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1.0 INTRODUCTION

This report describes the results of a 10 month proﬁram sponsored by the
National Aeronautics -and Space Administration (NASA) under contract number

~ NAS3-25345. The objective of this contract was to evaluate various optical sensor

modulation technologies and to design an optimal Electro-Optic Architecture (EOA) for
servicing remote clusters of sensors and actuators in advanced aircraft flight control
systems. The EOAs supply optical power to remote sensors and actuators, process
the modulated optical signals returned from the sensors, and produce conditioned

. electrical signals acceptable for use by a digital flight control computer or Vehicle

Management System (VMS) computer. This study was part of a multi-year initia:ive -

" under the Fiber Optic Control System: Integration (FOCSI) program to design, deve!op,

and test a totally integrated fiber optic flight/propulsion control system for application to
advanced aircraft. Unlike earlier FOCSI studies, this program concentrated on the
design of the EOA interface rather than the optical transducer technology itself.

This program consisted of two primary tasks:
Task 1 - EVALUATION OF SYSTEMS
Task 2 - DETAILED DESIGN

Task 1 involved the definition of airframe optical sensor requirements, the
design of candidate multiplexed EOAs, the establishment of architecture evaluation
criteria and relative weighting factors, and the evaluation of candidate EOAs leading to
the identification and selection of the optimal EOA designs for advanced aircraft. The
results of Task 1 evaluation efforts indicate two points: (1) no singular optical sensor
technology can be optimized for all aircraft sensor applications, and (2) due to the
relatively immature state of optical sensor technology, no strong discriminator currently
exists upon which to base the selection of an "optimal® EOA technology for any given
sensor application. However, the results of Task 1 can be used to identify four
*preferred” EOA technologies. These preferred technologies are: :

* Time Division Multipiexed Digital '

* Time Division Multiplexed Analog

®* Wave Division Multiplexed Optical Spectrum Analyzer

* Power-By-Light (PBL) Remote Electrical. , ~

Task 2 involved the concepfual W&eéign of the four candidate EOAs, layout of
the sensors and EOAs to the flight controller interface, and identification of critical

" component technologies required to construct an all optical aircraft flight control
~- system. The results of Task 2 design efforts indicate that it is possible to develop a set

of four common EOA modules that are compatible with a wide range of promising
optical sensor technologies. ,



2.0 BACKGROUND

Over the last 20 years, flight control technology has evolved from the original
concept of mechanical control linkages with autopilot aiding to that of multi-disciplinary

control integration technology. Control integration technology now encompasses

several functional elements including flight control, propulsion control, weapons

delivery, and displays. The concept of integrated control is to automate the
coordination of these functional control elements to allow optimal coupling of the

subsystems thereby reducing pilot workload, increasing aircraft performance, and
enhancing overall mission effectiveness. Recent PAVE PILLAR advanced avionic
architecture studies defined the fundamental concept of a Vehicle Management
System (VMS) architecture as a means of achieving the required level of control

integration for advanced aircratt.

Integration of interrelated functions such as flight and propulsion control would
unlock significant performance, reliability, maintainability, and supportability benefits
for emerging digitally controlled systems. Digital fly-by-wire technology combines
sensors, effectors, and communications to provide a level of integration and
performance not possible with mechanical fiight control systems. Advanced digital fly-
by-wire flight control systems can dramatically increase the operational flight envelope
through faster control system response and increased number of active control
surfaces. This increase in active control surfaces brings about a corresponding
increase in sensor resources and the need for innovative management of these
resources. Reliability of these systems becomes increasingly important as mechanical
linkages are removed and buses, networks, and protocols are relied upon to provide
the linkage for the physical integration of functional elements.

- Requirements for increased levels of control integration coupled with the
increased use of composite materials in advanced airframes will impose stringent
electromagnetic susceptibility requirements that may mandate the use of fly-by-light
avionic systems. Fiber optic technology offers numerous well known benefits
including: high bandwidth, low weight, and immunity to man made threats such as
Electromagnetic Interference (EMI), and Electromagnetic Pulse (EMP) generated by
nuclear blasts. Commaercial fiber optic research activities have led to the development
of flight qualified fiber optic data networks but have not yet produced optical sensors
acceptable for advanced aircraft.

_ DOD and NASA have recently sponsored several programs to promote
_research and development in the area of aircraft optical sensor technologies. Among
these are the Advanced Digital/Optical Control System (ADOCS) program, Future
Advanced Control Technology Study (FACTS 2000), and the Fiber Optic Control
System Integration (FOCSI) program. FOSCI is a multi-year initiative to design,
develop, and test a totally integrated fiber optic flight/propulsion control system for
“application to advanced aircraft. This EOA program marks the start of FOCSI Phase lI
and will provide the foundation for future activities in the areas of advanced
component development and test.

ORIGINAL P3GE IS
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3.0 TECHNICAL APPROACH

The objective of this contract was to evaluate various optical sensor modulation
technologies and to identify the optimal EOA configuration for servicing remote
multiplexed sensors in advanced aircraft flight control systems. Unlike eariier FOCSI
studies, this program concentrated on the design of the multiplexed EOA interface
rather than the optical transducer technology itself. . .

This program was composed of two primary tasks: 1) Evaluatioﬁ of Systems,

. and 2) Detailed Design as described in the following paragraphs.
" 31 JASK1-EVALUATION OF SYSTEMS -

In order to conduct a comprehensive evaluation of the candidate EOA systems,
it was necessary to first define the operational and environmental requirements for a
representative set of airframe optical sensors. Next an industry survey was conducted
to establish a data base on currently available optical sensor technologies which
served as the basis for the development of the candidate EOA designs. Architecture
evaluation criteria and relative weighting factors were then established in order to
compare the candidate EOA designs and identify the optimal EOA design
configurations for advanced aircraft. Task 1 was composed of eight subtasks as
outlined in the roadmap of Figure 3-1: :

~ Taek 1.1 OPTICAL SENSOR DATA BASE
Contact Modulation Techniques:  Sensor Funciions:
Optical Sensor Emasblish © Intensity o Posltion
Manulacturers Comprehensive Optical Sensor Data Base © Phase * Temperatre
.W & Pressy
! ! {} o Polarizaion @ Other "
7 ] Tosk 1.3 Toek 14
¢ Douglas Aircraft : Avaliable Optical Oplleisun:w Requiremants
o United Techologies | Sonsors & Applicablity [—| Types According > Specisized
® Genornl Elecyic 0 .  Function %’m\ﬂ'

‘ ik Task 1.2

Requirements
Define
Fight Cortrol & —T EOA for Each ____I
Al Deta Sensor .
Task 1.6

Grouping
’ Define Recommend
. e esiton MCAIR Architecture e Preferred Sensor
Sampiing Rass Evalustion Crileria &[] Candidate Sensor/ =1 uoqiation Techniques
* Waeighting Factors EOA Combinations & Associassed EOAs
A~ !
s N
© Reliabi Environment
. iy o Raxeompraxky NASA Taskl [ Lovel 1 Drawings
o Faust Tolorance o CosyWaightVolume Detalled [ Speciications .
o Recundancy o Opical Power Budget Approval Design ""Wm‘c"""’,w"‘

Figure 3-1. Task 1 Roadmap
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Prawiious efforts under the FOCSI Phase | and FACTS 2000 programs helped to
establish & data base on optical transducer technologies primarily limited to aircraft
propulsior applications. In a effort to establish a more comprehensive data base

encompasasing airframe as well as propulsion sensors, it was necessary to replicate

many of #xe early FOCSI Phase | efforts.

More than 100 sensor manufacturers were contacted to solicit vendor inputs for
the optical sensor data base. Based on product availability and related experience
with fiber @ptics, 40 of these companies were subsequently issued a formal Request
For Inforrmation (RFI) through the MCAIR contracts department. Manutacturers
participatimg In the optical sensor data base are listed in Appendix A. Responses to
the RF1 amd subsequent telephone surveys were compiled into a fiber optic sensor
availabily ‘matrix similar to that developed under FOCSI Phase |. As shown in figure
3.2 the diata base now encompasses over 100 optical sensors currently available
from 40 manufacturers for all modulation techniques (intensity, phase, wavelength,
polarizaiam) and all anticipated flight and propulsion control applications.

CLlnur Posmon) Cﬂotary Posltlof)
(Flamo s"m@

"LCR‘“ Gyroscopu) ] (Proxlmlty Swltch)

== ~ LA

(‘l’ompcratuu) W (\Nhul Spud)
\ (Gnur Accoloromcton) (Punuro) (MusNolumo' Flow)

.

Modulation Techniques:
e Intensity e Polarization
e Phase e Wavelength

Vendor Request For Information

e 48 Manufacturers Contacted
e ¥ Aircraft Sensor Types
® 33 ‘Optical Sensors Available

Optical
Sensor
Dets Base

Figure 3-2 Optical Sensor Data Base

| B



e B

r

B e B an B s B o B

3.1.2

This task defined the operational and environmental requirements for optical
sensors installed in an advanced fighter aircraft. The operational requirements
included sensor range, accuracy, resolution, and update rate. Environmental
requirements included temperature, altitude, and vibration. The F-15 STOL and
Maneuvering Technology Demonstrator (F15/SMTD) aircraft was selected as the point
design for establishing the flight control and air data sensor requirements. This aircraft
was selected because it is representative of the class of high performance fig"ter

_ aircraft which are expected to benefit from the use of fiber optic sensor technology. The
~ F-15/SMTD aircraft is a totally fly-by-wire aircraft which incorporates variable canards,

2-D thrust vectoring nozzles, thrust revarsing vanes, and disact drive electrical fc:ce
motor actuators to achieve a high degree of maneuverability. The F-15/SMTD
architecture, shown in Figure 3-3, represents a first generation approach to an -
integrated control system. A quad redundant digital flight controlier with continuous
cross channel data monitoring provides a high degree of fault tolerance to ensure
system integrity. Integration of the flight and propulsion control subsystems is
accomplished through a MIL-STD-1553B compatible multipiex data bus. '

¥

r
|

H

Control
Panel and
| Swiches |
P.RandY
Raw Gryos
Ny and Nz
Accels
ok end
Pedal
LVDTs
Thiottle

LVOTe

Ak AOA ML-STD- 18538 MUX Bus
Dai Sensors

— e (R

g

Figure 3-3. F-15/SMTD Flight Control System Architecture |



A total of 126 flight control and air data sensors were-identified as candidates
for replacement with electro-optic sensors. As shown in Figure 3-4, these sensors can
be grouped into the following 7 sensor functional types:

1) Linear Accelerometers

2) Rate Gyroscopes

3) Linear Position Sensors

4) Rotary Position Sensors

5) Air Data Pressure Sensors -
6) Rotary Wheel Speed Sensor
7) Air Data Temperature Sensors

SENSOR FUNCTION . SENSOR REDUNDANCY

TYPE , NAME SYMBOL| LEFT |CENTER RIGHT | TOTAL
Linear | Lateral Accesleration NY _2 2 s
Accelerometer | Normal Acceleration NZ 2 2
Alrcraft_Pltich Rate | PITCH | 2 2
Gyrlrs?o . Alrcratt Roll Rate | _ROLL 2 2 12
P Alrcratt Yaw Rate YAW 2 2
ol | RSP 4
Pltch Stick Position PSP 4
|__Yaw Pedal Position YPP 4
_Throttie Lever Angle | 4 4
|_Alleron AIL 2 2
Linear Flaperon FLAP | 2 2 74
Position Canard CNRD 4 4
" Stablistor STAB 4 4
Nose Whee! Steering NWS 2
Alr_Inlet Controller AIC 2 2
- 8
Thrust Reverser Vane TRV 4 4
Rotary Angle Of Attack AOA 4 A
Position | Rotary Rudder 1 RUD -2 2 20
Power Lever Angle PLA 4 4
Pitot Pressurs PT 2 2
| Pressure  [Sistic_Pressure PS 2 2 s
Speed Maln Landing Gear | WLG 1 1 3
Tempsrature Alr Data Temperature ADT 1 1 2

TOTAL SENSORS FOR FULL REDUNDANCY = 126 .

Figure 3-4. Alrcraft Sensor Functional Groupings

The most common type of aircraft sensor is the linear position sensor. This
sensor in electrical form is referred to as a Linear Variable Differential Transducer
(LVDT). The next most common sensor is the Rotary Variable Differential Transducer.
- (RVDT). LVDTs are generally less complicated to manutacture and have proven to be
more reliable than RVDTs, and as a result are generally used for position sensing
whenever possible throughout the aircraft.
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Sensor Operational Requirements for each of the optical sensors
identified in Figure 3-4 were obtained from procurement specifications for the
equivalent analog electrical sensors in the F-1 5/SMTD aircraft. These operational
requirements are detailed in Figure 3-5. By dividing the total sensor range parameter
by the lowest resolution detectable for each analog sensor, it is possible to determine
the equivalent resolution requirements for a digital sensor system. The linear and
rotary position sensors were all found to have an equivalent digital resolution of 12
bits. The linear accelerometer, rate gyroscope, pressure, temperature, and wheel
speed sensors all have an equivalent digital resolution of 16 bits. This diflerence can

. largely be attributed to the individual resolution of the Analog-to-Digital converters

used to digitize the incoming analog signals. As indicated by the sensor accuracy

" requirements outlined in Figure 3-5, the extreme accuracy (< 1%) normally associated

with a digital sensor system is not generally required for flight control applications.
Since the aircraft employs a closed loop feedback control system, minor sensor
inaccuracies tend to be factored out and do not affect the overall handling qualities.
The fact that the pilot himself is an integral part of the flight control feedback loop, will
also tend to minimize the need for digital sensor accuracy. The sensor update rates
listed in the table reflects the rate that sensor information is currently supplied to the
flight controller for use in flight control law execution. The sensor update rate may be
as high as 1 KHz at the actuator servo interface in order to maintain stable control. -

SENSOR SIGNAL

TYPE SYMBOL | NUM RANGE | RESOLUTION | ACCURACY RATE
Linsar NY 4 +/-2_G's 0.0002 G's 40 Hz
Accelerometer Nz 4 +/-10_G's 0.0020 G's +/-2.5% 80 Hz
Rate |_pmeH 4 +/-80_deg/second | 0.005 deg/s | -15°C TO +30°C |80 Hz
Gyroscope ROLL 4 +/-300 deg/second | 0.010 deg/s (see Note 1) 80 Hz
YAW 4 +/-60_deg/second | 0.005 deg/s 40 Hz

Bsp | 4 157115 Inch 1000562 Jn | +/-3% of 80 Hz

PSP 4 16210 +1.5¢ Inch 10,000576 in | Reading@6&F |80 Hz
YPE 4 +/:175 inch 10000854 jo | (seeNote2) H40HZ
TA | 8 1 owSedegrees 1 001967 deg 1 o/- 1% FS 140 Hz

Linear LANFLAP | 4/4 1 +/-0.685 inch 0.000335 _in o 1% FS 20 Hz
Position | CNROSTAB | @/8 | +/-3.889 inch 0.001899 in ot 88%F 20 Hz
NWS 2 +/-1.867 _inch .000814_1n | (ge0 Note 3) |20HZ

AC 4 +/-4.425 Inch 0.002161 In 50 Hz

‘ N 16 +/-7.5 Inch 0.003662 _in +/-0.33% 50 Hz

TRV 8| +/-2.00 Inch 0.000077 in_|-40% 10 +275% |50 Hz

Rotary ACA 8 -19 to_+56 degrees | 0.02800 deg | 0.15% FS 40 Hz
Position RUD 4 +/-30.5 degrees 0.01489 deg | +/-1. 20 Rz
PLA B | +/-66 degrees 1003320 deg | (see Note3) 120 Hz |

Pressure PT 4 OtoSSinchesHg 1 00010 in Hg | 0.07 +/-0.2% |40 Hz
VN PS 4 low3sinchesHg 100005inHg 1006 +/-0.2% J40HZ
|___Spesd MG 2 %W_Mc - 20 Hz |
Temperature ADT 2 -85°F to +440PF +/- 3 Degrees |83 H2

NOTES: 1) Linearity = 1% FS. (Add +/- 0.4% per °C for Operstion Between $4°C and +71°C)
2) Linearity = 1.23%. (Add 1.8% FS for Operation Between -85°F and +203°F)
3) Accuracy = +- 1.5% per 100 % for Operation Between -40°F and +275°F

Figure 3-5. Aircraft Fiber Optic Sensor Requirements



Sensor Environmental Requirements for all locations on the F-15/SMTD
aircraft were obtained from a report entitled "F-15 Vibration, Shock, and Acoustic
Design Requirements and Test Procedures for Aircraft Equipment, Update Based on
Ground and Flight Test Measurements” (report number MDC A4246). This report
outlined environmental conditions for all regions of the aircraft. Environmental data is-
based upon MIL-STD-810 aircraft environments with modifications based upon actual

F-15 ground and flight test data. Environmental requirements for each the seven:

functional sensor groupings were identified as indicated in Figure 3-6. As expected,
the engine bay provides the harshest operating environment for sensors.
Temperature within the engine bay on the F-15/SMTD aircraft may reach +475
degrees Fahrenheit. Flight control actuation sensors, on the other hand, are generally
rated at +275 degrees Fahrenheit due to a thermal heating effect caused by the
recirculating hydraulic fluid used to drive the actuators. These temperatures reflect
operation of the F-15/SMTD aircraft during supersonic dash operation. Advanced
aircraft with sustained supersonic cruise capability may experience even greater
temperature extremes.

SENSOR ENVIRONMENT
TYPE SYMBOL TEMPERATURE PRESSURE
Linear NY °
Accelsrometer | N7 -65° to +160°F Pressurized
Rate FeH -65°F to +160°F Pressurized
Gyroscope ——%—
|_RSP/PSP_1 .65% 10 +203°F Pressurized
_YPP/TLA _
FLAP |
Unpressurized
Linear -40°F to +275°F
Position -—%—— Sea Lavel to 50K ft
NWS
5’: 0
AC 38%: :g :i;g.: Unpressurized
TRY 40°F 1o +4750F | SealeveltoSoKft
Rotary A0A -65F to +160°F | Sea Level to 50K ft
Position ngQ 40°F 10 +275°F
Pressure :ST -65% to +180°F Sea Level 10 50K ft
Speed MG 65 to +160°F__| Sea Level o S0K R
L_Temperature | _ ADT -65% 10 +160°F | Sea Levelto SOKf

(1) Numbers in Parenthesis Represent Gunfire Vibration Levels
(Refer to Report MDC A4246 for Vibration Test Data)

Figure 3.6. Alrcraft Fiber Optic Sensor Environments
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Sensor Vibration Requirements will vary depending on the exact location
of the sensor within the airframe. Figure 3-7 indicates the vibration levels that might be
encountered for specific locations on the aircraft. These levels indicate the worst case
vibration levels for continuous operation of the sensors. The sensors should be
capable of surviving when exposed to higher vibration levels, but are only required to

to meet operation performance requirements during the vibration levels below.

 — Rudder

—o—  Avionics Bay

Figure 3-7 Fiber Optlc Sensor Vibration Levels



BOAR EEnvironmental Requirements - In addition to defining the sensor
operationad ak~d environmental requirements, it was also necessary to define these
requiremsrss fdor the EOAs. Although sensors may be located anywhere throughout
the aircrafy, goroduction EOA systems would typically be confined to one of three
locations with¥ir- the aircraft; the avionics bay, the ammunitions bay, or the engine bay.
Environmesettfi roquirements for each of these areas are outlined in Figure 3-8.

Aviiorlics Bay Ammo Bay Engine Bay
{Cenliitioned) . (Unconditioned) (Unconditioned)

"

<

®\.Y DESCRIPTION TEMPERA‘EI:‘:I,;RONME:;ESSURE
FAvionics Bay -65°F to +160°F Pressurized
;Ammo Bay -65°% to +160°F | Sea Level to 50K ft
ztsﬁﬁlno Bay 1- 65°F to +475°F | Sea Level to 50K ft )

{t® Sixmbers in Parenthesis Represent Gunfire Vibration Levels
tler to Report MDC A4248 for Vibration Test Data)

MRgure 3-8 Sensor Electronics Bay Area Environment
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EOA Vibration Requirements will vary depending on the exact location of
the EOA within the airframe. Figure 3-9 indicates the vibration levels that might be
encountered for specific locations on the aircraft. These levels indicate the worst case
vibration levels for continuous operation of the EOAs. The EOAs must be capable of
surviving when exposed to higher vibration levels, but are only required to to meet
operation performance requirements during the vibration levels below.

-o- Engine Bay
—s— Ammo Bay

—s— Avionics Bay

Figure 3-9 Sensor Electronics Bay Area Vibration Levels
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3.1.3

The original intent of this task was to interrogate the optical sensor data base
established under Task 1.1 to determine the current availability of optical sensors
which meet the flight control and air data sensor requirements identified under Task
1.2. Although numerous sensors in the data base were capable of meeting the

operational requirements, none have been tested at the environmental extremes-
required for fighter aircraft. This is due to the relative immaturity of optical sensor’

technology and the fact that extensive environmental testing has not yet been
conducted on the limited number of prototype optical sensors currently available. The
scope of this task was subsequently changed to incorporate data from the FACTS
2000 fiber optic sensor study in an effort to ensure that all possible sensor modulation
technologies which hold promise for advanced aircraft would be evaluated. The
optical sensor data base was then interrogated to determine which of the available
sensor technologies could meet the operational performance requirements. The
optical sensor data base was then re-organized according to sensor modulation
technology and associatled sensor function. In instances where more than one
modulation scheme is feasible, muitiple candidate sensors were selected. The
resulting list of candidate sensors is presented in Figure 3-10.

olary
osition
Linear
Position
Angulsr
Velocity
Tachometer/
Shaft Speed
Linear
Acceleration
Flow (Mass)
Flow (Volume)
Liquid Level
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Flame Sensor
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Proximity
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Tomperature
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Figure 3-10 Fiber Optic Sensor Technology Avallability

12

‘ - 4

N



[ B e B e e e e SR I

2o Wl Bl o

3.1.4 Iask 1.4 - Categorize Qptical Sensors According to Function

This task categorized the available optical sensors identified under Task 1.3
according to modulation technique and sensor functiona! type in order to determine
which modulation techniques are best suited for each sensor application. This was
accomplished by comparing the aircraft sensor functional groupings (Figure 3-4)
against the currently available optical sensor modulation technologies (Figure 3-10) to

identity the candidate opt

ical sensor technologies for aircraft flight control applications.

These candidate fiber optic sensor technologies are shown in Figure 3-11.

CANDIDATE FIBER OPTIC SENSORS POTENTIAL
TYPE TECHNOLOGY REFERENCE NO | YES
Linear Microbend Modulated WDIN X
Accelerometer Mach-Zehnder Interferometer FMCW X
Rate Gryoscope Sagnac _Interferometer FMCW X
Digital Optical Code Plate IOM X
WDM X
Linear/Rotary N X
Position Analog Gradient Filter Plate ‘——Inwmu X
- (N=10) " Beam Interrupt/Puise_Count IDM N/A
: Power-By-Light (PBL LEDS X
Digital Optical Code Plate IDM X
IDIN X
Mlcrobondjllodulmd WDIN X
|_Reflective Diaphragm WDIN X
Pressure - . ____WDIN X
(N=4) Fabry-Perot Intorfo::motor WDM X
Moving Ditfraction Grating WDM X
Micheison Interferometer EMCW X
. ___WDIN X
B Photo-Elastic ) _ WDM X
Speed Beam Interrupt/Pulse Count _JDM X
JDIN X
_Absorpﬂon Edg Shift “WDIN X
Raman/Raleigh Backscatter OTDR X
: Blackbody Radiation _SELF N/A
Temperature Passive IR Analysis - SELF N/A
(N=2) __Fabry-Perot_interferometer _WDIN X
|__Phosphorescent JROD X
Fluorescent X
Sagnac_Interferometer EMCW X
Power-By-Light (PBL) _LEDsg/Lager X

Figure 3-11
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Without specific consideration to sensor operating environment, it is difficult to
defime a valid discriminator with which to select an "optimal® sensor technology for any
giverm application. However, the sensor operational requirements outlined in Task 1.2,
can ibe used to identify these sensor technologies which are unacceptable for flight
comrol applications. One unacceptable technology is that used in the beam
interrupt/puise count type position sensor. These type of sensors are generally

referred to as "incremental® position sensors because they require knowledge of the' -

inisial :sensor position and then count the returned pulses from the sensor to determine
final [position relative to the known starting point. The initial sensor position or "null”
must ‘be set upon power-up by driving the sensor through its entire sensing range to
estatilish endpoints. Incremental position sensing requires continuous monitoring of
the miiturned signals to maintain position knowledge and is therefore not acceptable for
a muiltiplexed flight control system. Incremental sensors are widely used for
contfinuous position sensing in industrial process controllers. Although the beam
interupt/pulse count sensor is not acceptable for absolute position sensing, it can be
eflactfively used as a tachometer to detect rotary wheel speed. The tachometer can be
eftecttively multiplexed since it needs only to sample the returned signal for a short

periapd of time to determine speed. * -

The self-luminous sensor is also unacceptable for flight control applications.
Two itypes of self-luminous temperature sensors were evaluated: a passive Infra Red
{iR) analysis type sensor, and a blackbody radiator. Both of these temperature
sensors operate on the principle of radiated spectral emission as described by the
Ptacck equation. Self-luminous sensors are typically uncomplicated but can provide
extrarmely accurate temperature measurements. According to Figure 3-5, the air data
temperature sensor currently operates in the range of -65 to +440 degrees Fahrenheit.

Due %0 the difficulty in detecting spectral energy at extremely low temperatures,

curmrantly available self-luminous sensors are constrained to a minimum operating
texmperature of approximately +900 degrees Fahrenheit.
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3.1.5 Jask 1.5 - Design EOA for Each Sensor Group

This task developed multipiexed EOA suitable for each of the candidate sensor
types identified under Task 1.4. The principle consideration in the design of an EOQA is
the selection of an optical multiplexing technique which accommodates the largest
number of sensors while maintaining an adequate optical power margin. The key
elements that determine overall optical power bydget are: source power level, network
losses, receiver sensitivity, and the signal to noise ratio required to achieve the
desired level of sensor performance. A representative power budget analysis for a

. typical passive optical sensor installed in an aircraft is shown in Figure 3-12.

LOSS BUDGET ANALYSIS:
TR T MINIMUM INTERCONNECT LOSSES:
" ELECTRONCS Conneclors: . 8 Connectors
‘m Fiber - X_2.0 dB/Connector
[ [J c 18.0 dB
[ Minimum interconnect Loss: 16.0 _dB j ()
Fiber OpticTransmitier )
& Modulation Electronics
L ADDITIONAL LOSSES:
Optic Sensor = Manutacturing Splice: 1.0 dB .
Fiber Oplic Racewver & Repair Splice: 4.0 dB (2 x 2.0 dB)
Demoduistion Electronics| . Additional Bulkkeads: 6.0 dB (3 « 2.0 dB)
Connector Contamination: 0-8 dB
- Temperature Effects: 20 dB
e CH‘}.CTJ—.D Vibration Eftects: 0-3 dB
; Connector/Fiber Ageing: _20dB
Opscal Fiber
|_ELECTRONCS CARD Total Additional Losses:  15.0 - 26.0 dB
L CLECTRONICORACK ]
' [ Minimum Safety Margin:_ 15.0 dB 1@
.“""I "I C = Fiber Optic In-Line Connecor :

I Minimum Loss Budget: 31.0dB (180 + 15.0)'

(1) iterconnect Loss Analysis Does Not Include Somof'lmnbn Loss or interconnect Cable Losses
(2) Minimum Optical Safety Margin to Cover Additional Losses = 15.0 6B (Navy A-12 Requirement)

Figure 3-12 Passive Optical Sensor Power Budget Analysis

~

A minimum interconnect loss budget of 16 db is required to overcome the fixed
optical losses associated with the manufacture of a connectorized passive optical
sensor system. An additional minimum safety margin of 15 dB is required to

: accommodate the various optical losses expected to occur over the anticipated 20

year service life of the aircraft. This power budget analysis is based upon actual field
experience with fiber optics installed in AV-8B production aircraft, and represents the
minimum loss configuration for a non-multiplexed passive optical sensor system.
Insertion of any multiplexing device (optical switch, optical coupler, etc.) into the optical
path will increase overall system loss by an amount equal to the insertion loss of the
device installed plus losses associated with the optical connectors on the device itself.
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Several optical multiplexing techniques were considered in the design of each

EOA. These techniques inciude:

SSSD
SSMD
MSSD
MSMD

Single Source/Single Detector approach
Single Source/Multiple Detector approach
Multiple Source/Single Detector approach
Multiple Source/Multiple Detector approach

Each of these multiplexing techniques were evaluated to determine applicability
to a multiplexed aircraft flight control system. Evaluation criteria included optical
power budget, EOA complexity, and requirements for specialized components. The
result of these analyses are described briefly in the following paragraphs.

SSSD Multiplexing Approach - This approach appears to be the most attractive
from the standpoint of reduced component count within the EOA. However, this
reduced component count is usually offset by a corresponding increase in EOA
complexity. Many of the SSSD approaches require specialized components which

make these devices difficult to implement.

Three types of SSSD multiplexing

approaches were evaluated: optical switch, passive splitter, and linear tapped bus.

An example of an optical switch based approach is shown if Flg'u're 3-13.

MULTIPLEXING LOSSES (N = 10):

\
Conneciors: . 4 Connectors
. x_2.0 dB/Connector
8.0 dB
Optic Switch: 2.0 dB Insertion loss

10 : 1 Coupler: 3.0 dB Insertion loss

| Muitiplexing Losses: 13.0 dB I o

ELECTRO-QOPTIC SWITCH:

@ Low Speed/Low Power Optical Source

©® Requires Single Mode Fiber Optics
@ Optical Switching Speed < 1 Nanosecond
® Supports Greatest Number of Sensors (N)

MECHANICAL SWITCH:
® Low Speed/low Power Optical Source
@ Compatible with Multimode Fiber Optics
@ Mechanical Switching Speed > 5 Milliseconds
@ Supports 5 Sensors Max at 40 Hz Update

~

LOSS BUDGET ANALYSIS:
® Minimum Interconnect Loss: 160 dB
® Minimum Safety Margin: 150 d8
> £ @ Muttiplexing Losses: 130 dB
Minimum Loss Budget: 44.0dB

Figure 3-13 Optical Switch Multiplexing Approach
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The two types of optical switches that were evaluated for this approach were
found to be unacceptable for aircraft multiplexed flight control applications.

Electro-Optic Switch - This switch operates on the principle of a
voltage induced refractive index change to switch the optical path. Since
switching speed is only limited by the capacitance of the switching
electrode, these devices can be switched extremely fast (< 1ns) and are
thus usefu! for multiplexing a large number of sensors. The major -
drawback of these devices is that they are currently only compatible with
single mode optical sources and are not yet widely available.

Opto-Mechanical Switch - This switch operates on the principie of
electro-mechanical movement of a precisely aligned fiber array (moving
fiber type) or an optical prism (beam deflection type). Both of these
devices are compatible with multimode fiber optic sensors. These
devices typically have very slow switching speeds (> 5ms) and are
therefore not desirable for multiplexed applications. Another drawback of
these devices is that they are unreliable as compared to equivalent solid
state devices, and they are usually sensitive to vibration.

An example of an passive splitter based approach is shown if Figure 3-14.

JDM/PASSIVE OPTIC COUPLER:

® Requires High Speed/High Power Source
©® Compatible with Multimode Fiber Optics
® Supports Limited Number of Sensors

i T (Determined by Optical Power Budget)
[
MULTIPLEXING LOSSES (N = 10): LOSS BUDGET ANALYSIS (oer channel
Connecors: 4 Connectors .
0 dB/Connector ® Minimum Interconnect Loss:  16.0 g8
8.0 dB o Minimum Safety Margin: 15.0 @B
[ 10x 10 1100 dB Spiitting Loss  » £=D> @ Multplexing Losses:  _ 23.0 dB
1. Coupler: + 20 dBExcess Loss
: 120 dB I Minimum Loss Budget: 54.0 B I
v 10 : 1 Coupler: 3.0 dB Insertion Loss ./ y
[Muttiplexing Losses: 23.0 dB _per channel |
[ Figure 3-14 Passive Splitter Muitiplexing Approach
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The passive splitter approach to multiplexing appears to be quite attractive from
the EOA standpoint. However, there are several drawbacks to this approach. First, the
EOA must contain a very high power optical source to overcome the physical splitting
loss (10 Log N) associated with the passive coupler. The limited optical power budget
available will tend to limit the number of sensors that can be effectively multiplexed.
Another drawback is that the EOA requires a very high speed (100 MHz) pulsed
optical source to minimize the size of the fiber time delay coils required for each
sensor. The location of these time delay coils within the aircraft also presents a
formidable problem since each coil is unique. If these coils are located within the
sensor itself, then the sensor becomes a unique element and aircraft spares are
difficult to control effectively. Likewise, the coils cannot be located within the fiber link
connecting the sensor to the EOA due to cabling restrictions within the aircraft. The
only acceptable location for these coils would be within the EOA itself.

An example of a linear. tapped bus approach is shown in Figure 3-15.

¥ IDMAINEAR TAPPED BUS:
® Requires High Spc%lgh Power Source
® Compatble with Mukimode Fiber Optics

® Supports Limited Number of Sensors
Detecior (Determined by Optical Power Budget)

: LOSS BUDGET ANALYSIS:

MULTIPLEXING LOSSES (N = 10): ) ® Minimum Interconnect Loss: 18.0 dB
Conneciors: 22 Connectors o Mi Margin: 15.

X 2.0 dB/Connector Minimum Safety Marg 5.0 d8

44.0 dB =D o Multiplexing Losses: 47.0 dB

10 : 1 Coupler: 3.0 dB insertion Loss i 5 78 -
[Multiplexing Losses: 47.0_dB | mum Loss Budget: 0

(1) Assume 10 Taps, Each With 2 Conneciors in the Signal Path
{Pius 2 Connactors for 10:1 Coupler)

Flguro 3-15 Linear Tapped Bus Multipiexing Approach

. The linear tapped bus is a variation of the passive splitter approach with*the
splitters distributed throughout the aircraft. On the surtace, this approach appears to
be the most attractive from the standpoint of reduced EOA component count and
reduced fiber count. The linear tapped bus approach was the most popular
multiplexing approach among the vendors surveyed for the optical sensor data base.

As can be seen in the loss budget of Figure 3-15, this approach is extremely difficult to -

implement in a production aircraft environment. To provide the required level of
aircraft maintainability, the individual taps must be treated as line replaceable units
and will therefore require individual fiber optic connectors. The optical power budget
required to overcome the losses associated with this excessive number of connectors
precludes consideration of the linear tapped bus for aircraft applications. This problem
is intensified in those systems where the return fiber is also a tapped bus.
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SSMD Multiplexing Approach - This multiplexing approach is similar to the SSSD
passive splitter approach in that the power from a single optical source is divided
equally among all of the sensors. However this approach relies on individual
detectors dedicated to each sensor channel. Returned optical signals are time
division multiplexed electronically at the receiver by addressing the appropriate
detector channel. This configuration will generally have a higher sensitivity than the
SSSD approach due to the reduced bandwidth requirements of the individual detector
channels. A drawback to this approach is the requirement for & high power optical
source to overcome the physical splitting loss associated with the passive coup'er.

. The limited optical power budget available will tend to limit the number of sensors that
_ can be effectively multiplexed. Another drawback is the requirement for a separate

datector dedicated to each sensor. Since the EOA detector is typically much more
complicated than the transmitter for most sensor applications, this technique will tend
to increase the overall EOA complexity. An example of the SSMD multiplexing
approach is shown in Figure 3-16.

EEATUBES:
® Requires High Power Optical Source

® Compatible with Multimode Fiber Optics

@ Requires One Detector for Each Sensor
(Not Desirsable for APD Based Applications)

® Supports Limited Number of Sensors
(Determined by Optical Power Budget)

~

LOSS BUDGET ANALYSIS;
MULTIPLEXING LOSSES (N = 10): ‘
2 Co ) ® Minimum Interconnect Loss:  16.0 dB
Connectors: nnectors
X 2.0 dB/Connector ® Minimum Safety Margin: 15.0 dB
4.0 dB > =D © Multiplexing Losses: 16.0 dB

1x10 10.0 dB Splitting Loss
Coupler: 420 dB Excess Loss | Minimum Loss Budget: 47.0dB I
~ 12.0 dB J ,
[ Muttiplexing Losses: 16.0_dB |
Figure 3-16 SSMD Multiplexing Approach
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MSSD Multiplexing Approach - This multiplexing approach requires one optical
source dledicated to each sensor channel. The EOA receiver can be time division
multiphsixed by merely addressing the appropriate sensor from the transmit side.
Networik losses are minimized since the full power of an individual optical source is

availabfte to each sensor being multiplexed. Because of the low. network losses

associated with this configuration, it is possible to construct the EOAs from relatively

simple flow speed/low power multimode optical components. Furthermore, it may be:

possiis to further reduce the multiplexing losses by eliminating the passive coupler
on the receiver channel. If the number of multiplexed sensors is small, it may be

® 10 construct a non-reciprocal power combiner by combining all of the sensor
receive fibers into a single fiber bundle. This approach eliminates the physical
spiitting losses (10 log N) and excess losses associated with a fused biconical type
reciprazal power combiner. Anticipated losses for this type of multiplexing will depend
on the mumber of receive fibers and the surface area of the receiver photodetector, but
can generally be assumed to be less than 3 dB. Although this power combiner can be

considared to be a somewhat "specialized” component, it is fairly easily constructed.

This sgproach is acceptable from a maintalnability and integrated logistics support
viewpaiint since the combiner is confined to the EOA module itself. For the reasons of
simphcitty, flexibility, and low optical losses, this multiplexing approach was determined
to be aptimal for the greatest number of sensing applications and is therefore the
preferred multiplexing approach for EOAs. An example of the MSSD muitiplexing
appeogch is shown in Figure 3-17.

EEATURES:
® Low Speed/Low Power Optical Sources
@ Compatible with Multimode Fiber Optics

® Requires One Source for Each Sensor
(Not Desireable for Laser Based Applications)

o Suppoib Large Number of Sensors
(Limited by Multiplexing Electronics)

LOSS BUDGET ANALYSIS:
AMUE TIPLEXING LOSSES (N = 10): } @ Minimum interconnect Loss:  16.0 dB
Gonneciors: 2 Connectors ® Minimum Safety Margin: 15.0 dB
‘-f-g gg’°°""‘°‘°’ \ £ @ Mulipiexing Losses: . 70d8B

D : 1 Coupler: 3.0 dB insertion loss thMLﬂlwi 98.0dB l

lluklgl:xim Losses: 1.0 dB | J L

Flg'ure 3-17 MSSD Muitiplexing Approach
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MSMD Multiplexing Approach - This multiplexing approach requires one source
and one detector dedicated to each sensor. Each of thé sources continuously
iluminate their respective sensor. The retumed optical signals are time division
multiplexed electronically at the EOA receiver. Since there are no optical multiplexing
losses associated with this network approach, it can support a large number of optical
sensors. Additionally, the EOA can be constructed out of relatively simple low
speed/low power multimode optical components. The main drawback of this approach
is the requirement for a separate detector dedicated to each sensor. Since the EOA
detector is typically much more complicated than the transmitter for most sensor

. applications, this technique will tend to increase the overall EOA complexity. An
. example of the MSMD multiplexing approach is shown in Figure 3-18.

?

— EEATURES:
2 o Low Speediow Power Optical Sources
pri o Compatible with Multimode Fiber Optics
. : - @ Requires Source and Detector for Each Sensor
. . (Not Desireable for Laser Based Applications)
N ;
® Supports Large Number of Sensors

(Limited by Mutltiplexing Electronics)

LOSS BUDGET ANALYSIS:
@ Minimum Interconnect Loss: 18.0 dB
@ Minimum Safety Margin: - 150 dB
® Multiplexing Losses: 0.0 8

" No Optical Multiplexing Losses (N = 10): =D o |Mnh\umlou8udoot: 310408 I

Figure 3-18 MSMD Multiplexing Approach
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EOA designs were completed for all of the candidate optical sensor
technologies exhibiting potential for aircraft flight control and air data sensor
applications. The following EOA designs were completed under this task:

OTDR Backscatter

PBL Remote Electrical (laser based)

PBL Remote Electrical (LED Based)

TDIN Gradient Filter Plate

TDIN Absorption Edge Shift (same as TDIN Filter Plate)
TDIN Microbend Modulated (same as TDIN Filter Piate)
TDM Beam Interrupt

TOM Optical Code Piate

TRD Fluorescent

TRD Phosphorescent

WDIN Absorption Edge Shift

WDIN Fabry-Perot Interferometer

WDIN Gradient Fiiter Plate

WDIN Microbend Modulated

WDIN Photo-Elastic

WDIN Reflective Diaphragm

WDM Fabry-Perot Interferometer

WDM Optical Code Plate (Bulb based)

WDM Optical Code Plate (LED Array)

WDM Diffraction Grating (same as WDM Code Plate)
WDM Photo-Elastic (same as WDM Code Plate)

Detailed designs for these EOAs are included in Appendix B. Each EOA design
was based upon detailed information from representative sensor manufacturers
concemning optical modulation/demodulation requiremients for implementation of each
candidate sensor technology. Several of the candidate optical sensor technologies
investigated warranted the design of multiple EOAs in order to analyze unique
implementations between the various sensor manufacturers. Each EOA utilizes an
" optimized multiplexing scheme based on the optical power budget available.
Because the approach to power budget analysis and management can very greatly
between manufacturers, the candidate EOAs in Appendix B may not be representative
of each manufacturers "preferred” implementation approach. For this reason, the
manufacturers have not been referred to by name.
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3.1.6 Jask 1.6 Develop MCAIR Architecture Evaluation Criteria & Weighting Factors

This task developed suitable architecture evaluation criteria to allow a
comprehensive comparison between the candidate EOAs designed under Task 1.5.
This evaluation criteria included such issues such as reliability, maintainability,
redundancy, cost/weight/volume, environment, and optical power budget. Relative
weighting factors were assigned to the evaluation criteria to allow comparisons
between various EOAs. These evaluation criteria and relative weighting factors were
submitted to NASA for approval prior to proceeding to Task 1.7. .

In the process of defining suitable architecture evaluation criteria, it became

. apparent that the scope of this effert would have to be expanded in order to perform a

comprehensive and accurate evaluation of ihe candidate architectures. Each of the
EOAs developed under Task 1.5 was evaluated against the key evaluation criteria for
avionics architectures as defined under the Air Force's High Reliability (HI-REL)
Fighter study. In order to adequately understand these criteria, it is first necessary to
define each criteria in clear-cut, unambiguous terms. Once this has been
accomplished, it is possible to describe the relationship between these criteria and to
assign relative weighting factors to each.

The key evaluation criterion, according to the HI-REL fighter study, was
determined to be supportability. Supportability is composed of three key elements:
reliability, maintainability, and Integrated Logistics Support (ILS). Priorities were
established with respect to each of these elements of supportability. Top priority was
given to reliability because it drives the other elements. For example, a reduction in
the number of parts in an EOA leads to improved reliability. This in turn means
reduced maintenance actions (a maintenance improvement) and reduction in the
number of required spares (an ILS improvement). Examples of key reliability features
include designing for the environment, parts reduction, component quality
improvement, etc. Key maintainability features that do not require improved reliability
include reduced access time, improved fault isolation, diagnostics and built-in test, etc.
Likewise, significant ILS features include increased spares protection level, decreased
manning levels, etc. As a whole, each element of supportability offers independent
enhancements, but only reliability offers features that drive other elements.

The HI-REL fighter study defined five Measures of Merit (MoM) upon which

| architecture evaluation should be based. The five MoM determinants, include

downtime, Life Cycle Cost (LCC), mission capable rate, sortie rate, and deployability.
A study of the interrelationships among these five determinants revealed that
downtime was the single most important figure of merit contributing to weapons system
readiness. Downtime per flight hour combines each of the elements of supportability
(redundancy, maintainability, and integrated logistics support) and normalizes them to

. flight hours. Downtime consists of elapsed maintenance time (EMT), awaiting

maintenance time (AWM), and awaiting parts time (AWP). Values for EMT, AWM, and

‘ AWP were derived from the MoM computer modeling program.

23




The EOA Configuration Development and Evaluation plan as originally

conceived is shown in Figure 3-19.

® Rellabllity

® Maintainability
® integrated Logistios Support
® Performance
o Weight

and Support Sysem

(S
Requirements

© Relisblilty

© Maintsinablility
® Downtime

® Deployabliiity
© Survivabliity

® Downtime
® Risk (Technical/Scheduls)
S Atffordabliity

® Resesrch & Development
o Test & Evaluation (RDT&E)
® Production Costs

¢ Opearational Costs -

EOA
Configuration
Development
e —
s
s
1
¥
Technol
ochn
Plans & l-%glyu
[ 2
Life Cycle
Cost Studies
>
v
e EOA
Configuration
Selection

¢ LCC Tradeotls
o Performance Tradeoifs
¢ Supportabdiiity Tradeoffs

Figure 3-19 EOA Configuration Development and Evaluation

24

- -4

o d



The EOA Configuration Development and Evaluation Plan would ideally
include the following five phases in the architecture evaluation process: '

Phase |: EOA’ Configuration Development - Evaluate the supportability
characteristics (reliability, maintainability, and integrated logistics support) of the
candidate EOAs.

Phase Il: Effectiveness Analysis - Evaluate the effectiveness of the candidate
EOAs and associated support equipment with regard to a given operational
scenario. The EOAs and support systems should be evaluated in terms of
supportability, downtime, availability, and deployability. A campaign analysis
would then be performed to determine expected kills, sortie rates, and loss rates
against a baseline aircraft architecture.

Phase lll: Technology Plans & Risks - Evaluate candidate EOAs to determine
the most promising technologies based upon downtime reduction, technical risk,
and affordability. A qualitative sensitivity analysis would then be performed in
order to assess performance, weight, cost, resources, and risk associated with
each of the candidate EQAs under consideration. .

Phase IV: Life Cycle Cost Studies - Estimate life cycle costs for each of the
candidate EOAs. Major cost drivers for each EOA will be identified in this phase.
Data collected to make .these estimates would include a detailed weights
breakout by subsystem, material distribution, and estimated complexity.

Phase V: EOA Configuration Selection - Determine the “preferred” sensor
modulation technique and associated EOA based upon the evaluation criteria.

Throughout the EOA evaluation process, trade-offs between life cycle costs,
performance, and supportability must be conducted in order to arrive at an "optimum”
architecture which is a blend of the best possible supportability characteristics given
performance, affordability, and survivability constraints.
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3.1.7 Task 1.7 - Evaluate Candidate SensorEQA Combinations

This task evaluated the candidate EOAs against the evaluation criteria and
relative weighting factors in order to identify the optimal EOA configuration. The
results of these analyses indicated that of the three key evaluation criteria (reliability,
maintainability, and integrated logistics support) which determine overall system

supportability and aircraft downtime, system reliability was the overriding factor in the:

selection of the optimal EOA configuration. This was largely due to the lack of
available data on maintenance and ILS requirements for architectures based on this
emerging technology. Because of the lack of available data, maintainability was a
secondary consideration followed closely by ILS.

EOA reliability data was based on MIL-STD-217E analyses with regard .to the
following assumptions: -

® An aircraft Initial Operational Capability (IOC) date of 1995 was assumed. This
IOC date effectively set a technology cutoff date in the early 1990's. This tended
to increase the reliability estimates for those EOAs employing emerging
technologies which are projected to increase in reliability in the future. For
example, the reliability of the WDM Digital Optical Code Plate architecture was
projected to be 62,734 hours. This is approximately three times the
manufacturer's reliability estimate (20,000 hours) for a present day technology
implementation of the equivalent architecture. The reliability increase can be

largely attributed to the projected increases in reliability of the charge coupled

device used in the WDM receiver circuit. ,

* Reliability figures were based upon Mean Flight Hours Between Failures ;

(MFHBF) and not Mean Time Between Failures (MTBF). The MFHBF reliability
number provides the best indicator of overall aircraft availability. Since MFHBF

. does not include the time that the aircraft is on the ground but powered up (i.e.
warm up and taxi), this number will tend to be somewhat lower than the MTBF
reliability figures typically quoted by the EOA manutacturers.

* Reliability of the optical sensor and associated optical interconnect could not be
included in the overall EOA analysis due to lack of environmental performance
data for these components. As a result, EOA reliability estimates may not agree
with projected estimates by the sensor manufacturers. .

EOA reliability was selected to be the discriminating factor in the selection of an
*optimal®” EOA configuration. Reliability estimates for both non-multiplexed (single
sensor) and multiplexed (multiple sensors) EOA configurations were calculated. The
multiplexed EOA configurations were based upon actual aircraft requirements for
number of sensors. By comparing the reliability ratios between these two
configurations is was possible to determine which sensor technologies were best
suited to multiplexing. By comparing the overall reliability figures for the multiplexed

EOAs it was possible to identify an "optimal® sensor technology. EOA reliability results

are presented in Figures 3-20 through 3-22. '
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A comparison of the overall reliability figures for multiplexed EOAs revealed that
it was not possible to select an "optimal* EOA configuration using reliability as the sole
discriminator. A more accurate evaluation must therefore include three elements of
supportability as the discriminator: (1) reliability, (2) maintainability, and (3) ILS.
However, the lack of available data on maintenance and ILS requirements for this
relatively immature technology preciudes their use as viable discriminators at this time.
Using reliability as a preliminary discriminator, however, it is possible to identify
several "preferred” sensor technologies. - The EOA conceptual design efforts
previously planned under Task 2 were subsequently modified to include several EOAs
to accommodate this entire range of "preferred” sensor technologies. - .
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This task made specific recommendations as to which sensor optical
modulation techniques and associated EOAs are desirable for advanced aircraft. The

. results of the analyses conducted under Task 1.7 were used to select an optimal EOA

configuration for each category of aircraft flight control and air data sensor. The results
of Task 1 evaluation efforts indicate two points: (1) no singular optical sensor
technology can be optimized for all aircraft sensor applications, and (2) no strong

. discriminator exists upon which to base the selection of an "optimal® EOA technology
_ for any given sensor application. It is possible, however, to recommend several

"preferred” optical sensor technologies based upon the resulis of Task 1. A composite
chart outlining these preferred technologies is presented in Figure 3-23.

CANDIDATE FIBER OPTIC SENSORS , POTENTIAL
TYPE TECHNOLOGY REFERENCE | LOW | MED | HIGH
Linear | _Microbend Modulated 'WDIN LED |
Accelerometer Mach-Zehnder_Interfervmster FMCW Laser
Rate_Gryoscope | Sagnac interferometer FMCW Leser]
‘ ' IDM or
Digital Optical Code Plate
Linear/Rotary —_WOoM Bulb
Position Analog Gradient Filter Plate IDIN iED..
(N=10) — WDIN 0 ED.
Power-By-Light (PBL) LEDS
Digital Optical Code Plate IDM r
Microbend Modulated ___}l%':‘ LEQD |
Reflective_Diaphragm WDIN LED
P::"::‘)" | Fabry-Perot Interferometer _¥IDQI£ u-p—l ED
[ Woving Difiraction_Grating “WDM _ LEDs
chelson Interferometer EMCW Loser
Photo-Elastic [ WOIN hED
— —_WDM _LED
Speed “Beam Interrupt/Puise Count LED |
Absorption Edge Shift wgllz L.E.Q_I £2
[ Raman/Raleigh Backscatter OTDR Laser
_Ellckbod! Radistion SELF N/A
Tempserature Passive IR Analysis SELF N/A
{N=2) -Peorot Interferometer WDIN LED |
hosphorescent IRD Lemp
luorsscent IRD ; LED
Sagnac_Interferometer FMCW Lager
Power-By-Light {PBL) /Laser sser LEDs

NOTE: Numbers In parentheses Indicste the number of sensors multiplexed by & single EOA

Figure 3-23 Preferred Fiber Optic Sensor Technologies

29



3.2 Task 2.0 - DETAILED DESIGN

This task involved the development of Level 1 conceptual designs for an aircraft
integrated EOA system. The preferred sensor modulation technologies and
associated EOAs identified under Task 1 were used as a starting point for this process.
By identifying and exploiting the functional commonalities that exist among the
preferred sensors , it was possible to develop a minimal set of EOA Level 1 hardware

designs to accommodate the entire range of preferred sensors. Part of this design

process involved the identification of critical component technologies required to
construct an all optical aircraft flight control system. Interface specifications were then
developed for each of the candidate EOA designs in order to ensure compatibility with
the preferred sensors technologies. Interconnection of the EOAs to the sensors,
actuators, and flight controllers was addressed, and a conceptual design for an aircraft
integrated EOA system was proposed. The manner in which the candidate EOAs
could be integrated into an advanced aircraft VMS architecture was also addressed.
Task 2 was composed of six subtasks as outlined in the roadmap of Figure 3-24.

Identity @ Fiber Optic Cables
Requirements o Fiber Optic Comnacors
Specialized o Optical Sources
Components o Optical Detectors
¢ DOD-STD-1678
® ML-STD-1344 Josk 2.4 j t
o ML-STD-202
o MEL-C-30000 Perform omﬁrwhm
.E‘Mmm |“ w [ ] mw
EoA A : o EOA Interface Specifications
e 100 2.1, \ T .
Fight Control £ . !
Sysiem Specifications L i
Layout Components
of Sensod/Actusior bmpd  Redundancy |
Yook 2.2 © Contoller Interface Design
Propulsion Control
Sysem Specifications . ~
J  « EOA Layout 8 Topology :
o EOA Mullipiex Bus Prowool Toskl
© VMS intsgration Concepts P Rovi

Figure 3-24 Task 2 Roadmap
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3.2.1 Task2.1 - Flight Control Systems Specifications

This task defined the system level requirements for the flight control and air data
systems. The F-15/SMTD aircraft was selected as the point design for this task. Flight
control and air data system level requirements were defined in the areas of data
latency, fault tolerance, and redundancy. As with the individual EOAs, system
supportability was a prime consideration in the development of the Level 1 system
architecture. Since this task is dapendent on the physical layout of the sensors and
EOA 1o the airframe, it was decided to address these issues under Tasks 2.5 and 2.6.

~ 3.2.2 Jask 2.2 - Propulsion Control System Specifications

This task defined the system level requirements for aircraft propulsion control.
Once again, the F-15/SMTD was used as the point design for this process. Flight
control and air data system level requirements were defined in the areas ot data
latency, fault tolerance, and redundancy. Since this task is dependent on the physical
layout of the sensors and EOA to the airframe, it was decided to address these issues
under Tasks 2.5 and 2.6.

3.2.3 Jask 2.3 - Define EQA Component Requirements

This task specified the components required to construct an EOA system.
Before beginning the detailed Level 1 EOA designs under Task 2.4, it was first
necessary to define the operational and environmental performance requirements for
the individual optical components required to construct an EOA system. These
components include optical fiber, connectors, and couplers. Wherever appropriate,
MCAIR flight qualified optical components were specified. The standard tests that
these passive optical components must undergo in order to become flight qualified by
MCAIR are included in Appendix C. The test conditions outlined in these charts are -
representative of the actual aircraft environments experienced by these components.
To pass flight qualification testing, these components must be capable of withstanding
thermal environments ranging from -65 degrees to +200 degrees Celsius and
mechanical shock levels of up to 300 G's in any axis.

Fiber Requirements - The fiber optic cable used to interconnect the sensors to the
EOAs must provide reliable, low loss operation over a wide range of environmental
extremes. All types of optical fiber which have been previously flight qualified at
MCAIR have a 100/140 micron core/cladding ratio. Attempts to qualify a 200 micron
core optical fiber have been unsuccessful due to fiber breakage during mandrel wrap
testing. Recently introduced 200 micron hard clad silica fibers have successfully
passed the mandrel wrap test but have subsequently failed during temperature cycling
due to inherent thermal limitations of the fiber polymer coating.

MCAIR currently has two flight qualified fiber optic cables. Both cables are of
graded index construction. The first is a fluorine doped fiber rated for 150 degrees
Celsius operation, and the other is a phosphor doped fiber rated for 200 degrees
Celsius operation. The latter fiber is polyimide coated to reduce overall cable size and
weight. This cable is only 0.083 inches in diameter and weighs only 4.0 pounds per
thousand feet. An example this cable is shown in Figure 3-25.
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Figure 3-25 Graded Index Fiber Optic Cable

Graded-index fibers traditionally have very low optical dispersion characteristics
resulting in very high data bandwidths. Because of these characteristics, graded-
index fibers were a natural selection for use on high speed airborne fiber optic links.
While a graded-index fiber is desirable for high speed data communications, it may
present a problem when applied to EOAs employing wavelength referenced sensors.
Certain doping materials used in the manufacture of graded-index fibers may tend to
act as a temperature dependent absorption edge shift sensors resulting in high
attenuation at for some wavelengths and temperatures. Until additional spectral
evaluation of graded-index fiber is completed, it would be prudent to specify step-
index fiber for wavelength referenced EOAs.

Connector Requirements - To maintain compatibility with existing aircraft electrical
interconnects, the sensor/EOA interface must contain MIL-C-38999 compatible, size
16 single fiber termini. Although many fiber optic cables exist for +200 degrees
Celsius operation, most 38999 compatible connectors are currently limited to +150
degrees Celsius operation due to thermal breakdown of the epoxy used to
encapsulate the fibers. In order to achieve operation at +200 degrees Celsius, a
reliable epoxy-less (crimp /cleave) type connector should be used. To reduce aircraft
repair time and maintenance personnel skill levels, a non-polish type of quick
termination is desirable. However, previous attempts to flight qualify a dry/non-polish
connector were largely unsuccessful due to unacceptable loss characteristics. An
example of a MIL-C-38999 compatible connector is shown in Figure 3-26.
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Figure 3-26 MIL-C-38999 Fiber Optic Connector

Coupler Requirements - Two types of passive couplers are currently available:
fused biconical taper, or integrated optic. The fused biconical type coupler is
manufactured by twisting the fibers together and heating the junction to form'a mixing
region for the optical signal. Because of non-uniformities in this mixing region, these
devices typically exhibit undesirable sensitivities to modal distribution, vibration, and
hurnidity. A relatively new type of optical coupler is the integrated optic or planar
waveguide type coupler. These devices are constructed by etching optical
waveguides directly into a substrate using standard semiconductor photo-resist
fabrication techniques. This manutacturing precision provides for a very controlied
coupling efficiency and insensitivity to modal dependencies. Because of the power
budget penalties associated with any passive coupler, these devices are generally not
desirable. Although these devices are not currently required for construction of the
EOA, they will be required for certain sensors (WDM, TDM, and PBL). An example of
an innovative planar waveguide coupler is shown in Figure 3-27.

Glass Substrate Sensor|

Figure 3-27 Planar Waveguide Fiber Optic Coupler
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32.4 Task2.4- Perform EOA Level 1 Design

This task involved the development of Level 1 conceptual designs for an aircraft
imtegrated EOA system. The preferred sensor modulation technologies and
associated EQAs identified under Task 1 were used as a starting point for this process.
By identifying and exploiting the functional commonalties that exist among the

preferred sensors , it was possible to develop a minimal set of EOA Level 1 hardware-
dasigns to accommodate the entire range of preferred sensors. Interface

specifications were then developed for each of the candidate EOA designs in order to
ensure compatibility with the preferred sensors technologies.

The optical sensor data base developed previously under Task 1 identified over
#@0 currently available optical sensors based on some 20 different technology
inpplementations. Subsequent system evaluation efforts succeeded in identifying
thimeen (13) "preferred” optical sensor technologies suitable for aircraft flight control
and air data applications. These preferred sensor technologies (not in order of
presference) are: ' ,

1) TDM Digital Code Plate ,
2) Analog Gradient Filter Plate/Wheel
3) Microbend Modulated
4) Reflective Diaphragm
5) Photo-Elastic
6) Absorption Edge Shift
7) Fabry-Perot Interferometer
8) WDM Digital Code Plate
9) Moving Diffraction Grating
10) - Power-By-Light Remote Electric
11) Beam Interrupt/Pulse Count
12) Fluorescent TRD
13) Phosphorescent TRD

in order to reduce the number of unique EOA Level 1 designs required, these
preferred sensors were grouped according to sensor technology class. This resulted
im the identification of five (5) EOAs to accommodate these preferred sensor
mchnologies. Selection of the candidate EOAs was based on availability of sensor
ssichnologies which are suitable for use in an aircraft multiplexed flight control system.
Ass shown in Figure 3-28, the candidate EOAs (not in order of preference) are:

1) TDM Digital

2) TDM Analog

3) WDM Optical Spectrum Analyzer
4) PBL Remote Electrical

5) CW Intensity Modulated

Tine shaded portion of Figure 3-28 identifies those sensors which do not currently meet
e operational or multiplexing requirements for aircraft flight control/air data sensors.
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Figure 3-28 Flight COntrdlmlﬂl;:ltlplexed EOA Development

Additional analysis concluded that it was possible to further reduce the number
of candidate EOAs to four (4) by combining the CW Intensity Modulated with the TDM
Digital EOA. The TDM Digital EOA used with optical code plate sensors is typically
optimized for operation at a single frequency such as 100 MHz. The CW Intensity
Modulated EOA is used exclusively for beam interrupt type rotary wheel speed
sensors and will typically receive digital optical data anywhere in the range of DC to
100 KHz depending on wheel speed and size. By making only slight modifications to
the receiver of the TDM Digital EOA it is possible to develop a common EOA capable
of operating from DC to 100 MHz.

The optical spectrum TRD type sensors are generally not well suited for use in
an aircraft multiplexed EOA due to the long sample time (10 - 100 ms) required to
accurately measure sensor spectral decay. Nevertheless, they can readily be
accommodated by a slight variation of the existing WDM Optical Spectrum Analyzer
EOA design. The existing WDM EOA design is optimized for operation in the 750-950
nanometer range at both the transmitter and receiver. Spectral TRD sensors typically

- fluoresce (or phosphoresce) at a wavelength several hundred nanometers higher that

the optical source excitation wavelength. Because of this fact, TRD sensors can only

. coexist with WDM based sensors if their returned spectrum is not in the 750-950

nanometer range, otherwise the relatively long optical decay time will interfere with the
return signals from the other WDM sensors. In order to integrate a spectral decay
sensor with conventional WDM based sensors in a single EOA, it is necessary to
modify the WDM receiver to accommodate this spectral shift. For example, a spectral
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decay sensor with excitation centered at 850 nanometers and return spectrum
centered at 1000 nanometers could easily be accommodated in the existing WDM
EOA by merely adding another diode optimized for this wavelength onto the
photodiode array. In this instance, the relatively long decay times associated with
spectral decay sensors would not affect operation of the other WDM sensors.

Detailed Leve! 1 designs for each of the four EOAs are presented in Appendix
D. - Each of the EOA designs are based upon a Multiple Source/Single Detector

(MSSD) multiplexing approach which was the optimal approach identified earlier. To
minimize system optical interconnect losses, the EOA receiver designs incorporate a
non-reciprocal power combiner constructed by combining all ot the sensor receive
fibers into a single fiber bundle. This approach eliminates the physical splitting losses
(10 log N) and excess losses associated with a fused biconical type reciprocal power
combiner. Anticipated losses for this type of multiplexing will depend on the number of
receive fibers and the surface area of the receiver photodetector, but can generally be
assumed to be less than 3 dB. Although this power combiner can be considered to be
a somewhat "specialized” component, it is fairly easily constructed. This approach is
acceptable from a maintainability and integrated logistics support viewpoint since the
combiner is confined to the EOA module itself. ~

Additional specialized components which may be required to implement the
candidate EOAs include: 1) TDM high power optical source capable of coupling +4
dBm optical power into 100/140 micron step-index optical fiber, 2) WDM broadband
integrated light source capable of providing 200 nanometers broadband light with
channe! density approaching 10 microwatts per nanometer into 100/140 micron step-
index optical fiber. 3) WDM integrated optical spectrum analyzer for demuitiplexing 10
to 12 bit WDM signals, and 4) planar waveguide couplers for use in WDM broadband
optical sources and self-referencing sensors. :

The EOA interface covering a general class of sensors can be specified at this
time. Detailed interface control documents for each sensor type can be developed
later as part of a cooperative agreement between the individual sensor and EOA
manufacturers. Interface specifications for EOAs are included in Appendix D.
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3.2.5 Jask 2.5 - Layout of Sensor/Actuator to Controller interface

This task addressed the interconnection between flight control and air data
sensors, actuators, EOAs, and flight controllers. The manner in which the flight and
propulsion control systems are integrated into the VMS bus and avionics multiplex bus
was also addressed. Physical layout criteria was based on the F-15/SMTD aircratt.

Before beginning the task of EOA airframe integration, the airframe sensors
were arranged into logical groups according to sensor function. As shown in Figure 3-

29, this resulted in the identification of 9 EOA functional groupings for a single channel

(non-redundant) fiight control system. Each functional grouping was then assigned a

" range of EOA technologies with which it is compatible. Most of the EOA functiona!

groups are compatible with a wide range of technologies and the lack of a strong
discriminator makes it impossible to identify a singular optimized technology at this
time. Exceptions to this are the interferometric inertial reference sensors which will not
be remotely multiplexed, and the rotary wheel speed sensor which is currently only
compatible with TDM Digital EOA.
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Figure 3-29 Aircraft EOA Functional Groupings
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Next, a conceptual design for integrating the EOA functional groups into an
airframe was developed using F-15/SMTD physical layout criteria as shown in Figure
3-30. It is recommended that the EOA to flight controller interface be MIL-STD-1773

«compatible in order to maintain compatibility with existing 1553 based data acquisition

‘hardware and test equipment.

7AVIONICS BAY (CONDITIONED) Y AMMO BAY (UNCONDITIONED) Y  ENGINE BAY )
(UNCONDITIONED)
FC (B) Charnel 4 S goonnnaeg
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Figure 3-30 F-15/SMTD Aircraft EOA Physical Layout

, The manner in which an EOA based flight and propulsion control systems might
. be integrated into an advanced aircraft VMS was also addressed. The Air Force PAVE
PILLAR advanced architecture concept served as the starting point for this effort.
Current VMS design concepts employ remote multiplexing of electrical sensors via
remote terminal units connected to a VMS computer (flight controller) by a high speed
fiber optic data bus. EQA technology can easily be incorporated into advanced VMS
architecture as a pre-planned product improvement. Upgrading a PAVE PILLAR
architecture to incorporate EOA technology is accomplished by removing the existing
electrical sensor interface modules and replacing them with EOA modules. The
sensor and interconnect cable would correspondingly be changed to fiber optic.
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3.2.6 Iask 2.6 - Components Redundancy Design

This task addréssed EOA redundancy and fault tolerance as a means of
satisfying system integrity requirements. A prerequisite to the development of a totally
integrated fiber optic control system is an understanding of the present day electrical
implementation. Electronic flight control system architectures have evolved to
economically and reliably meet aircraft requiremants for flight safety and can therefore
serve o illustrate several key aspects of the problem. F-15/SMTD flight control system
architecture used in this study serves as a case in point. ‘The F-15/SMTD employs a

- quad redundant digital flight controlier configured as two dual redundant controliers -
. which are separated in the aircraft to enhance survivability. Each of the four

processing channels in the flight controller have access to all available electronic
sensor information and can therefore function as an autonomous procassing unit. This
arrangement provides a high degree of system integrity which allows the flight control
system to continue operating even after two successive failures of a sensing or
processing resource. To reduce the amount of wiring required between the sensors
and flight controllers, electronic sensor information is multiplexed within the individual
flight controllers and shared between processor channels over a dedicated cross
channel data link. The ability to "cross wire" sensors to individual flight controllers
becomes increasingly difficult with optical sensors due to power budget restrictions.
As indicated in Figure 3-31, this problem must be overcome through the use of
extensive cross channel data monitoring. .

MIL-STD-1553 Muitiplex Data Bus
Interprocessor Cross Channel Data Uink

Flight Control
Processor 2

Flight Control
Processor 1

Flight Control
Processor 3

Flight Control
Processor 4

Flight

Controller (A) Controller (B)

-

Quad Redundant
Fiber Optic Sensor

Lack of physical redundancy
at the optical sensor Interface
may present a problem.

Force Motor o)
Hydraulic Actuator

On

Figure 3-31 F-15/SMTD Sensor Redundancy Implementation
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4.0 DISCUSSION OF RESULTS

The objective of this contract was to evaluate various optical sensor modulation
technologies and to design an optimal Electro-Optic Architecture (EOA) for servicing
remote clusters of sensors and actuators in advanced aircraft flight control systems.
This study was part of a multi-year initiative under the Fiber Optic Control System

Integration (FOCSI) program to design, develop, and test a totally integrated fiber optic-
flight/propulsion control system for application to advanced aircraft. This program

signalled the start of FOCSI Phase |l and will provide the foundation for future activities
in the areas of of advanced component development and test.

The results of Task 1 system evaluation efforts indicate two points: (1) no
singular optical sensor technology can be optimized for all aircraft sensor applications,
and (2) due to the relatively immature state of optical sensor technology, no strong
discriminator currently exists upon which to base the selection of an "optimal® EOA
technology for any given sensor application. However, the results of Task 1 can be
used to identify several "preferred" optical sensor technologies suitable for aircraft
flight control and air data sensing applications. These preferred technologies are:

* TDM Digital Optical Code Plate *® Absorption Edge Shift

* Beam Interrupt/Puise Count * Fabry-Perot Interferometer

* Analog Gradient Fliter Plate * WDM Digital Optical Code Plate
* Microbend Modulated * Moving Diffraction Grating

* Reflective Diaphragm * Phosphorescent TRD

®* Photo-Elastic : ® Fluorescent TRD

¢ Power-By-Light Remote Electric

By identifying and exploiting the functional commonalties that existed among
these sensors , it was possible to identify four "preferred” EOA configurations the entire
range of preferred optical sensor technologies. The preferred EOA configurations are:

* Time Division Multiplexed Digital

* Time Division Muitiplexed Analog .
* wave Division Multiplexed Optical Spectrum Analyzer

* Power-By-Light (PBL) Remote Electrical.
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The results of Task 2 design efforts indicate that it is possible to develop a set
of four common EOA modules that are compatible with a wide range of promising
optical sensor technologies. Interface specifications were then developed for each of
the candidate EOA designs in order to ensure compatibility with the preferred sensors
technologies. Specialized components requiring further development prior to
construction of an integrated EOA system were identified and include: '

1) TDM High Power Optical Source
2) WDM Broadband Integrated Source
3) WDM Integrated Optical Spectrum Analyzer

~ 4) Planar Waveguide Passive Coupler

Conceptual designs were developed for each of these components. Anticipated
FOCS! follow on activities will be directed towards the construction and evaluation of
these components, the preferred optical sensors, and associated EOAs ultimately
leading to a flight test program to evaluate the suitability of optical sensor technology
for advanced aircraft applications

41



This page intentionally left blank.

42



PRECEDING png

APPENDIX A

COOPERATIVE FIBER OPTIC
SENSOR MANUFACTURERS

A-1

E BLANK NOT FILMED

emﬁ,‘z‘;ﬂmmmu sAANE



McDonnell Alrcraft Company would like tb- express Its
appreciation to the following manufacturers who supplied
valuable technical Information for the optical sensor data base.

Accufiber, Incorporated
Vancouver, WA

Allied Precision Electronics
College Station, TX

Aster Corporation
Miiford, MA

AT&T Corporation
Los Angeles, CA

Aurora Optics
Blue Bell, PA

Babcock & Wiicox
Alliance, OH

BEI Motion Systems
Little Rock, AR

cbnax Buffalo Corporation
Buffalo, NY

Eaton/Cuttler Hammer Corp.
Shawnee Mission, KS

EG&G Flber Optics
Burlington, MA

ELDEC Corporation
Lynwood, WA

EOTec Corporation
West Haven, CT

Fiber Optic Sensor Tech.
Ann Arbor, !ll

FSU/Fork Standards, Inc.
Lombard, IL

General Electric Company
Cincinnati, OH

Hewlett-Packard
Rolling Meadows, IL

Honeywell, Incorporated
Minneapolls, MN

Hughes Research Labs
Goleta, CA

inland Motor Corporation
Radford, VA .
Litton Poly-Sclentific
Blacksburg, VA
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Luxtron Corporation
Mountain View, CA

McDonnell Douglas Astronautics
Huntington Beach, CA

Mechanical Technology, Inc.
Latham, NY

Metricor
Woodinville, WA

Optelecom, Incorporated
Gaithersburg, MD

Optic Measurement Controls, Inc
The Woodlands, TX

Optical Technologies, Inc.
Herndon, VA

OPW/Dover Corporation
Cincinnati, OH

Parker Bertea Aerospace
irvine, CA

Rosemount, Incorporated
Bridgeton, MO

Simmonds Precision Products
Vergennes, VT

Singer Kearfott
Black Mountain, NC

Statham Transducer
Oxnard, CA

TACAN Aorosphco_ Corpératlon
Carisbad, CA :

TodecoIAoroqulb Corporatlon'
Glenolden, PA

Teledyne Ryan Electronics
San Diego, CA

Untled Technologies Research
East Hartford, CT

Vanzetti éyitoms, Inc.
Stoughton, MA

Williamson Corporation
Concord, MA .

York Technology
Princeton, NJ
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dB Decibel

dBm Decibel referenced to 1 milliwatt

EOA Electro-Optic Architecture

FOCSI Fiber Optic Control System Integration

FWHM Full Width Half Maximum

Hz Hertz

KHz Kilohertz

mwW milliwatt

nm nanomaeter

ns nanosesond

TDM Time Division Multiplex

TRD Time Rate of Decay

WDM Wave Division Multiplex

uw microwatt
DEFINITION OF TEBMS

Electro-Optic Architecture (EOA) - An EOA as defined herein is any equipment
(hardware, software, and firmware) that supplies optical power to remote sensors and
actuators, processes the modulated optical signals returned from the sensors, and
produces conditioned electrical signals acceptable for use by a digital flight controller.

Leakage Power - Leakage power is the power produced by an output when that
output has been commanded to be off.

Peak Power - Peak power is the maximum instantaneous power of an output
produced during the active (high) portion of the duty cycle of that output.

Residual Power - Residual power is the power produced by an output duririg the
inactive (low) portion of the duty cycle of that output.

Bit Error Rate - The rate at which the receiver commits errors when converting
optical signals into digital electrical signals. Expressed in bit errors per bits received.
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1.0 INTRODUCTION

The optical sensor data base developed under FOCSI |l has identified over 100
currently available optical sensors based on some 20 different technology
implementations. Subsequent system evaluation efforts succeeded in identifying
twelve (12) "preferred” optical sensor technologies suitable for aircraft fl

and air data applications. These preferred sensor technologies are:

1) TDM Digital Optical Code Plate 7) Absorption Edge Shift

2) Beam Interrupt/Puise Count 8) Fabry-Perot interferometer

3) Analog Gradient Filter Plate 9) WDM Digital Optical Code Plate
4) Microbend Modulated 10) Moving Diffraction Grating

5) Reflective Diaphragm 11) Phosphorescent TRD

6) Photo-Elastic 12) Fluorescent TRD

in order to reduce the number of unique EOAs required, these preferred
sensors were grouped according to sensor technology class. This resulted in the
identification of three (3) EOAs to accommodate the entire range of preferred sensor
technologies. Selection of the candidate EOAs was based on availability of sensor
technologies which are suitable for use in an aircraft multiplexed flight control system.

As shown in Figure 1-1, the candidate EOAs (not in order of preference) are:

* Time Division Muitiplexed Digital
* Time Division Multiplexed Analog

* Wave Division Multiplexed Optical Spectrum Analyzer
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Figure 1-1 Flight Control Multiplexed EOA. Development
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2.0 EOA PROCUREMENT SPECIFICATIONS

2.1 Common EQA Characteristics - Conceptual designs for each of the three
multiplexed EOAs are presented in the following paragraphs. To achieve
interoperability between various sensors, the EOAs share several common hardware
characteristics. :

2.1.1 Sensor Multiplexing Approach - Each of the EOA designs are based upon a
Multiple Source/Single Detector multiplexing approach which has been identified to

. be the optimal approach for remote multiplexing of optical sensors. This approach
. requires one optical source dedicated to each sensor. The EOA receiver is time

division multiplexed among the available sensors by sequentially illuminating the
individual sources dedicated to each sensor. To obtain serial data from the receiver,
each of the N sensors is sampled in 1/N of the allowable integration time. To minimize
system optical interconnect losses, the EOA receiver designs incorporate a non-
reciprocal power combiner constructed by combining all of the sensor receive fibers
into a single fiber bundle. This approach eliminates the physical splitting losses (10
log N) and excess losses associated with a fused biconical type reciprocal power
combiner. Anticipated losses for this type of multiplexing will depend on the number of
receive fibers and the surface area of the receiver photodetector, but can generally be
assumed to be less than 3 dB. This approach is acceptable from a maintainability and
integrated logistics support viewpoint only if the combiner is confined to the EQA
module itself. '

2.1.2 Fiber Characteristics - The following set of fiber optic transmission medium
characteristics shall be met to ensure interoperability between sensors and EOAs.

Core Size: 100 micron
Cladding Size: 140 micron
Construction: Step Index, Glass-on-Glass

Npmen'cal Aperture: 0.29

2.1.3 Connector Characteristics - Each EOA shall have separate optical input and
output connectors which shall be compatible with the following:

Contact Type: MIL-C-38999
Contact Size: #16 single fiber terminus

2.1.4 Qptical Sensor Interface - The EOAs described in this specification “are
compatible with transmissive type (two fiber) optical sensors. Interconnection to
reflective type (single fiber) sensors is accomplished via a passive splitter located
outside of the EOA module. )

2.1.5 Elight Controller Interface - The intertace from the EOA to flight controller shall be

MIL-STD-1553B compatible in order to maintain compatibility with existing airborne
data acquisition equipment.
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2.2 IDM Digital EQA Characteristics - Time Division Multiplexed Digital (TDM Digital)
EOAs shall be compatible with the following types of optical sensors:

* TDM Digital Optical Code Plate
* Beam Interrupt/Puise Count (Tachometer)

The TDM Digital EOA shall be capable of operating in either the code plate or.

tachometer mode. However, It is not necessary for the EOA to operate in both
modes simultaneously. Whichever mode the EOA is operating in, it shall meet the
specified performance requirements. A conceptual design for the TDM Digital EOA is
shown in Figure 2-1.

LOSS BUDGET ANALYSIS
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Figure 2-1 TDM Digital EOA
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In the code 'plate mode of operation, the EOA shall produce a temporally
narrow optical pulse to interrogate a network of delay lines which illuminate a digital

_ optical code plate within the sensors. The time delay networks return a serial digital bit

pattern to the EOA. A high speed optical signal conditioner within the EOA decodes
these digital bit patterns to determine the sensor reading. The pulse width selected
represents a compromise between the time delays achievable with fiber optic delay
lines in practical geometries and the bandwidth achievable in state of the art
optoelectronic transmitters and receivers. To maximize receiver sensitivity, the EOA
should interrogate each sensor numerous times within the allotted sensor multiplexing

. limitations and use statistical averaging techniques to obtain the sensor reading. It is
_the responsibility of the EOA manufacturer to determine the minimum number of

sampled pulses that must be averaged in order to achieve the required sensitivity and
resolution within the specified sensor update rate.

in the tachometer mode of operation, the EOA shall produce an unmodulated
(continuous wave) optical pulse to illuminate a transmissive code plate within the
sensors. The rotating code plates modulate the transmitted signal and return a serial
bit pattern to the EOA. An optical signal conditioner within the EOA compares the
number of returned pulses against a known time reference to determine the frequency
of returned pulses which indicate sensor speed. The duration of the EQA optical
output pulse will vary inversely with sensor speed and must be of sufficient duration to
receive an adequate nuinber of returned pulses to accurately obtain a sensor reading.
It is the responsibility of the EOA manutacturer to determine the minimum number of
returned pulses that must be measured in order to achieve the required sensitivity and
resolution within the specified sensor update rate. ,

2.2.1 TDM Digital Source Requirements - The EOA shall include a transmitter with the

following typical characteristics as measured at the EOA output connector. The source -
characteristics are for the individual optical outputs within the EOA.

Code Plate = Iachometer
Transmitter Peak Optical Power (high): +4 dBm (2.5 mW) ' i'SB dBm (250 uWw)
D

Transmitter Residual Power (low): T8D

Transmitter Optical Leakage Power (off): TBD T8D
Transmitter Intersymbol Interference: T8D TBD
Transmitter Maximum RiseTima: 4 ns (10 to 90%) 4 ns (10 to 90%)
Transmitter Maximum Fall Time: 6 ns (10 to 90%) 6 ns (10 to 90%)
Transmitter Center Optical Wavelength: 850 nm 850 nm
Transmitter Nominal Pulse Width (high): 10 ns FWHM Variable
Transmitter Nomina!l Bit Time (high/low): 20 ns Variable

The TDM Digital Source must meet the above specifications over the entire

" thermal environment as outlined in section 3.1. The source shall be self compensating

and shall not rely upon interconnection to the EOA digital receiver to achieve power
stabilization. It is the responsibility of the EOA manufacturer to evaluate possible
alternative implementations for source stabilization.
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2.2.2 TDM Digital Receiver Requirements - The EOA shall incorporate a single
receiver chamnel with an optical detector of sufficient surface area to recsive signals
from the sp&cified number of multiplexed sensors. Sensor outputs will be multiplexed
in time by e sequencing of the sources. Timing data is based upon a multiplexing of
six optical emde plate type sensors or two tachometers.

Code Plate  Iachometer

Receiver Maximum Optical Power Input:  TBD TBD
Receiver Dynamic Operating Range: TBD TBD
Receiver Inter-Sensor Dynamic Range:  TBD TBD
Receiver ‘Minimum Optical Power Input:  -55 dBm -48 dBm
Receiver iinput Maximum Rise Time: 5 ns (10 to 90%) TBD
Recsiver linput Maximum Fall Time: 7 ns (10 to 90%) TBD
Recsiver -Center Wavelength 850 nm 850 nm
Receiverr iNominal Bit Time: 20 ns Variable
Receiver:Maximum Bit Error Rate: 1 in 106 Bits 1 in 105 Bits
Sensor Uipdate Rate (per sensor): 1 KHz 20 Hz

To m=ximize receiver sensitivity, the EOA should interrogate each sensor
numerous fiimes within the allotted sensor multiplexing limitations and use those
samples #» statistically achieve a greater sensitivity and resolution than would
otherwise e possible with a single sample. It is a condition required by this
specificaiom that the required receiver sensitivity and resolution shall be achieved
within the iime allowed by the sensor update rate. The EOA shall provide the
statistical grocessing necessary to use multiple samples to achieve the required
sensitivity @nd resolution within the sensor update time. It is the responsibility of the
EOA manufacturer to determine the minimum number of sampled pulses that must be
averaged in order to achieve the required sensitivity and resolution within the
specified smnsor update rate.
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2.3 IDM Analog EQOA Characteristics - Time Division Multiplexed Analog (TDM

Analog) EOAs shall be compatible with the following types of

optical intensity sensors:

Analog Gradient Filter Plate
Microbend Modulated
Reflective Diaphragm
Photo-Elastic

Absorption Edge Shift

self-referencing analog

The TDM Analog EOA must be capable of multiplexing any combination of the
above sensors within a single EOA. The EOA will have prior knowledge of what types
of sensors are currently being multiplexed and must be capable of processing the
returned signals from a known combination of these sensors. The EOA shall provide
for scaling and calibration of the various sensor readings through software control. A
conceptual design for the TDM Analog EOA is shown in Figure 2-2.
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Figure 2-2 TDM Analog EOA
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The EOA shall produce a temporally narrow optical pulse to interrogate a seltf-
referenced analog intensity sensor. The sensor returns two serial optical pulses to the
EOA. A high speed optical signal conditioner within the EOA decodes these pulses to
determine the sensor reading. The pulse width selected represents a compromise

between the time delays achievable with fiber optic delay lines in practical geometries .

and the bandwidth achievable in state of the art optoelectronic transmitters and

receivers. To maximize receiver sensitivity, the EOA should interrogate each sensor.
numerous times within the allotted sensor multiplexing limitations and electronically

average the readings to obtain the sensor reading. It is the responsibility of the EOA
manufacturer to determine the minimum number of sampled pulses that must be
averaged in order to achieve the required sensitivity and resolution within the
specified sensor update rate.

2.3.1 m_Ana]gg_s_guma_Bagultgmanﬁ-The EOA source shall have identical
operating characteristics as the TDM Digital EOA source used for optical code plate
sensors as outlined in section 2.2.1 above.

2.3.2 Wﬂm&nﬁ- The EOA shall incorporate a single
receiver channel with an optical detector of sutficient surface area to receive signals
from the specified number of multiplexed sensors. Sensor outputs will be multiplexed
in time by the sequencing of the sources. Timing data is based upon a multiplexing of
six analog self-referenced optical sensors.

Receiver Maximum Optical Power Input:  TBD
Receiver Operating Range: TBD
Receiver Inter-Sensor Dynamic Range: TBD
Receiver Minimum Optical Power Input:  -44 dBm

Receiver Input Maximum Rise Time: 5 ns (10 to 90%)

Receiver Input Maximum Fall Time: 7 ns (10 to 80%)

Receiver Center Optical Wavelength 850 nm -
Receiver Nominal Bit Time: 20 ns :

Sensor Update Rate (per sensor): 1 KHz

To maximize receiver sensitivity, the EOA should interrogate each sensor
numerous times within the allotted sensor multiplexing limitations and use those
samples to statistically achieve a greater sensitivity and resolution than would
otherwise be possible with a single sample. It is a condition required by this
specification that the required receiver sensitivity and resolution shall be achieved
within the time allowed by the sensor update rate. The specified receiver repetition
time controls the time for individual samples of the sensor. The EOA shall provide the
statistical processing necessary to use multiple samples to achieve the required
sensitivity and resolution within the sensor update time. It is the responsibility of the
EOA manufacturer to determine the minimum number of sampled pulses that must be
averaged in order to achieve the required sensitivity and resolution within the
specified sensor update rate.

D-7

(-

[ B



2.4 WDM Spectrum Analyzer EOA Characteristics - Wave Division Multiplexed (WDM)
EOAs shall be compatible with the following general classes of optical sensors:

* Analog Self-Referenced Intensity Sensors
* WDM Digital Optical Code Plates .
* Analog Time Rate of Decay (TRD) Sensors

The WDM EOA shall be capable of operating in elther the three modes listed

_ above. However, it is not necessary for the EOA to operate in more than one mode

simultaneously. The EOA will have prior knowledge of which mode it is operating in

" and must be capable of processing the returned signals from any combination of

multiplexed sensots within that mode. The EOA shall provide for scaling and
calibration of the analog sensors through software control. Whichever mode the EOA
is operating in, it shall meet the specified performance requirements. A conceptual
design for the WDM EOA is shown in Figure 2-3.

LOS3 BUDGET ANALYSIS (Per Channel)

Figure 2-3 WDM Spectrum Analyzer EOA
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in the analog mode of operation, the EOA shall produce an unmodulated
(continuous wave) broadband optical pulse to illuminate a self-referenced analog
intensity sensor. The sensor divides the transmitted signal into two well defined
wavelength bands. The sensor allows one wavelength band to pass through relatively
undisturbed (reference band) while reacting with other wavelength bands (signal
band). Although a full (or partial) spectrum may be returned to the EOA, the optical

spectrum analyzer would only be looking for those two bands of interest (the signal. -
and reference). An optical spectrum analyzer in the EOA measures the relative

amplitudes of the received pulses in these two returned wavelength bands to
determine the sensor reading. The EOA shall be capable of resolving the returned
optical spectrum into a minimum of 10 bands to maintain compatibility with digital code
plate sensors. Thus, when used with analog sensors, the EOA will not use the fuli
capability of the spectrum analyzer. 1t is the joint responsibility of the EOA and sensor
manufacturer to identify specific parameters for the two wavelength bands. The EOA
shall be compatible with the following types of analog sensors:

Analog Gradient Fiiter Plate
Microbend Modulated
Reflective Diaphragm
Photo-Elastic

Absorption Edge Shift
Fabry-Perot Interferometer

In the digital mode of operation, the EOA shall produce an unmodulated
(continuous wave) broadband optical pulse to interrogate a network of optical filters
which illuminate a digital code plate within the sensors. The filter networks return a
wavelength encoded parallel digital bit pattern to the EOA. An optical spectrum
analyzer in the EOA decodes the returned wavelength bit patterns to determine the
sensor reading. The channel spacing selected represents the typical channel
separation achievable with state of the art WDM components. Channel width and
spacing are consistent with the 100/140 micron optical fiber size in a grating type
WDM unit. The channel spacing corresponds to fiber cladding diameter while the
channel width is determined by core diameter. Guard bands are employed to assure
adequate channel separation over environmental and manufacturing tolerances. The
EOA shall be capable of resolving the retumed optical spectrum into a minimum of 10
channels. The EOA shall be compatible with the following types of digital sensors:

* WDM Digital Optical Code Plate
* Moving Diffraction Grating

In the TRD mode of operation, the EOA shall produce a temporally narrow
broadband optical pulse to excite a photoluminescent sensor which emits light having
an amplitude that decays over time. An optical spectrum analyzer in the EOA decodes
the retumed wavelength by comparing the strength of the received wavelength
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spectrum at different times. Because the lengthy spectral decay times (10-100 ms)
normally associated with TRD sensors, these sensors canhot be muitiplexed with
digital or analog WDM sensors unless the TRD returned wavelength spectrum falls

- outside the received spectrum for the other sensors being multiplexed. Each EOA

shall be able to support only one TRD sensor assuming that the retumed wavelength
spectrum is not in the range of returned spectrum for these sensors. The EOA shall be
compatible with the following types of TRD sensors:

* Phosphorescent TRD
* Fluorescent TRD

2.4.1 WDM Source Requirements - The EOA shall include a transmitter with the
following typical characteristics as measured at the EOA output connector. The source
characteristics are for the individual optical outputs within the EOA.

Analog/Digital/TRD
Transmitter Optical Power Output: -10 dBm
Transmitter Minimum Power Density: 10 uW/nm
Transmitter Residual Power: TBD
Transmitter Leakage Power: T8BD
Transmitter Optical Output Ripple: 3 dB across specified band
Transmitter Residual Power (low): TBD

Transmitter Optical Leakage Power (off): TBD
Transmitter Optical Wavelength Range: 750 - 950 nm

Because TRD sensors respond much more slowly than other WDM sensors, the
source for the TRD sensor in a set need not be operated every time the sources for the
WDM sensors are operated. The actual repetition rate for the TRD source shall be
determined by the sensor supplier, but shall not be slower than 10 Hz.

The WDM Broadband Source must meet the above specifications over the entire

" thermal environment as outlined in section 3.1. The source shall be self compensating

and shall not rely upon interconnection to the WDM receiver to achieve power
stabilization. It is the responsibility of the EOA manufacturer to evaluate possible
alternative implementations for source stabilization.
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2.4.2 WDM Receiver Bequirements - The WDM EOA shall incorporate a single
receiver channel with optical input of sufficient area to receive signals from the
specified number of multiplexed sensors. Sensor outputs will be multiplexed in time
by the sequencing of the sources. Timing data is based upon a multiplexing of four
WDM Analog or Digital sensors and one TRD sensor per receiver.

Analog  Digital  IRD

Receiver Maximum Optical Power input: TBD 'TBD TBD
Receiver Operating Range: 8D TBD T8D
Receiver Inter-Sensor Dynamic Range: TBD T8D TBD
Receiver Cross Channel Interference: -30 dB -30 dB -30 dBm
Receiver Optical Wavelength Range: 750-950 nm 750-950 nm (note 1)
Receiver Channel Spacing: 14 nm 14 nm N/A
Receiver Channel Width: 10 nm 10 nm N/A
Guard Band Width: 2nm 2nm N/A
Receiver Minimum Optical Power Input: -48 dBm -60 dBm -48 dBm
Sensor Update Rate (per sensor) 1 KHz 1KHz . 10 Hz

(1) The return wavelength for the TRD sensor must be greater than 950 nm so as not to
interfere with the other sensors being multiplexed. :

The WDM Spectrum Analyzer must meet the above specifications over the entire
thermal environment as outlined in section 3.1. The receiver shall be self
compensating and shall not rely upon interconnection to the WDM source to achieve
stabilization. It is the responsibility of the EOA manufacturer to evaluate possnble
alternative implementations for the optical spectrum analyzer.
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3.0 EOA ENVIRONMENTAL TEST SPECIFICATIONS

The purpose of these tests is to ensure that the EOA will not fail when subjectecd
to the harsh operating environments of the aircraft. Environmental testing of pre-
production EOAs for use in flight control applications shall follow the test procedures
outlined below: '

3.1 Thermal Epvironment

The EOA shall demofiétrate specified péﬁormance over an ambient temperature

" range of -40 C to +72 C for continuous operation.

3.2 Humidity Environment

The EOA, under both operational and non-operational conditions shall be
capable of operating satisfactorily during and after exposure to relative Humidities up
to 100% at temperatures up to +72 C including conditions wherein condensation
occurs in and on the EOA.

3.3 Yibration Environment
3.3.1 Sinusoidal Vibration Performance Testing

3.3.1.1 Besonance Survey - A resonance survey of the EOA along the first orthogonal
axis shall be made. The frequency sweep shall be made slowly from 5 to 2000 Hz at
0.01 inch double amplitude or +/- 2g, whichever is less. The EOA shall be powered
during this test and be required to operate satisfactorily during and after the test.
Resonant points shall be noted and the response recorded and the modes of each
resonance described.

3.3.1.2 Vibration Cycling - The EOA shall be vibrated along the same orthogonal axis
with the frequency varying at a logarithmic rate from 5 to 2000 Hz and back in
approximately 10 minutes at double amplitudes or vibratory acceleration levels
indicated in Figure 3-1. The EOA shall operate during this test and shall give specified
performance both during and after the test.

3.3.1.3 Resonance Dwell - The EOA shall be vibrated along the same orthogonal axis
at the resonance points obtained by the the resonance survey. Vibration shall be for 5
minutes at each resonant point. The EOA shall operate during this test and shall give
specified performance both during and after the test.

3.3.2 Bandom Vibration Performance Testing

3.3.2.1 Basonance Survey - A sinusoidal resonance survey of the EOA along the first
orthogonal axis shall be made. The frequency sweep shall be made slowly from 5 to
2000 Hz at 0.01 inch double amplitude or +/- 2g, whichever is less. The EOA shall be
powered during this test and be required to operate satisfactorily during and after the
test. Resonant points shall be noted and the response recorded and the modes of
each resonance described.
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3.3.2.2 Random Vibration - The EOA shall be vibrated along the same orthogonal axis .
in accordance with the applicable random vibration profile indicated in figure 3-1. The .
duration of random vibration testing will be 10 minutes/axis. The EOA shall operate
during this test and shall give specified performance both during and after the test.
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Figure 3-1 EOA Vibration Profiles by Location

3.3.3 Service Shock Performance Testing

The EOA shall be operating satisfactorily during this test. The EOA shall be .
subjected to 12 impacts of 15 G's peak amplitude for a duration of 11 milliseconds.
After each shock, the ECA shall be thoroughly checked for any failure, and a
- performance check made. The shocks shall be applied in the following directions.

(a) First orthogonal axis - 2 shocks in each direction.
(b) Second orthogonal axis - 2 shocks in each direction.
{c) Third orthogonal axis - 2 shocks in each direction.

3.4 Electromagnetic Environment
The EOA modules shall be tested for radiated emissions in accordance with MIL- .

STD-461C section RE02, and for susceptibility to conducted emissions per MIL-STD-
461C section CE03. The EOA shall be operational during these tests.
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