I 

W I DE “ I” 4 04 mmI I(~(I A AqI

~~
‘ Au Zns METAL S ~~~~~ R E G I O N S

,~~~ W ‘0. 1 mm

RESPON —: I i 0 0 A A ~ IA \ /  •‘N
~

...,,,~~~SIVITY

~ \ /\ ~ 
60~~~A/w

U’

40 — ~~~Pt-n Si I 10 A

Ag GaAs ~~~~~~~~~~~ N 500mA - , W

4 300 A SIO 1 Iz — —
~~~~~~4

300mA;Vil

(400 A Ag ~
“
“~~~ \ ‘

~~~~~~~~~~~~ 400mA/W

/ FAST Si fl - p ~~~~~~~~~~~ ~~~~~
“

i’OOmA/W20 .—
- —_. 

~~
“

~~
Z ’  I 00m~ ~

0 _ _ _ _ _ _  
1

0.2 0.4 0.6 0.5 1.0 1.2
WAVELENGT H f Mm I

Figure 40. Wavelength depende nce of quantum efficiency and resp ons iv ity
for several high-speed photodi odes (courtesy I I ( E ) ( r e f  28).

[he S/N for an avalanche diode depends upon the amplifier noise and the fo rm of
F(( ;) . Assuming a daytime background , F = G ’~”2 and a low-noise amplif ier , an o p t i m u m  gain
on the order of 100 can be obtained. Under these assumptions , the resulting S/N would be
just  s l igh t l y  b e t te r  than  the  2— percent  quan tum eff i c i enc  m u l t i p l i e r  at  I DO P Iii . The choice
betwee n pho tomu l t ip l i e r s  and avalanche diodes requir e s a detailed con s id erat i on of prac t i ca l
design problem s . Silicon avalanche photodiod e.s are in the  price r.i nge betwee n S ( ) ( )  and
¶2OOO .~°

POINTING AND TRACKING SYSTEMS.

Ship- to-ship and ship-to-RPV-to-ship optical communication l inks require point ing
and tracking systems. Furthermore, as has been demonstrated in the Naval Flectronics
Laboratory (‘enter OCCUL1 expe riments , high-rate reciprocal pointing and tracking ( in
which both terminals in a l ink  track each other )  can produce orders of mag aitud e improve-
ment in S/N and acquis it ion speed over less sophisticated system ;. The purpose of this sub-
section is to briefly summarize what  is currently available in such systems.

For shipboard use , the O(’(’UL i system represents the current s( of the art. Its
speci fications call for point ing stabil i ty to a given point with peak errors less than + 0.2
degree ( ±  3.5 mrad ) on a platform experiencing 20-degree rolls with 10-second pe riods. —

30 Medved , 0, “Photodiodes for Fast Receivers ,” 1.aser Fo cus , v t O , p4 5 to 47 , 1974
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It will be capable of 2-axis (trai n and elevation) tracking, at ra tes of 20 degrees per second .
either axis. Upon receipt of an acquisition pulse , it will stop searching and return to the
correct position ± 0.2 degre e in <0. 2 seconds , using a 90 degree per second search rate The
system is currently in its prototype test and development stage , with some ship board tests
having been carried out . It appears possible that  the pointing accuracy specifications may
be exceeded 1w a f a c t o r  of tw o  In I t s  proto ! vpc fo rm , it  r e qui i r e~ 2 metres  of s t an d a r d  r a ck
space for th e  control e lec t ronics . i~I ui s <0.1 cubic metr e for the g i m bal and m o u n t .  S y s t em
hardware cost is about  ¶35000.

t. u r r e u t l v  ava i l ab l e  sy s t e m s for RPV use are t y p if ie d by an Army .ystem which is

pa rt of a video t r a ck i .’r !la ser des ignator payload weighing a total of 14 kg. It provides a
g\ r c is tabi l i icd p l a t t o rm wi th  t rack ing  in 2 axe s , a z i m u t h  and e leva t ion .  I t  t r acks  at  a
rate of 1 0-degrees per second, wi th  360-degree a z i m u t h  and IS-degree elev at ion move-
ment. Pointing accuracy is not known~ however , for target-desi gnation purposes (tile Army
mission ) accuracy o f < l 7  rnra d ( 1 0 ) would probably he required. This system has under-
gone operational tests.

REMOTELY PILOTED VEHICLES

The purpose of this section is to characterize the current and near -tenn future
capabilities of remotely piloted vehic les ( RPV ) for use as central p latfo rm s in 0TH optical
communicat ion l inks .  (‘urr ent  RPVs range f ’rom I l  kg and 2.4 Ill in wingspan to a rem ote l
piloted I - - l O 2 A  aircraf t . Operational r e quirement s for the Nav y l - l ee t  and prob able ss s t e in
phy sical  s p e c i f i c a t i o n s  t’or act ive repeater p l a t f o r m s  f o r  use w i t h  0111 opt ical  l i nk s  imply
that  the smaller RPV s oft en termed “min i-RPV s ’’ are adequate .  Figure 4 1 show s the  illi fl i-
m u m  p lat form a l t i t u d e  (k m  I . lh.  required to ach i eve  LOS to the  p latform over a d i s t a n c e .
0. k m .  given a t r a n s m i t t e r  at a l t i t u d e  11 1 k in  . Note t h a t  tile m ax im t i m  to t a l  communica-
t ion u l i s t a i i c c  Is twice  1) .

1 1,-!; I I

•
1 

- - ‘O
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. I~~~~~~~~~~~~~~~~~~~I I
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1- igure 41.  Min imum platform alt i tude required to achk ’ve line-of-sig ht .
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ftc idea l RP V would h a v e  a radar and optical cross section of 1cm . a pay load of
i l l  i i i  ~)0 k g. a I I I  nge ol I SO km . be launched ail  d recovered on—hoard ship.  Ii .i se a ii I t t—
t ude  r ange f rom 0 I i  S km . and be ab le  to lo i ter  on s t a t i o n  as long as d e s i i  ~‘d A l t h o u g h
e x t r e m e .  most ( i t  t hese  speL if k i t  ion s are at  least approacha b le w i t h i n  the  n e x t  5 ~ear s .
based on e x i s t i n g  R P \ s  a mid  i ss ( ( c i a ted  tec h nology Fable I I s umrna r i ,c s  e x i s t i n g  smal l
RI 1 Vs ii i i i  th ose under  deve lopment .  ( ) l special  in te res t  f ’or ( )TJ I opt ical  comm ti n  i ca t ion
.ipp l ic at i on s  I s  t h e  l e l e d \  ne R a n  n l i n i - R  I’\ - c a l led  ‘‘S I AR ’ ’  ( Sb ip Tact c al  Airborne

l i i i ”  R1 1\ ~~~~ scI le i l l I l e d  f o r  f l i g h t  t es t s  in I - e I U r u , I r \  hTh It  is to he lau n ched
from a ship via  pn e u m a t i c  rail and recovered on-board by landing  it  in a horizontal  net .  It
can ope ra te either in a preprogrammed mode, t h us e l imina t ing  the necessity of a command l ink
to th~ Ri’V (and increasing the covertness of tile RPV . or in a ful ly controllable command
mode. The pay load w e i g h t  can var~ f rom 12  to about 22 kg.  With a 1 2-kg pa y load ,
t h e  RP \  can fl~ at  a speed of 255 km per hour  to a range of 225 km . lo i ter  tom 3 hour s
at  a speed of I i  3 km per hour , and r e t u r n .  Shorter ranges wou l d  provide longer loi ter
t i m e s . ..\s pr esent l~ co n f i g u r e d . SI  .-~R has a f ’lig h t  c e i l i n g  of about  2.5 km (which , f r o m

Igur e  4 1 , is c o n s i s t e i i t  w i t h  i t s  f l igh t  r ange  of 200 to 2 25  km or a r easonable loi ter  t i m e ) .
I he cu r re n t  S I A R p a\  load con ta in s  a den t racker  and laser designator in a 25 -ci i i

di am eter . h e m i s p h e r i c a l ,  op t ica l  dome. l h e  package  is g v r o st a h i l i i e d  - lh c  e s t ima ted  l i f e -
t i m e  is 1 0 f l ights , w i t h  the  l i m i t i n g  f a c t o r s  he ing r ecoVer s  and p i lo t  error ( a l t h o u g h  the
R P\ ha s f l o t a t  ion . I l ie engine requires m a i n t e n a n c e  every I 00 fl ight  h ours . File cOs t
of such an RP V is l i e , i v i l y  dependent  upon the  pa~ load - W i t h  the  video t rack ing  laser
desi gn ator  pa~ load, a cost of SI  50000 per vell icle in  ( l t i a n t i t l e s  of So Is e st i m ated - Th i s
could easi l y  drop t o  S 200 000 in ( lU a i l t i t l e S  of I 000. w i t h o u t  pay load.

The opti cal and radar cross s e & t ;o n s  of m i n i — R P V s  are smaii. l’li~~sic al I ~ th e
h u m a n  e~ c c a n n o t  esolvc an obj ec t  t i le  si/ c ot’ a n RP V hl ’von d a range of about  25 km
(and  it IS p r o h . i h i e  t h a t  tile ac tua l  de t e c t  ( ( I i  r ange  is less than  one fit ’th of t I l l s ) .  Non—
i l u n l an  o p t i c a l  de t ec to r s  can he made ~o have even grea t er  r an e e  l i m i t a t i o n s  by t i le  proper
choice ( i t  Ri ’\ ’ sar i  .ice f i n i s h  - The radar cross SL ’ L ’t ion can he of the  order o f two  s e a g u l l s
fo r  an RF ’\  u s i n ”  plast ic s t r u c t u r a l  n a t e r i a l s  and s k i n  (as is done in S -t R I.

I i i  .urnm .i rv . cur ren t  R PV t echno logv . i p p e i r s  capable of pro vi d i m ~g a sil ipho ard—
l a u n c h e d — a n r d - r e ~ ( ( ~ ered p l a t f o r m  which  would not  l i m i t  ail 0111 Opt l c . i l  c o n l m u f l i c a t i o n s
l i n k , excep t  or t i t e  t u lle it  can r e in ; i i r l  on s t a t i o n .  assl imi it g  a p.iv load L ,I~-% . I L - i t y  of about
I i  -kg is a d e q u a t e  - I t  a pp e a r s  w i t h i n  current  and near—term f u t u r e  technolog ical c~p ah i I i t v
to prod nec a sh ip board Ia unched a ni l recovered RP~ ’ w i t h  .i ii on —sta t  on endurance of

to  I 0 )  hour s  and a p ay load capaci t y  ~if 23 k g  - I h c  other  cha rac te r i s t i c s  of such an RPV
W( 1111(1 be corn parable w i t h  S I A R
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SECTION 7 . TRADEOFF CONS I I )ERATIONS

The level of effort  in this study has precluded a rigorous system opt imizat ion pro-
cei lti re of ’ t h e t~ pe described by Pra t t  - 12 Such an a u l a l v s i s  u l l ig h t  he premat  t i re  a i i Wa .

especially for the scatter  l ink , since the system performance depends so strongl y U~~Ofl tile
l ink characteristics. l’aking advantage of propagation characteristics can he expected to give
improvements in pe r form ance wilich can be much more sign i f icant  than the d i f f e r e n c e  be-
tween opt imum and reasonable component combinations , For example,  f l y ing  an act ive
RPV at a 2 .5 knl a l t i t ude  ra ther  tha n  at tile I l l i r u i u l l um 1.05 a l t i t u d e  gives a predicted
3t ) -dB S N  improvement  at a range of ~)0 km for a v i s ih i I i t ~ of 20 kill .

Since tile l ink ana l y s i s  ii ldicated t h a t  the desired I 50 nmi  mange  could not
usuall y be achieved under typical dayt ime conditions , the “opt i mii . a t ion ” procedure t scc-
tion 3 was to select approximately the best state-o f- the-art  component parameter s and
determine system pe r formance for both links. An example  of the effect of sys tem para-
meter s on the S:N (see section 4) is glven in table 12. It is assumed tha t  the detector has
suf ’fici ent internal gain th at  the noise contribution of the following ampl i f ie r  Ilas neg l ig ible
e f f e c t  on SI IN. Note that peak power and pulse rate can usual ly be tra iled o f f  under  a t~xed
average power constraint. The relations glven in table 12 can he use-i f o r  rapid evaluation
of tradeoffs and then the appropriate program i ’~ t he appe ndi x used for an accurat e S N
tie te rmin ati On .

Costs for tile shipboard system are o n l u n a t e d  by the laser ari d po in t ing  aild t ra t  k-
im ig subs y stem.  This assume s tha t  expected economie s are acl l ie~ cJ in p las t ic  opti cs . I - o r
the RPV relay .  tile laser and pointing-contro l costs are expected to be s i g n i f i c a n t .

A tm a deof ’f or selection of one of the l ink  type s  over the of t iers does ilot seem
appropr ia te  .it t h i s  t ime.  A s one progresses fro m a scat ter  l ink  to an RPV s\ s t e m ,  both  the
cost and t i le  con l f l l t in ica t io n  ra nge increase. Both could usc the same shipboard s}stcrn
and he interchangeable as environmental  condit io n s change.

12 Pratt , WK , LS Stokes and K Ilinck ley, “Optimii. ation of Optical ( on lmunli cati on Systems ,” Prn ceeding~
()f1he/ / I~/~,V I0 ,p  1737 to 1740 , 1970
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TABLE 12 EFFECT OF COMPONENT PARAMETERS ON S/N OF A SPECIFIC SYSTEM.

Fixed Parameters Value

Wavelength 1 .06 pm
Detector dark curre nt i~ ’3 AJW
Internal detector gain (see text)

Variable Parameter Condition SIN effect p ioportional to

Peak power , P Signal power>>background 10 log P
Signal powe r<<background 20 log P

Responsivity , Sd Daytime 10 log Sd, 10 log A
Aperture .A  Nigh t , large received signal 10 log Sd, 10 log A

Ni ght , small received signal 20 log S~, 20 log A
Optical Bandwidth. B

11 
Daytime -10 log R,,~Night no effect , reasonable B,~Transmitter divergence , Scatter li nk Complicated (see section St .

0!) smal l effect for small 0D
Line-of-s ight link —20 log 0D

Receiver FOV Scatter li nk , background no effect in vertical plane
limited -10 log FOV horizontal p lane
Line-of.sight l ink ,  back- —20 log FOV
~C !O uul d l i mited

SECTION g, COVERT CONS IDERATIONS

( ‘ cv er t  consideratiom l s have been alluded to thro ughout t lli s report. This section
h r ieI1~ s l i m i m m u r i t e s geilera l f ’actors which a f tec f  covertness A mll ore q u a n t i t a t i v e  a n a l y s i s  is
recommended before system imp lemeu l t a ~~on.

Because if thei r  ex t remely  narrow diver g en ce or h e . n I \ \  i d t h  . laser t r an s m l l i s ’co ns  are
d i f f i c u l t  to d en ec t .  J anmmllumli!  is also d i f f icu l t  because of the nar ros ~ H )V u st i ahl ’s used in re-
ceiv e r s I lowever. the aero sol sca t te r  chl aract c r I s t I ~ ~ ‘rc~ent  a lium ni  t iifl  hot i l  covertness  and
~n t l l a i l l m f l u i l L ’ : s ignal  energy is sca t te red  out  ‘f t he  beam and J a m n m l l i l l g  e l1e r g~ is sca t te red
‘ l i i i  the receiver. For th i s  reason , if no o t h e r .  the  sc at t e r i ng  c l l aracte r is t i c s  tit ill~ifl Il (2 l la/ es

sh Ou ld be ~v c h I  d e f i n e i f .  in the long term . sp read - spe ctnm m t e chn iqu es . using t unea h l e  lasers
and f i l t e r s . sh ou ld  ~e incorporated to enhance the co~e r t u ess  01’ optical sv s t c i l i s .

h ’ro m an i m i l e i c e p t  s tandpoint ,  t i l e  t r a l l s c l i i t t e d  power should be adjusted to he just

~u f f i c i e n t  to support  the requ ire d data  rate .  I lowe s er a reser ,e of t r a n s m i t t e r  rower l’s tie—
sira i th ’  to combat  j amnmll i i lg .  V~i t h i  t h i s  powe r l i m i t a t i o n , a m l i l t e r t  L f ) t  receiv er could not he
at a much ~‘rea t er  range than the c om l l u n uu l i c u t ion  l i n k  - i - i ir  a I ( )5 l i n k .  the  in te rcep t  re-
ceiver would have to he at a much shorter  range unless it  was on-axis (or  u l ear lV so) with the

4 (~~‘; , i 1 )  Even for a scat ter  cilai lnel. be in g  ot t -axis  re stricts the r:Iilge because t u f  the s ca t t e r i ng
f u n c t i o n .  Scattered power is t~ p ic al i y dow n by 10 dB at 30 degrees off ax i s ,  decreasing to
— ( )  dB at (iS degrees and —30 dB at 110 degrees. , f() r marine aerosols. In addition . the angular
source si/c of tile beam becomes much larger ( 1ff-axis which require s a very large receiver
I’ OV , s ign i f i can t ly  increasing background and pulse dispersion. (‘learly, this  must  be further
characterized both exper imental ly  and theoretically.
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SECTION 9. CONCLUSIONS AND RECOMMENDATIONs

CONCLUSIONS

An analytical model for 0TH lase r propagation was developed, based upon the single
scattering approximation . The model appears to be in reasonable agreement with li m ited field
data on 0TH optical propagation at relatively close ) ranges up to 40 km. A more conclusive
field test of the model, particularly at longer ranges, would be necessary to accurately assess
its utilit), for 0TH optical-scatter communications system design. Based upon the use of sys-
tems composed of state-of-the-art (1976) components , the following conclusions were drawn
from this analysis:

I. The operating wave length should be in the l-to- 3 pm range for all links:
2. Both relay and scatter 0TH data links can use the same shipboard system ;
3. Significant performance advantages can be achieved by exploiting propagation

charactenstics. These include:
(a) Use of a vertical fan beam or optimally elevated beams in a scatte r link, and
(b) Positioning the relay platform at a high altitude to take advantage of the

decrease in path loss caused by the vertical decre ase in aerosol concentration :
4. The primary factor which determines the percentage of time communication ove r

a given distance at a given bit rate can be achieved is the meteorological visibility. Statisti-
cal studies of the occurrence of visibilities greater than a given value are available. The accumu-
lated statistics were analyzed to determine the general availability of an optical scatter-link
communications capability having bit ra tes of 2400 and 75 hits per second at a bit-error rate
of less than 1O 5 . When the statistics are summed for all ocean areas the following results are
obtained for daytime:

Availability 2400 bits/sec 75 bits/sec
55 km 85 km

7iy 4 - 100 km 165 km

The 85-pe rcent availability is equatable to a meteorol ogical visibility condition of 10 km and
the 70-percent availability to 20-km visi bility. Higher availabilities and longer ranges can be
achieved with improved meteorological visibilities. For example , in the Mediterranean , the
communic ation ranges listed for a visibility of 20 km can be achieved with an availability of
95 percent: and

5. The communications ranges are considerably greater (by t’actors of 2 to 3) at night,
or if low clouds occur to provide a scattering layer. It is important to note that areas of
operation with lower average visibility (eg, the North Atlantic) also have a high occurrence of
low cloud cover. The interpretation of the visibility data on range, data rate, and availabili-
ty reqtiire s furt her characterization.

Performance predictions for state-of-the-art systems for a number of ’ conditions are
given in tables 3 and 4 of section 3. Section 3 discusses the syster i concepts and gives a more
detailed summary than that presented here.
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RECOMMENDATIONS

The forward-scatter link analysis presented in this report is based upon a single scat-
tering model. While the model gives reasonable agreement with the limited field data , it is
strongly recommended that experiments be designed and carried out to assess the validity of
the model. The experiments might well include simultaneous pulsed measurements at two
wavelength s ‘ie , I .06 and 0.53 p m )  since the a n a l y s i s  predicts large difference s as a f u n c t i o n  of
wave length. The performance gain achieved by the use of elevated beams and exploitation
of clouds should be evaluated. It is recommended that fading rate and other data be ob-
tained to allow evaluation of time , spatial , and receive-angle diversity receiver techniques.

It is recommended that the development of economical pointing and tracking sub-
systems be con tinued, since this is one of the major cost items in a shipboard system. On a
long-term basis , the deve lopment of tunable lasers in the I -pm region should he encouraged
so that spread-spectru m techniques could be used. Tunable filters are currently available.
It is also recommended that  care ful consideration be given to the potential economies and
resulting increase in practical system performance levels which may be realized with the
deve lopment of low-cost plastic optical systems for communications use.

Because a primary factor determining link availability is that of the meteorological
conditions prevailing ove r the link, it is strongly recommended that experiments be carried
out to veri fy the meteoro logical effects upon propagation predicted by the models. It is
also strongly recommended that an integrated and systematic capability for measuring and
predicting the meteorological conditions predominating over a path be developed. This
might well take advantage of a combinatio n of optical measurements and existing micro-
wave meteorolog ical measurement capabilities.
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APPENDIX A: INCORPORATION OF THE PROPAGATION
MODELS IN THE COMPUTER PROGRAMS.

When work on the task covered by this report began it was thought that existing Monte
(‘arl o computer codes would be employed to produce the numerical results require d for the
system tradeoff studies. This was not done for several reasons. First , an analytical model for
the over-the-horizon (0TH) case was developed (see appendix A) which has resulted in several
important insights , and considerable simplification in characterizing practical communications
links. It was felt that it was important to incorporate this model into a computer program in
order to exploit these advantages. Second , the Monte Carlo codes could not model the 0111
case without modifications which would not be completed in the time frame necessary to
meet task milestones. Third, the line-of-sight ( LOS ) propagation mode (eg, using an RPV )
could he adequate ly modeled without resorting to the cost and complexity of using the Monte
Carlo codes.

Both the 0TH and LOS propagation models were incorporated into interacti ve com-
puter programs wri t ten in the BASIC language , for use on a minicomputer.  The result is a tool
which permits the scientist and system engineer to explore both the propagation models and
potential system designs interactive ly, with high efficiency. The benefi ts which have resulted
t’rom this effort have far outweighed the unanticipated additional e ffort. This appendix de-
scribes how the 0TH and LOS models were incorp ora ted in t o these programs, including the
approximations used. The programs themselves are described in appendix C (0TH) and ap-
pendix D (L O S) .  along with user instructions and listings. Because this programming e ffort
was not originally planned , an effort has been made to keep the documentation as brief as
possible , consistent with providing enough information for other researchers to make use of
the programs.

The 0TH model is described in detail in appendix F. However , in order to use it , cer-
tain parameters are required. The ext inc t ion  coefficient , ~, must be calculated as a function

) t  wavelength . A . and meteorological range (also termed visibi l i ty ) .  V . As discussed by Wood-
man 3 

~. the most widely use d expressions for calculat ing ~(X. V) underest imate ~ by factor
it  fr o m 2 ( a t A = lp .  V = 23.5 k m )  to greater than 10 t a t  A = lOp . V = 23.5 km I . with much

:~iei ie r  error s for smaller v a lue s  of V. Not e  that  th is  underest imate s  the a t t enua t ion  by t’ac-
tors of from 5 to >5 < I ft~. l l t e rma n ~

4 has done an ex tens ive  s tudy  of available models
and exper imenta l  results , and derived an e x p r e s s i o n  b r  ~J t V . A wh ich  is cons i s t en t  and in
good agreem ent with experimental  results or the range .27 p~ A ~~2. I 7p. b r  V� 2 km. Sur-
lace aer isi t d i s t r ibu t ion s  characterist ic of haz es wi th  2 km ~ V ~ 13 km are assumed.
l . l t e r m an 14 cons :ders the ef l~cts of such para meters as aerosol dis t r ibut i on . mix ing  layers .
scale heigh t , and the  ap prox imat ions  used in derj v in ~ his results in i~r eat  detai l , none it which

ill  he re peated here. I lowever , it is c lear  that , I or the system engiileerlng purpos es of the
wo rk described in this report . the Elterm an model is quite adequate t

’or the above range of
wave lengths and f o r  V~~l 3 km . which El terman take s  as the boundary be tween hat e and
c lear conditions. ihe numerical results presented in this report include values b r  V as high
as 390 km. ‘The Flierman formula was used , wi thou t modification , fo r  th es e value s it V .

1Woodrnan , l)o ughi’~ P. ‘‘ l.imitaiion . iii Using At m osp h eric Models t~~ i 1,ase i Transmissi on I stin iates .’’
Applied Optics . v 13 , p 2 193 tu 2195 , 1974

34 l~lierman . 1. , ~‘Relationshi ps Between Vertical Attenuati on and Surface Mcieorolugical Range .’’ Applied
Optic s v 9, P 1804 to 1810 . 1970
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I his was felt to he J us t i t i e ( l  for two reasons : firs t , due to the methods used by Elterman, 3 ~ i t
should produce conservative values t’or ~3 ta r  V >13 kni : second , the values fo r the ext inction
c oet t ici eii t for 13 km ~ V ~ 336 km ( the Raylei gh l i m i t )  at A = 0. SSp agree well wi th  the
values given by the E lter inan formula for thes e values of V . Th e Flterman fo rmula  is

V)~~ 3r l . ( 1 )
1(3. f t 4 ) p~l

V is in kilometers and ~ and 
~r are km 1 . The formula is nonnalii.e d to V = 4 km . hence the

numencal factors of 4. 
~r ~ the Rayleigh a t tenua t ion  coefficient at X = O.55p, 

~r = l. l( i2 X
10— 2 km l . The computer programs store a table of values (g iven by Elterman ) for ~3 (4 . A) .
Linear interpolation on the logarithms of the tabular values as a funct ion  of the logari thm
of the wavelength is used to tind ~(4 , A) for the particular value of A desired , and equation

I i  then gives ~(V , A) . The use of log-log interpolat ion was arrived at empirically after  t r y ing
various po lynomial interpolation methods. This method of interpolation produce s values of
~ for intermediate values of A which are at least as accurate as the model.

lilterman gives values of ~(4 , A) only For 0. 27 p~ A ~ 2. 1 7~ . To extend these values to
I O . 2p, some theoretical values of ~( 23.5. A), computed by Barnhard t and Street and given

~ Woodman (B I), were used. These values were adjusted to a meteorolog ical range of 4 km
u sing equation ( I  . These theoretical values agreed with E lterman ’s values where the ran ge
of wavelengths involved overlapped. The re is no l imitat ion in the theory use d to derive equa-
tion ( I  ) which would preclude its use at IO .2p.

The def inition and choice of the equation for the signal-to-noise ratio is discussed in
etail in section 4 of the basic report. As used in the computer programs, the sig~ aL-to-

noise ratio ( S N )  is given by

S/ N S ~~P~ / {2q BIS (l(Ph÷ P c ) + l d J } .  (2 )

Sd is the detector responsiv ity, given by

Sd = ?N/ h V , ( 3 )

where

i
~ 

is the detector quantum efficiency,

q is the electronic charge (co u loumh s) .
h is Planck’s constant (joule-see ) .
v is the carrier frequency (Hz),

is the received carrier power (w a t t s ) .
B is the electrical bandw idth of the system ( l i t ) ,

is the background power inc iden t  ni the detector
I watts  I , and

t d is the detector d . i i  k current (amperes ) .

7 ti
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The mode’ for the background noise power is discussed in section 5 of the basic
report . As implemented in the computer programs .

= P0 + 4.75 X I o3/ {x i 3/ 2  lex p (2 .44/X).- l , dayt ime , (4)

= P0 + ~.3 x io~/ ~~I 3/2 Ie xp (2. 44/X )— l l} , nighttime, (5)

P0~~ O,X <1.8p

1.2 X 108/ {A5 t ex p (5 0/ A )— l . A~~L8p6.

The neglect of the P0 ter m avoids a numerical problem in the computations without al te r ing
the results. In these equations . A is in micrometres , and is in W m~~ SH p”1 . In other
word s, 

~ h is the background spectral radiance. It thus is necessary to mul t ip l y  ‘
~ b by the

receiver aperture area , the receiver optical bandw idth , and the receiver solid angl e FOV in
order to obtain 

~h’ Although the aperture are a and optical bandwidth are specified . care mt i s t

be exercised in the value used f’or the solid angle intercepted by the receiver field of view . It
can be shown that for a circularl y symmetr ic  FOV of full angle 0. the solid angle in te rcep ted  is

2ir ( l — c o x ( 0 ( 2 ) ~ . ( 7)

For small  0 this reduces to irO 2 / 4 . In the 0TH case, it is reasonable to expect  that  the re ceiver
FOV may be broader vertica lly ( ful l  angle 0 1 ) than horizontally ( full  angle 02)  (see append ix
11) . This permits accommodating the vertical fan beam , while mininiizing the background power
received horizonta lly. As an appro x imat ion . the solid angle interce pted by the  receiver field
of vi ew for computing the background power is calculated as ,rO 1 0 2 /4 for the 0111 case . A cir-
cu la r ly  symmetr i c FOV is assumed f’or the line-o f-sight ( LOS) case.

I’or the 0TH case , it is neces sary to know f ( 0 )  for 0 = 0° , where f ( 0 )  is the cain e s e r

isotropic for aeroso l scattering at the  scatterin g angle 0 ( i e . the ratio of the actual  scattering
c ross section at  angle 0 to tha t  of an isotropic sca t te re r  ot identical total scattering cross
sect ion t . This is available in Deirmendj ian ‘s hook 35 as a funct ion of wavelength and aerosol
‘~.i,e distribut ion. Values for two dis t r ibut ions ,  a con t inen t a l  haze “I ’’ and a marine haie ‘‘M ’’ .
are stored as a function of wavelength by the computer programs . and “log-log” in L~rpoIation
is used to generate 1( 0 ° ) for a partic ular wavelength .

~ Deirmendjian , I), I h eir-u magnetk ’ S ’autering on Spherical l~ iv I:sper su us , American I lsesici Publishin g
(‘ornpany, h R  . 1969
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APPENI ) IX B: 0TH PROGRAM DESCRIPTION

The 0TH propagation model, as descn bed in appendix I , is incorporated info an
i i ite ract ise program. [his program is designed to permit the user to choose the range and
step si/c of the  independ ent v ariable , to easily vary p arameter values , and to print out  t he
pat h loss ati~i s igna l—to—no ise  ratio as a func t ion  of time independent variable in tabular form.

The program will  he described by re fe rring to the line numbers of the va rio us program
modules and the i r  subsets, A sample console listing and outp ut  precede t he progr am u s !  ing .
me progr am is writ ten in BAS IC , and has been run on a Data Gener al NOVA 800 computer .11 should execute wi tho u t  modification on any other  man uf act u rer ’s computer under
BA SI( ’ interpreter  which accepts standard Dartmouth BASIC ’. The only excepti on to th i s
s ta tement  is the use of a form of the INP UT sta temen t  which includes a string of t e x t  to he
printed prior to the questi on mark which r equests a user response. These s t a t e m e n t s  can he
replaced by a PRINT st atemen t  and the standard INPUT s ta temen t  if required.

The computat i on portion of this program is marginally compute bound for the pen-
cil beam case and strongly compute hound for the fan beam case (using a tele type as the out-put device) . For comparison , compute bound FORTRAN progr ams tend to execute on the
NOVA 800 at from I to 3 times the speed of execution for the same progra m (level G
compiler ) on an IBM 360/67 running under OS. Of course , a compute bound BASIC pro-
gra m wi ll execute on the order of a factor of ten tim es slower on the NOVA 800 than a
FORTRAN program doing the same computations.  The response t ime of the in terac t ive
program is q u i t e  adequate.

10-450: Set up parameter and variable values ,

This section of the program initi a l izes the variabl e and parameter  values . The arrays
dimensioned in statements 30 and 35 are used as follows:

W , B Wavelength and associated value (respective ly ) of the ext inct io n coe fficient
at A O S S ~~, V 4km. This forms the  table used by the interpolation rou-
tine to compute ~(V ,X) using Hterm an ’s model (see appendis ,\ .

X . V Temporary arrays used as the work ing storage of the interpolation routine ,
P Store s the parameter values.
N . M Waveleng th and associated value (respectively) of the forward scattering cod-

ficien t , f ( O ) , for a marine haze aerosol distr ibu tion.
0, L The same as N , M , hu t  for a continental  ha ie aerosol dis tr ib ut ion.
V Stores the three possible independent  variable v a lues .

The subrout ine  at 4 130 is called to fi ll t ime tables  used for in t e rpo la t ion  and to put the def aul t
parameter values into P. The aerosol dis t r ibut ion to be assumed is chose n , and the fan or
pencil 0~ divergence ) beam case is specified . [or the fan be am case , the default  beam angleis pr in ted as a reminder :  this is the angle over whic h the received power is averaged. For the
penci l beam case the defaul t  receiver v ertical  fi eld of view value is p r inted.  For both cases
the program integrates the received power over this field of v iev It ’ the user decide s to change
any of the defaul t  param eter values , the subro u t ine  at s t a t emen t  •~570 is called .
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There are three Possible independent  variables: wavelength , path length , and
meteorological range . The user enters the  s ta r t ing  value for the desired independent vari-
able , values for the other two . specif ’ies which of the three is the independent  variable and
then enters the increment  and number  of independent variable values to be looped over,
F ina l ly ,  the choice is made between day or night background power values to be used in
computing the signal-to-noise ratio.

460-630: Begi n the loop over the independent vari able , and compute path loss

This series of state m ents  controls calls to the various subroutines necessary to
compute the path loss . At s ta tement  630, P5 is the path loss, defined as follows:

P .reL 
, ( B I )

~ t rans A rec f(0

where 
~rec is the received power . 

~trans is t im e transm itted power , A rec is the area of ’ the
-
~ . 0 -receiver aperture in in— , and I (0 ) is the for -ward sca t te r ing  coefficient (see app end ix  A ) .

635-97 1 : (‘omputa t ion  of signal-to-noise r a t io

Depending on the aerosol dist ribution clmosen , the scat ter ing coefl ’icient is cal ’:u-
hated in lines 650-830. The background power is computed in l ines 850-950. The test
on the  value of A at l ine 872 and its subsequent results avoid an underf iow problem at
l ine 875. This does not affect the accuracy of the result , At line 97 1 , SI is the  si gnal-to-
noise ratio , defined as ~ ven in equation 2 )  of’ appendix A.

1 000- 1 050: Ou t p u t

As cu r r en t l y  wr i t t en , line 1 000 p r i n t s  the v alue  of the independent  s a r i a b l e , the
path  loss , the path  loss in dEL the signal-to-noise rat io , and the signal-to-noise ratio in
dB . The program then ’ gives the user the opt ion  of t e rmina t ing  execut ion or i n i t i a t i n g
another  run.

2~~t)-2.S U ) .  In t egrat ion over field ut  view

This s u b r o u t i n e  in tegra tes  the path loss over the receiver field of v iew:  the r e s u l t
is / .~~~‘Fhe san .mhle s  are as follows:

i l l  . I I  ~ Heigh t of ’ t r a n s m i t t e r ,  receiver in km
R I  4/ 3  earth r ad ius ,  in km
DI propagation range , in km
1-2 vert ical  h eld of view of time receiver , rads.

l’he integrat ion loop is f r om 25 5() to 2580. The choice of 0.003 radian as the
integrat ion s tep  si/c iS arbi t rary , a choice that  provides adequ ate a ccurac y f ’or most practi-
ca l fields of view while  m a i n t a i n i n g  re asonable resp onse  t ime f o r  the program. 1- or a much
longer run in whi ch execut ion time cam i become qui te  signi f icant , the step site can he
chosen as 1-2 / 5 .  ‘I h i s  provides ii cc ur ;i cy consis tent  wi th  tIme accuracy of the model. The

7))

- - -



num her of i t e r a t i o n s  t Ii roug h t h i s  loop, and the  number  of ’ i t e ra t ions  t lmro u gh the loop
which starts .il l ine 2620 . cont rol the pr imary execu t ion  speed versu s accuracy t r adeof f
possible for the  programs in t h i s  and t h e  fo l lowing  appendi x .

2600— 3 23 () Average over f a n  heam and co m p u te pa th  loss

T i m i s  rou t i n e , and the short a u x i l i a r y  rou t ine  in l ines . 500-3520 , com p u te t h e pat h
loss , /~5 , as given in equat ion  B i t .  The addi t i ona l  var iab le s  not alr eady defined are as
follows:

Ph . P2 A t i m n u t h a l  po int ing angles ( t r ans m i t t e r , r e c c l s c r )  in radians , measured
relative to the great circle pa th .

B~ the ex t inc t ion  coef ficient in km ” 1

110 the aerosol lapse rate , ~n km~~ (the  aerosol density as a funct i on of
height , h , is proportional to exp (—h J H ~ ))

Al , A2 elevation angles (t ransmi t te r , receiver ) of the beam in rad ians , relat ive
to the local horiz ontal ,  measured positive downwards.

E l  vertical f a n  angle of the t ransmit ter , in radians

The details of the compu tat ions  of ’ this  routine can be deduced by comparison with the
equa t ions  in ap p en d  I \ F See also the  c o r l i m e n t s  unde r  ‘‘(‘au t i o i t

4000-4450: Default  model parameters

The parameters (stored in array P) their  de fau l t  valu es , u ni t s , and the names of
ti me var iables  to which they are equated (if other than the P array ) are f is ted in ‘ines 4030-
4 170 , ‘ri me un i t s  used for these p arameters  were chosen to t’ac i l i t a te  interact ive inpu t .

44( ,0-4550: Equate  Var ia b le s  and Convert Uni t s

This  rout ine  equates the P arr ay values to the variables used in the other routines.
conver t ing  un i t s  as required.  Note tha t  some parameters are used directly from the P
array. Uni t  conversion for these values is carried out where they are used.

456047 10: ( ‘hanges parameter  values interact ively

6000-6 1 70: Interpol at ion

This rou t i ne  performs ‘‘log —log ’’ i n te rpola t ion  on tabu la r  da ta .  A r r a y s  Y and I
store the dependen t  and independent  tabular values. The values must he monotonica lly
inc rea sing, hut  need not be equal ly  spaced. There are M l  table entr ie s , and V I \ ‘ X9)
is the value returned, t h e  d i rmmens io n  s ta te m ent ( l ine 3W assumes M 1~~50. I x l r apo lat io n
is pe rformed if req uire d.

7000-7 170: Evalua tes ~(V , A)

This rout ine  evalua!L ’~ the  ex t inc t ion  coefficient , BØ ( i i i  kin ”'’ ) for  a g iven ~a lue of
wavelength in microns , I 5 . a mm d a given value of m eteorological range in kin , \ ‘5~ l’he
r n et lmo d used is described in appendix A.

8()
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(‘an tion

There is a potential  numerical d i f f icul ty  with this program as it appears in the
listing. Care should be taken when running this program in singl e precision arithmetic.
Care was taken to assure that this nu m eri ca l problem woul d not and did not a ffect any
of the numerical values presented in this report.
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Program Li sting:

0TH Mode ling Program

RUN
A F~PO$OL D T ,STR IRUTT O N : M A R T N E ( 1 )  OR (‘,O NTT NF~’JTAi ,(2 ) : i

FA N ( I )  OF’ PENC !L (2 ’I P~’AM ~~2
PFFAI’L T V F1~TT ( ’AL F T F.I.r) OF V t ~~’, W = 1 DE(~FF) ’S.
PA P  ~ T~~P C MAN ( F’~ 

( 1=YF” , ~i= 5J f l ) : 1

F N T F P  c i ’ psc p i p r  OF’ Pc~FA M E T F~Q TO PF c~4A ’~4 r ~ ;P  ( l”OF’ A ! . T  ST
OF’ ‘ThP5~~ P T P T S  AN I )  ( I IP PFNT V A L U F ’~~ L IST T ’~F~ ~c 11ø
TO ~ 17t i )~ ? 5

NF ’ W VA I .IIF’ , ‘ 1 •

~JF~~T ~t Ic ~~ ’~~y p T  (~~ I F  pONF)~ “ r~

IN ~~I T  VA~ IA P I Fc .  !“J T~’t “T (~~T k /A l ii ~’ i~’r~p p~~ D~~ s,~r) F- s,~T V A F~
~~. WAVF I  J i ’ TI-’~ ~

- .  P A T W  I ~~~~~~~ ‘~

“i . ‘T ’~t ’ O I J ) f l t C~~t PA’4 v ’ F~ ? f~~’

I N P I T c t I r c ’ r r T ~-)T ‘) ,  I \ f l~’ Pr ’ ~~ f lF NT ‘J 1 ~~~~T~~~n ! ,F ’~~ ‘

y ~~‘r ~~~~rMF ” 1 ’
~
’
, N I M n r p  (‘IF’ \ i t~1 ? I

r) a v (  1)  O~ \ 1 ( ~~—~i ( - } ‘~ • 1

2 - ~ 1 . L I 2 9 P 7 F ’ — 1~~ — Q ~~~~. I .~i 7 t  ~~~~~~~~~~
~~.7 s ~~ ’) 7 r _ f 2  — t 1 t ~ . ~, 7 ’i  1# y ~. ~~

-‘Q  ~“‘ .) • 
_ i ,
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_,,,

A . 74 7 A 9 r — 1 2  — 1 ~~ 1.7 ’~ 1.~~~~ ’-.6.’,
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;,~. A P ’ ~A 6 m ~- ’~~ ~~~~~~~~~ 

~~~~ 
LI”
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- f . t~ ’7 q(A~~~F’~~~ f o  ~~~~~~~~~~~~ A . Q ’ ~~~ ’ — f L I  ~ .~ ; • c q ~
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0010 REM 0TH PROPAGAT ION MODEL ING PROGRAM .
0020 RLI~ MEGATEA CORPORATION. DECEMbER’ 1 975
0030 DIM W (21). 211.xC50) ,Y tSO) ,PL143 ,ML1 3 ).L (I0J.Nt133
0035 DI M O( 1 0) .V (3 )
0037 DEP’ FNA (X)—l@. .434295.LOG(x
0040 LET Rl.4*6370/3
@060 REM FILL PA RAM ET ER ARRAY .
0070 GOSL~ 4 1 30
@080 iNPUT AEROSOE . D1ST RIB UT IO I’ ms MA RI NEC I)  OR CONTINENTAL. (2 )s ” .QI
0090 PRINT
0092 INPUT “FAN C I) OR PENC IL R b I.AM:”.~~4
0094 IF b4”2 GOTO 0097
0095 PR INT DEFAUL T FAN Ar~GLE.”,PL6 J J ”  DEGREES.”
0096 tiOTO 0110
@091 PR INT “DEFAUL T VER TICAL FIEL D OF VI EW. ” i P t 7 31 ” DEGREES. ”
0100 REM CHECK TO SEE iF ANY PARAMETER CHANGES
0110 INPUT “PARAMET ER CHANGES c I ~~Y ES. 0 .NO)Z ” .G~20120 PR I N T “

0130 IF ~2s0 GOTO 021 0
0140 GOSUB 457 0
@150 REM DETERMINE INDEPENDENT VA RIAB L E. VA RIABLES A REs
0160 R EM I WAVU ..ENGTH (MiC RONS) L5
0170 REM 2 PATh LENGTH (1cM ) Dl
01 80 REM 3 NETEROL.OG I CAL RAN GE (s(N) V S
021 0 PRINT “INPUT VARIABLES. ENTER START VALU E FOR INDEPENDENT VAR
0220 PRINT “I. WAVELENGThs”~
0230 INPUT V I I )
0240 PRI NT ‘

02 50 PRINT “2. PATH LENGTH S ”,
0260 INPUT V1 2 )
0270 PRI NT -

0280 PRINT 3. METENOL OGICAL RANGE S ”)
0290 INPUT V13)
0300 PRINT —

@370 PRINT “ INPUT SUBSCRIPT OF INDEPENDENT VA RIA B L E* ” J
0380 INPUT ~ 6
0390 PRINT -

@40 0 LET VI .V I~i6)
0410 PRINT ‘INCREN LNT. NUM8ER OF VALUISs ”i
0420 INPUT V2.V 3
0430 PRIN T “

0440 REM DAY OR N IGHT AF I ECTS WA CKGROUM ) POWER VALUE .
0450 INPUT “L.A~~~I Oh
0460 R 1J4.**I.LOOP OVER INDEPENDENT VAMA BLE STARTS nEF ~Es *s *s
0410 FOR (~S l  TO V3
048 0 REP CALCULATE PSePR / (PIaASF) . OptERE P~Rz &OWER RECEi VED . P1:
0490 REM POWER TRANSMITTED. A.bLCVi~ AREA. F&SCAT TEFc L NG F’N.
049 5 LET V1 h16 3a( (. i S — l ) * V 2+V I
0500 REM CAL C ULATE EXTINCTiO N COEFFICIENT, IF V t ! )  OR 11(2) HAS C,IANGELi .
05* 0 IF G 5 *  GOTO 0540
0520 iF ~ 6~~~3 0010 0540
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P’,~~M GOTO M~ 7P
0540 LET V5~ Vt 3 J
0550 LET LS.V~~I J
0560 GOSUB 7050
0570 LET DI aV L 2 3
0580 I F  ~ 4•L GOTO 0620
0590 REM PENCIL BEAM
0600 1305Db 2510
0605 LIT p5 g3
06*0 0010 0650
0615 REM FAN BEAM
062 0 GOSUB 2600
0630 LET PS~84
0635 Rth*SS*SA1 THIS POINT P5s”PAT$ LOSS” AS DEHNED ABOVE**’**
0640 REM COMPUTE SCATTERING FUNCTION. F5
0650 IF ~ * 2  0010 0750
0655 RE M MARINE MA.~E
0660 FOR 11 :1 TO 13
0670 LE T X t I 1 ) N 1 1 1 1
0680 LET Y (ll)R M(11I
0690 NEXT ii
0700 LET M 1 u 1 3
0710 LET X9 V (1)
0120 GOSU8 6030
07 40 0010 0830
0750 REM CON TiNEN TAL HAtE .
0760 FOR lI s t  10 10
0770 LET Y C i I J a t 4 L I 3
0180 LET X L I L 3 O L I I )
0790 NEXT 11
0800 LET M * .IG
00*0 L IT A 9 UV ( 1 3

0005 605Db 6030
0830 LII F’S—V 1
0840 REM P6 kEC11 WED POWER
@8 50 LET P6 .PS$P (133s3 .14159.P (123.P(L21 .F5
0860 REM COMPLTE. S/N RATIO.
0810 REM COMPUTE P7-BACKGROUND.
007 1 LII P0.5
1572 iF VII 3~~I.0 GOTO 0888
OS1S LET P8-1.2k.0$/(V(IJ’S* (EAP (50,V ~~1i)-1I )
0080 IF 03.2 13010 09 50
0890 hEM DAYTIM E BAC KGROUND
0900 LET P7.4750/( VLI3 ’6.S.(EXP (R .44/VLI))-*)).P0
09.30 6010 096.
0940 REM NIGHTINE BACKGROUr’tI )
09 50 LET P7..0083/( W(13 ’6.5*(~~~P (2.44/V ( 1
09 60 LIT P7 .P7*6 .283 l8 . t L—COSt F2 ,2 ) ) .3 . I4 & S 9 . P L t 2 3 S P L t i~ I* P L L 4 )
0970 LET Sl .2*l.682191—19eP (103* (P (93* (P7+P6)•PL LI))
097* LET Sl .P193*P (93*P6*P6/S*
0980 RUK**.*A1 THIS POiNT 5*-StiR.... .
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1991 RLN*****OIJTPUT ROUTiNE 5440*.LD 01 INSERTED $UtI****S
*000 PRINT V Lb6~*.PS.FNA (p5).S1.FNA C S I ,
*0*0  NEXT 05
*121 PRINT “END OF RUN . ANOTHER tI.Y. 0.NO)$ ”J
*030 INPUT 08
*040 IF 00.0 13010 9999
*050 GOTO 0080
2500 REM FOV INTIG
2510 LET A3 *TN(S0R(2*K2 IRI))
2520 LET A4.COS(A3)*COS (P2)+SIN (A3)*CD */(2*R* )+($2-54*)/DI)
2530 LET A 4—A4/SQR (I+ (DI/(2 .RI)+(HR-H*)/D I)e (D*/ (2*RI) .(H2-HI)/DI))
2540 LET A4 .AT N(S0RC * -A 4s A4 )/ *4 )
2545 LET 83.0
2550 FOR BR .A4 TO A4+F2 STEP .003
2560 GOSUB 3000
2570 LIT t 3s t 3+~~S* .O03
2580 NEXT 82
2590 RETUR N
2600 RE M FAN AVG
2610 LET *S ATN (S0R (2*i’tl/RI))
26*5 LET 24 0
2620 FOR *6.-AS TO -AS .FI STEP ~I/S
2630 LET A I. A 6
2640 GOSUB 2510
2650 LET 24 24•23*.2
2655 NEX T A6
2660 RETURN
3M~~ PEN ~ 5 PR/ (PT .A(SOM ’i.F(~i)~
3MI P lE T PI .COS (AITh (~OS(P1).5t AI).(Dl ,(~~.Rl),(’4 1-M2)/nI)

~~ PP L ET R l . P l # S O Rf l , ( ( W 2 — W t  ~,p * — f l h / ( 2 . R t ) . U M P - HI) , r ) I - D !, (2 .R)  ) ) )
~1M3P I,FT RI .A TN (SOP (l-Rl.Rl) ,PI )
3144i~ 5 .ET ~ 1.D I . c ! P 4(R P ) / s T ’ .( P 1  .flP)
“I F’SP L ET ~P- f l I .S ! ’ 1 C P 1) ,S T~4 R) .RP )
‘IVI6tl LET AP .SIN (A I)eC0 S (DI /PI)-COS (PI)SC0S (A l )*SPI (flh /R 1~
1M70 LET Ap.(AP.~~I.HP-Wl .fll.Dl / (P.PIfl/~ 9

~~RP lET AP .ATW(AP/3OP (~~-AP.A ~~)~
3M90 LET V9.~~QP (P1~~(~~$ )ThTA~~( At )

‘1095 LET vR.J t . c n s(a l~~,Ss’IR c c > s R t . H g )
1P96 LET WI ’-YQ
‘1097 ~OSIIP 131(1
1090 LET 0~ .G l aS~~1( -Y 9 )
1 199 S E T  ~ Is V0—V9
3100 GOSSIP 331 (1
3 110 FT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
3 1P0 Ill r,~ .G p,Exp (yq.yq).(sGN(VR-YQ)-SG~l (-y 9))
3130 LET Ll ._ .SOR(2.PI. ). ..(1R6~ P7*FXPtWI /WC ~)/C0S(~~I)
11 43 LET L1.!XP(L1)
3130 LET ~V9.~SflRt R l ,(2.)4R))STAN (*P~
15*0 LET y0.~ 9.COS(A2 )/SOR (psp l .W9’)

‘ 1 5 7 0  LET X 1 .- ’1Q

‘ 1 5 0 0  GO%(JP 3 5 5 0
‘11M5 * , ~t n~ .r,I.sr,N -vo ,
15 0(1 I F T  Y 1 . Y 0 — Y Q
1103 ITO~ IIR ‘1~~I~
1~~~(1(1 I n  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3205 LET GP.0P.EXP(Y9.y9.S~~~~yR-y 9 -SG,4 -y9fl
‘1206 LE T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
9007 LET LP.EXP (LP)
3250 LET FS.N1 .0IuPIsCOS (*I)eCOS (A 1 /(2eRI) .pI.5~ N (A5)
3000 LET 05e.15I00*sLI .LP,8PsEXP(-p3/H0)~~(4.3.I4539.bIs5~N (Ø~~~
3030 RETU ON
3500 REM GI(X *)
3510 LET TI-I# (5..47047.ABS(XI))
3500 LET Gl.( (.747056.Tt )-9.30790E-OP).Tt..340024).Tf
3530 RETURN -

4000 REM SUBROUTINE TO SET MODEL PARAMETERS.
40*0 REM SUB OUA NITY DEFAUL T NAM E
4020 REM VAIL E
4030 RIM I TRANSMITTER SlEiGHT (N) 25 HI 1KM)
.4040 REM 2 RECEIVER HEiGHT CM ) 25 142 (1cM)
4050 REM 3 At. POINTING ANGL E (DEG ) RU.. TO 0 Pt (HAD )
40 60 REM 4 GREA T CIRCLE PATH (1-TRANS. 2-kE.CVR ) 0 P2 (hAD)
4070 REM S AEROSOL LAPSE RATE (Sc M) 100 MB (1(M)
4080 REM 6 VERTICAL FAN A NGL E( DEG)- FA N CASE. ONL Y 4 Fl (HAD)
4090 REM 7 VERTICAL FIEL D OF 1111.0 (DEG) I F2 (RAb )
4100 REM 8 ELEVATION ANGLE (DIG ) RU. . TO LOCAL 0 AL ( hAD)
4 110 REM HORIt . OF TRANS. POS. DOWNWAR DS)
4*20 REM 9 DETECTOR RESPONS1 VI II .065 P(9)
4130 REM 10 SYSTEM ELECTRICAL BANDWI DTH (PIt ) 717 P1* 0 )
4140 REM II DETECTOR DARK CURREN T (AMPS ) 11-14 P t 1 1 )
4*50 REM 12 RECEIVER APERTURE RADIUS C M ) .05 P112)
4160 REM *3 TRANSMITTER POWER (I) 116 P( * 3 )
4 170 RIM 14 RECEIVER OPTICAL BANDWIDT H (MICRONS) *1-3 P114 )
4180 RESTOR E
4190 FOR 19.! TO 14
4200 READ P119 1
42*0 NEXT 19
4220 DA TA 25.25.0.0.100,4 . l .0..065.7E.+07 . IL— * 4 ..05. II+06..0@I
4230 REM STUFF 0 AND B ARRAY S FOR EX TINCTION COEF IIC IENT.
4240 FOR 19—1 TO 21
42 50 REA D W ( 19 ) . B 1 1 9 3
4260 NEXT 19
4210 DATA .27,2. .28 . I.89 . .3. l . 78 , .32 .1.67e .34. l .56
4200 DATA .36, I.45, .38.1.4. .4 .1 .3 . .45 . l . l 5 . .5 .* .05 ..55 . .966
4290 DATA •6. .86..65..78..7..73..8..64..9..58 s I .06. .52
4300 DATA 1.26. .47,1.67 . .4.2.17. .36.10. .3*2
43*0 REM STUFF ’ SCATT ERING COEFFICIENTS - P1. Ne
4320, REM VALU E. WAVI L. ENGT$ FOR MARINE HA~~EI L ,O.VAL UL .WAVLL E.NGIPI
4330 REM CONTINENTAL HA2L.
4340 FOR 19-1 TO 13
4350 REA D N1193.M(19]
4360 NEXT 19
4370 DATA .45. *0 . 31 . .7 . 5 .* 7 6, L .* 9 . 2. 8 62 ,1 .4 5 .2 .4 2 3 . 1. 6* . 2.22 4
4380 DATA 1.94,1.939.2.25 .1.776.3. 1 • 103.3.9. .92 1 6.5.3. .6851
4390 DATA 6 .0S..5279.8 . I5 . .4 l54 . I0 ..3256
4400 FOR 1 9 1  TO 10
441• REA D O(193.L 119]
4428 NEXT 19
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4430 DATA •45.3.725..7.2.4I~~s1 .lY.* .~~~.I.Y4..y ~~~~,j..44ll
4440 DATA 3.9..3458.S.3..2891.6.05..243.8.*S..*91*,16.o,.1393
4445 GOSUB 4470
4450 RETURN
4460 REM EGUATE VARIABLES TO P ARRAY AND CONVERT UNITS.
4470 LET HL .PL1i* .001
4480 LET 142• P(23* .001
4490 LET PI.P131* l .74533E-02
4500 LET P2 P14 1* l .74533E. 02
4510 LET 140 P1 51
4520 LET F t .P16) . I .74533f -02
4530 LII F2C P(7301 .74533 E—02
4540 LET A* .P t81* 1 .74533E-02
4550 RETURN
4560 REM SUBROUTINE TO CHANGE PARA METE R VALUES.
457 0 PRINT “E NTER SUBSCRIPT OF PARAM ETER TO BE CHANGED ( FOR A L IST”
458 0 PRINT “ OF SUBSCRIPTS AND CURREN T VALU ES. LIST LINES 40*0
4590 PRINT “ TO 4 170 )s ” J
4600 INPUT 19
46*0 PRINT “
4620 IF 19-0 GOTU 4700
4630 PRINT “NEW VALU E s ”i
4640 INPUT PC 19)
4650 PRINT “
4660 PRINT ‘NLA T SUBSCRIPT (0 IF DON1.)z”J
4670 INPU T 19
4680 PRINT “

4690 60 10 462 0
4700 UOSUB 4470
4710 RETUR N
6000 HEM LINEAR I N TERP OLATIO N O~ A LUG-LOG SCALE. M1.NUMBER OF
60*0 HEM POINTS IN A AND I. WHICH STORE TAbULAR VALUES. Y1
6020 REM Y (X 9 ) IS VALU E RETURNED. A 15 MONOION1CA LL.I INCREASING.
6030 LET I7 aMl-I
6032 IF X9~ X ( I 7)  GOTO 6*20
6035 FOR 17—MI TO I STEP -I
6040 IF X9~ .XC1 7J 6010 6090
6050 NEX T 17
6060 LET 15.1
6070 LET 1 6—2
6080 GOTO 6140
6090 IF X9 ’X (I73 6010 6*20
6*00 LIT Yl .Y (I7)
6110 RETURN
6*20 LET 15.17
6*30 LIT 1 6.17+1
6*40 LET M 9a(LOG(YC 16))-LQGCYCI5J) )/(LOG (A(I 6])-LQ 6(A(iSj))
6*50 LII B9 —N9.L.OG (XLi51).LOG (11153)
6* 60 LET Yl .EXP( 149*LOG(X9)+B9 )
6*70 RETURN
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7000 REM EVALUATES BETA • 80 (IN E(M~~-1 ) BY INTERPOLATION USING
7010 RIPS £LT ER$AN’S MODEl.. (APPLIED OPTiCS. 9. 1804-10. 1970).
7020 REM INPUTS ARE VS. THE METEDR4~OG1CAL RANGE IN KM . AND
7030 REM L5e THE WAVEL ENGTH IN MiCRONS . U 1$ ASSUMED FILLED
7040 REM W iTH THE 21 VALUES OF BETA FOR V5a 4 KM. L STORES
7045 REM THE WAVELENGTHS.
7050 IF LSa..2 GOTO 7090
7070 PRINT WAVELENG Th OUT OF RAMi L FOR BETA. LS.”.Lb
7080 STOP
1098 IF L5 I) 13010 7070
7100 FOR 17-I TO 21
71*0 LET X (I7).WU7I
7120 LET 1L 17) 8L173
7130 NEX T 17
71 40 LET X9.L5
71 45 LET P11.21
7*50 GOSUB 6030
7*60 LET B0.YI* ((3.91/VS)-.011 6)/((3.91/4)—.b1 I 1 6)+e Bll o
7 * 7 0  RETUR N
9999 END
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A PPENDIX C: LOS PROGRAM DESCRIPTION

The line of sight ( LOS) propagation model is inherent in the 0TH model described
in appendix I The basic quantity calculated is the fraction of power remaining in the
beam after propagating a distance z measured along the beam. In the notation of appendix
E, this is k(z , a) . given in equation 7)  of that appendix (where a is the angle with respect
to t he local horizontal). The LOS program was derived from the 0TH interactive program
described in appendi\ (‘ . As a result, the program comments glven in appendix B for all
lines numbered 4230 and higher apply to the LOS program .

The subroutine from line 3000 to line 3 158 computes Q(z , a). Appendix 1-.. (in
equation 7 and the accompany ing footnote ) gives the expression for Q(z , a) and a numerical
approximation for t he error function required to compute it. However , certain values of
the parameters cause overflow to occur in evaluating the exponentials if this expression is
used directly. The code given in the listing takes advantage of the fact that the exp (—x 2 )
term in erf (x) . for the values of x involved , partially cancels the exponential term multi-
plying the G function w hich causes the problem. This eliminates the overf low. Lines
3500-3530 evaluate G 1 (x ), w here

G(x kJ~/ 2 ) I  l+(l-’G 1(x )exp (—x ) sgn(x)j

and the C function is as defined in appendix L.
The rest of the statements in the LOS program carry out three loops over the para-

meters of interest , and print a table of results. The columns contain the path loss, and
the signal-to-noise ratio for the four combinations of powers of 1 MW and 1 kW , and
receiver fIelds of view of 10 and 600 . Each row is a different wavelength. Lines 225 - 351
assign values to the other system and geometric parameters. Their nieaning is docum ented
in the program remarks , and the variables used (primarily the P array) are consistent with
the description of appendix B. The three loops are , from outer to inner , over the values
of meteorolog ical range , propagation distance , anLl wavelength. A separate table , giving t he
columnar values as a function of wavelength , is produced for each value of’ meteorological
range. The values of meteorological range (in kin ) used are inserted via the data statement
at line 110. The values of distance (in km) are inserted at statement 160 . an(l the wave-
length values (in microns) are inserted at statements 21 0- 221 .

The only real difference , other than looping and parameter value initialization.
between the computations in the U )S progra m and t he analogous ones in the 0TH pro-
gram is found in lines 43 5-480. Two [OS cases were considered. In the tirst . which

~ubst it ute~ the lines of code given helo~ for those in t he listing, it was assumed that oper-
mti on al advantage s (primari l~- covert ness~ mi ght cause the RPV to he flown at the minimum

altitude necessary to propagate over t he desired range . The lines given below compute this
minimum height and the asso ciated elevation angle of the transmitted beam. The geometry
is as shn~ n in f i gure ( 1 . The parameter s shown are as follows :

= altitude of transmitter
hr a ltitude of receiver (H J’V )
a = elevation angle with respect to horizontal (+ downwards )
a = radius of earth (k~4/3 is retraction correction )

I = propagation distance along patti
D = propagation distance over earth

8~)
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Figure Cl. Geome try used to compute m inimum RPV altitude.

The following geometrical relationships hold:

x { ( k a + ht )2 _ (k a) 2] 
½

2 2 ½
y = [(ka + h

~
) - (ka) J

z = ~+y ( 2 k a  ht )Y2 + (2kah r )l/2 ( C l )

The minimum value of hr for a given z and ht is thus

hr = — (2kaht )’~I 
/ 2ka (C2)

The approx imation that z � D is made. This can he seen to be good for practical values
of D by noting that , using the angles defined in the Figure,

D Oka kaO + kaO , (C3 )

0 1 = arctan [(2katt t )’
~/ ka] (C4 )

02 = arctan [(2ka!11)½/ ka] (CS) 



If 0 1 and 0-, are small , the small angle approximations for expressions (C4 ) and ( ( ‘ 5)  may
be substitute d into expression ( C 3 )  to yield expression (Cl) , ie , D ~ z. As an example:
hr = 3km , 0-, ~ 0.03 5 rad , for w hich the approximation is excellent. From geometry , it
also follows that a = 0 1. The lines which should replace lines 435-480 in the listing are
given in figure (‘2.

The code in the listing, lines 43 5-480, treats the second LOS case . Given an over-
the-ground communication range, D, and values for the transmitter and receiver heights.
the slant range, z . and elevation angle wit h respect to the horizontal at the transm itter ,
a. are computed. The geometry Is shown in figure ( 3 .  From the law of cosines , with
R ka ,

= (R + ht ) + (R + hr)2 — 2(R + ht ) (R + hr)cosO (C6)

~\o t ing that 0 = D/ R , expanding sin0 , and keeping only the most significant terms in the
result yields

a = cos~
1 

~ l)~z)( l-D 2/(6 R )  + hr/ RJ} (C7)

Note t hat in the LOS program listing, the arctangent (ATN) function must be used because
BASI(’ has no arLcos ine. This requires some method of determining the sign of a (which
is positive if the LOS is below the horizontal and negative if above ). To do this the length
o f t he horizontal path (a = 0) between the transmitter and a point above the receiver is
computed (Z o . lines 473-47 5) and compared with z. If z is larger than this value , a < 0~
if z is shorter , a > 0. For very small values of a , or for ht h

~
, cancellation errors can

cause problems in this comparison. If t his is a problem for a case of interest , it is sug-
gested t hat SQR Z~~ be expanded as a power series in h R.

The user is urged to heed the “Caution ” in appendix B. It applies to the LOS pro-
gram as well.

V
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C 43 5  REI~ H2=RLC~~! \~ER HEIGj4T
~J436 ‘s L”l CALC L~LI~~ E NIN H2 (K~1) i0i~ CI VLN Dl, 1(1.
0440 i~ E.”1 A~~~b O < L i A T j ONz Dl (0~~ER G~<0tJ c:i)~~~~ (SLANT k<t~Nt~E) .
34 5J L~~T i 5 k ’ U C 2 I
0460 LE ~T Dl=t ~5
~) 41 0 L~~T H~~~~~,-S~~t~

( 2* r~I* H* )
~ 472 LET k — ~2~~-t2 / ( 2* H l)
L~~ 73 ~~E;1 i l~~ E.LE~~M T I  0~ AN .LE . i ’ 05 1T 1 VE ~~~~‘~~.-1 . i.~L) S, 1~AD.
0 47 5  L~~T E~1 ~~~~~~~~~~~~~~~ *~-h I) /hl 3
04 76  LET ~ l~~~5

~~ M LU 0~ 0V~.I’~ ~~\VE.LENG TH

Figure (‘2 (‘ ode to calculate minimum rece ive r heigh t necessary
to maintain line of sight .

l-igur e (‘.3 . ( re oIl IeIr~ used Lol i lpute elev~j t ion angle —

and slant r am I~’c i, ii t r a r i s ! n i I I e r  t o  RPV.
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Program Listing:
LOS Modeling Program

30 REM LINE OF SI GHT PROPAGATI ON MODELING PROGRAM .
20 REM MEGATEK CORPORATI ON, DECEMBER *975
30 DIM W (23 ].B (2I)eXt5e),Y ( 50].Gt9).H( 1 3 ) a 1 ( 2 1  ) . P(t 5 I
40 DEF FNA (X) .~tO*. 434295. L G  IX)
50 RESTOR
55 REM R1~~4/ 3 EAR TH RADI US (1(M)
60 LET R1-4* 6370/3
70 REM G~ tlET. RANGE. LOOP ~AL UE~ (K M)
~0 FOR 1 3 1 10 9
90 R E.A D G (11)
100 NEX T Ii
110 DATA 4, 8. 10, 15. 20. 30. 50. 70, 90
*20 REM H=DISTh~4C E. LOOP VAL.UE.S (1(M)
3 30 FO k L I — I  TO 13
140 REA l) M C I I )
150 NEX T I i
160 DATA 20. 40. 60. 60. 300. 125. 150. 175. 200. 225. 250, 275. J0&~
170 REM I W AV EL ENGTH LOOP VA LUES (MIC RONS)
*80 FOR 11 .1 10 21
190 REA D L( IL I
200 NEX T I I
O il  DATA .4a .5..6..7..B. .9. 1.1.1.1 .2.1.3
220 DATA I .6.2.1.2.3.3.5.3.11.4.1.4.6.4.9
221 DATA 8.9.10.2
225 RE M PI .A~~. POI NTING ANGLE (bAD )
230 LET ‘1= 0
241~ REM H1 =r RA N S . Pt t.IGH T (KM )
245 LET PC I ] 7
250 LET H t ~~.g0l *r 1 1 )
260 kEt’l HO—LAPSE RATE . 1(M)
270 LET H0~~1/ . 77
272 hEJ’l I” 9 bE C~. I v E h  I’IILD OF ~iE ~ (bA l i )
273  ~_ E1 ~ ( 3 5 ) 1
274 LET P9.P (I5)*t.14533E-2
275 REM D3~~’TFiANSM1TT Eh ULV ERG ENC k- ( r~A [~~)
2 LET D3— ~~~ FcLS&ON~ 1V 1TY ,  P( l 0 ) SYST E.M t.LECTRICAL

“3
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285 REM BANDWIDTH (kl~~). P (1L ) DETECTOR OA ((K CURRENT (AMPS).
287 R Eal P112 ) - RECEI VER A PERTURE RADIUS ( M ) . P ( t 3 ) ~~TkANS M ITtER POWEF

300 REM ( W ) ,  P ( 1 4 ) RECEIVER OPTICAL. BANDWIDTH (MICRONS)
310 LET P t9 ] ~~.06S
320 LET P(IQ})=1E+7
330 LET P ( I t ) 1E- 3 4
340 LET P( 12 1 .05o42
350 LET P (t 3)~~~E+6
351 LET P(143 .0001
352 REM STUFF B £ W ARRAYS.
353 GOSU B 4230
370 REM LOOP ~JV E1s MET. kANGE
3811 LEl 01 * 0
390 LET C1*C 1+ 1
400 LET V S G (C 1]
401 PR INT
403 PRINT
405 PRINT “V a ” J VSS ” P(Ma HT.”JPC I) j ”1 (M.”
486 PRINT TAB (25)i”FOVr 1 ’, TAB (35)J ’FOV I” j
407 PRiNT 1A8145)P’FOV— 60” , TAB (55)J ”FOV— 60”
4011 PRINT TA B(2 5 )J ”P=l MW ’ J TA B 3 5 ) s ’ e - ~=I Kw ’ J
409 PRINT TAB (4S>1” P—l M W ’3 ‘TAB~~~~~i” P 1  ,(W”
410 PRINT “RANG I” a TAB(7) 1 ’LAMBDA” , TABC IS) J ”l-A TM LQSS” J
I I I  PRINT 1A8 25),”S/N”, TAB (3S)J ”S/N”l IAB (45)J”S/N ”i
412 PRINT T A B ( 5 5 )J ” S/ N ” g TA B ( 6 5 ) J ”HR”
420 LET C 2 0
430 LET 02.02+1
435 REM H2*RECEI VER HEIGH T
440 LET H2*2.S
445 LET Dl -HCC2 3
450 LET ~9~~D 1*D l
455 REM
460 LET ~e8sH 1 +H2
463 LET ~ 7 . (H1-H2 ) .C h ’ 1 I -H 2)
465 LET ~~~ SOR (09+O8* I. i9 /b I+L7-G ~9*t . 9 / ( l 2* k1* b I)
470 LET A Is( D I /~ 5)*( 1-09/ ( 6*FcI *R I )+H2 /hi)
471 LET A l. i~TN ( 5~ h C I-AIsP.I) /A 1 )
472 LET A l - - A l
47 3 LET t6 — (~~2sH2- MI.nl+2sRIsU42-M1~~474 IF ~6’ 0 0010 477
475 IF ~ 5< SQR (L6 0010 477
476 LET A 1 .—AI
477 LET gi.~~5
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410 REM LOOP OVER WAVU.ENGTh
49S LET C3.0
510 LET C3 C3.1
505 LET C6 15
510 LET L5.1tC33
520 REM COMPUTE 80
530 GOSUB 7051
540 GOSt~ 3010541 IF L$~~~1L-30 GOTO 0549
542 IF C3~~ 1 IOTO 0546
543 PRINT Mcclii TA87 1L5,  TA0( 1 5)a~~~_3I0N ,
544 PRINT TAB( 64)J INTCMI. 1000,. 5)
545 GOlO 0784
546 PRINT TAB(7)IL5j TABC 1S)a~~~~3I0”547 GOlO 0714
541 REM P9.RECCI VER FiELD OF ViEW C RADS)
549 FOR C*l TO 2

1
_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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53$ LET P1153.1
55$ I? C4.$ 0010 0553
550 LET P1153.40
553 LET P9sP(I53*I.745338-02
554 REM LOOP OVER POWER
555 FOR C51 70 2
356 LET P(I33~ 1E•S6
557 IF C5.1 0070 0565
SOS LIT P L$33•I$0I
540 Ru Pe~RECE1VED POWIR.L1.PT.A,(Pi.CgS.03/2)?2)
563 REM •***.AT THIS POINt LI IS PATH LOSS. COMPUTE SNR.St*..*
564 REM P4 RLCEI VID POWER.L.1*PT*A (PI*(~~5*D3/2)’2)
345 LET P6.p3.D3.I$$R,p
571 LET P6.L1sP(13)*3.$41S9*PClfl*P11231(3.14159*P6*P6)
575 LET C6 C6+Il
510 REM P 6~ BACKGR0UNO.
590 REM FORCE PROORAM TO DAYTIME BACKGROUND.
595 LET 03.1
600 LET P8.0
610 IF LS~ I.8 0010 0650
620 LET P8a1.RE,08/(L5’5*(&*P( 52/L.5)-I))
431 iF 03.2 0010 0680
640 REal DAYTIME BACKGROUND
650 LET p7.47 5$,’($ 5’6.5.(~~ P(2.44/t 5)-$))+P8
660 0010 •69o
670 REPS N1B$ITTIML BACKGROUND.
680 LU P7a.0$83/(L5’6.5* (

~~(P( R.4EJL5)-$))•P$
690 LET P7.P7*(3.$4$59~ 4)*P9*P9*3.)4$ 59*P($2)*P~ I23*PLI41
700 LIT s1 *2. I .oOg If l—19sP( 103.(p 193. (P 7.P6) +PL113)
710 L ET S$s PL93* FL93$P6* P61S$
720 RIM •***eAT THIS POiNT SI.SNR*****
730 MLII •sse*OLJTPIJT ROUTiNE SHOLI.D BE INSERTED I4ERL***.*
74$ iF $1411 30 0010 0753
742 11 C6.55 GOTO $749
743 IF C641R5 0010 0146
744 IF C3c’I 0070 $751
745 PRINT KCCQ3P 1*8(7)11. 51 TAB( 15)IFNA(L1)1
746 PRINT T*11C6)IFNA (S1)1
747 0070 0710
149 0010 079 1
751 PRINT TAI(7)1&.SJ TAB(IS)IFNA(LI)1
752 GOTO 0746
753 IF C6.55 GOTO 0811
754 iF C44 25 0010 0157
755 IF C3~~$ 0070 0761
754 PRINT MCCR3I 1*1(7)JLSJ TAB( t S)IFNA(LL)J
75? PRINT TAICC6)J”~~30I”J
750 0070 0700
759 0010 0811
74$ PRINT 1*1(7)11.51 TAB(15)IFNA(L.I)J
762 0070 07 57
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710 N~~T CS71$ N~~T C 4
714 iF CSS** OOTO 0000
790 0070 0500
791 1? C3~’1 0010 0794
79* PRiNT TAI(C4)IFNACS$)J T*B(64),INT(N2.I001..5)
793 0070 0780
794 PRINT T*$(C4)IFNA(SI)
795 0070 0750
Ill iF CS.13 $OTO 0823
III 0070 0430
811 IF C3*~ $ 0010 0514
112 PRINT TAB C6 J”4-300”1 TAB C 64)J INTO$2*l000+. 5)
S13 0010 •750
1*4 PRINT TAR(C6fl”~ -300”
115 0010 0780
120 IF C1.9 0010 0840
838 GOTO 8390
840 PRINT
85$ PRINT
860 PRiNT
$70 GOTO 9999
880 PRINT H(C223 TAB (739 FNACLI)
890 GOTO 784
3000 REM COMPUTE Li~ PATh LOSS FOR LINE OF SIGHT.
3010 REM
3090 LET Y9. SOR (R*/(2*H0))* TAN (AZ)
3100 LII Y8~~1* COS (*1)/ SOk (2*M1*HG)
3* 10 LIT XI .-Y9
3129 ~OSUB 3S~0
3*38 1.11 02.21* 3GM (-~‘9)
3*40 LET X IaYW- Y9
3*50 GOS UB 35T0
3*60 LET 02.02-01* EXP 2*Y~ *~ 9-YI3*Y8)* SGr4 (Y 8-Y9)
3*65 LET G2~G2+ LXP (Y9*Y9)*(  SON (18-Y9) SON (-Y9))
3*70 LET Lla-B0* SOR (2*RlePt0)*G2* .8~~6227* EXP (411/H0)/ COS (Au
3*75 LET L1~ EXP (LI)
3180 RETURtd
3500 REal 3 1 (X Z )
3510 LIT T1*1/(1+.41047* ABS CXI))
3520 LET (3*.(C(.?47856*71 )-9.58?9$E—2)*T1+.348024)*T3
3530 RETURN
4230 REPS STUFF W AND B ARRAYS FOR EXTINCTI ON COEFFICI ENT.
4240 FOR 19a$ TO 2*
4050 READ WCI 9 34B L 19 3
4260 NEX T 19

_____________ 
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4070 DATA .27. 2. .20. 2 .89. .3. 1.78. .32. 1.67. .34. 2.56
4280 DATA .36. 2.45. .38. 1.4. .4. 2.3. .45. 3 .25. .5. 1.05. .55
4285 DATA .966
42~5 DATA .6. .84. .65. .78. .7. .73. .8. .64. .9. .58. 1.16. .52
4300 DATA 1.26. .47. 1.67. .4. 2.17. .36. 10. .312
~~lI RETURN
6000 REM LiNEAR INTERPOLATION ON A LOG-LOG SCALE. MISNIJMBER OF

6120 MLII POINTS IN X AND Y. ~ lICH STORE TABLLAR VALUES. Yl.
4020 MLII Y(A9 ) IS VALUE RETURNED. K IS PIONOTON1CALLY INCREASING
.
6030 LET 17.151-1
6032 1, *9 Xc 173 BOTO 4220
6835 FOR I?.M1 TO I STEP -1
604$ IF X9a.XL.173 0010 6090
6050 NEXT 17
6060 LET 15.1
6170 L ET 16.2
6000 0070 6148
6090 IF A9’X t 173 0010 6120
6100 LET Yl.Y1I7)
6*20 RETURN
6120 LET 15~ i7
6130 LET 16.17.1
61 40 LET N9.( LOG (YLI6I)- LOG CYL153))/( LOG (X(I61 - LOG (A (IS~ ))
6150 LET 89.-159* LOG CX (IS3). LOG CY CiS3)
6160 LET Yls EXP (1*9* LOG (X9).09 )
6270 RETURN
7000 REM EVALUATES BETA • 00 (IN HIS?-)) BY INTERPOLATI ON USING
70*0 REM LLTERMAN’S MODEL (APPLIED OPTICS. 9. 1804-Il. 1970).
7020 REM INPUTS ARE VS. THE NETLORL,001CAL RANGE IN KM. AND
7030 REM 1.5. THE WAVIL IMGTH IN MICRONS. B IS ASSIsEE FiLLED
7040 REM WITH ThE 22 VALUES OF BETA FOR V5.4 KM. L STORES
7045 REM THE WAVIJ. EMGTHS.
7050 IF L5 . .2 0070 7090
7070 PRINT 0WAVELLNGTH OUT OF MANGE FOR BETA. L5&’.LS
7080 STOP
7090 IF L5aIl GOTO 7070
7100 FOR 17.1 TO 21
71 10 LET *C173.W CI7I
7120 LET Y(1731B(173
713$ NEXT 17
714$ LET X9.L5
72 45 LET 152.21
7250 GOSLE 603$
7*60 LET $0•YISC 3.91/V5 -.0116 ,C 3.9%/4)—.$1)6),.$l1 6
7170 RETURN
9,99 END
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Appendix E: Propagation Model for a Laser-Type
Beyond-the-Horizon Communication Link

(This appendix was issued as a Megatek Corporation
informal Report . It is included here for

completeness and ease of reference in the same
form as originally published)
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PROPAGATION MODEL FOR A
LASER-TYPE BEYOND-THE-HORIZON

COMMUNICATION LINK

GENERAL

King and Kainer ’ have discussed beyond-the-horizon propagation of laser beams
by means of scattering fro m clouds and hazes and have specifically considered the use of
this propagation mode for communications. In the present study a more detailed model
is given for this forward scatter optical communications channel in the cloud-free case, ie
where scattering arises solely from atmospheric “haze” aerosols. The model takes explicit
account of: a) the vertical falloff in aerosol concentration; b) refraction and c) Earth’s
curvature, neglect of which can lead to severe errors in path loss estimates at ranges of
interest in beyond-the-horizon communications. Indeed , it is found that proper exploita-
tion of the a) above can lead to novel strategies for reducing path loss, eg optimally
elevated beams or vertical fans. -

DETAILED MODEL

VERTICALLY INHOMOGENEOUS ATMOSPHERE

The atmosphere is taken to be horizontally homogeneous but both the local
refractivity N , and extinction coefficient ~ are assumed to decrease exponentially with
height h:

I )  N = N0 exp {—h/HNJ

2) ~3 = P 0 exp [4ifHe]

where the zero subscript refers to the conditions at the Earth’s surface . In the CCIR
standa rd atmosphere N0 = 289 and Hy~ = 7.34 km. We make the simplifying though rea-
sonable assumption that extinction arises solely fro m aerosol scattering with unity albedo .thus ignoring both molecular Rayleigh scattering and any absorption in the aerosol Mie
scatte ring. Then for the wavelength range of.5 to 10 microns , S3,,, will lie typically in the
range.

• 3) 10— 2 km~ <~~0 < 2 X ia— I km~
depending on visibili ty, although still higher values of are obviously possible in the case
of ground fog. He in equation 2) is identified with the lapse rate in aerosol concentration
a qua ntity which is not well ch aracterized statistically and whose magnitude is typically of
the order of I km.
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0 REFRACTION

As a result of the vertical decrease in refractivity, light rays in the atmosphere are
cu rved (concave downwards) rather than straight. Thus a laser beam will gain in altitude
less rapidly with increasing range than would be the case in vacuum , and this effect may
be accom modated to an acceptable degree of accuracy by introducing the concept of a
fictitious Earth radius R’ related to the true radius R by:

4) R’ = k R

where the factor k is determined by the surface refractivity, N0, as shown in Table I .

TABLE 1. EARTH’S RADIUS CORRECTION COEFFICIENT (k)
FOR VARIOUS SURFAC E REFRACT IVITIES (N 0)

250 1.232
289 1.305
301 1.333
350 1.489
400 1.767

Following standard practice , the value k = 4/3 will be adopted in the present study .
In this so-called “4/3 Earth” approximation , it suffices to ignore refraction throughout the
model calculations (ie assume straight line light paths) and then to remedy this neglect by
the simple expedient of using an Earth radius = 8393 km in any numerical evaluations.

EARTH ’S CURVATURE EFFECTS

Due to the curvature of the Earth the altitude of a laser beam will not vary linearly
with range. Specifically, if a laser beam is projected from a height H in a direction making
an angle ~ below the local horizontal as shown in figure 1, then a simple geometrical con-
struction yields the relationship

5) (R + h) 2 = ( R + H — Z s i n cc)2 + Z 2 cos2 a

where h is the altit ude corresponding to a distance Z along the beam. Solving for h , one
finds

6) h(Z, a) H-Z s i n a + Z 2 cos2 c r / 2R+ 0 ( l / R 2)
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BEAM ATTENUATION 
/

Consider a laser beam (non-divergent) projected is shown in figure 1 , and le t /Q(z , a) denote the fraction of power remaining in the beam after propagating a distance z /measured along the beam. Then from 2), there follows

7) Q(z, a) = exp {_ ~~ Z 

~o exp {_h(z , a)IHe dz}1
which after some algebra, may be written

Q(z , a) = exp {_~ sec a ~J2 R}ç exp(— ( H - tan 2 a) I H e)

x ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where*

G(x) e du erf(x )

BEYOND-THE-HORIZON PROPAGATION MODEL

As shown in figure 2 , in the absence of clouds we may tinguish two primary
mechanisms for beyond-the-horizon propagation: viz, single multiple scatterin g from
at mospheric aerosols. Since aerosol scattering tends to be pe ed in the forward direction
and to be virtually free of absorption at the optical and infrared wavelengths of interest ,
it is meaningful to think in term s of an “aura” of multiply (forward ) scattered photons
sur rounding the laser beam . As discussed in the Append~~, this aura will in general atten-
uate less rapidly with distance than the direct beam and, we re it not for the effect of the
nea rby Earth’s surface , would he the do minant source of radiance at long ranges. However.
the effect of the Earth’s su rface is to remove energy from the aura by a combination of
absorption and diffuse scattering so that , as shown in the Appendix , for near-surface trans-
mitte r/receiver links the aura will att enuate with range (D) approximately as e $0D/D . a
rate of attenuation more rapid (as w l l  be seen ) than that of the singly scattere d compo-
nent. For this reason , the beyond-the -horizon propagation model is limited to the singly
scatte red component. It should be borne in mind , however , that at ranges less tha n about
100 km , the aura can — u nder favorable conditions (see App endix) — be the dominant
component.

*A useful numerical approximation for the error function is

erf( x) = I - (a 1 t + a 2 t 2 + a3t 3) e X 2 
+ E(x) x > 0

where I P = .47047 a 1 = .3480242
— 

I + Px a2 — .0958798 a3 = .7478 556

and E(x) ~ 2.5 X I0~~

/
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Consider the geometry shown in Figure 3 and let the receiver aperture (area = A) beoriented normal to the line of sight to the scattering element. Then ~~
‘ 

~‘r is the trans-mitted power and dP R the power received which enters the receiver optics at elevationangles between P2 and + 
~~~ there follows

10) dPi 
= Q(z 2 a2 ) 

[
~~ 

Q(zi~~a i )J 
dz 1

where (—) a 1 is the elevation angle of ~~ 
Q is defined in equation 8), and f ( O)  is the gainover isotropic for aerosol scattering at the scattering angle 0, ie the ratio of the actualscattering cross section at angle 0 to that of an isotropic scatterer of identical total scat-tering cross section.

From the geometrical relations

11) z 1 = D’ sin $37/sin 
~~J + 

~~~ 
z 2 = D’ sin 131 /Sifl(.131 +

dz 1
= — sin(J31 ~~~~z2

and the result obtainable fro m 8)

—8Q H ~2 cos2 a z sin a12) .
~.— = Q j3~ exp i- [H + 2 H R  - 

He

there follows from 10)

dPr ~0 d132 f($31 +
~~2~ r 1H1 + Z 1

2 cos2 a 113) 
4irD’ sin p 1 

Q(2 1, 1X
1 ) Q(z,, a2 ) e xp l—[i~ 2HeR

Z I Sin

He
where z 1 and z-, are to be evaluated from I I ) .

It now only remains to relate the angles j3~ and 
~2 to the eleva tion and az imuthangles at the transmitte r and receiver respectively. To do this , we set up the geometryshown in figure 4. The transmitter and receiver are taken to lie in the y-z plane and thelase r beam direction is specified by the angles a 1 (measuring the negat ive elevation angle~and 

~ l measuring the azimuth relative to the great circle path between transmit ter andreceiver, a 2 and 
~2 are analogously defined for the line of sight between the receiver andthe scattering element. We find for $3~ the relation:

14) cos $3
~ 

cos cos 0 1 sin I~ (R+H2) - sin a~ [(R+u2) cos £~ - R-H 1J

~~ (R+H 7) 2 sin 2 
~ +((R+H 2) cos ~ - R-H 1~~
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- 

which can be approximated by

15) cos ~ cos cos + sin U I (~~ + (H 1-.H2)/ D)

~~~~ 
(H2 H 1 - D ) 2

For we find

16) -sin a2 = [z 1 cos U I cos 
~ l sin~Z - (R+H 2) + (R+H 1)cosS2 - z 1 sin u~ cos~Z] /z 2

which can be approximated by

Z 1 D H 1—H 2 — D2/2R
17) _sin a2~~~— [cosOi cos a 1 -~ - _ s i n a 1] + z2

In 14-17), D is the ground range from transmitter to receiver and

18) cZ = D/ R

Thus the basic propagation model is defined by equations 13), I I ) ,  14) and 16), where
f(ft 1 +Ø2 ) is to be determined from a given aerosoJ size distribution model . Since 13) is in
differential form , it must be integrated over the field of view of the receiver optics. To
do this, we assume the field of view is positioned as shown in figure 5. Then , if the
field of view is F2 radians , we must integrate 13) over the range

19) 
~min ~~ 

1~2 ‘~~ ~min + F2

where (cf. 15)) :

20) ~~ ~min = °~ 
U-, ~~$2 + S~fl U, (~~~ + ( HTH I )/D)

f ~ 
~~~~~~~ - D/2R) 2

Note that the laser beam in the present model appears to the receiver as a line source.
In practical cases, the received power will increase linearly with field of view for fields
of view out to abou t 5 degree,.
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Figure 5. Field of View Placement.

A generalization is now added to the model: thus far we have considered the
laser beam to be non-divergent; we now allow the beam to be spread in the vertical plane

~LLl radians. ie we consider the beam to be a vertical fan rather than a line. The rea-
son for this generalization is that it turns out from 13) that the received power will be a
maximum if the laser beam direction is elevated above the horizon by an angle which
depends on the range D and the vertical lapse rate in aerosol concentration , He. There
may thus be a practical advantage in spreading the beam in elevation and to accommodate
this possibility we introduce the vertical fan angle F 1 and average 13) over the range of
beam elevation angles:

21) Um • U
1 ~~ 

Um i + I

where

22) tan Umin i\j~~ i

Finally, with the understanding that both the field of view (F2) and fan angle
(F 1) are less than about five degrees, we can approximate the scattering function f(fl 1+$32)
in 13) by its value in the forward direction , f(0), thereby removing it from the field of

3 view and fan integrations. Then, we may define an overall transmission I for the beyond-
the-horizon link as:

23) 1’R
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where from 13) 

-- -

~~~

U i +F ~min+F2

24) 1= 
P0 A f(0) fda 1 f~~2 Q(z 1, a 1) Q(z2, a2)

4tD F1 JUm i ‘~mjn sin$31

H 1 Z 1
2 cos2 cx 1 Z 1sin a1x exp _ [-

~
- _ +  

2HeR - 
He

NUMERICAL RESULTS

EFFECT OF VERTICAL BEAM WIDTH

As a first application of the model , we examine the dependence of the transmission
function on the vertical beam width , ie the fan angle F 1. To this end we assume the fol-
lowing typical parameter values:

Receiver and Transmitter height (H 1, H2) = 25 meters
Azimuth angles 

~~~ ~~ 
= 0 (ie no offset from great circle)

Sea level extinction coefficient ($3~) 0.1 km ”1

Receiver field of view (F,) =

Vertical lapse rate in aerosol concentration (He) = I .3 km

Effective Earth ’s radius (R) = 8393 km (i.e. “4/3 Earth” model)
and compute the quantity T/(A f(0)), where A is the receiver aperture in square meters
and f(0) is the forward direction “gain over isotropic ” for the aerosol Mie scattering, as
a function of ground range D and fan angle F 1. The results are shown in figure 6.

ft is seen that for ranges below 100 km the transmission is highest for a non-
divergent beam , whereas at greater ranges transmission improves with increasing fan angle.
(The effect saturates near 40

; calculations for 8° fan angles are very close to those for 4°).
Since from a practical standpoint tracking and pointing requirement s in the elevation plane
are far less severe for a vertical fan than for a non-divergent beam pointed at the horizonit is clear that a (nominally 4°) vertical fan would be the preferred mode in a communica-
tion system — particularl y since figu re 6 indicates that the penalty paid at short ranges (ie
<100 km) is less than about 3 dB.

DEPENDENCE ON EXTINCTION COEFFICIENT

In figures 7 and 8, the quantity T/A f(0) is plotted as a function of range and sea
level extinction coefficient for both a non-divergent beam and a 4° vertical fan. Parameter
values used are identical to those listed above . Comparing the two figures it is seen thatthe vertical fan is particularly advantageous at low visibilities (high j3~). For example , at
130 km ra nge and = .2 the gain is about 2~-~ dB .
lypica lly f(0) can be as large as 10 while A will be of the order o f .  I meters 2 So that f(O) •Aij ’. of order unity.

i l l
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The monotomc increase of transmission with decreasing extinction coefficient
(Ic increasing visibility ) is noteworthy since at some poin t ths trend must reverse (I -

~ 0
as -

~ 0). If —1 30 dB is taken as a typical system threshold , then it is seen that for the
range of extinction coefficients considered (.05 to .25 km ’ 1 ), the maximum ran ge for
communication varies from about 140 to 40 km respectively,

COMPARISON WITH FIELD OBSERVATIONS

Transmission data for beyond-the-horizon laser propagation is not apparently
availab le . A limited test of the model for the 40 vertical f an was possible once it was real-
ized that an isotropic (Ac 2~-) source should behave (in the elevation plane) approx imately
as a small angle vertical fan since aerosol scattering is primarily in the near forward direc-
tion and consequently photons emitted appreciably away from the horizontal will not be
scattered to beyond the horizon ranges.

In 1964, Curcio and Drummeter2 at the Naval Research Laboratory reported the
results of an experiment in which an uncollimated 6000 joule xenon flash lamp was
mounted abou t 3 meters above water level on the cabin of a small boat. During nigh t
time measurements, the boat traveled a course on Chesapeake Bay up to a maximum
range to the receiver of 41 km. The receiving system had a 3° field of view and was sim-
ilarly located at 3 meters height. The meteorologica l range , monitored by a transmissom-
eter, was 13 km.

In figure 9, the Naval Research Laboratory data of visible light intensity (in the
4700—7000 A band) vs. range is compared with the predictions of the 4

0 fan model for
H 1 = H2 = 3 meters. The extinctio~i coefficient was chosen to be = .2575 which is
what one estimates at 6000 A for a 13 km visibility using scaling laws discussed elsewhere3 .
Since only relative transm ission data were given in the Naval Research Laboratory report .
a comparison of transmission vs. ra nge was possible by adjusting the theoretical curve to
the experimental data at one range chosen arbitrarily at 20 km — and observing the fit at
other ranges. As seen in figure 9, the agreement is reasonably good . Clearly, however ,
this limited data cannot be construed as a test of the model at the ranges of practical
in terest , ie of the order of 100km, and further experiments would be needed for this
purpose-

DISCUSSION

An analytical model for beyond-the-horizon laser propagation has been developed
based upon the single scattering approximation. Numerical results suitable for estimation
of received power levels in specific systems have been given. The model appe a rs to be in
reasonable agreement with limited field data on beyond-the-horizon optical propagation
at ( relatively close) ranges up to 40 km . A more conclusive field test of the model , par-
ticularly at longer ranges, would be necessary to assess its utility for beyond-the-horizon
optical communications system design .

A clear conclusion of the study is the desirability of providing a vertical beam
divergence of the order of 4° as a mea ns of increa sing the received signal at distances
greater than 100 km and to relax beim pointing and tracking requirements in the elevation
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plane This is a particular consequence of the decrease of aerosol concentration with
height. It is recognized , however, that a vertical fan will reduce the bandwidth of the
link due to the increased multipath delay .

jmplicit in the model is the neglect of multiple scattering, a semi-quantitative
justi1ic~tion for which is given in the Appendix foT the limit of long ranges. The trans-
mission estimates of the present model should therefore be veiwed as conservative , per-
haps by as much as 10 dB at ranges below 100 km where the aura can under favorable
conditions be dominant.

1 
_____  

___  
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APPENDIX: MULTIPLE SCA1TERING

Consider a perfectly collimated beam propagating in a homogeneous medium far
from any boundaries. Then from multiple scatterin g theory4 it is known that if the scat-
tering law emphasizes forward scattering so that the r.m.s. scattering angle O < I , then
an “aura” of multiply scattered photons will develop (similar to that shown in figure 2)

• whose radial extent , r , increases as the 3/2 power of the distance z ~dong the beam. More
specifically , if the mean free path for scattering is Q , then

• A-I ) r = C z312 ö’/Q V2

where C is a constant of order unity.
Unfortunately, this result cannot be directly applied to the problem at hand be-

cause of the proximity of the Earth’s surface to the beam. A downward scattering, even
at an angle small compared to ~~ , will result in the photon striking the surface at which
point it is either diffusely reflected into non-forward directions or absorbed but in any
event lost to the aura. Only those forward scatterings at sufficiently small angles to avoid
hi tting the surface will contribute to the aura .

We can accommodate this situation by the following approximate device . Let us
assume the aura to be built up from multiple scattering events for which the individual
scat tering angles are all less than or equal to some critical angle 0~ That is, if the actual
dif ferential scattenng cross section is O~( O), then the effect ive cross section o~( O) is

A 2 )  Ue( O)  = Ga ( O)  0 
~

0 O > O ~

Assuming for simplicity a homogeneous medium of aerosol density N , then the
extinction coefficient . i3, for the laser beam is given by

A 3) 0direct = N J 2w sinO oa(O) dO

The effective extinction coefficient for the aura , aaura, IS

AM ‘3aura = N f  2R sinO oa ( O)  dO = j 3 f I  —

where

10c
sinO Oa ( O )  d O

A-5) Ø(0 .) ~~
~
. 1-ir

~ ‘.U1?~ Oa t O )  dO

I ~5
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lf F0(z) is the total radiant flux in the direct (ie unscattered ) beam at a distance z
along the beam, and F 1(z) is that in the aura (where these fluxes have been integrated over
the beam and aura cross sections) then the equations of transfer are

A-6) dF 0
=

dF 1
~~~~ 

-

from which we obtain for the aura flux

A-7) F1 PT e~~
(’ ...,¼)z [1

where P1’ is the initial flux in the direct beam.
Now since the scattering coefficient for the aura (ie those scatterings which do not de-

ple te the aura ) is given by

0
A-8) NJ ~w sin0 dO =

we may rewrite A-I) in the form

A-9) r = ~z312 ec P”~*~~(°~
)

where f is of order un ity . Then , the power 
~R received by a detector of area A located

within the aura at a distance z along the beam is

F1 A P1A f e~~04)z ~ 1~~~~l3~ Z 1
A-la) 

~R 2
~r z

3 130C
2 (OC) ~2

where f is of order unity and depends on the position of the detector within the aura, the
field of view , detector orientation , etc .

it remains to estimate Ø~ and , from the scatte ring law , Ø(0c) To do this we consider
a beam launched from the Earth’s surface with elevation angle 0e’ and we neglect the Earth ’s
cu rvature. Clearly 0c~ 0e since a downward scattering at an angle >Oe will intersect the sur-
face. Since , fro m A-9), the aura radius at a given range increases as 0~ increases, if the aura
is to intersect the Earth’s surface at a given range D, the n the beam must have an elevation
angle °e = O~ satisfying the relationship DOc = r or:

A 1 l )  #D3/2 Oc a~~tb~ (O c) D 0 c

that is

A 1 2 )  (0c)

1) 6
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Equation A-I 2 ) determines O~ once the functional form of 0(0) has been determined
from the scattering law. To proceed further , we ideali ze the aerosol Mie scattering cross
section as

A-l3) o (O) ~~ constant x ( l _ ( f ) n ) 0~~ 0~~ 0o

0 O > 0 ~

Then from A-5)

+ 2  0c 2 °cA-I4) Ø (0) ~~( — )  (_)2 I I  —n n -

If the range Dis large, ie D~>>l than from A-l2 ) and A-l4) we find

n 1 ______________________A-15) (_)2 ~80 n + 2  ~~~~ 1l_ . ._ ~__ (-JL_ !....)fl/2
L n + 2  n + 2

Finally , introducing A-I S) and A-12) into A-b ) we obtain the result

A-16) -~~-- = ~-i3D~ I F f 0
2 (e h/02

~~lJ l L L)n/2lPTA ,rD 9~2 
(;:;-~~

-
~~
) 

n + 2  n + 2  2~~

To estimate ~, we note that in the Arnush4 calcu lation

A-l7)

In the model A-l3), <0> ~ 2/3 0~ from which we estimate ~ 2/3.
From Deirmendjian ’s5 Mie scattering calculations for marine haze models, we

deduce n ~ I and 0~ ranging from about 90 in the visible (4500A) to about 30° at 1.19
microns.

In order to compare A-l8) with the single scattering results from the text , we must
relate 0~ to the quantity f(o) — the gain over isotropic in the forward direction. Since

A-l8)

and
1

A-l9) f 2ir sin O d0 I
0 4w
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then from A-l3) for n = I and small 0

A-20) 2~ f(o)(
0°0(b _ ! )dO = IJo

or

A-2l) ( 0 ~ 2 
=

Then since the first bracketed term on the righ t hand side of A- 16) is about I 0(for
f = 1,0 = 2/3, n — I )  we arrive finally at the following estimate for large D

A 2 2  ~R b0j3e~~
D _ T

P’~’Af(0) 3D 
-

which can now be compared to the results for T shown in the text. This is carried out in
figure A-I where we compare A-22) with a = . I t o  the results from figure 6 in the text.

Two features of this comparison are noteworthy. First it is seen that at large
distances the single scattering model will dominate by virtue of its more gradual fall-off
with range. When the extinction coefficient is - I km 1, the cross over point is between
130 and 150 km depending on wavelength. Under poor visibility conditicns, this cross
over point will shift to shorter ranges. At a = .257 km 1 (visibility = 13 km at 6000 A),
for example, the single scattering will dominate at ranges greater than about 75 km.

-.

Figure A. I . Compan ion of Single and Multiple Scattering .
Extinction Coefficient 0.1 KM 11- 118
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On the other hand , however , it is significant that at shorter ranges , the aura can
exceed the single scattere d component by about 10 dR Thus if conditions are right (speci-
fically that the vertical beam divergence be such that energy is radiated at the critical eleva-
tion angle, °c’ determined by A -l2 )  then it is expected that at the shorter ranges (nominally:
under 100 km), a bright point-like source due to the aura should be superimposed or. the
line source due to single scattering. *

Clearly, if communications system design is to be based upon detection of the aura ,
a more detailed and rigorous t reatment of the multiple scattering problem — perhaps via
Mon te Carlo simulation - would be required. The approach adopted in the present study
is the more conservative one of basing detection on the single scattered component whose
transmission properties can be modeled in a relatively straightforward manner.

*lndeed , this is precise ly what (‘urc~o and Druwmeter 3 obse rved at a 45 km range when the meteorolog ical
range was 20-25 km

I I t)
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