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"OBJECTIVE

Demonstrate tile feasibility of using fiher optics in a military system aboard an
airborne platform and determine whether such use uf fiber optics could lower the cost
and/or Increase ltke peitormance of military systems.

RESULTS

The Airborne Light. Optical Fiber Technology (ALOFT) flight demonstration
compared a fiber-optic multiplexed configuration to the existing wire configuration A-7
aircraft navigation \eap.-',n deli,,ory system, and the economic analysis uompaied fibei-
opt.c and wire versions ct A-7 avionic systems. The following results were obtained:

1. Fiber-opic components can operate in the maintenance and mission environ-

nients of a military aircraft.

2. In the operating environment of a military 4ircraft, the multiplex fiber-optic
system performed with the same accuracy as the nonmiultiplexed existing wire system.

3. In an FMI or lightning environment, the multiplex fiber-optic system was
si jerior to the nonnmultiplexed wire system.

4. The results of the economic analysis indicate,, in the comnparison betwcn
conventional wire systems and fiber-optic syste.-is, fiber-optic technology clearly pro-
vides substantial future benefits of reduced system weight, improved survivability and
reliability. incrased data transmission, and ease of maintenance at reduced life-cycle costs
while IIIeetiIg; 01 CAceeding the future requirements of EMI and EMP.

P 5. Reliability data compiled during the first 72 hours of flight testing indicate
that the fiber-optic system may be more reliable than the wire-interface system used in
the Fleet configuration.

6. The fiber-optic system interface was easier to trouble-shoot and maintain than
the wire system.

ADMINISTRATIVE INFORMATION

This work wats pcifoi-ned by the Air Systems Programn Office ('ode l606), Nav-I
Electronics Laboratory Center, for the Naval Air Systems Command (NAVAIR) under
program element 63791N, project F41XI, and task area WF41X1001 (NELC work unit
F228). The principal investigator was John R Ellis, LC1)R, USN.

The authors acknowledge the contributions to the generation of this report made
by W] Tinston, Jr, LCDR, USN. and TA Meador of NHLC, JT l)ijak, ('tptain USAF. of
Wright-Patterson AFB, Dave Orwig, NATC. Patuxent River, MI), and Jim Ross and Mike
Johnson of NWC, ('lina Lake, CA. This report was approved for publication 3 February
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INTROI)UCTION

The Airborne Light Optical Fiber Technology (AL.OFT) demonstration was spon-
sored by the Naval Air System.i Command (Al R-360) to show the feasibility of using I,ber
optics on an airborne military platform and to determine if fiber optics could lower the
overall cost or improve the overall performance of military systems.

When signals in an avionics environment ire transferred electrically, there is found
to be potential operational degradation and damage due to the susceptibility of metallic
conductors to elect romiagnetic interference, radio-frequency interference, lightning strikes,
and nuclear-generated electromagnetic pulses. Other sources of electronic interference such
as crosstalk, ground-looping, reflection, and short-circuit loading also affect system operation.

When an electro-optical interface is used to transfer signals, information is transmitted
through bundles of glass fibers called fiber-optic cables. Because of the dielectric nature of
glass, the bundles are immune to electrical interference and are unaffected by electbonic con-
duction problems. Because of these attributes and the high-bandwidth capabilities of fiber-
optic cables, multiplexing can be used reliably in a fiber-optic system. Multiplexing reduces
the number of the required signal paths and the complexity of cable connectors. The result-

ing enhancement of system performance and the savings of space and weight may make fiber-
optic technology highly cost effective for avionic systems.

PARTICIPANTS

The ALOFT project began in March 1974 when NAVAIR assigned NELC the respon-
sibility for conducting the fiber-optic investigation. The project came to an end in February
1977 after more than 107 flight-test hours of the fiber-optic A-7 system had been conducted
by Naval Weapons Center (NWC), China Lake, California.

NELC was tasked by NAVAIR to manage the ALOFT project and to perform evalu-
ation tests on fiber-optic components. IBM, Federal Systems Division, Owego, New York,
performed the system design, fabrication, and integration. Ling-Temnco-Vought (LTV),
Vought Systems Division, Dallas, Texas, developed an installation plan and performed the
initial system ground tests. The Naval Weapons Center, China Lake, California, supplied the
necessary software for the system, safety-of-flight verification, and the flight test facilities
for the ALOFT demonstration. NWC also installed the ALOFT system in the aircraft and

performed ground and flight testing. The Naval Air Test Center (NATC), Patuxent River.
Maryland, evaluated the reliability and maintainability of the system. Emi and lightning sus-
ccptibility tests were performed by LTV, McDonnell Aircraft Company, and personnel of
the Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio. McDonnell Aircraft
Company, using data and analyses supplied by the Naval Postgraduate School, Monterey,
California, executed an economic analysis of the ALOFT system.

PURPOSE OF THIS DOCUMENT

This report contains the results of the tests performed on the ALOFT system, ar1d
presents the results of the A-7 ALOFT Economic Analysis. The test plan which was used
is contained in reference I the basic outline of the economic analysis is presented in

I. Naval ILlectrbnics Laborintry Center lechnical Document 4.38, A-7 ALOFTI l)emonstration Master
Tent Plan, by R Ilarder, July 1975
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re ference 2. detai lcd fl1ightI teýst iesutil wSae contained in rct'Crc ncc 3. and dct ails olt he
systein hardware design arc discussed in referecnec 4.

SYS'1FM tLSIUN

HIC I 13M-deCSigneCd interface system C0onneeCcd thle A -7 ovionics Lis shown in
figUre 1 . Signals whi ch were originally transmittecd ovc_ it Very dICIsC. parallel, point-to-I
point intcrface, consist i rig of I I S cliannuls 3(02 c0nd cIItorS I net rding twiSted shielded
pairs and coaxial cables) wcre Ini lt iplcV.-: in to 1 3 simplex, Information eltaimels. D~ata
in these 0wrinnels were transmittcd over 13 fiber-optic cables. SucI extensive point-to-
Point rual.1tiplic irg Was possible bccause of the wide bandwidth available with fiber-opticI
data links. -['Ihle I shows tilec differ, it typcs of signals which were transmitied by fiber-
optics in thre ALO01" systemn.

Tire digital signals were time-divisionl mu1ltiplexed and then transmitted Using
Manchester coding. Th'le maximuml mnUltiplexed data rate for thre systemn was 10 mnega-

bits per second. The maxim~um transmission distance was 27 feet and there were fiveI
coupling devices, maximium, from the light source to the light detector. 'Fil light source
was a GaAs light-emitting diode; the light detector was at PIN silicon phiotodiode. The
cable consisted of "high loss," glass core, glass-clad fibers in a 0.045-inch diameter active
area bundle with at jacket of outside dimension of 0. 120 inch. More detailed systemi de-
sign information can be found in other documients (refs 5 and 6).

Naval Electronics Laboratory Center Technical Report 1982, A-7 ALOFT Life-Cycle costs
and Measures of Effectiveness Models, by RA Greenwell, March 1976

3. Naval Weapons Center Technical Memnorandumn 2969, ALOFT Demonstration Flight TestI Finol Report, by~ j!) Ross (i~ praration)
4. Naval Electronics Laboratory Center Technical Report 1968, A-7 ALOFT Demonst ration,

Interim Progress Summary and Description of the A-7 ALOFT Systenm, by JR Ellis, LCDR,
USN, I January 1976

5. International Business Machines Instruction IBM-75-ALO-0 10, A-7 ALOFT Maintenance
Instructions, 27 February 1976

6. International Business Maclrincs Report 75-M41-002, Design of ALOFT Fiber-Optic Inter-
face Circuitry. 24 February 1975
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OPERABILITY TESTS

T1he fiher-optic components underwent exten1sive environmnirtal lestingi before tichy
were installed onl the aircraft to prove thatU they would operaIte inl tile enlvironmen 1I of an A-7
aircraft. The Fleet A-7 navigation and weapons-delivery system was dlesigned to fleet the
(Class 2' enuvironmnent of Ml L-IE'-5400 (ref 7). Thle fiber-optic Cables, light-emlitting diodes.
and phlotodUodCS uni-derwenit cxtelnsivc testing at teniper'at ti1es from -(i2

0C' to {950( and at
simu~lated altitudes of 70 000 feet (2'1 .330 kill). T[he components were subjected to vibra-
tion and shock tests, humidity, salt tog, 'and temperature-shiock test,,. These tests are dlescribed
in NELC doQl~cumets treCfS I, 8, 9, 10) and proved that thle fiber-optic componlents canl "Irvtve
in the aircraft environment.

The components, assembled as at system, were tested onl tile A-7 ground simulator at
Ling-Teinco-Voughit (LTV). The system. performed Successfully under temperature and vi-
bration extremes typically used to find problems that appear intermlittently inl flight. Tile
wire portion of thle ALOFT system was also tested to cmi conditions found onl A-7 aircraft,
according to ('501, ('502, ('506, and R502 of MIL-STI)-46 IA. These tests proved that the
total ALOFT system Would operate in the A-7 environment. (ref 13)

SYSTEM INSTALLATION AND TESTING

vThe ALOFT system was installed on the A-7 aircraf~t according to LTV instalt ationl
plans (r-efs 1 1, 12). No special precautions were taken during thle installation. Wherever

'r.7. Ling-Tcmco-Vouglrt Report 2-50366,'4R5738, Environmental Deliiorito Analysis Report,
28 June 1974

8. Naval Hlectionics Laboratory Center Technical Document 400, ALOFT Fiber-Optic Component

mients! Environmental Analysis, by G llolma, April t1975

10. Naval lEtctronics Laboratoty (Center Technical Document 439), The Effects of Contamini ation
on Fiber -Optic Connector Radiation Patterns, by G Kosruns, July 1974

11. - ng-Tenrcr-Vouglrt Report 2-5tJ360/4RS760, Physical Coarstraints and Aircraft Installation Re-
i quireunenits Report, tDecemnber 1974

12. Lirrg-icroco-Vrrught Report 2-51 734/5R5780, t'rcliminary Modificatlion Plan for ALOFT Pro-
ran. Mach 1975

13. I ing-icrirco-Vought Repolt. Vouglrt ALOF~lI lest Propram l mat Report. 29 April 1970

0



ptossible the hiher-optic cablei, were ;Ittachcd to esistilig Wire lIarticsses willh nylon tie
straps. No stlai relie wias used al the cabQe-connector ju.tintoiis. l)uring installation1,
one fiber-optic L'ablC \vIas brokenl whenI1 it \va. being pulled through the keel of tile 'aurcralt
fromll the left Io tfle right avi•Oics bay. hlie break took place 1t Ile Conliec totr C1nd \VIel-tc.
tlhe COnlnector terminill Was foun'J to he ilmproplerly ascsmblcd. The break was repaired
and tile installatitio was completed. The break placed enilphasis on the importance of pro-
viding some forml1 of sitrain relief for the fiber-optic cablc-colnneetor juncltionl in utt U-ic

installations.

SYSTEM ACCURACY TESTS

The Hlight tests at the Naval Weapons ('enter, China Lake, California, consisted of
3 series of flights in which accuracy data were taken. Additional flights were flown to
gather information on reliability and maintainability. The first series of accuracy-data flights
was with the aircraft in the Fleet configuration. nlot modified in any manner. This series of
flights established a baseline for comparison with later flights in the wire configuration with
the modified TC2A computer and in the fiber-optic configuration.

The second series of accuracy flights was in the modified wired configuration. In
this configuration, the modified ALOFT computer with its new software and new TC2A
converter were installed on the aircraft. l)ata transmission was still nonmultiplexed over
wire as in the Fleet configuration. These tests established a second baseline to determine the
level of accuracy of the new modified computer and software compared to the first version.

The final series of accuracy flights used the modified computer in conjunction with
the Cmultiplexed, fibcr-optic configuration. Comparing the accuracy of these flight data with

those of the second series of flights allowed a judgment to be made oa the accuracy of the
multiplex fiber-optic data transmission. Each series of flights consisted of navigation flights
and weapons-delivery flights. The flight-test results are in the NWC Flight Test Report
(ref 3) which showed that the fiber-optic configuration was fully as accurate as the Fleet
configuration.

The total iflmber of flight hours in the fiber-optic configuration was 107. At the
end of the flight tests, 1 percent of fiber degradation (breakage) was noted, Tle fiber-optic
cable breakage data are in appendix A.

During the last half of the flight tests (after 72 hours), the aircraft with its avionic
systems, including the fiber-optic interface, was turned over to the NWC Flight Squadron
VX5 for use in training missions and otlier programs not related to ALOFT oi- fibr optics.

EMI. LIGHTNING, AND EMP IMMUNITY TESTS

A major aatvantage of fiber optics over wire is its immunity to electromagnetic inter-
ference lightning, and eiectrooiagnetic pulse. This is because the fiber-optic cables contain
no metallic conductors. They cannot em it nor pick up electromagnetic radiation. Three

tests were conducted to demonstrate this advantage of fiber optics at the system level.
The first series of em i tests was performed with the AlOlF hardware operating

with the A-7 simulator. These tests measured the bit-error rate of the NWDS double-shiehled.
wire intcrface and the NWDS fiber-optic interface when exposed to cmi. [ he bit-error rate
for tile multiplexed fiber-optic interface was 500 times lower than the bit-error rate fo tlhe

7
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1oiOiiiilhtiplV\Cd vire iliitcrtace, whlci C_\p1oscd to the sallc levels, of Cilli. lDetl',l (1 th1is les"t

Can1 be otI'1d ill .tlpCldi.\ B~ Of this Ju0L umeol 1
1 lie sCcoill serics ot tcsts wis, dlone at C hina Like by Mcel onnell Aircraft C oimpany.

I le I leads lip D~isplay (l u)) ld Projected N-iap )isýphly System IP 5 displadys \vcic
m1oniltoied I'm pictureý qual~ity wNlide tll, sysemsonoard 1tC le aircraft WCIC c\posed2 to C1111
N~o it tcrlrcite~lc, was, Calused ti te d isplay." v'hc ii t hc fiber-opliuI cables were exposed to cmni.
The display quality was Colosid erably degi aded wA'leit Simtghc-sh ieldCdI ~VVF ieWas, C\posCd tO
cm1i. lDouhle-slticlded wile \vv5 lout visibly stmsccptihlc to tile samlle level,, of' ciii hbit a illas-
sivC incre~ase inl the hit-error 1,ate is requj~ired1 to prFOuCILC ZI iloticcahe decrealse ill 01 he qUality
of' the displays. 1Ihese test results May hle found inl appenldix I Of1 tile -inlal Report n)It the
A-7 ALOIA7 I~conom ic Anialymsisret' 14).

11w ~t i seies of, test -Consisted of' siotulated I igl to jug-strike tests pe rformed by

the Flight lDynamtics Laboratory. Wrig'at-Pattcrsoni Air Force Base. TiteSe tests Were C0OO-
ILluCted at NAT( . P~atuxenit River. Various test poinltS withinl thle NWlS computer were
mionitored while thle aircLraft was exposed to Simiulated lightning strikes.

A 2 O0ti-aniocre peak current pulISe Wats applied to the aircraft to sun iulate the light-

nling currenit. The pulse hadI anl approximate I .6-inicrosecond rise time and at 50-mricrosecondI
delay timne to half' Value. Ill 01mder to allow at maximumi of' information to he drawn from the
test, thle ALOFTI comlpulter was testedI in a total of 7 differient conlhigur t ion s. TheCse icludedI~CL
vairiations in connections of power cabling, signal cabling, fiber-optic cables, and aircraft
power.

InduIced tranlsient Measurements were made onl a total of 0 different circuits within
thle COnMpLiter in eaeh of the 7 con1figurations. Multiple observations were made of each
transient (3 to 10) in orcier to establish confidence bounds on the data. In addition to re-
cording the time-domnain transient waveforms, most waveformis were also analyzed with the
Fast Foumicer Transform to yield spectral in bormation.

For the fiber-optic configuration, the induced voltages within the computer, when
exposed to a simulated lightning strike, were 85 to 940 percent less than the induced volt-
ages in the wire conl figuration. This indicates that the fiber-optic con figturation Would
be much less susceptible to damrage if the aircraft were to be struck by lightning. This is
even mnore significant considering that the A-7 aircraft signal wirin~g is all double-shielded
wire. Since a lightning strike is similar to electromagnetic pulse (emp) inl its induced effects
upon avionics, tile results could be carried over to emp susceptibility. These results can be
found in the Air Force report (ref IS),

These cmni and lightning/emp results are significant when future aircraft design,; arc
considered. Future aircraft will emphasize low weight and lost cost. They will be made of'
composite, non-metalflic, structures which;i will uffem veiny little shielding. The temnphasis Witl

14. MelDonnell Airciaft Comnpaniy, A-7 ALOIJ Economic Analysis Final Repiort, November
1970

I S. AF FI)! -1 esi R~eport 'I N-76-1 tO-hIS, Simulated Lightning lest on tilie Navy A-7 AL-OFT
Ant, aflt -Sepicinbei 1970



be for noin-shiclded or single-shiteldCd wires instead of double-shiteldd wires 3s is the case
with the A-7. The aircraft will also be fly-by-wire with the aircraft survivability directly
dcpCeldelit iupoll the antllouIlt ol shielding provided for the avionics. jliber optics may te
the only solution,

RELIABI LIIY

Data regardiig component and system flilUres were collected over the life of the
ALOFT project. Tihe Naval Air Test ('enter (NAT'), Patuxent River, Maryland. super-
vised the collection of these dala an1d evaluated the data coliected during the first 72 iours
oft light testing. Although 72 hours is not a sufficient sample to provide an accurate com-
parisoni, it is significant that the reliability of the ALOFT systemn cotmpared favorably to
the Fleet reliability figures for the wired system. Tce Mean Flight 1 loirs Between Main-
tenauce Action (Mi I'i3MA) and tile Meait Flight I tours Between Failure (MFI113F) for the
fiber-optic configuration were 10.3 and 24.0 hours, respectively. The Fleet figures for the
wired configuration are 7.4 and 21.6 Itours, respectively. Furtlter details regarding the
reliability analysis are contained in the NATC report (ref 16).

MAINTAINABILITY

Maintenance data on tite ALOFT systemn were compiled and evaluated by NAT('.
The NATC report rates the maintainability of the ALOFT system as good and further
details are contained in that report. NATC's rating was based upon tite fact that the fiber-

optic system elimi-,ated problems such as grountd loops, intermittent and bent contacts.
broken shields, and electrical shorts which were common to the copper-wire interfaced

c system. The fiber-optic system connections do not require direct contact between the light
emitting diodes, tile cable ends, nor the photo detectors for proper operation. The connec-
tors used in the ALOFT system separate the ends of the fiber-optic cables by a small ai,
gap; therefore, problems similar to the intermittent and bent contacts of wire connectors,
cannot occur.

ECONOMIC ANALYSIS

The ptupose of ith A-7 ALOFT.. Leorijon-. ic An..lysis Program .. Va. to dve'.lop v.. i'd
cost estimates for performance-equivalent digital-data transfer systems utilizing conven-
tional wire and fiber optics. Elte analysis developed credible cost projections for ihrce
performance-equivalent (:able alternatives: coaxial, twisted-shielded pair, and fiber-optic.
Cost estimates were generated by an approach which utilized two techniques: one wilich

Scomputes rescarch al' development (R&ID), investrient, and operating antd supporit (O&,S)
costs for tlte fiber-optics and wire-intercoitect data-transrnission subsystenms ("Bottools-
Up" mnodel); and another which compute.s the total weapon system costs as a result of

16. Naval Air Test Cente Report SAI5R-77 ALOF1 Reliability and Mairitaim:bility

9



changes in weight of tie respective subsys.tems ("Tiop-)ownIl" Model). he "iIoIoms-Up'
model outputs became one of lhe inputs to the "Top-l)own" model which yielded the total
life-cycle cost ( L(V') results. RCesults from these two models were then consolidated, tested
lor sensitivity, and cvahuated to provide thec total L(CC for each alternative. R'esults of thev

cconOijc analysis are sunimarited in figure 2 by system configuration, electromagnetic
environment, and wire/fiber interconnects. ThIese results must be bounded since they are
constrained by the basic assumptions of the program. The major assLImptions were:

1. All costs were assLImed to be applicable to a new program, not a retrofit pro-
gram since all the alternative configurations were new design subsystems for the A-7;

2. Cost elements would only be developed where differences between conven-

tional wire and fiber-optics costs occur for the "Bottoms-Up" approach; and

3. Fiber optics presents no serious development, reliability, nor production
problems, and the fiber-optic components are environmentally qualified with a life expect-
ancy equal to that of comparable conventional wire components.

For the coaxial, twisted-shielded-pair (TSP), and fiber-optic components, actual
costs were used wherever possible. Specifically, the cost of materials was requested from
several sources although it was not always received. Where actual data were unavailable,
engineering judgment was exercised.

A-7 Alternative Electrical Subsystem ConfituratlIns

Mission
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Several other basic parameters had to be etablished before data could be input to
the "Bottoms-Up" model. Production schedules and quantities had to be established for
each alternative design configuration. Fscalation, strategic-commodity rate increases, and
experience-curve estimates had to be established for each alternative.

The base year for the economic analysis was established as beginning I Januuary 1977
with a 3-year period assigned to perform the research, development, test, and evalualion
(RI.T&E) of a subsystem design. The next 4 years were assigned to the acquisition of' the
subsystem, and the final 10 years were as,;igned as anticipated operational life without a
service-life extension programn (SLEP). The basic A-7 Navigation/Weapon Delivery Sub-
system (N/W})S) was the baseline design in i total production schedule of 812 A-7t'? air-
craft. Of these 812 aircraft, twelve were test vehicles, the costs for which were included in
RDT&E fabrication costs. The remaining 800 aircraft would meet the following delivery
schedule:

80 in 1980,

240 in 1981,

240 in 1982, and

240 in 1983.

It was also assumed that, of the 800 aircraft, 675 would be operational vehicles, The utili-
zation rate was assumed to L-e 35 hours per month for 9 of the 10 years of operation. The
remaining year was considered a wartime operational environment and the operation rate
was assumed to be 12 hours per day. A-7E aircraft attrition rates in southeast Asia were
also assumed for survivability analysis.

Cost data resulting from exercising the "Top-Down" and "Bottoms-Up" life-cycle
cost models applicable to the A-7 aircraft have showii that fiber opiics is an attraciivc al-
ternative to conventional wire data transfer in most cases and especially when the EMI
environment places severe demands on the amount of protection required.

For the A-7 ALOFT configuration, the cost results conclude that fiber optics is
the best choice followed by TSP and then coaxial in all EMI environments except tile one
case where the "Top-Down" results indicate the positions of TSP coaxial are reversed for
the 100 volt per metre (baseline) environment. The total LCCs of TSP and fiber optics
applied to the A-7 ALOFT configuration are similar. Such a result is highly encotuiaging
in that fiber-optic factors also include the added burdcn of large RI)T&L costs pltus non-
recurring investment, maintenance, and instructor training costs that TSP does not. Assumn-
ing reliability objectives for fiber optics c"n be realized, this investigation concludes that
recurring investment and operating and support costs for TSP are greater than those for
fiber optics. For the completely multiplexed A.-7 aircraft configuration, fiber optics is the
only system to show a cost savings over the baseline system in all categories of environment
Neg, in the most severe environment (EMP) a TSP system costs more than the baseline system).
'l'his weight saving due to multiplexing translates into a significant cost payo'f. Savings are
realized by both lower total equipment costs and iarger weight savings. lor the 100 point-
to-point (nonmultiplexed. one for one rceplacemenct) d'ta-link case. the use of Fiber optics
does not appear to bc justif'ied for any environmental situation, principally due to the large
amnotuLt of conversion uomporients required. Only if a sit nation exists where an aircrafl
system will not function unless a selected number of' fiber-optic transmnission lines are em-
ployed in critical areas can the unrmnultiplcxed point-to-point technique be ceconomicolly
j ustified.
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Simiilarly. the Cost dat. a resulting from exercising the "'lop-i Jw n' and [tottIomls-Ulp'
lfe-cycle cost modeOlCS aplI)Icalhe to thle ad VitlcCL1 A-7 (daita h LIS) a rera fdt hiave shown it hat

fiter optic', is an1 attractive alternative to Convenitional Wire datal transfcI r. For thle balselinle
systIemi in thle 100R volIt I)er mectre environment, at 25 p)tieren saivinigs in I( 'C i S reai 'e/d Lai ing
tihbet optJiCs instIead Of, Conventional Wire tar dalta transter. Also, tlie l.(( increases, as the
enivir-onmlent becomes more severeC tor hot Il thle con1ventionlW wireC adfibe re ie on igo ra-
tionls. 111t the increases alrc Signif~icantily larger for ConlVent ionail Wire. 'I'ltere is noc linecar rela-
tionl betweenl Wveight increases and LUC inereases, TIhese rcSUlts l` a~re marized in figure 2.

1Table 2 and figure 3 show comparisons of' the actC1 tiAlI calsu,Cd Onl thle AL( )IA A-7 and
appendix Ci contains at briefdescription of' the L('( methodology and the c:ost data.

TABLE: 2. SII)l:-IIY-SII)l, C'OMPARISON,
EIItLR-OP1TI( AND) FLLL'lRI(AL C'ABLES.

Wife F ibet Optics

NUnthei o wites/cahles 302 j 13

I otal lenigth 1890 ft (576.07 mi) 224 tt (68.27 fin)

Total Lahtcs & connectors weight 3 1.9 lb 1 t4 45 kg) 2.7 lb ( 1.2 kg)

Total cables & connectors cost S~ 1.63k $1.03 k

ligirc 3. Sidc-by-side ctoiiparisoii of tile aimloili t eu cppet wiring 'lisplaced ill tile
A-7 by thre 13 tlibei-optic cabltes in tife At XFl system.
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CONCLUSIONS

The AILOFT project successfully demonstrated that fiber optiCS is a feasible tech-
nology for signal interfaces on a military platform. In the ALOFT project, tihe wire inter-
face for the navigation and w,.,apons delivery system on a Navy A-7 aircraft was successfully
replaced by a multiplexed fiber-optic interface. This multiplexed fiber-optic interface data-
transfer system was shown to offer many advantages over the standard, nonmultiplexed wire
interfaces used in current military aircraft. These advantages included reduced weight and
space requirements, improved electromagnetic interference (emi), electromagnetic pilse
(emp), and lightning immunity, freedom from ground loops, and reduced secondary battle
damage.

The ALOFT project proved the following by comparing a fiber-optic and wire ver-
sion of an A-7 navigation and weapons delivery system:

1. FIber-optic components can operate in the maintenance and mission environ-
ments of a militaiy aircraft;

2. In the operating environment of a military aircraft, the multiplexed fiber-optic
system performed with the same accuracy as the nionmultiplexed wire system;

3. !n an emi or lightning environment, the multiplexed fiber-optic system was
superior to the nonmultiplexed, wire system;

4. The results of economic analysis indicate that, in the comparison between
conventional-wire systems and fiber-optic systems, fiber-optic technology clearly provides

substantial future benefits of reduced system weight, survivability, improved reliability,
increased data transmission, and eu'se of maintenance at reduced life-cycle costs while meet-
ing or exceeding the future requirements of emi and emp;

5. Reliability data compiled during the first 72 hours of flight testing indicate
that the fiber-optic system may be more reliable than the wire-interface system used in the
Fleet; and

6. The fiber-optic interface was found to be easier to troubleshoot and maintain
than the wire-interface system.

It is important to notte that these conclusions pertain only to a system using multi-
fiber glass-on-glass cables having an overall diameter of 0.045 inch. At the present time,
the components for this type of system are the easiest with which to work, are the least
expensive, and the most readily available of any fiber-optic components.

A fibe•r-optic interconnect system is not susceptible to the battle damage that can
be atused by a broken or damaged wire cable. A damaged wire cable can cause secondary
damage to an electrical system due to short-circuit overloads. A broken fiber-optic cable
cannot cause this lype of damage because there are not short circuits, sparks, nor fire if a
fiber-optic line is damaged.

"Ihe cmi i mm fi sity of a wire system is dependent upon the integrity of the shield-
ing. The shielding of a wire system deteriorates with time and, as a result, the performance
of a wire system may bc afcctcd d(Ic to shield damage during maintenance. A fiber-optic
cable does not req u irC shielding and thus eliminate', this type of problem.

I lie repair of broke.-n or dtm agcd fiber-optic cables is easily acconiplished and re-
quires tfwer tools atnd less mantual dexlerity than does the repair of coaxial cables, Indica-
tions are tlhat information on the maintenance of inlultifiber glass-on-glass fiber-optic cables
could he inCoqrorated easily into existing training courses.
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Trouble shooting o0 a lfiner-optic cuble is accomplislled easily with i visible light
source. Visual inspection quicklydet ines fiher continunity ai transitissionqt ity.

Many problems of trouble shouting connected with a wire system are elirni ated when
fiber optics al-C used.

DESIGN RECOMMENDATIONS FOR FUTURE SYSTEMS

Although the AL("T system rerformed extremely well, there were some dilficul-
ties which should be taken into account. if any new fiber optic systems are designed. Fiber-
optic receiver circuits are susceptible to emi. Relays, whiclh arc a source of Cmi, should not

be placed within the sante avionics box with the receiver unless proper shielding of the relay
and receiver is used. Power-supl)ly lines going to the avionics units and to the receiver cir-
cuits should be well filtered at the avionic unit. For the same reason, source-driver circLits
should be isolated from the receivers if both receiver, and drivers are used in the same
avionic box. This includes separate grounds if they arc on the same card.

The ALOFT system included three analog signals. Two of the signals were con-
verted lo digital signals and transmitted over the fiber-optics cables. This method pr-'sentcd

no problems. Hlowever, the direct analog link to the attitude direction indicator (A D1) did
not work well. With this circuit, the analog signal was converted to an analog light signal
and was transmitted over a fiber-optic cable. The required accuracy of the ADI was 5 per-
cent. Over the temperature range from -540(' to 85C, the accuracy of this analog lini was
only 50 percent (ref 13). This was because of the large change in light output of the LED
with temperature. Also, whenever a fiber-optic cable was disconnected and then recoil-
nected, the ,ero reading on the ADI converter unit had to be adjusted because of the small
change in connector loss which took place during reconnection. An analog signal, in which
the: absolute. signal level is important, is not well suited for transmission over fiber-optic" cables
unless it is converted first to a digital signal or unless adequate automatic gain control (AGC)
is provided. These statements should not be construed to apply to video links using a modu-
lated carrier frequency. These types of signals are well suited for fiber-optic transmission.
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FIBER-OPTIC CABLE BREAKAGE
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TABt.I A-I. FI:II:R-orHI(' ('ABLE.t BI-AKAGL, 307 FIBt1IRS IN EAClIt (_'AUIA.

ExtCenal (Cil1es BieakagT when made Afler giotmid tests I hne ase alter ground
12/19/75 3124/76 lests

Armamnent Station (ontinol Unit 40, lo 33, 70 47

Left Hand Bay II, 2S 60,28 52

Right Hand Bay 0 51, 25 150, 70 1 144

Forward-Looking Radat 30, 10 34,43 37

Computer to bulkhead 45, 12,14,25,14 18, 46,40, 21,20 41

Bulkhead to cockpit adapter ®4, 5, 3, 7, 4 8,8,3,9, 7 12

5% increase in breakage

Cables Repaired Before Installation:

External Alter A/C Install. After 72-hours of Increase after 72
3/24/76 flight time, 8/12/76 hours

Armament Station Control Unit 17, 32 17, 32

Left [land Bay 28, 23 _ , 23 5

Right Hand Bay 24, 25 24, 25 0

Forward-Looking Radar 44, 40 48, Q ( 4

Computer to bulkhead 28,8,21,28, 17 28, 11,21, 33,20 11

Bulkhead to cockpit adapter 8, 13, 8,6,4 8, 19,8,6,4 6

0.4% increase in breakage in

16 cables, 2 broken cables for
a total of 18 cables.

O large number of breaks when made because lIT termination procedure.

O NE-LC made terminations.

Q One broken during tests at connector end.

Q One broken after installation at connector end.

(9 5 One broken during flight tests alter 72 hours.

Samne as in®. rebroken after 107 hours.

After 107 hours of flight time Increase since
1/14/77 3/24/76

ArrnamnrCi Station Control Unit 18,36 5

Left Hand Bay 29, 33 1 1 1.1% increase

Right Hand Bay 25,28 4 for 17 cables,

Forward-l.ooking Radar 50,- Q 6 one broken

Computer to bulkhead 22, 12, 33, 25,40 30

Bulkhead to cockpit adapter 7, 20, 12, 8, 4 12

I 6
106
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INTRODUCTION

[imi tests of the A/LOIT system wer-e performed to compare the cmi susceptibility of
the fiber-optic inrface system to that of tile wire interface sysllcm.

Two sets ofRS-02-type tests were performned in accordance with M! L-ST)-4( I and
MI L-STl)-4o2. The first tests were performed at the Voughrt Systems Ground Simulator
Laboratory by LTV personnel. The bit crror rate for each system was mnio tored dari,1g
tile tests and the results showed that the fiber-optic interface was much less susceplihle to
elni. The errIor late fort ltie fiber-optic system was less thani 3.9 X 10-8 errors/bit ( no clTors
detected in 2.0( X 107 hits 01 data seii t). '] Cdo hIle-sh ieC d, twistled-pair, wire inlterfacc
had an error rate of 2 X I 0- crrors/bit (42 errors detected in 2. 1 X 10(' bits ofdata sent)when exposed to the same enli levels.

The second series of tests were performed by personnel from Mcl)onnell Aircraft ('om-
pany. These tests were conducted while the system was installed in the A-7 aircraftl at the
Naval Weapons ('enter (NWC), China Lake, California.

It was not possible to monitor the bit error rate while the system was installed on the
aircraft. As an alternative, the visual quality of the Head Up Display (IIUI)) and the Pro-
jected Map Display (PMD) was monitored. This was a gross method of measuring the sys-
tem performance, and not a quantitative measure of the system error rate. l)uring these
tests, there was no noticeable degradaiion in the operation of the HUD and PMD displayswhen tihe system "was in either the double-shielded, twisted-pair, wire interface, or in the

fiber-optic interface configurations. However, a large error rate is required to produce a

noticeable decrease in the quality of either of these displays, The same tests were then per-
formed with one of the double shields of the wire interface disconnected. With only one
of the wire shields connected, there was a significant decrease in the display quality of the
wire-interfaced system. No decrease in the quality of the fiber-optic interfaced displays
couid be observed. These tests are described in detail in Appendix I of the McDonnell
Douglas, A-7 ALOFT Economic Analysis, Final Report (ref 11).

TEST DESCRIPTION -- LTV BIT ERROR RATE TESTS

A software program was written at LTV to perform the bit error rate test on the
ALOFT system. Figure B-1 shows the hardware set-up for the computer in the glass
mode.

FF1 DOPER
INORMALLY GOES TO FLR AND DOPPLER If -

1L 14 FEET S IGHT BAY

ADAPTER 50 kHz DATA; 3 TWISTED DOUBLE SHIELDED PAIR WI RES ADAPTER

6 FEET MFEET

2.5-MHz DATA, FIBER-OPTIC CABLE 2.5-MHz DATA, FIBER-OPTIC CABLE

Figiie H-I. ('0oMpulrer hardware set-up in glass mode.



In this mode, tile comp-ter sends and receives data over fiber-optic cables, using light sig-
nals. ThC TC 2 COlmputer sends (A different I 6-bit words over a fiher-optic cable to the
FLR adapter unit. This adapter converts the light signal to an electrical signal. Instead of
oulputting the data to the FLR sweep generator, as is done in the normal ALO,1 configuLr-
ation, the data are jumpered to the input and sent back to the computer. The coiuputer
then compares the received data with the sent data, and counts any error. This cycle is
repeated until the desired numher of bits are sent.

The system was checked first with no emi present. The program ran for 52 minutes
with the computer sending 0.7 X 107 bits of data. No errors were detected by the compu-
ter. This represents a bit error rate of less than 1.5 X 10-8 errors/bit.

Next, a noise source was used to introduce emi onto the double-shielded, twisted-
pair, wires. Test levels from RS02, in MIL-STD-461 and MIL-STD-462 were used, as shown
in figure B-2.

FLR 14 FEET, 9 TURNS RIGHT BAY
ADAPTERDOUBLE SHIELD WIREI - ADAPTER

TWI STE D PAIR

'NOISE 20 AMPSSGENERATOR lU OT
OIS 1UO VOLTS

EMRAO 10 PPS

OUTPUT, FIBER OPTICS INPUT, FIBER OPTICS_

Figure B-2. Introduction of noise into double-shielded twisted-pair wiles.

The program ran for 100 seconds with 42 errors in 2.1 X 106 bits. This represents an error
rate of 2.0 X 10-5 errors/bit and demonstrates the susceptibility of wire to EMI.

To demonstrate the lack of susceptibility of fiber-optic cables, the test set-up in figure
.B-3 was osed.4I

FLR DOUBLE SHIELD WIRES .T
ADAPTERADPE

S~FIBER OPTIC CABLES

20 AMPS
100 VOLTS NOISE 25 TURNS
10 PPS GENERATOR

C.{UMPUTER

Figurc i-3 Susceptibility test of fiber-optic cubles.
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An atte mpt was made to couple l Oise onito the fiber-optic cables. N lic coIle ptUter pt-Ogrlitl
r1in loe 2t) linulltes ,vith the c.nn sottl,.e on. the totuit lutniher of hils selt w•"l ".o X It7.
No errors were detecteld. 'Ihis rep r.seants . a error rite of less than 3.1. X It t) crror'-,it.
"Ihis test l.ho verified that no 1101W Was being coniductCd ihliotgh tihe power lines in the
wire test plreviotusly 11rn. It' there was coildiictCd noise, errors would occur in tile second lest

also. The noise was coupled only on the signal lines.
The tfinal test was perfornted on ilhe computer in the wired configuration, as shown in

figure B-4.

INP'. " COMPUTER OUTPUT

20 AMPS NOISE
100 VOLTS GENERATOR 15 TURNS
10 PPS

4 FEET

DOUBLE SHIELD, TWISTED PAIR VIRlES

Figure B-4. Erni test of computer in wired configuration.

The computer was converted back to its original wire outputs. The computer output was
jumpered to its input with double-shielded, twisted-pair wires. A noise source with the

same test levels coupled emi into the wire.
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INTROI)UCTION ]
An econoimic analysis wits conducted in parallel with file A-7 A[.)l:I tcst and evalia-

;ition effort. NILI. coordinated the efforts of Navad Postgradlate School (N PS) petNonnel
aind Mcl),oniell Aircraft Company (MCAI ) engineers in the detkrlniination, of costs aii i

l ncefits of fiber-oplic and wirc-interconnect systems. The NPS th escs etim ts Wee petufinted
Ulnder tlhe cognluaceC, of lr ( R Jones anld the Mt'AI R effort was managed by Mr GL Weinstock.
"These elforts arc ,,It Inmari ed in this paper-

TII reqtitrenienllt for all econlomlic analysis is defined in most program and planning
documents, lE1colnonlic analysis, as defined t~y the l)cf'ensc tEconoinic Analysis C(ouncil
()iAC) antd as explained in l)ol) Instruction 7041.3 and Doll) Directive 5000.28 as well as
ma111ny others, is ''the process which assists the decision maker in the allocation of resources
through tlic deteruinia tion of the costs and benefits of each ftUturc course of action.' I)ur-
lug tile concepttial phase of a program, the chosen alternatives should be compared with
total life-cycle costs and total benefits before a decision is mnAde. All tile risks and uncer-
tainties should also be addressed prior to this decision.

The requiremcnt for fiber optics was expressed fairly clearly in the Operational Re-
(tuirement (OR), "Advanced Aircraft Electrical System (AAES).' Future threats dictate

a need for an improvcment in the quantity and quality of aircraft and their avionics. 'lhe
threat to avionics must be met with a reduction in radio-frequency interference ( RI-),
electromagnetic interference (EMI), and electromagnetic pulse interference (EMP). In acdi-
tion, there exists a need for a dramatic reduction in weight and volume. C(oupled with these
items is the desire for improved reliability, maintainability, availability, survivability, and
capability. Other ORs and Scientific and Technical Objectives (STOs) have the same re-

quirements. These stated requirements include the proven or expected advantages of fiber
optics. The economic-analysis effort compared these desired benefits to other alternative
wire-interconnect subsystems and, at the same trme, determined the total life-cycle costs
for each subsystem. Life-cycle costs are the total costs, directly or indirectly associated
with an alternative during its development, acquisition and operational time frame.

COST ANALYSIS DEVELOPMENT

When this study began, it was assumed that a twisted-shielded-pair (TSP) wire-
interconnect configuration could not meet the multiplexed data-rate requirements and
would, therefore, not be evaluated. The economic analysis was developed to compare
"only a coaxial wire-interconnect configuration to a fiber-optic subsystem. The primary
reason for this was that the engineering design. would be the same for both alternatives a..u,
each alternative would meet the multiplexed data-rate requirements, However, after sev-
eral meetings. it was determined that most aircraft companies prefer TSP to coaxial and

would rather make extensive design changes to use TSP rather than coaxial. This study,
then, bccamc a comparison of three configurations: TSP, coaxial and fiber optics.

The coaxial, twisted-shielded-pair (TSP) and fiber-optic systems have components

which are similar to equipment presently in use for multiplexed digital-data transfer sys-
Stents and which have similar designs and functions. Due to the limited bandwidth cape-

bility of TSP, one of the fiber-optics (or coaxial) point-to-point connections in the ALOFT
subsystem requires 2 additional TSP lines. Thus, the number of TSP wires is increased to

15 as compared to 13 fibcr-optic (or coaxial) cables in the ALOFl configuration. It was
asstimed that the only changes to the AtLOFT adapter boxes would be the addition of 2

4
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lmic drivers and receivers to acco in mo date the additional I'SP lines and that no in tern il
adapter ho1x design would he required. Figu re C-I is an overall diagram of the A-7 AI.()I.I
intcrfacec on figuration. Noe tilie 2 additional lines between tile modified navi,•Iionh-
weapon delivery compLuIer and the cockpit-area adapter required for the "lSlP conl'igura-
tion.

The purpose of the A-7 AILOFT Economic Analysis Program was to develop valid
cost estimates for perlormance-equivalenlt digital-data transfer systems utilizing conlven-
tional wire and fiber optics. The cost estimates were generated by an approach which
utilizes 2 techniques: one which computes research and devclopmnent (R&D)), investmen t,
and operating and support (O&S) costs for the fiber-optic and wire-interconnect data trans-
mission subsystem ("Bottoms-Up" model); and another which computes total weapon sys-
tem costs as a result of changes in weight of the respective subsystems ("Top-)own'" model).
The "Bottoms-Up" model outputs become one of the inputs to the "Top-l)own'" model
which yielded the total life-cycle cost (LC() results.

The "Bottoms-Up" model was designed to reflect the subsystem cost differences
between the fiber-optic and wire-interconnect alternatives. The "Top-Down" model
measured changes in weight which affected design options on aircraft L(O. The integration
of the 2 models was conducted in the following manner and is illustrated in figure C-2:

1. Detailed subsystem LCC differentials for specifically designed data tirnsmission
subsystem were generated from the "Bottoms-Up" model;

FORWARD I - Z, RIGHT HAND
LOOKING Lu COCKPIT AREA AVIONICS

RADAR . ELECTRO-OPTIC E LECT-.. OPT
ELECTRO-OPTIC L L ADAPTEI ADApTER

ADAPTER l

LEFT HAND Y J-u YIMID EQUIPMENT I uJ'=l !/ I -u
LEFT HAND AVI ON I o/ AT /• • ; I [ ~BULKHEAD/ /II u

DFEEDTHRU Et P

<('

NAVIGATION ")L-,/ II '-WEAPON " I E/ -I I
DELIVERY .4 " / I I I
COMPUTER v i "• -

00t 4Z

-- TWISTED
SHIELDED PAIRSCHANNELS

'EL AN ARMAMENT u

LEFTNHAN SYSTEM
ELECRO.OTI] CONTROL UNIT

ADAPER C ELECTRO-OPTIC
ADAPTER

Figure C-I1. A-7 ALM|: TInterface configurIatiorn.
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"TOP-DOWN" "BOTTOMS-UP"

A-7E WEAPON SYSTEM
EXCLUDING DATA DATA-TRANSMISSION
1RANSMISSION LINK LINK

PGROSS A 7E

FACTORS/COSTS]

LCC _____

MODEL

ALCO OF THE A-7E DUE LCOFTHE DATA-
TO THE INCORPORATION TRANSMISION LINK
OF THE DATA- -
TRANSMISSION LINK
(EFFECT OF A WEIGHT)

ILCC MODEL

LCC ASSOCIATED WITH
THE INCORPORATION
OF THE DATA TRANS-
MISSION LINK INTO DETAILED DATA-
THE A-7E TRANSMISSION LINKTHE [ FACTORS/COSTS

Figure C-2. Two-level LCC approac;

2. The delta weight associated with a specific data transmission subsystem (relative
to the baseline A-7 aircraft weights) was utilized to determine the change in total weapon
system life-cycle costs through changes in the growth or shrinkage of the airframe, engine,
etc, to support the respective changes in subsystem weight ("Top-Down" model); and ]

3. The results from these 2 models were then consolidated, tested for sensitivity,
and evaluated to provide the total LCC for each alternative.

COST MODELS

"BOITOMS-UP" MODEL

The Naval Postgraduate School began a directed research effort in July 1975 under
the management of the Naval Electronics Laboratory ('enter with a thesis on the history,
technology, and costing of fiber optics. This thesis was entitled "An Approach to the Esti-
mnation of Life-(ycle Costs of at libcr-Optic Application in Military Aircraft," and was
written by ,('I)R IM Mc(;rcnth and LCI)R KR Michna. The second effort, a follow-on,
unpha.iQcd life-cycle cost elements and the development of a differential cost model. This
thesis was completed by L('I)R lW Knobloch and ('DR RJ Johnson in l)ecember 1975 and
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was entitled "The A-7 ALOFT Cost Model: A Study of hligh-Technology Cost Estimating."
The final effort, completed in December 1976, comprises data collection, data analysis, and
calculation of cost elements.

NELC had a requirement to obtain fiber-optic cost information and to develop an
A-7 ALOFT Cost Model. l)iscussions with L(CDR J Ellis of NELC, NPS professors and
thesis students, identified the Navy problem to be undertaken by the students through a
cooperative effort with NELC. The only financial commitment to these students to assist
the A-7 ALOFT program was some travel and secretarial expenses. The first effort began
with an Operations Research/Systems Analysis (OR/SA) 6-week experience tour at NLLC
by L.CDR R Miclhna and thesis interaction by LCI)R JM McGrath, a financial-management
major. LCDR Michna and LCI)R McGrath undertook the development of the history of
fiber optics, studied the technology to provide a physical understanding of fiber optics
for devising an LCC model, and formulated a cost-effectiveness study outline. This led to
the challenge of developing a reliable life-cycle costing (LCC) method for a high technology.

Many difficulties arose in the LCC model development. No data base on production-
unit costs existed other than those for model-shop work and prototype development. No
cost models existed for component-level development such as cables and connectors and
particularly the development of virgin-technology fiber optics. Other than in special medi-
cal usage and "toy" production, there was no demand for fiber optics and, therefore, no
large-scale production. There was also no existing operational fiber-optic system. All these
difficulties meant that standard analytical techniques could not be applied to the study and
many uncertainties had to be considered.

Highlighting these difficulties in terms of future uncertainties is the showing that
current research will lead to a rapid change in the technology base. A decision made at the
wrong time would freeze technological design and later production. Such a decision would
also create uncertainty in overall demand which, in turn, would impact upon cost, The
design-freeze decision always provides a basis for performance uncertainty and directly
affects schedule uncertainty. Therefore, the conceptual solution which alleviates some
uncertainty is to consider only those costs which are relevant to the problem at hand. The
basic decision is to look at nothing except the significant cost differences between coaxial
(or wire-interconnect) and fiber-optic systems. These significant cost elements are presented
as the NPS LCC "Bottoms-Up" model. The cost elements are separated into four major cate-
gories: Research Development Test and Evaluation (RDT&E), Investment (nonrecurring), Invest-
ment (recurring), and Operating and support. Each cost element is defined by an estimating
equation which may be an existing cost-estimating relationship (C'ER), an engineering
estimate, or a l)elphi-structured estimate. This specialized life-cycle cost model was de-
Vyloped by LC,. . .. ,,uch and ,CIR Johns...... who are ns-ma.ag... n
majors at NPS. This specialized model was extracted from a larger LCC model which is
readily adaptable to other applications of emerging technologies designed to replace an
existing technology, Application of this model has been undertaken by NlPS students.

Tables C-1 through C-4 present the selected cost categories for the "Bottoms-Up"
model with the cost elements underlined. Not all of the elements have costs for coaxial
cable, However, a cost for each fiber-optic cost element was supplied by NPS. Initial re-
suits of these differential cost elements have been determined.

In fiber optics, data do not exist to establish firm technological, price, or demand
trends. In this case, regression, sampling, smoothing, or other mathematical analyses arc not
applicable as a basis for forecasts. Htence, l)reIdict ions in ust rely uipon the op in ions of ex-
perts.
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TAlLI C-I. RDIl'&E.

IL Researcih and D)evelopment
1.1.1 Contttctor
1.1 .2 GovclnlenIt
1.2.1 .1 Proglami Management
1.2.1.2 Engince ring
1.2.1.3 Fabrication
1.2.1.4 Contractor Development Tests
1.2.1 5 Test Supprt
1.2.1.0 Pioducibility Engineering & Planning
1.2.1.7 Data
1.2.1.7.1 Engineering Data
1.2.1.7.2 Support Data
1.2.1.7.3 Management Data

1.2.1.7.4 Technical Orders & Manuals
1.2.1.8 Peculiar Support & Test Equipment
1.2.1.10 General and Administrative
1.2.1.11 Fee

1.2.2.1 Program Management
1.2.2.2 Test Site Activation
1.2,3.3 Government

TABLE C-2. INVESTMENT (NON-RECURRiNG).

2. 1. 1 Progr am Managcmcnt
2.1.3.1 Production Engineering
2.1.3.4 Manufacturing Support Equipment

2.1.4 Technical Support
2.1.5 Initial Spares and Repair Parts
2.1.6.3.2 Maintenance Yraining
2.1.6.3.3 Instructor Training

2.1.7.1 Engineering Data
2.1.7.2 Support Data
2.1.7.3 Management Data
2.1.7.4 Technical Orders & Manuals

2.1,10 Peculiar Suppor t & Test Equipment
2.1.12 General & Administrative
2.1.13 Fee or Profit

2.2.1 Program Management
2.2.2.2 Training Devices & E'quipment
2.2.2.3.2 Maintenance Trainin"
2.2.2.3.3 Instructor Training
2.2.3 Production Acceptance 'I est & Evaluation
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TABLE ('-3. INVLSTMINI'N (IE('URRIN(;).

3.1.1 ManufLacturing.
3.1 .2.1 Plurchased Equipment and Parts
3.1 .2.2 Subcontracted Items
3.1.2.3 Other Material
3.1.3 Sustaining Engineering
3.1.4 Quality Control and Inspection
3.1.5 Packaging and Transportation
3.1 .o.2 Site/Ship/Vehicle Conversion
3.1,6.3 Asseinbly Installation and Checkout
3.1.8 General and Administrative Costs
3.1.9 Fee or Profit

TABLE ('-4. OPERATING AND SUPPORT COSTS (O&S).

4.1.6 Other Operations Costs
4.2.1.1.1 Organizational Maintenance Personnel
4.1.1.1.2 Intermediate Maintenance Personnel
4.1.1.1,3 Depot Maintenance Personnel
4.2.1.2 Maintenance Facilities
4.2.1.3 Support Equipment Maintenance
4.2.2.1.1 Organizational Supply Personn7l
4.2,2.1.2 Intermediate Supply Personnel
4.2.2.1.3 Depot Supply Personnel
4.2.2.2 Supply Facilities
4.2.2,3 Spaie Paits and Repair Material4.2.2.4.1 Inventory Management

4.2.2.4.2 Inventory Holding
4.2.2.5 Transportation and Packaging

Delphi, as a technological forecasting technique, is generally creuited to Olaf Hlelmer,
"1J Gordon, and NW i)alkey of the RAND Corporation. Initial work was done by Helmer as
early as 1959. 1 lelmer's publication of a "Report on a Long-Range Forecisting Stidy" by

the RAND) Corporation, in 1964, discussed the D)elphi technique in detail. In his report, he
describes his now well known mcthod of soliciting forecasts from a panel of experts in order
to dea! with olecific n uestions, such as when a new process will gain widespread acceptance

or what new developments will take place in a given field of study, Instead of the participants
gathering togetther to discuss or debate the questions, they arc kept apart, usually answering
assigned questionnaires through written or other formal means, such as on-line computcrs.

There arc, of course, several advantages and disadvantages to any technique which em-

ploys questionnaires for objective Mvalu1t.ion. The D)elphi wats considered an appropriate tech-
nique to estimalt the fiber optics costs for the following reasons;

I . Fiber optics is an cenerging teclhnology which is fraught not only with techno-

logic•al uncertainties, hi-t also total d 1emand Lucertainty. In addition, tlhcr,e are component

price uncertaintics;

2. '[he e xperts in the fihcr-optics industry can be easily identified;
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3. tINCrs 0110 prFoduLcrs alike can benehli froin the resuilts of at Delphi study. It is
to their in11tital advantaige to cooperate in Mollts to rcaili/.e [lhe potenitial heitldits ol- this
clIlCrging teChnolo0gy;, and

4. 1itiprovcd forecasts or esti IIIdIatCS 01' I' t tire dem II and (tlu,01t it ICS. (It lIstr IgrYFIowtII
rates, tech niological advanlces M id coDImponent pr1i:cs are es pee ted to de~lcrese the ra nIigc of'
the estintates for these variables,. A.,, Urcsiilt . the number of' sceniarios to be developed canl
be hewer sinice thle range of ust iiia tes is smnailier.

Illitial Cost data were gathere-d With thle uIse of' DIpelph (IttietiIutmites-L11'1 hoirlher'-OptiC.
lit e-cycic cost elements. Appropriate D~elphi (Itqestion naires were d istri ho ted both to Iir--
craf1t and lIbe-opt ic manufIIacturer-s. 'lelplione and personal interviews, were then conduILcted
With IInannfiictuliiClt andI Other organizations, as appropriate, to f'inalize the data collection I
Frunm the (lata-eoltectiioii elTort, cost lauctitrs were CJcalIcultd f'or the t'iher-opt ie cost cleiments.

'I Itese: Cost factour', are soot m11alrized in table C'-5. 1,.xcepI-t where noted, thle cosýt Factor is t lie
ratio of' the f'iber-an-t ic cost relat ive to the Cost Of f"eq nLLU-foet oti~lS' perf'ormance if' coaxial
cables are used. 'I Ilc coaXial subsystem costs tirc based Uponl tHe contlpOleItt typesý and q nan11-

itS Si)Cspcif'ied in- NF.L, Techlnical DOlIoeuntt 435. An example of the cost l'actor can be
exptlainedl by Observing the cost elemenrt numliber, 1 .2. 1 .2, D~esign Fnigineering. 'The cost jiac-

tor vauIe of' 0.80) signifies that. the estimated aircraft design-enginecering cost fuor electricai
Su~bsystemls Msing t'itbr-Otpt ic technolo0gy wouild be only 80 percen-t of' tli cdesign-engineering
cost using coaxial-cable technology. I-or Some cost elcmunts, where coaxial costs are not
applicable, the titter-otttics costs iire estimated ac tuial dollar valu-es.

lBesides the lv~)clpi Technique as a forecasting tool to predict Future co)st, experience-
CurTve theory was also Used as a forecasting technique to estimate t~ uture cost behavior of
fiber-optic components. F~xperien1Ce-cu;rVe theory shoul~d not be 3.')nfused with the well-known
Cýlcariitg cLuve theCoryý. I.ear-ning curve theory predicts; cost redcCIItiOn', for1 -2 cost tUCtOrs. labor

01iid produoctio ipt inpts t material I where.,as expericence-curve ti cory predicts cost redumctioin" for
all cost elemtenits i nclud ing labor, dove]topmeit t , overhecad, . api,,al,. marketintg, aitd adniinistra-
tioii. lxperictncc-carve theory IS a muLchi broader concept wh),cii incorporates learning-curve
theýory. TO facilitate tltc developmenC~t of experinCl)C-eur Ve ;hicory, the following discuIssion
explains botht theories noting their similarities and difference'-;.

B~oth lthe experieceC-cu~rve and foamiing cIurve theor01ies are e,(prussud aS cost-quanltity
relationships stating thtat , each tii te the total qtuaithi ty of' items' prod uCes doubles, the cost
per item is reducedl to at constant p~ercentage of' its previous cost.

Theli history of learniing-cuirve theory dates back to 1925 wheun, in the aircraft indus-
try, learning patterns, were First observed by thie Commander of Wrighit-Pattersort Air Force

- iase. IThe phenomenon observedI was tme constant reduction in direct laIbor houirs required
to build airplanes as the number of' a ircralts being ho uit dobledIC. SLIibSeqlue nt ly , learninig-
curlve theory has Ihecim documenC[ted and ust d in mtaity industries to predict cost reductions
l'or diirect labor and raw miaterial or pl`rOduction inputs. Typical learnirtg-curve slopes have
ran~ged front 75 to it0 percenit. Sonmc of' the factors comimoinly mentionad that aCeno111 [t or
hir-eet. iabi~ and( material cost redLIi tion1S are suImmarized as follows:

I . Jlob faniiiarization by workmeit. Thiis resltHs Front the repetitiion o)1' iiantifac-

turing operatiilns;

2. ( cncrn initprovviiieit inl tool courd iniation, shop organiz~at ion , and eiiginee rintg
liais"omt

3. l)evclopittcitlt of ittoreC efficiently prFoduLced slihaSSe Itlblies; and

4. D evelopmieiit of' minur ef icien t tools.



TABLI (C-5. I AIBU LATI'0ON 0 )1 I)lQ1ERI-N'IAlI COST( IILiNTS.

COST ('ATF.GORY COST 1,1PIMEINI NO. COSI ELEMENT 1)VS('RIITION (OST FACTOR

R..1 ,2 l)esign Engineering Cost 0.80

1.2.1.3 hibrication Cost (Test Aircraft) 0.95 (Labor)
1.03 (Material)

1.2.1.4 I)evelopmncnt Test Costs $100,000

1.2.1.5 Test Support Costs $100,000

S1.2.1.8 Test Equipment Costs $100,000

Non-Recurring 2.1.5 Initial Spares and Repair Costs 0.83
lnvestielnt 2. 1.6.3.2 Maintenance Training $4,000

(Contractor)

2.1.10 Peculiar Support Test 1.30
Equipment

2.2.2.2 Training Devices Costs 2.00

2.2.2.3.2 Maintenance Training $8,000
(Government)

2.2.2.3.3 Instructor Training $8,000
(Government)

Recurring 3.1.1 Manufacturing Costs 0.80
Investment 3.1.2.1 Purchased Equipment & Parts 0.83

3.1.3 Sustaining Engineering 0.80

Operating & 4.2.1.1.1 Organw'ational Maintenance 0.b-
Support 4.2.1.3 Support Equipment Maintenance 0.80

4.2.2.3 Spare Parts & Repair Material 0.50

4.2.2.4.1 Inventory Management Costs 1.60

Experience-curve theory dates back to 1965*. Experience-curve theory is much
broader in scope than learning-curve theory. It considers the full range of costs which in-elude development, capital, administration, marketing, and overhead, as well as labor costs.

Raw-material cost is not included in this list. The cost of raw materials usually depends
upon factors such _as the availability of supply. For example, the price of unprocessed lum-

ber fluctuates from year to year partly as a result of Federal policy concerning the nation's
timber reserves. Strictly speaking, correct measurement of the experience effect, therefore,
requires that expenditures be calculated net of the cost of raw materials, ie, on value added
to tht, product. In general, experience curves do not apply if major elements of cost. o0
price, are determined by patent monopolies, natural material supply, or government regula-
tion. The experience curves apply to products in industries with multiple producers who
interact as rivals as well as to other products in purely and perfectly competitive industries.

ILxpen.,ncu curve theory is primarily credited to Mr Bruce tlenderson, founder and president
of Boston Consultling 6roup, Inc , a managemient coostulting fii rm speciali/.ing in developing
corpoi ate strategy,
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Thc factors, identified by the Boston Consulting Group, that c;.ausc the experience
curve effect include:

1. The "lcarning curve effects"

2. Competition (rivalry) anong produtcers in a given product nnrket;

3. Economics of scale and specialization, the "'scale ef'cct$; and

4. Investment in capital to reduce cost and increase productivity.

T he learning effect, people learning by doing, has already been discLassed in learning-
curve theory and is the major factor which causes reduction in labor costs. The second factor,
competition (rivalry) among producers, forces each producer to find means of lowering his
total average costs in relations to his competitors. The successful low-cost producer will then
be able to lower his prices and induce a situation which causes a '"shakeout" of those producers

who have been unsuccessful in reducing costs. This will give the low-cost producer an increased
market share. With incrcased market share, the third factor, economies of scale, can be real-
ized. With scaled-up volume (ldue to increased market share, it is possible to use more efficient
tools and spread their cost over enough units so that both labor and overhead costs are red uce(l.
Increased volume may also make it possible to consider alternative materials and alternative
methods of manufacture and distribution which are unecononiic on a small scale. The final
factor, investment in capiti1, is a further attempt to reduce cost by displacement of less effi-
cient factors of production. This can be accomplished by automating various stages of pro-
duction, thus reducing labor costs.

Thus, experience-curve theory predicts cost reductions based on all cost inputs.
Experience-curve theory means that present costs from industry of components in full-scale
production can be expected to reduce by a fixed percentage of previous cost with each doub-
ling of industry's production volume. Past costs of fiber-optic cable, which constitutes only
one of the required building blocks to build interface systems, indicate that the experience
curve slope will be between 70 and 80 percent (see figure C-3).

CALENDAR YEAR

75 78 81 82 83
P• 100.0 I-IlT
z

z
S15.0

cc 10.0

.4 8.0
-J 6.0.• 4,.0

Uj 90% SLOPE

t 1.0

wj 80% SLOPE

SJ I ,.__ 1 70% SLOPE
10 100 1000 10,000 100,000

ACCUMULATED OUANTITY (THOUSAND METRES)

Figu,e C-3. Fiber-uptic, cable e-xperience curves,

30



T1his iueai is t hat iLiut re cosýt of' t1e required fiber-optic components, which will be
determlined by the demiand placed on induIstr-Y, shoul.1d he redceIid to 80 percent of' tile pre-
vious Cost its induilStly' prodcIItion vlu VOIe1C doub11les. lig-rIes ('-4 and C-S are current cost-
predliction curves of' two fiber-optic components compared to coaxial-cuinponent co' titer-
parts. The fiber-optic component costs ale aIctual. dollars, iolCud~iug" inflation.

The costs of the hardware, such as the fiber-optic cables and connectors, ":c only
the acquisition costs, Having only fuLture acquisition costs of' the fiber-optic componenits
does not provideC an adequate cost evaluation. It hias been determined, throu~gh previouIS
studies, that between 70 and 80 peCrcent Of' total Costs incurred onl a programl are those for
Operating support. FigureC ('-6 gives an estimated life-cycle cost bre;akdown based onl DOD)

o3.00 COAXIAL CABLE/
O TWISTED SHIELDED PAIR

FIBER OPTIC CABLE STRATEGIC
2.00..... COMMODITY

1.00 ~
0%INFLATION

75 76 77 78 79 80
FY

Figure C-4. Cost prediction curve: cables.

8) .00

75 760 77 78 79 877,7 077,ý7,
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Figuie C-6. Total life-cycle costs.

expenditures. It is, therefore, important that all life-cycle costs be estimated from research
and development through acquisition to operation and maintenance for the life, of the system
in order to more accurately represent actual costs. The 3 principal factors of life-cycle cost-
ing are estimated unit-production costs, estimated reliability, and assumed manpower costs.
There must be a conscious recognition of the need and prediction of these factors in ploduc-
tion, reliability, and logistic-support analysis if life-cycle cost credibility is to improve.

"TOg-DOWN" MODEL

The second major effort undertaken was the definition, quantification, and evaluation
of system effectiveness, In other words, the determination of what benefits are received for
the dollars expended. The comparison of total costs of each alternative subsystem meets only
half the requirements for an economic analysis. Benefits such as improved mean-time-between-
failure (MTBF) and mean-time-to-repair (MTTR) may result from one alternative or the other.
Immunity to IMP, EMI, or RFI may also be achieved by one alternative. Signal-bandwidth
capacity may be increased, cable redundancy may be improved, weight and volume may be
reduced, and many more benefits may be achieved. Each of these effectiveness parameters
must be quantified, ranked, verified, and revised in terms of cost offsets and levels of attain-
menit. An advanced-concept cost model estimates costs and benefits as functions of design
and weight requirements while air-superiority mission analysis determines the availability,

reliability, survivability, maintainability, and capability which relate to system effectiveness,
which again relate to cost.

An individual mission analysis accounts for state variability transitions resulting from
chan;.,c's in dependability and survivability with time (mission phase) from takeoff and climb-

tat through penetration of hostilc territory. Aircraft single-mission capability is assessed
based upon thIe valtres of the state variables at the start of combat. The aircraft-state vector,

upon return 'o base, determines thc maintenance, servicing, and battle-damage repair required
to ptUt the air rafl in a ready state. 'I his is the "Top-l)own" approach of an effectiveness model
wh iclh ciuanti Ies the effectiveness parameters and relates them to total cost.
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Figure ('-7 illustrates the analysis methodology used on a typical air-superiority mis-
sion. Certain combinations of cquipmnCnt failure permit degraded modes of operation ( lot
requiring an abort but also not operating in an "all-up" condition). The mission is divided
into phases, and state transitions take place from phase to phase based upon dependability
(equipment failure) or survivability (combat damage). I)ependability alld survivability tran-
sition matrices are generated from detailed considerations of failure rates and combat battle-
damage rates for aircraft equipment, subsystems, and components. Failure rates and degraded
modes of operation are derived from reliability analyses. Coombat battle-damage rates account
for aircraft component vulnerabilities to specific threats, both nuclear and noanneClear, and
the specific threats to be encountered during each mission phase. System capability, during
the combat phases, determines the result in terms of enemy kills and friendly damage or loss.
In addition to the various degraded modes which can result from failures and battle damage,
combat capability also reflects differences in aircraft weights. TIhus, the anticipated increased
weight to achieve a specified level of shielding for a coaxial avionics system as opposed to a
fiber-optic configuration would result in decreased combat capability. When the aircraft
returns to base, its availability for the next mission is determined by the expected ground-
time portion of the dependability-transition matrix, which depends upon the component
failures and damage experienced during the mission and the required times for combat-danmage
repair, unscheduled-rn aintenance repair, and turnaround and scheduled maintenance times.
Thus, these effectiveness factors are assumed to be equal and only the changes in aircraft
weight due to a proportional change in electrical subsystem weight effect changes in life-
cycle costs.

In order to relate the effectiveness factors into some quantifiable measures, a direct
cost relationship approach is applied. Figure C-8 presents the relationship of the "ilities" to
sortie rate. To calculate these values, a scenario must be developed to establish equal level-
of-effeetiveness ground rules. The basic aircraft strike missions are defined to determine a
required sortie rate, aircraft attrition rate, probaoility of mission success, and EMI, EMP,
and RFI conditions. The aircraft availability must equal the required sortie rate which, in
turn, affects ground-support costs per sortie. The system's reliability affects intlight failures
which in turn affect mission success and thus increases or decreases the total sorties. How
susceptible the aircraft is to enemy action determines the probability of mission completion
and probability of mission survival which again increases or decreases sortie rates. T'hese
factors determine the capability of mission effectiveness under equal effectiveness condi-
tions. These summarize into a specified sortie rate which relates to operation and support
costs which are measurable benefits.

This "Top-Down" model involved changes in aircraft size which resulted from pos-
sible weight savings that occurred when Fiber optics was used or ihe possible weight increases
caused by increased wire and airframe shielding required to meet performance requiremenits.
The "Top-Down" model included cost categories normally used with the Advanced Design
Level (ADL) studies at McAir for making projected weapon-system cost estimates.

The electrical subsystem weight-analysis phase of the cost-benefit evaluation was I
executed by parametrically increasing and decreasing the electrical subsystem weight of the
basic A-7 aircraft to illustrate the effect upon weapon system costs.

The relationship of R1)T&E costs to electrical subsystem weight is shown in figure
C-9. Because the baseline cost was so large ( 1 016 988 millions in constant 1977 dollars).
the cost deltas [or ±50 kg were proportional to the weight. The RI)l&E cost delta was
linear over this range of weights. The slope of the cost delta is SI1.7 1 X 105 per kilogram.
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Figure C-8. Consideration of effcctiveness factors.

The procurement cost delta was computed from the baseline cost for 800 aircraft of
4 260 198 millions in 1977 dollars, Performing the same type of calculations as previously
discussed, yields the results shown in figure C-I 0. Fhe cost delta was again linear. The maxi-
mum positive delta was 47 millions for the addition of 50 kilograms, while the reduction of
50 kilograms results in a ncgativc delta of 17 millions.

It should be noted that the cost delta shown for procurement included the cost delta
shown for Flyaway and that all the spares were included in procurement costs. The slope of
the procurement cost delta is $9.6 X I 05 per kilogram.

The cost delta associated with the effect of electrical subsystem weight upon operat-
ing cost is shown in figure C-I 1. The baseline operating cost for b75 aircraft for 10 years is
6 182 194 millions in 1977 dollars. The cost delta was piecewise linear and has a slope of
$6A05 X 105 per kilogram. 'Fhe step in the cost delta between -20 and -30 kg was a conse-
quence of the structure of the "Top-Down" model. Integer squadron maintenance staffing
was assumed, and realistically so. Thus, at a given input level, staffing must increase or de-
crease by one unit which was reflected as a substantial increase or decrease of cost delta-I over the life-cycle of the aircraft.

Figure C-1 2 is a summation of cost deltas which results in the total life-cycle cost

delta for the aircraft due to electrical subsystem weight variations. The plot was piecewise
linear with a slope of $17.22 X 105 per kilogram.

An initial utilization of these weight sensitivities was applied to the three alterna-
tive subsystem component weights. The fiber-optic subsystems weigh ts were based upon

projected weight estimates of future components. The total weights included the cable,
connectors, and signal drivers and receivers for the complete NWI)S subsystcm. The esti-
mated total weight for the fiber-optic subsystem was approximately 0.87 kilogran. The
coaxial subsystem weight, as defined in NE LC Ti) 435. w&s 1.3 kilogram which is a delta
weight increase of approximnatcly 0.43 kilogram over the fiber-optic subsystem. '[he weight
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of 111C twisted shi1eilded-pair suibsystein as designed by tile Mcl)onnell Aircraft Company,
was 1.91 kilograml which is a delta weight increase of approximately 1.04 kilogram over
the fiber-optic system. ,'

COST RESULTS

Few books have been written on the subject of cost estimating in new technologies,
but each warns of the potential problems and hazards faced by anyone venturing into a new
field looking for nonexistent data. Cosý data in the field of' fiber optics are no exception;
they exist today only in limited amounts and many times are considered as proprietary.

The field of fiber optics today is infantile and the future is speculative at best. There
is no high demand for quality fiber-optic cable nor associated fiber-optic components. Fiber-
optic cable and component manufacturers have been unable to establish a production base
upon which to project (predict) future prices. Users and potential users of fiber-optic tech-
nology have only a minimal data base upon which to build and expand their fiber-optic
applications.

Extensive research and development were required to establish both a high demand
for quality fiber-optic cable/components and the production base necessary to reduce the
cost of such items. As additional uses for fiber-optic technology are discovered and fiber-
optic cable/component manufacturers strive to reduce manufacturing costs, available cost
data will become more accurate.

Table C-6 provides a breakdown of total costs nondiscounted for the major LCC
categories. Only RDT&E costs are greatest for fiber optics over the 2 alternative wire
configurations. Also shown in table C-6 are the optimistic and pessimistic costs of the
fiber-optic subsystem. The sensitivity analysis utilized to determine these cost variations
was devised by estimating errors in market forecast demands, uncertainties in RDT&E costs,
and reliability and maintainability risks. The pessimistic fiber-optic costs are based on worst-
case estimates from the Delphi study of RI)T&E costs increasing by an additional 3/4 million,
fiber-optic components costing twice that of most likely estimates, and labor costs being
increased 1.5 times Ihat of the most likely estimates. The optimistic fiber-optic cost esti-
mates are based upon the assumptions that very little additional R&D is required, large pro-
duction demands reduce component procurement costs, and improved support and fabri-
cation equipment reduce labor costs.

TABLE C-6. "BOTTOMS-UP" MODEL LiFE-{'YCI.F ('OSTS,
(Constant 1977 dollars, millions)

Fiber Optics
Pessimistic Most Likely Optimistic Coaxial 1 ."

RDT&E S 1.07 $ 0.32 $ 0,17 $ 0.02 S 0).02

Investment (Nonrecurring) 0.52 0.46 0,40 0.46 0.60

rInvestment (Recurring) 0.52 0.46 0.40 0.57 0.78

Operation & S•upport 0.14 0.13 0.12 0.1) 0.24

Total Life Cycle Uost
(Current 1977 dollars) 2.25 $ 1.37 $ 1 .09 $ 1.24 $ L.o4
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lie "lo-I )p-own' Model resuitts to r file A-7 AtL( )I IConl I'Ignni ions are su in in 1ried
inl table (C-7. 'Ilie wevight delthas are der1ived from 11he origillal baSelineU system_. ''le cost
Offsets5 Shown r'esuLlt pr'inCipally from thle ability ito "shrink"' the size ot thle aireralt. For
es :i iple. I-k ilogi :iin we\I2ighit iCd cticion inl the electrical subsvstunin yields a 31-k Ilgrami wveight
redction111 inl the airCraftt. 'Ilitis less labor and miaterial ale reC(lLiir-0 to bu1.ild the alir-craft,
simlpler design paramleters arc reqa~ired to develop the ahircaft, and the aircraf't is easier to
nial~intaiin. Ulses less fuel and provides a smaller target signature while maintaining the samle
pe rforoi nec chiaracteristics. 'Ihle delta Iieveecosts for coaLxial and 1I'over fiber op tics
amoun1llt to $730 thousan1d and $ 1 .79J Millioin, respectively.

Iii order to evaluate these be lie lJit deficiencies or cost offiset with thne di ftere nt ial

cost~s dteveloped in the "tBottoinIS-Up" model.Q the Costs mu1LSt he allocated by year for disv
Counting to present worth. The "lIop-I own'' model hias provided thnispe rcentage break-

opertin cots. oweerdiSCU11ingandescalatingfielf-yeCoth1 10ilat

costbenfitMd~aionof he A7 AOFTfiber-optic su~bsystemi and the 2 alternative wire--
interconnecL S~ibsysteins wAas determined, FigUre ('-14 31hows the cumu1.lative cost/berietit
evaluation of' thle A-7 ALOFT N/WDS con1figurations. Also shown in the figure are the minli-
minm and maximium sensitivity parameters for the fiber-optic subsystem. Thle'Se results
clearly indicate that the fiber-optic subsystem is superior to the TSP Subsystem no matter
what the future conditions may be. It is also evidetnt that, at a 90-percent confidence levul,
the fiber-optic system is more beneficial than thle coaxial. T his graphical reipresentation is
divided into thle thiree major cost categories: RTD&E, Investment, and Operation and Support.

The primary benefit fromi tihe use of fiber optics in military aircraft was the inherent
noise immunity and the. resulting redu~ctionl in EMI preventative measures which accompany
conventional wired systems. These EMI sources were categorized into man-made, nuclear
electromnagnetic-pulse, and atmosphecric environments. Man-made electromagnetic sources

TABLE C-7. "TOP-DOWN" MODEL LIFE-CYCLE COSTS.

t ~t(k) k Baseline jCoax TSP Fiber-Oplics

Wegt0 -17,9902 -17.590 -138.25

Y UT (' baseline 0 -22.750 -21,690 -23.480

LCC liber-optic +23,480 070+ t1.790 0
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i1WctRde groLund-based cimuti -ttrsWhich are generally remo0te froi l ir'CrZtft operlatiOns., SLICII that
iTd nee~d power levCls ale itear cm below I00 Volts per i etre. m I shipboard emitters- which
jrA LlCe p)OWer level, kOil the airlcraf't surfatce froml 200 voltS per 1, re to aibove It0 (Ut volts

p7er metreI- depenInHIg 11pon1 the t ranismit ter involved and, the plunit mty ol titi: aircrafIt to the
rauismitter Of iit terest. IypiCail MI-red LiUctionl techn~ique1s inIVOlving interconnect wiring are
interface design. filtering, tranlSient Supp)Iression1 Shiteld ing, bonding, and grounding. The u-su
of' fiber Optics insteadl of, wire redulcs Or e~ll~iminteS the ne~ed for- some or all Of these I'M I
[c lIt it is.

'I lie cost! be ne fit evalioat inn result:, (tablCS (ý and (-1)) indicate cost offsets for 1S P
ye rSLIs fiber op~tics att app11roximately 4.75 mill ion doll~ars in total I ile-cycle costs when air(cratt
carrier ['MI eriteria1 were Miet. 1:0or coaxial versus fiber op~tICS, it 10 million dollar total cost
tA'SI. ffeCOtld be AChlieVed With fiber Op~ticS untder the Sante EM! euulditiOitS, The cost ofst'Is~
were even greater in a tactical F.MP envirunmtent. The TSP Subhsystem1 would yield at 6
mttill ion dollar Iif-e-cycle cost inlclCease over the fiber-op ties sub-system dueC primarily to thev
filtering, double shielding, and in~tefce_'Z. Coaxial] could be as Itight as II 1.5 mttillion dollars
over fib~er Optics under tlte samte EM P cond itions, Therefore, fiber Optics has not Only
provein itself' as a feasible technology but also appears to he very economical as well intleritis
of total lifec-cycle costs and fu-tUtre benietits.

TAB3LE' (-8. A-7* NWI)S ('OST/ItiNLIFIT EVALUATION FOR
AIRCRAFT CARRIER [-Ml RI-EQUI R1EME'NTS (IN MILLIONS).

Fiber Optics COAX/TRIAX TSP!'TI)S

RIJT&E $ 0.32 $ 0.93 $ 0.47

hivestrirent 0.92 6.90 3.79

O&S 0.73 3.58 1 .85

Total (1977 dollars) F 1.37 11.41 6.11

bsdon a production of' 8t00 aircraf't arid assumned 675 operationally ready.

TA131.L C-9. A-*T NWI)8 (OST/13ENET-'IT EVALUATION FOR
A '[ACTI CAJ., h M1 ENVI RON M ENT 0IN M ILLION S)

_____________________ Fiber-Optics COAX/TRIAX Double Shield

RDT&F $ 0.32 $ 1.05 $ 0.61

Irnvestment 0.92 7.82 4.56

O&S 0.13 4.02 2.29

Total ( 1977 D~ollars) 1 37 12.89 7.46

h:astd oni a prrdudr ion of 800~i amjrarl I id assrrnrd 6,75 opuralionally mi~dy.
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The following tables provide the total cost/benefit evaluation results for the different
alternative configurations of the A-7 aircraft. Tables C-I 0 through C-I 2 provide cost/benefit
results for a full-mUltiplexed A-7 aircraft, and table C- 13 considers unly those circuits critical
to the completion of the mission of the aircraft, Tables C-14 through C-I 6 compare total
costs for 100 point-to-point lines in the A-7 aircr, ;t. Tablcs C-I 7 through C-I 9 present the
results of the data-bus configuration. More detailed data may be found in reference 1 2.

TABLE C-10. A-7 FULL MULTIPILEXED COST/BENEFIT EVALUATION
FOR 100 J/M EMI REQUIREMENTS.

Cost Flements Fiber-Optics Twisted-Shielded Copper Wire
(1977 dollars, millions) (mux) Pair (mux) Baseline (no mux)

RDT&E $ 5.6 $ 7.9 $ 32.6

Investment 185.9 289.7 347.2

O&S 33.7 58.8 141.0

Total $ 225.2 $ 356.4 $ 520.8

TABLE C-l1I. A-7 FULL MULTIPLEXED COST/BENEFIT EVALUATION

FOR AIRCRAFT CARRIER EMI REQUIREMENTS.
I

Cost Element Fiber-Optics Twisted-Shielded Copper Wire
(1977 dollars, millions) (Inux) Pair (mux) (no mux)

RDT&E $ 6.3 $ 16.1 $ 35.5

Investment 185.9 421.5 361,8

O&S 33.7 108.5 149.2II
Total $ 225.9 $ 546.1 $ 546,5

"FABLE C-12. A-7 FULL MULTIPLEXEID COST/BENEFIT EVALUATION

Cost Element Fiber-Optics Twisted-Shielded Copper Wire

2(1 '977 lollars, m s) (mx) Pair (myx) (rfpv)

RDT&E $ 6.9 $ 20.3 $ 49.4

Investment 189.5 447.8 445.4

O&S 34.4 123.6 209.0

Total $ 230.8 $ 591.7 $ 703.8
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TABLE-I -13. A-7 MISSION ('RITICAL ('CI('CUITS ('OST/BENEi:IT
EVALUATION FOR A TACTICAL EMP ENVIRONMLNT.

(os.t t`leouelits Fiber-Optics Twisted-Shielded Copper Wire

(1977 dollars, millions) (it1ux) Pair (Iliux) (no rnux)

RDT&E $ 6.8 $ 23.6 $ 48.7

Investmieni 186.4 463.2 433.7

O&S 33.8 133.1 201.8

Total $ 227.0 S 619.9 S 684.2

TABLE C-14. A-7 POINT-TO-POINT ('OST/BENEFIT EVALUATION

FOR 100 VM [I-MI REQUIREMENTS

Cost Elements
( 1977 dollars, millions) Fiber-Optics Copper Wire

RDT&E S 9.8 $ 6.6

Investment 241.6 205.2

O&S 48.7 35.6

Total S 300.1 $ 247.4

A'I'ILE C-15. A-7 POINT-TO-POINT COST/BENEFIT EVALUATION
FOR AIRCRAFT CARRIER EMI REQUIREMENTS.

Cost Elements

(1977 dollars, millions) Fiber-Optics Copper Wire

RDT&E $ 10.3 $ 7.3

Investment 243.6 207.9

CO&S 48.6 36.2

Total $ 302.5 $ 251.4

TABLE C-16. A-7 POINT-TO-POiNT COST/ BENEFIT EVALUATION
FOR A TACTICAL EMP ENVIRONMENT.

Cost Elements

(197/ dollhrs. milli•o •) Fiber-Optics Copper Wire

RD'T&F, S 9.2 $ 7.9

Investment 249.0 215.8

O&S 36.6 37.6

Total $ 294.8 $ 261.3
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TfABLE ('-i 7. A-7 1)ATA BUS COST/BFE.NEF1FIT EVALUATION
FOR 100 V/M EMI REQUIRE'MENTS.

('Cost Hements Twisted-
11977 dtll0rs, millions) Fiber-Optics Shielded Pair

RDT&E $ 4.7 $ 5.4

lnvesi.nent 115.0 170.4

O&S 21.0 32.7

Total $ 140.7 $ 208.5

TABLE C-18. A-7 DATA BUS COST/BENEFIT EVALUATION
FOR AIRCRAFT CARRIER EMI REQUIREMENTS.

Cost Elements Twisted-
(1977 dollars, millions) Fiber-Optics Shielded Pair

RDT&E $ 6.0 $ 12.8

Investment 114.9 243.4

O&S 21.0 57.9

Total $ 141.9 $ 314.1

TABLE C-19. A-7 DATA BUS COST/BENE FIT EVALUATION
FOR A TACTICAL EMP ENVIRONMENT.

Cost Elements Twisted-
(1977 dollars. millions) Fiber-Optics Shielded Pair

RDT&E $ 6.0 $ 18.6

Investment 120.4 178.2

O&S 21.7 72.8

Total $ 148.1 $ 269.6
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