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SO

qevelopnent of a  low-cost  ship-*a-ship

TSy ounasr a siv-monthn Fhase I Smal. Business

Ry

3% neen  geeliocperd tor
. and on ca‘e..lites. Hovever, !
d in ship-*o-snip appiizations.
m linear ana anguiar metion, whi
laser on an optical receiver. T
~elatively chorr range. lov-pover
nder severs sea condizions. The en
low-cost  gimbal <set and 1itc

ived ground
not been

suEteT
.1 TGrhals
The reguirements for a ship-to-3hip 0OCS are not well-defined and the
ret.irements selected as par:t of thiz crtudy are viewed as goals. The tnree
gsa-7 'nat influenced the design signiiicantly are:

Ty To communicate over a dictance of 1Sk under faveorable

a-mospheric ronagitinns, i.e.. transmission greater than 30%.
2y Trn o transmit 5 o« 10" bire per second with an errnr ra*e less than

-,
N .

1077 this will handle two reai-time video signals.

2y To communicate <ontinuoucly under a condition of sgevere ship

motion. i.e., that correspond to sea state 8.

There are mary nther characteri~tics of an 1CS having to do with operation
anc  Taintenance thar make an OCS a aesirable additinn te an nverall '
“ormurication system.  The general cnaracter:isrics  are descr
TuTmart.  Subsequenrt secriont rontain more derails.

a

{

Tne cesign was  considered in rerms of three subsvysiems: 1) ginbals., beam
' n I 2) optics. laser. and det r. ant !) data
4 ielativelv detailed design was developed

] for the
and associared rcontrols. The onpri<c  and data
~ideres in cuffici=nt Adetail ta ecrimate cne rcize and

that "ae¢ rontrel “vorteT mutt drive  and ot ectimate
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A €unemartic of an oU% i hicnh Tne Later tranemitrter, ne Cratve: ana  Tre
13" 3 —rEelver TLAale ThE same OpTital path e shiown o Figare 1. soSverenr
R SeLAldte Trant ity ony aad tene, oy rotrons on {1 Sd e SOt veE AR
was cemc.derec DU it oanT L_Lavtratel.  FLogure L0 givec anotner view of tnc
InareT aperrile devige

The tecnanita. tonliiguratlon oI the 2merging dec:ign consizto cfoa toarsse
az: ot gimbal wnooh o dilvey g cea.ec oyLindrical anit which containg ali of
cne coiv..g and the woarse elevatlion diite A Separate cempuler no! Shown 1n
srne f_sirec nanc:es  the Signai  Prolescing.  contin aigoritnme., anc
intezriaoec wath The athel Jhip’e comnunicarion functione

Comme:-i1a.., preloaded bal! tearings ate used fnr hoth gimbals. The ro0atse
gimpa.c are ari.en bv e.ectriz motors through a unique but inexpensive
zapstar  and cable system. The <f:ne pointing of the laser beam |is
acromp.isned by fast sreering mirvar-s. The illusrration zhous =eparate
azimutn ang elevat:ion fast-steering mirrors: hewever, a single J-axis mirvor
1T a2val.anie. ~ ©ing.e¢ sverem can provide tompiete Je(C% communication:
faweer . apstrucrtions ¢ moer ships wil, dictate r'ne need for two svsrtems
Tne  inigue  feacture of tnpe devign ic ‘he use of nes'ed control leoops which
rece: azimuin and elevation errsr =ignax- {rom a quad cell. These ~ontrol
inocs  reiect borhh the large-amplitune, lowv-frequen~y angular motion of the
€n.nT c.e *o sea state and the nigh-f:requency. small ampiirtude ~ibrations
incuses oY othe snip upon which the cvsrern (s mounted

The | LoWHlel 15 3 TmaL.. inexpenc: e o MW GahiAas diode  lacer,  serves
the function of a'gricition ang nata transmicsion.  The beam wiil be
detcrousen "o speed up the cearch and targe acauisit:ion process.

fi*ner tea-ures nf rthe =verem {nciude a retro-reflector inside rhe exit
“ingow augmented by reflewrinc  rape on  the outer «curface 1o establish
~onracc  hetween paire of <systems ‘*ner components no* shown in the
i.iuStration are the position encoders orn 'he coarse gimbals. a horizon
sensor or a gyio The .atter censorc are needed to provide an iner<ially
sravt.e fearch patr'ern. & cuammary of the 1mporfant characteristics of the
onicep-.al design are:

Field-ni-regard azimurh 16000

Fieid-nf-regard eievation +uS°

Coarse gimbal bandwidth 13 H: .
“narze gitnal rececrtior arv 1 HC S5t 4B

FALT STeeUINg M1Iror pandw . 1500 Hr

Faz® zterring mirrnr rejection a* 10 Hz 4 dp .
Inpur LOS f1rter, rms Stomy

Residua. peam Jitrer. rme IR

Fricvicea hearm widin for communi- atorn Moy

Ueforuysen peam wala h for acqga: crion 1o

AnerTure (primary Tirror) It Al

Lecerran <. Avalanche pharte diode quad el
Larer Womw hasiks diode

_Azer wavelength Ar0onr
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. AN approximate diy ‘ection
ion time. If the uncertainty

DR

in initiating _emmunication
ter o cotitact annthe: specif

Tne soec‘fled UCS will shorten tne ac
e is greater rthan . degree rhe rransmirred heam will be
'Sed Lo 1 mr and a search  wil be started near the apn:oximate
he other 0OCS. The search with the defocusec beam will scan
L radian per second. An internal vertical direction sensor
rmine the direction nc +ne horizon. VWnen a teurs above a preset
L ceived, 17 1z assumed to be from the retro-retlector on the

persistent
ran will be
d in track

e dire~vion ot rhe rerurn. If i+ 3
l focusea "o 3t ur and a 300 Ho spira
he rarget. The rtarget will then be maintr
pr d bv -he quad cell.

Tuooacquire

il1 identify i modulating the retro signal or
gatlng 11s own beam o m. At this point two-way
ication is esrablished ans ‘ne cystems avre readv *'n transmit data.

vy 0
O

eing condirions lare:r rankscatter or ccattered csunlignt from
re may inhibit azgulisitio ro-reflector at long
hisz case a nulse mode <an be used to gare out scatter energy

[idl
n

pathn. This mone 1eqguires an approv¥imarte knowledge of the

D ™
.£= "< the target. & fecnnd ponr-seelng mode uses a search beam modulated
- T t

MHZ. In  ttis  “age rthe target return ig also modnlated at the same
.ernias; whereas atmospneric iz relativelv constant. The

rare tor thnese pool-seeing modes must be reduced: therefore, a J60U°¢
..1 take longer 'nhan the 6 seconds required by a norma. search.

l.- Zenefirts

Tro o osvEtem wilili aliow mnie effective ommand-and-contrnl of defense and
attass operations andg will prov:de low-cos: ship-tec ship optical
Sl mt7arion

The zuerem  covld also he adapred e any application invelving optical

vinication over a short range hetween wmoving vehicles. “ommercilal
~izavions  would inciude airporc ana harbor operations. vemnte zite TV
f-asting. anada  commana-and-~ontro.  for medical. nolice, and fire

en~w *eams. Table 1-1 zhowe *he adrantages of arn ontica. ~o~7inication
e~ Inr shigp-tn-ship nune.
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Tahlz 1-1 Advantages of an Optila. Cormunication Svarter for Chip-to-ship Use
- Hign Dara Rate
- Smail Transmitter and Heceiver
- Secure Communications
Low Transmitter Power
- Rapidly Developing Laser Technology
- Simiiariry ro Ship-fo-Air and Ship-to-3ateilite Communication
1.5 Conclusions
ATA's conclusions can be summarized folliows:

1) Nested control loops will lead to an 1inexpensive optical system
for ship-to-ship communication.

2) The concep! can be demonstrated in the laboratory wusing mostly
off-the-shelf components.

>} The concept iz low-risk anc based on curren: technology.

«) & phased progtam will demonstrate the tracking. acquisition, and
communication functions.
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s ~7dvantages

ot LTa. communication links have several advantages for ship-to-ship
apc.ications gver curvent operational systems at radio frequencies. Key
faarires rhar rave a laser-based, aptical communicatinn arrractive incinde:

i1 High 2a<a bandwidth;

Z) Porenrialilv small transmicter and recelver hardvare;

2y Ease of protection froum interception;

%) Low rran<mitrer power requirements;

) Fromising rtechnology advances to implemenr optical signai

generation, muitiplexing, detection, and demultiplexing:
%) Potential simiiarity with surface-to-satellite and surface-to-
aircraf: communication systems.

The advantages of optical communication, however., are linked explicitly to
re.labie, maintenance-free, low-cost peinting and tracking systems to link
tne -ransmitter and receiver in the presence of large amplitude ship motion.

These systems are required so that a2 smail optical beam from the transmitter
can oe placed onto the receiver and neld there to facilitate lowv-error data
rancier over the beam. A 1owv-zost  ship-to-ship optical communication

=+ would provide a very attractive chor* range alternative to radic and
T.LrowAVe sysStems.

zznneolouy Review

fabrication. assembly, alignment, and performance verification of
ical and mechanical subsystems historically have heen responsible for
ant fractions of the budgets of experimental projects involving
n laser pointing-and-tracking. In the late 1960's and early 1970's
Force, the Navy, and the Army each began R&D programs to exploit
ergy lasers in weapons appiications. The pointing-and-tracking
ments of these programs are simiiar in technical diffizulty to the
and tracking problem of ship-to-ship optical communication. Both
ons 1involve gimballed telescopes carried on a host vehicle which is
ing intentional traiectory changes and unintentional vibrations. The
path through whiszh the optical communication (laser) beam must
is affecred by atmospheric phenomena (natural. meterological. and
and bv poundary lavers surrounding the host vehicles.
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learned from previous programc confirm the need for cost

imp em In technology Ior precision pointing and tracking svstems.

(Re n L. Sher, Editor. "Lessons Learned from the Airborne Laser
Lapcratory AFWL-7R-83-%, June 1982. (Confidential}.) while disturbances,
zize and other requirements mav differ between weapons and communications
cwetems, manv  o9f the technical challenges in areas of cost and performance

are zimilar and have been 1ecognized as cignifican® vesearch needs.
“orrentiy, significant  amounts of 1rzcearcn resnurres are helng expended in
“ne areas of senzor~s., nptics, and arsorclated  styvocural o evstens {or
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acqu:isition, tracking, ard pointing. (Reference : Mikatvmor, "laser
Satellite Communications.) Howeve-, Ine empnasis is on very lalge space-
basea and ground-based systems suitable for strategic defense roles.
Oprical communication involving intersatellite laser links is also receiving
a great deal of atrention. (Reference 3: R.D. Nelson, T.E. Ebben, R.G.
Marshale k. "Experimental Verification of the Pointing Error Distribution of
an Optical Intersatellite Link," SPIE Proceedings, 1987). Unfortunately,
littie emphasis and few research resources are currently being devoted to
identification of low <cost pointing-and-tracking technology that will be
applicable for optical communication applications 1involving short ranges,
high wvibration, and moving host vehicles sucn as ship-to-ship communication
links.

The »performance reguirements for point:ing-and-tracking svstems for optical
communication links are demanding when either the transmitter or receiver is
on a moving vehicle. Consequently, such systems have in the past been
costly to design and manufacture. This research program seeks cost-
effective technology and conceptual designs for the pointing-and-tracking
system. Phase I provides a design of a low-cost pointing-and-tracking
system which 1is £free of wundesired complications and cost impacts on the
overall communication system.

Table 2-1. Previous Work in 0Optical Pointing and Tracking

Name Manufacturer Application Range A Beam Data

(km) (pm) Width Rate
(pr) (Mbrs)

APT hughes Weapon 5 10.6 10 CwW

AFTSMcuD Air-ground 100 0.53 100 1 Gbis

ISLBall Satellite 42,000 0.8 10 360 Mbis

Comm. System/

Optronics Ground 0.6 0.8 800 70 Mbis




IPPLIED TEOUEMTLTT ASSOTIATI L DN, 75 Meme SBIR- CIEZ
23R wn vp ~TSor ringl Reporr
May 139656

w
t
oy
=
P

APPROACH

The design of a ship-to-ship oprical communication system involves many

ccientific and engineering discip.iines. It requires a knowledge of many
aspec:s of the ship/sea environment and the design must consider the needs
anc o

nperartiona. constrainrts on naval ships. The optimum design. where cost

iz a —ainr concern, requires a large number af rrade-nffs, many of which are
bevonc tne scope of this paper. The empnasis in this paper iz on the design
nf <ne gimbal confrol svsTtem. This secrion presents rtne approach, the
requirements and some aiternate «conceptua. designs. Subseguent sections
“i.. [re

N sent derailed analvses of the con<rol. the optical, and the data
subsvstems.

. Stucdv Emphasis
Previous R&D efforts have demonstrated the ability to perform accurate
pointing and tracking in becnign environments such 2 ground based or
airzrafr-based systems. The pointing jitter measured during these
djemenctrations has been in the tens of microradians range which is adequate
for ontical communication. There has been no demonstiration of this accuracy
:n +n= shipboard, high-amplitude ~ibratiun environment. The same Ré&D
efi~r=s have demonstrated high transfer rates over laser links at ranges of
wuncrecs of  kilometers. The data rates and ranges nave been adequate for
tne =niu-to-ship system. With the evception of shorr-range, ground-based

ger zommunication 3ystems. the cast of these previous Rel efforts has been

in “ne tens  to hundreds of millions of dollars. What has not Dbeen
demons-rated is the ‘technolingy to transmit in the high linear and angular
raion environment of an ocean-going ship. Therefore, the emphasis in
s scudy 1is to develop., in a preliminary design sense. the gimbals.
- s, and stabilization systems needed for a low-cost pointing and
rracking syvstem.

[

A zonceprtual design of the entire op*ical communication svstem inciuding the
iaser and the data transmission subsvetem will be developed because the size
ant weight of rhese subsvystems impac*® the control subsvstem.

For example., the current technology of small, light-weight, easilv modulated
dince lasers can be used 'o reduce the wveight on gimbals without the
~omp’ex  beam rtransfer optics for an nif-gimbal laser: however. it places

)
D
P

.

airn constraints on the beam width and the allowable iitter resuiting
AT *he ‘racring system.

[N
't

)

.. perationa. 3cenarios

¥anvy ~f{ the reguirements and r<orstraints placed on an nptical s! .. -to-ship
cucteT necome evident bv follewing the steps  thar mnust  bhe pericrmed o
essanlish  communication. in the f{following =cenatic the ship initiating
crmmanication i veferred tnoat the transmitting ship or svE ;

nelng  contactes rantains the targer which e ‘he aperatire of he recelviIng




SPFLTED TECORNGIOASY LRSI IATES D LTA Mema SRTR-OIE
S8R Cr PATSH Final Repor:

Mat 14358
< et AT dnre  tc-way  communication 1< e<rahiiched, both  cveteme  will]
craniTitoand recelve.

2.1 Target Acquisition

Before rtrackinz of the receiving system and two-way communication with it
ca’. be established, several cteps must be executed which are defined here as
tz :get acquisition. These steps are:

1, The persnn or computer responsible for iniriating communication
will identify the ship to be addressed and its approximate
direction;

23 The communication sysrem will perform a search for the target;

2) Detect the target;

«} Establish closed loop rtracking of the target; and

3) Receive an answver back from rhe targer system to confirm two-way
communication.

The last step is not required in cases where the receiver has no transmitter

or “oes not care to go on the air. Borh systems in the communicating pair
are identical and each must perform rarget acquisition. The time required
1o ~omplete acquisition is an important parameter and will depend upon what
is wnown about the target location. Pnssible situations are:

pproximate location of the receiving ship is known through visual

A

ov radar sightings:

) Several ships need to be contacted and their locations are unknown:
however, the order in which they are contacted is not important;

ro

2 tine ship of several in the arca is :o be contacted and its location
1S unknown.

The coummunication system processor will have several acquisitiorn algorithms
to chonse from, based on the input information accompanying the request to
initiate a communication link and on the motion of the transmitting ship.
The following paragraphs describe the steps listed above.

2.2.2 Initial Inputs to Transmitting Svstem

The :dentification code nf the ship tn be addressed iz a required input. &
desired input is the direction to the <ship. This information «ill redure
the search rfime. VWithour initial pointing data, the seairch mav tare times
on the order of 17 seconds which is acceptable in mest cituations. An issue
is hov initial pointing information might be obtained. :in what cocordinates
would {+ be measured, and howv would it be provided to :the optical
“nmmunication svstem.

*. } -

onoangular conrdinate svsreme can  be uced: 1) acmuith and  elevation
relative te the ship and ) an 1nertial svotenm. 1 1e.ative arimuth and
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er will range vapidiy during maneuvers L “ough
£ es are used., the Information must
e ship-based azimuth and the fac

n ~an be used to reduce the search

incoavporate an inertial angle cvecrem. Thig 1

1ti¢ search pattern while the ship is roll
s, and perhaps () to provide :inputs he tracking

m jirtter iz encountered. The types of sensors vhich

gyvros, magnetic compass, artificial horizons or., turn

{

a

red: (1) <o
2y to kpnow

he type uced in light aircraft. and an 1nexpensive

developed bv ATA. Incorporating some combination of
e in rthe 0OCS wiil permit the svstem to slevw to a given
on measured in an inertial cocrdinate svstem.

be designed to accept an initial polnting direction in either
. coordinates and, depending on the accuracy of the
na limired search or go directly to closed loop tracking.

Saie

’
N

o

ty

=3
O

ie slaved 'o a remote manual acquisition device through azimuth
al position sensors. The manual acquisition device mav be
a telescope, or a simple gun sight. When *he operator has the
ed in the optical sv-re~, a bntton it pressed transferring
.

Do
.
PINT Y]

e 9CS. If the oS i< located within easv reach of the
telescope mounted on top of The case, jov stick control on the
. and a button *o rfurn contro, over to the tracking system provide a
rient acquisition weans under good viewing conditions.
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Target Search

The svstem computer will contain one or more search patterns which will send
*re appropriate commands fn the fast steering mirror and gimbals. The

rn could be a spiral which begins at the estimated target pesitions and
Toves outward. The maximum spiral frequency will be limited by rthe fast
Treering mirrors to approximatelr 300 Hz. The radial advance per -~vcle is
approximately one beam width. The transmitter has a defocus capability:
cherefore, the radial advance could range from 30 ur wusing the narrvowest
bear o 1 mr, which has suffi-ient bheam energv denciry that -an derect the

verr-~ refientnr. & linear =search alrng the horizon would reduce the
acqguisition time. under some circumstances. Figure -1 and figure -2
L.iustrate several =earch patterns.
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Figure 3-1 Spiral Scan
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Figure 3-2 Raster Scan
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4 rerurn above a given thresnold will be in-terpreted by tne system as  the
rarge-. The carget of intzrest s the 1tetro-reflector on rhe receiving
system. ‘he system will occasionally receive false alarms from other par*s of
the receiving ship’s strucrture and possibly from rhe sea surface. The ratio

ot the signal from the retro-reflector to the detector noise is high enough

rnat +he probabiliry ot false alarms resulting from detector noise is very
small. The probability of false alarme from other sources will be
ir?ef'iga'ed dur‘ww Phase II. Because each return above a threchoid will be

-

considered automatically by the svstem for tracking. the numver of false
a.arrs must be kKep! very low so ac not to overwhelm the svstem. This svystem,
]

as 4n moct derecrion systems, will nave a threshold adjustment whion can  be
chiange? by the operator.

... Tracking

Each time a return is detected, the system will go into a tracking mode and
ana.ivze *he position of that return and esrtabiish that it is a persistent
re: The return from a retro-reflecror could be modulated by the receiving
indicate itz ID, theret ~<onfirming acquisition of the desired

A sear-h pattern for use when frark 135 momentarily breken would be available:
*nis case. the system would immediately go to a spiral scan in which the
pear .z spiraled above the position of last contact with the receiving system.
sernative appronach is that the receiving ship could come on the air and
iden+:%v i1tself with its laser. Each svstem would have a repertoire of search
patterns and the amount of beam defocus available o the operator. Bv
evperience, the operator would select the appropriate pattern for the
ituarion at hand. The parameters the operator would use to select search
patterns are: 1) the uncertainty of the position of the receiving system to
be rcontacted: 2) the motion of the ships: 3) a threshold which would be set
depencing on the number of false returns expected.

AN as

—

ne ~onstruction of the system could be a shared aperture syster as described
n <ne summary of a two-aperture system in which the transmitting aperture and
rece:ving aperture are on the same gimbal but are separate.

ba

ATRUIS]

ition mode is completed when more than one return above <nreshold is
17ed at a particular location or if the unique ID nf the receiving syster

rece

ie decerrted, The system then rrancfers to the track mode. The method of

closing the track loop depends on the type of svsiem invoived. Two choices

are poscible: 1) a singular frequency system in which both the tvo
m

communicating svstems are on the same wavelength: a prnforol would be

stab"shed to interwveave r'ne transmit-ing and veceiving fun-ctions while
maintaining track. 2) Using two frequencies, one for each -ommunicating
svertem, *the svstems could ftransmift “*mulfaneOHC‘y and use the incoming signal
:nm the opposi'e =vstem ar the tracking -ignal
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nce  “racy 13 estabilfhed, data 'ranster couid hegin 1mmeciate.y. The bit
rate Ior data rransfer would be i1 ‘he 1i'-1 megahertz range. The tracking
loop would be i1 the kilohertz range: cherefore, the dara tL.ts supe:imposed on
the sigznal wou.d e invigible to Tne tracking circuitry.

2.3 PReguirements

Requirerents for tie conceptual svsvtem designed in rthis paper reflect the gnal
cogram, which is that a iow-cost cystem be developed which can track
cted ro tne large amplirude motron of ships. The field-of-regard
sstem wiil be 360° in azimuth and 45° in elevation. The laser must be
ne-snelf. inexpensive device that wvill handle up to 1J0U megabits per
second. The maximum range that can be expected of such a svstem is about 15
lometers which is limited by the curvarure of the earth. The system will be
0e51gned to communicate under atmospheric conditioans up to 15 kilometers.

-'mw

a

2.3.1 Identification of lLower Level Constraints

ATa terived the following list nf lower-level cubsvstem requirements and
‘a s

i
(o]
o
*
'
Ve
S
-

=
—

} Polnter/tracker azimuthselevartion coverage:
Maximum gimbal slew rate:

Mavimum searcn’ acquls ition Time;

- Minimum informartion capacity ot the svstem:
D Mawimum error rate of the svstem:

=, Bandwidth of disturbance rejection loops;

; Maximum aperture size;

; Budgets for volumes., weights, pover.

[SRRAE A I A

(33}

These _cwer-level subsystem requirements and constraints were essential
ingredienrts in the process of selecting the evaluation «criteria to identify
rhe np:inum overall communication system.

- - /r

2.2.2 Pointer/Tracker Azimuth/Elevation Coverage

n calculations of maximum sea <conditions, a gimbal coverage of
es should be sufficient.

The need to achieve maximum range. maximum protecticn from sea warer. and 360°
fieic-oi-regard suggests an installation as high above the water 1line as
DOSSibLIA, The desire inr minimum linear and angular motion, requires an
instaila~ion on a rigid srructure. The desirability of shoit communication
paths <for high data rate s:ignalc suggests a location near the communication
cenrer. This latter location is probably a iteasonable trade-of* between the
aTpeting requirements. The need for 367° field-of-communication would tend
*n piace the unit an top of the bridge. for example. Two =sverems  mav  be
regairen on a  snip to give a full TANC field.af-view. The nees ‘¢ malnrtain
"ne un:i* would alse place it in a relatively acressihle locatinn. A 23T and
“e.gnt tha® can  he manaced by a single person. and *hat would fit *nreough a
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The  work  Zescribed nere did net Aattemnt o e or oar optimun s€vStern 1n

cumplete devtail. A candidate design was esrtabl.shed Ii. suliiclent detai. <hat
-he <control svstem and gimbals ~culd be des:igned and tnei: performance

estimaced., Alternative designs for variocus  supcvetems are cuggestec at
severas points. In order to illucttfrate that, <urren’ "echnmlogy does allow
sariations which rtight be needed o ov revrain diffievities, This
sec-ion discusses the candidate design ancd ther nnscinie al'ernatives
are suggested. The candidate design ls a e chared-aper-ture svstem. The

oprica. systems, rthe optical <component nd  Tuch nf  the electronircs are
~ontaired in a single. air-tight, ecviindrica. s:varcure, The onlv optical

17 exposel fo The elementc ir rhe exit wi.ndow. The pointing controls
of a coarse azimuth drive *na‘ rortates ‘he scaled unit and a coarse

ton mivror which 12 enclosed in the sealed unit. The fine rtracking is
azcerpiished by a two-awis mirror.

majnr elerents o! *he cpolnting and ‘tracving subsyctem for  which
csTzonents, materials. and teshnouiangies were identified are

-y s mt bl I ; 1 N o s

) Gimbal sets., including arcuatnra:

Z} Fived and steered optical e.ementg:

B Tracking electron:cs;

- Digitai ¢on*ro1 eiectronics:

I A tracking illuminator or heacon (oprional).
T4 naz developed the following decigr as being rhe mos practical ftor the
12w-cner ship-to-ship oprical communi_artion sysrtem (see Figure 2.

*sp of the system rotates, while the botrom part is atrached tn the base
isolazion built 1into it to prevent transmissinn of vibrarions of low-
ency motion caused by the waves and ship. # 1S-centimeter “-elescope is
The shared aperrute 1is also rime shared. The whols azimuth housing
ns and is driven by a motor. The bo--~m part is fixed and does not need to
Turn. This design also uses an oprical window. It is possibie to spoil the
e curing acquisition and then tn narrow it during tracking. The glass has
ondary glued to it.

s8] rho»
ooy

(72200 R S R LI 1 VI A o)

VI | [ BTN IS ;

(] i [ +

~az.~ulated +*he worst rall wonld be
: ef

pDIUS or minus 4 degrees, v:ith a  pi
Li's or minus 1N d@g*occ Thet r

i
€. we used nlus ar minus o« degrees 1n

Ty

ATa believes *hat the chared aperture «=ystem Iin th
*ne redundancies, volume, welight and pover penalt|i nf & <separa'e aperture
<vysTem, 1S another vev elemert in achieving a s fferrive chip-to-shinp
naptica. communizgtion sveterm. Even though addirtinnal ontical cemriexity, suth
2T hear splitters and optizal filters, are some ot the penal’iec arcsncia‘ed
vi*n a =hared aperture svarem, tney  are  mare  than offrser o cne redured
raertia of the snhared aperture  syveter.  kKeduced inerciz alicu cne charen
apertiure gimhai se* o he {abrvicated with lignter matercaic ant oLl have ‘he

< fdesign, wh:icn eliminates
I's
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ved ~crencroral srabiliny under dvnamic Signrer mater.a

inad. Use f
tne gimbals. such as composites and plastics S

igure 3-4 shows a schematic of a two-optical path system.
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w.. Definition of Requirements and Constraints

The definition of requirements and constraints is the most crirical element
in the identification of the optimum system for low-cost ship-to-ship
optical communication. ATA has identified these constraints in a two-level
process that starts with top-level requirements and then derives lower-.evel
subsystem constraints.

4.2... Identification of Top-Level Requirements and Constraints

ATA started by identifying the following top-level requirements and
constraints:

Maximum/minimum distance between ships;

Maximum relative motion between ships, worst-case sea state;
Worst-case pitch/roll;

Worst-case base disturbance spectra;

Worst-case propagation medium characteristics;

Type/quantity of information to be transferred;

Maximum transfer time:

Maximum volumes, weights. power.

R I eANI U Iy SRR WO RN o % S

(e8]
N e e N e e e e

The akove constraints were then quantified with figures and ranges. and are
descrived in the following subparagrapns.

4,.1.2.1 Maximum/Minimum Distance Between Ships

AT~ :s designing its system for a maximum range of 15 kilometers and a
minimum range of 0.3 kilometers. Major considerations include mrintaining
line-of-sight between the two ships while accounting for rhe earth’s
curvature and degraded optical path. Considerations at short range include
adeguate siew rate and gimbal angle coverage in worst case sea state.

4.:.1.2 Maximum Relative Motion Between Ships. Worst Case Gea State

One can place an upper bound on relative motion between ships by estimating
each ship’s maximum heave and pitch response to heavyv seas. Dvnamics ot
Marine Vehirles., by Rameswar Bhattacharvva presents the pertinent data as a
function oi sea state and Beaufort wind force. Table 4-1 presents tvpical
values.

quency inputs and beounds. To
e seas., the ship’s heave,
s+ a.xo he knecwn.

The ship’s response to wavec sets the low fre
ectima*e the relarive motion ot ships in thes
oiteh. and roll response *r tiiese amplitudes mus
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Tabie «-1 wave ‘haracreristics

Sea wind = 1nd Significan:t Average Average
Srate Farce Velncity (k) wave Helignt {f{v) Period (sez) wavelength (f1)

: Z > 0.5 1.2 6.7

1 3 8.2 1.2 2.3 2

2 z 17 1.8 2.7 27

2 G 1.2 i3 1.6 :2

2 " n 6.7 4.3 71

4 S 19 6.6 o1 99

s 3 0 7.3 S.a 111

s 6 24 10.5 6.u 160

£ ) 26 12.3 7.0 188

5 7 28 14.3 7.9 212

B 7 32 18.6 &.¢ 28¢

A g8 R 226 4.6 163

! 3 40 29.1 10.7 YNA

8 9 44 38,2 11.8 234

3 10 20 45,5 12.4 700

A 0 S4 521 14.5 810
“Ship Relative Motions and Related Phenomena” by M.F. Van Shijis presents
resul of experiments of the heave and pitch response of a ship and showved

a st.ong dependency on Froude number (Fq: ViJgl) and the ratio of ship

lengin tn wavelength. The worst case response presented was at a Froude
number 5f .2 and a sh:ip length rhar was half the wavelength. As shown in
Table =-I. in high seas the wvaveleng-hs can be very long (400 to¢ 800 feet).
Some sestroyers, frigates, and submarines are around 400 feer long, but
wouid nhave to be making 30 knots to achieve this Froude number. Since this
is uniikely in such high seas, a more realistic estimate would be that rle
relative ship heave would be equal to three-quarters of the wave height
wnizn corresponds to a Froude number of O.3 and a length-to-wavclength ratio
of 7.2,

Using this factour, the worst! case pointing-and-tracking requirements occur

. 2n-+1
“nern <he ships are 5 waves apart!. For most ships, n must be greater than
nne sinZe ship separation will likely be at least two ship lengths,
partizuiariv in rough seas. accordingly. for this calcuiation minimum
ceparzt.on of 1000 feeot (0.30% km) is assumed required. Tabie 4-] presents
*ne e_evartion angle coveraye tor the two worse rough sea conditinns.
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Table «-2. Relative [.splaerent Induced Angle

Significant

wave Height (ft) Wavelength (ft) Heave (ft) Separation (ft) Angle®
53.1 810 40 1213 1.9°
45.3 700 34 1050 1.9°
35.2 534 2€ 1335 1.1°
29.1 444 22 1110 1.1°
23.6 363 18 1270 0.8°
18.6 285 14 1000 0.8°

For an angular pointing system, the pitch and roll of the ships must also be
considered since these can be significantly larger than the relative
displacement. From the Van Shijis’ book. we see a maximum pitch response of
e = 1.25(360)/X at L/X - u.65 at a Froude number of 0.5. 1In Table 4-3, for
the sea states previously analyzed, we find the following pitch response for
a «00-foot ship at a Froude number of 0.3 (17 ktj:

Table 4-3. Pitch Characteristics

Significant Vavelength () Pitch
“ave Height (ft) (fu) 8/Kéa = 1 Pitch (Degrees)
53.1 810 11.8 2.3
4%.5 700 11.7 13.2
1.2 534 11.9 11.3
29.1 444 11.8 6.5
23.6 363 11.7 5.3
18.6 285 11.7 1.2

Since the maximum pitch would occur in a different part of the wave than
maximum relative displacement, the two effects cannot be added. The maximum
combined effect would be where one ship is pitched down and the other is at

. . 4n
he top of a wave. This would occur when the ship was 3 wavelengtis

apart. The worst case for the 53-foot waves would result in a la.4 degree
iook angle. To estimate roll motion a typical roll response to a wave was
simulated (see Section 4.1.1.4) and the response to the S3-foot wave was
caiculated. This resulted in an estimated RMS roll motion of 8.7°. If we
assume a Gaussian distribution, one can say that 90% of the time the roll
would be less than +26° (30). If one wanted to include 99% of the
occurrances, the limit would be +43°. Based on rhese calcularions., plus
input from operational Navy personnel. the gimbal limits for the pointing
system will be +45°, driven primarily by roll.

4

«.1.1.2. Vorst-Case Pitch/Roll, Vorst-Case Sea State

ATA 15 using values whicnh allow up fo plus ov minus 42 degreer of pitch and
roll. Tawv motion is minimal and azimuth requirementc drive the onuter
gimbal. Wave periods of up to 10-15 seconds aie fairiv rvpica:.
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4.1.1.4. Vorst-Case Base Disturbance Spect:ia
Perhaps the most widely acceptzd spectra cf wave motion is the Pierson-

Moskowitz spectrum from D. Hoffman’s paper "Analysis of Measured and
Calculated Spectra", of the form:

-~ 2 " 4 _c ('\,.\“w"4
S(w) = "1/3 (%—“) W exp [- 5 S
2 2
4n

where: 81/3 is the significant wave height in feet

T, is the average apparent period in seconds

<

S(w) is the wave energy spectrum in ftz/(rad/sec)
w is the frequency in radians/second.

The Hoffman paper compares this analytic form with many measured spectra and
shows general agreement. Figure 4-1 shows this spectra, plotted
logrithmically, using the same values of H1/3 and T2 as were used in the

Hoffman paper. Figure 4-2 presents the wave spectra for the worst case
wave we have previously considered with H1/3 = 53.1 feet and T2 = 14.5

seconds.

The Bhattacharvya book presents analytical methods for constructing the
resulting pitch and roll motion from wave amplitude spectra. There are two
effects: (1) the natural frequency response of the ship and (2) the
exciting moment for the ship, which is a function of the ship design and the
wavelength-to-ship length or wavelength-to-ship width ratio.

The angular frequency response of a ship to an applied moment is an
underdamped second-order response. Table 4.9 in the Bhattacharvya book
gives typical values of the pitching time constants. These range from 4.4
seconds for a 500-foot destroyer to 9.0 seconds for a 1,040 foot aircraft
carrier. This would correspond to a natural pitching frequency of between
0.7 and 1.3 radians/second with the higher frequency corresponding to the
smaller vessel. For roll, Bhattacharvya states that roll periods are
typically twice as large as pitch and gives typical values ranging from 9
seconds for a destroyer to 17 seconds for a battleship. Furthermore,
Bhattacharvya states that the roll damping coefficient is very small and
"the magnification factor may reach a value betwveen 5 and 10."
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The other Zactor is how tne pitching wmoment is related to the waves. The
Bhattacharvya book shows that this pitching moment can be calculated by:

L/2
Mg = o8 I 2y(x)&(x)dx
-L/2

vhere: » density of water

g = gravitational acceleration
y(x) = location of the ship’s hull in the vertical direction
&(x) = wave amplitude as a function of horizontal ship station.

The Bhattacharvya book plots this as a function of the ratio of the
vavelength to the length of the ship. As shown in this reference, this
function falls off very rapidly where the wavelength is shorter than the
ship’s length. The Van Shijis’ paper depicts the measured combined effects
of both of these phenomenon for a scaled ship. This ship had a natural
pitch period of 0.783 seconds which corresponds to a natural frequency of 8
rad/sec. However, the experiment was scaled so that this corresponded
correctly to the dynamic respense of a large vessel. Figure 4-3 shows the
response of the vehicle in pitch versus the ratio of the ship length to the
wvavelength. Notice the sharp dropoff at L/Xx = 1.0. By fitting a straight

line to the data, this falloff goes like (L/X)‘6. Since the circular
frequency. w, is related to the wavelength by w =V/A = 2R vhere V is the

T
velocity of the wave in the water, we can scale this by using the
approximate wave velocity at a given sea condition. For the 53.1 foot wave
condition, this velocity is approximately 350 feet/second. The ratio
plotted in Figure 4-3 is Ba/kfa. If we model the high frequency behavior of

this ratio as a falling off by (L/x)'6, beginning at (L/A) = 1, one can show
that:

2
L

5

A

A

a
fa

[ep}

By relating this to the circular frequency. w, using the wave velocity
relationship above, one finds that:

——=— ~ =, —— in the region where L > A.
Ta - 7 Tft &
W
. Ba 2n 2n mrad
Below that region == = — - =— w = 1Bw —(=

ta A V fr
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Using these two relatlonships, one <an snow that L. * = I corresponds tn w =

-

.90 rad.sec fer our aU0-foor snip. To construct a frequency domain model

of this response, it is assumed that the denominator can be approximated by

three second-order systems with natural trequencies w,. w,. w,, and damping
- -

i

,+ will correspond

-

raties El. &.., and 83. One of the natural frequencies. w

to the natural pitching motion of a small ship. such as a destroyer. For

this case W = 1.3 rad/sec and we assume a damping ratio of El = 0.3, For a
Froude number of 0.3, there is a peak of about 14% at L/Xx = 0.5, This would
correspond to a damping ratio of &, = 0.2 and a natural frequency of w, =

£
Fe

.6+ rad/sec. The third natural frequency. w,, is set to that corresponding

ro L. x» = 1 which is wy = .90 rad/sec. The damping ratio was selected so

that the normalized pitch response would have a unity gain at this
frequency. This results in &, = 0.60. The resulting analytic frequency
2

response is shown in Figure 4-4, which appears very similar to Figure 4-3.

The analytic expression for this function is:
J

2 22
8 “p % 9
Kéa = 2 Z. <, 2 Z . 2
(S +LE1w15¢wl)(; -Lﬁzwzs*wz )(S *4E3w35¢w3 )
n
maving ¥ = /A = () w on the right side of the equation. one has:
222
8 (0.018)(“1 *2 “3 )5 rad
fTa T .2 . 2 o2 ar 2yl 4 2. ft
(S *Lilwlsowl (S ~LE2w:S—w2 Y(S »;&zw s~w3)

This last response function is calculated and plotted in Figure 4-5. When
th1s response is subjected to the wave spectra shown in Figure «-2, the
resulting base motion spectrum is as shown in Figure 4-6.

4 similar process was followed to estimate the roll spectrum. In this case.
che natural rolling motion of frequency was adjusted to be half that for
pitch (wl = 0.65 rad/sec) and the damping ratio (&,) wvas adjusted to be

.23, which corresponds to an amplification factor of 11!, The other two
equencies were adjusted for the difference between the rolling moment
coefficient and the pitching moment coefficient. There was no data given in
the Van Shijis’ paper. therefore we assumed we could substitute the width of
the ship (assumed to be 52 feet) for the previously assumed «Ofi-foot length.

; cc

This resulted in shifting w, and « to 4.%5 and 6.0 rad. sec respectively.

£

we *he roll response due 'o wave ampl:*ude and Figure «-8
s 17 spectrum on *he derck nf a -Z-feon- wide =hip.
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~.2.1.% Calzulation ¢f LJS Dizturbance

The system must aliso remove the relative motion of the twvo ships due fo
cneir individual heaving motions. The angle between the twc can be
~aizulated approximately as:

z, -2,
505 = R

Z,.

are the vertical displacements of
i

separation distance. If the motions were unco.related, one could caiculate
the P?SD of the angular motion by adding the two dispiacement spectra and

“here Z,, two ships ang R is rhe

Il
-hen dividing by R°. However, in rhis case the moticn is correlated at

snort distances, therefore we can bound the problem by calculating the angle
spectrum as:
4% (w)
Pog (@) 2
Rl.
again, wve must compute the effective frequency response of the ship re.ated
o the circular frequency, w. For a Froude number of 0.3, the normalized
~eave response is 0.7 at L/A Lo Accordingly, for the heave response, ve
“il: assign w, = (N.7S)y(2.90) at+ .68 R’/’sec and &1 = 9.7. We will maintain
w, = 1.2 R/sec with &, = 0.5. 7To achieve a response of J.37 at w,= (.90,
J

IS

n
reguires E2 = 0.5, Therefore, the heave response has the folloving

th

reguency responses:

ol " o)
w, “wa “w, "
Z (71 72 73 )
a2 2 z 2 2 2
(s 02£1w15~w1)(5 o2£2w25+w: ) (S ~2E7m35~w? )
w. = 0.68 R/ ser &, = 0.7
i i
wa = U920 £, = 0.2
W = 1.2 £, = 0.5
sppiving this transfer function ro the wave spectrum -—hown in Figure 4-Z
results in a ship displacement spectrum. Assuming a minimum sepatation of

1

30t feet, *ne resulting line-of-signh® spectrum :s
These spectra can nowv be used to design the pointing

shown in Figure 4-9.

ana *rack:ing system.
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.l.l.¢ Wors--Tase Propagar:on Mediuwm Characrteristics

“hen optical communications occurs over a direcr line-of-sight path, as 1s
‘ne case here, The propagation analysis is concerned with radiant flux on a
receiver apertu.:. Herz e consider the lc3ses due !o the atmosphere.
itmospheric absorption.scattering at ootical frequencies iimits the

separation petween ships. This is due primarily to the high absorption and
cattering coefficients of sea vater. Beam clearance above the sea surface
s of paramount importance for two major reasons: 1) in reducing the
robability of waves breaking the line-of-sight and ) in reducing the
mount of sea mist and spray over the path to a minimum. Using simple

e

s
3

o)

[]

geomerry with two ships placed on the surface of the sea., we approximate the
l.ne-nf-sight separation betveen the ships by

R. = Radius of the earth (= kxlll'm)

n = height abnve the sea level of the platform carrring the
rransmirter-receiver

a_ = height above the sea ieve. of *he line-of-sight., i.e.. the line-

i

nf-cight ciearince above sea level

® - line-of-cigh® range berween the communicating ships (See Fig.10).
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Sea Level

Figure 4-10. LOS Calculation
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Figure 4-11. Atmospheric Conditions
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For a ciearance of 10 meters (hC = 10) and package height of 15 meters (hp =

1%) the maximum ship separation is approximately 15.5 kilometers.

This derivation is shown below:

hp = height of pole or mast carrying XTR/RCVR above sea level
hC = beam clearance height above sea level
46 =h_ -h

D e

R. - Radius of earth = 6x10%m

+« h 2

E o 1 ~ 1 2]
R, n ° Sec® = w5 ~ 7 =lr3 =

E « ¢ 1 - e

2
m}:‘hc)*azl+ A or o2 - 20 0. V28
(Re * he) Re * he) Re * Ne) Be * Ne)
(Range = R):

; R
N - - ..‘/ - -
2 = (RE + hc) 8 = V24 (RE hc) = Z(hp hC ) E 2 JZARE

R =2 JZARE depends on & only (approximately) whereas hp is determined
by h_.

~
~

Example: For h_ = 15mi h_ = 10m; & = 5m; R = 2/25%6 109m = 15.49 km.

4.1.1.7 Atmospheric Transmission Calculations

The path that the beam travels from one ship to the other passes closest to
the water surface at the midpoint between ships, so let us break the path up
into the following atmospheric conditions for calculation of one way
transmittance for 15.49 km (approximately 16.0 km) range. See Figure 4-11.

First 3 km: 60% saturated air at 23°C
Next 4 km: saturated air at 23°C

Next 2 km: haze and mist

Next 4 km: saturated air at 23°C

Last 3 km: 60% saturated air at 23°C

4-10
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The poartion nf -he path nearest to the ocean surface (approximately 2

modeled separately as a region of rainsmist/haze.

km) is

The pa'h attenuation due to this atmospheric segment is calculated for
severa. wavelengths as follows:

F{x=0.5m) = (0.5
(A = 0.8Bum) = 0.69
T (A = 1.7um) = 0.77

(Reference: Hudson’'s "Infrared System Engineering, Table 4-13; pg. 164).
An intermediate segment of 4 km is modeled as 100% saturated air and water
vapnr mixture. The outer segments are modeled as 60% saturated air and
vater vapor mixture. The amount of precipitable water in these segments

=2 {4 x20 +« 3 x 12} = 232 mm of H,O.

We will approximate it as 250 mm of HZO.

Path attenuation at a given waveleng'n for this amount of precipitable water
is obtained from standard references {(Rand Report, pp. 898, July 1956).

Total cne way transmittance for the assumed range model is

for X = 0.5um, T = 0.351125 x 0.5 = 0.1756
for A = O0.Bum, T = 0.4618 x 0.69 = 0.3186
for A = 1.7um, T = 0.89 x 0.77 = 0.685

The table values for absorption and scattering vary with wavelength by
orders of magnitude. A window for absorption and scattering resides in the
range from a wavelength of 400 to 600 nanometers (nm). There are several
choices of available lasers in this region. The EXIMER laser wavelength at
451 nanometers is an excellent choice but is expensive and bulky. The
compact, inexpensive GaAs laser diodes present a poor choice with
wvavelengths from 750 nanometers to 880 nanometers. A good compromise,
hovever, is the laser diode pumped doubled Nd:YAG laser. This gives a
wvavelength of 530 nanometers with good propagation characteristics through
water saturated air and rain. This device is small and rugged, and with the
pumping being performed with GaAs laser diodes, the lifetime is in the tens
of thousands of hours.

For each of the beam pathway sections we use 500 nanometers, slightly lower
than the 530 nanometers doubled Nd:YAG only because studies using a 500
nanometer wavelength are readily available in atmospheric tables. For the
path sections, we find that the major contributor to losses is in
scattering. We therefore ignore absorption losses and consider only
scattering (reference Deirmendjian, 1964). For a rough order of magnitude
of the transmission through the 16 km path, we have at 500 nm the sum of
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srecipizabie EL% = 230 mm with a rransmitrarcs of 02507 (Tables <=2, 427

e 4-3, Hudson). For the 2 km of Laze we have a t:ansmittance of

<
, the total transmitrance is then:

T = (7.2067) (N.5) 1,198° (Table 4.13, Hudson)

for rtne entire 16 km path which is very clese to the T(Aa=t'.3um) obtained
from the Rand report above. For a more precise analvsis of the propagation
rransmittance and boundrv-laver effects the LOWTRAN simulation package can
e run. For the next phase, an in-depth analysis will be run whizh should
ne.p narrow down the appropriate vavelength of operation.

~.+nough we have presented only a rough corder-of-magnitude analvsis., we have
found that we have atmospheric losses that are reasonable for incorporating
into tne design of the ship-to-ship line-cf-sight link. The ke, point in
Tnis analysis is that an appropriate choice of the propagation wavelength
carn result in acceptable losses. that the doubled Nd:TAG or a GaAlAs laser
diode may be a good choice.

Figure 4-12 shows atmospheric transmission results for mostiy clear with
.1gn* naze conditions.

The srudy also considered the condirtion of fog mixed wirh light rain and a
sriow storm. Both these conditions dramatically reduced transmission. The
rezu.%s obtained by ATA agree with the results obtained by A. Goroch.
Javis, and G. Trusty in theiv arvicie, "The Near-Ship and Aambient Marine
ironment” in JDR (received Oet. 149, 193R4).

In -onzlusion, ATA’s study showved that the best available derived laser
zources over all meteorological conditions were the Gaidlids and Nd:TAG which

operate with approximate wavelengths of 2.80 um and 0.53 um, respectively.

For -ommunication purposes, laser output must be modulated. The diode laser
mar he directly modulated by changing the input current. The Nd:YAG laser
mav ne modulated via Q switching or cavity dumping.

.>...3 Bandwidth of Disturbance Rejection Loops

Using *he spectra presented in Figures 4-6, 4-8 and 4-9, one ran determine
g mum error rejectinn bandwidth to achieve cerrain levels of residual

ter on target. To provide a quick analysis. we assumed a Tvpe 1I

_ n S, 7 and 10 Hz error rejection bandwidrths. Table «-« below

cen*c the residual jitter on rhe other receiver for this bandwidtn.
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e Naval Research Laboratory Conducted Study of infrared Radiation
Transmission over Chesapeake Bay under a Wide Range of Atmospheric and
Meteorological Conditions

e Results of Study are:
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Figure 4-12. Atmospheric Transmission
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Table 4-4. Residual RMS Moticorn With Error Rejection Bandwidths

RMS MOTION ERROR REJECTION BANDWIDTH
DISTURBANCE NO CORRECTION 5 Hz 7 Hz 1G Hz
Roll Motion 151.2 Mrad 50.8urad 25.4urad 12.5urad
Pitch Motion 59.4 Mrad 27.2urad 13.9urad 6.8urad
LOS Motion 51.8 Mrad 9.2urad 4.7urad 2.2urad

For a l-meter beam at 15 km, a jitter less than 32 urads would be
sufficient. Tt is clear from Table 4-3 that the error rejection bandwidth
needs to be between 5 - 10 Hz. For a 5 Hz loop, the roll motion is too
severe while the LOS is adequately rejected. At a 10 Hz rejection
bandwidth, even the worst case residual is adequate. The 10 Hz bandwidth is
adequate for coarse gimbals. Actual loop implementations must be considered
to pick the bandwidths more carefully. Also, when details of the noise
introduced by the gimbal torquer and other high-frequency vibrations are
considered, these bandwidths may need to be adjusted.

To make an attempt at doing this, a simulated spectrum was generated to add
some high frequency vibration. These levels were chosen to provide, with a
high-bandwidth loop, equal residual RMS noise in the high-frequency bands.
Figure 4-13 givecs a combined LOS angular spectrum low requency plus this
added high-frequency vibration.

4.1.1.9 Maximum Aperture Size

ATA plans a maximum aperture size of 25 centimeters.

4.2 Identification of Key System Elements
ATA identified the following components as beirg key to an optimal system:

1) Nested optical 1oopsf
2) Digital controllers;
3) Gimbals.

The search for a ship-to-ship optical communication system that is optimal
in cost and performance was therefore constrained to shared aperture systems
employing digital controllers to position gimbals and steering elements in
multiple, nested control loops. Such a configuration provides a system
vhich is optimum in a global sense. These components are described in more
detail in the following subparagraphs.

4.2.1 Nested optical loops

The use of nested optical loops is key to achieving a iow-cost peinting-and-
tracking system for the ship-to-ship communication. With nested loops, the
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Poar i i oA reeslving OPTICY dre i"fieme.'ﬂf:'i vith mulipie
coprrollavle optical elements as yog sed Tooa 'w"le large fix o
mirror ot teles:coe. Single .oop svstems usually nave resu.ted i low
handw11'n pointirg-and-tracking subs ,sfems Hecause ol the large iner'.as
invcived and finite actuator powers av 1]able. Further, tney provide
virtually no rejection of high-frequency base motions and cisturbances wh:iin

-
are inevitably coupied to the pointer: tracker line-of-sight to become
oprtical communication beam jitter. This beam jitter becomes increas:ingly
important as the size of the receiving aperture decreases in relation to ‘ne
widtn of the optical beam as will be the case for a lowv-cos: system.

With nested loops. the tracking error controls small, low-inertia., high-
banc;ict" steering elements, such as General Scanning Inc.’'s Fast Steering
Mirror (FSM) (shown in Figure 4-1la). These steering elements can be
Ponf'o“eﬁ directly or indirectly. as described by Held and Barry of the
Hughes aircraft Company .n "Precision Optica. Pointing and Tracking from
Spacecraft with Vibrational Noise". SPIE Vol. 616. pp. 160-166, Optrical
Technologies tor Communication Satellite Appiications., 1986. Such a mirror
i= currently being used in our conical scanning laboratory experiment.

Wwnen ~2ontrelled indirectly, the s:ieering elements follow a -~tabilized mass
-nizh is pointed along the desired LOS by the tracker. The steering
elemen:s follow the mass via high-bandwidth slave looaps. 1In either case,
the s*eering elements move the optical beam at high rates, decoupling it
from <nhe higher frequency base motions and disturbances.

The pcinrter - tracker gimbal set which houses these sreering elements follows
them ¢r the stabilized mass to which the cteering elements are aligned
through lnw-bandwidth slave loops. The gimbals with their larger inertias
only rnave to follow the faster beam-steering elements or stabilized mass
wi®n their smaller inertias in an average sense, just as single-loop low-
pandvidth pointer/tracker systems followv their targets in an average sense.
In either case, the gimbals move the optical beam at low rates. decoupling
ir from the lower-frequency base motions and disturbances without requiring
precision pointing of th2 gimbals, as is the casze in single-loop svstems.
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s rigid speciri-ations than gimbais for single-lonp vertens
equirements for precicion have beeﬁ disv:iibutea between
eriug elements, tnus relieving the gimbals of the burden for

1on pointing. By so distributing the precision reqdiremenLu. the
'als can pe manufactured very inexpensively, using lighter., iess rig:d
rerials such as composites cr plastics. The small steering elemenr's are
themselves inexpensive and so the mechanical elements of the resulting
nected contro.-loop system are considerably less expensive to manufacture
tharn *hose for the single-loop svstem. Note that low-cos?' has not been
achieved at the expense of performance; in fact, the performance of the
nes+ted multiple-loop svstem far exceeds that of the single-loop cystem,
which further strengthens ATA’s cost and performance rationale for using
nested multiple-control loops.
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w.2.2 Digital Countrollers
~T4 pelieves that digital controliers, as opposed to analog controllers, as
a means to tie the multiple, nested control loops of the system together,
represent another important area for cost reduction. Because of the rapid
dvances in semiconductor technology and manufacturing techniques, digital
rntrol hardware is both plentiful and inexpensive. Because this hardware
r off-the-shelf irem. only the control laws and the software algorithms
n .:mplement the laws require development.

'1)0)

(r W

e
LRI

ei.igent decisions and algorithms can be implemented easily on digital
mputer control systems. Several models comprise a complete description of

—Gugital controller of the tracker and communications system package.

:. remote and local command of the package is simplified through an
invelligent user interface such as a terminal connection and/or a
=*atus/command control panel. This facilitates quick communication link
*artup, z:quisition of other ship commands, and communications system

atus. Aside from the intelligent front end, the digital controller must
perform a systematic search or scan for a designated receiver. Conical,
raster scanning, or other scanning techniques can be exercised bv the
controller. Large and narrov field-of-view (FOV) for coarse and fine
tracking/scanning are decisions that the controller employs. To reacquire a
<t or faint beacon, predictive algorithms can be used to minimize down and
erransmission times. A low bandwidth controller for the pitch. vaw., and
naiil of the ship is inexpensive off-the-shelf hardvare.

oI t)_

m

o S IR NS BN S
1

,AA,
=

in

n '/)
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The digital controller for the high-frequency control wiil depend directly
upon the base mo®ion disturbance rejection necessary. Here. parallel
processing can be incorporated if necessary.
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Figure 4-14. General Scann.ng, Inc., Fast Srteering Mirror.
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ToT ipanl o rrarcessors are relncctely new vpes of proacerssors nsed o
enrancing the computer and speeds oven needed in signal processing
appiications. The DSPs are applicable in this control probliem for *he nigh
frequen or loop. Here, in place of ganging multiple corventional
Tope pr - modules together tc implement a parallel processing approach, i

- ‘

vith one conventiona. processor may indeed provide the
tational requirements.

1 controller can handle the scan-acquire-track logic and handoff
ns. It can also be asked fto control the lew-frequency track loop

A $20.00N-25,000 digital controiler can handle a 1 KHz closed loop
pardwid:in. Figure «-15 shows control modular flow. Figures 4-16 and 4-17
shew two VME systems that ATA has under development, CONSCAK and SSP.
Fignre 4-18 shows a possible VME bus configuration for th:s projec:.

4

«.2.2.1 Digital Control Electronics

Far +ne digital control electronics, MC68C20-based boards, both with ana

~hout parallel processing capabilities were considered. However, due to
¢ rapid involvement of digital semiconductor technology, a complete
dig:1tal controller specification at tnis point may be rendered obsolete at
*n1e a~tual time of the prototype design effort. At this time, ATA has
v.emented a single degree-of-freedor ultra-precision controller us:ng a
tomputer architecture. This controller utilizes multiple CPU boards to
‘zrm parallel processing, and is currently being developed into a 6
-ci-freedom controller.

A digitai control system offers more flexible and adaptive means of
rontroiling a gimballed type transmittersreceiver flat and associated
~omponents. The functional modules comprising the digital controlier are:

Initialization;

NTDS Command front end;

Safety operation;

Cross-link receiver acquisition;
Receiver tracking;
Reacquisition:

[OP I R S

——

houn ¢
—

&

Figure 4-19 1is a photograph of a set of tvpical digital control electronics
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-._.2.0. Ini-:a_izarion

In tne nltiasization mode, the conticliler goes through a svstem status and
nea.th check and then identifies a vertical frame of reference “ia a one-
avis verrtiral gyro. horizon sensor, or the Naval Tactical Dara Systems
(NTDS) computer. The system status and health check provide a self check to
determine the working condition of the laser subsvstem system, the
COmmunlcation subsystem, and the Fast Steering Mirror (FSM) and gimbal
tunctionality. It then reports status to NTDS when queried. after
assessing the functionality of the various subsystems. the vertical frame-
of-reference sensor is monitored as tne gimbals are commanded to a level
position. The vertical frame-of-reference is needed to reduce the search
volume in acquiring a receiver on a second ship as discussed earlier.

a...2.2 Naval Tactical Data System Command Front End

Tn facilitate operations training, all commands., status, and data are routed

ugh a NTDS interface. The digital controller can therefore be treated

n intelligent peripheral or as a NTDS computer. Commands sent to the

ital controller control which ship to scan and lock-on to, and control
data

flow to and from the commurnizations subsvstem.

o
a

Y

s

W1
»
ON

i
j
[

3

-

.l.4. Digiial Tracking Controller

nesred digital control loops zonsist of one high-frequency loop closed
aroine g sow-frequency loop. The low-freguency loop controls the gimballed
po:nting flat and should maintain a pointing accuracy to within the field of
view 5f the high-frequency beam steering mirror. In the process of locking-
in on the target, the low-frequency :ontrol loop. using a wide field-of-
view. fries to minimize the error on the quad-cell or avalanche photodiode
arrar. Only one digital processor is needed to control the FOV and send
errnr correction angles to the gimballed flat since this is a relatively
si0w control loop. Stepper motors can be used to achieve the desired
acz.iacy and when the error angle i1~ within the fast steering mirrors field-
~f-v2ew. the second high-frequency loop kicks-in and tracks to the accuracy
ded. Bandwidth requirements are still uncertain until actual platform
surements can be made. However, if bandwidth requirements are lessg than
viiohertz, a digital implementation is feasible with current off-the-shelf
producrs.  Here, if necessary. parallel processing mav be needed ro achieve
“he newessar/ calculations and control input/output signals. The paraliel
e<<ing aspen’ 1S (Hrrenflv bolng 1molemenred in a seismically stable

4.2. 0. > Track Reacquisition

uuring *he tracking control, the digital controller records the p‘a,form
curhances and frajentory of the target. This infnrmatinn 15 ncer

an estimator of the rarget in the even® of a loct track condition.

T will allow the tracker to predict where the target will be :rn the next

filllsefond second, or minute. Thic predictive canrroller jo sevpecjalily

vzeful for high zea-state ~onaditions when the 1oceizoy of one of the ships
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i hincbed by large waves. llere, facsrt reacquisition is realized and down

time is minimized. The additional computaticn necessary to perform
predictive tracking is of little consequence to the control bandwidth, since
several processors may divide up the computation.

4.2.3 Gimbal

Structural grade plastics, composites, and rraditional metals wvere
consicered for the gimbal structure. Geared and ungeared DC and AC motors
vere considered for gimbal actuation and unsvitched and switched power
amplifiers for the gimbal motors.

ATA determined that the gimbal sets supplied by TPAX would be the most
appropriate. These gimbal sets utilize a unique Roto-Lok Rotary Drive that
incorporates a patented friction-drive technology which smoothly couples a
drive to a load using standard flexible cables in a figure-eight
configuration. Multiple cables configured in this way increase torsional
stiffness and improve smoothness through lcad sharing. The performance
characteristics include:

No backlash;

Extreme stiffness;
Elimination of slippage;
Efficiencies of over 99%;
Environmental stability;
Reliability and long life.

[ R W L IV SR WO I o Iy
S e N N S N

Figure 4-21 shows the Roto-Lok Rotary Drive system; Figure 4-22 shows
typical friction losses for different drive types; and Figure 4-23 shows
backlash comparisons.
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The largest angular excursions oczur at the iongest wave amplitudes due o
thelr long wavelength and amplitude. However, due to rthe low frequency of
these waves. the required line-of-sight rates are not maximum here. Again.
the shorter the ship, the greater the bandwidth requirements. Based on our
«NC-foot ship, we calculate the maximum rate to be 7.3 degrees/second which
occurs with a significant wave height of 29.1 feet. Therefore, an angular
rare requirement of 7.5 degrees per second should be sufficient. ATA does

. . de radian
not expect accelerations of more than 50 ——Eﬁ or = .87 ==~ on large
sec” sec”
gimba.s. etc. we expect higher acceleration rates on smaller optics, i.e,
. rads
o0 ==,

sec”
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ROTO-LOK Rotary Drive Concept

Figure 4-21.
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Figure 4-22.

% FRICTION LOSS

Drive Related Friction Losses lesc than 1%
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-.. Trarcking

~nen a rarge!t is detected. the systenm 11 go immediately to *racking moaqe.
This must be aczomplished in less than a millisecond so tha® *he ship’s
metion will not rause the target direction to change more than a beam widr
The target will be maintained in track by rotating the beam apout the target
position.

o

igure «-lo shows a s_hematic of a demonstration tracker. Figure «-IZ gives
he optical system schematic for a tracking demonstration, and Figure 4-1%
ves the signal flow diagram for a tracking demonstration. Figure +-C7

<

< a candidate configuration for ship-to-ship communication, and
4-28 shows ship acquisition. Based on these configurations. the

ollowing calculations predict the tracker periormance.
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dy:: = diameter of the rransmitting aperture (m)

drC" = diameter of the receiving aperture (m)

dCC = diameter of the retro-reflector/corner cube (m)

T = attenuation for one-way propagation

4

thr = rated output power of the transmitter (w)

R = transmitter %o receive range (m)

A = spectral wavelength of the transmitter (m)

"3

it

powver received by the aperture of the receiving station while the

ry
I8}
1

transmitter is on a different ship (as during communication of data)
(v)

o
4

= pover received by the aperture of the receiver while the transmitter

"~
o
+

is on the same ship (as during the acquisition and tracking of a
friendly ship) (w)

We assume that the transmitter beam overfills the receiver aperture of the
second ship during communication. and during tracking, the retro-reflected
beam of the tracked ship overfills the receiver aperture of the tracker.

Then
2 2
P = Egg?xtr dxtr rev, (wv),
revr 5 5
4R (1.220)
and
-
T P “ 2 g
. = P Xtr "xXtr “rev “cc, (v),
rcvt A % _—
4am (1.22X0) R
Let »x 0.8 ¥ 10 "m,
angd focal length of the receivers = 1lcm.

The spct size of rthe receiver aperture in the detectn: plane (image plane)
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. -4 . . .
which 15 <€ 10 m, the order of linear dimension of a detector.

Let the detector area be, A. = 10~ m

d

The D' of an off-the-shelf Silican Avalanche-Photo detector (at 300°k) is.

p* =3 x 1000 vmz,

W

and the transmission of the receiver optics T, = 0.9.

We can then calculate the minimum P and P required for SNR = 100 for
rcvr rcvt

the communication and the acquisition/tracking modes, respectively.

1) Assuming SNR = 100, and the bandwidth of communication to be 64MHz,
then minimum required power rcceived by the receiver aperture for SNR = 100
1s:

8

P = 2.963 x 107" w
revr

) . . -10 . . .
with detector noise being 2.963 x 10 v, in the communication mode.

2) Similarly, for SNR =100, and the bandwidth required for tracking to be
on the order of 400 Hz, the minimum required received power in the receiver
aperture is:

11

P = 7.4 x 107 v
revt

with detector noise being = 7.4 x 10‘13 v,

Finally, with Pr and Prc shown above and the optical path transmittance

cvr vt
Tp calculated earlier, we can estimate the required minimum transmitter

power for SNR = 100 in the tracking and communication modes.

1f nne decides to use the same source as the transmitter in the above modes,
it becomes obvious from above that the power requirement during the
communication is more demanding than during tracking.

It can be seen that P and P are the detector white noise flcor due
revr revt

to the signal bandwidth in the two modes, scaled up by the required SNR.
In any pulse code modulation, we must also remember the pulse height loss
due to the finite bandwidth of the detector and the pre-amplifier. Thus,
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tlred ransmicoer puloe (ar Deas ) Sr. we 3.c0 need
tion rime oI the derecrar-nre-amnlifier and mis:
again o accommodate for the vulse heignt loss due 1o
This s illustrated in the folloving feasibility srudy eramplie:

low-power laser diodes are easv tn modulate. for digital signal
urication over optical links. they are tne logical choice.

“e” s ~hoose a GA-Al-As diode ilaser, Model = PPI30OM_785 manufacrured hv
“ptn-Ziectronics Company. Pertiment data supplied by +he manufacturer are:

Peak pulse power, P =20 0w 1077 w
ak ® P ¥trp

Pulse rise time = D uansec

Pulse length, Tp = N.0énser

Pulse repetition rate = DMKz
(Thus, Pulse period, 7 > 20nsec
Ws w1l assume rhe operating waveleng h
4 = . 8um
oy othe receiver detector. let us < ronce an Aval

an~he Photn diode.
“eytinent data supplied by

[

el 1
AFC moader #C30927 made bw RCA E
& Tanufacrturer are:

-~ oy ., N .
ectIonnvsicos,

)
iJ

Peak response wavelength = 0. %um
Responsivirty, R = 60 Amp/watt
Guantum efficiency. g = (.85
Detector integration time, T*H = lnsec
we wi.. assume a combined detector-pre-amplifier integration zime. T, =
Ionier.

=

iric= pulse perind of the signal > 2'ncec and is latger +han T_ . the pulse

neisrt loss factor due to integration time of the detector-pre-ampiifier o,

T
o = ‘1'7 - ST S SR B TRTN
- N
L s
i
Far receiver and transmitrer aperture. let us assume
8 = f’,!.“f\m
LY
s} - i

~ ey - ~— P e - > i- - v B -
AT e . waty rran france avaer 4 L. Torange a2 - LouT
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as snown earlier
and optics ftransmitrance,
T =
@]

The 1nss factor feor this geometry, ov
Transmitter to the detector input, 5.

The peak pover output of the detector

dara:

p ¥ Bx a =P

: = 36 X
Xtrp

dp

The pre-amplifier pulse peak outpu: du
approv:mately a thousand times the amplifier noise floor,

ef 1ve signal-to-noise ratio (SNP,

ATA Memo SBIR-0:20

PATSOC Fipnal Repart

May 1988
1Rt
0.9,

the range pattern attenuation from the
is

2

% 10

pre-amplifier P, . is (from the above

Pap

-7 .
10 vatt > 10 times P
revr.
ring transmitter ‘on’ time is

implying an
of 1000 for this configuration using

rhe ~fZ-"he-shelf components listea above.
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w.é Deveiopment of Fraluation Models
Two tvpes of evaluation criteria were selected by ATA:

1) Measures of system performance:
2) Measures of system cost.

4.4.1 Performance Models
Two types of performance models were used:

1) Frequency domain simulation models;
2) Analytical predictions using equations.

4.4.1.1 Frequency Domain Simulation Models
ATA decided upon a beam-jitter-on-target measure of system performance.

ATA used frequency domain simulations to determine various performance
factors (e.g., contributions to LOS jitter) of candidate control system
configurations. The frequency domain models used a control-system
performance-evaluation code, FRQRSP, for Frequency Response Simulation.

This tool was used extensively for beam control system performance
prediction during the Airborne Laser Laboratory (ALL) program and serves as
the basis for several SDI beam control investigations.

The second type of performance models are equations. These equations relate
candidate control system performance factors along with other
characteristics of the systems to top-level performance factors which can be
used directly to quantify the previously selected evaluation criteria; as,
for example:

) Aperture sizes;

) Distance between the transmitter and receiver;

) Laser power;

4) Optical efficiency of the transmitter and receiver elements;

5) Transmission of the atmosphere at the laser frequency;

6) Residual jitter of the LOS (i.e., beam jitter as predicted by the
FRQRSP code)

7) Type of detection system used by the receiver;

8) Received signal-to-noise ratio (SNR).

W )

The Bit Error Rate (BER) interrelates the most significant optical system
paramerers. A natural consequence in developing a BER equation is the

. . . . . Si .
receiver input signal-to-noise ratio (ET)' Here we use these equations to

parametrically change several of the critical component values to narrow the
lesign for the optical system. Referring to Figure 4-29, the received pover
on the detector (PRCV) is proportional to the ratio of the receiver
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The other
transmitter

modulartion efficiency, optical and atmospheric losses and pointing angle

offser and jitter.
from the transmitter is:

detector

where:

Py
ZTR
ey -

Here the far
distribution
rransmission

and ov. For

Ve have 86% of the energy contained in dea

In equation form, the energy per pulse (bit) on the

. . T .
T Tyrrt Trev' T

w

Egeve "rev - PyTR’ atm!¥]

Erergy Received per Bit [J]

atmosphere Transmission

Receiver Optical Transmission
Transmitter Optical Transmission

Pulse Width [S]

Transmitter Peak Power [W]

Fractional Energy Incident upon Receiver.

field pattern is assumed tc be a two-dimensional Gaussian
about some off-axis pointing error angle 6, at range R,
aperture diameter dxtr and effective beam width defined by ox

the far field pattern of the form:

2 2
(x-X%) (y=¥)
140 o] )
1 e*;tt, UXL e~1/l. c 2 d d
2ne_o Xy
Xy

and 2cya’ and assuming 5x

diffraction limited optics:

vhere:

R
t

A
LZLX) : g -

dXTR Xa

5 R ( 20

ya

Range bhetween Transmitter and Receiver [m]

wave length cf Transmitter |m]
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d... = Lransmicier Lsperture dlaveter |-
<TF.
Ja = Effortive Al1ry aics nu.l at Receiver with no ¥-avic Jitrer |m)
xa
:c”a = Effective Alry disc null in v-ditection of Kecelver witn no y-
v
axis jitter (mj
Tor an effecrive transmitter pointing error angle of 8, the center of the
‘ar ‘i1eld pattern w:ll be R - 8 meters from the receiver center boresite.
Secause of the x and y symmetry. the direction off-axis is irrelevant and
for compurational simplicity we assume off-awis only from the wv-awis (y=0).
Refer to Figure 4-30 for the x-v axis coordirate system. Introducing » and

v axis effective line-of-sight jitter. due to the platform base motion,
atmospheris disturbances, etc.,

ool
e
I
Ol

-1/ v 172
FErEl ¢ .0 P, d ,oAY = e e
viir viit XTR na e )
snere
/(5B ,1.22x ¢ 2
e, = 175 (gt sy
h | XTK ) ’
CER1.220 0 ° z
fod - Y ( d )l + it
; 02 Y
| yTe') )
v = &R - pointing evror offset
= ... = ¥-awis LOS jirrer
“iit
= .. = y-aviz LOS jirtrer

=l
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S ALAN] :ha'x-ag rhe recever ap@" e a< a sguare SXG‘.Di,fA =T e ”'Pgta?‘.rm
lim:ts witn a recelver diameter of Cpp+ #& have tne recelver-collection
OV
coeffinient a
= jr FF(8, ¢ . 0 =
"Rey ! Twjitt Tyiie,
dRCY\] \C‘i‘
-~ A
oL o
g f FF(9 L R, d A d ion *1
, ! FE(8, cx‘;t cvjit. v Gymps ) dx‘y (equation *1)

To arrive art a bit error probabilizv., we need to caiz. ate the noise power
spe~trum ~i the receiver output. Using Peebles Bit =::or Probabilitv
so.ution for Ampiitude Shitt Keying {ASK) modulaftion we have:

- 1 - i
P. = 5 erfc | +e], for ASK
r P =
. / 1L | .
- [ ! - €3 - C ey
. ==z 'l - ——  exp ;—i. 1ior noncoherent ASK
o vine o
vhere
. DETTRCV 1s the energyv per bit divided by twice the input noise spectral
B gla density
and
p P
B on
r] r) = ‘J - -
2 ch “ch

fPeer.ec. page 26Hs) is Gauss:an white noise input with power density no.

<
Here FE e tne barkground scattering power due to atmocpheric conditions and
solar flux. 1s rhe channel handwidth of the commun:~ation system., and

“rh

ig *ne detectar cutput noice.

\$}

ToOmODLNINE ltema, we nave:
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where:

(Ge) (PS+PB)BR F

NpeT L

PoN hv

- 4k7TB -+ Pdrk

(from page 124 of Laser Satellire Communication)

= Avalanche Photodiode (APD) Detector Gain
£ = Gne Electron Volt [J]

Detector Efficiency

g’

6

v
H

?B = Background Solar Power [v]
B = Bandwidth of the System [Hz]
F = Load Recistor |[ohms]}

13

= Noise Factor

AN = Energy in one Photon, Wavelength X\ [J]

4kTB = Load Resistor Johnson noise [w]

Pon = Qutput Noise of Detector - Resistor Circuit [w]
PS = Signal Power incident on Detector {w]

Pdrk = Detector dark current noise pover [w]

For ASK, assuming no separation between pulses and a channel bandwidth

B =

AlAa

we have the input signal-to-noise ratio to the ASK receiver demodulator as
{Peebles, page 364-371):
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anc -herefore, the T for the reflector receiver 1is:
n, E ,
. DET RCV W
Si - RR - "ch
Ni - P+ P
B on

Again. numerically integrating appropriate equations wve can showv a graphical
relationship between the optical system parameters and the SNR. As
expected, as we increased the transmitter/receiver diameter, the amount of
energy captured from the retro increases which boosts the SNR. However, by
inspecting Figures 4-33 and 4-34, ve see that for the large optics we may
have a tracklng problem with the low SNR values when the line-of- s1ght (LOS)
jit is above 30 urad.

A caveat is in store in reference to the atmospheric attenuation used.

Here. the transmittance is 0.1983 over the 16 km path length, which is only
a rough order of magnitude estimation. Here, because the path length is
twice the ship separation (to the retro and back) the effective atmospheric
rransmittance is about 4%. With different conditions orders of magnitude of
change in SNR can be expected.

The values used for both one-vay and reflected energies use the followving
constants:

) - 0.50 - 107%n
1 - 10 - 107 %s
T,pp = 0-1983

Teey = 07

T = 07

Tp = 0.8

Poog = 0:040 ¥

R - 16 - 10°m
a - 10-10~6 rad

v = B = 2 Hz
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evecution of the FRQRSP models provided the data needed to rank the

enm.

re 4-13 shows the Single fxis Model of Pointing Tracking System.

ised this model developed for Ball! peinting and rracking experiment and
* base motion and LOS disturban-es and ran the model to achieve a residual
v error of 3 nanoradians rms which is more than adequare.

e ~hese base motion and L0OS disturbances 4id not c¢ontain high freguency

-rbances, the spectrum shown in Figure 4-1} wag uzed 0 provide more

.12tic high frequency disturbances,

fervo Model/Performance Estimation

.~ model/performance predictions are surmarized in the foiloving figures:

Tigure 4-36 Nested Serveo Block Diagram
Figure <-37 Frequency Response Characteristics for iZ Hz Ginbal Servo
Tigure 4-38 Frequency Response Charactevistics for 3130 Hz Fast Steering

Mirror Servo
“igure 4-3% Frequency Kesponse Chararteristics for 15 Hz Gimbal and 330
Hz FSM

Figure 4-47 Baseline Nected Servos - L0S Disrurhance Reiection
Tigure 4-41 Baseline Nested Servos - LGS Inpur “umulative RMS
Figure 4-o7 Baseline Nested Serves Recidual LOS itter Cumulative RMS

e
Figure 4-47 Baseline Nested Servns L0OS Input Disturbance and Residual
Jitter
1gure 4-44 Nested Servo Perfcrmance Summar: |
FSM Serwn

Hz Gimbal Servo /350 Bz

.,,
'

-

ac a resuxt of irs anaivses. conciuded thar:

4.k
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Nested servo with typical banawidths provides 1. microrad LOS
stability:

Lowv-frequency induced motions are handled easily:

When a high-frequency disturbance envelope is selected, nested servos
handle the envelope to 10 microrads with equal frequency power in
error:

There is a choice of various implementation options.
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/ NESTED SERVO PERFORMANCE SUMMARY
ATA L 15 HZ GIMBAL SERV0/350 HZ FSM SERVO
B e 2 VAN g f, \\f/ \'~~‘/\\/\~'—7
BANDWIDTH (Hz)
002-1 1-19 19-1 100-1000  Total (0.02:10Q0)

LOS Input 53 mrad 0.48 mrad 66 urad 6 urad 53.1 mrad
LOS Resiaual 0 4.4 urad 8.2 prad 2.4 urad 9.6 urad
FSM Angle 0.11 mrad 6.3 mrad 6.4 mrad 0.2 mrad 9.0 mrad

Figure 4-44. MNested Servo Performance Summary 15 Hz Gimbal Servo/2S0 Hz FSM
Serva ‘
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.0 OPTICAL SYSTEM

i

>.. Laser and Optical Detectors

ATA is currently considering tvo tvpes of lasers to be used as a beacon (see
Figure S-1). Specifically. thev are GaAs type semiconductor laser diandes
and a solid state Nd:YAG. Because of the prnposed shared aperture system,
<€ must also base the decision as to which laser to use on the suitabiliry
of -he beacon laser to also be the transmitrer laser.

’ Semiconduzttor Diode Laser - GaAs Type. (C4Y/Pulse Mode 9Operarion

- Small

- Fairly Efficienr

- Potential for Long Liferime

- Inexpensive

- Can be Directly Modulated by Varying Input Current

+ Solid State ND:YAG Laser. C(Y/Pulse Mode Operation

- Offers Higher CW Pcwer Than Diode lLaser, but Larger Than Diode Laser
in Size

- Can be Pumped by Diode Laser

- Modulated via 7 Switching or Cavity Dumping

Figure 5-1. Laser Options

GaAs lasers operate around 7.8 micrometer. They are small, fairly efficient
and nave demonstrated the potential for long lifetimes in accelerated lab
tests. An advantage of the GaAs laser is that it can be directly modulated
oy varying the input current to the diode. Thus, it can be pulsed fast
enough to achieve the required data rates.

Na:7AG lasers operate around 1.06 micrometers. Although somewhat larger
than diode lasers, Nd:7AG offer more power and a more collimated beam which
means more power in the far-field at the antenna. The Nd:7AG is modulated
via "N" swirching and/or cavity dumping. It is capahle of high dara rates
(200 Mbits/sec). The Nd:7AGC laser may be either flashed or diode pumped. A
diode pumped Nd:7TAG would make the most sense here in rterms of size and
longevity.

Attenuation of the beam power by absorption in the sea mist musr bde
considered. The optimal wvavelength for minimum attenuation resides around
0.43 micrometer. By frequency doubling either the diode ar Nd:7i% laser, we
can reduce the absorption by nearly rvwo orders of magnitude from their
natural values.
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ATA recommends the use of the diode laser because of its simplicity of
operation and small size.

ATA has investigated a diode-laser-pumped monolithic Nd:YAG crystal,
presently being developed and used by Stanford University. for use as the
Master Oscillator. This new laser has three advantages:

1) Extremely compact;

2) Stable frequency during operation;

3) Possible to finely tune the output frequency of the laser via
contralling the temperature of the crystal. 1he tuvrnability
of the laser would allow easy multiplexing of the
communication by allowing receiving, transmitting, and
tracking to be done at unique wavelengths.

Figure 5-2 shows this design. This configuration may offer an attractive
alternative in the future.

4 number of vendcrs wvere contacted for information on optical detectors and
iaser sources for this project. ATA recommends the use of a silicon
avalanche photodiode (APD) as the optimum detectnr hbecause of its high
responsitivity ar rhe proposed laser wavelength. Specifically, this is the
silicon APD model C30927 made by RCA Electroptics which is suitable over a
vavelength band of C.4~1.1 microns. The specifications for model C30927 are
as follows:

Diameter 1.5mm
Peak Response 0.9 microns
Responsitivity 60 Amps/Watt
Quantum Efficiency 85%
Detector Integration Time 3.0 nanoseconds
Quantity Approximate Cost
1-24 $1100
25-99 $1020

Additionally, a search was made for a GaAs-type laser source. A number of
dicde lasers made by Opto Electronics will satisfy the power and repetition
rate requirements. They are all pulsed GaAlAs multimode diode lasers. The
model numbers are PPLSOMBS50, PP150M785, and PPLSOM820, which operate at
wavelengths of 0.85, 0.785, and .82 microns respectively.

All the models have the following specifications:

Linewidth .5 nm
Peak Power >20mW
Pulse Length 0.06 nm
Rise Time 0.04 nsec
Repetition Rate 50 MHz

Operating Temperatures 15-30 degrees C
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The apprnaxinate cosr of each laser iz 37A00, 0,
A= 1.06um
| Eesa e : VAG | — { j——{ FREQUENCY
—  WASTER e MOCULATOR | DOUBUNG —e ie S3um
L SONTRL ' CSCILLA 'cm ' n l CRYSTAL |
| POWER
] AMPUFIER
SIGNAL

Figure 5-2. Poassible Laser Design

- e . N

2.2.. Laser Safety

Throughout operation, rne digital contrnller maintains less than the maximum
szfery limits for laser power operation. The controller governs the laser
peax pover using ranged direction information from an NTDS computer and
aprical rime-domain reflectometry (NDTR) from the laser backscatter.
Peflections from another ship or object can be used for ranging and,

rherefore, maintain safe laser operation.

.2 Fixed and Steered 0Nptical Elements

for the fixed oprical elements ATA has considered the following. Material
selection will be made on the basis of cost, durability. and stability. For
mirrors, aluminum, pyrex, and Zerndur have been investigated. Metals are
at-ractive for being lightweight and having low cost. Pyrex offers a higher
optical quality at a cost that is still inexpensive. Zerodur offers high
dqurability and srabiliry since 1irts coefficient of thermal expansion is
effecrively zero, bur it has a high price. Selection of lens materials
range between acrylic plastic and crown glass along with possible anti-
refilecrion coatings.

For the steered optical elements, ftraditional, non-r=2actionless galvos and
high-bandwidth, reactionless, electromagnetically-actuated beam-steering
mirrors were considered. Steered optical components have been investigated,
whirch incorporate a reaction mass for reactionless operation. The mass and
*ie mirror are made nof beryllium ro provide a high stiffness *o mass ratio
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mnax 7 nlgn beamwidrh operation {grearer than it Hz) pessible.
D:iferential Impedance Transducers (DITS) wiil he 1ncorporated 1o sense

mrivor position inside rhe assemoiy.

ATa 1nvestlgated a Maksurov lassegra:in  -elescope design for the system.
Thisz gtesign uses two spherical mirrors with a meniscus corrector lens placed

~

"

.01 The entering deam tO correc”t

¢ spherical aberrartion. Sphnerical mirrors
genera.iy cost less than the asphe
o tel
&

rti¢c mirrors used in a classical Cassegrain
swstem. {dptica. design of the escope will be based on a 15 c¢cm clear
aperrure with a 1.Z degree 1eld-nf-view. This design would provide a
simplier. cheaper 2prion than the 3all RME re.escope described in the next
sen-

Primary Secondary Mirrar Assembly

The relay mirroc experiment (RME) being conducted by Ball Aerospace
Zorporartion and 373 Ctilicves a relescope assembly for collecting radiation
f-om a satelli-e source (Figure -1)

The design meets rthe rejuirements of the Optical Communication System (0CS)
and a copy of ~his relescope mav be incorporared directly in rthe NCS system.

-~

The specificarions of rhis telescope are given in Table 3-1.

iter, sensor and printed zircz are designed tor infrared operation
anz would be replaced for rthe present application (Figure S-u4).

:gure 2-% shaws aTa’s relescepe dez:gn for this projecrt.
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'f—-—- assemtled length 9.81 iN ————————un
'

Figure Z-!. 3Ball Telescope/Sensor Assembiy
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Table -1 Te_ascope Sgecificationg
Specification Desaription

Nverall Dimensions

weight Toral RIS
Telescope 3 1b
Sensor Assembiy 2 ib
Telescope Aassembiv Caradioprtric witn Mangin mirrars
Focal iength 372 nm
Zlear aperrture 132 7
Transmiss:on efficiency > 3%
Fieid-of-view 1.5¢ deg (£4ull angle:
Fieird size at image plane 1 mm
Jptical filter High efficiency narrow hangpass
Mgl-ilayer multicavity des:ign Bahr Associares
Transmission efficiency > 7S percent
3andpass T.Z nM
Blocking O
rinted Wiring Board Double-zi.ded 5.3 in. daia.

Jetector/Preamp Design
IR erhanced silicon dertertor
Thortovoltaic mode

Jltra Low Noise Transimpedance
analog-tn-Digital Conversion

Connectors

Previous desilgn experience
Nff-*he-shelf par:

fier

Covered in electronics seacrinn (H]
H1is)
Data
Powver
-
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° Maksutov»Cassegrain System Design

- Two Spherical Mirrors with Corrector Lens to Minimize Spherical
Aberrations

- Inexpensive Design

e
\
\

¥ #fl = Clear Aperture: 15 cm
) |7 Field of View: 1.5 deg
I ~_/ Magnification: 5x
L VA
Fignre -0 Telesrnpe Der oo
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2.2.2 Sharesa aAper:ture
The stared aperture design uses an isolated mounrt. I° nas an izimutn  druv
5 plus or minus 180 dJegrecs, a ‘tvo-axis fast-steering mirror. anc
incorporates a signal generation processing module. The pointing flat  Ian
turn plus or minus 43 degrees and Zeatures an intelligent rerrn. There 13 a3

focus drive and a secondarv spider.

igital signal processors {DSPs) are relativelv new t¥pes of processors ‘ised
5r enhancing the computational speeds n~tten neeaded in signal process:ing
ppiications. The DSPs are applicabie in rnis control probiem for *he nigh-
f{requency control loop. Here, in place of gangiug mulriple, <onventionai-
+vpe pracessor modules rogether to implement a parallel procescing approach.
one 2SP coup.ed with one conventional processor may indeed provide the
necessary computationai requirements.

e CJ

1]

: Tracking Elec:ronics

For  the tracking electronics, guadrant zell detectors with both analog and
digital signal processing wvere considered. Foca. plane arrays with digital
processing were alsoc considered. Figure 3-6 shows a quad cell photo-
dertector.

A parametriz study was performed o <characrterize optical svstem sensor
Limirtations with the fnllowing svs-em design parameters:

Siamerer (-7

{ Reneilver is
iptics Transmit-er 3

. Retro-reflector 2
Source Gasias Diode Laser, 327 nm, Pear Pover 7 30 v

1A
- - . . 1A
Cetector Silicon Avalanche Photo Diocae., D* = lx— cmvHz
L]

wm Derectar with lo Hz Bandwidth Det<<-cr fnor Noise ~ 11 = ¥

. am Dertector with 300 Hz Bandwidth Dererrnr for Noise ~ 10 ' 7

~.- “omponents are nff-the-shelf.

Pesylts were:
., Background power at veceiver vas esvimarted us:
=22
- Sky illumination = 1O v
.
3eam backscatrer (7.Zum particle size) 7 10 7
- L .-12

Solar backscarrer from fng 1 .

o) D1recr sunlight 1n fieid af iew in sensnr handwidrh -amplere.v wlankers

“he signal = A1 W,
1) SHR T 100 1n ahsence 2% Adirecr zuniign-.
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Figure 2-6. Quad-Cell Photodetector

y
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ATA concluceq:

L. Backgrouna power addirions have negligible etfercrs with a 2% nm
bandwidtn filter center=g on the source wvavelengtn.
2. Transmirter modulation mav be wused rto reject direcrt solar lnput.

Jtherwise, Lihe system is dJetector noise limited and not background
S
Limited.

4 a tracker sensor anaivsis <fInor acquisition and fine rtrack:ing
ng a quad ceil and a conizal scan.

Ideal control loop (no jitzer) SNR = 100
Tracker Error = 0.03 urad

¥ith 10 urad control loop residual error (= integrated uncorrected
error) tracker error bound T 0.US urad:; this is .08 cm in tairget plane
at 15 km.

Zonical Scan for Acquisition:

Beam waist optimized for minimum acnuisition rime = O.N1 ser and
uncertainty in search area :s 18m X 18m., SNR = 2

1
AC power return at recelver: ?‘C = 1.82 X 10 77 & at 200 Hz
2}
. s . -11.,
JC power return aft receiver: Poe = 1.3 % 10704
. . N . . a1l
Derector Noise far Af = 300 Hz: P = 6.4 X 10
)
-12
P, = 3.69 X 1n7°°
or Py 3 1 J
Hz Hz

Jsing 3 2 Hz bandwidrth filter center at 300 Hz., SNR ~ 2

8eam waist., optimized for reacquisirion time = .92 sec and same
uncertainty area, SNP = 1400,

fine Tracking
The SNR was inversely proportional to rhe size »f *he sear-h area.
Under the ideal contrnl loop. the SNR is verv large.
“irh 10 urad conrrnl 1n0p residual errnr search, area uncer-ainry i<
~+ 4.3 cm :n the rtarger plane impiving rhar rhe SNP 13 3*:.. rerv gnod.
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Figure 53- Zives the bit ertor probability for ASK communicarions.
Figure S-3 gives rhe bit ervor for a given SNR. Figure 3-9 snows fne
rezeiver input SNR and Figure S-17 describes the optical impact.
¢ PE = erfe —_—
[/ SNR l Coherent ASK
) \d
- , 1 ( (SNR
P To1s2 ¢ . X | ] Non-
’ 1 (1 TSN ) exp T ) ’ on-Coherent ASK
A Zner Per Bit
¢ 3NR = <29 .
R4S Moise Power Density
) No Burst Error Analysis Addressed

Figure 3-7.

Digital Retransmission Relaxes Burst Error Problem

Bit Error Probability for ASK Communications
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- E
= NON-COHERENT ASK -
z 3
= T -
~
3 . E
: COHERENT ASK \ S :
g" \\\\ N E
: N :
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T 3
4 E
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Paeceiver ~zut SNEP zZ=

Figure £-8. Bit Error For a Given SNR
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Operational Conditions:

Implies:
¢ SNR > 1000 (30 dB)

¢ Pe < 10_10

INC. ~TA Mempo 3B
I~

10 c¢m Transmirnrter/Receiver
10% Atmospheric Transmission
35 mW Pulse Laser

10 urad Pointing Error

10 urad RMS % and y LOS Jitter

¢ Small, Light-Weignt Oprics

Figure

3-10. dptical Impac:
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>.2.1 Maximum Search.Acquizition Tilne

a <equenrtial sear-n firsc in
ch in rthe elevation direction,
a unifoarm azimurh scan ar 1 Hz

The baseline acquisition svsrem Wi Hse
azizuth (horizons divecrticn tollowed by a sear
~ I mrad oy 2 mrad laser beam will perform

tper Z60° revolutlon.) al. carget ships’' receivers will be fitted vith a 3
cmobhy  3oem atro reflecter ar  rae center of their receiving aperture.
Reflection fram rhis rerra «will funcrici as a friendly beacon for
acguisition and tracking. The beam width of the retro-reflector 1s abcut 0

3

»rac. The acgulsirion sensors elecfronic bandwidth is assumed ton be 33Uy Hz.
Thus, fram  the instant the search beam encounters rthe refrn, a detectable
signal above the noise level will reach irs peak in approximarely 1 msec.
No-.ng the time insrtant of rhe return pulse peak, and the location of sear.n
beam aris in the search time period, one could identify an area 9.2 mrad (in
azimuth) by X mrad (in elevation) in the rarget spare containing the target
rerro, I[f the azimuth search is limited to 130° of the horizon, the random
acquisition time to acquire the retro-reflector 1is approximately 2.0
seconds. Next, the search beam will be focused down to 0.3 nrad by 0.3 mrad
area and an elevation scan will be initiated, again at the 1 Hz rate (0.9

3

vac sec.) Thus, the elevation scan will be over in 5 msec or less, and the
rerro -1l he contained in a .3 mrad by 5.3 mrad drea 1n a ~nown direction.
High-bandvidth fine tracking in thar direction will be initiated

:mmediately. The total acquisitinn and track initiation time is estimated
“2 a2 apbout 2.3 seconds or iess. Assuming a 30 mW rracker laser, a 15 km

range. a rnund—trip path tranz=m:itrance of 10% and a silicon avalanche
nrocsdinde of 1.3 mm diamerer as the sensor, the gsignal-to-noise ratio ar
"ne detector outpur i3 estimated rta be o,

svstem 1s being designed to nave 2 maxlmum search/acquisition time of

sezond. assuming a coars {(+ 4% degrees azimuth, - 22.5 elevation)
ion of the receilver is available "o the transmirrer. [he <coarse
ion ran come from the radar or the last position of good

mmunlcation.

5-16
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J17&n @ Tvpe 27 SalmuaicAation ivitem.  the signal noise ratio C R
derermines the 1T errar pronanility. Simpie, commoniy avaliable Gigical
svsTems require *ne  zame  "ha.ll-nark INR O for  PE~I0 T Differerres
requirenents ars . A

'
o

-
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c.1 Type Quan-i:-y of Informarion 72 he Transferrecg

RO desig1 arovides ansfer of real-time video-type information. In an
tuation. dp to uu negau;tsnsecond of information will be able ro bLe
ed. Howvever, the 15 a cost-versus-bandwidth rtradeoff <o be
i If baserana v:dco signals are to e .ransterred oJ/er a serial
rion link. because data rates of several hundred megabirs per

3

+.> megahertz baseband video rare x & samples’/cycle x 8 bits/sample x 2
charnels = 288 megabits/second. If encryption, overhead and retransmission
effects are included, 288 megabits x 30X encrvprtion overhead x 10% protocol

Yoy [N

overnead ¥ %% rransmission = 9.21%1 gigabits per second.

For “hese dara rates, the cost of implementing the communication system can
e significant. Components such as laser diodes jump in price from the 10
megad>its per second system to the 57 megabits per second system by a facror
Nt apour 10,

Aan a“rtractive alternate is the use of a dot matrix laser printer/FAX
machine. While these tend to operate at He:Ne frequencies of 630 nm and not
23 nm with information vrates of 100 megahertz, with minor modifications
rhev may provide the base for a relatively inexpensive demonstration of an
nptizal communication system transmitter.

Here, existing off-the-shelf fiber optic communication transmitter-receiver
pairs can be adapted for a line-of-sight link. Costs vary wirth bit rate and
power requirements. At the low end, a 10 to 20 Mbps off-the-shelf system
seiis for approximately S6K to $S8K, while a 500 o 1000 Mbps
*ransmicter/receiver pair ranges in price from SIQK rto S20K. Obviousiv,
*his tradeoff is a factor the Navy will want to consider in deciding on the
ac-ual Phase II prototype. High powver scurces for commercial s¥srems
atilize 20-20  mw. Fiber optic systems are easily incorporated into Naval
appiications. See Table 6-1 on the off-the-shelf oprical communication
3ysrems.

6.2 Maximum Transfer Time

ATA’s initial system will be designed for the real-time case discussed
earlier, i.e., 7.5 megabit/second. It will not be designed for hurst or
packet communications implying higher bandwidths, i.e., ftranster time will
not be considered accounted for in the retransmission factor discussed
earlier.
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.2 Naval Tactical Data Systems (ITDS) Data Transfer

in

The digiral controller wi1ll handle srarring and <sropping dara flnv  acrns
the channel and will request a retransmissinon as necessary as well a

retransmit requested data. ATA will work with the acnstomer to provide the
prntocol and encryption technology. NTDS romputer-to-sompnuter sonnectinns
can %e accompl.shed with a very high bandwidth transferscommuniczation link
established for 1implementing a fleet r~ommand post in a single chip command
room. Multipie links ~ouid be established for networking eazh ship to ihe
control command center.
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SBR e dl 30C Firal Repor:
Mav 14983
I i< [ .
- Joards vz prototype SO0
D i Bnaras L3S 12"x12"x12" 5000
Proer Supplyv Connectors  1.U total 200C
Sreppe: Meotor Conireoller 0.5 2000
7 ne zupplied
The rnermal con*rn. scanner, whinn is a driver for the fasi-steering mirror,
.c avar.av.e for $62:.00 for mogel G325DT. The G200 series of fast-steering
mirrors, lo-. 20-, and 2C-millimeter size, range in price from $350.00 to
SEhe Batn *he scanner and tne fast-steering mirrors are available from
Senera. Scaniiaiy Ine.
RPan¥ing by co<t alone a' this point in the effort provides a reasonable
aprraoach Mcst of the wvar:ation in pointing-and-tracking subsystem
cerfmrmance 1S due to overall configuration of the subsvstem, net specific
.Tr.ementation. The implementa::on having the lovest cost wvas designated as
"re  2w%-¢nf! polnting-and-track:ng subsystem. It i= the design of this
~.nevsrer which is the principal resuilt of this effort. It is this desig
wr.-n wi.. be developed and implemented in Phase II »f the effort. Table -
Z 2. 23 some of the approxima'e r~nocte inr the Phase 11 etfor:
Table 7-2. APFROYIMATE COGTS FOR PHASE 11
TASK LABOR (SK, HARDWARE (SK)
.. Computer Models 3 “
z Atmospheric Issues 30 0
. Ship Motion 20 5
«. Tracking Demonstration 100 0
. Glint Returns 30 0
. Acquisition Demonstration 5G :
h Communication Demonstration 100 70
TOTAL S360K 130K
Theze estimares wiil be defined in grea'er detail in our Phase II proposail
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.2 Pecent Pelated Work from DTIC LITERATURE SEARCH

a

Furham, R.S., "Intersatellite Link Design Issues," Report AFIT/CI/NR, B6-
43T, &ir force Institute ot Techuclogy, WPAFB, Ohio, 19835 (AD £166-761)

Halley. P. (Editor), "Special Topics in Optical Propagation, AGARD-CP-300,
Advisory Group for Aerospace Research and Developmer:z." North Atlantic
Treaty Organization, 28th Meeting of the Electromagnetic Wave Propagation
Panel. Monterey, Cai, April, 1981.

Hanson. D.W., "Reduction of Anisoplanatic Errors," RADC-TR-81-122, Rome Air
Development Center, Griffiss 4ir Force Base, New York, August, 1981 (AD-
4106-689).

Friksunov, L.Z. "lLaser-Based Information Svstems." FTD-TD(RS)T-0563-85

Foreign Technology Division. AFSCMD, WPAFB, Ohio, May., 1986. Translation
from Sistemy Informatsiis Optichoskimi Kvantovvmi Generatoriami, Xiev, USSR,
167 (AD-A168-418).

Lecl:=, D.H. et.al.. "Technical Analvsis of a Proposed Ship-to-Ship Chemical
faser Transmission Evperiment." NRL Memorandum Report 4745, Naval Research
Laboratory. Washington, DC, February. 1982 (AD-A112-804).

Mavnard. J.&. et.al., "Airborne Flight Test System (AFTS)," Final Technical
Repo*’ McDonnell Douglas Aircraft Company, Contract F23615,76,C-1002, with
H: 4ir Force Space Division, Deputy for Space Communications Systems,
worldwvay Postal Ctr, Los Angles, CA, October, 1981 (AD-4115-100).

8.3 Recent Related Work at SPIE Conferences

Barry. J.D. and G.S. Mecherie, "Beam Pointing Error as a Significant Design
Parameter for Satellite-Borne, Free-Space Optical Communications Systems,"”
Oprical Engineering, Vol. 24, No. 6, pp. 1049-1054, November/December. 1985.

Barry, J.D. and G.S. Mecherle, "Communication Channel Burst Ervors Induced
b Gaussian chtr1buted Mispointing." SPIE, Vol. 616, 1986.

Clarve., E.5. and H.D. Brixey, "Acquisition and Trarking Svstem tor A Ground-
Based Laser Communications Receiver Terminal.,” SPIE Vol. 295. pp. 162-169,
ontrol and Communications Technology in Laser Systems, 1961.

Coffelt, Everet'! L. & Ebben, Thomas. B., "Optical Transceiver Plat{orm for

laser Communication Experiments,” SPIE, Vol. 61f, Oprical Technelogies for
Communication Satellite (1986), pgs. 22-28.
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