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OBJECTIVE

Perform feasibility study of technologies developed under the Intentionally Short Runge
Communications {(1SRC) project.

Further develop test protocols for the ISRC prototy pe hinks.

RESULTS

Ti:Sapphirc laser cavity and efficiency examined.
Four Pro<s 1 contracts awardea in 1992 were compieted and the resulis evaluated.
Ultraviolet (UV) test links tested to begin quantifying the UV link test protocols.

Test protocols updated with new technical information.

RECOMMENDATIONS
Continuc 1o refine the test protocols for all of the ISRC technologies.
Award and monttor the Phase Il contracts 1o develop alternative technologies.

Apply the technologies deveioped for ISRC mission to covert and amphibious missions.
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1.0  INTRODUCTION

1.1 OBJECTIVE

The purposc of the USMC ISRC Exploratory Development project is to demonsirate the fea-
sibility of using one or several techiwologies for short-range data transmissions.

A satisfactory technology may he range-limited based on the physical properties of the atmo-
sphere and the propagation medium. Such a hink has an inherent low probability of detection
(LPD) capabiiity.

An alternative scheme is the spread spectrum technology, which spreads the signal over a
wide-spread bandwidth and, thus, hides the signal in the noise.

1.2 SCOPE

This report encompasses the FY 92 development, fabrication, and testing of several candi-
date tecnnelogies for all three of the ISRC nussions: Company Radio, Local Area Network
(LAN) Backboneg, and Wideband Link.

This report also includes the following:

Appendix A describes the upgraded test protocols, or requirements, that cach of these proto-
type iinks must satisty to be considered a viabie ISRC system.

Appendin B describes the work performed with respect to the tunable ultraviolet (UV) laser-
head development.

Appendices C through F cover the four Phase I contracts awarded in FY 92.

Appendix G studies whether Raman shifting can be applicd to UV laser radiation for multi-
channel capability.

Appendix H studies the best way to build an omnidirectional UV antenna.

Appendix 1 describes the UV propagation computer model used to simulate the ISRC UV
environment.

Appendix J contains the data and analysis for a UV laser hink.

Appendix K describes the electronies used in the NRaD link testing.

Appendix L summarizes the proposals submitted for Phase 1.




2.0 BACKGROUND

2.1 INTRODUCTION

The USMC expressed interest in developing communications links with ranges intentionally
limited to very short distances. These hinks are described below and their architecture shown in
figure 1. This exploratory development report contains the progress-to-date of the feasibility
study for all three ISRC mussions.

2.1.1 Company Radio

The Company Radio is g very short-range (<0.5 km). omnidirectional, low-data-rate (22400
bps). vehicle-mounted, mobile voice link that can be used by the squad leaders of a company.
Two possible apphicanons of the Company Radio are 1n an urban warfare scenano (figure 2) and
as a landing zone communicator (figure 3).

2.1.2 LAN Backbone

The LAN Backbone (figure 4)1s a short-range (<1.0 km). semidirectional, low (22400 bps)
to high (2 Mbps) data rates, transportable data link for connecuing several LANs. The LANs
range froi the low data rate LAN bridges to high data rate full LANs and wide arca networks
(WANSs). Until further direction, these LANs will be compatible with the Banyan VINES LAN
software.

2.1.3 Wideband Link

The Wideband Link is a medium-range (3-35 km). directional, vehicle-mounted or fixed, high
data rate and tra{fic (2 Mbps) link for connecting command posts (CPs) with the antenna farm.

2.1.4 Signal Detection

Most current communication systems (such as radio) have the 17 sighal aiichiaiion & pica.
of electromagnetic radiations. This means that while our encrypted transmissions cannot be
understood, the enemy can still detect their presence, direction find (DF). and tuke counter-mea-
sures. This 1s a tactical threat 1o our forees.

2.2 ISRC TERMINOLOGY

2.2.1 Link Definitions

Link type definitions are as follows:

Omnidirectional: signal sent in all directions azimuthally
Semidirectional: signal sentinto an azimuthal quadrant (243 deg)
Directional: dircction within £35 deg

Linc-of-sight (LOS) within =) deg
Strictly LOS (FLOS)  within £0.01 deg
Non-LOS (NLOS) no LOS between transmitter and recewer
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Figure 3. ISRC landing zone communicator.
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222 LPland LPD

Low probability of intercept (P means that the encmy has a low hikehhood of intereepting
and undestanding our transmissions, An encrypted iink s LPEHbut stll detectable by enemies.

Low probabalny or detection (LPD) means that the enemy has o low Iikelhood of detecting
and direction finding our transmissions. An LPD svstem s mberentiy LPL

2.2.3 Broadband and Wideband

Broadband s defined as w broad spectram of wavelengths, as distinguished from wideband,
which iv o wide range of data rates For example. o broadband lamip enuts radiaiion at wave-
lengths ranging from mtrared to uliraviolet: a wideband communicator can handle data rates
ranging from a tew Kilohertz to many megahertz.

2.2.4  Spread Spectrum

Two techniques are commonly called “spread spectrum™: direct sequence and frequencey hop-
ping. In direct-sequence spread spectrum (DSSS), the carrier 1s modulated by a wideband
pseudorandum scquence that spreads the signal over a large instantancous bandwidth. The resul-
tant bandwidth equals the bundwadth ot the pseudorandom sequence. which is many umes great-
er than the data bandwidih; thus, individual components are below the norse. In frequency
hopping. the instantancous bandwidth of the signal equals the data bandwidth, but the carrnier fre-
quenoy s hopped over o pscadoraindoin sagqucitial sct of ficguenaics whose !

1smany times greater than the data bandwidth.
2.3 HISTORY

The history of communications is replete with attempts to increase the operational range. The
ISRC program and 1ts predecessor are the first systematic efforts to develop a dehiberately lim-
nea short-range communications system. This program encompasses several technologies, such
as solar-blind UV hghtointrared (IR) Light, and mitlimeter waves (MMW).

231 UV

Communications that use UV hight in the solar-bhnd region were first proposed by Sunstein
(1968). Peilly {1676). Kolosov et al. (1976), and Junge (1977).

2.3.1.1  Early Efforts. In the late 1970s. the Army (Ross, 1978) and the Navy (Fishburne et al.,
1976, Neer and Schlupf, 1978) did carly development work with broadband UV lamps for short-
range voice communication links. These efforts indicated the requirement for an efficient UV
emitter.

2.31.2 NOSC Efforts. In the 19805, NOSC developed a short-range. 2300-bps, computer-to-
computer hink for the USMC (Geiler et al., 1986: Johnson, 1986; Yen, 1987). This hink used cfti-
crent (207 conversion to UV at 254 nm) single-wavelength germicidal Tamps for the UV source.

Concurrentlv, NOSC developed o short-range. 2400-bps, data Tink to tansier Carrner Arncraft
Incrual Naviganuen Svstem (CATNS) data from the carier to s wircralt (Nuvda, 19860 Yen,
19R7). This hink also used single-wavelength gernucrda] tamps tor the UV tansmitiers.




The feasibility of UV radiation for longer range links was studied next (Yen & Moberg,
1988). This study indicated that several disadvantages must be resolved to make such a UV link
practical. The NOSC UV communications (UV Comm) link was subject to interference by fires,
flares, explosions, welding, and lightning, so procedures to handle these problems must be im-
plemented. Heavy fog. smog. rain, and smoke can also limit the link distance.

23.1.3 Recent Efforts. Currently, NRaD is performing a feasibility study of the ISRC LAN
Backbone and Company Radio based upon a UV laser. The pulsed laser approach was adopted.
in part, to achieve tunability and noise suppression. With certain types of lasers, the wavelength
can be varied (or tuned). The short, but sharp, pulses of a laser may resolve the above mentioned
noise pioblem.

The Marine Corps Systems Command (MCSC) in Quantico, VA, through NRaD, also funded
Sparta, Inc., and Mission Research Corp. to develop prototype UV links (appendices E and D,
respectively).

232 IR

Several efforts based on IR lasers were short range by happenstance. The only previous
effort known to the author to deliberately limit IR range was a proposal in the mid-1980s. This

attempt to develop an IR laser system, with the wavelength in an absorption band. was 1o support
CAINS.

Currentiy, NRai);MCSC has funded Titan Systems to deveiop an IR Jascr diode prototype
link that takes advantage of the 1.39-um v-ater-absorption band (appendix F).

2.3.3  Millimeter Wave (MMW)

Efforts based on MMW, or extremely high frequency (EHF) radiation or microwaves, were
also short range by happenstance. Two previous efforts to deliberately imit range with MMW
were known 1o the author. The first effort to develop a portahle short-range communicator was
in the carly-1980s (Hislop, 1982). The other was a proposal in the mid-198(s to develop a
MMW «vstem at the 60-GHz oxygen absorption band in order io support CAINS.

Currently, the United States Army Communications Electronics Command (CECOM) has
funded several efforts to develop tactical communications hinks where the range 1s imited by
absorption of MMW in the atmospherc.

3.0 APPROACHLES

A tactical commumications ink whose range 1s imited physically by ats atmospheric propa-
gation characteristics will not be detectavle outside of @ mited range. Such a self-hmiting link
will then be a LPD svatem. In addinior. such approaches as spread spectium technigues and
leng: cavity lasers can resultin links of hmited ranges. Data encryption s still usctul as added
security within the operational envelope of the <vstem.

There are at least three media in which the link range s limited by the propagation physices:
UV Light. IR hghto and MMWs,




3.1 UV LIGHT

UV light in the solar-blind spectral region (200-300 nm) is strongly attenuated by ozone
molecules in the atmosphere (figure 5) (Yen, 1987). The ozone layer in the upper atmosphere
essentially absorbs all of the solar UV rad:ation tn the solar-blind region, so almost no solar
background appe :rs in this spectral region (figure 6) (Yen, 1987). This low background allows
the use of a very small number of received scatiecred photons for a viable signal, resulting in a
NLOS link.

Atterzuation by the residual ozone at sea level (5-25 dB/km, depending on the ozone con-
centration) limits the range of an UV link to several (<5) kilometers. The ozone attenuation of
UV radiauon also hmits the detection of UV transmissions to short distances, which results in a
LPD link. Figure 7 shows a graphical representation of the NLOS UV communications concept.

Given a receiver filter that passes radiation only in the solar-blind region and blocks all other
radiations, a UV link can operate with very smail reccived signals due to the Jack of solar back-
ground.

3.1.1 UY Sensor

To take advantage of the solar-blind region, the receiver filter must be able to block non-
solar-blind radiation very effectively. The Honeywell filter that was used for U'V Comm was too
expensive (=31CK per unit) for mass usc as in the ~vice and data links. Less expensive, but less
effective, filters are available commercially. These commercial filters would require stronger
signals 1o overcome greater background leakages.
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The photomultiplier tube (PMT) used in the UV Comm sensor 1s highly sensinve, but also
expensive. If the received signal can be boosted significantly. it may be possible to use lesser
quality, less sensitive PMTs, which are cheaper and smaller. The currently used PMTs have a
dead time of the same magnitude as the laser pulse spread wadth, vwhich may be problematical
for laser links in the near field (where the UV photons will not have been scattered enough to
achieve a sufficiently wide time spreading).

The cheaper and smaller solid-statc UV detectors have sensitivitics with orders of magnitude
less than PMTs. To effectively use solid-state detectors. the signal strength must be increased
accordingly, which is not practical with current technology. Strong signals of such magnitude
would also be counterproductive with respect to LPD.

3.1.2 UV Lamp Transmitter

The UV source (germicidal lamps) used by the UV Comm system was highly efficient in
outputting UV light at a single wavelength (254 nm). However, they are bulky. fragile, and
restricted in data rates (<20 kHz at very short ranges). Therefore, germicidal lamps are not rec-
ommended for use in the ISRC links wi1th higher data rates.

Arc lamps are compact and easici to ruggedize. However, because they are broadband optical
emitters, they are difficult to use for multichannel applications. The output power of arc lamps is
also not sufficient for some of the ISRC links. Finally. their IR and visible emissions can prove a
detection signature unless filtered out.

UV lamps would be the easiest and least expensive to adapt for use in the low data rate links.
This avenue would be desirable for building a feasibility demonstration prototype quickly.

3.1.3 UV Laser Transmittes

The UV laser can increase the signal per pulse detected by eliminating much of the wasted
vertical emissions (appendix H) and decreasing the effective detection bin size (due to the very
short laser pulses, appendix J). Currently, the size and expense of lasers em:tting in the UV make
them ineffective for field equipment. However, industry is in the process of miniaturizing the
laser components and reducing the power requirements, so UV lasers of practical sizes will be
available in the near future.

This will be useful for the Company Radio and the low-data-rate LAN backbone applications
because the short effective bin size should suppress UV noise sources. With much smaller bin
sizes (5 us versus 416 us). the UV noise sources are expected to have ime charactenstics of
longer duration and be spread out over these 83 bins, and to resemble a DC source. The laser
“pulse”™ in onc (or two) ON bin would then overwhelm the semiconstant noisc.

However, the use of UV lasers may not be as effective for the high-data-rate .AN Backbone
and Wideband Link. A data rate of 2 Mbps limits the bin size to 0.5 ps, which 1s equrvalent to
150 m of path difference. This path difference 1s too small for practical NLOS mode operations.
Thus. while some scattered (near receiver) photons are usable, these high-data-rate hnks will re-
quire LOS mode operation.

Since LOS is required for the high-data-rate links to work, the time spreading due to the
multipath flux may be neghgible relative to the LOS photon flux. However, a likely 10-us path
difference will limit the data rate to 100 kbps.




3.1.3.1 Nd:YAG Laser. A frequency-quadrupled. Nd:YAG laser produces UV light with a
wavelength of 266 nm in the solar-blind region. A quadrupled Nd: YAG laser requires only two
crystals in addition to the basic Nd:YAG laser, which emits at 1064 nm. This is the simplest
solution to obtaining solar-blind UV radiation; but tunability 1s difficult,

The UV output wavelength can be Raman shifted 10 vanious discrete wavelengths with gas
cclls or optical fibers. However. the threshold laser energy density (at the needed repetition rate)
required to initiate the Raman cffect is not practical at the preseni time (appendix G)

A guadrupled Nd:YAG laser can now he made small enough for inclusion in a portable ficld
brassboard (appendix D).

3.1.3.2 Ti:Sapphire Laser. A tunsble, frequency-tripled Tizsapphire (Ti:A1;03) laserhead pro-
duces UV light with discrete wavelengths ranging from 265 to 280 nm. The laser output can be
tuned by rotating a set of pirefringent tuning plates (BTPs) inside the laser cavity.

The Tizsapphire laser can be tunec electro-optically (and mechanically) to various wave-
lengihs for multichannel use. A tunable laser capable of emitting at several distinet wavelengths
means that only one transmitter would be necessary to produce the multiple Links in a multichan-
nel net.

The Tisapphire laserhead will require a pumping laser emitting in the green-vellow spectral
region. An obvious candidate is the doubled Nd:YAG green laser. Blue-green laser diodes, which
should be commercially avaiiable in the near future. are another possibility.

3.1.3.3 Laser Safety. The advantages of using UV laser sources balanced by safety limitations
are detailed in Yen et al. (1987) and updated in appendix C of Yen (1992).

3.13.4 UV Laser Diodes. Diode-pumped UV lasers of requistle power, rate. and size are ex-
pected to be available within the next few vears. The USAF Wright Laboratory has shown inter-
est in developing such diodes, although the wavelengths of the newest diodes (300-350 um)
have not reached the solar-blind.

3.1.4 Beam Optics

By channcliing the laser output through soime optics (appendix H). omnidirectional opera-
tons with one laser can be achieved for the Company Radio. By some kind of mechanical beam
channel, multiple directions (one at @ time) can be achieved for the LLAN Backbone.

The Wideband Link presupposes LOS operations. with the terminals fixed afier acquisition.
Therefore, except for modulation. the beam does not need to be modificd.

3.2 INFRARED (IR) LIGHT
IR radiation 1s strongly absorbed by water vapor between wavelengths ot 1 and 8 um (10 to

>100 dB-km. figare 8). Existing IR Jasers can be tuned to one of the water vapor absorption
regions, resulting ina very short operations range.
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Figure 8. IR absorption in the standard atmosphere.

3.2.1 IR Laser

The absorption coefficient required to reduce the operztional range to 0.5 t0 1 km is on the
orders 5 to 20 dB/km, which means that a possible wavelength region required is, for example,
from 1.3 10 1.4 um. Solid state IR laser diodes that operate in this region, such as InGaAsP (1.39
umj, are now available uppendix F).

3.2.2 Variable Range

Tuning the wavelength along an edge of the cbsorption band causes the atmospheric
absorption coefficient encountered by the signal to vary so the operational and detection ranges
can be controlled.

3.2.3 Attenuaticn

A possible problem that nceds to be addressed is the absorption coefficient, which depends
on the relative humidity. The humidity 1s not a constant like oxygen content. In a desert, the day-
time humidity can be so low that the IR link range can become large enough 10 no longer be
LPD. In a tropical climate, the humidity may so limit the range as to make itimpractical. There-
fore, it will probably be necessary to tune, in power or wavelength, the laser to fit the varying
jocal humidity conditions. Similarly, rain attenuation of IR radiation may posc a problem in
rainy tropical regions.

3.2.4 Operational Mode

The IR option also requires that the signal be strong enough to overcome solar and other
types of interference. even though the water vapor present should considerably reduce the solar
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noise at the operations region. The noise and weak atmospheric scattering will require LOS
operations.

3.2.5 DataRate

IR laser diodes can be modulated at rates of the order of Mbps (appendix F), thus satisfying
the ISRC missions’ data rate requirements.

3.3 MILLIMETER WAVE (MMW)

MMW, a form of microwave, or extremely high-frequency (EHF) radiation, is very strongly
absorbed (=15 dB’km) by the molecular oxygen in the atmosphere at 60 GHz (figure 9
[Ippolito, 1981]). The MMW range is similar to that of the UV links.

3.3.1 Variable Range

Similar to the IR, the frequency can be tuned along the edge of the absorption band, thus
varying the atmospheric absorption encountered and the range.

3.3.2 Omnidirectional Antenna

Through the use of a bicone antenna (two cones with their tips tcuching). MMW ¢an be
transmitted and received in all azimuthal directions, thereby satisfying omnidirectionality.
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Figure 9. Microwave gaseous attentuation.
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3.3.3 Non-Line-of-Sight (NLOS)

The MMW link is primarily a LOS link with no obstructions between antennas. An MMW
link with omnidirectional antennas may be able to exploit muitipath propagation modes when
obstructions to LOS exist between terminals.

3.3.4 Noise

Th> MMW option also requires that the signal be strong enough to overcome the noise frem
the solar and background sourccs, although the molecular oxygen and water vapor present
should reduce the solar noise considerably.

3.3.5 Attenuation

The MMW beam will suffer some loss due to water vapor (humidity). MMW will suffer con-
siderable 10ss due to passage through rain (about 12 dBkm at moderate rain of 1 in hr). although
the beam path length is small (figure 10, {Jursa, 1985)).

3.4 OTHERTECHNOLGGIES

In the course of the ISRC development effort. technologies other than the self-limiting media
were encountered that showed potential for short-range communications. Two such technologies
are spread spectrum RF and long-cavity lasers.

RAIN ATTENUATION (dB/km)

10 + /

1 1 1 !
012525 50 100 150

RAIN RATE {mm-nr)

Figure 10. MMW rain attenuation.




3.4.1 Spread Spectrum

The direct-sequence spread spectrum (DSSS) technique uses a pseudorandom sequence to
spread the radio frequency (RF) signal over a wide bandwidth, thus reducing the RF power spec-
tral density and hiding the signal in the noise. The receiver, which has the same pseudorandom
sequence, knows where in the spectrum to look in order to reconstruct the signal. NRaD and
MCSC have funded GTE to develop a spread spectrum prototype link (appendix C).

3.4.1.1 LPD. Since the signal is broken into millions of pieces and spread out over a wide-
spread band, the power density at any particular frequency within the spread band will be so
small as to be below the noise level. Unless the enemy is physically close to the transmitter, it
would be difficult 1o discern the transmitter’s signature from the noise.

Unlike absorption-dependent systems, the detection range of a spread spectrum link 1s shori-
er than the operational range. Thus, the operational range can be increased for some applications
and still remaimn LPD.

3.4.1.2 Carrier Frequency. The spread-spectrum technique differs from the frequency-
hopping il que, which Las Yeen occasionally called spread spectrum. With frequency-
hopping technique. the signal is sent out completely at the carrier frequency, which is changed
constantly through a pseudorandom sequence.

The spread spectrum technique differs from the frequency-hopping technique in that the
carrier frequency remains unchanged, but the entire spread band centered at the carrier frequency
is used to transmit data. The spread-spectrum technique can be applied to any carrier frequency,
provided that frequency is high enough to support the specified spread bandwidth 1In general, for
high-': roughput rates on the order of Mbps, the spread bandwidih should be tens « f MHz. Such
a high bandwidth, in turn, requires that the carrier frequency should be at least 1 GHz, that is,
super high frequency (SHF) or EHF bands.

3.4.1.3 Range Extension. A spread spectrum link normally operates in a LOS mode. which
limits the range to the horizon (¢ -nerally 30 to 40 km). Through the use of atmospheric evapora-
tion ducts, the range can be extended to over-the-horizon ranges (70 to 90 km) by the usc of
8-GHz SHF radiation (Patterson. 1988 Rogers & Anderson, 1992). Such range extension. while
preserving LPD, may allow a DSSS link 1o connect Marine Air-Ground Task Force (MAGTF)
ships 10 onshore forces.

3.4.2 Long-Cavity Lasers

A practical long-cavity taser will be a LPD link by its very definmition. Generally. a laser cav-
ity consists of a laser material placed between two mirrors. Light sent into the laser matenial is
amplificd. which results in the light being amplificd greatly as it reflects between the mirrors.
One of the mirrors has some transmittance so that the laser beam will be emitted from the cavity.

By moving one mirror very far from the laser material and the other mirror (on the order of
kilometers). the laser cavity thus formed will hove no cut-cavity emicsions. Lasing will occur
only within the cavity when the alignment is correct and not lasing otherwise. Such a cavitv is
Cetectable only when an observer moves between the murrors. and the lasing stops once the
observer bloc s the beam path.
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3.4.2.1 Early Experiments. In the mid-1970s, experiments performed at the Hughes Aircraft
Company demonstrated the feasibility of long-cavity lasers (Lintord & Hill. 1974: Linford et al..
1974). The cavity lengths demonstrated were up to 6 km. and up to 30 km with relays.

3.4.2.2 Applications. A Mission Research Corporation white paper proposed the development
of a long-cavity laser for an LPD hink (Thomson. 1992). Such a link could fulfill some of the
ISRC missions, but questions remain as to the practicality of the 1dea.

The most immediate reservation is whether the cavity can be ahgned in a practical amount of
time. If the link requires hours to acquire, then it is cbviously impractical. The need also exists
for a laser material with sufficient gain.

4.0 MISSION ANALYSIS

4.1 COMPANY RADIO

The best options for the Company Radio voice link seem to be omnidirectional UV or DSSS
that permeates o small area. This would remove the need to aim the communications unit.

4.1.1 UY Lasers

A pulsed UV Jaser would provide a noisc suppression advantage. The development of such a
laser, with its associated electronics and optics, 1s necded to satisfy the requirements of the
Company Radio.

4.1.2 UV Lamps

Omnidirectional arc Jamps should be applicd 1o the voice iink. The use of broadband lamps
will be problematical when multichanne! aspects are to be considered. However, the most signif-
icant problem is omnidirectionality, and suggestions of rotating or multiple transceivers are
probably impracticai. Because a rotating transmitter will spread the <ignal over all azimuthal
angles. the lamp output must be greatly increased. Multiple transceivers will increase the hard-
ware cost correspondingly.

413 MMW

The Army Communications and Electronics Command's (CECOM) EHF applique should be
available for testing during FY 93.

414 IR

An omnidirectional IR 1aser iink is not likely based on the available information, so 1t should
not be pursued.

4.1.5 Spread Specirum

Anvmnidirectional DSSS link (10 take advantage of its LPD and potential multipath integra-
tion characteristics) should be developed to satisfy the Company Radio requirements.

4.2 LAN BACKBONE, LOW DATA RATE

The best options for the fow-data-rate LAN Backbone link scem 1o be dirccnional UV or
DSSS that will cover a small arc and relieve the need to precisely aim the transceiver.




4.2.1 UV Lasers

A pulsed UV laser would provide a noise suppression advange. The development of such a
laser, together with its associated electronics and optics, is needed to satisfy the requirements of
the low-data-rate LAN Backbone.

4.2.2 UV Lamps

Directional arc lamps may be usable for the low-data-rate links. The use of broadband lamps
will be a problem when multichannel aspects are to be considered. Rotating transceivers may be
viable if the acquisition and tracking problems are resolved.

4.23 MMW

The USA CECOM’s EHF Wireless ILAN prototype should be available {or testing during
FY 93.

424 IR

A directional IR laser diode link should be seriously considered for the low-data-ratc LAN
Backbone.

4.2.5 Spread Spectrum

A directional DSSS data link should be developed to take advantage of its I.PD and high-
data-rate characteristics.

43 LAN BACKBONE, HIGH DATA RATE

The best options for the high-data-rate LAN Backbone link seem to be the LLOS DSSS, IR,
or MMW that will cover a small arc. The system should be aimed with some precision.

4.3.1 UV Lasers

An UV laser will not likely satisfy the high-data-rate requirement and should not be pursued
at this time.

4.3.2 UV Lamps

UV lamps cannot achieve the necessary data rates at the required ranges and should not be
considered.

433 MMW

The USA CECOM's EHF Wireless LAN prototype should be available for testing duning FY
1993,

434 IR

A directional IR laser diode link 1s a viable alternative for the high-data-rate LAN Backbone
and should be developed.




4.3.5 Spread Spectrum

A directional DSSS LAN Backbone prototvpe should be developed to take advantage of its
LPD and high-data-rate charactzristics.

4.4 WIDEBAND LINK

The best options for the Wideband Link scem to be LOS DSSS, IR, or MMW, all of which
will cover a small arc. The system can be atmed with precision.

4.4.1 UV Lasers

An UV laser will not likely sausfy the high-data-rate requirement and should not be pursued
at this time.

44.2 UV Lamps

UV lamps cannot achieve the necessary data rates at the required ranges and should not be
considered.

443 MMW

Adapting the USA CECOM's EHF Wireless LAN prototype to satisy the requirements of
the Wideband Link may be possible. The prototype should be available for testing during FY 93

444 IR

A directional IR laser diode link is a viable alternative for the Wideband Link and should be
considered.

4.4.5 Spread Spectrum

A directional DSSS Wideband Lirk prototype should be developed to take advantage of its
LPD and high-data-rate characteristics.

5.0 PROGRESS

During FY 92, the ISRC ef{orts were concentrated in three areas: development of @ tunable
UV laser source, development of test protocols for the ISRC prototype links, and development
of alternative technologies in private industry that satisfy ISRC missions.

§.1 TUNABLE UV LASER

Because of 11> need to have more than one channel in the solar-blind region for a practical
communications system. NRaD is attempting to develop a muluwavelength UV laser. Cost
analysis indicates it is better 1o use just one laser with output of several wavelengths than several
different lasers of different wavelengths.

The inhouse effort to develop a tunable UV laser in the solar-blind took two routes. The
more ambitious route attempted to fabricate a Jaser cavity based on the Tiisapphire lascr. The
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other route attempted to shift the wavelength of the UV hght produced by a quadrupled Nd: YAG
laser.

S.1.1 Ti:Sapphire

Titanium-doped sapphire (Ti:S or TALO ) ervstal generates a band of wavelengths in the
IR when pumped with green light. The Ti:S emission center can be meved with birefringent tun-
ing plates (BTP): thatis, the primary output of the Te:S cavity can be tuned. By tnipling this band
of tunable IR light into the UV, a band of tunabie UV light is obtaimned,

To transform IR hght into UV hght, two conversion processes will have to be pertormed.
The first conversion is the frequency -doubiing of the IR Light (2 =800 nm) into dlue (or violet, :
£=2300 nm) hght. The second conversion s the sum-freguencs miximg (SEM) of IR and blue
light im0 UV hght (2. =266 nm).

A develonment effort wes imtiated in 1992 1o make a tunable Ti:S laser cavity (appendix B).
To increase the total etficiencs of the system. the doubhing and mining conversions are per-
formed in the same faser cavity as the TeSC With all three conversions done in the same cavity, it
18 hoped that the surface and transmission losses will be mininuzed. However: this also feads to
an interdependent cavity configuration. where changing one item in the cavity leads to changes
in al! the others.

Three of the four required processes, the green-to-IR conversion, the 1R tuning. and the 1R-
to-blue conversion. were achteved. However, the pemp laser suftered @ hardware breakdown that
resulted 1 less green pump power than specitied. Lower pump power resulied i a fevel of blue
light generation that was not sutficient to inttiate mixing. Therefore. the final conversion process
could not be accomplished. but shouid be resumed when the pun.p laser has been repaired.

§.1.2 Raman Shifting

Because the quadrupled Nd:YAG (ASNAYAG) Taser is readidy available. money and nmie
will be saved. However, the- faser emits at onhy one wavelength (266 nm) and limits this Jaser
link o one channel. To develop o maltuchannel capabitity for the quadrupled Nd:YAG laser. an
attempt was made e use the Raman scattening process to shtt UV radiation at 266 nm to other
wavelengthsin the soler-blind region.

An expetiment was pertormed o determine the threshaolds required toamitiate Raman shift in
gis cells (appendin G). The results indicated that Raman shitting in gas ceils was not practical at
the energy levels used in an ISRCO UV Taser system. Increasing the energy of the UV laser suffi-
ciently to imuate Raman shitung requires such an increase v laser power that the system will
Jikely be too large 1o be rortabic Inany case, too much hight s seif-deteating with respect w

LPD. .
5.2 PROTOCOL DEVELOPMENT

As nart, oo elhping st pratocels (or requirements) for the vanous ISRC missions, tabri-
cating s¢- oz o dhe Iink o be tested proved necessary. The simplest and logical way o
define reguireonts for a particular hink s w test a hok and record the advantages and deficien-
cics. Thvz ver IWRaD plans to developand test strippod-down versions of the ISRC prototvpy
links being weveron .d By i dustry.




At this stage, the test protocols are in a qualitative form because detailed technical intorma-
tion on the prototvpe hinks and their estsites is,as veto unavalable. As more information s de-
veloped. the test protocois (appendin A) will be updated. These requirements are expected o be
quantified in ime.

£.2.1 UV Laser Link

With MCSC funding. NRaD hiis acquired a AN YAG UV Jaser. This laser will be incorpo-
rated into a UV aser test hink in preparation for developing test pratocols such as the NRaD or
the Mission Research prototypes.

Since both the TtS and 4xNd:YAG UV laser have emission at waveiongths of approximately
2606 nm. the test reguirements for both types of Iinks wall be adentical. except tor such tactors as
physical Taser configuration. Therctore, the followg cltores can be gencrahized lor a genernic
UV laser hink.
5.2.1.1  Omnidirectionality. As an UV Taser 1s obviously directional and the Company Radio
requires ommdirectionalitn, a study was pertormed onan optical deviee wo channel UV faser
radiation in all azimuthal directions. Appendix Hondicates that @ combination ot an optical fiber
bundle and breakout cone will be the best solution to achieve ommidirectionahity.

Note that the analysis m appendix Hocan be apphicd. with some modiiicatons, te the dijec-
nonal Iimks. such as the LAN Backbone and the Wideband Link.
£.2.1.2 UV Propagation. The propagation charactenistics of UV radiation in a communica-
tons configuranoen will be of mejor mterestin developing test protocels for UV laser linke An

understanding of the phvsical processes imvolved is @ prerequisite for etfective testing.

«

Propagation Model The development of o theoretical model that can be simulited ona
computer will provide the effort with i usctul and adjustable tool gappendin ). This model can
be exccuted to predict results of a test hink confhguration be used to correct the deficiencies in the
mode! and improve future computer predictions.

Noise Suppression. The short pulse duration of o pulsed Laser wall suppress noise (section
2.1.3). By reducing the temporal binosize, we can spread out UV noise sources over a larger
number of bins. This redaces the noise level at any parucular bin to a few photons, while the la-
ser pulse will result m ten or more photons m an ON bin.

Tovenfy the above hvpothesis, the SaNAYAG UV Laser was used to et U pulses (2500
pulses per second) o a recerver 0.6 kmy away (appendin J) The Laser pulses were detected,
stored. and analvzed. Prehimuinary analvses confirm that Taser pulse characterisiies will consider-
ablyamprove the signal-to-noisc ratio of the Laser hink over that ot UV Lamp signals,
5.2.1.3  Electronics. The vanous electiomies designed and fabricated for use with the UV faser
hnk are discussed i appendin K The contiol clieciromes tor the transmitier end were simple, but
the detection and recording ¢lectromes at the recever end were comples and required several
redesigns over the year,

5.22 UV Lamp Link
A voice link based on UV Tamps was developed at NR:D Thas link oporates on AC power

but can be rebult to operate on batteries. Such i mobite ink wall be usetut i devcloping test
protocols for & UN Jamp fink such a~ the Sparta prototype.
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5.2.3 Development Plans

Further testing on the UV links (both lamp and laser) as well as simple IR and RF spread
spectrum hnks will be performed in FY 93 1o complete the development of the test protocols.

A quantified test protocols update is expected to be availabic at the end of FY 935. The Phase
1 contractors, who will be at about month 6 of a 12-month contract, will be invited to participalz
in refining these requirements. Upon finalization of the test protocols, the contractors shall ircor-
porate the relevant requirements into their test plans. The Phase I hink tests will be performed in
the second quarter of FY 94

5.3 CONTRACT DEVELOPMENT

During Phase 1 of the ISRC out-house development effort, solicitations were placed through
the Small Business Innovation Rescarch (SBIR) program and the Broad Agency Announcements
(BAA). Out of the 34 responses to these solicitations, four contracts to perform concept develop-
ment of ISRC lLinks were awarded in FY 92 (appendix L).

One SBIR contract was awarded to Sparla. Inc.. San Diego. CA. BAA contracts were
awarced 10 GTE (Waltham. MA). Mission Rescarch Corporation (MRC, Los Alamos, NM), and
Titan Systemns (San Dicgo, CA).

5§3.1 UV Laser Link

The MRC system i« built about a quadrupled Nd: YAG UV laser (appendix D). During Phase
I, MRC developed a portable laser package and a receiver package suitable for demonstrat on.
Laser pulses that wiil theoretically result in a 4800-bps link were transmitied and received at a
range of 0.5 km. However, as no modem was built during this phase, real data have not been
transmitted through this hink.

§3.2 UV Lamp Link

The Sparta system 1s based on UV lamps (appendix E). During the Phase 1 study. Sparta pro-
poscd 1o develop surface discharge lamps for the UV source. These surface discharge lamps will
be fasier than gas or arc lamps and have a higher power-to-light cfficiency. These lamp charac-
teristics will reduce the size weight and power requirement of the system.

5.3.3 JR Laser Link

The Tilan system 1< based on developing an IR laser diode emitting at a water-absorption
band (appendix F). Duning the Phase 1 effort, Titan deveioped a laser diode capable of emission
in a band centered at 1.335 pm and has a tuning range of £0.013 um. Laser pulses that will
theoretically result in a 30-kbps link were transmitted anr received at a range of 70 m. However,
as a modezm was not built during this phase. real data have not been transmitied through this link.

5.3.4 Spread Spectrum Link

The GTE system is based on adapting the Adaptive Sparsely Populated Rake (ASPARK)
spread spectrum modem into an LPD hnk (appendix C). Duning Phase 1. GTE modified the
ASPARNK testbed o transmit and recerve the spread spectrum signal in the Jaboratory. A




multipath simulaior was emploved 1o demonstraic reconstruction o @ multicomponent signal.
Real data were transmiued through the hardwired hnk at a throughput of 16 kKbps.

8.3.5 Contract Process

The four Phase 1 contracts Tisted above have all been completzd as of this writing. These
efforts have been evaluated and the selections for Phase 1 made.
5.3.5.1 Phase I Evaluation. Six NRaD personnel have partictpated in the monnoring and ey al-
uation of these contracts. Table 1 correlates the evaluators to the contractors (and the technology

used) that ¢ach one evaluated.

Table 1. Evaluation summary.

Contractor GTE MRC Sparta Titan
Technology RF DSSS UV Laser UV Lamp IR Laser
Axford. Rov (844) x
Gookin. Debra (843) X X
Mirabile. Chuck (403) X
Moberg. Victor (842) X
Smaldino. John ((133) X x X
Yen, John (R43) X X X X

5.3.5.2 Phase 11 Selection. These four contractors were ranked with respect to Phase 1 prog-
ress and Phase 11 potential. The recommendation was presented to the projeet sponsor (MCSC).

After due consideration of the available resources. the sponsor selected three contractors for
Phase 1. The Phase 1) contracts are to be 1-vear cfforts. with April 1994 as the expected comple-
tion date. Testing is planned for March 1994 before the final review and demonstrations.

5.3.53 Phase HI Plans. Based on current resource projections, two Phase 11 contractors will
be selected for Phase HI. The seicction will be based upon Phase 11 progress. potential of the
technology. and Marine Corps needs.

The Phase T prototype hink will be a full two-wav link. Such a hink will optimally need two
distince channels. so that the hink wiil be assured of connectivity even when the two terminals
transmit at the same ume. Some link protocol will then determine which of the simultaneous
transmissions will have priority.

54 MEMORANDUM OF AGREEMENT

The Manne Corps and the Army gencerated a miemorandum of agreement (MOA) 1o cooper-
ate in developing short-range tactical communications svstems of interest to both. This MOA
avoids dupheation of eftorts by allowing the Manne Corps and the Army 10 pursue different
technologies and then share in the results.

The vanous ctiorts shown in the upper connected poruon of figure 11 come directiy under
this MOA. whilc the other efforts are related to the program and will be asked to jomnan the
MOA as required.
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Figure 11. ISRC overview.

5.41 USA CECOM

The Armyv Communications Electronics Command (USA CECOM) at Fort Monmouth. NJ,
has been involved in severz! efforts to develop tactical, LPD, short-range communications sys-
tems. CECOM has concentrated its efforts in EHF (o1 MMW) svstems that uses the absorption
properties of EHF radiation in the atmosphere in order 10 limit detection range.

5.4.1.1 EHF Applique. CECOM is funding the development of an EHF attachment to a UHF/
VHEF radio made by H.:ghes. This EHF Applique operates at 54 GHz (5.6 mm) in the FM mode
for a maximum ideal operational range of about 4 km and detection range of about 8 km. Sever-
al units are to be delivered to the Army in FY 93,

5.4.1.2  Wireless LAN. CECOM 1s funding Rockwell and Chang Industries to develop LPD
Wireless LAN systems based on EHF radiation. The Rockwell system uses 36-GHz EHF while
the Chang system uses 54 GHz. Prototype units irom each contractor are to be delivered to the
Army in 1993,

5.4.2 United States Air Force (USAF) Wright Laboratory (WL)

The United States Air Force Wnight T aboratory (USAF WL) at Wright-Patierson AFB. Dav-
ton, OH, has imtiated the effort te develop LPD communications systems for radio silence acrial
missions.
5.4.2.1 UV Evaluation. USAF WL imitiated an effort to evaluate the practicality and effective-
ness of UV hinks for aerial operations.
5.4.2.2 UV Laser Diodes. USAF WL imtiated an effort 1o develop UV Jaser diodes. Laser
diodes emitting in the long-UV (325-400 nm) have been developed, and diodes in the solar-blind
region can be expected in the next several vears.
5.4.2.3 SBIR. USAF WL generated an SBIR solicitation AF93-162. “Acrnial Refucling Com-
munication Under Radio Silence Conditions.” for technologies that will provide LPD capability
intentionally.
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5.5 MISCELLANEOUS

Several other organizations have expressed interest in LPD communications links for short-
range communications.

5.5.1 IMIS.B.L.V.

The Israeli Military Industrics (IMI) group indicated that a short-range communications sys-
tern has been developed based on its S.B.U.V. technology. The current information indicates that
the IMI link is not ready for demonstration and the project has been suspended.

5.5.2 United States Air Force (USAF) Phillips Laboratory (PL)

The United States Air Force Phillips Laboratory (USAF PL) at Kirtland AFB, Albuquerque,
NM, has been developing IR communications systems. Although unintentional, these systems
are short range because of their low power.

5.5.3 Special Operations
ISRC links have obvious applications for special operation forces. Contacts have been made
with various activitics and interest has been shown, but nothing concrete has vet developed.

6.0 RECOMMENDATIONS

6.1 TUNABLE UV LASER

Effort suspended on MCSC instruction. In addition to the cavity analysis shown in appendix
B, NRaD will develop and submit a scientific paper on the progress to date.

6.2 TEST PROTOCOLS

Develop test hinks based on technologies being developed for the ISRC projectin order to
further develop test protocols. Specify and quantify the test requirements for cach technology
and update appendix A as required.

6.3 CONTRACT EFFORTS

Award and moniter the three contracts selected for Phase H. Work in conjunction with the
contractors 1o finalize the test plans. Upon test completion, evaluate and select two contracts for
Phase 111

6.4 MEMORANDUM OF AGREEMENT (MOA)

Continue cooperation and information sharing with USA CECOM. Invite other Army activi-
ties with similar interests and requirements to join in the MOA.

Make an effort to bring USAF WL into the MOA 1n addition to moniiosing their tacucal
communications ¢fforts. Include USAF PL. and any other Air Force activities with similar inter-
ests and requirements to join in the MOA.




6.5 OTHER APPLICATIONS

The tech aologies developed for the ISRC missions are also suitable for applications such as

covert inseruons/exiractiors, surveillance. interdiction, and over-the-horizon amphibious opera-
tions.
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ASPARK
BAA
BER
BTP
Broadband
CAINS
CBD
CECOM
CF

DF
Directional
DRT
DSSS
Duplex
EHF
FIFO
FOV
FWHM
GPS
HMMYV
IMI

IR

ISRC
LAN
LLS

LOS

LPAcq
LrD
LPI

8.0 GLOSSARY

Adaptive Sparsely Populaied Rake (spread spectrum modemy
Broad Agency Announcement

bit error rate

birefringent tuning plate :
a broad spectrum of wavelengths

Carnier Awrcrafi Inertiul Navigation Syvstem

Commerce Business Daily

Communications Electronics Command

command post

direction find

direction 1s within =3 deg of the imaginaiy line between terminals
diagnostic rhyme test

direct-sequence spread spectrum

two-wav channel

extremely high frequency

first-in-first-out

ticld-of-view

full-width-at-hzif-maximum

Global Positioning System

high-mobility multipurpose vehicle

Isracli Military Industries

infrared light (+. > 700 nm)

Intentionally Short Range Communications

local area network

longitudinal hight scatter

line-of-sight (direction within 1 deg of the imaginary line between
terminals)

laser pulse acquisition card

low piobability of detecuon

fow probabihiy of intercept




LSL Laser Systems Laboratory (Sparta, Inc.)

MAGTF Marine Air-Ground Task Force

MCSC Marine Corps Svstems Command (Quantico. VA)

MMW millimeter wave (with 1 mm < 2. < 10 mm, or 30 GHz < v < 300 GHz)
MOA Memorandum of Agreement

Multichannel several communications channels

NCCOSC Navai Command, Control and Ocean Surveillance Center (San Diego, CA)
Nd:YAG neodvmium-doped vitrium aluminum garnet crystal

NLOS non-line-of-sight (no LOS between the transmitter and the receiver)

NOSC Naval Occan Systems Center

NRaD NCCOSC Research. Development, Test and Evaluation (RDT&E)

Division, San Diego. CA

Omnidirectional  signal sent in all directions azimuthally

PID pulsc identification

PMT photomultiplier tube

PPM pulsc position modulation

PRR pulse repetition ratc

RENLOS restricted envelope non-line-of-sight
RF radio frequency

SBIR Small Business Innovation Research

Scemidirectional  signal sent into an azimuthai quadrant (45 deg)

SFM sum-frequency mixing

SHF super high frequency

SHG second harmonic generation

Simplex onc-way channel

SLOS strictly line-of -sight (direction within £0.01 deg of imaginary hine
between terminals)

Ti:sapphire ttanium-doped sapphire (Ti:AlLO3R) crystal

USMC Unitec States Marine Corps

[SAY ultraviolet Hight (200 nm < 2. < 400 nm)

VUV vacuum ulltasiolet

WAN wide arca network




APPENDIX A
UPDATED ISRC TEST PROTOCOLS

1.0 INTRODUCTION

This appendix provides a single set of test protocols, or test requirements and procedures,
that the ISRC links will have to satisfy. This appendix updates the test protocols that appeared
originally in appendix A of NRaD TD 228&6.

The test protocols at this stage are broad system requirements. The quantified test require-
ments and the test procedures will be further developed through FY 93. Phase 1l contractors will
be given the opportunity to comment on these requirements and incorporate these requirements
into their Phase 11 test plans.

The revised test protocols are expected to be published in the FY 93 report. However, the test
protocels will be continuously refined as more technical information becomes available.

2.0  GENERAL REQUIREMENTS

The following ISRC general requirements apply to each ISRC link, although the quantitative
requirements for these parameters are link specific.

2.1 LPD

Low probability of detection (LPD) is defined here to mean that the enemy has a low likeli-
hood of detecting and direction finding our transmissions. A system that cannot be detected has
an inherently Jow probability of intercept (LPI).

An LPD link with an operation range of X km must have a detection range of less than X+Y
km.

The operational ranges of the ISRC links vary from 0.5 km to S km (0.5 km < X < S km). In
general, an ISRC link must have a detection range of less than 5-7 km (X < X+Y < 7 km).
preferably less.

2.2 NLOS

The non-line-of-sight (NLOS) characteristic is highly desirable because tactical operations
tend to involve situations with various obstructions to line-of-sight. NLOS means that no single
unobstructed line exists between the transmitter and the receiver (i.e., a structure lies between
them). If complete NLOS 15 not achievable for a particular link, a partial requirement is that the
link 1s viable when there 1s a misalignment of at least a minimum angle (e.g., such as 5 degrees).

2.3 TEMPERATURE
ISRC links must operate in temperatures ranging from 0 to 50°C.

2.4 SIZE, WEIGHT, POWER

The final (Phase 111) communications system must be rugged and mobiie in order to be
mounted on a high-mobility multipurpose wheeled vehicle (HMMV) or similar Marine Corps




vehicle. Therefore. the total weight of the system shall not exceed 100 kg and the total volume
cannot exceed 1 m*. The svstem must function on the avaitable power (100 A at 27 V) of the
vehicle.

3.0 LOW-DATA-RATE LINKS REQUIREMENTS

In general, the Company Radio and the low-data-ratc LAN backbone need to satisfy the
same general requirements because of the similarities of data rate and operational configurations.
The differences include the range. data format, and operational methods.

3.1 COMPANY RADIO

The Company Radio is characterized by very short range (<0.5 km). omnidirectionality. low
data rate. and mobility.

3.1.1 BER

The Company Kadio 1s disunguished by a voice link that will tolerate a much larger bit error
rate (BER). BER for a reasonable voice system is <197,

3.1.2 Data Rate

An adequate digital voice system would need at least 2400 bps hnk throughput. The diagnos-
tc rhyme test (DR 1) raung tor this voice hink should be >0.90 tor good quality voice.

3.1.3 Omnidirectionality

The Company Radio needs to operate in an omnidirectional mode. The operator need not ori
ent the system 10 communicate, since the positions of other terminals may be moving or un-
krown.

However. under conditions when some know ledge of another terminal’s whereabout 1s avail-
able, some aiming to improve link connection (and reduce detectability ) would be an useful
additional asset. The Company Radio must be capable of omnidirectionalinn. but be allowed to
operate directionally when circumstances permit.

.2 LAN BACKBONE

The Jow-data-rate LAN Backbone is a short range (<1.0 km). semidirectional, transportable
data link.
3.2.1 BER

The uncorrected BER requirement for this hink 15 <1077 . Error correction procedures shall be
. -t - NN .
implemented to reduce corrected BER 10 <1077 tor reasons of ciarity and redundancy.

3.2.2 Data Rate

The mintmal data rate to connect a server computer to a terminal computer will be 2400 bps.
However, higher data rates (such as 4800 bps or 9660 bps) will be a plus factor in evaruating the
link.




3.23 Directionality

The low-data-rate LAN Backbone needs 10 operate in a directional mode in several different
directions, although one at a time. The operator need not orient the system very precisely to
communicale because the link can sustain an angular misalignment of at least 5 degrees.
However, more precise aiming to improve link connection would be an additional assct.

3.2.4 LAN Software

Until a specific LAN operating system (such as MTS) is defined for the USMC, the Banvan
VINES LAN software will be used to operate the LAN Backbone.

4.0 HIGH-DATA-RATE LINKS REQUIREMENTS

In general, the Wideband Link and the high-data-ratc LAN (or WAN) Backbone neca to
satisfy the same general requirements because of the similarities of data rate and operational
configurations. The differences include the range, data format, and operational methods.

4.1 LO0S

These links can be directional because they are stationary when in operation and the posi-
tions of other terminals should be known. However, that may represent additional problems in
acquisition and tracking (between moves). The high-data-rate links should be operated in a LOS
mode in several different directions, although only one direction at a time.

4.1.1 Misalignment

By sustaining an angular misalignment of at least 1 degree, the system develops the
capability to operaie without very precise alignment. Link connectivity, despite misalignment,
will be a valuable asset in terms of operational simplicity and personnel effectiveness. More pre-
cise aiming o improve hink connection couid be an additional asset available to the operator.

4.2 WIDEBAND LINK

The Wideband Link is a medium-range (3-3 km). directicnal, vehicle-mounted or fixed. and
high-data-rate digital-data hnk.

4.2.1 BER

. . . . -
The uncorrected BER requirement tor this link s €70 . For clanty and redundancy, error
. . . -7
correction procedures will be implemented to reduce corrected BER 0 <10 .

4.2.2 Data Rate

The data Iink will require a minimum throughput of 2 Mbps io replace the throughput of
iines connecting the command post to an antenna farm.

4.3 LAN'WAN BACKBONE

The high-data-rate LAN ' WAN Buckbone i1s a short-range (<1.0 km), semudirectional, trans-
portable data link.




43.1 BER

. . . . -5 .
The uncorrected BER requirement for this hink 1s <10 7. For clarity and redundancy. error
correction procedures shall be implemented 10 reduce corrected BER 0 <107

4.3.2 Data Rate

The link will require a minimum throughput of 2 Mbps to provide connectivity between a
server compuler and cither a terminal computer or another server computer.
4.3.3 Software

Unul a specific LAN operating system (such as MTS) is defined for the USMC. the Banyan
VINES LAN software will be used to operate the LAN"WAN Backbone.

5.0 ENVIRONMENTALU REQUIREMENTS

Various environmental factors affect the ISRC tinks. However, because cach link (and
technology) is different, the impact of environmental factors varies. The following are some fac-
tors impacting upon the ISRC links.

5.1 OZONE
An ISRC link based on UV radiation is expected to operate in an urban environment, that is,

th¢ ozoae concentration is between 30 1o 100 ppb {Yen, 1987). A nominal ozone level of 50 ppb
is 10 be expected in a test.

5.2 FOG

An ISRC link should be able to operate in thin fog (defined here as a visibility of 1 km). The
definition of “thin fog™ is imprecise because fog density depends on particulate density and size.
53 RAIN

An ISRC link should be able to operate 1n light rain {defined here as a rain rate of 1 inch/
hour).

5.4 NOISE SOURCES

An ISRC UV link is expected to operate during daylight in the presence of noise sources
such as arc-welding, flames. and explosions (at the same distance from the receiver as the trans-
mitter). Specific source characteristics will be defined in the next publication.

An ISRC MMW or spread spectrum link is expected to operate during daylight in the
presence ot RF sources (at the same distance from the receiver as the transmitter) likely to exist
in a battlefield.

An ISRC IR link 1s expected 1o operate during daylight in the presence of noise sources such
as flames and explosions (at the same distance from the receiver as the transmitter).

5.5 FOLIAGE

The low-data-rate ISRC links are expected to operate in spite of foliage between the trans-
mitter and the receiver Precise definitions are unavailable as the test sites are unknown at this
date, but will be defined in conjunction with the contractors.




5.6 OBSTRUCTIONS

The low-data-rate ISRC links are expected to operate in the presence of obstructions such as
buildings that block the linc-of-sight. More precise specifications for cach prototype hink shall be
defined in conjunction with the contractors.

6.0 SPECIFIC PHASE Il REQUIREMENTS

The various ISRC Phase II prototype links employ different technologices, which makes it
impractical to apply one set of test criteria. Each link should be tested for its own strengths and
weaknesses. Therefore, requirements will be delineated for each prototype link.

Each Phase 11 link will be a one-way hink transmitting real data. Specific and quantifiable
Phase Il requirements are being developed and are expected to be included 1n the next report.

In addition to satisfying the specific mission requirements, a UV laser hink, the UV lamp
link, the MMW link, the IR link, and the spread-spectrum link must satisfy the maximum num-
ber of the system and environmental requirements (sections 2.0 through 5.0 1n this appendix).

7.0 PHASE Il REQUIREMENTS

The Phase 111 prototype link shall be a full two-way link that transfers real deta outside the
laboratory cnvirommcnt. Since the Phase [ requirements will largely depend on Phasc 11 results,
only an outline will be given at this stage to start the development process.

7.1 MULTICHANNEL

The Phase HI link must be able to communicate even when the two terminals transmit simul-
tancously. Ideally, two distinet channels will be provided to the link. so that the link will be as-
sured of connectivity even in the event of simultaneous transmissions. Some link protocol will
then determine which of the simultaneous transmissions will have prionity. The 1deal solution to
the multichannz] requirement 1s as follows:

(a) A UV laser that can be tuned 10 several wavelengths and filters that can discriminate
between these wavelengths: (b) a set of UV lamps emitting at several wavelengths and optical
filters that can discriminate between these wavelengths; (¢) a set of distinct-frequency MMW/
EHF antennas will satisfy the multichannel requicement: (d) an IR laser that can be tuned to sev-
eral wavelengths and filters that can discriminate between these wavelengths; and (¢) a sct of
distinct-frequency antennas or two orthogonal spread spectrum modems.
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8.0 TEST PROCEDURES

The specific test procedures corresponding to cach of the ISRC Links will be developed dur-
ing FY 93 and published in the first quarter of FY @4, These procedures will be based on inhouse
testing of (simplificd) inks corresponding te the technologies used by the Phase 11 contraciors.

Each prototype link shall satisfy the associated test requirements through the test procedures
corresponding to that hink type.

The initial draft of the complete test protocols will be distributed to the three Phase H con-
tractors gt the beginning of FY 94 (hal"wuy through the coniract). The contractors will be invited :
to purticipate in refining these test proocols. The Phase T contractors shall then incorporate
these revised test protocols into their Phase T test plans o be carried out in the second or third
quarter of FY 94.

9.0 REFERENCE

Yen. ) 1987 UV Communicatuions Propagation Study.” NOSC TR 1191 (Mav). Naval Ocean
Systems Center, San Dicgo, CA.




APPENDIX B
TUNABLE UV LASER

1.0 INTRODUCTION

During 1992, the following efforts were made to develop an intracavity-tripled titanium-
doped sapphize (Ti:S or Ti:Al>03) laser as a tunable ultraviolet (UV) laser (figure B-1). The goal
was to provide the ISRC project with a tunable UV laser source operating at 250, pulses per
second, with the UV power outpu! substantial enough to be quantified.

This effort will contribute insight into and develop a scheme to upscale the design of a
tunable UV source with greater power and efficiency, and wiil result in a database to increase the
overall knowledge in the area of tunable solid-state lasers.

Ti: S

z
]
(9]

— 800 nm (Ti: Sapphire)
= 400 nm (BBO |: (doubied))

e 2 BBO B tmaixeds:
400 nm

{FC = Intracavity Frequency Controller Y
Ti: S =Titanium-doped Sapphire Crystal BRO| }
BBO = Beta-Barium Borate Crystal
M = Mirror

Y i
_ __ M

L.

Figure B-1. UV converter: Ti:Sapphire tuning clement.
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2.0 BACKGROUND

Titanium-doped sapphire (Ti:S) lasers are a reliable and efficient alternative to tunable dye
lasers in the IR spectrum (6&0-1050 nm). Combined with nonlinear crvstals. the lasers can pro-
duce tunable sources in the blue, the UV, and even the vacuum ultravioiet (VU V) regions.

2.1 MISSION

A rehiable and tunable UV source can be valuable in an ISRC tactical communications
systems, where the proposed transmitting beam has a narrow linewidth and can be tuned over a
wide range (260—280 nm). This would create separate channels of communication within the
spectral band.

2.2 EXTRACAVITY METHOD

Several schemes exist to produce an UV tunable laser light by using nonlinear crystals and a
Ti:S laser. The conventional way is to double the tunable IR light from a Ti:S laser cavity with a
nonlinear crystal outside of the cavity, then mix the blue and IR outputs outside the cavity by
using yct another nonlinear crystal to prouuce UV,

This extracavity method 1s not very efficient, unless the first crystal involved in the doubling
process is itself 1n an external cavity matched to the Ti:S cavity. The same would be true with
the second crystal involved in the 1R and blue mixing process. This involves a complicated feed-
back system that has been demonstrated to yield a 50% conversion efficiency from IR to blue by
using LilO; and 5% from IR to UV by using LBO and BBO crystals (Ncbel & Beigang, 1991).
The choice of crystals is important, as will be shown later.

23 INTRACAVITY METHOD

A second scheme involves doubling the IR within the Ti:S lascr cavity itself. Only two refer-
cnces were found of any experiment that used this scheme a:d only one that used a BBO crystal.

In one case, a 45% conversion efficiency from iR to bl.e was obtained by using a KNbO -
crystal mounted in an oven for temperature tuning (Wu et al., 1990). In the other case, a 75%
effecuve conversion efficiency from 11 to blue was recorded, with a 5% efficiency from green to
blue overall. by using a very thin BBO crystal (EHingston & Tang. 1992). Theoretically. this
method results 1n 4 simpler and more compact laser system, which is desirable for ficld equip-
ments.

2.4 EXPERIMENTAL CAVITY

Therefore, the decision was to use an intracavity doubling and frequency mixing scheme as
well as an L-shaped cavity (figure B-1). so that the IR would pass through the doubling ervstal
twice and the blu: light would not pass back through to the Ti:S crystal.

This cavity consisted of three mirrors. The first mirror (M1) was a high reflector (HR) for
the IR light produced by the TiiS crvstal centered around 800 nm. The second mirror (M2) was a
high reflector for the IR light. but a high transmitter (HT) for both the blue light centered around
400 nm and the UV hight centered around 266 nm produced by the sum-frequency mixing
(SFM) process within the BBO 11 crystal. The third mirror (M3) was o high reflector for both the




IR light and the blue hght produced by second harmonic generation (SHG) in the BBO I crystal.
A birefringent tuning plate (BTP). used to select various wavelengths for the laser cavity. would
ultimately create a tunable source of UV.

2.5 BEAM WAIST

The originai mirror contiguration was designed to produce a small beam spot, or waist, in
the cavity near the Ti:S crystal. This waist, located at the mirror M1, would optimally produce a
180-um waist. A small waist size of the cavity and the pump beam vields a lower threshold, and
the overlap ratio of the two waists yvields a higher efficiency. Having the pump waist near M1
and the laser cavity waist at the location of M1 would approximate the optimal configuration for
an IR source, but the spot size also has an effect on efficiency for both SHG and SFM.

A waist near both the BBO crystals would also increase the efficiency of both blue and UV
generation; but a too small waist would create a phase mismatch and decrease the conversion
efficiency. Therefore, it was decided to have two waists in the cavity by using three curved
mirrors from other experiments that had favorable results. A combined 50 mW of blue was
produced from 1.5 W of green pump power. which is comparable to the efficiencies found in
similar work (Ellingston & Tang. 1992).

2.6 NONLINEAR CRYSTALS

Two questions arose as to the type of crystals 10 be used. KNbO: and LilO): are efficient
doubling crystals for 8{) and 400 nm, but not for mixing to produce UV. LBO and BBO a: ot
as efficient for converting IR 1o blue, but can be used for frequency-mixing into the UV. LBO
and BBO crystals also produce a better beam profile in doubling from IR to blue than LilOs.
which is useful for frequency-mixing efficiency. Therefore. it was originally decided to use BBO
for both doubling and frequency mixing due 1o its transparency range in the UV, its efficiency.
and its SHG beam quality.

Table B-1. generated by Frank Hanson of the NCCOSC RDT&E Diviston, compared BBO,
LBO, and KDDP crystals for both SHG (doubling to blue) and SFM (mixing IR and biue for
UV). Note that a high deff (nonlinear optical cocfficient) is related to a high-conversion
efficiency. Also shown are the angular bandwidth Byng and the spectral bandwidth Bspcc
Finally, a large walk-off angle results in poor beam quality. Not shown in the table is the
transparency range, which is 160-2600 nm for LBO, 190-3300 nm for BBO, and 300-5400 nm
for LiO3. Also not shown here is the damage threshold, which is dependent on wavelength.
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Table B-1. Nonlinear crystals.

Crystal [deg] doge [em™*mrad] [em*A] [rad]
SHG & 800 nm

BBO I (09—>¢) 29.2 14 0.294 243 0.063
LBO I (zz—>vx) 337 1.03 1.13 4.185 0.0174
KDDP I (0o—>¢) 27.7 (.25 0.63 0.01 0.031 .
KDDP iI (oe->¢) 40.5 0.52 1.04 0.006 0.036

SFM @ 800 nm & 400 nm .
BBO | (00—>¢) 443 1.15 0.132 0.67 0.086
BBO II (eo—>¢) 55.4 0.23 0.222 0.72 0.069
LBO 1 (zz->vyx) 74.5 0.34 1.38 1.27 0.0099
KDDP 1 (oo—>¢) 447 0.37 0.335 0.001 0.039
KDDP 1l (0e—>¢) 58.1 0.48 0.537 (.001 (0.034

3.0 APPROATH

The S-step approach for developing a tunable UV laser cavity is described below.
3.1 PUMP SOURCE

The first step in the construction of a Ti:S laser cavity is locating a pump source in the green-
to-yellow region of the spectrum. The Quantronix frequency-doubled Nd: YAG laser purchased
in 1991 acted as a pump source.

3.2 CONVERSION TO INFRARED

The next step was the design and fabrication of a new Ti:S laser cavity to produce higher
efficiency and a lower threshold in the IR fundamental.

3.3 DOUBLING TOBLUE

The third step was the design and construction of another Ti:S laser cavity by using nonlinear
optics (BBO 1) acquired in 1991. The blue light was maximized at the highest efficiency possibic
with the optics on hand.

3.4 MIXINGFOR UV

The fourth step was an attempt to produce UV light by using a previously acquired crystal
(BBO II). This also included a design of another 71:S laser cavity that wou'!d incorporate custom
optics, thereby increasing the efficiency for IR and blue production and UV throughput
efficiency. Theoretically, this should increase the chances for SFM to produce UV.

3.5 WAVELENGTH TUNING

The final step was a demonstration of the tuning characteristics with the present cavity
design by using a single BTP.




4.0 SETUP AND PROCEDURES

The experimental setup and the procedures followed are described below.
41 Nd:YAGPUMP

The pump source for the Ti:S laser was a green (532 nmy), frequency-doubled, Nd:YAG laser
from Quantronix (flashlamp pumped, doubled, and Q-switched). This laser has a maximum
average power of 2.2 W at 2500 Hz and pulsewidth between 50 and 100 ns. This Quantronix
laser was originally specified for frequency-quadrupled UV output with 200 pl;pulse at 2500
pulses per second. The fourth harmonic crvstal was removed and only the green output used.

Initial power measurements of the Quantronix laser made by the contractor showed that the
maximum green output at 2.5 kHz of 4 W yiclded 1.6 mJ/pulse of green light. Witl; a quadrupler
mounted, the UV power was measured to be 610 mW and yielded 244 w)/pulse, which was with-
in the required specifications. The output UV beam was elliptical with a beam divergence of
3-mrad horizontal and 2-mrad vertical.

Green power apparently dropped from 4 W to a little more than 2 W during the first week of
operation.

4.2 CRYSTALS

Three Ti:S crystals, with 0.1% Ti* doping and various figures of merit, were used. Two
BBO crystals were used: a type 1 BBO with a 30-degree cut and a type 11 BBO with a 56-degree
cut.

43 OPTICS

An 8-inch focal length lens was used to focus the green beam into the Ti:S crystal. A half-
wave plate and polarizing beam splitter were used to vary the intensity »f the pump beam. The
Ti:S crystal was cut at the Brewster angle and mounted with the appropriate ult to allow only
horizontally polarized light to lase. The mirrors varied greatly to obtain the most optimal cavity
configuration. A single BTP was used to tunc the optical frequency of the laser.

4.4 TI:SAPPHIRE

When using a sample of Ti:S and input power of 1.65 W, no IR lasing was achieved for the
original cavity configuration: M1 = 100 c¢m radius of curvature (ROC), reflectivity (R) = 99.5%
at 800 and 400 nm, M2 = flat, R = 99.5% at 45 degrees for vertical at 800 nm, M3 = flat,

R = 99.5% at 800 and 400 nm. After switching M1 and M3 positions, laser output was achieved.
Fower output that comes from M3 and then passes through an IR fiiter was measured to be
3.7 mW.

nWhen using the purchased Ti:S crystal with figure of merit 150:1 and doping of 0.1% for
Ti = mounted in a large brass mount as a heat sink, 3.9 mW of IR was achieved for 2.2 W of
green input. Assuming (.5% transmission yielded 780 mW of calculated IR within the cavity,
whichis 35% cfficiency from green to IR, the threshold pump power for the IR was 1.4 W.

The green pump was focused down too close to the surface of the Ti:S crystal. the surface
sustained a burn mark. and the cryvstal had to be uanslated. Damage also occurred on the flat




mirror due to the IR beam waist. Therefore, care had to be taken as to the amount of pump
power put into the cavity, so the process of alignment was slowed down. At this point. it was
decided that to achieve blue light and minimal damage, the threshold for the IR would have to be
reduced.

4.5 IRTHRESHOLD

To drop the threshold for the IR, two parameters were changed. First, the cavity had to be
shortened. Second, the mirror M3 had to be changed to a smaller ROC. This decreased the cavity
waist which, along with decreasing the pump waist, Jowered the threshold and increased the effi-
ciency. This is due to the threshold power dependence on the summation of the squares of the
pump and cavity waist radii and the dependence of the efficiency on the overlap of the pump and
cavity mode volume.

4.5.1 Threshold Power
The threshold power is given by
P = Ec (F/S) L (W5 + Wp},
where E. is the coupling efficiency, F, is the pump frequency. § is the emission cross sec-

tion, and L is a loss factor, which includes upper state lifetime, crystal length, and figure of
merit. W,and W are the waist radii for the cavity and pump beam. respectively.

4.5.2 Laser Slope Efficiency

The laser slope efficiency is given by
E; = Pm'Ec(Fo/Fp)Ls,

where L, is another loss term, F, 1s the cavity frequency. and Py, is an overlap parameter
of the fraction of the absorbed pump power that overlaps the cavity mode volume
(Harrison et al.,, 1991).

4.5.3 Tradeoffs

Several references ~an be found concerning the tradeoff between energy density and phase
mismatch at small spot sizes to achieve the highest efficiencies within nonlinear optics and how
that tradeoff is also dependent on crystal lengtn (Beausoleil, 1952). Most of the literature
suggests a small spot size (Skripko et al., 1991).

4.6 BLUE CONVERSION

With a shortened cavity, threshold was reduced to 800 mW. After inserting the BBO type |
crystal, a flicker of blue with 1.5-W pump power was observed. The placernent of a 30-cm ROC
mirror in position M1 and flat in position M3, or flat back at M1 position and 30-cm ROC at
M3, yielded no blue

However, by using a new 30-cm ROC, R>99%¢ mirror for 800 nm and flal. R = 99.9% mirror
for 800 nm, lasing was achieved a1 400-mW threshold pump power. Blue light was observed at




500-mW pump power. After separation through a prism, ar average of 10 mW of blue light was
observed with 1.6-W green pump power.

By using a rayv-tracing program, various cavity config irations were modeled to obtain a
better insight into what was happening. The best configuration from these trials was used with
the two 30-cm ROC mirrors and one 25-cm ROC mirror coated for 45 degrees, which were
available at the time. Note that M3 was not coated to reflect blue, so about half of the blue light
was wasted. The threshold for IR was around 300 mW and about 350 mW for blue. Blue output
power was between 10 to 15 mW with input green power of 1.5 W. Therefore, no significant
change happened with a new configuration.

For a 2-W green input, about 25 mW of blue was obtained. Using 1.5 W of green pump
power and another sample of Ti:S with a higher figure of merit resulted in an IR threshold of
lessthz 250 mW and output of 25 mW of blue light from each mirror (M2 and M3).

4.7 WAVELENGTH TUNING

Placing a BTP within the cavity resulted in a tuning range from 427 nm down to 395 nm
with peak power around 417 nm. The cavity had to be realigned each time that the frequency
was changed. Maximum divergence for both blue and IR was measured to be 2 to 3 mrad.

5.0 RESULTS

The results of this effort have been the gencration of intracavity-doublc Ti:Sapphirc lascr
given a green pump beam input of 1.5 W at 2.5 kHz. The tunable blue output has approximately
S mW split into two directions. The threshold for blue was slightly above 250 mW of green
pump power. The tuning range was demonstrated to be from 395 nm to 427 nm.

Attempts to mix internally to obtain UV light resulted in no detectable output. The current
laser cavity configuration design was found to be inadequatc. Other laser mirrors available in the
laboratory were used to produce a tunable blue laser source, but many losses in efficiency
occurred due to nonoptimal coatings on the mirrors. Some of these mirrers had been acquired for
other NRaD projects. Similar mirrors with the proper coatings were ordered, but they were not
yet physically incorporated into the design at the time that the effort was suspended by the
Sponsor.

6.0 PLANS

Evaluation by experienced NRaD laser scientists indicates that an endeavor of this magnitude
on the leading edge of the present laser technology will take considerably more time, money, and
expertise.

6.1 OPTICAL ANALYSIS

More rigorously detailed designs need to be made to ensure the opumai cavities. Mirror
curvature, cavity length, and angle of incidence all play a part in an optimal configuration to be
determined. The spot size in the crystals affects the efficiency of the laser in a nontrivial manner.

All of the above factors have to be looked into as part of a rigorous approach to this particu-
lar effort, since there is little previous work involving internal SHG and none 1nvolving internal
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SFM for Ti:S lasers. Internal processes will. in theory. result in higher power outputs with the
least customized oplics, but are more ditficult to implement.

6.2 PROPOSED CAVITIES

Proposed cfforts include the design and testing of both intracavity and extracavity frequency
mixing configurations for a Ti:S laser cavity. Each configuration pioposed will include BBO
crystals for both intracavity SHG to produce blue and SIFM to produce UV. Four new mirrors
that should improve the chances of obtaining UV have already been ordered. Other mirrors that -
have more promise (although a higher cost) are under consideration.

6.2.1 New L-Cavity

The first proposed coniiguration (figure B-2) 1s similar 1o the configuration shown 1n figure
B-1, except that the mirrors are curved to improve beam quality. The radin of curvature of the
mirrors are similar to those used previously at NRaD. The mirror coatings will be customized to
accommodate this particular effort.

The pump beam, as well as the cavity IR and UV beams. is p-polarized. The blue beam is
s-polarized. The blue beam is represented by the dashed lines and the UV beam 1s represented by
the dotted line. Tyvpe 1 and 11 BBO crvstals (the same crystals previously used) are cut to 30 and
55 degrees. respectively. Two Ti:S crystals. also available. are cut at the Brewster angle, allow -
ing only the correct polarization to lase. This configuration would creatc two waists (approxi-
mately 120 um in size) ncar the middle of each leg as before; however, with the correct coatings
there will be less losses in the cavity.
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Figure B-2. New L-cavity.




6.2.2 Small Angle Cavity

The second proposed configuration (figure B-3) has more curved mirrors, which at the same
cavity length would create smaller spot sizes and may increasc the efficiency. The coating of the
second mirror will allow a smaller incidence angle. thereby decreasing the astigmatism of the
cavity mode between the S and T planes. This astigmatism aftects the beam quality vital to SHG
and SFM processes.

6.23 External Cavity with BBO I

The third proposed configuration (figure B-4) is similar to the figure B-2 configuration, but
here the SFM is done by a more efficient BBO I crystal external to the Ti:S cavity.

One percent of the IR light is transmtted through the third mirror. The second mirror trans-
mits the blue light that is mixed with IR hght, which will have the same polarization after
passing through a half-wave plate.

This proposed configuration includes the basic cavity design krown to produce blue light,
along with other components that have not vet been acquired.

6.2.4 External Cavity with BBO 11

The fourth proposed configuration (figure B-5) is similar to the third configuration, except
that the SFM is made with a BBO Il crystal external to the Ti:S cavity. While SFM with BBO 11
crystal is less efficient than with BBO I, *he geometry is simpler with less optical components
and iosses. Also, the BBO Il crysiai is already avaiiabie.
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APPENDIX C
GTE PHASE I OVERVIEW

1.0 BACKGROUND

The ISRC project solicited thr wugh the Broad Agency Announcements (BAA) for technolo-
gies that can providc LPD tactici | communications.

Threc contracts were awarded under the BAA solicitation N66001-92-X-6(X)5. This appen-
dix ts a brief summary of a BAA contract effort; a more detailed discussion will be included in a
following ISRC report.

1.1 OBJECTIVE

The GTE Government Systems Corporation in Waltham, MA, proposed to develop a short-
range. LPD, tactical communications system based on spread spectrum techriques in order to
satisfy the ISRC requirements. GTE will deliver a design for the proposed link upon the compie-
tion of the contract.

1.2 CONTRACT DATES

The BAA contract N66001-92-C-6010 was awarded to GTE on 30 Aprii 1992. The kickoff
meeting was heid on 21 May 1992 in Needham, MA. The quarterly review was held on 30 July
1992. The final review and demonstration was held on 28 Octobes 1992.

2.0 APPROACH
The proposed GTE link was developed from GTE’s Adaptive Sparsely Populated Rake
(ASPARK) spread spectrum modem that was developed with GTE internal funds.

The GTE-proprietary extremely wideband direct-sequence spread spectrum (DSSS) tech-
niquc would spread the RF signal over a wide bandwidth (100 MHz). thus reducing the RF
power spectral density so that the signal will be hidden in the noise. The receiver, which knows
where to look in the spectrum, can then reconstruct the signal.

2.1 FREQUENCY

GTE'’s proposal 'c use the Military L-Band (1.35 to 1.85 GHz) as its propagation medium
was based on its operating license, as well as the propagation range, power reguired, antenna
size, bandwidth requirements, and expected environments.

A tradeoff study on the best frequency to be used for any particular scenario will be
performed as part of a Phase 11 effort.

2.2 MULTIPATH

The ISRC mission environments will likely involve many obstructions that result in multi-
path components spread over a few microseconds. While multuipath effects (feding due to
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interference) were problematical for ordinary communications systems, these effects can be
exploited for cluttered environments such as cities and forests.

The GTE system identifies the indirect compenents, recovers the information in thuse com-
ponents, and then iniegrates them together with the direct component into a total received signal.
By recovering information in the strongest (2 to 5) indirect components, the direct component
signal can be enhanced rather than degraded by multipath effects.

23 NLOS OPERATION

The ISRC missiors may require operations without a direct component, that is, no line-of-
sight between two terminals of a link. By the use of the indirect path components, GTE proposed
to communicate in a non-line-of-sight (NLOS) modc. The indirect components arise from reflec-
tions off various surfaces in the region between the two terminals, such as buildings, foliage, or
natural structures.

2.4 WIDE BANDWIDTH

In the DSSS scheme, the signal is spread with a pseudorandom &y over a 130-MHz band at
alow power level so that the signal hides in the noise. Even at a data rate of 2 Mbps, the signai
can be spread into the extremely wide band employed by the GTE system. This unmique wide
bandwidth of the ASPARK was one of the major reasons the GTE poposal was selected for
contract award.

The wide bandwidth results in very low signal strength at any one frequency, thus creating a
small signatuic fur deteciion by an enemy This provides the system with its LPD characteristic.

3.0 RESULTS

The final review and demonstration was held on 28 October 1992 at the GTE plant in
Needham, MA. The final review was attended by John Yen and also by Chuck Mirabile, who
represented the project sponsor.

3.1 TECHNICAL

The study and adaptation of the DSSS technique, from which GTE adapted the ASPARK
modem for this effort. went well. The GTE progress for the contract met all the iminial mile-
stones. A government reservation regarding the engineering support (more effort needed in
building reliable equipment) appeared to be resolved.

3.1.1 Vulnerability Analysis

The vulnerability study made of ihe proposed link indicated that the LPD characteristic is
very good. In a classified appendix to the Phase ! final report, vulnerability to feature extraction
detectors was analyzed. The GTE system implemented countermeasures that reduced feature
detecror effectiveness below that of radiometers.

3.2 SATELLITE TERMINAL DEMONSTRATION

The Portable Satellite Terminal (POST ™) demonstration (figure C-1) showed the viability of
the DSSS scheme as the POST ™ svsteim uses the same DSSS technology as the ASPARK. Two
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Figure C-1. Portable satellite terminal (POST ™).

POST ™ terminals at the Needham plani were linked through a satellite over the Pacific Ocean.
Voices and faxes were sent through the link at a data rate of 16 kbps.

3.3 LABORATORY DEMONSTRATION

A laboratory demonstration with the RF/simulator breadboard (figure C-2) and the ASPARK
modem (figure C-3) was performed. During the demonstration, an image (250 kBytes or 2 Mb)
was transmitted through a multipath simulator (several cables of length 500 meters connected in
a series, resulting in path lengths of x. x+500, x+1000 meters). This demonstrated the ASPARK
adaptation’s capability to reconstruct three multipath components into a coherent signal. The
image Was transferred at a da}‘a rate of 16 kbps, with 2 errors during the 2 minutes of transmis-
sion (corresponding to 1x10 "~ bit error rate).

3.4 PHASEII PLANS

GTE has provided the Government with an ISRC Phase 11 Program Plan that covers the
work to be performed during a Phase 1 effort.
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Figure C-2. GTE RF/simulator.

Figure C-3. GTE ASPARK modem breadboard.




4.0 CONCLUSIONS

The GTE system is based on a mature technology and has a relatively fow risk in developing
the prototvpe link into fieldable equipment. The GTE syvstem also has a high data rate and can
also support all three USMC missions.

While its NLOS capability remains unresolved, the multipath aspects of the GTE system
may provide NLOS capability.

5.0 ACKNOWLEDGMENTS

John Lovell of GTE Government Systems Corporation, the principal investigator for this
cffort, can be reached at (617) 455-3606. Any questions regarding the ISRC project should be
addressed to John Yen at (619) 553-6502.




APPENDIX D

MRC PHASE 1 OVERVIEW

1.0 BACKGROUND

The ISRC project advertised through the Broad Agency Announcements (BAA) for
technologies that can provide LPD tactical communications.

Three contracts were awarded under the BAA solicitation N66001-92-X-6005. This appen-
dix is a brief summary of a BAA contract effort: a more detailed discussion will be included in a
following ISRC report.

1.1 OBJECTIVE

The Mission Research Corporatior (MRC) in Los Alamos, NM, proposed to develop a short-
range, LPD, tactica!l communications system based on UV radiation propagation. MRC would
studv U'V sources, such as lamps and lasers, and determine the optimal source to use in the

proposed link. MRZ would deliver a design for the proposed link upon the completion of the
conltract.

1.2 CONTRACT DATES

The BAA contract N60(131-G2-C-6007 was awarded t¢ MRC on 6 Aprii 1992, The kickoff
meeting was held on 22 May 1992 in Los Alamos, Nivl. The quarterly review was held on 4
August 1992 The final review and demonstration was held on S November 1992,

20 APPROACH

The MRC hnk s based on the transmission characteristics of UV radiation in the atmo-
sphere, which absorb the radiation exponentially and scatter UV photons eticiently. The solar-
blind region of the electromagnetic spectrum offers a unique low-noise spectral region in which
to operate a link ~vith a very Jow signal, such as scattered UV Light.

2.1 OZONE LAYER

The fact that ozone absorbs UV radiation in the 220-285 nm band combinced with the Lzone
layer in the upper atmosphere results 1n a spectral region virtually free of natural solar back-
ground. The low background enables the detection of the small number of photons from an UV
signal. which were much smaller than the noise level for other tvpes of radiation.

2.2 ABSORPTION

Ozone absorption in the lower atmosphere also reduces the UV signal exponentially, result-
ingin a very short range for UV transmissions. The signal will not be detectable @ few Kilo-
meters beyond the operational range. thus the hink wiil be LPD.

23 SCATTERING

The scattering (Ravleigh for molecules und Mie for aerosois) characterishes ¢f UV radistion
in the atmosphere also diffuse a region around the transmitter with UV photons. Because of the




low background. such scattered photors can be detected and used so that, under some conditions,
a non-line-of-sight (NLOS) link will exist.

2.4 TECHNICAL OBJECTIVES

MRC proposcd to study further the phenomena associated with UV propagation and 1o
develop a more effective UV source in support of designing a Phase 11 system.

24.1 Modelling

MRC used a computer propagation model to predict the effects of various parameters of the
atmosphere on the UV signal and then compared these predictions with actual data.

2.42 UV Source Comparison

MRC compared UV lamps and UV lasers to determine the optimal source to use in the
proposed UV link. The MRC study concl:ded that a UV laser would provide a better source and
the Government representatives concurred.

2.43 UV Laser

MRC subcontracted with Big Sky Laser te develop and fabricate a compact transmitter pack-
age based on a quadrupled Nd:YAG laser. The laser will be air-cooled with a closed-cvcie water
cooling svstcm.

2.4.4 Modulation

The laser outputs 600 pps, which is too slow for voice throughput. Thercfore, MRC proposes
10 use an 8-ary pulse position modulation (PPM) to obtain an cffective throughput of 4800 bps.
The system can be upgraded to 9600 bps.

2.45 UV Receiver
MRC developed an effective UV filter and subcontracted with Bair Associates to fabricate it
The resultant filter has very good transmission characteristics ini the solar-blind region.
3.0 RESULTS
3.1 TECHNICAL RESULT

MRC put togeiher a UV laser package no bigger than an oscilloscope. The package included
the laserhead, drivers, fans, and water cocling unit (figure D-1). The only external hardware was
a 28-VDC power supply. The recetver package is compact and already runs on a battery.

3.2 DEMONSTRATION

The demonstration. a totally NLOS test, was performed at a range of 0.5 km on a cliff
behind a large building. MRC did not have the modem (1o be made in Phase 1) to control laser
outpul. so only a €09-Hz laser pulse train that was detected by their prototvpe receiver was sent
out. The recerver detects the UV photon und determines whether there s a Taser pulse and then
displavs results on oscilloscope.




Mission Pesearch Corporation

Figure D-1. MRC SBUV hardware.

3.3 PHASE 11 PLAN

MRUC has provided the Gevernment with a BAA Phase 11 Proposal that covers the work to be
performed during a Phase 11 effort.

4.0 CONCLUSIONS

The MRC progress in Phase | is impressive. The small transmitter and receiver packages
indicate a good prespect for a fieldable demonstration unit.

5.0 ACKNOWLEDGMENTS

Barry Charles of MRC, the principal investigator for this effort, can be reached at (505)

662-2133. Any guestions regarding the ISRC project should be addressed to John Yen at (619)
553-6502.




APPENDIiX E
SPARTA PHASE 1 OVERVIEW

1.0 BACKGROUND

The USMC and the ISRC project solicited through the Small Business Innovation Rescarch
(SBIR) for technologies that can provide LPD tactical communications.

One contract was awarded under SBIR solicitation N91-308. This appendix is a brief sum-
mary of the SBIR contract effort; a more detailed discussion will be included in a following
ISRC report.

1.1 OBJECTIVE

Sparta, Incorporated, of San Diego. CA, proposed to develop & short-range. LPD, tactical
communications system based on ultraviolet (UV) lamps. Spaia wiii evaluaic vatious UV lemgs
and incorporate the optimal one 1n the link design. Sparta would deliver a design for the pro-
posed link as a deliverable for the contract.

1.2 CONTRACT DATES

The SBIR contract N66001-92-C-7007 was awarded to Sparta on 3() January 1992. The
kickoff meeting was held on 11 March 1992 in San Diego, CA. In May 1992, Sparta was granted

an extension of the contract to 6 November 1992. The quarterly review was held on 25 August
1992. The final review and demonstration was held on 3 November 1992.

2.0 APPROACH

The proposed Sparta link is based on the transmission characteristics of UV radiation in the
atmosphere, which absorb the radiation exponenually and scatter UV photons efficiently. The
solar-blind region of the clectromagnetic sp.ctrum offers a unique low-noise spectral region 10
operate a link with a very low signal, such as scattered UV light.

2.1 OZONE LAYER

The fact that ozone absorbs UV radiation in the 220-285 nm band combined with the ozone
layer in the upper atmosphere results in a spectral region virtually free of natural solar back-
ground. The low background enables the detection of the small number of photons from a UV
signal. This number was much smaller than the noise level for other types of radiation.

22 LPD

Ozone absorption m the lower atmosphere also absorbs the UV signal exponentially, result-
ing in a very short range for UV transmissions. The signal will not be detectable a few kilo-
meters bevond the operational range. Thus, the link will be LPD.

2.3 NLOS

The scattering characteristics of UV radiztion i the aimosphere also make possible a region
around the transmitter that the UV photons permeate. Because of the tow background. such




scattered photons can be detected and used so that, under some conditions, it is possible to have
a non-line-of-sight (NLOS) link.

2.4 UV RENLOS

The Sparta Laser Systems Laboratory (LSL) has developed the UV restricted envelope non-
line-of-sight (RENLOS) voice communications system based on UV propagation (figure E-1).
This system, based on arc lamps. has been tested in the San Diego area.

2.5 DPPM

Because of the relatively low repetition rate of UV lamps, Sparta proposed to use the differ-
ential pulse position modulation (PPM) to increase the data throughput to a 4809-bps data rate.

2.6 TECHNICAL OBJECTIVES

Sparta proposed to study further the phenomena associated with UV propagation and to
develop 2 more efficient UV lamp source in support of designing a Phase 11 system.

2.6.1 Modeling

A computer propagation model was used to predict the effects of various parameters of the
atmosphere on the UV signal and compared these prediciions with actual data. Also studied was
the practicality of an omnidirectional system.

2.6.2 Surface Discharge Lamp

Sparta developed a surface discharge UV lamp that is more efficient and faster than the gas
or arc lamps (figurc E-2). Faster lamps would allow a greater data throughput and carry out
more ISRC missions. Higher lamp efficiency would reduce the power requirement, thus the size
and weight.

3.0 RESULTS
3.1 TECHNICAL RESULT

The technical brief was done well, with adequate discussions on the surface discharge lamp.
propagation modeling. and battery power. All the initial contract objectives were satisfied. Some
Government reservations regarding the safety of the proposed system were discussed and should
be addressed luter.

3.2 DEMONSTRATION

The Sparta surface discharge lamp was not available at the final review. Progress seemed to
be reasonable considering that Sparta received only $50K for the initial SBIR effort. On the
following day, Richard Morton showed the surface discharge lamp just received from MA, but
the lamp could not be run as no lamp driver was sent.

3.3 PHASE 11 PLAN

Sparta has provided the Government with a Sparta Phase 11 1ISRC Plan that covers the work
1o be performed during a Phasc 11 effort.
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Figure E-1. SPARTA prototype voice communicator.
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Figure E-2. SPARTA UV surface-discharge source
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4.0 CONCLUSIONS

The Sparta system is based on a relatively mature technology and can be applied toward the
ISRC missions that usc lower data rates.

5.0 ACKNOWLEDGMENTS

Richard Morton of the Sparta Laser Systems Laboratory, the principal investigator for this
effort, can be reached at (619) 455-1650. Any questions regarding the ISRC project should bz
addressed to John Yen at (619) 553-6502.




APPENDIX F
TITAN PHASE 1 OVERVIEW

1.0 BACKGROUND

The ISRC project advertised through the Broad Agency Announcements (BAA) for technol-
ogies that can provide LPD tactical communications.

Three contracts were awarded under the BAA solicitation N66001-92-X-6005. This appen-
dix is a brief summary of a BAA contract effort; a more detailed discussion will be included in a
following ISRC report.

1.1 OBJECTIVE

The Titan Systems Group in San Diego, CA, proposed to deveiop a short-range, LPD, tacti-
cal communications system based on an infrared (IR) laser diode array that emits in the water
zbsorption band about 1.39 um. At the end of the contract, Titan would deliver a design for the
proposed link.

1.2 CONTRACT DATES

The BAA contract N66001-92-C-6005 was awarded to Titar on 14 May 1992. The kickoff
meeting was held on 3 June 1992 in Ssn Diego, CA. The quarterly review was held on 3 August
1992 in Albuquerque, NM. The final review and demonstration was held on 6 November 1992
in Albuquerque, NM.

2.0 APPROACH

The proposed Titan link is based on the transmission characteristics of IR radiation in the
atmosphere where water vapor absorbs the radiation exponentially.

2.1 ABSORPTION

Water vapor has many absorption bands in the atmosphere where the attenuation coefficient
increases by many orders ¢f magnitude. By selecting a wavelength (centered at 1.39 um) on the
edge of one of these bands, Titan proposed to build a link that was attenuated a short distance
beyond the operation range. By being on the edge of the band, Titan could then vary the range
by changing the wavelength.

2.2 LASERDIODE

Titan proposed to build an InGaAsP laser diode that could be tuned to emit at a waveiength
between 1.32 and 1.35 um. The subcontractor, David Sarnoff Research Center, was to fabricate a
tunable laser diode with center wavelength of 1.335 pm and tuning range of £0.013 pm.

2.3 TUNING

The laser wavelength is tuned by varying the temperature of the diode. To obtain the wave-
length range, the diode temperature must be controllable in the range between =207 1o +50°C.

F-1




To keep the wavelength stable, the temperature must be stable. The wavelength gradient of the
laser diode is about 0.3 nm:deg C. so that the temperature must be maintained in a 6°C range tor
the wavelength to remain within =1 nm.

2.4 MODULATION

The laser diode has the potential of being modulated at rates of up to 15 MHz. although a
practical rate of a few megahertz is more likely. This high potential data rate will more than
satisfy the ISRC data rate requirements and indicates that this system should be targeted toward
the missions needing higher data rates.

Titan currently uses a pulse generator to modulate the laser diode and envisions using a pulse :
position modulation (PPM) scheme 1o code actual data.

2.5 RECEIVER

Titan proposed to use an InGaAs photodiode behind an interference filter and focusing lens
as the receiver of the link. All parts are commercially available.

2.6 POWER CONSUMPTION

The proposed Titan link’s power requirement. on the order of 500 W, is well within the pow-
er specification listed in the BAA solicitation.

2.7 ANGULAR SPREAD

The laser diode was designed to emit at a large angular spread, on the order of 10 degrees.
This, coupled with a wide field-of-view detector, will alleviate some of the difficulties associated
with aligning LOS systems. However, because of the weak molecular IR scattering characteris-
tics and the natural IR background, the Titan link will have a low probability of ever operating in
the NLOS mode.

3.0 RESULTS

3.1 TECHNICAL

The technical briefing. with the IR laser diode subcontractor (Sarnoff Research Center)
participating. was well done. The laser dicde characterization was performed well, although a
question remains as to the reason for “rabbit ear™ vertical output profile. Titan will make more
measurements to confirm.

Government reservations about the ability of Titan to maintain diode temperature stability
indicate that Titan and Sarnoff should further investigaie other methods of temperature centrol
during Phase 11.

3.2 DEMONSTRATION

Titan demonstrated an IR hink outdoors during the final review. All hardware was powered
by AC lincs. The laser diode (figure F-1) was pulsed at a rute of 50 kHz. The receiver was set up
about 70 m away (figure F-2). Since no modem was built (part of Phase 11). no rea! data were
sent through the hink. This ink s sinictly LOS. When someone walked into the beam path arca
between the transmitter and receiver. the link was lost.







3.3 PHASE Il PLAN
Titan has provided the Government with a plan for Phase Il of Short-Range Infrared Laser
Communication. The plan covers the work to be performed during a Phase 1l effoit.
4.0 CONCLUSIONS

The Titan system has the potential of providing a high-data-rate link, on the order of 2 Mbps,
to support high-data-rate ISRC missions, although the LOS limitation of the Titan IR link 1s
unfortunate.

5.0 ACKNOWLEDGMENTS

Jeffery Puschell, the principal investigator for this effort, can be reached at (505) 764-5315
in Albuguerque. NM. Any questions regarding the ISRC project should be addressed to
John Yen at (619) 553-6502.
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APPENDIX G
RAMAN SHIFT EXPERIMENT
1.0 INTRODUCTION

This 1s a summary of the work performed on Raman scattering for the ISRC project. The
ISRC project proposed to use an UV laser for very short-range tactical communications. UV
light is selected for this application because of the strong attenuation of UV radiation by the

atmosphere. Having a tunable laser 1o adapt to changing atmospheric conditions will be highly
desirable.

1.1 RAMAN SHIFTING

A possibility for a tunable UV laser will be the use of a quadrupled Nd:YAG laser that pro-
duces light at 266 nm and shifts its frequency by using the Raman effect. Hyvdroecen gas (H;).
one of the mos: effective Raman scattering materials, has a rolational Stokes shift at 582 cm™!
and vibrational Stokes shifts at 4160 cm"i. This gives rotational hines at 270.183 nm. 274.5 nm,
278.96 nm, elc., and a vibrational line at 299.1 nm. Any of thesc lines will be within the solar-
blind region (220—300 nm) in which UV communication operates.

1.2 EXPERIMENTAL REQUIREMENTS

The purpose of this experiment was to determine whether one can get efficient conversion to
separale individual iines within the region of interest to the ISRC project. The ISRC iaser was
expected to produce about 200 tJ of UV energy per pulse S0-100 ns long. The laser used in the
experiment had a pulsewidth of 5-7 ns. Since the Raman conversion threshold roughly scaled
inversely with pulse length, one needed to see a Raman shift threshold at less than 20 w in this
experiment for the effect to be useful when using the ISRC laser.

2.0 VIBRATIONAL SHIFT
2.1 SETLUP

This section describes the setup for the first phase of this expersment. Tise 1aser hight was
changed to circulas polarization by using a quarter-wave plate. then focused into a 2-m hvdrogen
tube by using a 0.5-m focal-length lens. The output from the cell was sent into an integrating
sphere coupled directly into the spectrometer.

2.2 RESULTS

A 4-m) threshold was obtained at 800 mTorr and a 2.5-mJ threshold was obtained at 1500
mTorr. While increasing the pressure was expected to reducc the threshold, it could not even
begin to approach the desired 20-uJ threshold required for ISRC.

2.3 MODIFICATION

Since almost all of the Raman conversion occurred at the point where the beam was focuscd,
the 2-m-long Raman cell was unnccessary. Therefore, the threshold at 1300 mTorr was later
reexamined using a 1-meter cell. Although the energy was not cahbrated. the threshold was
clearly still about 3-4 mJ.




3.0 ROTATIONAL SHIFT
3.1 SETLP

This experiment attempt »d to lower the threshold for the rotational Raman shift by making
two passes through o T-m ceil. The results were nesver completely calibrated on this phase of the
experniment, so the energies mentioned here were only approximate.

3.2 RESULTS

At 1500 mTorr, the threshold was about 1.5 to 2.0 m), with the first vibrational shift domi-
nating. Initially. this was a surprise because circuiar polanization of the light should 1avor rota-
tional shifting.

3.3 CELL PRESSURE

Steve Bowman (Bowman et al., 1989) of the Naval Rescarch Laboratory (NRL) found that
in a two-cell system, the cell pressure during the first pass needs to be less than one atmosphere |
Otherwise, cnough of 4 seed of vibrational Stokes would be formed trat would dominate in the
second pass. since the vibrational Stokes has a much higher gain once it is initiated. Reducing
the pressure of the singie-ceil, 2-pass system to 350 .nTorr is necessary to get significant rotu-
tional Raman shifting. At that point, the threshold was about 4 mJ, which is higher than that for
vibrational shifting.

4.0 CONCLUSIONS

Raman shifting i a gas medium is unbikely to result in a practical tunable UV laser system
suitable for ISRC. Raman shifting in solids is intriguing and should be investigated if Raman
shifting 15 to be pursued, but does not fall under the Iimited scope of this experiment.
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APPENDIX H
LONGITUDINAL LIGHT SCATTERERS

1.0 INTRODUCTION

The parpose of the ISRC Company Radio development prograni is 1o demonstrate a
propagation-himited sy stem for very short-range communications. This system would have the
advantage of a very low probability ef detection (LPD) outside 1its mtended range.

One candidate system is based on an UV Jaser. For that system to work, cach laser pulse
must be spread outn alt dirccuons along the honizontal. This study wili examine several
schemes for such a longiiudinal light scatier (LLS) and recommend a course of sction.

1.1 LASER PARAMETERS

The current study assumes a quadrupicd Nd:YAG laser enuting at a wavelength of 266 nm.
The parameters of the lascr in question are expected io be the following:

Beam width 0.2 mm
Beam divergence 2.5 mrad
Encrey per pulse 200 ul
Pulsc width 50-70 ns
Pulse rate =3 kHz

1.2 OPYT 7S

At this wavelength, only pure UV-grade silica can be used for the optical components.
Because diamond toohing 1s not accurate enough. speciaiized components must be ground and
polished.

¢
1.3 CONFIGURATION
To lessen the eve safety problem and to ensure efficient propagation of the beam, the UV

Iight must be sent vertically upward at Jeast five meters. The UV Light will ther be scattered
azin ¢ - allv. Schemes to accomphish this will be discussed in the following sections.

2.0 VERTICAL CHANNEL

Essentiallv. two ways that can bring the UV hight up five meters to the LLS are propagation
(1) tirough an enclosed tube or (2) through an opucal fiber.
2.1 TUBE

In the enclosed tube design, hight is reflected upward by using a 45-degree mirror. Because
o! ke eve safcty problem, the light path must be enclosed by a UV absorbing er reflecung wbe.
Thc LLS assembly will be attached to the top of the tube if the tube s ngid enoughi if net, the

assembly will be bound to a nigid pole. Given s 2.5-mrad divergence and a 5-m beam path. the
spot size will sull be onlyv 1.25 ecm This should not be o problem for the LLS.
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The most likely problem is that the pole must be nigid to prevent misalignment of beam
optics, but lightweight enough to be practical in the ficld. Guidewires are not considered
practical for anchoring it to the vehicle and the system must be able 1o function in high winds.
For instance, if the structure should ult by even 1 degree, an unacceptavle 8.72-cm misalignment
would result. Therefore, this design was ruled out.

2.1.1 Losses

This system would have the lowest losses. Transmission through the air in the tube is about
O98.3% (based on attenuation of 3.5 km™ from Yen, 1992). One mirror is needed to direct the
light upward, with a typical loss of 10 for UV optics. Thus. the total transmission up the tube
would be 88%. providec that adequate alignment of this system is possible. ;

2.1.2 Costs

Costsinvolve one 45-degree mirrer and the fabrication of the 3-m rigid tube. As this was not
deerned a feasible approachi. a detailed costing was not pursued.

2.2 OPTICAL FIBER

The second and perhaps only practical approach is to bring the beam upward by using an
oplical fiber.

2.2.1 Losses

At high intensities. around 1 MW.2m<. two pholon processes can excite the band gap of the
fiber.! This nonlinear effect can cause very high losses. Assuming the minimum pulse width of
50 ns, the ISRC laser delivers 4 KW/pulse. At the beam waist, thisis 12.7 MW .cm-.

To rzduce the intensity to 1 MW-.cm=, the beam must bz at least 0.712 mm wide. The beam
can be expanded by using a simple biconcave lens or a beam expander and a 1-mm fiber. Five
meters would cost about $8350 (at $170.m) for the basic silica-clad fiber. A plastic clad 1-mm
UV fiber c@sts $25/meter. buu it would be suitable only for testing purposes and not jor ficld
applications. Fibers shift around in the plastic cladding and become unreliable.

The expected 300400 dB:km loss 1n the cable varies from hatch 1o batch for each manufac-
rer.d The quality of the UV glass that the fiber manufacturers start with is very unprediclable.
Figuring reflection Josses of 4% at cach end of the fiber (see Onel catalogue). the minimum 107
loss for the expanding lens, and 400 dB km for the fiber (T = 0.63). the total ttansmission will be
$23% 1o the LLS (88.7% 1i « 300-dB kin cable 1s obtained). This 1s about 60%¢ of the transmis-

sion expeste.. from the tube (section 2.7).

2.2.2  Cotr iguration

For the field version of this svstem, the 5-m pole would be assembled from sections with the
LLS bolted onto the top sectior. The poleo when assembled. would have a slot on the side into
which the fiber fits. This would protect vhe fiber from the clements.

2.2.3  Costs

A 20x beam expander costs about $900 from Oniel. Other quotes heve ranged to nearly
double. The fiber would cost $30. The 1otal cost would be about $S2000.

TThenrault G Cempote 1 Sy Corporatin P sty ool s catiog, 2




3.0 LLS ALTERNATIVES

At the top of the vertical channel, a LLS is necded to direct the UV Jight o all azimuthal
directions.

3.1 INTEGRATING SPHERE

One LLS design uses an integrating sphere with a series of azimuthal exit ports along the
equator of the sphere. An integrating sphere is a sphere with a small entrance port that is painted
internally with a highly reflective diffuse scatterer. Upon entering the sphere, light reflects and
ultimately appears to come {rom all directions.

3.1.1 First Reflection

The first reflection within the sphere is simply reflected at the top in all directions. The
energy leaving the spherc on the second reflection is propo-tional to the angle intercepted by the
output windows from the top of the sphere. Starting with the first reflecton, hght 1s scattered
frormn all directions within the sphere.

Let: S, = surface area of integrating sphere
S, = surface area of exii ports
S, = surface area of entrance port

R = reflecuvity of paint within sphere

w = width of output port window (assumed to be continuous about the
the sphere’s equator)

Rs = radius of sphere
a = aperture for input port

51' = Si//SH = w/(2.0"Rs)
S2' = $,/S, = (a/4.0" Rs)* = 0.0

On cach reflection. the energy going oui the windows is proportional to 8" umes the energy
remaining in the sphere. 1t can be shown that the output energy from the sphere 1s

E =M, SyRx™+ € - AY1)
=~ S,Ra71 {1 + aCj, ()
where N =0 for the imtial reflection at the top of the sphere
A=Ri1 -8,
C=Ri1-S,77h)/(1-4).

3.1.2 Reflectivity

The output energy s plotted in figure H-1 for a variety of reflectivines. The efhicienev s
heavily dependent on the reflectivity of the sphere and the size of the outpat port. Manufacturers
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Figurc H-1. Integrating sphere output power.

have estimated reflectivities for their spheres 10 be from 0.93 to 0.96 at 266 nm. A carefully
applicd paint (Grum & Lyckey, 1968) had a reflectivity of 0.96 at this wavelength. A reasonable
choice for reflectivity of 0.95 with an §; of 0.05 has an output of 47% of the input energy {for
an 8-inch sphere, this would correspond to a window at the equator 0.4 inch wide).

The output of the sphere would be in all azimuthal directions, so one would figure about half
of the output energy would go into the ground. Another fraction would be lost to the sky. Some
of this will scatter back to the receivers. The majority of light collected at the receivers will be
scaltered {Yen, 1992).7 Because more of the light is initially directed upward than in other LLS
designs, more will be lost to upward scattening. Because of the lack of directionality of the out-
put of the sphere, a 24% cfficiency for the parameters above must be considered an upper limit.
I this 1s combined with the loss due o transmission of the fiber, this would give a maximum
system efficiency of 129%.

3.1.3  Subscquent Reflections

Assuming the mean number of reflections of the Tight within the sphere 1s equivalent to the
rumber of reflecuions it takes for the output energy to reach half of the limiting value zbove,

SR+ 2C) = SSRa T+ Al - AN Y

N =1+LOG [-(1 + (xC)y"H)LOG, (1) . (2)
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Equation 2 is plotted in figure H-2. For the R = 0.95, $-=0.05 sphere given above. the
mean number of reflections 1s 4.99. This should be enough to make the light within the sphere
louk fairly isotropic. It also means that the ime soreading is insignificant within the sphere. For
the example of the standard 8-inch sphere, the spreading is 0.678 ns.

‘Oot A R R e D D .

U [y U

NUMBER OF REFLECTIONS

1 | | i | I ] ! | ]
0 001 002 003 004 005 006 007 008 009 010
OUTPUT PORT WIDTH RATIO

Figure H-2. Number of reflections.

3.1.4 Supplier

Labsphcre is the only company that could make a customized sphere for our application
(uther companies selling integrating spheres referred us to Labsphere). The sphere would be
made from Spectralon SRM-990. a material that is tough and hydrophobic (unlike most UV
paints for integrating spheres). The material reflectance varies between .95 at 250 nm and 0.985
at 300 nm. The sphere could be easily fabricated with the window at a higher Jatitude than the
equator. say 10 degrees. Efficiency would rzise substantially by greatly lowering losses to the
ground and by raising the m' an launch angle. The cost would be about $4300.

3.2 REFLECTIVE CONE

In this design, a reflective cone is placed in the beam path to scatter the light horizontally.
The retlective cone would be at a 45-degree angle (or at a 35-degree angle to direct the beam
upward by an amount equal to the beam divergence from the fiber).

3.2.1 Reflective Coating

The efficiency of the cone itsel] would be equal to its reflectivity, which s about 95% . How-
ever, any good UV aluminum coating degrades rapidly. especially in a moist atmosphere. This
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could be alleviated by hermetically sealing the cone in a fused silica cylinder and attaching the

cone 10 the top of the cylinder. The optical fiber could be introduced though a metal base with a
SMA feedthrough.

3.2.2 Configuratiu..

The several designs that could be envisioned for the sealed container are the following:
(1) repurge the container with nitrogen gas periodically; (2) assemble the container in a nitrogen
environment; {3) fill the container only once and then completely seal. The most versatile design
would be 10 have a purging valve on & removable metal base for the fiber. A metal ring could be
epoxied 1o the base of the glass cvlinder onto which a metal base for the fiber is screwed. An
o-ring would be used to seal the system (figure H-3). The 5-m pole of the vertical channel would
be attached to the metal base.

Assume that there is a 35-degree cene, a 1-mm fiber with a 20-degree divergence, and a
1-inch distance between the fiber and the cone. Reasonable dimensions for the cone would then
be a height of S mm and a base of 7 mm. The glass cylinder would need to be 7.5 mm high and
would have a diameter of at least 7.5 mm.
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Figure H-3. Reflective cone.
3.2.3 Suppliers

Laser Power Optics of Dei Mar, CA, would build the reflecuve cone with diamond turming.
The company indicated that once their machine was szt up to produce one optic. 11 would be cost
effective to turn out several cones. Laser Fiber Optics 1s willing to work on an actual cost basis.
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This gives us a good amount of support for $5K or less. Several runs and some experimentation
with coatings would be included. As machine tme is about $100-hour, this 1s more than what we
need.

A quote from Rocky Mountain Instrument Company for a polished glass cone with an alumi-
num evaporate was $850. The apex on this optic would be sharp to (.01 inch.

3.2.4 Errors

Two problems are anticipated with this design. The first is its possible sensitivity to the posi-
tioning of the reflective cone with respect to the beam. The second is the lack of sharpness of the
apex of the cone, causing light to be downward scattered from the most intense part of the beam.

These two errors are not additive and whichever one covers the larger area dominates. In
fact. itis easy to sce that the positional error dominates, as it cannot be easily adjusted and dia-
mond turning prod.ices a very precise apex.

3.2.41 Apex Error. In the calculations below, use @ normalized radius where

r=rjo

o = 0,2!"* = 0.7071 mm at the output of the fiber
r' =is the acteal radius of rounded apex area in mm
o’ =1s the beam radius in mm (1/e~ point).

‘the loss due 1o rounding ot the apex 1s then

E = J jcxp(—ﬁ) x dx db‘/J J exp(— x°) x dv db
0 0 (V)
E =1-exp(-r) (3)
r =[-LOG.(1 - E)"*, (3')

where x 15 the position on the cone furthest from the angle of interest (figure H-3).
To get a §% loss for a 1-mm diameter beam, the apex rounding would have 1o cover a
0.16-mm radius. Thus. 1t 15 clearly not a serious problem.
3.2.42 Positioning Error. To find the effect of position error, x;;. on intensity radiated into
a given angle. 6 (figure H-4), the following equation was integrated numerically:
7. 14
E = 20 Yexp(— x; J j expl = r* = 2xor cos()] rodr db 4
i) 4]

Results for the fiber are shown in figure H-5. 1 the cone 1s an inch away from the fiber and
U s 2mm. the beam is then 2.82 mm wide at the cone. Table H-1 shows the maximum crrors
and why the reflectuve cone will not work. Jtis unlikely that the cone could be aligned o frac-
tions of a millimeter above the hiber in this configuration.
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Table H-1. Errors due 10 position.

Loss (7¢) X X' (mm)
5 —.0287 0.0574
10 -0.0584 0.1168
20 —.121 0242
50) —).362 ().724

33 FIBERBUNDLE
In this design, the laser beam is expanded and coupled into a UV-grade silica fiber bundle.
3.3.1 Loss

The energy transmitted through the svstem is expected to be
T = PFT,(ro/rc)” (1 = R)* T, BF, (5)
where PF = packing factor=0 72
Tf = transnussion through fiber = 0.6 for 3.5 m at 400 dB’km
r./ro = cladding to core ratio = 1.1
R, = reflection at each end of fiber = 0.04
T, = transmission through beam expander = (.9
BF = beam fraction to 1/e” intensity = 0.8647.
Substituting the values listed above in equation 5, the transmission is then 25.6% for a
200-um fiber with 220 cladding. The larger the fiber, the less the loss from the r./r, ratio. Fibers

come in r¢/r, ratios of 1.1 and 1.2. The 1.2 fiber is made by using high-quality silica needed for
UV. The use of this larger cladding fiber will reduce the total transmission down to 21.5%.

Not much can be done about the theoretical 75 packing factor in a fiber bundle. In
principle, the fibers « buld be heated and fused closer together. In practice, that is very difficult to

accomplish.? The bundling process is more likely to result in a lot of breakage of expensive
fiber.

The divergence out of the fibers is approximately 20 degrees. Therefore, angling them
upward 20 degrees from the horizontal would lower some of the loss to the ground and reduce
the pot:ntial eve danger.

3.3.2 Alignment

This systern should be relatively simple to align, as the critical procedures can be performed
on the laser platform. A potential difficulty s the UV fiber degradation. which gradually reduces
transmission through the fiber. Anciher difficuity is that 25% o1 the UV energy goes into the
region between the fibers, which can cause considerabie problems.?

General Fiber Optics has observed two possible solutions: either by using a reflective mask
(not tnvial) or by using reflective epoxy (recommended). Several epoxies have been used and

3 Oz, R JNCCOSCRDTALE Division. persenal communicetiop, 1992




thex should be experimented with further. If an epoxy fails to prevent damage or the end is
damaged for any reasor, the fiber could be sent back and reterminaied with a different cpoxy for
about $70. Of course, the fiber bundle must be made longer than the nunimum requirements so
that it can be reterminated a number of times.

3.3.3 Structure

In a typical fiber bundle, the first laver has one fiber with cach succeeding layer having a
multiple of 6 more fibers than the previous layer (table H-2). In practice, a packing fraction of .
0.72 is realistic.

Table H-2. Fiber bundle.

Lavers Total # of fibers Maximum packing fraction

1 1 1

2 7 0.7778
3 19 0.76

4 37 (.7555

As a candidate system, consider a 19-fiber bundle with r, = 200 um and r, = 220 um. Let
Lmax = # of iavers in the fiber. The radius ¢f the bundle 1s 7, (2" Lmax-1). The radius of the
bundle 1s then 1.1 mm, thus requiring the beam width (0.2 mm) to be expanded 11 times. As

stated. this would be expecied to transmit 259 of the light.

In table H-3, a number of typical cable bundles are examined with respect to the layer num-
ber (L), relative intensity (/,). relative density (D, , which is the product of / and the number of
fibers in the laver), and the coverage angle per fiber (6). An estimate is made of the relative
intensities of the light in each fiber of the bundle. From that estimate. determine the angular
distribution for laying out the cable bundle that will result in the most even distribution of
energy about the horizon.

Table H-3. Bundle comparison.

L 1, D, ol
7-Fiber Cable
1 0.897 0.897 96
2 0.411 2.467 44
TOTAL: 3.364
19-Fiber Cable
1 ().96 .96 29.68
2 0.726 4.357 22.44
3 0.527 6.328 16.3
TOTAL: 11.644
37-kFiber Cable
1 0.98 (.08 214
2 (.85 S.096 185K
K 0.52 6.235 11.37
4 (.23 4.1d 3.03
TOTAL: 16 37
< Buthe. G General Faber Opsies, prrseng comsiumcaton 16992
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3.3.4 Angular Output

For the center fiber, the relative intensity s calculated exactly. For the fibers in the outer
layers, the intensity for the entire fiber is approximated by the value at its center. The intensity
for the center fiber is given by:

] = r (1 —exp(—r)]. (6)
— 1/2¢m ~1
where r=2Y%(2Lp, - 1)7" .
The intensities for the fibers in the outer layers are
I = exp(—x7). (7)
where  x = 2Y7 (2L - 2)/(LLma - 1) .
The angular output of this system will not be uniform. How ever, because cach fibers 17¢2
points are 40 degrees apart. the hight cones of each fiber frequently intersect each other. A cer-

tain amount oi nonuniformity in the angular distribution should not matter because the light at
the receiver is rost likely scattered hight anyway.

3.3.5 Cost

A 200-um core bundle costs about S5 per fiber-meter (S3 per fiber-meter for 100 um). A
6-m, 19-fiber bundle will thus cost $570. At the breakout side of the bundle, polishing each fiber
and mounting it in a hypodermic necdlc will cost about $15-820 per {ibai (=8380 toial). In
addition, a jacket for the cable will be needed. Tota} cost will be about $2400 for the bundle.

The cone holding the breakout end can be machined in-house. The cone will be machined
with slots to align the hypodermic needles and clips (o hold them in place. A cover over the top
of the cone will protect the fibers from the elements (figure H-6).
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4.0 CONCLUSIONS

The only two practical designs are the fiber bundle and integrating sphere. Of these two. the
fiber bundle has the best efficiency (25% versus 12-24% for the sphere) and it s the most cost-
effective (824K versus S5.4K). The integrating sphere is probably more 1ugged and has a more
een angular distribution (but this may not be a signiticant effect because of scattering). The
sphere will most Likely be easier to handle in the fnield. because the fiber ends are fragile and can
only be protected so much by the top housing. In cither case, careful handiing will be needed for
the 5-m section of fiber.

Ovcrall. the fiber bundle design seems the hest. However. the modal effects caused by propa-
gation of UV hight through the opticai fiber may result in signal degradstions. The degree of
degradation in opucal fibers should be further analyzed before any device fabrication the in-
cludes cptical fibers.

In both ot these systems, the only alignment necessary is in couphing the hghtnto the
fiber(s).
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APPENDIX 1
LY PROPAGA.TON MODEL

1.0 BASIC MODEL

The modehing work was an updated and improved version of the Schlupf model (Schlupf.
1982). Some familiarity with this model is assumed.

1.i SCHLUPF MODEL
Some of the features of the Schlupf model are the following:

1. Calculation of direct beam and first-order scattering. Firsi-order scattering 1s done by
breaking the transmutter signal into a set ot weighted “beams.”” These beams are formed
i1 layers about the central axis of the transmission. Each laver contains two more beams
*han the previous one. Each transmitter beam’s vector length is incremented by an
amount corresponding to the desired ime accuracy. The received cnergy from that path
increment 1s calculated and summed into a time bin corresponding to the total path
length.

™
1

e receiver sigial 1s

K2

A dascl puise Is assuined v have @ Gaussian distnbubion s e,
convolved with this shape.

)

3. Aerosol scattering with Neer-Sandrn phase functions and an option te input 4 phase func-
von from an input file. The aerosol extinction cocefficient can exponentially decrease with
height. A second exponential coefficient can be used once « cloud laver is reached. The
operator inputs the ground-based values cf the aerosol absorption and scattering coeffi-
cients because these are highly variable (their sum typically varies from 0.2 10 2 km™?).

4a

The use of an accurate wavelength-dependent ozone (O) absorption coefficient.

5. Ravyleigh scaticring dependent on wavelength, temperature, and pressure. But for most
cases. the scattering is more sigrificant for wavelengths above 230 nm (figures 1-1 and
1-2).s0 thereis Tittle v alue in Jooking at varving temperature and pressure for wave-
lengths above 230 nm.

The Schlupf model does not include oxygen (O; ) absorption (which is important at wans ¢-
lengths belew 250 nm). migher order scatiering. or the eftect of obstacles in the path. Schlupt
treats the ground as a perfect sbsorber.

1.2 NRADMODEL

The NRaD model computer program is wntten in MicroSoft FORTRAN 3.1 1or usc on an
IBM-compatible PC (%0486). TUicintended 1o mode! UV scattering in the 200- 10 300-nm range.
Howuver, all discussion and results will be given for 266 nm.which is the carrent case of
interest for the ISRC project.
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1.2.1 Second-Order Scattering

improvements o the model include the addition of the second-order scatier ng cffects. the
LOWTRAN acrosol phase functions. and the ability to inciude walis (or barners) near the re-
ceiver. O; scattering nas not vet beenancluded in the model. This 1s planned for the near future.
because it s needed for dealing with wavelengths below 230 nm. but it does not affect currem
work at 266 nm.

Second-order modeling is dore in an analogous manner to the first-order scattening. In this
model. the receiver as weli as the transimitter is broken into a series of weighted beams. Each
beam is incremented by @ path length corresponding to the desired time resolution. All combina-
ions of paths with less than @ maximum pdth lenath (deiermined by the path’s attenuation) are
examined.

1.2.2 Beam Distribution

The Schiupf model convolved the Taser beam with a Gaussian function i time n the pre-
vious NRaD model, the laser signal was treated as instantancous. The received laser signal func-
ion i saved to file and can then be convolved with the actual time signature of the laser inthe
plot programs. In the current NKaD model. the laser signai is eapected to be s 70- 10
square wave signal. Should this not be the casc. one can go back to the original calc2iuteo data
and reconvoive 1t with the true lasor time signature.

2.0 MODEL PARAMETERS
The following parameters are used 1in the NRaD computer mode! of the wst Tink.
2.1 ORIENTATION

The 266-nm transmitier laser s G5 km away from the recerver, at u height of 20 m above the
recen e, and poted hoizontally tovard the tecenver. The Jaser beam has o 2-mrad (halt-angle)
divergence.

The reconer oneniation s towards the transmi ter (1a0-degrec orientation). Its ficld-of-view
(FON s YU Segress (43-degree bl - rpand hes a b COSINE distmibution.

22 ATTENUATIOCN

The aerosal phase funichon tsed was LOWTRAN model #7 (mantime 80 hunadity) An
avrosol absorpiion of 007 km™s was tsed. makang the extimonon cocthicient almost wotally
dependent on the seettenmg coctticrent. Cloud ettects were notincluded i this simuletion

The meded was oxecuted Tor a vanety ol environments and ransmitier civvation gigles.
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2.3 EXECUTION

Itwas more efficient to run the first- and second-order scattering proeblems separately for
varnetys of reasons. For instance. 1t is nseful to look at their results separatelv. Also. different
accuragies in time and number of transmitter beam lavers are needed. Finally, computation times
for first- and second-order scaticning diuffer stgnificantls. In fact. the computetion time weuld be
prohibitive if the small time stey required in the first-order scattering were 1o be used for the
second-order case.

3.0 RESULTS

In this problem. the results were dominated by first-order scattering. The integrated energy
from the first-order scattering was always at feast an order of magnitude larger than the second
order and occurred within a much sherter tme interval.

3.1 FIRST-ORDER

For first-order scattering. @ ime step of 0.25 ns was used in a 4-laver transmitier beam
modzl. This many Tavers was not really necessary for such @ small beam divergence. In fact. one
can get fairly reasonable results by using the O-laver model (figure 1-3).

3.1.1 Pulsewidth

1
Tha el
i 1

dAth o e o
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geometric arguments and 1s p]omd n hg__ure I- 4 Thc pulsewidth goes up slowly f rom 22, .' ns at

O-degree elevation to 116 ns at YU-degree elevation. After that. itincreases pold iv. However, ine

received energy dies of i approximately exponentially with time.
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3.1.2 Absurption

The \in“lc-\ca'lcfing enerey i= wory heavily dependent on ozone levels, as would be
expected. This s plotted in figure 1-3 for a vanety of elevation angles.

3.1.3  Scattering

Surprisinglyovarvng the acrosol scattenng coetticient. K, < had almost negligible effect
(figure 1-6). This would not be true in general. but 1s st o \mg_uldr characienistic of the particu-
Jar beam path being modeled currently.

3.1.4 Kange

By nercasing Rothe propagation distance, A, became sigmificant. For the propagation
chianiel under consideration.inereases in A were balanced by corresponding imcreases in the
cocthizseni tor the acrosol phase functon. A rvpical first-order caleulstion was completed in ¢
Tow munutes It one useo O-Javer Faser doam wnscn was really guite aceurate, the caleulation
tovk on'y seconds.

3.2 SECOND-ORDER

Sceonc-order scattening took much jongor to cefveiato—on tne ordsr o onge o twe houss et
cunve. Of Course, the greator the numbor ol recon o hoam Fanors ofie T Shofter the tme s,

the groater the acvitrady of ing miedad
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3.2.1 Model

A time step of 10 ns with a d-laver receiver provided a sufiicient model ¢f the situation. The
transmitier was modeled with one beam, which was quite adequate because of ils low diver-
gence.

3.2.2 Attenuation

Again, the effec’ of ozone level variations scemed to be much more significant than that of
the aerosol scattering coefficient. A plot of the effect of K. at O-degree receiver elevation and
an ozone level of 25 ppb is shown in figure 1-7. One can sce that the higher the K, , the nar-
rower and more 1ntense the second-order scattering pulse becomes. The effect of ozone variation
for 0-degree elevation is shown in figure 1-8. Figure 1-9 shows the effect of receiver elevation
angle on the peak encrgy received.

3.23 Pulsewidth

It is difficult to characterize the pulsewidth due to the second-order scattering. because it
drops off slowly. Figure 1-10 shows the full-width-at-half-maximum (FWHM) as a tunction of
the ozone level. In reality, the pulsewidtn is the point at which the detector 1s recewving an aver-
age of 1 photon within a 100-ns time interval.

As it turns out, the experimental pulsewidth was on the order of 3 us (appendix J). which
indicates that the energy in the second-order scattering was large enough to be observed by the
receiver. A 5-ps pulsewidth indicates that the ozone level for that day was on the order of
75 ppb.
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4.0 PROGRAM NOTES
4.1 UNITS

Units used in the program are in degrees, kilometers (km). and nanoseconds (ns) unless
otherwise noted. All angles are converted (o radians.

4.2 GEOMETRY

The line between the transmitter and the receiver defines the x-axis. Orientation 1s measurcd
from the posiuive x-axis in the xy-plane. Elevation is measured from the xy-plane, not from the
Z-axIs.

4.3 BEAM LAYERS

Zero beam laver means that the transmitter 1s modeled by one beam at its center. Each
successive beam laver has two more beams than the previous laver. The program allows for up
te 10 )avers.

4.4 BEAM DIVERGENCE
The beam divergence 1s measured in mithiradians (mrad) from the center of the peam.
4.5 ENVIRONMENTAL FACTORS

The following environmenial factors (corresponding unitsy are inciuded i the compuics
model: time step (ns). waselengih (nm). ozone {parts per mithon. ppm). pressure (nm Hy).




temperature (deg F). cloud height (km), aerosol absorption coetiicients (km'?). aerosol scattering
cocfficients (km™*). and aerosol phase function models frim LOWTRAN.

4.6 AEROSOL PHASE FUNCTION

Acrosol phase function types 1 through 26 are the standard LOWTRAN types with wave-
length dependence included. Types 100 and 101 are the SciTec types used in the Schlupf model.
Table 1-1 summarizes these aerosol phase function types.

In general. at the wavelengths of interest. light will be scattered strongly in the forward
direction. For the low humidity tvpes, iower wavelength implics more forward scattering bias
(up to an order of magnitude at O degree). The phase function is wavelength-independent for
wavelengths greater than 300 nm. The phase function is wax elength-independent for humidities
of R0% and above.

Table 1-1. Phase function types.

Tvne Environment Relative Humidity (%)
1 Rural 0
2 Rural 70
3 Rural &C
4 Rurai 99
5 Maritime 0
6 Maritime 70
7 Maritime &0
8 Maritime 99
9 Urban U
10 Urban 70
11 Urban 80
12 Urban 99
13 Oceanic 0
14 Oceanic 70 »
15 Ocramc K() <
16 Oceuanic 9y
17 Tropospheric 0
18 Tropospheric 70
19 Tropospheric 80
20 Tropospheric 99
21 Stratospheric —
22 Aged Volcanic -—
23 Fresh Volcamic —
24 Radiation Fog —
25 Advective Fog —_— ,
26 Mecieoric Dust — o
100 SaiTec —
i0] Neer-Sandrn —

I-10




47 WALLS

Walls, used to block scattering to the receiver, are defined avoul the receiver with the follow-
ing factors (figure 11):

1. the number of walls obscuring receiver;

-

an elevation angle as scen from the receiver to the top of the wall; and

3. two orientation angles as ceen from the receiver defining the azimuthal angle range
blocked by the wall.
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Aoy === )¢ A

XMT
(a) Side View
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Figure 1-11. Wall definitions.
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APPENDIX ]
LASER LINK DATA AND ANALYSIS

1.0 BACKGROUND

In the mid-1980s. the Naval Ocean Systems Center conducted extensive tests of an UV Com-
munications (UV Comm) link in the Point Loma arca of San Diego. CA (Yen. 1987) This
780-m link consisted of an UV transmitter and an UV receiver (figure J-1). A buildis ¢ and a hill
1n between made this configuration complete!y non-hine-of-sight {NLOS).

1. UV COMM SIGNAL DESCRIPTION

The UV Comm transmitter continuously sent out 606 pulses per sccond. with cach ume peri-
od (representing a “symbol” of two bits) of 1667 ps subdivided into four “bins™ of 417 us each
(sce figure J-2 for the symbol meanings).

The lamps were turned on during the "007 bin and off in the other bins (01, 10, and 11
Turning the lamps on inany one particular bin represented a 2-bit symbol, corresponding to the
bin being sent out. The above represented a 1200-bps pulse position modulation (PPM; scheme.

1.2 SIGNAL CHARACTERISTICS

The solar-blindness of the sensor meant that the UV Comm hink did nel have to contend with
solar noisc. Figure J-3 showed the received signal from the UV Comm link with the dots where
the “ON bins™ should be.

Because the number of UV photons per bin was smiall, the evervday Gaussian distribution
must be replaced with the Poisson distribution. The Poisson distribution was designed to
describe s small number of discrete occurrences. The effect of Poisson statistics could be clearly
seen in the random pulse heights, but ail the "ON bins™ were sull clearly higher than than noise
and cach svmbol was then correct.

13 NOISE CHARACTERISTICS

It shouid be noted here that the high background (1 UV photon bin) (figure J-3) was due to
the presence of the small LOS UV source. Several manmade UV sources exist, such as burning
fuel and arc welding. Burning fuel results in a relatively constant lzvel of UV photons thai can
be handled by the use of the proper algonthm and sufficiently intense signal pulses.

Arc welding 1s a more serious problern, as can be seenn the following discussion. Figure J-4
shows the received signal 50 ms after the time peniod shown in figure J-3, when some arc weld-
ing spikes appeared. The arc-welding produces short but very intense bursts of UV radiation that
sertousiv nteriere with the UV signal. Signai-processing schemies can be developed to handie
this tvpe of random interference.




RECEIVER TRANSMITTER

Figure J-1. UV Comim configuration.
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Figure J-2. UV Comm signal format.
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Figure J-4. Arc welding noise.




20 UV LASER

An giternztive o signal processing tor solving the random noise provdem noted above gs the
pse uf @ pulsed laser as the UV vansmitter.

2.1 LASER PULSEWIDTH

A Q-switched. pulsed. UN Jaser (such as SxNdYAG) emints very short hght pulses. on the
order ot 100 ns or less. While o UV pulse travels trom the transnutier to the receiver. it encoun-
lers various atmosphernic scattening components and s scaticred. Therelore, the recenved signal
will be a Ustretched™ pulse. wath pulsewidth ot several us (appendix 1),

2.2 NOISE SUPPRESSION

Laser pulses allow the reduction ol the temporal bin sizeo or the recenver integration tme. so
that UV noise sources can then bue spread oul over a targer number ot bins. This reduces the
noise level at anv paruicular bin to a few photons, while the laser pulse will be concentrated
in one or two bins. resulvang in ten or more photons 1nan ON symbol, Therefore, the use of
laser pulses should suppress UV noise sources.

A numerical companson wath the UV Comm systiem described abos e indicates considerable
improvement in the signal-to-noise ratio of the laser svstem. With much smaller bin sizes (5 us
versus 416 us). mosi UV noise sources are expected to have tume characteristies of longer dura-
ton and to be spread out over these 83 bins to resemble o DC source. The Taser “pulse™ i the
ON bin would then be casily distinguishable from the semiconsiant noise. resuiting in o higher

PR T D T T S
DI T WUTHIVIDL fatiu.

3.0 TESTLINK
A quadrupled Nd:YAG UV laser was set up as the trensmitter of @ test hink m order o verify
the above hypothesis that the use of short laser pulses will suppress nosse.

31 TRANSMITTER

The 4xNdYAG laser emits UV pulses at a rate of 2500 pulses per second wath per pulse
energy of about 130 w). for a total power output of about 6.3 W The bearn divergence
(half-anglic) was about 2 mrad.

The laser peam was directed out ot the Juboratory by two murors placed in g beam mipe
(figure J-5) The loss from the twe retlecions was about 107 ¢

3.2 CONFIGURATION

The beam was directed honizontslhy toward @ recerver situated on the root of @ buildig about
(.6 km away. The transmutter site wis about 20 m higher than the recenver site thigure J-5)0 50
the beam should pass near and above the receiver. Given the beam divergence. the difirscuion-
hmited. scattered beant radius near the recover site should be Jess than 2 m. Theretore, ol the
UV photons detected af the recenver site are scattered phoions,

3.3 RECEIVER
The recerver consisted of the UV Comm photomuluplhicr tube (PMT) and clectonies

pi:(ki:‘:,';. a data-coilccnon PO hoard (d[‘.p;‘ﬂ\jl\ }\'). o PC hard dishoror dats Stotayc. dh ascillo-

scope 1op realiime observabions, and @ poster for osci]oscope racimgs
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Figure J-5. Laser hink configuration.

The data collection system was capable of recording all data at 100-ns intervals for about 3()
seconds per run. One bit is recorded for each 100-ns interval: 1 indicates the presence of a
photon and 0 otherwise. The SCSI hard disk is capable of storing data from 12 runs.

The detector was aimed about 15 degrees from vertical and oriented in the azimuthal
dircction of the transmitter. Also colocated at the receiver site was a small UV light (pen ray) for
generating UV noise.

4.0 RESULTS
The laser pulse trains were detected and stored at the receiver site. Some preliminary analysis
was performed there. Finally, UV noisc was added to the test ink pen ray as the noise source.
4.1 OSCILLOSCOPE TRACINGS

Although stored data were checked, most of the preliminary analysis was from the oscillo-
scope displavs (and tracings) discusscd beiow.

4.2 NOISE

By turning on a small UV light (pen ray) near the receiver, the arca around the receiver was
flooded with UV photons to simulate UV noise.

The noise levels shown in the tracings (figure J-6) are on the order of 10° UV photors per
sccond. This noise Jevel. equivalent to about 40 photons per 417-us bin, would have made the
UV Comm hink untenable, because only about 10-20 UV photons were expected in an ON bin.

J-5
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Figure J-0. Examples of noise,

Note that while the UV photons from the pen ray artive ina tandom fashion (Poisson dis-
tribution), the photons constituted more of i semiconstant noise source than a “spiky” noise
source like arc welding,

43 LASER PULSE WITHOUT NOISE IN CLEAR WEATIIER

Duting the first test series, the weather was clear, diy, and sunny, with httle vaiations. ‘The
result is an environment with o relatively small number of scatterers. The Jaser Ting test results
confirm that the pulsewidth, which is a function of scattering strength, showed relitively small
vanation (figure J-7).

44 LASER WITH NOISE IN CLEAR WEATHER

Next, the pen ray was turned on while the Taser was tunning. This noise, as expected, does
not overwhelm the UV laser signal (figuie J-8) The Laser pulses e quite distinehve among the
noise photons. Thus, one can conclude that the use of the UV daser pulseas conduaive 1o
suppressing noise of this type.

J-6
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Figure J-7. Laser pulse example.
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Figure -8, Laser pulse with noise.




4.5 LASER PULSE WITHOUT NOISE UNDER OVERCAST

The sccond test series was conducted under a heavy overcast. The humidity (and acrosol
concentration) was high. The received pulses varied considerably, with the pulsewidth varving
from 3 ps 1o 8 or 9 ps (figure J-9). Even though the number of photons captured in a received
laser pulse is considerable, the Poisson distribution for small discrete occurrences still applies.
Therefore, considerable variation occurs in the pulsewidths of the detected laser pulses.

4.6 LASER PULSE SIGNATURE

The Q-switched, 4XNd: YAG laser used for the testing has o pulsewidth of less than 100 ns.
‘The configuration shown in figure J-5 favers detecting single-scattered photons in the forward
direction. Therefore, in the first 100 ns of the laser pulse, so many UV photons reached the PMT
at almost the same instant of time that the PMT behaved in a peculiar way.

As can be seenin fignares J-7 through J-9, the oscilloscope sees a pulse, then nothing for
about 2 s, and finally a compact group of pulses. This puorticular signature can be useful in de-
termining a real laser pulse in situations with more noise.

This characteristic signature effect differs from what is gencrally called PMT caturation,
where a steady sticam of a few million photons hits and overloads the PMT. Although the total
numbcer of photons is large, it is equivalent to only a few photons per microsecond. The PMT
caii welbl handle a photon every 100 ns for short periods of time, but it overloads wher the large
photon flux continues for too long. The recovery from this type of saturation is on the order of
several milliseconds.

J-K
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5.0 TEST DATA

A compuler software package was developed in parallel with the data recording hardware
(described in appendix K) to record and analyze the test data.

5.1 DATA DESCRIPTION

This section describes UV laser data taken by a PMT and stored for further analysis on an
IBM-compatibie personal computer. The 266-nm UV laser was pulsed at about 2500 Hz. The
siunal was reccived by a PMT about 0.6 kin away from the transmitter. Probably only scattered
data would be received in that configuration (figure J-5).

The data were digitized at 100-ns intervals and taken over periods of 1633.6 ps. Each of
these periods was identified by a pulsc identification (PID) number. Each file consisted of
16,384 of these data-taking periods (PIDs), resulting in 26.76 scconds of data. Because cach data
acquisition was initiated by a synchronization pulse, the process slowed down somewhat to
cover a longer period in realtime. This was necessary because finite time is needed te read the
data from the acquisition board and store it to a RAM disk.

5.2 DATA STORAGE

Because of the limited amount of RAM (36 MB) available for creating a RAM disk, it was
decided 10 make individual runs that generate 32-MB (33,554,432 bytes) files. After cach run,
that filc is copicd onto a 400-MB hard disk; thus, 12 runs are possible before permanent storage
must be arranged.

Twelve files of data were taken on 16 December 1992 and another 12 files were taken on 17
Dcceember 1992 (table J-1). The ime spans over which the data files were taken were short. The
first series (16 December) was taken over a 20-minute time period and the second series (17
Dcecember) was taken over a 38-minute time period.

5.3 TEST CONDITIONS

The weather was clear and dry on 16 December. In contrast, 17 December was cloudy and
humid, resulting in @ lot of moisture in the air. The fast-moving clouds overhead meant that
some propagation variability would be expected in the data as a result. Neither day had rain or
fog. Data were taken both days with and without noise from a small UV light (The UVP
Company Pen Ray).

On 16 December, experiments veere performed by turning the laser on and off during data
runs. There was also a file of noise-only data.

Because the data are digitized in 100-ns increments, it is convenient o present itin “counts”
of 100 ns rather than microseconds (us).

5.4 PULSEIDENTIFUATION

Valid pulses are considered to be those with the signature described in section 4.6, Some
“fadeout” periods occurred where the characteristic sighature was missing (table J-1).
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Table J-1. Data files summary.

File Date Time Noise l_aser Comment
16-0 16 Dec 92 09:02:59 No ON

16-1 16 Dec 92 (9:04:35 Yes ON Fadeout
16-2 16 Dec 92 09:07:09 No ONOFF

16-3 16 Dec 92 09:08:1? Yes OFF

16-4 16 Dec 92 09:09:39 No OFF:ON

16-5 16 Doc 92 09:11:11 Yes ON

16-6 16 Dec 92 (9:13:02 Yes ON/OFF

16-7 16 Dec 92 09:14:25 High OFF

16-8 16 Dec 92 09:16:04 Yes OFF/ON

16-9 16 Dec 92 09:17:43 No ON

16-10 16 Dec 92 09:20:53 No OFF/ON

16-11 16 Dec 92 09:22:08 No OFF/ON

17-0 17 Dec 92 09:02:09 No ON Fadeout
17-1 17 Dec 92 09:09:38 High ON Fadeout
17-2 17 Dec 92 09:15:25 Yes ON Fadeout
17-3 i7Dec 92 09:25:50 No ON

17-10 17 Dec 92 09:29:21 No ON

17-11 17 Dec 92 09:20:07 No ON

17-12 17 Dec 92 09:31:24 No ON

17-13 17 Dec 92 09:32:34 Yes ON

17-14 17 Dec 92 (09:33:55 No ON Board Waving
17-15 17 Dec 92 09:35:06 No ON

17-16 17 Dec Y2 09:36:35 No ON

17-17 17 Dec 92 09:37:46 No ON

6.0 SUMMARY

In the link tests described above, the raw data have also been stored onto a hard disk.
Because of the tine resolution (one bit per 100 ns) and the amount of computer memory avail-
able (36 MB), the maximum recording time per run was only about 27 seconds. The size of the
hard disk used hmited a test scries 1o only 12 runs. However, even with these imitations, one
test series can record up to about 800,000 laser pulse events.

6.1 LASER STABILITY

The analysis of the time between laser pulses indicates that the laser’s internal clock is gener-
ally stable. More importantly, the analysis implies that the UV laser can be made to lase at cer-
tain times, within a few microscconds, and well within the expected bin size (say 10 us) of a
laser link. Therefore, a laser link based on PPM and a bin size of 10 us will be feasible.

6.2 PULSEWIDTH

In general, the detected laser pulses have pulsewidths ranging from 3 to 10 us, with an aver-
age of about 610 7 us. This indicates that a bin size of 10 ps can be used to define UV laser link
modulation-demodulation schemes. With a bin size of 10145, a laser pulse is unlikely to cover
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more than two of these bins, and concatenating results from two successive bins is relatively
easy.

The unusual laser pulse signature noted in section 4.6 makes the pulsewidth caiculations
unrehiable. Untl this phenomenon is resolved, the pulsewidths remain in doubt. Possible
explanations include clecironic processing cerror, PMT overload, and stretching due 1o atmo-
spheric scattering.

Further, it is difficult to be more specific about the pulsewidths because variations in the test
data are not extensive to date. When more data are available, a more detailed analysis will be
performed and reported.

6.3 NOISE

In general, the noise is distributed randomly, although there is some clustering of noise
photons with an average of a few photons per 10-ps bin. Thus, @ noise ts unlikely to be mistaken
for a laser pulse and vice versa, given a noise source such as an UV lamp.

However, a possibly more spiky noise source, such as arc-welding, must be tested to
determine whether the UV photons thus generated are more clustered in the time regime
discussed above.

6.4 CONCLUSIONS

Preliminary analyses confirm that UV laser pulse propagation characteristics can improve the
signal-to-noisc ratio of a laser signal considerably over that of UV lamp signals. Therefore, a
laser link can tolerate much higher noise levels than a lamp link, but the tolerance limit is as yet
undctermined.

6.5 RECOMMENDATIONS
a. Perform more laser Link tests and collect propagation data under different conditions.

b. Further study the effects of environmental factors on the UV laser pulse propagation
characteristics.

¢. Further characterize the UV laser pulse propagation through the atmosphere in the
presence of different noise sources.

d. Establish what level and type of noise an UV laser link cai tolerate.

7.0 ACKNOWLEDGMENTS

The link tests described above have been performed by LeRoy Gibeson. Pete Poirer, and
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data analysis programs have been deveioped by Maureen O Brien, alse of the RDT&E Division.
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APPENDIX K
ISRC ELECTRONICS

1.0 INTRODUCTION

One of the cfforts of the ISRC project was the development of an UV laser hink for tactical
communications.

1.1 REQUIREMENT

A primaiy uncertainty of UV laser communications was the imited knowledge of the propa-
gavon characteristic of the laser pulse at the communication range. Thus, the charactenzation of
the UV lascr pulse propagated to this distance defines the requirement.

1.2 ASSETS

The two available photomultipiier tubes (PMTs) used for previous UV projects were housed
with solar-blind filters and associated electronics. These electronies provided amplification and
shaping tor cach photon cvent, which resulted in 4 single 70-ns electronic pulse per photon
event

IBM-compatible PCs have been acquired as terminals for the ISRC data link. These
computers possess a 80486 processor, 4 megabytes (MB) of memory, and a 130-MB hard drive.
It was decided 1o develop the charactenization procedure within the constraints of the PCs’
Industry Standard Architecture (ISA) data bus.

2.0 APPROACH

Previous methods of counting photon events with a counter (with a time base of a sccond)
were impractical because of the very short duration of the laser pulse (50 to 104) ns) and the
limited expected scattering cffect (on the order of 2 to 10 us). 1deally. capturing the laser pulses
in realtime with as high a resolution as possible was desirable.

2.1 RESOLUTION

The available PMT units had an output pulse of 70 ns per photon event and a recovery of
approximately 30 ns, which determiried that a 100-ns resolution was attainable. This resulted in
the maximum count of 1 photon event per 100 ns, or 107 counts per second.

2.2 THROUGHPUT

Capture of the 10 megabits per sccond (Mbps) senal data (assuming scrial to parallel conver-
sion) required an input-to-computer (PMT-to-hard disk) throughput oi 1.25 Mbps (or 625 Kilo-
words per sccond or 10 Mbps - 16). The imitial throughput testing was conducted with
commercially available products.

2.3 STORAGE

The storage requirement was set at 400 MB. which would allow for about 330 scconds of
realiime data collection. This is equivalent to approximately 760,000 laser pulses.




The hard drive selected was an SCSI Scagate STHISON with an mternal data rate of 17 10 25
Mbps and a spindle rotation of 4400 RPM (versus the normal 3600 RPM).

In memory-to-disk throughput tests, data rates approaching 2 Mbps were attained. Although
this data rate was greater then the 1.25 Mbps required, it did not involve the handhing of data
from an input port.

2.4 INPUT TESTING

The input testing was performed with a National Instruments AT-D10-32F parallel 1:0 card
with a conservative data rate specification of 1 Mbps. Tt was hoped that with a double-butfer,
interrupt-driven dover, a higher data rate could be achieved. However, pushing the PC'S ISA bus
speed bevond the designed specification of 8 MHz (1 Mbps data rate) proved to be unreliable.

A decision was made to design a PC data-capture board that would capture a window of data
centered around cach laser pulse. This would redefine the throughput data rate requirement to
[(windowsize < 8)* pulse rate]. Assuming a nominal realtime capture window of 100 ps, the
required data rate would drop to 0.307 Mbps, which is well within the capability of the PC. This
also has the advantage ot increasing the capacity of the hard disk to greater than 3 milhion pulses
captured over a 20-minute test period.

Figurc K-11s a block diagram of the Laser Pulse Acquisition (1LPAcq) card.
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Figure K-1. Block diagrain of the Laser Pulse Acquisition (LPAcq) card.




2.5 SYNCHRONIZATION

A means of synchronizing the data capture window with the laser pulse was required for the
test link because of the continuous nature of the Taser pulse train. Three methods were evaluated:
a direct fand line over exasting underground wiring, Global Positioning System (GPS) reccivers
avarlable from another project, and a microwave link.

2.5.1 Land Line

The direct land line proved to be unreliable due te the suboptimal condition of the available
wiring and inherently undesirable for future use in ficld (portable) testing.

25.2 GPS

Investigation of the GPS receivers determined that even though the time recorded during a
location fix was accurate at the time of the fix, this was considered a low priority in the coded
output. Theretore, the GPS-provided time wa  unsuitable for our sequirement (accuracy within 1
us is required). Recent products have addressed a time synchronous rquirement and could be
considered in the future.

2.5.3 DMicrowave

A paii of Advanced Receiver Rescarch’s model TRI0GA 10 GHz “Gunnplexer™ transceivers
were purchased tor the microwave Hink. Applying & timing puise directly to the tuning varaclor
of the Gunn oscillator results in the transmission of a single microwave burst. At the receiving
end, the microwave burst is detected as an FM noise burst that is integrated and shaped to pro-
vide the laser gate pulse (LPGate) for the LPAcq card.

The microwave link proved to be very reliable and portable (assuming AC power

availability), although it did require linc-of-sight (LOS) between the transmitter and the recciver.

3.0 HARDWARE
3.1 LASER TRIGGER

The laser pulse triggerigate circuit provides a pair of pulses. The first pulse, sent to the
receiving site (via the microwave link), indicates that a laser pulse is pending and gating the data
recording system. The other pulse triggers the laser’s Q-switch after a programmable 1- to
256-ps (via dip switch) delay.

3.2 LPAcqg CARD

The laser pulse data block was defiaed as follows:

Word 1: upper halt of a sequential 32-bit
Pulse [Dentification (PID) number.

Word 2: fower half of the 1D

Words 3 = (N-1): TO-bit data vords.

Word N: 16-bit checksumn.




The data block size N may be varied by the data collection program. Currently, a 1024-word
data hlock s used to store data.

3.2.1 Control

The LPAcy card uses 1'G port addresses 2:40-243 for reset, sctting parameters, and data con-
trol. Address 240 addresses the first-in-first-out (FIFO) for reading.

3.2.2 FIFO Buffer

A 4-KB FIFO buffer was used to compensate for the difference between the input rate (1.6
s per word) and the memory data rate (2 us per word). Although this simplitied the data trans-
fer. the buffer can be overrun with too large of a data block or o, fast of a data rate.

3.2.3 Data Block

Under software controi, the LPAcq card is enabled to take data. On the receipt of a LPGate
pulse from the microwave receiver. the PID counter is incremented and loaded into the FIFO
buffer (2 words). Next. the senial input from the PMT is “shiced™ at a 10 MHz rate (100 ns). con-
verted into 16-bit words, and loaded into the buffer (the number of words is controlled by the
programmable frame size. with the default at 63 words to approximate 100 ps). Finally, the
checksum is added to the butier to complete the data block.

With the default settings and a laser pulse rate of 2400 Hz, the 4-KB buffer will fill in 12 ms.
This overrun will stop data from being stored in the buffer, but it will not stop the PID counter
from incrementing. This 1s considered an error condition and full reset capability is provided.

3.2.4 Buffer Status

Three buffer status conditions are provided: empty. half-full, and full. Upon receiving a half-
full condition, the software reads the data from the buffer until empty. The data are read onto a
32-MB random access memory (RAM) disk. When the RAM disk s full, the LPAcq card is dis-
abled and the stored data are transferred to the hard disk. This method results in the maximum
recording rate and transter rate (to the hard disk) and increases the overall efficiency.

3.2.5  Summary

By changing the basic clock, a ditferent resolution can be achieved (1e, 50 ns, 1 ps). The
base variable would be frame size versus repetition rate.

With this flexibility. o wide range of data vates and windows (frame sizes) can be accommo-
dated.

4.0 ACKNOWLEDGMENTS

The clectronies and softaare described above have been developed by TeRoy Gibeson and
Muaarcen O Bricn of the NCCOSC RDT&LE Dhivision.




APPENDIN 1.
PHASE T PROPOSALS SUMNMARY

1.0 SBIR

In pursimt ol alcrnative technologicsan the povine sector that can be apphed to ISRO
mssions, i sohetation btded "Optical Scatter Conmmunmications” was advertised tuough the
Small Business Tnnovation Rescinch (SBIR) publication (sohicitation NQT-30K),

‘Fweive companies submitted proposals to this solicitition (able 1 1),

Table F-1 SBICpraposals summeany,

Pioposal (8% I Ri-

1o Aspen Systes, Ine. A
Marlborough, MA

2. Botronies ‘Technologes, Ine. N X
Wanhosha, Wi

3. Boulder Nonblinear Systems, b X
Poulder, €O

4. Deavon Rescindhi A
Palo Alto, CA

S Jamin Jechnolopy Co, b
San Dhicpo, CA

O, Jamicson Saience & Bogimeering, e, )
Hethesda, MD

7. Lane Loe Faser Corp, AN
Muountam View, CA

E.o Option Systems, Ing. A
Bedtord, MA

Yo Physical Opncs Corp \
Torrance, CA

PO Sparta, Ine. hY
San Dhcpo, CA

P Surface Opties Corp K
San Diepo. CA

12, UBC, Ine X

Tampa, b

L1 SOLICEIATION TEXNT (AS PUBLISHED)

OBIECTIVE The objective of this topioas te desspnand develop commmmcations sysicne,
which use optical scaticnng and-or atmosphenc absorpion Wiy antage, resultmg i shon
e, fow probabality of antercept (FP1y tencal commmncitions

DESCRIPTION: Bitiad oxploratony v estipations anto the perfonmance chaacterstices ol
clocromapnetuc e mssions ot neas hiph freqgaenaes indieane tat propapeanion m b fregnency




range offers some tactically aseful propertics. Atunospheric absorption in this frequency range
results inovery hgh propagation jasses over very short distances, while optical scattering reduces
the dependence on optical Tine of sight betweon the transmitter and receiver. Several applications
arc conccivable which would permit omnidirectional, networked communications among voice
and dita subsenibers, Also, by using directional antennas, range can be extended winde mamtain -
ing other desirable properties. such o directionad system could provide wideband communica-
tions point-to-point if o suitable multiplexing, scheme could be devised. The current limiting

L]
technologies appeat to be achieving frequency diversity and high cost of transmitter and receiver
COMPORCIS,

Phise P would conast ot concept explotation resulting o prebumimary design study which
produces asystem desipn diawang supporied by theoretical deternmmations of system
pettonmance. These caleulutions shoubt venty that the speciticd pettormance can be achieved.

Fliase Hoveould consist ol sssembly and demonstration of the prototype systems, The demon:
stratran(s) most be destpned o venty the theorenical caleulishons Trvom Phase 1
1.2 EVALUATORS

Pive eviluators were mvolved, three from NCCOSC RDTAT Davision and two from MOSC
The NCCOSC u.lln tors werg John Yen and Diony Kotz ot Code 843, and Victor Mobarg of Code
A e MOSC evalumtor wore Kovin Smith wod Robert St of Code AW
1.3 SELECTION

The sponsor selected Spatta i the hest proposal of those subimtted 1o MOSC, Spia i was
avwarded an SBIR contract (INGODOT-O2-CT007 )y on 30 January 1992 1n May 1992, Spatta wir
pranted i eatension of the contract to O Novamber 19492
14 STATUDL

Thrs contract wans completed as of November 1949,

2.0 BAA

T puesit of ahiciative iccmodopies i the povate sector st can b applicd 1o the 1SR(

missicns, i Broad Apency Anuouncamont (BAA) sahiotation was s ertised Hiouph the )

Commicice Bostness Danly.

Twenty o companies submptted proposais (lablc 13




Table L-2. BAA proposals summary.

Proposal uv IR RF Other

1. Battelle X
Columbus, OH

2. Comm Concept Chesp X
Chesapeake, VA

] 3. Dataproducts X

Wallingford, CT

4. DiRad X
Redondo Beach, CA

S, Galaxy Micro X
Austin, TX

6. GTE Mt View X
Mt View, CA

7. GTE Waltham X
Wiltham, MA

8. Honcywdll X
Bloomington, MN

9. 1SS X
Bediord, MA

10. Hughes X
Fullerton, CA

1. Jamar A
San Dicgo, CA

12, Juyeor X
San Dicgo, CA

13 1.CR X
Jattleton, 'O

14 Lane Lt A
Mt View, CA

15, Latton X
Tempe, A

10, 1.SA N
Athgton, VA

17, Millnech X
Sonth Deerheld, MA

1K, Missian Res Corp X
Lo Aliiimos, NM

19, Peote Kes X
Falls Chinely, VA

20, Kaythean A
Muihoroupl MA

21 Surtace Optics h
San P hcpo, CA

20 hian \

N nepo, CA




2.1 SOLICITATION TEXT (AS PUBLISHED)

A — INTENTIONALLY SHORT-RANGED COMMUNICATIONS TECHNOLOGY
DEVELOPMENT SOL N66001-92-X-6005 POC Cindy Jensen, Contract Specialist,
(619) 553-4490. Celia Vaughn, Contracting Officer. Debra M. Gookin, Technical Contact,
(619) 553-253K. Broad Agency Announcement.

The Naval Ocean Systems Center (NOSC) is secking propesals (lechnical and cost) with in-
novative approaches for a technology development effort for short-ranged communications. The
objective of this program is to design and develop communications systems that use scallering
and‘or atmospheric absorption properties to advantage. resulting in short-range, low-probability
of intercept (LPI) tactical communications. The final conumunications system must be rugged,
mobile in a High Mobility Multipurpose Wheeled Vehicle (HMMV) or similar Marine Corps ve-
hicle, and must work on available power (100 A at 27 V). Any technological approach will be
considered. This effort will be coordinated with a Marine Corps SBIR program and related in-
house work at NOSC.

Previous approaches which have been tried include optical systems using ultra-violct lamps,
ultra-violet lasers, or infra-red laser and millimeter wave systems. This cffort should result ina
prototype communicatiors - ystems with the detection range himited to iess than 5 kilometers.
The communications link should be non-line-of-sight or should result in a detectable signal for a
detector at least S degrees from transmitter bore sight. The systems developed under 2ll three
phases of this program must all meet the detection range and angle requirements.

Phase | is a 6-month design phasc. At the end of Phase 1, contractors arc expected to provide
a demonstration of the concept-technology and a detailed plan of their approach to the Phase 11
cffort. The plan must contain sufficient detail to allow the Government to assess the probability

of success of the approach. Phase I contractor performance will be evaluated and dewnsclections
made for Phase 11

Phase 11 will be a 12-month program. Phase 11 contractors are expected to complete a ficld
test with at lcast 2.4 Kilobits per second one-way data transmission. They must also provide a
detailed plan of their approach to the Phase 1 effort.

Phasc 11 will be another 12-month program following completion of Fhase 11 Phase HI con-
tractors are expected to demonstrate two-way communications at the 2.4 kilobits per second rate
and one-way data transmission at 2 megabits per second. Both of these demonstrations will be
done in the ficld.

Proposed efforts for Phase 1 will be evaluated according to the following criteria:

1 scientific and technical merit of the proposced cfiort,

2. potential of proposed ctlort to mect the final objectives,

3 the gnalifications, capabilities and relevant experience of the proposed principal investi-
gator,

4 the olfferor’s capabilities, related expenienee and facihties; and

5. rcalivm of the proposed cost.




Proposals submitted must contain sufficient specific information to allow the Government to
adeyguately evaluate the proposal in accordance with these critenia. The Government desires
unlimited data rights with regard to data 1o be delivered under this procurement. Proprictary
concepts/information should be clearly identificd upfront and marked in the proposal. 1tis
anticipated that the follow ing data deliverables will be required under the resulting contracts:
Monthly Progress Report, Quarterfy Program Reviews, and Final Technical Report (for cach
phasc).

Itis expected that one to three Phase T contracts will be awarded. No Phase | contract will
exceed $100K. The availability of funds may dictate the number of proposals accepted by the
Government. The technical volume of the proposal 1s limited to 30 pages, excluding resumes and
management/facilitics. The cost volume should:

1. be a separated document which clearly costs cach proposed task separately; and

2. provide a Standard Form 1411, Contracting Pricing Proposal Cover Sheet, supported by

adequate breakout of cost clements and rates for the purpose of cost/price analysis.

Cost proposals shall be valid for a period of 120 days after the date of submission. An
original plus three copies of the iechinical volume, plus three copies of the cost volume should be
submitted to NOSC, Aun:C. Jensen, Code 213; San Dicgo, California 92152-5000. Any other
questions may be addressed to Ms. Jensen or C. Vaughn.

Proposals are 1o be submitted no later than 13 January 1992, and should be unclassified. This
notice constitutes a BAA as comemplated in FAR 6.102(d)(2). No additional written information
is available, nor will a formal RET or other solicitation regarding this annovncement be issued.
Interested partics arc invited to respond 1o this synopsis. All responsible partics responses will be
considered.

2.2 EVALUATOKS

Five NCCOSC personnel evaluated these proposals: Debra Gookin, Dan Katz, and John Yen
of Code B43; Viztor Moberg of Code 842; and MAJ Scott Minturn of Code 033 (Marine Corps
Laaison Office).

2.3 SELECTION

The evaluations were submitted 1o MCSC. The sponsor concurred that GTE Waltham,
Mission Rescarch Corporation, and Trian bad the best proposals. Each of these three was
awarded i BAA contract (GTE: NO6OOT-92-C-6010, awarded on 30 Aprit 1992, Mission
Rescarch Corporation; No60OOT-92-C-6007, awarded on 6 April 1992: Titan:
NOOUOT-92-C-6008, awarded on 14 May 1992),

2.4 STATUS

Al thiee contracts were completed as of this writing,
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