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A. ACCIDENT 

Location East Moriches, New York 

Date July 17, 1996 

Time 203 1 Eastern Daylight Time 

Airplane Boeing 747-1 3 1, N93 1 19 

B. SYSTEMS GROUP 

Chairman Robert Swaim 
NTSB 
Washington, DC 

Assistant Scott Warren 
NTSB 
Washington, DC 

C. SUMMARY 

O n  July 19, 1996, at 203 1 eastern daylight time, a Boeing 747-1 3 1. N93 1 19. 
crashed into the Atlantic Ocean, about 8 miles south of East Moriches, New York, short11 
after takeoff from John F. Kennedy International Airport (JFK). The airplane uas  being 
operated under an instrument flight rules (IFR) flight plan under the pro\.isions of Title 
14, Code of  Federal Regulations (CFR), Part 12 1 ,  as a regularly scheduled flight to 
Charles De Gaulle International Airport (CDG), Paris, France, as Trans World Airlines 
(TWA) flight 800. The airplane was destroyed, and all 230 people on board lvere killed. 



D. DETAILS OF THE INVESTIGATION 

The National Transportation Safety Board requested that the National Aeronautics 
and Space Administration’s (NASA) Langley Research Center located i n  I-Iampton, 
Virginia, study two areas relating to electromagnetic interference (EMI) and the accident 
involving T W A  flight 800. The Langley Research Center \\as tasked to e\valuate the 
following effects on the airplane: 

1) The effect of the electromagnetic e ini-onment  through \\ hich TWA 800 ivas 
flying; 

2) The effect of personal electronic de\.ices (PED‘S). 

Both of these tasks were designed to help determine if electromagnetic interference could 
have been a threat to the fuel tank wiring on the airplane. To document the results of  their 
work, the Langley Research Center prepared t n o  reports. a Technical Publication. 
‘Investigation of Electromagnetic Field Threat to Fuel Tank \$’iring of a Transport Aircraft’. 
and a Technical Memorandum, ‘Some Notes on Sparks and Ignition of Fuels’, both dated 
March. 2000. 

The Langley Research Center reports lia\.e been included as appendices A and B to 
this addendum. 

Aerospace Engineer 
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Abstract 

ii Executive Summary 

The National Transportation Safety Board (NTSB) funded NASA Langley Research Center (LaRC j to 
perform two separate analysis tasks. with respect to the explosion of the center wins fuel tanh (CWT) i n  
the Trans World Airlines Flight 800 (TWA-800) accident. The first task w i s  to use the "TWA Flight 800 
Electromagnetic Environment" report, prepared by the Department of Defense Joint Spectrum Center 
(JSC).  to determine worst-case energy levels that were available to couple onto fuel quantitj. indication 
system (FQIS j components from external radio frequency (RF)  transmitters (military/civilian airborne. 
ship-based or ground-based). The second task was to investigate the threat from passenger carried 
portable electronic devices (PEDS). 

For the tirst task, NASA LaRC researchers developed a neu  Modal Ana lydMethod  of Moments 
(MOM j code and demonstrated that it provides accurate results. The computational efficiency of the new 
code allows i t  to be applied to a volume comparable to that of a Boeing 747 Series 100 (B-747-100) 
passenger cabin. The frequency of a dominant external emitter was selected from the JSC report. and 
used to predict passenger cabin shielding effectiveness. and to model situations of wire coupling bvi thin 
the passenger cabin. 

Two separately funded phases were proposed for the PED task. The purpose of Phase 1 "as to study 
whether a typical PED could create an ionization event or excessive heating. if t i l l  r i \ ~ c ~ i l c r h l c ~  power w'as 
applied directly to the CWT FQIS wiring. The purpose of Phase 2 was to perform extensive 
computational aircraft modeling and aircraft coupling measurements to advance the understandins of how 
much power PEDS may induce onto aircraft wiring. and factors that may influence this coupling. Phase 1 
of the PED task was funded, and is reported herein. 

The Phase 1 test plan comisted of the following analy\t\ and experimental testing: 

I .  Determination of a worst-case electromagnetic (EM) threat that may have been created by 
commercially available PEDS ( in  ternis of power and frequency ). 

2. Characterization of the CWT and FQIS of a B-747- 100 aircraft in terms of input impedance 
and cavity reverberation characteristics. 

3 .  Removal of fuel probes and wiring from a retired B-747-100 aircraft and the subsequent 
installation of these components into a laboratory test chamber. Determination of RF power 

vii 



required t o  achirw ;in ionization event or excessi\.e henting i n  the laboratory installation. 
Determination o f  scaling factors required to compare the aircraft and laboratory FQIS 
i n s tal I at i o t i  s. 
Assessment of existing guidelines and references for  understanding how continuous RF 
<igtials mal impart sufficient energy to ignite fuel \ apors. 

4. 

5 .  

The NASA LaKC engineering team, partnering with Lightning Technologies. Inc. (LTI) and the Naval 
Surface Warfare Center (NSWC ), successfully completed all rcyuired tasks. Item 5 from the above list 
\\';is addreswd in ;I separate report ( NASA/TM-2000-3 10077 1. In addition. an engineering judgement \vas 
made to perform wme limited coupling measurements originall! designated as part o f  Phase 2. These 
ine;isiirernents pro\.ed to be important lor conclusion #3 below. 

Conclusions: 

I .  Analysis w a s  performed on the external RF transmitters iclentified by the JSC as t i o n r i i i c r r i r  

wiirter.\. These dominant cmitters were all pulsed sources. allowing the threat to be quantified in 
terms of energ!'. instead of power. The rnauinium a\,ailable energy inside the TWA-800 
passenger cabin from an! clominant emitter \va\ determined to he less than 0. I m J .  which was 
belov. generally accepted estimates of the mininium cnerg> Ie\.el required to achieve ignition. A 
n e ~ v  NASA LaRC developed numerical analy4is code cstiniated that the CWT FQIS coupled 
energ! levels \yere sc\.eral orders of magnitude less than the maximum available energy. 

-I -. I t  \vas determined that the threat from most commerciall! available PEDs existed between 27 
MHz and I GHz frequenc). and was limited to less than I O  W of radiated power. A minimum 
power l e \ ~ l  of I O  W mas applied to the FQIS terminals in the laboratory installation over a 
frequency band of 7 MHz to I GHz. with no electrical discharge or significant heating detected. 
Howew-, by inducing an intermittent short circuit at ;I worst-case location for voltage 
enhancements. discharge events were induced when applying as little as 1.5 W of R F  power. 
Considering the passenger cabin to CWT FQlS coupling lo\\. I .S W was at least I O  times greater 
than the maximum PED threat, even if the PED transmitted from an optimal coupling location in 
the passenger cabin. 

3. Laboratory testing to determine the absolute minimum power required for a discharge was 
extended from 3 MHz down to I MHz frequency. This testing revealed that an intermittent 
short circuit could ciiuse FQIS discharge events with ;I\ little as 0.17 W of power at frequencies 
below 10 MHz, when the short was placed at ;I worst-caw location for voltage enhancements. 
While this  finding \vas unexpected, analysis revealed that the whole TWA-800 aircraft could not 
ha\.e coupled more than 0.01 5 W of power i n  this  frequent\, range from the surrounding EM 
eniironmrnt at the time of the accident. Commerciall) available PEDs were determined to be 
insignificant in term> of radiated power below 25 MHz. 

This effort focused exclusively o n  coupling and the potential for ionizatiodheating caused by FQIS 
components within the CWT. as the system is excited by non-aircraft generated EM signals. Aviation 
safer!, reporting databases indicate that such signals are far more likely to interfere with. and even 
damage. sensitive aircraft nii\ igation sensors, displays. processors, and communication equipment. 

... 
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iii Symbols and Abbreviations 

Mutual coupling matrix between apertures and kvire 

Amplitude of prii mode on rrii  aperture 

Co I u m n mat r i x rep re sent i n g cou pl i n 2 bet \vee ti i nc i den t i i  e Id and ;I pe rt u re s 

Column matrix representing modal amplitudes on apertures 

Coinplex energy density 

Coordinates of center of r"' aperture 

Diameter of the FQIS wire 

Electric current along the FQIS wire 

Electric Field Shielding 

Equivalent magnetic current in the x-direction over r 

Equivalent magnetic current in the y-direction over r 

Frequency increnient 

Incident electric field 

Incident magnetic field 

Input  impedance of the FQIS wire 

Length and width of rrl' aperture 

Length of the FQIS wire 

Open circuit voltage 

Self impedance of the FQIS wire 

Square matrix representing mutual coupling between apertures 

Total aperture field 

Total current of FQIS wire 

Unit normal vector 

Unit vector along the FQIS wire 

Unit vectors in  the x - and y-  directions, respectively 

Scattered electric field (external) 

Scattered electric field (internal) 

Ill aperture 

tipertiire Ill 
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r. 

71 

(i1,b.C) 

A 

A( f ,  

AAR 

AC 
AC/AMJ 

ANSI 

Ant 

ASKS 

B( f )  

B-7-17- 100 

C 

C( 0 

C B  

CEt f )  

CISPR 

c PU 
CTF 

CVSF 

C W T  

dB 
dBi 

dBni 

dBm/ rn- 

Do D 

DCT 

E 

Scattered tnignctic field (external) 

Scattered magnetic field (internal) 

Free space impedance 

Pulw width i n  sec 

Reflection Coefficient Magnitude= I r I 

Complex R tlfl ect i o ti Coeffi c i e t i t  

Wa\,elengt h 

Pi. The circumference di\ ided by the diamcter ol':i circle 

s-. J -. and z-dinien3ion\ of rectangular cavi ty 

A nip1 i t tide i ti \.ol t s/ mete r 

Source Power 

A AR Ai rcr;i ti S e n  ices. I nc . . Roswe I 1  Di \.i si o ti 

Alternating C~irrent 
Ad\ isory Circular / Ad\.isory Material J o i n t  

American National Standards Institute 

Antenna 

A\.iation Safety Reponing System 

Path Factor 

Boeing-737 Series- 100 

Capacitance 

Event! Pouer. Minimum RF power required at FQlS connector for ionization event 

Citizens Band 

Current Enhanccment as a function of frequencj 

Comite International Special des Pertiirbations R:idioelectriques. lnternational Special 
C o m ni it tee on Rad io I n t e r f e  rence 

Central Processing Unit 

Current Transfer Function 

Current-Voltage Sampling Fixture 

Center Wing Tank 

Decibel 

Decibel referenced to an isotropic radiator 

Decibel referenced to I mW 

Decibels referenced to I niW/m' (Power Densitj,) 

Department of Defense 

Dei.ice Under Test 

Electric Field 

- 
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EEHWG 

EFS 

EIRP 
EM 
EM1 
f 

f, 

FCC 

FDTD 

FEM 

FQIS 

GHz 

GMRS 

GPIB 

G,<. Ill.,\ 

GIr 111. 111.11 

H 

HI Z 
HIRF 

HP VEE 

H-pol 

I ( f )  

IEC 

IFpr\ \bL 

J 

JSC 

kHz 

LAN 

LaRC 

LO Z COMP 

LO Z 
LTI 

m 

MHz 

MIL-STD 

mJ 

mJ/ nil 

Electromagnetic Effects Harmonization Working Group 

Electric Field Shielding 

Effective Isotropic Radiated Power 

Electromagnetic 

Electromapetic Interference 

Freque tic). 

Carrier Frequency 

Federal C om m i i  n i cat i on s Commission 

Finite Difference Time Domain 

Finite Element Method 

Fuel Quantity Indication System 

GigaHertz (one billion cycles per second) 

General Mobile Radio Service 

General Purpose Interface Bus 

Maximum Gain of a receiving antenna 

Maximum Gain of a transmitting antenna 

Magnetic Field 

High Impedance 

High Intensity Radiated Fields 

Hewlett Packard Visual Engineering Environment 

Horizontal Polarization 

Current as a function of frequency 

International Electrotechnical Commission 

current probe transfer function 

Joules (Energy) 
Joint Spectrum Center 

kiloHertz (one thousand cycles per second) 

Local Area Network 

Langley Research Center 

Low Impedance Compensator 

Low Impedance 

Lightning Technologies, Inc. 

meter 

MegaHertz (one million cycles per second) 

Military Standard 

milliJoules (Energy) 

milliJoules per meter squared (Energy Density) 
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MOM 

NASA 

N.A\?.’C A D 
NIST 

Wbll 

NSLVC 

N s \c‘C D I1 
STS €3 

P 

PC s 
PED 

PRl- 

u 

R ,  

R ,  

K 

RF 

RTCA 

R 
SA 

SHLII 

SUT 
TP 

TWA 

TWA-XOO 

T, 

L 
V 

V(  f )  

V/cr11 

V/m 

VE(f)  

c 

VFp! ih 

h‘ ,111 

V-pol 

Method of Moments 

National Aeronautics and Space Administration 

Na\.al Air Warfare Center Aircraft Division 

National Inst itiite of Standards and Technolog 

N au t i c ;II M i le 

Na\.al Surfacc W’arfare Center 

Na\,al Surface Warfare Center Dahlgren Lli\.ision 

National Transportation Safer) Board 

POL\ er 

Perwnal Conimunication Ser\,ices 

Portable Electronic De\,ice or Personal Electronic lIe\,ice 

Pulse Repetition Frcquenc). 

Quality Factor 

Slant Range bet\wen I wo antennas 

Resistance o f  ;i charging resistor 

Resistance of a discharging resistor 

Radio Frequency 

RTCA. fcmierl} Radio Technical Committee on .4eronautics 

Receive or Receiver 

Surface area (total 1 

seconds 

Shield 

Syxtem Under Test 

Te s t Point 

Tranx World Airlines 

Trans World Airlines Flizht 800 

Trans mi t or Trans nii tter 

Total energ! 

Enerzy density 

Volts or Voltage 

Voltage as a function o f  frequency 

Volts per centimeter 

Volts per meter (Field Intensity) 

Voltage Enhancement as a function of frequency 

\:oltaFe probe transfer function 

Out put Vol tage 

Vertical Polarization 
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vso Volumetric Shutoff Control Unit 

VSWR Voltage Standing Wave Ratio 

VTF Voltage Transfer Function 

w Watts 
Z Impedance 

ZIO Input Impedance 

z, Load Impedance 

z, Characteristic Impedance 

z, Transfer Impedance 
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1 Introduction 

1.1 Background Information 

On J u l y  17, 1996. the Trans World Airlines Flight 800 (TWA-800) Boeing 747 Series 100 (H-747- 
100) aircraft exploded and crashed into the Atlantic Ocean. The flight had departed I 4  minutes earlier. 
tra\.eling from New York’s John F. Kennedy airport to Paris. Since then. the National Transportation 
Safety Board (NTSB) has led the largest transportation accident in\.estigation i n  the na[ion’\ histor) . To 
date. i t  is believed that a fuel vapor ignition occurred in the center \\sing furl tanh (CWT). The cause ot 
this ignition is still unresol\fed. Recent laboratory efforts ha1.e focused upon the potential for  ;in electrical 
discharge i n  the CWT. resulting from applied electromagnetic ( E M )  signals. 

During the first year of the investigation, some consideration had been applied to the possihilit), of Ehl  
interference as a factor in the crash. Later, in April. 1998, a special supplement entitled “Thc Fall of 
TWA 800: The Possibility of Electromagnetic Interference” wiis published in The New York Review of 
Books. by Harvard professor Elaine Scarry [Ref. 1 - I ] .  This report. along with continued dialog between 
Ms. Scarry and NTSB Chairman Jim Hall. prefaced an increased concern for quantifying the actual threat 
froin external high intensity radiated field (HIRF) sources. I t  became evident to NTSB in\.estigators that 
the EM environment surrounding TWA-800 was rather complex. and included n u m e r o t ~ ~  ground-based. 
shipboard. and airborne radio frequency (RF) transmitters. some bein2 classified b!, the military. As ;I 

result. the Department of Defense (DoD) Joint Spectrum Center (JSC) was contracted to perform a 
detailed analysis of the TWA-800 EM environment. Their report \vas published in  Januar). 1999. and 
incorporated into the NTSB TWA Flight 800 Public Hearing Exhibit Items as Exhibit 9A. Addendum 2 
[Ref. 1-21, The JSC reported that all dominant RF emitters i n  the TWA-800 area Mwe pulsed sources. 
applying peak field intensities of up to 32.6 V/m. 

Alternatively, i t  can be demonstrated that a portable radio transmitting about 5 W ma!. generate field 
levels in excess of 100 V/m very close to its antenna. Portable electronic de\,ices (PEDS) are typically 
operated over a wide range of frequencies and power levels. and can often he set to radiate continuousl).. 
When used inside an aircraft, PEDS can be placed within inches of aircraft wiring. and their emissions are 
not subject to airframe attenuation as are outside HIRF sources. NASA‘s A\,iation Safety Reporting 
System (ASRS) documents numerous occurrences of suspected PED interference with aircraft systems. 
(See Figure I .  1 - I . )  The Possibility of PED interference cannot be overlooked when investigating 
anomalous behavior of any electronic aircraft system. 

While the likelihood for RF transmitters to interfere with aircraft systems is becoming better 
understood. their potential to create hazardous conditions with tlanimahle vapors remains elusive. Very 
little quantitative information is available regarding specific frequency-power-distance-teniper~tiire 
combinations required for hazardous conditions with aviation fuels. The DoD has documented the threat 
to fuel and ordinance from hand-held transmitters with output power capabilities of as little as 1 W [Ref. 
1-31. 

In a letter to NTSB Chairman Jim Hall on July 30. 1998, NASA Langley Research Center (NASA 
LaRC) Director Dr. Jeremiah F. Creedon offered support i n  the TWA-800 investigation regarding Ehl 
field effects. Beginning with this offer, a continuing dialog has evolved. The NTSB requested NASA 
LaRC-s Electromagnetic Research Branch to perform two separate analysis tasks contributing to the 
TWA-800 investigation. In the first task, the NTSB directed NASA LaRC to use the JSC Eh.I 
environment report to determine worst-case energy levels that were a\,ailahle to couple onto fuel quantity 
indication system (FQIS) components from external RF transmitters (r7iilitary/ci\.iliaii airborne. ship- 
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bawd or ground-bawd), into the CU'T The wcond task t o  in\t.\tigate the threat from PED\. 

~ ~ . ~~ ~~~~ - ~-~ 

Figure 1 . 1 - 1 :  Total number of PED incidents reported to the NASA Abiation Safety Reporting System each 
!ear. This data includes all aircraft categories. (ASRS Search Request No. 5532, January 27. 1999.) 

1.2 Areas and Limits of the Investigation 

For the purposes of the TU'A-800 investigation. four  potential mechanisms (sources) of outside 
EM intluence to the FQIS were identified: 

I .  Coupling from other aircraft systems. 
3. Excitation from natural environmental effects (lightning. ztatic electricity). 
3 .  Excitation from inan-made soiirces external to the aircraft iHIRF). 
1. Excitation froin passenger devices internal to the aircraft (PEDS). 

Item 1 is the topic of ;I separately funded investigation contract with the Naval Air Warfare Center 
Aircraft Di\,ision (NAWCAD). in  Patuxent River, M.D. Hecause ot clear weather conditions at the time 
of the accident. item 2 was high11 itiiprobable. Analysis of items 3 and 4 are the subject of this  report. 

1.3 Approach 

L'\ing FiSure 1.3-1 a \  a guide. three independent variable\ can be identified as follows: 

A(f)= Worst-case EM emission threat (HIRF or PED Source Power) 
B(f)= Worst-case couplinf factor from source power to FQlS coupled power (Path Factor) 
C(f)= Minimum RF Power required at FQIS connector tor ionizatiodheating event (Event 

Power) 

Each of these uriables is dependent upon the frequency cf) of  interest. but they are independent from 
one another at all frequencies. Essentially, B( f )  is a transfer function that operates upon A(f). and the 
three terms are related by: 

It' Equation ( I.3- 1 ) is true. there i \  the potential for RF-induced fuel \'apor ignition. 



~ Airborne . 

Figure 1.3-1: Characterization of EM coupling problem from external HIRF sources or PEDs to the C\I'T- 
probes-wiring EM system. 

The approach of this  report was to separately address this  question for both external (HIRF. see 
Section 3 ) .  and internal (PED. see Section 4)  cases. 

1.3.1 Quantifying the Source [A(f)] 

To evaluate the threat from HIRF sources located outside the aircraft. LaRC researchers used the 
dominant external emitters identitied by JSC to calculate the total aircraft coupled power. Details of this  
work are given in  Section 3. 

The possibilities are seemingly endless when considering what type of PEDs people may \vish to carry 
aboard a commercial transport aircraft. Aside from ~ r r 2 i r ~ f ~ ~ r ? t i o r ? ~ ~ I  transmitters such as laptop computers. 
\.ideo games. A M F M  radios, tape players and compact disk players, passengers are also likely to possess 
a number of ir i fr t~f ionci l  transmitters. In 1996, items such as cellular phones, garage door openers. remote 
control toys, FM wireless microphones, handheld radios (citizen's band. police. fire. business. maritime. 
etc.). cordless phones and keyless entry transmitters could easily be found among the traveling public. 
The FAA recommends prohibiting operation of intentionall!, transmitting PEDS during flight [Ref. 1-41. 
however. adherence to the rules cannot be guaranteed. LaRC researchers found that intentional radiators 
occupy numerous frequency bands from 27 MHz to 6 GHz. To date. there is no definitive reference 
bounding the potential threat from these devices to affect aircraft systems. Substantial progress was made 
in  this area, and details are provided in Section 4.3. 



1.3.2 Estimating the Path Factor [B(f)], Phased Approach 

Power radiated from outside the airplane. or from P E I h  inxitle. i \  not 100% coupled onto the FQIS 
\4 iring. Factors such a s  frequencl . orientation of source. orientation of aircraft. polarization. distance. and 
mo \'e inen t of i t  e in 4 with in the ai rc raft ( aero s 11 rfac e s . doors. p a x  xe ti ge 1-4. et c . ) \mast I j ,  affec t co it p I in g . A t i  

attenuation factor. exists t o  account tor this,  and is often referred to a x  LI p r / i , f i r c t o r . .  

For ;I HIRF source extertial to the aircraft. two separate tran\ter functions are multiplied to determine 
the path factor. The tirxt is the aircraft . d i id t l i r i , y  c i ~ f ' " ' t i ~ . c J ~ i c I . \ . \  betwen the EM en\.ironment outside, as 
compared to inside the passenger cabin. The second is the path factor from a field source at some random 
location \\ i thin the passenger cabin to the FQlS Lviring. Section 3 describes the computational 
determination of coupling from HIRF sources in the JSC-defined '"A-800 EM environment. to CWT 
FQIS \I. iring. 

For i I  PED source internal to the aircraft, two separate transfer functions are superimposed (added) to 
determine the path factor. The first is i / i t l i w c ~  coupling. and I\ primarily intluenced by reverberation 
characteristics of the p a s s e n p  cabin. The second is rlir-c.c.t coupling. and is primarily intluenced by the 
proximity of the threat to the FQIS wiring. Section 4 will dcscribc the experimental determination of 
coupling from PEDS w.ithin ;I B-747- 100 passenger cabin to the C'M'T FQIS \viring. 

Originall)., an extensive effort was envisioned to model the €3-717- I00 passenger cabin. and compute 
the worst-case coupling factor between an internal source and the CWT FQIS connector. The 
computational model would then be validated with aircraft coupling immurements, and could be applied 
to different aircraft and other aircraft systems as well. Such an effort would advance the state-of-the-art 
i n  aircraft EM coupling analysis t o o l s ,  but would also be \.cry cojtl!. 

The NTSB and NASA LaRC decided t o  take a more economical approach. and assume the maximum 
a\-ailable power \vas applied directl), to the CWT FQIS \viring. iind perform the more extensive analysis 
a s  a second phase. 

1.3.3 Estimating the Event Power [C(f)] 

If ;I source transmitter operates in a pulsed mode, i t  ma) be poxxible to estimate its threat in terms of 
energy. Present fuel protection specifications and test procedures .;pecify the minimum ignition energy 
for most light hydrocarbon fuelx to be about 0.3 mJ [Ref. 1-71. This specification proved to be very 
useful i n  the analysis that follows in Section 3. 

Signals from PEDS however, are usually continuous and may therefore generate resonant and 
potentially cumulative effects upon aircraft systems. When continuous RF signals are applied to the 
CWT FQIS connector, peak voltages and currents at some locationx in the CWT may exceed those 
present at the input. The question is at what level these voltage\ and currents may introduce an ionization 
event or localized heating phenomena into the fuel vapor mixture. of sufficient energy to cause ignition. 
Most of the LaRC effort (Section 4 )  was to establish a mininiuni guideline as to how much RF power is 
required to cause any ionization event or significant localized heating. Once this is established, i t  
becomes an issue of howj much more is required to threaten volatile fuel L'apors. 

Very few references or standards exist for evaluating the threat to fuel vapors from applied RF power. 
Present information suggests that hazards may exist with applied power of as little as 1 W. Reference I -  
6 is ;I separate report. completed in support of the NASA LaRC effort. I t  contains a review of what is 



currentlq hnown about \parh phenomena and combu\ticm. and \uniiiiari7e\ \ \hat  I \  citrrcntl\, Lnou n h o t i t  

ignition by RF \oiirce\. 

1.3.4 Appendices 

While it is the intention that this  approach. test procrases, data and conclusions \i i l l  be relati\,rlj, 
straightforward and understandable to the non-specialist. i t  is also impoi-tanr to document the ii10re 

specialized details for completeness. A group of appendices are included to explain trchnical term\ 
(Appendix A). measurement processes (Appendices C and F). theory and analysis (Appendice\ €3. D. E. 
G and HI. 
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2 FQIS and Aircraft Description 

The TWA-800 aircraft was ;I €3-747- 100 model. and entered xer\ ice in the early 1970's. The overall 
physical characteristics of the aircraft are \veil documented. For thi4 series, fuselage length is 225 ft.  
with a ni;iximiim passenger cabin length of I87 ft. There ;ire 98 14 indows on each side of the passenger 
cabin (each about 35 cm X 25 c m )  for radiated fields to couplc' into (or out-of). Seating ma!' be 
configured for  npprosimatel~. 450 passengerx. [Ref. 2- I ]  

A transport aircraft is ;I highl!, complex EM system. The dynamic conditions of flight. passenger 
;kcti\ it) , .  and niitneroit4 modes o f  operation o f  other aircraft electronic systems result in an essentiall!, 
infinite number of possible EM field distributions from ;I g i w i  source (internal or external ) ,  

Fortunatel!. i t  is often not necessary to fully characterize ; i n  EM system when e\.aluating EM 
interference Issiies. Instead. calculations o r  measurements of EM coupling. impedance. shielding and 
attenuation may often be used to compare similarities and asses4 comparability between components and 
sj'stems. These comparison4 must. however. be done \\ , i t t i  \outid engineering judgement and valid 
niethods. For both the computntionnl and experimental aniil!xc\ herein. the approach was to make 
\implifying assiimptions that alu a! s represent worst-case (ii i ; ixinii ini)  coupling conditions. 

Figure 2-1: Overview diagram of B-747-100 FQlS installation (copied from NAWCAD draft test plan). 

As stated previously. this report is primarily concerned with the potential for RF sources to couple 
enough power into the CWT via the FQIS, to cause arcing, sparking o r  excessive heating. In order to 
assess the potential for FQIS wiring to couple EM energ) from thc surrounding environment, and to 
approximate those conditions i n  the laboratory. a rough working hnowledge of the system is required. 
Figure 2-1 shows ;I rendering of how the CWT FQIS componentx and wiring fit into the overall aircraft 
system. 
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A cut-out view of a B-737-100 CWT i s  shown in Figure 2-2. and a top \.ie\v showing fuel quantity 
probe locations i s  shown i n  Figure 2-3. From this figure. i t  can be seen that there are sis bays containing 
fuel. The CWT is situated directly beneath the pahsenger cabin tlloor, and i 4  essentiall). the structural 
focus of wing t o  body attachment. Service access is obtained \.ia two remo\'abIe doors that ma)' be 
reached from under the aircraft. 

l'i11.11 ill 

Figure 2-2: Perspective view of C\VT 
(copied from NTSB Public Hearing Item 20E, appendix A ). 

Conncctor 

Access Doors 

Compcnsator Probc 

Figure 2-3: Top view of CWT showing fuel probe locations. 
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2.1 The Capacitive Fuel Probe 

The B-747- 100 FQlS measures fuel volume and densit!,, allowing computation of fuel weight to be 
dihplayed on cockpit gages for each fuel tank. A group of capxiti \  e fuel quantity probes are distributed 
throughout the volume of ;I gi\,en fuel tank. (See Figure 3-3.) Eiich fuel quantity probe consists of an 
electricull!, conducti\,e tube surrounded by a n  oirter tube. (See  Figure 2.1 - 1 . )  When alternating electrical 
voltage is applied ;icros\ the tube\. ;I displacement current L\ i l l  f l o ~  between them. The relationship 
between the Loltage nnd current depends upon the capacitance bt.tnt.cn the two conducti\,e tubes. As 
these probes are imniersed i n  fiiel. the capacitance \.;ilue changcs in proportion to the fuel level. 
C h a n p  i n  capacitance of the fuel probe sensors are e\,aluated by ;I bridse circuit, which pro\,idex a 
signal to the clectronic fuel indicators. which displa), aircraft fuel quaiitit! to the flight or maintenance 
crew. [Ref. 2-21 A .;mailer c ' o r r i / J c ' r i s t i f o , '  probe i s  placed near the bottom. center of ;I fuel tank. and is 
iisii;ill! completely submerged in  fuel. The compensator probe provides indication of fuel densit!.. 
Wires are routed within the fuel tanh to  ;I terminal block located near thc top of each probe. which has 
three terminal connections: HI Z (High impedance. inside tube). LO Z (Low Impedance. outside tube). 
and Ground (floating ground for  HI Z shield). The silver-plated copper miring and probe terminals are 
exposed to firel and \ apor. 

Terniinal B1oc.h 

lnncr Tuhe - 

Outer Tuhc - 

Figure 2.1-1: Diagram of fuel probe and picture of fuel probe and compensator probe in CWT. 
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2.2 Connectors and Cables 

As shown i n  Fizures 2-2 and 3-3. the fuel quantity probe wiring esits the CWT from the re;ir spar 
bulkhead. on the port side. This wiring utilizes ;I highly specialized connector asseiiibl! . which 
penetrates into the wheel well of the aircraft. This assembly. designated a h  an "Amphenol h.I 127". 
allows individual access to each o f  the eight fuel probe L O  Z conductors. ;IS well ;I\ to the HI Z line. 
Half of the M 127 connector assembly is internal to the CWT while the other hall i h  external to the CWT: 
the hal\,es are designed to mate from each side (CWT entr). is required for  iiistallation/r-emo\~al of the 
inside half). A diagram of the Amphenol M 127 conntctor ah\emblj.. ;IS \ . iwed  from the landing gear- 
wheel well (dry) side. is shown in Figure 2.2-1. 

'\, 

Figure 2.2-1: Amphenol M127 connector assembly, viewed from outside the CM'T. 
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The iiiost easily accessible portion of the M 127 connector assembly consists of a round "Cannon" 
tj'pe connector. bvhich pro\.idex ;iccess to only four conductors. I All  seven LO Z fuel quatitit!, probe 
\+ires are spliced together uithin the M I27 assembly.) These f w r  conductors provide all the signals 
required to he routed t o  the cockpit instruments for  normal operation. 

The "Amphenol D3" is ;I kcycd connector designed to mate \v i th  the sealed Amphenol M 127 
connector assembly. The D3 connector is located at the end o f  ;I long cable that is routed from the 
engineer station on the flight dech of the aircraft to the CWT. The chic run consists of one white coasial 
c;tblt. and t \ 4 0  bvires. one red and w e  blue. (This cable bundle pro\,ides 11 total of foiir conductors since 
both the center conductor and the shield o f  the co;ix can also he considered a signal path.) A diagram o f  
the Amphenol 113 connector is shown i n  Figtire 2.2-2. The conductor\ tcrniinate i n  the D3 connector a s  

pin I ,  sochet 2. sochet 3. and shield. Pin 1 .  connected to the white cable. corresponds to the HI Z of the 
fuel probes. Sochet 2. connected to the red wire. corresponds to thc LO Z of the fuel probes. Socket 3. 
connected to the blue biaire, corresponds to the LO Z of the compens;itor probe. The coasial shield ties to 
all of  the fuel probes and the compensator probe. but is electricall! isolated from the aircraft structure. 

Figure 2.2-2: FQlS CWT .4mphenol D3 connector schematic. 



Although the LO Z fuel quantity probe lines are all spliced together at one point \vithin the M I 2 7  
assembly. the HI Z lines are spliced together in ;I dixtributed "daisy chain'' fashion. The coasiiil HI Z 
cable runs to the compensator probe first. where thc center conductor connects t o  the probe terminal. and 
is spliced off t o  each subsequent fuel quailtit!, probe. The shield of the coaxial cable i x  connected to 
floating ground tenninals on the fuel probes and compensator probe that arc' labeled "SHLD". A 
schematic of this  configuration is shown in Figure 3.2-3. 

~ 

i 
I- 

a 

S 

r- 

I 

Figure 2.2-3: Schematic of the M127 connector assembly and FQIS components internal to the C\IT. 
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The CWT contains approximately 900 ft of cables and wire rnutcd through sis compartmented bays. 
The seven fuel probes and one compensator probe are distributed through the various bays o f  the CWT 
as showi in Figure 2-3 .  The bays h a w  relatib.ely large access doors or openings and other penetrations to 
allow. for fuel to equalize in level between the bays and to a l l o ~  wiring to pass between the bays. All 
wiring is secured and electrically isolated from the aluminutn structure using ny lon  cable clamps. 
Wiring penetrations from one bay to another are protected f rom chafing with nylon grommets. (See 
Figure 3.2-4.) During NASA LaKC aircraft teht operation\ oil ;I retired B-717- I00 aircraft. Elite 
Structural Services personnel disco\,ered damafed insulation on ;in exposed LO Z bvire within the CWT. 
T h i h  dnmage occurred at the nylon grommet of ;I bay-to-bah penetration. The damaged wire. the 
stirrounding structure. and as\ociated f'iiel probe. were sub\equrntl! remo\,ed and sent to the NTSB for  
further ;I rial!' 4 i s . 

. -- 
e 

csl- 

Figure 2.2-4: Example of wire routing inside the CWT showing the bulkhead standoffs and the pass through 
to the next bay. 

2.3 References for Section 2 

12-1 ] CKC Laboratories. Inc.. "Cliuractcric.ation 01' Air Transport Flec.1". docunient prepared tor  Lawrence 
Li\.erniore National Labs. July I .  19Y I .  
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3 Determination of Threat from RF Sources External to Aircraft 

3.1 Introduction 

I n  this section. a numerical method to estimate energy delivered to the CU:T due to EM na\'es through 
the FQIS wiring is presented. The EM waves can coine from R F  S O L I I T ~ \  in\ide the cabin or estcrnal to 
the cabin. This section is focused on external radiators. The EM coupling to thc region inside ;I cabin 
from radiators external to the aircraft depends upon the frequencj.. angle of incidence ;ind polirrization of 
the radiators. From studies conducted by the JSC. frequencies of dominant emitters present at the time of 
the TWA-800 disaster are reported in "TWA 800 Electromagnetic En\.ironment" [Kef. 3-91, As fur ;IS the 
angle of incidence and polarization are concerned. a worst-case scenario ~ x s  considered. For mnsimum 
coupling, the EM waves were assumed at normal incidence to the fuselage. I n  the present stud!. the 
orientation of FQlS wiring and positioning was selected for n i ; i x i i i i~ im coupling. 

The EM coupling threat to the CWT through the FQIS wiring can be estimated tising two approaches. 
The first approach calculates the EM energy density at the location of  TWA-XOO incident from the data 
supplied by the JSC. From the energy density and the maximum aperture area a\,ailable on the TWA- 
800. the maximum energy available to FQlS wire inside the aircraft cabin was calculuted. To support the 
above approximation of the maximum available energy. a more accurate and computer intensive 
ModaVMethod of Moments (MOM) numerical approach is also presented i n  this section. 

For numerical estimations of the EM threat due to external soiirces. the following procedure \vas used. 
Since a microwave radar operating in the range mode uses pulse transmission. i t  was presumed that 
TWA-800 was illuminated by the EM pulse of width 5 sec. An EM pulse of width T \va\ therefore 
assumed to be incident on the fuselage of a transport aircraft. Using the Fourier transform. the incident 
pulse i n  the time domain was transformed into the frequencj. domain. For each frequencj,. the \,oltage 
induced on a FQIS wire at a point where the FQIS wire is connected to the CWT \ u s  calculated using the 
MOM in conjunction with the cavity modal functions. Assuming the CWT presented ;I load impedance Z, 
to the FQIS wires at the bulkhead connector. energy density delivered t o  the CWT load w a s  c~rlculated 
using simple equivalent circuit concepts. The energy density over the hand of incident n ' aw  frequencies 
was calculated by repeated application of the MOM. The total energy delivered to the CWT load was then 
calculated by integrating the area under the energy density cun'e. 

For applications of the MOM to the fuselage of a transport aircraft, the fuselage was assumed t o  be a 
large, rectangular cavity with rectangular windows on each side of its side-u.alls. The ca\.ity \\'as 
assumed to be homogeneous with no seats or other structures present. The normal incident plane u ~ i v e  
induces electric fields on the apertures of the windows, which. i n  turn. will produce EM fields inside the 
cabin. The EM fields inside the cabin induce current on the FQIS wires. The amplitudes of electric fields 
in the apertures of windows and the current induced on the FQIS wiring were deterrnined by using the 
I n t e p l  Equation Method in conjunction with the MOM. Other numerical methods such as the Finite 
Difference Time Domain (FDTD) method [Ref. 3-11 and the hybrid Finite Elenlent/ MOM [Kef. 3-21 
could also be used for estimation of EM threat. but these methods require escessi\,e computing time and 
memory for electrically large enclosures and apertures. In the formation of the integral equation. the 
scattered EM tields inside the cabin due to windows and FQIS wires were determined using the ca\,ity 
modal function. whereas the scattered EM fields outside the cabin due to windows were determined usin? 
the plane wa\'e spectnini approach. From the knowledge of induced currents on the u,ire. p u w  o r  
energy delivered by the FQIS wiring to the CWT load was determined. as described for ;I single incident 
pulse in the previous paragraph. The computer code de\:eloped u'as numerically \,alidated h\. comparison 
with other numerical techniques and also compared with experimental data a\,ailable i n  the literature. 
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Since other numerical methods reqiiire large computer menw-)' ml central processing uni t  (CPU) time, 
\.nlidstion 1% ;IS done Lvith thew method\ for  electrically small  ca\ ities over a lower frequency band. Since 
the mathematical formulation i s  \,slid ;it any frequency. the computer code developed here wo~ i ld  yield 
correct restilt\ at hizher frequencie\ pro\,ided ;I sufficientl), large ntiniher of ca\.ities and aperture modes 
\wre selected in the simulation. 

3.2 Symbols for Section 3 

Ain p I i t  ude i t i  \,ol t s/me t cr 

x-. J -. and z-dimensions of rectangular ca1,ity 

Mutual coupling matrix hetuecn aperturex and \4 ire 

Iliameter of the FQIS wire 

1 nc ide n t electric fir I d 

Scattered electric field (external) 

Scattered electric field (internal ) 

Totnl aperture field 

C om p I e x e nery). clc n 5 i t y 

Carri c r freq lie n cy 

Incident magnetic 1i e I d 

Scattered magnetic field external) 

Scattered magnetic field internal 

Total ciirrent o f  FQlS wire 

Column matrix representing coupling between inciclent field and apertures 

Electric current along the FQIS wire 

Length and width of t-"' aperture 

Length of the FQIS wire 

U n i t  vector along the FQIS wire 

Equiwlent magnetic current in the x-direction o w r  I - " '  aperture 

Equivalent magnetic current in the ?-direction ()\TI- f !"  aperture 

Unit  normal vector 

S iirface area (total ) 



U,,  Energy density 

U Total energy 

upr Amplitude of mode on r"' aperture 

[U 1 Column matrix representing modal amplitudes on apertures 

c:,c f 

.\. \' 

A < ,  . \' ~ 

Open circuit \ oltage 

Unit vector\ i n  the x and y direction\, re\pecti\el\ 

Coordinate\ of center of r'" aperture 

. % *  

[ Y I  

z,, ,, 
Square matrix representing mutual coupling between apertures 

Self impedance of the FQIS wire 

z,,, (.I' ) Input impedance of the FQIS wire 

T Pulse width i n  seconds 

17,, Free space impedance 

Ai' Frequency increment 

(See Section iii for a more complete listing of symbols and abbre\,iations.) 

3.3 Initial Analysis 

3.3.1 Estimation of Maximum Available Energy 

The total surface area available for EM energy to penetrate through the windows of an aircraft is given 
by: (SA),,),,,, = Number of Windows x Area of Each WindoLv. Since the total number of windows is 98 on 
each side of a €3-737-100 and each window is of area equal to 0.35 m x 0.25 in. the maximum area 
available for EM penetration is = 8.575 m '. The electric field intensity at the location of the 
TWA-800 incident from the JSC report for various dominant emitters (as reproduced i n  Table 3. I .  I - I 
[Ref. 3-91) was obtained. Considering a dominant emitter specified in the JSC report. the maximum 
available energy density, at the location of TWA-800 accident was determined by U , ,  = (lE,,,,,,l.'/q,,)~. where 
E,,,J, is the maximum tield intensity in V/m, q,, is the free space impedance (equal to 130~) .  and T is the 
pulse width in seconds. Considering the dominant emitter of  highest strength froin the Table 3.3. I - I .  (i.e. 
dominant emitter at f = 2.87.5 GHz) the maximum energy density a\,ailable to the TWA-800 aircraft was 
obtained as U,, = (132.7 13l2/120~)(4x1O~") J/m'. The maximum energy available to the TWA-800 aircraft 
was then obtained by multiplying U,, with the total surface area (SA),, , l , , .  Hence 
U = U I) x(SA)  = 0.097mJ . These calculations for maximum available energ). were repeated for a11 

of the dominant emitters specified in the JSC report. and are given in the last row' o f  the Table 3.3. I -  I .  I t  
may be concluded that the  maximum available energy for the dominant emitters identified by the JSC was 
less than 0. I mJ. Considering the various coupling factors. the actual energy delivered to the CWT was 
several orders of magnitude less than 0.1 mJ. 
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DOMINANT EMITTERS 

FREQUENCY: GHz 3275 3.1-35 I 1294 9.1 

1 

FIELE I I . I T E N S I ~  -\'hi 5- I13  8 155 2 3  h4h 3 773 17 921 13 727 

EFIEPGY C*ENSITI ~ T L J ~ '  0 01 1 355 0 009031 0 003,OF: 0 001933 0 001704 0 00100 

--I 7 

EIJ'ERGY rn.1 0 097 0 077 0 032 0 017 0 015 0 009 
( 8  575rLl-)' 

I 

Table 3.3.1-1 Dominant emitter characteristics. 

3.3.2 TFYA Electromagnetic Environment versus Standard HIRF Environments 

At the time of t h i ,  writing. ;I ne\v Ad\.isor\. Circular/Ad\~i\orj Material Joint (AC/AMJ 20. I3 17). 
pro\,iding certification guidance and niethods regarding operat ion of electrical/electronic systems on an 
aircraft when it i 4  exposed to external HIRF environments,  as i n  the approval process. To de\:elop the 
HIRF environments defined i n  t h i 4  neN document, ;in international working group. composed of 
European and American engineers, (Electrcimagnetic Effecth Harmonization Working Group- EEHWG). 
\vas tashed to harmonize international data sources regarding the worldwide HIRF/Lightning EM 
en\.ironment. The new AC/AMJ \vi11 be very useful for  defining ;I ba\eline EM environment that airborne 
equipment must typically operate in ,  a s  well as predictins the most severe environment that ma!. be 
anticipated oi.er its operational life. For the analysis. i t  \\x decidcd that the "Normal" and "Fised Wing 
Se\.ere" EM environments defined i n  AC/AMJ 20. I.?  I7 (Final Draft 8. March 1998) should he compared 
wi th  the JSC-deriwd TWA-800 en\,ironment. This was done. and the results are shown i n  Figure 3.3.2- I .  
AC/AMJ 20.  I . ?  17 contains the follrnving definitions: 

"The Normal HIRF eniironment is an estimate of the electromagnetic field strength level in the 
airspace on and about airportdheliports in which routine departure and arrival operations take 
place. This estimate considen the operational characteristics of the high peak power microwave 
transmitters. which typicall>, do not operate continuously ;it the masinium output levels." 

"The Fixed Wing Se\ere HIRF en\ ironnient I \  a wor\t c ~ w  e\timate of the electromagnetic field 
\trength le\el\ i n  the airspice i n  which fixed wing flight operation\ are permitted '' 
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From Figure 3.3.2- 1, it  can be concluded that the JSC-derived TWA-800 environment was far less severe 
than that encountered in routine departure and amval operations. 

Frequency: MHz 

Figure 3.3.2-1: JSC TWA-800 EM environment versus proposed AC/AMJ 20.1317 HlRF environments. 
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3.4 Analytical Modeling 

Figure 3 . 4 1  shows the geometry of a rectangular cavity with rectangular apertures with dimensions 
representing the fuselage of a B-747- 100. The incident EM pulse can be represented by 

(3.3-1) 

c 
h l lh  rrn 

T h i n  ‘WircfPt-obc (Leng th  L) 

Figure 3.4-1: Closed rectangular cavity approximating B-747- 100 fuselage with 
rectangular apertures on side walls representing passenger windows. 

where A (V/cm) is the amplitude of the incident pulse, ,f, is the radio frequency of the incident wave 
and r is the pulse width in sec. The incident wave in the frequency domain can be written as 

(3.4-2) 

Even though the spectrum contains energy density at all frequencies, most is concentrated in the main 
lobes. For a worst-case study. i t  will be approximated by 
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- 
The incident magnetic field i \  obtained from E,, (,I ) a\ 

The incident field on the cavity induces electric fields on the windows and electric current on the 
representative FQlS wiring inside the rectangular cavity. The induced tangential electric field4 on the 
windou. apertures can be replaced by the equivalent magnetic cunrnts 

f i l t . M l l  . M 1 ,  ......M Ll.MC., . The problem. therefore. can be split into t w u  parts: interior and 
exterior. as shown i n  Figure 3.4-2. The exterior and interior parts consist of the region outside and inside 
the rectangular ca\ity, respectively. For the normal incidence and the y-directed po1ariz;ltion o n l y  - - 

.M, \  ,..... type ofequivalent magnetic currents will be excired in  the apertures. 

Thin WirelProbe 

u 

Figure 3.4-2: Analytical model for ERI coupling calculation. 
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3.4.1 Development of the Method of Moments 

- u 
Using the Plane Wa\e Spectrum approach [Ref. 3-31, the sc;ittered electric field ZE,,, ( M J i  ) and 

magnetic field c fiL II (11/1,1 1 due to the equivalent magnetic currents exterior to the cavity are obtained. 

Lihei+,ise. using the cavitj, Grect1.s function or ca\.ity 11~odil l  tunctions, the scattered electric field 

~ ~ 1 , 1 ,  (Ad , ,  ) and magnetic field ~ H I I l , ,  ( M I \  ) due to the equi\.alent magnetic currents interior to the 

ca\.it>. are obtained. Also using the ca\,ity modal function\. the scattered electric field E,,, ( J / ,  ) and the 

magnetic field H,, , ,  (1 ,, ) due to the current induced on the FQIS Lviring are obtained. Continui ty  of the 

tangential magnetic fields across the ivindow apertures yields 

I =I 

h' 

I =I 

R - h ' -  - 

, = I  , ~I - -  

- -  

(3.4.1-1) 

where f i  is the uni t  normal \'ector to the aperture drawn outward. 
electric field o \ w  the wire to zero yields 

Likewise. forcing the tangential 

(3.4.1-2 1 

A 

where I is the un i t  \.ector along the FQIS wiring. Equations 3.1.1- I and 3.4.1-2 are the required integral 
equation4 to be solved for the aperture voltages and the FQIS wire current. The tangential aperture 
electric fields over the ivindows can be expressed as 

(3.4.1-3) 

where U , , ,  1 4  the amplitude of p " I  mode on the I-'" aperture. ( L  .it*, ) are the length and width of r'" 

aperture. ( -v , ,  . The equiLalent magnetic 
current\ over the apertures can be written as 

) are the coordinate\ of the center ot the I' ' aperture. 

(3.4.14) 

The current induced on the FQlS wiring can be written a\  
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where I , ,  is the total current on the wire at the point Lvherc i t  is connected t o  the CWT. t l , ,  is the \vire 

diameter. arid L,, is the wire length. Selecting the expansion atid testing functions for the magnetic 
currents on the aperture3 and electric current o n  the Lvire ;is giwn i n  Equations 3.4.1-4 and 3.4.1-5. 
respectiwly, the integral equations In (3.4.1-1) and (3.4.1-2) ;ire transformed into ;I matrix equation giwn 
by 

(3.4.1-0) 

The admittance matrix [ Y ]  i n  Equation 3.4.1-6 represents 17iittu;iI coupling between the modes on the 

apertures. the sub matrix [C] represents the mtitual coupling between the :iperttire modex and the FQlS 

wire current. and Z,,,$ represent4 the self-impedance of the FQlS Lvirc. The elements of the admittance 

matrix are given by 

if I’ and r’ aperture\ are on the 4ame \ide wall. and 

if r and I-’ are on different walls ofthe cavity. The expre\\ion for Il,!,!il,, I \  grlen bq 

2 h 

(3.4.1-8) 

(3.1.1-9) 

and I,,,,l!,, I \  the \ame a\ Equation 3.4.1-9, with I-, p replaced with 1.’. I?‘. re\pecti\el\. The rxpre\\ion 
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for  V',,,, is giwn by 

( 3.4. I - IO,  

(Y,,,,,, ] is the complex conjugate of Yl,,,,, . where I - ,  p in Eqiiation 3.1. I -  I O  is replaced by I.'. 11'. 

respectively. The elements of the coupling matrix [C] are giwn b j  

where 

(3.3.1-1 I )  

(3.4.1 - 13) 

and ( . t ,>.  I,>.:, ,) are the coordinate4 of the point where the FQIS mire connect4 to the CWT. The \elf- 

impedance of the FQIS uire I \  given by 

(3.4. I -  13) 

where 
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The element4 of the column matrix on the right hand 41de of Equation -3.4. 1-6 arc' calculatcd from 

3.4.2 Input Impedance of the FQIS Wire 

The input impedance of the FQIS wiring inside the ca\.ity \ w s  determined by assuming that the FQlS 
wire is fed at the point (.v/, , y,, . :/,) by a delta pap generator [Ref. 3-41, In th i s  transmission niode. the 

matrix equation (3.4.1-6) takes the form 

I 

where I , ,  is the unknown current on the FQIS wire when assumed to be excited by a delta gap source at 
the CWT connection. From the solution of Equation 3.3.2- I .  the input impedance of  the FQIS wire inside 
the cavity is determined from 

This impedance is needed in  determining the open-circuit voltage at the CWT connection for  external 
ex c i t  at i on s . 

3.4.3 Energy Delivered to CWT by FQIS Wire 

The open-circuit voltage induced on the FQIS wire due to the external EM soiirce i 4  g i \ w  by 

If Z ,  ( , f )  is the load impedance presented by the CWT at point ( .Y, , , \ . /~.: , , ) ,  lookins into the CWT, 

the complex energy density in J/Hz. is obtained from simple circuit calculations as 
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If the frequencj band o f  the incident ~ a \ e  i 4  divided into Q tJcqtiencie\. then 

1 
z 

Selectin: the frequencj 1 ,  = f ,  --+ ( y  - 1)Af , rnc.rz> cicnvt!. u w g  Equation 3.4.3-2 14 

calculated at f ,  ~ 4 h t . r ~  q = 1.3.3 ....Q. The total energ) dcli\e~ecl to the CWT b) the FQIS Mire I\ then 

calculated from 
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3.5 Numerical and Experimental Validation of the ModaVMoM Code 

Case I: A Thin Rectangular Aperture on a Small Rectangular Box 

For numerical and experimental validation of the ModaVMoM code. a rectangular box of size 
( 3 0 ~ 1 3 ~ 3 0 ) c m  I .  with ;I t h i n  rectangular aperture of size (IOx0.5) cni'. located at the center of one of 
its walls (Le. xil = 15cni. y c l  = 6cn1. z ~ ,  = Ocm) and illuminated b!, the !,-directed linearl!,-polarized 
plane wave of tinit  amplitude. was considered. The Electric Field Shielding (EFS) i s  defined [Kef. 3-51 iis 

(3 .5-  1 ) 

where E\,  and E,,  are the y-component of electric field5 at the center o f  the rectangular box \vhen the 

box is present and absent. respectively. The EFS was calculated using the Modal/hlohl code and is 
presented in  Figure 3.5- I along with the numerical results obtained using the FDTD method [Ref. 3-61 
and the transmission line method [Ref. 3-51, The numerical results are :11so compared with 
measurements [Ref. 3-51, Since the introduction of a wire in the measurement method for probing the 
field strength disturbs the electric field inside the box. the measured data are scattered. A good agreement 
between the present method and the measured data. within the uncertainty i n w l w d  in the iiieast1rement~, 
validated the present code for a thin single aperture located at the center of one of the walls. 

Figure 3.51: EFS at the center of a 30 x 12 x 30 cm3 enclosure with a 10 x 0.5 cm2 aperture, with the aperture 
center located at x=15, y=6 cm, in the z = 0 plane. 



Case 11: A Thick Rectangular Aperture on a Small Rectangular Box 

For numerical and experimentid validation of the ModaVMohl code for  a thick rectangular aperture. a 
1-ectanyilar box of size ( 3 O x l 2 x 3 0 ) c m  ' .  \vith a thick rectangular aperture of size ( 3 0 ~ 3 ) c m ' ,  located 
at the center of one o f  its ~ a l l s  (i.e. xi,  = 15cm. y c ,  =Ocm. y L  =Ocin). and illuminated by the y- 

directed Iinearl\:-polarized plane \\,a\.e of un i t  amplitutle. w x s  conhidered. The EFS. as defined in 
Equation 3.5-1. \viis computed ;it the center of  the box and is plotted i n  Figure 3.5-2. Figure 1.5-2 also 
includes numerical results ohtained tising the Finite Elenient hlcthod (FEM) [Ref. 3-21. the FDTD 
method [Ref. 3-61. and the ~raiisniission line method [Kef. 3-51, There i 4  good agreement between all four 
numerical riiethods, therefore supporting the \,alidity of thc Mocl:il/Vloh~l code. The experimental data 
shown i n  the Figure .3.3-2 ;ire scattered around the true vdue dire to perturbation o f  field due to the 
mrasuri ng probe. 

so 
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I N o T E  d B  I n d i c a t e s  Internal  Fie lds  Hlgt ie i  
Ttiaii Exte i  n a l  F i e l d s  . 

Figure 3.5-2: EFS at the center of a 30 x 12 x 30 cm' enclosure with a 20 h 3.0 cm' aperture. with the aperture 
renter located at x=15, y=6 cm. in tht x = 0 plane. 
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Case 111: TWO Wide Apertures on Opposite Walls of Rectangular Box 

For further \,alidation of the ModaVMoM code, a rectangular box with two apertures; one located on 
each wall as shown in Figure 3.5-3 ,  was considered. The dimensions of  the rectangular box are 
(3Ox 12 x30) cni ? with rectangular apertures; one on each wall. and ha\,ing sires ( ? O X  3 )  cm' . 
(2Ox8)cin'. and (3Ox12)cm' ,  and located ;it thc center of each m a i l .  ( 1 . C .  

x L ,  = IS cni. yL, ,  = 6cm. z ,  =Ocm .)  I t  is assumed that the z = 0 face of the hos i 4  illuminated b j ,  the 
y-directed linearly polarized plane wave of uni t  amplitude. The EFS. as defined i n  Equation 3.5- I at the 
center of thc box was computed and is plotted i n  Figure 3.5-3 along with the numerical result4 obtained 
using the FEM method. The excellent agreement between the tu'o numerical methods \ ,didatrs the 
Modal/MoM code for a rectangular box with apertures on each side. Small discrcpancieh at the upper end 
of  the frequency hand i n  Figure 3 . 5 3  may be attributed to numerical inaccuracj. due t o  the discretization 
levels used i n  the numerical methods. 

60 

40 

0 

I 
0 200 aoq 600 800 1 ooc 

Frequent.? \ PAHr 

Figure 3.5-3: EFS of rectangular enclosure of size (30 x 12 s 30 ) cm ' with two identical rectangular 
apertures (one on each side ) of various sizes when illuminated by incident plane wave at normal 

incidence. 
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Case IV: Off-Center Multi-Apertures on Opposite Walls of a Rectangular Box 

For \.alidation of the case bvhen apertures are displaced from the center of the walls of a rectangular 
box. a rectangular box with four apertures as shown in  Fiptrtl 3.5-1 i t a 4  considered. The rectangular box 
of size ( 6 0 ~  13x30) c n ~  has four rectangular apertures. tux)  on tach \+al l  ha\.ing sizes (30X8)cm '. and 
located as shobsn in F i p r e  3.5-4. I t  is assumed that the : = 0 f~icc of the box is illuminated b\. the y- 
directed linearly-polarized plunc wave of un i t  amplilude. The EFS. ii4 defined i n  Equation .33- 1 and 
calculated ;it the center of the box. w'as computed and is plotted i n  Figure 3.5-4 for multi-modes on each 
aperture. Also i n  Figure 3.5-4. the numerical results obtained u4ing the FEhl method are presented. 
Escellent ay-eeinent between the two d rent approaches o\  et tht .  lower frequencies \.alidates the 
Modal/MoM code for  off-centered apertures. The discrepancic.4 i n  thc results at higher frequencies ma)' 
be attributed to the discretization 1eb.c.l used in the FEhl method. 

t- " " " "  ----------I 
50 

40 .- 
m 

.- z l o  
J 
0 

0 

-1 0 

0 220 40 C 6 2 2  800 1 ooc 
:rrIuPr .: I ? - r  

Figure 3.5-4: EFS of rectangular cavity with four rectangular apertures. Observation point 
(\=.30, y=6, z=15 ) cm. All dimension\ are in cm. 
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Case V: A Thin Cylindrical Wire in a Closed Cavity 
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To validate the wire forniiilation used in the ModaVMoM code, the case of ;I t h i n  cylindrical wire of 
finite diameter. located inside a closed rectangular ca\,ity. was considered. The code can analyze ;I finite- 
diameter cylinder aligned along the x,  y, or z-axis of  the cavity. For numerical \.itlidation. ;I rectanylar. 
closed cavity of size ( 2 . 2 9 ~  1.O2x3.19) cm '. with a wire of size (length = 0.87clll. diameter = 0.13cni ) 
along the y-direction. and fed at (1.145, 0.0, I .O)  cm by ;I delta gap soiirce was analyzed. The input 
impedance calculated usin2 the ModaVMoM code is presented in  F i q r e  3.5-5 along Lvith the earlier 
numerical and experimental published results [Ref. 3-71. The input reactance calculated using the present 
ModaVMoM codc agrees well with the measured data. 
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Case VI: A Thin Cylindrical Wire Radiating inside Semi-Infinite Rectangular Waveguide 

To \malidate the wire aperture couplin9 component of the h)lodal/MoM code. a thin wire exciting a 
hemi-infinite rectangular wawgiiide. as shown i n  Figure 3.5-6. \+';is cnn4dered. The waveguide and wire 
dimensions are as given i n  the Figure 3 . 5 6 .  Using thc hlodal/Moh~l code. (kl,dll - p,,,L) values for 
constant X,,, = 0 and R,,, = 50. 75. and 100 Ohms were calculated and are presented in  Figure 3.5-6 alonf 
with the earlier published results [Ref. 3-81, The escellent apx incn t  between the numerical results 
obtained from the present codc and earlier published result\ \ alidate the wire-aperture coupling 
component o f  the present forniiilaticm. 

4. :: 

3 5  

3 c  

2 5  

1 5  

L"' I '--- I " " I " " I j  

o n  c 5  1 0  2.5 3 c  

Figure 3.5-6: X = 0 and R = constant contours in (k , , c /  - p, , ,  L 1 plane for a semi-infinite rectangular 
waveguide terminated into a matched load. Dimensions of waveguide: a = 2.29 cm (into page). b = 1.02 

cm, r = 0.05a, h = 3.14 cm. 
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Case VII: A Thin Cylindrical Wire In an Open-Ended Rectangular Waveguide 

I n  Case VI. a t h i n  wire i n  a semi-infinite rectangular w;iveguide M X ~  considered to check the wire 
aperture coupling formulation of the present code. However. \\,tien the aperture5 are radiating i n t o  free 
space. ;I different formulation w a s  used. In order to check the \.atidit). of the interaction of a uire and 
radiating apertures. a thin wire exciting a rectangular ca\.ity with one end open i n  an infinite ground plane 
was considered. The diniensions of the wire and ca\.ity used for  numerical simulation ;ire slio\\*n in 
Figure 3.5-7. The inpiit impedance calculated using the Modal/MoM code is shown i n  Figurc 3.5-7 d o n g  
with the numerical results obtained using the FEM method. A \mall disagreement between the numerical 
results is due to the finite discretization level used in the FEM method. The small perturbation around I O  
GHz i n  the imaginary part of the input impedance is due to ;I cavity mode going from below cut-oft' 
frequency to abo1.e cut-off frequency. 

Y 

2. -2 
r( 

-4 

-5 

Figure 3.5-7: Normalized input impedance of coaxial line feeding rectangular waveguide. Waveguide 
dimensions: a = 2.29 cm (into page), b = 1.02 cm, L = 0.81 cm, L,  = 1.19 cm, d = 0.4 cm. r = 0.065 cm. 
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3.6 Numerical Estimation of EM Threat to the CU'T of a B-747-100 Due to 
FQIS Wiring 

Quantitati\.elj. the EM coupling threat to the CWT, through the FQIS wire, was defined in  terms of 
total energy (J) deli\.ered to the CWT. bj. the FQIS v,.ire. I n  t h i \  wction. the EM threat to the CWT of the 
H-747-100 due to the dominant emitter at frequency fL = 1.791GH7 (:is specitied in the Table 3.3.1-1 1 
\+'as estimated usin? the Modal/Mohl code de\.eloped and \.alidated i n  the previous section. Though the 
present code was \,alidated foi- smaller size cavities at lower frrqtiencieh. the mathematical formulation is 
\ ,d id  at any hieher frequencj,. Hence the code will give \ A i d  results at higher frequencies. provided the 
input parameterh discussed below. are properly selected. The rectaiigulx ca\,ity representing the B-747- 
100 with passenger windows i.; shn\+n i n  Figure 3.4-1. The FQIS wire bvhich runs along the fuselage \vas 
;ishiimed to be along the !-direction: i.e.. along the length o f  the l'uwl;ige. Various lengths of the FQIS 
\\,ire were simulated. 

The critical parameter\ that i i i i i \ t  be \elected propeilq i n  the iiw ot the Modal/MoM code are 

1 Frequencq Sampling, ( A f  ) 
2. Number ofC,i\it! Mode\. ( m , ~ )  
3. Number of Aperture Mode\. ( p . q )  

To achieve accurate results. ;I sufficient number of cavity modes. aperture modes. and frequency 
simples must be selected in using the Modal/MoM code. H w e \  cr, the computation time increases \vith 
;in increase i n  those parameters. To achieve accuracy i n  the Eh.1 threat estimation at reasonable CPU 
time. therefore. the following choices of the above parameter4 were made. 

3.6.1 Choice of Frequency Sampling 

The freqiiencq \pectrum of the incident EM u a ~ t '  I \  \pread around the carrier freqiiency (1.e.. 
The frequency \pread 1 4  giken b j  dominant emitter frequent! ) and depend\ upon the pulw width 

3 
The spacing between two successive frequency points is given by Af = z. 

@ 
where Q is the number of sampling points, should be sufficiently small to observe all peaks and nulls in 
the energy density spectrum. The peaks and valleys i n  the energy density depend upon the number of 
propagating modes inside the cavity. The number of propagating mode\ inside the cavity increases with 
,/: . Therefore, A t  must be small for higher , f i  or a large number of sampling points for higher , f i  must 

be selected. In order to make a dominant 

emitter energy calculation i n  ;i reasonable CPU time. the l o w e s t  frequency dominant emitter at 
f .  = I.294GHz was selected. From the Table 3.3.1-1. the p d \ e  Lvidth for this dominant emitter was 
2p.s .  which gives the bandwidth of 0.5 MHz between the first nLills. However, to include the 
contribution from the second lobe, the bandwidth of I .oO MHz w'a \  considered. Therefore, the spectrum 
of incident plane waves OCCLII'S o \ w  the band 1.2935- 1.2945 GH: . Over this band, i t  was determined 
that approximately 1000 propagating modes could exist. The spacing between two successive frequency 
points was selected t o  be Af = 0.00000 I GHz . 

CPU time increases very rapidly with an increaw i n  ,I' . 



3.6.2 Choice of Number of Cavity Modes 

At the frequencj f L  = 1.294 GHz and for normal incidence. the ca\ it! mode\ e\i\t for I I I  = 1.3 ...... . 
and I I  = 0.12 ..... . Hobceber, for the frequent! band o f  1 MH7 around the center frequenq 
f i  = I 294 GHz,  propagating mode\ occur for I I I  = 1,3 ...... 53.  and I I  = 0.1.2 ..... 490 and \+ere u\ed i n  

t he n u me ri c'i I \ I in 11 I a t 1 on 

3.6.3 Choice of Number of Aperture Modes 

At the frequency fL = 1.294 GH: and a window size of 35x25 cm' , the aperture mode\. which ;ire 
above cut off. are for p = I .  3 .  Therefore. the aperture window\ c;in support (1.0) and (3.0) modes. The 
numerical simulation at f ;  = I .294 GHz for these t ivo  aperture niodes \+'as performed. 

3.6.4 FQIS Wire Length Selection 

The length of FQlS wire selected for the numerical simulation must be the m n e  a s  the actual length of 
the FQIS wiring inside the R-747-100 aircraft. However, for ;I worst-case stud!,. a length that will couple 
maximurn EM energy mist be selected. In order for the wire to couple niaxiinum energy. i t  is postulated 

A 
that wire lengths of ! I - .  where i i  is an odd integer. are required. For the numerical simulation. a wire 

3 
of length 1320 cm . which is close to 6 1.25A at fi. = 1.293 GHz ,  \vas selected. Table 3.6.4- I g i \ m  the 
numerical u l u e s  of various parameters selected for the EM threat estimation at f; = 1.794 GH: . Since 
the CPU time to calculate the energy delivered to the CWT load at fL, = 1.294 GHz w a s  large. and more 
confidence was needed for calculations at higher frequencies. it a.;is felt the number of frequent> sample 
points and FQIS wire lengths selected should be validated at a lower frequency. To \.alidate these 
choices. a sensitivity study at half the lowest dominant emitter frequency ( f; = 0.647 GHz ) over the 
handwidth 0.6465 - 0.6375 GH: and at the frequency sampling rate of 0.000004 GHz w a s  conducted. 
The number of propagating modes over the bandwidth was found to be around 250. Selecting the 
frequency sampling rate at 0.000004GHz gives the sampling points equal to the number of propagating 
modes inside the cavity. 

At this carrier frequency with 1 ps pulse width, the EM threats were calculated at \'erq' coarse (ie.. 
Af= 0.000004 GHz) frequency spacing for the FQIS wire lengths i n  the range 
42 13.678cm I L,, 542.14. I07 cni . The calculated EM threats. i n  terms of total energy deliwred to 
measured CWT load Z ,  = 79.449- j60.242Ohms. is shown in  Figure 3.6.4-1. The method used to 

measure the CWT load impedance, Z , ~  , is described in Section 4.3. I of this report 
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I cent= Frequency, GHZ I 1294 

Number o f  Cavity Modes 

Wire Size 

I (594.0 5: ,5651.5 ~ 6 0 6 . 0 )  mi3 

iTt=1.3, . . .  53, 11 = 0,1,2 ........ 500 
Lerigtlt = 1430.0 mi,, Dia.. = 0.343 cm 

I Wire. Feed Point I 1: 297.0> 0. o,, 30'3.0 .:I Cm 

I Total Energy Delivered. I 
Table 3.6.4-1 : Parameter selection for FQIS wiring simulation. 

Using the parameters as described above and with a finer trecliien~\~ sample ( Af = 0.0000 1 GHz ) and 
;I wire length 423 1.066 cni. energy delivered to Z ,  was re-calculated and is shown as the solid square in 
Figure 3.6.4-1. Figure 3.6.4-1 shows that when sampling point\ are q u a l  or greater than the number of 
propagating modes, the EM threats calculated in Joules are conhtani. For the same length of the FQIS 
wire, EM threats were calculated at a very coarse frequency \ampling (Af =0.000001 GHz ) and i t  was 
found that the EM threats were approximately 20 percent helow the EM threat number with a finer 
frequency spacing. The spectral energy density plot, when sampled at a rate equal to or greater than the 
number of propagating modes, estimates the entire energy in the \ips1 coupled to the FQIS wire. The 
minimum sampling rate also ensure\ that no peak or null  in thc hpc'ctral density is missed. I t  is believed 
that ;If =0.000001GHz was. therefore. sufficient to pick up all p e d 3  and nulls in the energy density 
spectrum around the dominant emitter at f c  = I .294GHz . From Figure 3.6.4- I .  the energy delivered to 
the FQIS wire is at the maximum when the wire length is around 0 1.23d . and at the minimum when the 
wire length is around 9 1 .OoA . I t  may. therefore. be concluded thiit the FQIS wire of length nkl4, where 
n is an odd integer, will pick up maximum energy. 
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Figure 3.6.4-1: Energy delivered to load ZI. connected to wire of length LA inside a simulated R-747-100 
passenger cabin due to external ERI source. 

After validating the choices of frequency sampling points and the FQIS wire lengths. the EM threats 
at f,, = 1.294GHz were calculated for the parameters given in Table 3.6.4-1. For the parameters g i \ w  in 
Table 3.6.4-1. and a FQIS wire length L,, = 1420.00cni . the input impedance of the FQIS wire residing 
inside the cavity was calculated over the given frequency band and plotted i n  Figure 3.6.4-2. The Lvild 
variation in the input impedance was due to the presence of a large number of propagating modes inside 
the cavity and the assumption of no loss inside the cavity. 

The open-circuit voltage developed at the connection point. due to an external EM source o \ w  the 
given band, was also calculated using the ModaVMoM code and plotted i n  Figure 3.6.4-3. Using the 
Equation 3.4.3-4, the real energy density was calculated over the band and plotted in Figure 3.6.4-4. The 
measured CWT load impedance of Zl .  = 79.449- j60.242 Ohm5 was used in calculating the energ)' 
density. The area under the energy density curve gives the total energy delivered to the CW'T by the 
FQIS wire due to an external EM source. For an external source of I V /cm the energ!' delivered to the 
CWT load was found to be E.,,,,cl, = 1.4839xIO-"J . From Table 3.3.1-1. the total energy delivered to the 

CWT due to field strength of 17.921Vlm was calculated as Elo,~ll =(0.17971)' ~ 1 . 4 8 3 9 ~ 1 0 ~ "  J .  The 
numerical calculations shown in Figures 3.6.4-2 to 3.6.4-4 are repeated for the FQIS wire lengths shown 
in Table 3.6.4-2. The total energy in dB delivered to the CWT load for \a-ious FQlS wire lengths is 
plotted in Figure 3.6.4-5 along with the total energy that a monopole of the same length (but without the 
aircraft environment) will receive. These numbers may be considered as an upper bound on the energ!' 
delivered to the FQIS wire. Maximum energy will be delivered to the CWT if the CWT load impedance 



i s  the coniples con.iiifate of the input impedance of the FQIS wire. Ahsunling the CWT load to be the 
complex conjugate of the input impedance of  the FQIS wire ( I.c.. Z, = (Z,,, ) 1, the maximum real 
energ) drli\wed to the CWT w'as calculated and plotted i n  Figure 3.6.1-5. 

FQ1SWh.e Lengthm Energy Energy Energym h w g y  k g y  
Wane Ddivaed Dclirsed dI3 D d i v s d  D*ed 

Lmgths mJ& mJ& mJ& mJ& 

ZL=79d49- 0.17921Vt z,=(z,,)' 0.17921Vl 

Lensth 
(4 

far lVlm far for 1v/m far 

j60242 QI1 M1 

1420 00 61 25 4 47x10 1 44x10 lo 48 4 1 45x10 ' 4 56x10 

2834 235 12225 3~7~109 1 24x1010 991 153x10- 491~10~ 

4225 270 182 25 4 771x10-' 1 53x10" 

5639 25 243 25 1 76~10'~ 5 65~10"~ 925 3 42x10 ' 1 10~10'~ 

8 8 1  5 05x10 ' 1 62~10.~ 

. ,  

12938 1 294@ 12942 
-2nco - " ' * '  ' ' *  I '  

12938  
F:equency C H I ,  

k g y m  F ~ l b e  
dI3  space 

M a r ,  
Pd4En-g 
Ymm) 

83 4 -75 3 

331 -79 1 

n 9  

4'9 6 

Figure 3.6.4-2: Normalized calculated input impedance of simulated FQIS wire in a rectangular 
cavitj. Dimensions of cavity and FQIS wire arc. given in Table 3.6.4-1. 

Table 3.6.1-2 Energy delivered to CM'T by various FQIS wire lengths 
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Figure 3.6.4-3: Open-circuit voltage at the connection point of FQIS wire and CM'T. Dimensions of cavity and 
FQIS wire are given in Table 3.6.1-1. 

t 
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Figure 3.6.4-4: Energy density in (Watts x Sec)/Cycle in dB delivered to CV'T load real t & ) .  Dimensions of 
cavity and FQIS wire are given in Table 3.6.4-1. 
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Figure 3.6.3-5: Energy delivered to load Z I ~  due to external ERI source, Z I ~  is connected to a wire of 
length Lh. inside a simulated B-747-1(H) passenger cabin. Ilimemions of cavity and FQIS wire are given 

in Table 3.6.4-1. 

3.6.5 CPU Time Requirement 

The CPU time (on a Silicon Graphics Incorporated. Origin 2000 niachine) required for estimation of 
the EM threats in Joules at . f <  = 0.637GHz was found to be 7 hours. Also, from the numerical 
simulation at f.. = 1.391 GHz . the CPU time required for the EkI threat estimation was found to be 183 
hours. Using information of the CPU time required for calculations at f c  = 0.647GHz and 
f i  = 1.293GHz, projected CPL' times for higher frequencies w r c  calculated. For the EM threat 
estimations for higher frequencies. the projected CPU times art' given as 14000 CPU hours at 
f . = 2.875 GHz . 4.S x IO' CPU hours at f , = 3.5 GHz , and 8.4 x I O  CPU hours at f i  = 9.6 GHz . 

38 



3.7 Conclusions for External Analysis 

An analytical approach to ectimate EM threats from external KF soiirces to the CWT FQIS uiring of ;I 

B-737-100 n a s  prewnted. 

Using the maximum field strengths from signal sources identified bj8 the JSC as dominant emitters, the 
niaximum energy ;i\,ailable inside the aircraft passenger c h i n  for each source \.Viis estimated using 4imple 
formulas. These dominant emitters were all pulsed sourccs, allo\ving the threat to be quantified in  terms 
of enerfy. instead of  power. The total available energ!' inside the aircraft cabin from the niasiniurn 
dominant emitter (f= 2.875 GHz) was found to be less than 0. I 1715. E\.en if  this total energ\' could ha\.c 
been focused into a single discharge event. i t  was still below the generally accepted estimate of the 
minimum energy Ie\.el (0.3 mJ) required to achieve ignition. 

To provide a more accurate estimate of how much energy coiild actually be coupled to the FQIS 
w:iring within the passenger cabin from external source\. numerical modeling was used. The B-747- 100 
fuselage was assumed to be a large rectangular cavity with rectangular \i:indows on each side. The ca\.ity 
was assumed to be homogeneous and lossless, with no seats o r  other structures present. A new. NASA 
LaRC developed numerical simulation technique. using ii rectangular ca\,ity Green's function and the 
integral equation method. estimated EM threats to the CWT due to external ER4 sources. The 
Modal/MoM code was validated through agreement with other analytical techniques and nie;isiirenieiits. 
The Modal/MoM approach resulted in a lower number of unknowns compared to other numerical 
methods. such as the FEM and FDTD methods. Therefore. this neu method was able t o  s\ol\.e the large- 
size problems tip to frequencies of 1-2 GHz. When applied to the available energy from the 1.291 GHz 
emitter source. the Modal/MoM approach estimated that CM'T FQIS co~ipled energy lewis were se\.eral 
orders of magnitude (( I to 30) x IO") less than the maxiniLini available energy. 
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4 Determination of Threat from Portable RF Sources Internal to 
Aircraft 

4.1 Introduction 

I n  the pre\,ious section, numerical techniques were applied t o  determine worst-case e n e r g  le\ elx that 
could be made available to CWT wiring from pulsed HIRF sources external to the aircraft. The threat 
from PEDS carried aboard the aircraft does not lend itself to the same computational iinal!.sis for t\vo 
primary reasons. First. virtually all PED sources transmit i n  ;I continuous or continuousl!, modulsted 
fashion. Thus. the threat may not be evaluated in  terms of energy. Most n:idel!. hnown data regarding 
fuel-vapor ignition hazards are given in  term's of energy, whereas very little information is a\.ailablc i n  
terms of RF power. Experimental testing was necessary to establish the minimum RF power required for 
hazard conditions with the specific system. Second, there is the potential tor near-field c l i r c c ~  
illumination of FQIS wiring with sources internal to the aircraft. For the external W L I I T ~  problem. 
iudirect illumination was the only option. Direct illtimination quichly becomes dominunt for close 
proximity coupling. especially in  an electromagnetically lossj, en\~ironment. Direct coupling is highlj, 
dependent upon very specific boundary conditions and varies drastically with frequency. which mahes i t  
exceedingly difficult to computationally model i n  an aircraft system. 

This section ( 3 )  details the experimental techniques used to estimate the potential for arcing. sparking 
or excessive heating to occur upon FQIS wiring within the CWT. caused by PEDS internal to the aircraft. 
The EM threat from RF power radiated by other aircraft hystems (communications. na \~ ip t ion  1 is not 
addressed. 

4.1.1 Baseline Measurements on Actual Aircraft 

A number of measurement alternatives were considered for this investigation. The original objecti\.e 
could have been met by either building a scale model of a CWT. or by transporting an actual B-717- IO0 
CWT to NASA LaRC. Such a tank was found to be located in  Mojave. California. and is pictured in 
Figure 3.1.1 - I. The cost of transporting this CWT to NASA LaRC was found to be prohibitive. howewr. 

Because of previous support of NTSB activities, NASA LaRC engineers had experience w i t h  an 
aircraft salvage operation in  Roswell, New Mexico. The facility. AAR Aircraft Services. Inc.. Roswell 
Division. possessed several retired B-747-100 aircraft, with FQIS installations that the NTSB determined 
were similar to that of TWA-800. It was found that the funding level and schedule could support baseline 
measurements on a whole aircraft, allowing a unique and unprecedented opportunity to obtain the most 
accurate baseline possible. A contract was established with AAR Roswell to allow measurements on two 
different aircraft (on two different occasions). A picture of one of these aircraft is shown in Figure 1. I .  I -  
3 -. 

The approach was to focus upon input impedance measurements of the CWT FQIS connector. and to 
measure the CWT reverberation characteristics. As part of the AAR Roswell contract. certified fuel tank 
mechanic support from Elite Structural Services (El Paso. Texas) \vas included. This support allowed 
detailed measurements of CWT EM reverberation and coupling characteristics t o  be performed. and 
actual wiring and components to be removed for laboratory study. 
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Figure 4.1.1-1: B-747-100 aircraft CFVT that was pretiousl? remobed as part of the TWA-800 investigation 
b? the NTSB, and resting in hlojabe, C'alifornia. 

Figure 4.1.1-2: Retired B-747-100 aircraft at AAR facilit! in Roswell. New Mexico. 
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I .  ' 

4.1.2 Acquisition of FQIS Components, Installation in Laborator! 

NASA LaRC's contract with AAR Aircraft Services, Inc. pro\,ided for the remo\.al of all FQlS wiring. 
a11 eight fuel quantity probes. the M I27 connector. and terminal strip. All components ~ ' e r t '  received at 
NASA LaRC i n  excellent condition, allowing re-installation into ;i lnborator!, re\.erbcration chamber. 
(See Figure 4. I .3- I .) 

There were some significant differences between NASA Li1RC.s rc\.erheration chanibcr "€3" and an 
actual aircraft CWT. First, the laboratory chamber was made of steel. not aluminum. M?hile its o\ferall 
\~olume was similar to the CWT. the overall dimensions \ \ w e  different. and the interior \ \ 'as not  di\,ided 
into sub-ca\,ities. An actual CWT also has penetrations I'm fiicl and \mt lines that are not nece 
secure from EM leakage. These were all factors of concern. Also required was the abilit!, to measure 
voltage and current on the installation. and to be able t o  detect ionization e\ ents and localized heating. 
For practical purposes. a compromise installation was agreed upon t o  meet the follow,ing guidelines: 

The system was backed with an aluminum sheet. Fuel probe3 and wiring were installed bv i th  
separation distances from structure identical to that of the aircraft installation ( t o  approximate the 
common mode impedances in the aircraft 1. Nylon cable clamps recovered from the actual 
aircraft CWT were used i n  the laboratory installation. 

The installation dimensions were confined to f i t  within the field-of-vie\\ of infrared camera and 
ionization detection instruments (as best as possihle). 

The aluminum sheet was painted black to minimize infrared reflection. 
A shielded box \\'as installed to isolate the FQlS M 127 connection from both the re\.rrberation 
chamber (to prevent interference with the approximated CWT RF en\.ironment) and the KF 
generating equipment (for personnel safety). 

The installation was documented with photographs. and noteworthy characteristics were 
recorded. 

Fuel Probes Jnstallcd i n  
B-747- I O 0  Fuel Tank 

Fuel Probe\ In~tal lc t l  i n  NASA LaRC Rc.\erhcration Charnhcr 

Figure 4.1.2-1: Fuel quantity probes and all internal wiring were removed from the C\VT of a retired B-737- 
1 0 0  aircraft, and installed into NASA LaRC reierberation chamber "R". 
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As shown in  Figure 4. I .2- I .  :ill fuel probes, wiring and connector\ were transferred to a 4 ft x 8 ft 
sheet of aluminum. and installed in ;I NASA LaRC re\,erberation chamber. The aluminum sheet was 
bonded to the chamber floor with a 20 i n .  section of copper sheet. The installation is frequently described 
as a "FQIS Simulator" in this  report. 

The approach \vas to perform the best practical laborator! in\tallation. and perform measurements to 
establish EM siniilxitj, to an actual aircraft. The comparison data pro\ ided limits of comparability and 
scaling factors. 

4.1.3 Duplication of Field hleasurements in Laboratory, Comparisons 

Sections 4.4. I t o  4.4.4 focus upon the experimental effon to t.\tahlish EM comparability between the 
aircraft CWT FQIS and the laboratory installation. Based upon enginwring judgement and experience. i t  
was determined that the follou,ing fiictors needed to be addressed in establishing t h i s  comparabilitj,: 

1 .  Section 3.3 show,s that typical PEDS operate from 37 h'lHz to about 6000 MHz frequency. 
Therefore, i t  was deemed necessary to characterize thc CM'T and FQIS as an integrated EM 
system within this frequency range. 

2 ,  Show.  comparability between the aircraft CWT FQIS input impedance \'ersiis that of the 
laboratory installation. (Set. Section 3.4. 1 . )  

3. Generate scale factors to describe the reverberation differences between an actual CWT versus 
reverberation chamber. (See Section 4.3.2) 

4. Determine whether the FQlS wiring was actually the doininant path for RF signals to penetrate 
the CWT. (See Section 4.4.3, and also 4.4.5.5.) 

5 .  Measure coupling characteristics between actual CWT ca\'itie\. and determine how to account for 
or approximate this coupling in  the laboratory. (See Section 4.4.2.) 

6 .  Determine the degree to which fuel will affect coiiplinp and electrical resonant characteristics. 
(See Section 4.4.4.) 

4.1.4 Detailed Measurements in Laboratory 

With comparability limitations and scaling factors relating laboratory data to aircraft data. it was 
possible to apply the advantafes of the laboratory's impro\,ed accessibility, safety and sophisticated 
instrumentation. The first goal w'as to obtain a more detailed undcntanding of how voltages and currents 
can be distributed throughout the system, when RF power is applied. Section 4.4.5 will outline the 
extensive effort to evaluate the EM response of the entire CU'T FQlS in terms of currents and voltage 
with the fo I Io w i n g v ari ab I e s : 

Measurements at numerous locations 
Measurements at numerous frequencies 
Excitation of different wire\ (and combinations of wires) in to  the CWT 
Excitation by radiated fields only 

The second goal was to determine frequencies and minimum p m e r  levels at which an ionization event 
or excessive heating phenomenon could occur. Using the prei iously obtained data, specific test 
conditions (and locations) for  maximum induced current5 and \ oltases were identified. The test setup 
was then modified to maximize the likelihood for an i~~niza t i~~i i / l i ea t i i l~  event at these locations. Details 
and results of this effort are pro\,ided in Section 4.S. 
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4.1.5 Detailed Outline of Section 4 

Section 4 of this  report contains over I O 0  pages of  descriptions . diagrams . photographs and analyses 
and . therefore. represents the nujority of report content . U p  to f i ~ e  levels of subsections were reqiiired to 
cover the necessary detail . To avoid unnecessary confusion . only three Ie\.els of subsc.ction5 \+ere 
included i n  the Contents section at the front of this  document . The followinp outline is pro\. ided t o  aszist 
the reader in locating figures . tables and equations . as they are referenced outside their own subsection4 . 

4 Determination of Threat from Portable RF Sources Internal to Aircraft . . . . . . . . . . . . . . . . .  

3 . I . 2 Acquisition of FQIS Components . Installation in Laboratory . . . . . . . . . . . . . . . . . .  43 
4.1.3 Duplication of Field Measurements i n  Laboratory . Coinparisms . . . . . . . . . . . . . . .  41 
4.1.4 Detailed Measurements in  Laboratory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44 
4.1.5 Detailed Outline ofsection 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 
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4.3.3 Determination of FCC Limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  49 
4.3.4 Summary of  PED Threat Levels . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  49 
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Symbols for Section 4 

pi. The circumference divided by the diameter o f a  circle. 

Wa\:elength 

Complex Reflection Coefficient 

Reflection Coefficient Magnitude 

Capacitance 

Current Enhancement as a function of frequency 

Current transfer function 

frequency 

Maximum Gain of a transmitting antenna 

Maximum Gain of a receiving antenna 

Current as a function of frequency 

current pro be transfer function 

Power 

Quality Factor 

Slant Range between two antennas 

Resistance of a charging resistor 

Resistance of a discharging resistor 

Voltage as a function of frequency 

Voltage Enhancement as a function of frequency 

voltage probe transfer function 

Voltage transfer function 

Impedance 

Input Impedance 

Load Impedance 

Characteristic Impedance 

Transfer Impedance 

(See Section iii for a more complete listing of symbol\ and abhre\iations.) 
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4.3 Estimation of Threat from Typical PEDs 

Communication. datn transfer, iuid signaling de\,ices are dc\igned specifically to emit RF power. 
These are referred to as I r i t c w f i o r i t r /  R d i u f o r - . ~ .  Virtuall\. all electronic &\,ices will also radiate some 
degree of EM power ~ / r f i ~ i f ~ , ~ i f ; ~ ~ / ~ ~ ~ / ~ ~  nshen they arc operating. In the United States. the Federal 
Comniiinicatiotis Commission (FCC) regdates h m  much pou cr commercial PEDs may radiate 
i n  tent ional I y and ti 11 intent iona I I \ . 

Under the support of the NTSB. the JSC pro\:ided NASA LaKC with it summary listing of emissions 
from PEDS [Ref. 3- I]. These sources included tinintenticmil radiator4 such as compact disk players and 
portable computers. and intentional radiators such a h  wireless phones. From the report. power output 
from unintentional radiators was i n  the range of mVlmeter. u liereas the power output from intentional 
radiators "ah as high as 5-10 W. A h  a result. this effort "as conccntritted on intentional radiating sources 
only. The scope of this  effort wah limited to typical. comnierciiill! ;i\ ailable de\.ices. Damaged devices. 
de\,ices d e i ~ l o p e d  for military use. and those intdified t o  cxceed the regulation limits were not 
considered. 

For this effort. informatioil on the threats was gathered from three information sources: typical device 
manufacturer'> specification\. ANSI C63.18- I997 for typical tranmitters for radiated electromagnetic 
immunity testing of medical de\,ices. and the Federal ComniLinicatioii Commissions (FCC) regulations. 
More details about these information sources are described helo\+ . 

1.3.1 Portable Transmitters ' Manu factrtrer Specifications 

The JSC report [Ref. 3- 1 ] provided specifications of se\feral typical PED transmitters. These included 
analog cellular phones. digital personal communication sy\terti (PCS) phones, wireless local area 
networks (LANs). two-waj, pagers. and, most importantly. the commercial and military two-way radios. 
which have the highest radiated power ratinp of all devices considered. 

Built o n  the JSC'\ efforts. data on a larger nUJllher o f  \iniilar &\.ices were compiled and added to the 
list. The combined list of almost S O  devices along with their operating frequencies and maximum rated 
powers. are shown in Appendix G. I n  addition, the data are plotted i n  Figure 3.3.4- I ,  to be shown later. 

3.3.2 Typical Transmitter Characteristics based on ANSI  C6.3.18-I997 

A good start for typical PEDS was given in ANSI C63.18- I997 "Recommended Practice for an On- 
Site. Ad Hoc Test Method tor Estimating Radiated Electromagnetic Immunity of Medical De\,ices to 
Specific Radio-Frequency Transmitters.'' Some data from the srandard are shown in Table 4.3.2- I .  

There were additional transmitters in  the ANSI C63.18- 1997 that were omitted from Table 4.3.2-1. 
because of their low probability of being on the airplane. These included 350 W paging transmitters. 25 
W mobile radios (typically mounted to II vehicle or boat). 10- 100 W police/ambulance radios (presumably 
mounted to vehicles). CISPR 1 1  and CISPR 22 devices were alho eliminated due to extremely low power 
levels that are in fractions of a pW. 

Data in thir, table are al\o summarized and plotted in Figure 4..3.4-1 
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Product Frequency 
(MHz) 

Power 
(W) 

I Radiomodems I I 10 I 896-90 1 

Hand-held transceivers 

Wireless LANs 

Personal digital assistants 

I Cellular Telephones I 800-900 I 0.6 I 

27.19. 138-470 5 

9 12.2400 0.1 

896-940 1 

I Personal communications satellite telephones I 1610- 1626.5 I 1 I 
I Licensed PCS equipment I 1850-1910 I 1 I 

Table 43.2-1: Typical PEDS and their output power levels. Data from ANSI C63.18-1997. 

4.3.3 Determination of FCC Limits 

Also of interest were the FCC power limits on PEDs. With the exception of jiderul goivnzment 
specrrum. the maximum radiated power from any legally used PED in the United States must be below 
the FCC limits. by regulation. Federal government spectrum is controlled by the National Telecom- 
munications & Information Administration (NTIA). Most information on federal government spectrum. 
especially on military frequencies. was classified. and will not be considered here. 

A manual search was made through about nine parts of the FCC's regulations that pertain to PEDs. 
Many of the specifications appeared ambiguous, possibly because some limits are not yet defined. In 
addition. some power level limits were different for different applications. even though the allocated 
frequencies were the same. In fact. many currently available products had power outputs htgher than the 
gathered FCC limits. This fact was taken to mean that these products were either covered under different 
FCC limits, or had applications other than what the data indicated. The gathered FCC limits are shown in 
Appendix H. and are plotted in Figure 4.3.4- I .  

4.3.4 Summary of PED Threat Levels 

Figure 4.3.4-1 summarizes the threats data collected thus far using the above information sources. As 
seen from the chart. most devices radiate 6 W or less, except at 27 MHz and at 900 MHz. At 27 MHz. the 
FCC limit is 25 W for a few devices. At 900 MHz. the ANSI standard shows 10 W maximum for radio 
modems. For the purpose of determining a worst-case threat at any given frequency. only the highest 
radiated power level at that frequency was considered. 

The data presented in Figure 4.3.4- 1 show that intentionally transmitting PED frequencies are limited 
to between 25 MHz and 2.6 GHz. The FCC allocates spectrum to about 6 GHz. however. Based on the 
data. the frequency range for characterizing the EM coupling performance of a B-737-100 CWT was 
chosen to be from 25 MHz to 6.5 GHz. The threat levels presented i n  Figure 3.3.3-1 were applied to the 
results of Sections 4.4.2 and 4.4.3 for determining the maximum power coupled into the fuel tank and its 
wiring. The results are presented in Section 4.4.3.2. 
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Figure 4.3.4-1: PED threat levels. 
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4.4 Characterization of Aircraft and Laboratory FQIS Installations 

The ob.iective of this section (4.3) is to show limits o f  comparability betwwn the aircraft and the 
laboratory FQIS installations. A series of FQIS input impedance nie;istirenicnt\ were performed on the 
aircraft and i n  the laboratory reverberation chamber. Impedance values ~ ' e r e  comp;ired betwwn the two 
installations. and results are sitnimarized in Section 4.4. I .  Section 4.4.2 establishes compnrabilit!, of the 
reverberation characteristics of a B-747- 100 CWT. as compared t o  a NASA LuKC re\.erberation chamber. 
Section 4.4.3 describes the frequency dependent coupling bet\veen the passenger cabin and the CU'T of  ;I 
B-747- 100. 

In addition to direct comparison measurements between aircraft and laborator) FQIS installations. 
some additional measurements were required to prepare for the high-po\\er RF testing described i n  
Section 4.5, To determine how the resonant characteristics of a fuel prnbc ma) change during normal 
operation. the fuel probe's RF reflection was examined as ;L function of frequency and fuel Ie\.el. Details 
;ire provided in Section 4.3.4. In Section 4.4.5, extensive nic';isiirements of RF induced currents and 
voltages are described. Data from these measurements were used to select particular test locations 
exhibiting maximum \:oltage and current enhancements. caused by a particuliir mode o f  KF excitation. 

4.4.1 FQIS Impedance Measurements 

The objective of the FQlS impedance measurements was to electrically characterize the FQIS system 
contained within the CWT of a B-747-100, and to compare the electrical characteristics to those of the 
FQIS installation at NASA LaRC. The electrical characteristics were a function of the wiring. the fuel 
probes. associated connectors that form the fuel measuring system. and the spatial position of each of the 
components i n  the installation. The input impedance of the FQIS system was measured a~ the frequencies 
of possible PED frequencies as determined from the study described i n  Section 4.3. This series of 
measurements was performed with a network analyzer. A DC resistance chech and ;I capacitance check 
were also performed. This section provides measurement descriptions of the tests on the actual aircraft 
and in the laboratory installation. 

4.4.1.1 Retired B-747-100 CWT (Roswell, New Mexico) 

Figure 3.4.1. I - I shows the D3 input connector to the FQIS CWT installation. A total of three signnl 
pins, one signal shield, and the aircraft chassis are shown in the figure. The input impedance 
measurements were performed in  the left wheel well at the FQIS interface connector on the aft of the fuel 
tank. The signal descriptions and corresponding pin numbers for the D3 connector are explained i n  
Section 2. The baseline DC values for the resistance and capacitance were taken for all combinations of 
the pins. The frequency dependant impedance was measured for each non-tri\.ial combination of these 
pins. 
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Figure 1.4.1.1-1: FQIS CM'T Amphenol 113 connector schematic. 

4.4.1.1.1 
There are several measurement techniques a\failable for conducting impedance measurements. These 

include the Auto Balancins Bridge method. a current-\wltage probe technique, Frequency Domain 
Network Analysis. and Time Domain Network Analysis. These methods vary in complexity, frequency 
response. and accuracy depending on the system to which the), are applied. To measure the aircraft 
4ystem described i n  this report. the Fixed Bridge Method of impedance measurements was selected. This 
method, as described in Appendix D. utilizes a network analyzer wi th  an S-parameter test set. calibration 
standards. and connector compensation. The advantages include ininimization of cable mismatch, rapid 
measurements. wide frequency ranFe, better directivity pro\-ided b\, the test set. excellent repeatability. 
calibration enhanced accuracy, and automation. The networh analyzer allows the operator to focus on 
measurement results rather than measurement technique. 

Network Analyzer hleasurement Methodolog? and 'Technique 

4.4.1.1.2 Instrument Setup 
For the impedance measurements of the aircraft FQIS. a Lector network analyzer was used and 

configured as depicted in Figure 4.4. I .  1.3- 1. A data acquisition computer was connected to the network 
analyzer via the general-purpose interface bus (GPIB) to facilitate the storage of data for later display and 
plotting. A test port cable was connected to the retlection port of the S-parameter test set of the network 
analyzer. An adapter device allowed for connection between the test port cable and the FQIS test lead. 
which connected directly to the M I 2 7  connector assemhi). Thi4 xiapter made i t  possible to directly 
inject sienals through this interface, onto the FQIS wiring, and to the fuel probes within the CWT. 

The network analyzer was configured to operate on channel one tvith 301 points per sweep at a sweep 
rate of 100 msec. The frequency span was established at ;L start frequency of 300 kHz and a stop 
frequency at I GHz. This configuration of the network analyzer equate4 to a measurement resolution of 5 
MHz. This resolution allowed complete measurements of the f u l l  test matrix in a reasonable amount of 
time. For a general impedance comparison between the actual aircraft CWT impedance and the 
laboratory FQIS simulator. the resolution was sufticient to show the similarity of the average values of 
the impedance. 
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Test Port Cable 

Figure 4.4.1.1.2-1: Aircraft FQIS impedance measurement setup. 

4.4.1.1.3 Adapters 
The two special adapters. which allowed for calibration and connection to the D-3 FQlS test lead that 

connected to the MI37 connector of the CWT, were designed and constructed in the lab. The adapters 
were designed for the system being tested and for the set of calibration standards using similar 
connectors. The test adapter connected the N-type test port cable to the single conductors of the D-3 test 
lead. A calibration adapter connected the calibration standards directly to the test adapter. This 
configuration allowed the calibration reference plane to be defined at the end of the adapter. With the test 
adapter and the test port cable included during the calibration process, any associated errors were 
characterized within the calibration and removed from the measurement data. A compensation technique 
was used for the calibration adapter. and will be described in Section 4.4. I .  1.6. The D-3 FQIS test lead 
was not included in the calibration because it was connected after the adapter. However. test lead lengths 
do not become a factor until  the length is a significant portion of the wavelengths of the frequencies being 
measured. The D-3 test lead was insignificant in length compared t o  the length of the wires that comprise 
the FQIS. A section of the external FQIS wiring was used as the test lead. 



4.41.1.4 Sptematir Errors 
There are \.ariuus systematic errors associated with an!. measurement system. These errors are due to 

the iniperfections associated \$ i th any real measuring device. A perfect system has infinite dynamic range, 
no impedance mismatches. and infinite directivity for e\'erq' frcquenc! . The systematic errors inherent to 
the network anal).zer used for the B-737- 100 FQIS impedance measurements were remo\.ed by 
calibration with a hnoun set of standards traceable to the National In<titute of Standards and Technology 
(NIST). Calibratins out the system errors added a high degree o f  accurac!' and repeatability to the FQIS 
i mpedance measiirenients. [Ref. 4-2 1 

4.4.1.1.5 Calibration 
Calibration of  the netw>rk analyzer was performed heforc. every unique FQIS impedance 

measurement sequence conducted on the B-737- 100. The networh analyzer was calibrated using the 
retlection I -port calibration niethod to remove the system effect4 o f  tracking (frequency response). source 
match, and directi\,ity. The specified calibration standards (Open. Short. and Load) were attached to the 
measurement system t o  force ;I kt1ou.n boundary condition at ;I specific location at the end of the adapter 
on the test port cable. The "Open" established the open-circuit boundary condition (infinite ohms). The 
"Short" established the short-circuit boundary condition (zrl-ci ohms). The "Load" established the 
matched-circuit boundary condition to the characteristic impedunce of the measuring instrument (SO 
ohms). This calibration impro\.ed the measurement b!, defininf thc reference plane or point where the 
measurement accuracy was k n o \ v n .  ,411 o f  the B-747- I O 0  FQIS impedance measurements were referenced 
to this point. [Ref. 4-31 

4.4.1.1.6 Connector Compensation 
I t  is often the case that the cable impedance is determined b! the lou-frequency response, up to around 

500 MHz. where mismatch effects are still small. Howe\:er. at frequencies around 1 GHz and higher, 
uncompensated lengths of fixtures. adapters. or connectors c;tn affect the value obtained from the 
measurement of a cable's impedance. In general. as the connector reliirn loss becomes worse, i t  will have 
a greater effect on impedance measurements. 

A connector compensation technique was performed to compensate for the calibration adapter. The 
calibration adapter, though used during calibration. did not remain a component during actual 
measurements. The added residual effect to the calibration b~ the adapter was removed using the 
compensation technique called Open/Short + Delay compensation. An electrical delay. representati\.e of 
the adapter length, was used tu negate the effects of the adapter. The residual impedance due to the 
electrical length o r  phase shift of  the calibration adapter was niea\ured and then the measurement system 
\vas compensated with electrical delay to yield the true value of  impedance for the aircraft FQIS. [Ref. 4- 
31 



4.3.1.1.7 
As described in Section 4.4, I .  I .2. the network analyzer was configured to nie;isiire ;I sct o f  201 

frequency points from 700 kHz - I GHz. The input impcdance \ d u e s  of the FQlS systcni \\'ere recorded 
at each of these frequencies. Impedance is a specification that is defined onll, ;it ;I discrete f r equrnq .  
However. when commonly referred to. the impedance o f  a cable is an average o f  the impcdance \aliies 
over a trequrncj, range. For this investigation. cable impedance \\'as the average impedance prcsented ;it 

the input of the D3 - M I 2 7  connector interface of thc CWT over the frequenc! span from 300 kHz to 
I000 MHz. This frequencj, range is representative ofthe frequencies \\ here PED threats ;ire mo\t libel!, to 
occiir. The average impedance magnitude can be approximated bj,: 

Retired B-737-100 CWT Measurement Results. 

ZS,  is the input impedance as a discrete function of frequenc) 
F ,,,,,, and F ,,,,,, are the frequency bounds of the desired a\'erage 
f, is the discrete measurement frequency 

(4.4. I .  1.7- I ) 

The data gathered in the input impedance measurement w'ere sa\.ed as a set o f  text data files on the 
Table 4.4.1.1.7-1 shows the average impedance values calculated using 

The average values of the impedance provided a simple representation of the 
data acquisition computer. 
Equation 4.4.1. I .7- 1 .  
impedance of the FQIS installation. 
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Table 4.4.1.7-1: Aircraft CU'T FQlS average impedance measurement data. 



4.4.1.1.8 
The measurements described in  Section 4.4. I represent the complex \slue of the impedance that w s  

measured at an individual frequency. This value is a complex combination of the IX resistance and the 
reactance at the discrete frequency. The values for the DC resistance and the capacitance were mcasured 
with ;I calibrated commercial off-the-shelf hand-held digital voltmeter (DVM). Therefore. there \$'ah no 
on-sight calibration required to acquire these data. Because of the simplicity of rhc meawrement de\,ice. 
a complete description of the operation of the DVhl will not be discussed here. I n  general. the contact 
areas were kept clean and a non-intrusi\ie method of attaching the DVM ~ v a 5  follo\ved 

Resistance and Capacitance Measurement Technique and Results 

Table 4.4.1.1.8-1: DC resistance and capacitance measurements conducted on the B-747-100 Aircraft FQlS 
internal to the CWT. 

Table 3.4.1. I .8-1 contains the measurement results for DVM measurements performed in R o s ~ ~ l l .  
N M .  Because of the small data acquisition time required to perform these measurements. all pohsible 
combinations of the connectors were measured. These data pro\?ided a baseline to ensiire the FQIS 
laboratory in st al lat ion was correct. 
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4 4 1 . 2  LuRC Reverberation Cltarnber “B ”, with FQlS  Coniporrents Illstalled 

An FQlS simulator was designed and fabricated at NASA LaKC. and was installed in reverberation 
chamber “H” of the HlRF laboratory. The FQlS sirnulator \\;is dewihed in Section 4. I .3 and is shown in  
detail in Figure 4.4.1.2- I .  

113 ~ M I 2 7  
Connector Assembly 

Figure 4.4.1.2-1: FQlS simulator used in NASA LaKC reverberation chamber “B”. 
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4.4.1.2.1 
The measurement methodology and technique for the input impedance iiieastiremeiit\ conducted on 

the laboratory FQIS installation was identical to the measurements taken in Roswell. Thew iiiea\iirenierit\ 
were described i n  Section 4.4.1. I .  1 to 4.4.1.1.6. 

Network Analyzer Measurement Methodology and Technique 

The vector network analyzer was used to measure reflection cocfficient and the reflection coefficient 
data were transferred to the data acquisition computer. Figure 4.4.1.2. I -  1 s h o n  z the laborator!. test setup. 
The D3 and MI27 connectors were mounted in  an altiniinuni box attached to the ground plane. Thiz 
configuration simulated the aircraft chassis interaction\ with the FQIS. and pro\ ided ;I convenient access 
location for data acquisition purposes. 

D3 - M127 
Connector 

\ FOE Test 

FQIS Simulator 
J I  ----1n n I 1-1 I IFi pyie&n 11 

. . . . . . . . . . . . . . . . . . . . . . . . . . ........ .... 
-I 

Networh Data 
Ana I yze r Computer 

Figure 4.4.1.2.1-1: Laboratory FQIS simulator impedance measurement setup. 
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4.4.1.2.2 
As described i n  Section 3.1.1.1.2. the net\vork analyzer data were recorded across the frequency band 

of interest (300 hHz - I GHz). The discrete frequency reflection impedance values were post processed 
to produce thc a\.erage inipedancc for each of the niexiireiiicnt contigurationh. Table 4.4. I .3.2- I 
s u m mari ze s the me a x  u re me n I res 11 I t 4. 

Laboratory FQIS Simulator Impedance hleasiirenient Results. 
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Table 4.4.1.2.2-1: Laboratory FQlS simulator merage impedance measurement data. 
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4.4.1.2.3 
A series of DC resistance and capacitance measurements w r e  performed at NASA LaRC 011 the 

simulated FQIS installation. These ineasurementr; paralleled the tiieasurenients tahrn i n  Roxu ell NM. 
Table 4.4. I .2.3- I contains the measurement results for  DVM nieasiirements pelformed at NASA LaKC. 
All possible combinations of the connectors were rneasured for comparison purpose\ to the nie~istirenientx 
taken i n  Roswell. 

Resistance and Capacitance Measurement Results for the simulated FQIS 
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Table 4.4.1.2.3-1: DC resistance and capacitance measurements conducted on the laboratory FQIS 
installation. 

4.4.1.3 Comparisons of EM Similarity 

The data gathered from each FQIS installation represents nine combinations of reflection 
measurements. These measurements are summarized in Table 4.4.1. I .7- 1 and Table 4.4.1 2.2-  1 .  Each 
reflection measurement had 20 I frequencies where the complex reflection coefficient wah measured. I n  
the frequency ranges of interest, small changes of the measurement system or the installation will shift the 
resonant frequencies of the system. The resonant frequency shifting phenomena of the fuel probes is 
discussed in  Section 4.4.4. A comparison of aircraft FQIS input impedance measurements on I W O  

separate days showed somewhat different results. These differences were attributed to en\.ironmental 
influence. Statistics of the measurements did not vary appreciably. A comparison of each frequency and 
the resulting impedance value was not practical. Impedance is generally characterized by the mean value 
across the frequency band of interest [Ref. 4-41. The average \due5  of the impedance nxasurenients are 
compared in Table 4.4.1.3-1. The measurements taken with the DVM were very similar for the two 
installations. These measurements were taken at low frequencies. and do not characterize the high 
frequency impedance. 
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Aircraft 
Hun SIGNAL REFERENCE Average 
NO.  Impedance 

(Ohms) 
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7 L O  z IO SHIELD 18.3.3 

8 LO z 10 AIRFR.AME 323.5 
C HAS S I S 

9 SHIELD to AIRFR.4ME 265.3 

Table 4.4.1.3-1: Comparison of aircraft and laboratory FQlS average impedance values . 

Simulator 

Impedance 
(Ohms) 

Average A Ohms A %  

I hO.4 3.3.5 I l..? ‘2 

3 1 . 2  4.1 7.7 ( / i  

75 1.5 M WH-% 

3 w . 5  0.6 0. IS I/: 

.3( 15.5 32.5 1 1 .9 (i 

I X6.3 2.5 1 ,3  0; 

774.8 41.5 ‘2.6 r/; 

329.h 6.1 1 .9 % 

.3( 3 , x 38.5 11.5 ( X  

The data displayed i n  nieasurement run number 3 in Tablc. 4.4.1.3-1 displays a large percentage 
difference in the average inipedance. Further examination o f  the reflection data from run number 3.  
shows that the data measured for this configuration was invalid. The data remains in this section for 
completeness and to demonstrate the validity of the comparison method. 

Figures 3.4.1.3-1 and 4.4.1.3-1 show the magnitude of the input impedance plotted for the aircraft 
installation and the reverberation chamber installation. The averapc impedance is plotted in red for each 
installation. These average values are very close even though the impedance values vary for many 
discrete frequencies. 
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Impedance,  Aircraf t  2 ,  Hi-Z-W h i te  to Low-2 -Red  
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x 10 

Figure 4.4.1.3-1: Input impedance of the aircraft FQIS wiring with the mean value plotted as the red (+) line. 

Impedance, Simulated FQIS, Hi-Z-White to Low-Z-Red 

6oo t 
500 t 

1 2 3 4 5 6 7 0  9 10 
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, 0 8  

Figure 4.4.1.3-2: Input impedance of the laboratory FQIS wiring with the mean value plotted as the red (+) 
line. 
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The plots of Figures 4.4.1.3-1 and 3.4.1.3-2 provide only the magnitude of the impedance. For a 
complete comparison the complex impedance should be considered. The Smith Chart provides 
coordinate axis capable of displaying the complex value of the impedance. Figures 4.3.1.3-3 and 4.3.1.3- 
4 represent plots of the input impedance as measured between the HI 2 and LO Z FQIS CWT connections 
(ie. differential mode) using the Smith Chart coordinate axes. The network analyzer and data-acquisition 
computer measurement system (as shown in Figures 44.1. I .2- 1 and 4.4.1.2.1- 1) recorded the amount of 
power that was reflected by the impedance mismatch of the FQIS installation. From this complex 
reflection coefficient, the impedance was calculated (see Appendix E. Equation E.2- 1) [Ref. 4-51. Both 
the magnitudes and resonant frequencies of these installations were affected by environmental conditions. 
resulting in small differences in the impedance measurements of the installations. The impedance 
measurements show that the two installations were electrically similar for the HI Z to LO Z excitation 
mode. 
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-I 1 

Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-3: Smith Chart plot of the input impedance from aircraft FQIS 
[HI Z to LO Z] 

il 

-j 1 

Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-4: Smith Chart plot of the input impedance from the laboratory FQIS 
[HI Z to LO Z] 
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A statistical method of comparison was implemented to more easily compare the input impedances 
between the aircraft installed FQIS and the reverberation chamber installation of the FQIS. A full 
discussion of the method is provided in Appendix E. The average of the real part and the average of the 
imaginary part represent the center of the data distribution, when plotted on the Smith Chart. Figure 
4.4.1.3-5 shows a statistical data comparison of the impedance of the aircraft-installed FQIS. The black 
trace represents the aircraft impedance data. and the red star represents the average value of the reflection 
coefficient plotted as impedance. The green star represents the average value of the reflection coefficient 
measured in the reverberation chamber installation. The red and green circles represent the standard 
deviations associated with the impedance of the aircraft and chamber installations. respectively. 

The combining of statistical analysis with graphical Smith Chart analysis is unique. However. the 
basic concepts of each are fundamental [Refs. 3-5 and 4-61. In fundamental statistical theory. graphical 
concepts are readily employed to build intuition about problems. Figure 3.4.1.3-5 gives the reader an 
instant means by which to compare the impedance values from the two installations and gain “geometric 
intuition” about the similarity of the installations. Figures 4.4. I .3-6 through Figure 3.3.1.3-12 show the 
entire set of impedance measurements. with aircraft data directly compared with laboratory data for FQIS 
excitation mode. 

- j  1 

Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-5: Smith Chart plot, aircraft input impedance (black trace), aircraft 
statistics (red), laboratory FQIS installation statistics (green) [HI Z to LO Z] 
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Figure 4.4.1.3-6: Smith Chart plot, aircraft input impedance (black trace), aircraft statistics (red), laboratory 
FQIS installation statistics (green) [LO 2 COMP to Chassis] 

-j 1 

Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-7: Smith Chart plot, aircraR input impedance (black trace), aircraft statistics (red), laboratory 
FQIS installation statistics (green) [LO Z COMP to Shield] 
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-j 1 

Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-8: Smith Chart plot, aircraft input impedance (black trace), aircraft statistics (red), laboratory 
FQIS installation statistics (green) [LO Z to Shield] 

Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-9: Smith Chart plot, aircraft input impedance (black trace), aircraft statistics (red), laboratory 
FQIS installation statistics (green) [LO Z to Chassis] 
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i l  

Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-10: Smith Chart plot, aircraft input impedance (black trace), aircraft statistics (red), 
laboratory FQIS installation statistics (green) [HI Z to Chassis] 

jl  

-j 1 

Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-1 1: Smith Chart plot, aircraft input impedance (black trace), aircraft statistics (red), 
laboratory FQIS installation statistics (green) [HI Z Shield to Chassis] 
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Start Frequency 0.3 MHz Stop Frequency 1000 MHz 

Figure 4.4.1.3-12: Smith Chart plot, aircraft input impedance (black trace), aircraft statistics (red), 
laboratory FQIS installation statistics (green) [HI Z to Shield] 

From Figures 4.4.1.3-6 to 4.4.1.3-12. it can be seen that the impedance averages and standard 
deviations were very similar for the aircraft and laboratory CWT FQIS installations. One exception is 
Figure 4.1.1.3-7. The two mean values and the corresponding standard deviation circles were not 
geometrically close. Comparison to hardcopies of the LO Z COMP-to-Shield aircraft measurements 
revealed that the data plotted in Figure 4.4.1.3-7 was incorrect. The invalid data is shown here as an 
example of how the technique of comparing Smith Chart impedance averages and standard deviations 
will emphasize dissimilarities, when they occur. In the laboratory, repeatability for impedance 
measurements was found to be excellent. 

These plots indicate that the laboratory FQIS installation was very similar to the aircraft FQIS 
installation in terms of RF impedance between 300 kHz and I GHz. The same fuel probes and wiring 
were installed in the laboratory in a manner comparable to that of the aircraft installation. These input 
impedance similarities implied that the two installations provided comparable RF power transfer 
characteristics over the given frequency bandwidth. Furthermore. the reactive characteristics of energy 
storage, voltage enhancement and current enhancement should be comparable also. This determination 
was important for validating that subsequent laboratory measurements of voltage/current enhancements 
were applicable to an aircraft installation. 
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4.4.2 Cavity Reverberation Measurements 

RF power in  a CWT can exist in two forms: conducted p v e r  o i i  wires and radiated p ~ e r  u.itliiii the 
volume of the CWT. To test for susceptibilities of the CWT wiring to R F  ponw. both condition\ needed 
to be simulated. 

Conducted poww on CWT wiring could be approximated i n  the laboratorb b) iii.jecting the same 
amount directly o n t o  laboratory FQIS wiring installation. and accounting for impedance mismatch 
conditions. However, to simulate the radiated field en\.ironment of the CM'T. its re\ erbcration 
characteristics needed to be determined. Details on the mcasiiremrnt of  re\.erberation characteristics 
within the CWT o f a  B-747-100 are described i n  this  section. The same measurenirnts \iere also m d c  in 
NASA LaRC reverberation test chamber "B", and a .sc.trlr,fircYcJr. \vas calculated from the t w o  data sets. to 
provide an ad.iustment to the input power for a desired in-ca\,ity EM en\'ironmcnt. 

4.3.2.1 Retired B-737-100 CWT (Roswell, New Mexico) 

4.4.2.1.1 Description of the CWT 
The CWT is divided internally into six bays. (The "dry" bay is not pi117 of the CB'T.) For this 

purpose. the bays were labeled according to the Figure 4.4.2. I ,  I - I .  Bays 1 and 2 \%ere tou,ard the rear of 
the aircraft. while bay 6 was toward the front as shown. (Compare Figure -1.4.'. 1. I - I to Figures 3-2 and 
2-3.) The FQIS wiring entry into the CWT was at bay I .  Bays I and 3 were similar in dimensions to each 
other. Bays 3 and 3 were also similar in dimensions. The approximate dimensions of the bays arc sho\i.n 
i n  Table 4.4.2. I .  I - I .  For simplicity, the approximate rectangular dimension for each ba!, n a s  calculated 
by averaging the dimensions in the same direction. The actual shapes were not rectangular. ho\ve\.er. 

Front 
b 

Dry 
Bay 

CWT Top View Rear - 
Bay 6 Bay 5 

Figure 4.4.2.1.1-1: CWT top view diagram, and the naming notations used for different 
CWT bays. Data was collected for Bay 1 .  Bay 3 and Bay 6. 
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4.1.2.1.9 

~~~ - ~ _ _ _  
Average ______ Dimensions ~~~-~ 

Length Height I\ idth 
( f / l I  f l r r i  1/10 

Estimated 
\'olume Surf. Area 

f l u  I ( 1 1 1  J 

Peak Cavit! Coupling Factor- hleasurement Rlethod 
This section describes the method used and the results from characterizing several CWT bays. The 

same approach was then u\ed to characterize reverberation chnmber "B". (Section 4.4.2.2.) The 
comparison of the t M . 0  nieiisurements provided the scale factor needed for simulating the radiated field in 
the CWT using the rewrhrra t ion  chamber for testing purposr.\. 

It \\'as necessary to k n o w  the approximate bounds for the pcah cavity coupling factors of the CWT 
bays. The procedure ~ised to measure peak cavity couplins factoI i 4  \vel1 documented [Refs. 4-7 and 3-81. 
Figure 4.4.2.1.2- 1 illustrates a typical set-up. In this procedure. ;I predetermined amount of power at the 
frequency of interest \vas transmitted into the bay through an efficient antenna. also called the r r r rus / i i i f  

L i i i f o / i / i u .  A second similar antenna. or the r - c i c w ' \ , r  L i i I f w i i ( r .  wa4 attached to a power monitoring device 
(spectrum analyzer) to probe for power coupling between the 1 \ 4 0  antennas. The maximum ratio of power 
coupled into the receiw antenna to the power radiated from the trnn\mit antenna, for an!' antenna position 
combination in the ca\,ity. was called the prciX (ultif!  ~ , ~ ~ r ~ ~ ~ ~ ; / i ~ , ~ i ~ [ , / ~ ~ ~ .  at the measurement frequency. The 
measurement was then repeated at all frequencies of interest. 

Power coupling into the recei\.e antenna is very much similar to coupling onto a wire in the ca\.ity. 
However, the antennah used were \w-y efficient (low resi4tii.c lo>\ and low impedance mismatch) in  
coupling RF field from free space to the measurement system. 0 1  \.ice \wsa. Thus, the data provided an 
upper bound on the power that can be coupled onto the wires i n  the C'WT, which were not designed for 
radiating or coupling purposes. 
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Fuel Tank Ray 

Figure 3.4.2.1.2-1 : Mode-stirred measurement method in a CM;T hay. 

In  order to find the peak cavity coupling factor, the recri\,e antenna is typicall) mwed  around inside 
the bay while the measurement is made. However. the ,Iior/c.-.stit.r.rt/ method makes use of ;I mechanical 
stirrer made of large conducting paddles [Refs. 4-7 and 1-81. The mechanical stirrer effecti\.ely changes 
the boundary conditions. creating different sets of field structure throughout the ca\.ity ;is i t  rotates. After 
one revolution of the stirrer, the receive antenna is exposed to nearly all tield magnitudes and 
polarizations in the cavity. Therefore, this method effectiizly increases measurement efficiency since 
there is no need for moving the receive antenna to tens of different locations in the cavity. A spectrum 
analyzer monitors the power coupled onto the receive antenna and relevant statistics including the peak 
and average values. 

The stirrer used in this measurement consists of a niotor driiing a set of paddles made of conductin? 
flat plates. The larger the paddle relative to the volume, the more effective i t  becomes. However. i t  should 
not be too large in order to allow room for the transmit and the receive antennas. Figures 1.4.2.I.2-3 and 
4.4.2. I .3-3 show the mechanical stirrer and one of the antennas installed in a CWT baj.. 
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Figure 4.4.2.1.2-2: Mechanical stirrer in one hag of the CWT. 

Figure 4.4.2.1.2-3: A log-periodic antenna on the foam support in the CU'T. 
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This technique has been under development for the past IS years m d  variations ha\,e been. and are 
being, adopted in the RTCA/DO- 160D. MIL-STD 463D. and IEC- 1000-1-2 I and man) other test 
standards in  \,arious industries. A more in-depth discussion on the statistics of the po\ver i n  the ca\.ity can 
be found i n  Reference 4-9. 

A small variation to the approach described above using frequency sweeping u as used to speed up the 
test. Instead of staying at a fixed frequency while waiting for the stirrer to complete the re\,olution. the 
tracking source and the spectrum analyzer repeatedly swept across the frequency hand of ii1tert.t while 
the spectrum analyzer was on magnitude peak hold mode. The nieasiirenient \ \ a s  stopped after the trace 
on the displa!. was stabilized. typically after 20-30 paddle rotations or more. The frequency \weep rate 
across the band was selected to be different from the stirrer rate o r  from a multiple or fraction thereof. The 
idea was to get as many different paddle position and frequenq cotiibinations as possible. 

The advantage of this method was that the measurement speed w a s  very fast. allowing for much more 
data t o  be collected within the limited time available at the airplane. A measurement of 600 frequencies 
can be accomplished in approximately S to I O  niin. depending on hoM. soon the spectrum analyzer trace 
stabilizes. For the same number of frequencies, the discrete-frequency approach may take 45 min. The' 
advantage became apparent for measuring coupling between different ba1-s or from pazsenger cabin to 
CWT bays. This approach took about IO to IS min, or even less oiice the trace on the spectrum unal!.zer 
was stabilized. On the other hand. the discrete-frequency mode-stirred approach tooh about 60 min for 30 
frequencies. as \vas the case for one set-up at the airplane. Another disadvantage of the discrete-freqtienc\, 
approach was that the measurement could not be stopped early without losing frequent) data. 

The disadvantage of the frequency-sweeping approach was i t  could record only the peah \ d u e  ;it each 
frequency, since the spectrum analyzer was on maximum hold. On the other hand. w i t h  the discrete- 
frequency mode-stirred method, each frequency came with complete spectrum analyzer data for a ful l  
paddle rotation. Statistical data, including average. standard deviation. and others can then be derived. 
Modifications to the frequency-sweep procedure using automated data acquisition software could be 
made to provide similar data as the mode-stirred method. but the set-up complexity goes up  along with an 
increase in the test time. I t  was determined that the additional statistics on the data. m,hile interesting. 
were not really necessary to this effort. Much more critical data on many different set-ups were obtained 
using the frequency-sweep variation to the method. Thus, many of the measurements in this repot? \vue 
made using the frequency-sweep method. 

It was important for the frequency sweep not to be too fast. Since each of the CWT bays is a ca\.ity, 
any signal transmitted inside would have a settling time before reaching steady state. Sweeping the 
frequency too fast would effectively change the measurement frequency before the steady-state value was 
r e x  hed. 

Almost all cavity coupling measurements with two antennas i n  the same bay were performed using 
both frequency-sweeping and discrete-frequency mode-stirred methods for validation. The peah coupling 
values from both methods were compared and the agreement was w r y  good. A representative comparison 
is shown in  Figure 4.4.2. I .2-3. This comparison demonstrates that the sweep time \vas s lou .  enough and 
that the results were valid. This proof of data validity is very iniportant since all coupling data between 
the passenger cabin to the CWT. to be described later. used th is  frequency-sweeping method for faster 
speed. 
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Figure 4.4.2.1.2-4: Comparison of agreement between frequency -sweeping and discrete-frequency 
approaches. Data are shown for hay 3. 

S)stem and cable Io\ses were measured by attaching the end4 ot the cable4 at the antenna connectors 
together. and "through" measurement\ were made h i t h  the smic wt t inp  at the spectrum analyzer and the 
tracking wurce 

In  measuring the ca\,ity coupling factors. i t  was important to enstire that the coupling factors were not 
affected by the existence of instruments that would not be present during normal operation of the aircraft. 
The antennas used for transmitting and receiving RF are an examplc. To estimate cavity loading effects. a 
cavity ~ ~ ~ ~ ~ I ~ ; f \ , , ~ ~ I ~ . ~ ~ ~ ~ ,  Q. was defined. The value of Q directly relates to the average couplinz factor. The 
presence of an antenna introduces loss. reducing the average coupling power, and. therefore, Q. If the 
loss figure associated with the antenna. called ~ i n t e i z n ~ ~  Q. is known, the effects can be subtracted out. 

The a\.erage coupling factors of the CWT hays with the prescncc of the antennas were measured at the 
airplane. In  addition. the theoretical antenna Q was computed from an expression given i n  Reference 4- 
IO.  The ca\.ity Q without the antennas was then computed using the expression in Appendix B. More 
details on Q analysis can be found i n  Reference 4-10, 

The results show that the antennas did not have niuch of an cftcct on the Q of the CWT. Thus, the 
loading effects caused by t h r  antennas can be safely ignored for  all radiated field measurements in  the 
CWT. Appendix B shows the comparison of the Q valueh for ;I \ample CWT bay. with and without the 
two antennas. 
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Equipment u\ed for peah cavity coupling mea\itrement\ are Ii\ted belo\+ : 

Transmi t An ten 1x14: 

EMCO-3 1-18 Log-Periodic Antenna. 200 MH7 to I GHz 
A&H SAS-200/57 I Dual Ridge Horn Antenna. I GHz - I8 GHz 

Receive Antennas: 
EMCO-3 146 Log-Periodic Antenna. 200 MHz to I GHL 
A&H SAS-200/57 1 Dual Ridge Horn Antennn. 1 GH7 - I8 GH7 

RF Source\. 
HP-X5644A Traching Source, 300 hHr - 6 5 GH7 
HP-837533 Sqnthe\ized Sweeper. I O  MHz - 20  GHL Thi\ equipment \\:I\ wed 111 p l ~ c e  

of the tracking \ource for diwvte-frequenc) mode-\ttrred iiiea\ureiiient\ 

Spectrum Anal vzer 
HP-8563E. 9 hHz - 26.5 GHz 

4.4.2.1.3 
It was decided that the peak cavity coupling factors of onl). three bays were needed to pro\'idc. a 

reasonable estimate of the bound of the data for all six bays. The decision was partiall). influenced by the 
limited time available for measurements at the airplane. As ;I result. bay I .  bay 3 and ba). 6 were selected 
for the following reasons. The FQIS CWT entry was through the bay I w.all.  and i t  w a s  strongly 
suspected that radiation in bay 1 would be dominant. I t  was. therefore, important to include bay I .  I n  
addition, bay 3 was believed to have the largest ca\,ity coupling factor. because its volume was thc 
smallest. Bay 6 was chosen because i t  had the largest \.olume. Large cavit), volumc typically means that 
resonant modes will start at lower frequencies than i n  smaller ca\,ities. (Ca\.it\. resonance will tend to 
dramatically increase tield strength and power density compared to noti-resonance conditions). Data for 
bays 2 and 4 were not collected since the bays had the same dimensions as bays 1 and 3. respectiwl). and 
therefore. the data were expected to be similar. 

Peak Cavity Coupling Factor- Results 

Peak cavity couplins factors measured in bays I .  3 and 6 are shown in F i p r e  4.4.3. I .3- I from 25 
MHz to 1 GHz. and in  Figure 4.4.2.1.3-2 from 1 GHz to 6 GHz. In addition. the en\.elopes that bound all 
the traces are shown. These envelopes represent worst-case coupling factors bet\veen any two highly 
efticient antennas in the CWT. Any coupling to or from wiring in the CWT should be less. Since the log 
periodic antennas were used out-of-band between 25-200 MHz. data i n  this  range are shown for 
completeness only. 

In Figure 4.4.2. I .3-2. bay I data were collected using the discrete-frequency mode-stirred niethod 
only. Due to the slow measurement speed associated with the method, the measiirenient w m  made onl) at 
a few PED frequencies. This data set was not expected to affect the overall en\,elope since all data are 
below the envelope shown. The decision to use the frequency-sweep method was made after this set of 
data was collected. 
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Figure 4.4.2.1.3-1: Peak cavit! coupling for ha) 1.3 and 6 (25 MHz - 1 GHz). 
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Figure 4.4.2.1.3-2: Peak cavity coupling for bays 1 ,3  and 6 ( 1  - 6 GHz). 

In  addition. there \vas an anomaly in  the data in  Figure 4.1.2.1.3-2 at approximately 1875 MHz for bay 
1 and bay 3 .  This error \\'as detected during the measurement. and later traced to an improper mating at a 
connector in the antenna path. Tightening the connector fixed the problem: thus no similar anomaly was 
observed in the data from bay 6. It was determined. that the remaininf data were ful ly  usable a h  long as 
the anomaly at I875 MHz waq ignored, and that recollectins the data \vas not worthwhile. 

It wa\ ob\er\ed that the peah ca\'ity couplins factor\ for  ha! 3 \\tare generally higher than the rest, 
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especially at 700 MHz and higher. This result was expected since bay 3 was smaller than the others. Also. 
the expected early resonance frequency for cavity 6 is not clearly observed in Figure 3.1.2.1.3- 1. In fact. 
the data show resonant frequencies much lower than theoretically possible for each individual bay. An 
explanation for this behavior is that the whole CWT was contributing to the resonance effects. not just the 
individual bay. This result indicates that there were strong couplings between the bays. Measurement of 
the coupling between bay 1 and bay 3 confirmed this tight coupling behavior. as the data in the next 
section show. 

Transmit %-% Stirrer Antenna Mechanical 

For every setup. special care was taken to ensure the equipment had sufficient dynamic range for 
accurate measurements. Equipment noise floor data was collected and used to verify the integrity of the 
data. Dynamic range was not a concern for measurement in the CWT. due to high coupling values. as 
Figures 3.4.2.1.3-1, 4.3.2.1.3-2 in this section and Figure 4.3.2.1.4-2 in  the next section show. 

Receive id -% Mechanical 
Stirrer Antenna 

4.4.2.1.4 
In addition to measuring cavity coupling factors with both transmit and receive antennas in the same 

cavity. bay 1 to bay 3 coupling measurement was also made. The purpose was to provide an estimate of 
the shielding effectiveness between the two bays. This estimate was important as i t  provided data on how 
well fields radiated i n  a bay were coupled to other parts of the CWT. The coupling mechanism can be 
radiated, such as through apertures and holes, or it can be conducted by coupling onto wires and then re- 
radiated in other parts of the CWT. 

Bay 1 to Bay 3 Radiated Field Coupling 

Tracking Source Spectrum Analyzer 

000 

Fuel Tank Bay 1 1 Fuel Tank Bay 3 

Figure 4.4.2.1.4-1: Bay 1 to bay 3 radiated field coupling. 

In this configuration, the transmit antenna was positioned in bay 1 and the receive antenna in bay 3. 
Mode stirring was accomplished by two sets of stirrers, one in each bay. as shown in Figure 3.3.2.1.3-1. 
The rates of rotation for the stirrers were not equal, and were chosen to maximize the number of stirrer 
position combinations. In fact. the rates were approximately 2 and 5 sec per revolution. The spectrum 
analyzer sweep time was 20 sec. and the trace was on maximum hold for about 2 min for each frequency. 
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Figure 4.4.2.1.4-2: Bay 1 to bay 3 maximum radiated field coupling. 

The data were measured using the previously described discrete-frequency mode-stirred method. 
where measurement was made one frequency at a time. More details about this technique can be found in 
Reference 3-1 1. It  was an extremely slow process that took approximately three hours for about 40 
frequencies. including setup time. Using the frequency-sweep approach described earlier would have 
reduced the test time down to tens of minutes for many more frequency points. That was not done in this 
case, but the technique was used later for other coupling measurements. 

The results for bay 1 to bay 3 coupling are shown in Figure -4.1.2.1.4-2 in comparison with the peak 
cavity coupling factors, where both the transmit and the receive antennas were in the same bay. Again. the 
data at 1875 MHz should be ignored due to the cable mating problem stated previously. Below 200 MHz, 
the antennas used were out of band, but were of limited use in comparing with the cavity coupling factors. 

I t  can be seen from the chart that there was little shielding between bay 1 and bay 3 below 1 GHz. 
when compared to peak cavity coupling factors where both antennas were in the same bay. Above 1 GHz. 
bay 1 to bay 3 coupling started to separate from the cavity coupling factors for both bay 1 and bay 3 .  
Above 3 GHz. the separation was about 10 dB, which was not very significant. 

A conclusion from this data is that there was tight coupling (ie. little shielding) between different bays 
below 1 GHz. Thus. when the radiating source was located in one bay. EM fields seen by wiring in other 
bays were nearly as high as those seen by the wires in the bay where the radiating source was located. 
This result indicated that a one-cavity laboratory reverberation chamber could approximate the multi-bay 
CWT below 1 GHz. This result also indicated that CWT FQIS currents and voltages could be induced 
efficiently from one bay to another by radiated fields. This indicated a need to compare radiated versus 
conducted excitation in the laboratory FQIS installation. (See Section 3.3.5.5.) 
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4.4.2.2 LuRC Reverheratiori Chamber “B”, with EQIS Conipotietits Installed 
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The sane procedure used to measure the peak cavil!, couplinz i n  the CM’T \\a\  uwd to characterize 
the Reverberation Test Chamber “€3“. This chamber \\‘as ;I 2.9 m x 3.96 m x 7.01 m rectanfular structure. 
with painted steel walls. A large mechanical stirrer in ;I corner of the chainher W:I\ iiwd for stirring KF 
energy. The comparison of the measurement results i n  chamber €3 to the similar nieawrenicnt i n  the Cb’T 
pro\.ided the scale factor needed for simulating the radiated field i n  the CWT using the re\.erhcration 
chamber. 

. .  
I: I I 
I, I I 

The peak cavity coupling factors for chamber B are sho\vn in Figures 1.1.2.2-1 and 1.4.2.2-2.  Cnlihe 
the CWT data. where the en\elope of the peak coupling \\‘:IS desired. the approsirnation of the peak 
coupling was more conservative. since i t  described the actual capability of the test chamber. The trend 
line of the approximate peak coupling is also shown in  the Figures 1.1.2.2-1 and 1.4.2.2-2. 

Approx Peak - 

Below 200 MHz. the data show large variations. making i t  difficult to estimate the trend line. Large 
data variations in  this range are very typical for any reverberating cavity o f  similar \.olume. I n  this range. 
the cw\~clopc of the data is shown instead. as was done for the CWT data. (See Figure 1.4.2. I .3- I . )  This 
should not pose any problem for the comparison. as using the trend line is ;I more conser\,ative approach 
for testing purposes. In addition. neither the test chamber nor the CWT bays start to beha\,e like ;I , y o o d  
reverberation chamber iinti l  a frequency of about 200 MHz. Good reverberation characteristics are 
defined in  Reference 4-7, and allow simulating the CWT using a reverberation chamber. Furthermore. 
the antennas used in characterizing the CWT and the test chamber were out-of-band belou. 300 MHz. 
Thus. the data presented below 200 MHz are shown for comparison\ only. 
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Figure 4.4.2.2-1: Peak cavity coupling in NASA reverberation chamber B (25 hlHz - 1 GHz). 
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Figure 4.4.2.2-2: Peak cavitj coupling in NASA IYVerbeI'dtiOn chamber B ( 1  GHz - 6 GHz). 

3.3.2.3 Cottiparisom of EM Similarity 

Comparing the en\elope of the CWT peak coupling factor i n  Figure\ 4 4.2.1.3-1 and 4.4.3.1.3-2 to the 
approximate chamber B's peah coupling factors in Figures 4 4 2 2- I and 4.3.2.2-2, the scale factor 
between chamber B and the irorst c a w  of the CWT \\as deri\ed. 

For the same radiated poner at the transmit antenna. the . s (w/c , /&,ror was defined as the ratio between 
the power coupled into the receive antenna in chamber "B". ah cornpiired to the envelope of the power 
coupled in to  the recei\.e antenna in the CWT bays. Therefore. in  order to simulate the tield en\.ironnient 
in the CWT. the input power to the test chamber "B" would hale t o  be compensated according to the 
scale factor. For example, at a given frequency. if there ia  I W: of radiated power in the CWT and the 
scale factor is 3 dB. 2 W of radiated power in chamber B would bc needed for an equivalent radiated tield 
environment. The scale factors. ;is shown in  Figures 4.4.2.3- I m d  4.4.3.3-2. vary between 2.5 dB near 
200 MHz to about 7.5 dB abo\se 750 MHz. 

It was decided that testing for radiated field susceptibility of' \\.iring. using the scale factor results 
above, should no t  be performed belo- 200 MHz. This was becauw the radiated field characteristics of 
small cavities, such as the CU'T bays and the test chamber. are nut uell understood. It is also difficult to 
radiate from or couple power onto wires efficiently, in ca\,ities of [ h i \  size across th is  frequency band. 
Conducted power coupling is likely to be more efficient i n  coupling power to all parts of the wires at most 
frequencies in this range. Thu5. i t  MX determined wire-conducted susceptibility tests should provide more 
useful data below 200 MHz tlian radiated-tield susceptibilitj teats. 
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4.4.2.3-1: Cavity coupling scale factor- NASA test chamber B versus fuel fank (25 RIHz - 
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Figure 4.4.2.3-2: Cavity coupling scale factor between NASA test chamber B and CkVT. 
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4.4.3 Aircraft Measurements of Passenger Cabin Coupling to CWT and CWT Wiring 

3.3.3. I Measurement Method, Applicability arid Results 

There here wveral po\\ible iiiechani\m\ to couple RF energ! to twlt location on the FQIS niring i n  

the CWT from ;I PED tran\mitter i n  the pa\\enger cabin. 

Conducted Coupling: 

Energ} coupled onto the FQIS wiring i n  the pawtiger cabin. and continued along the 
FQlS wiring to the fault location to create LI \parhing/arcing e\'ent. This  mechanism i s  
typically true ;it lower frequencies where the wire length is short relative to a \va\,elength. 

Radiated Coupling: 

EnerSy coupled into the CWT through the FQIS \\,iring. but re-radiated in the CWT. 
Energy wiis then coupled back onto the FQIS near the fault location to create an event. 
This scen:irio has validity at higher frequencie\ \\here cable length is on the order of a 
half \\a\.elength o r  more. At thew frequtvcie\. the wires act like an antenna i n  
radiating po\\rr .  I t  is difficult to contain the energy on the wires if the distance of 
travel is long. 

i i .  Nor r l i t * o i r g l i  the FQIS itiriizg: 

Energ) coupled into the CWT through other nit';in\ lihe duct\. pipe\. un\hielded 
aperture\/hole\. The free field wa\ then coupled onto the FQIS wiring near the fault 
location to create a ym4du-c. 

I t  was necessar}. to measure and bound the amount of power coupled through all the means. To 
achieve this goal, a known aniount of power was delivered inside the passenger cabin to simulate energy 
radiated from PED transmitter sources. A wide-band lo? periodic antenna ( 100 MHz - 1 GHz) and a dual- 
ridge horn antenna ( I GHz - I8 GHz) were used as radiating source5 to cover from 25 MHz to 6 GHz. By 
measuring the power on the FQIS wiring at the connector. and the radiated power density in the CWT 
with the FQIS connector both mated and de-mated. the coupling data and the bounds were estimated. 

4.4.3.1.1 

Power coupled on the FQIS at the CWT entry was measured h) attaching the FQIS connector to a 
spectrum analyzer through a custmi adapter. Due to limited time. i t  was impossible to measure power 
across all possible pin combinations on the connector. It was decided to measure power across the pins in  
three combinations to represent both differential mode and coninion mode couplings: 

Power on the FQlS FViring at CWT Entry 
I )  Test Method. A diagram of the setup is shown in Figure 4.4.3.1.1 - 1 : 

HI Z to LO Z pin\. 

HI Z to LO Z COMP pin\. and 

All HI Z, LO Z and LO Z COMP pin4 tied together r e l~ t i i e  to airframe chas\ir. 

84 



Tracking Source (7) 
\ 

FQ I S W I r ing 

Center Wing Tank 

Where: 
- 
__ RFCables 

FQIS wiring external to CWT 

Transmit Antenna 

Figure 4.4.3.1.1-1: Passenger cabin to FQIS wiring coupling measurement. 

More details on the pin configurations of the connector can be found in Section 2.2. 

As shown in Figure 4.4.3.1.1-1, an antenna in the passenger cabin transmitted a known amount of RF 
power. Below 1 GHz, the source output was typically 10 mW, however, a pre-amplifier ( H P  83017A) 
was used above 1 GHz to compensate for higher cable loss. The main area of investigation was within 10 
m of the location in the floor where the FQIS wiring penetrates into the left landing gear well. I t  was 
determined that this location was the most likely area for maximum coupling above 25 MHz, since much 
of the power would be lost to radiation otherwise. The locations in the passenger cabin where strong 
coupling occurred were recorded. Later, it was experimentally determined that the location of highest 
FQIS coupling, measured at the CWT connector, was in the area closest to where the FQIS wiring 
penetrates from the passenger cabin to the landing gear wheel well. 

The transmit antennas were about 5-10 cm above the floor, and were pointed directly at the wiring 
while being camed up and down along the length of the wiring. The antennas were polarized tangentially 
as well as perpendicularly to the wires. In addition, the antennas were also pointed in several random 
directions to check for other coupling mechanisms. These tests did not show any higher coupling than by 
directly illuminating the FQIS wiring. Figures 4.4.3.1.1-2 and 4.4.3.1.1-3 show the measurements being 
performed in the passenger cabin. 
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Figure 4.4.3.1.1-2: A log-periodic antenna simulating a PED transmitter in passenger cabin below 1 GHz. The 
antenna was pointing directly at  the FQIS wire section under the floor running along the length of the 

aircraft. Tests were performed with the antenna polarized both parallel and perpendicular to the wires. 

Figure 4.4.3.1.1-3: A dual-ridge horn antenna simulating a PED transmitter in passenger cabin above 1 GHz. 
The antenna was pointing directly at  the FQIS wire section under the floor running along the length of the 

aircraft. Tests were performed with the antenna polarized both parallel and perpendicular to the wires. 
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Equipment used for the meawrements are listed helow: 
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Transmit Antennas: 
EMCO-1134HP Log-Periodic Antenna. IO0 MHz to 1 GHz 
AEL-H I479 Dual Ridge Horn Antenna, 1 GHL to I2  GHz 

~- -~ 

RF Source: 
HP-85633A Traching Source, 300 hH7 - 6.5 GHz 
(a lw uwd w i t h  HPX30 17A pre-amplifier for frequencie\ aho\ L' 1 GHr)  

Spectrum Analyzer: 
HP-8563E. 9 kHz - 26.5 GHz 

All RF cables and the pre-amplifier used in both transmit and receive paths were labeled at the end of 
the measurements for  later calibration back at NASA LaRC. These calibration data were then applied to 
renio\fr the effects of cable loss and amplifier 'gain i n  the measurement data. I n  addition. transmit path- 
I os s data we re co I I ec t ed for se vera1 freq ue n c i e s w h i le pe rfor m i n 2 ;I i rc raft me as LI re me t i  t s. U po t i  ret u rti i t i  2 
to NASA LaRC. the transmit path-loss measurements were repeated. and found to bc w i t h i n  I dR of what 
w;is measured at the aircraft. 

2 )  Test Results. The results from the three ineastirenients are sho\vn i n  Figures 4.4.3.1.1-4 and 
4.4.3. I .  1-5 for frequencies below and above I GHz. At 1 GHz. there was a chanfe i n  antennas used. I t  is 
important to note that the bound of the data is more important since small differences in  wire installation/ 
positions/ configurations would result in  different sets of niexiirenients. The bound. o r  the en\,elope is :I 
good reprehentation of the maximum power that bounds all the cffects caused by small \'ariatioils in 
wiring positions. 

-70 { 
1 FQlS All-Pins to Chassis; 

FQlS HI Z to LO Z 
FQlS HI Z to LO Z COMP I - - -  

_- I -  Envelope I ~- 

-80 ' 
0 2 00 400 600 800 1000 

Freq (MHz) 

Figure 4.4.3.1.1-4: Coupling from passenger cabin to FQIS wiring (25 hIHz - 1 GHz). 
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Figure 4.43.1.1-5: Coupling from passenger cahin t o  FQIS wiring ( 1  GHz - 6 GHz, 

As can be observed from Figures 1.4.3.1.1-4 and 4.4.-3.1,1-5. the worst case of all three was the power 
measured with all pins together relative to the plane's chassis. representing the common-mode coupling. 
Below I GHz, the envelope of this data was about I O  dH higher than the data from differential mode 
coupling. w.here power was measured across any two pins. Th ih  result was not surprising since the wires 
connected to the pins were s o  closely placed. any voltage coupled onto one wire was likely to couple to 
the others as well. Thus. the voltage difference between any two pin5 \hould be small. causing only small 
differential power measured across them as shown i n  the data. The coninion mode measurement. on the 
other hand. measured the poifer on the wires relarive to the ch;r\\i$. w h i c h  was not close to the wiring in 
the passenger cabin. It therefore should be higher. as shown. 

Aho\.e 1 GHz. there was little difference between the en\elope o f  all three sets of data. Also. the 
envelope starts to drop off dramatically above I GHz. Due to fast drop off in the coupling envelope. 
together with low PED radiated power above I GHz from Figurc 4.3.4-1. i t  was anticipated that PED 
transmitter sources above 1 GHz would be of little concern i n  causing ;I \park. 

3 )  Numerical Corrections to Meusitred Datu. Of the two types of lo\ses associated with a typical antenna. 
iiiejficicwc:\. and iiiiprrltiiic.r ii t isi ircirt  A, mismatch loss is a concern if the antennas are used out-of-band. 
Antenna mismatch causes high reflected power, preventing some poww from being delivered out of the 
antenna. Antenna inefficient!, on the other hand, is caused h\, power absorption by the antenna, which is 
typically converted to heat. 

The antennas used in these nieasurements were fairly efficient. as little power is absorbed by the 
;intennas and converted to heat. They also had low mismatch lash i t  used in band. In order to extend the 
use of the collected data down to 35 MHz. which was out ot band for the log periodic antenna used, 
mismatch losses needed to be addressed. 
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Typical PEDS were assumed to be 100 percent efficient and to have no mismatch as the worst case. 
This assumption is typically far-from-true between 25 MHz to 100 MHz. or the antennas would have to 
be impracticably large. However. since little is known about the upper performance of these antennas. this 
assumption bounds their performance. 

In order to simulate full radiated power, the measured power on the FQIS wiring needed to be scaled 
up to account for reflected power at the log-periodic and the dual-ridge horn transmit antennas. The scale 
factor was computed from free space transmit antenna reflection coefficients. This correction procedure 
had been used in the past and showed good results [Ref. 3- 121. The mathematical expression to correct for 
antenna mismatch is shown in Appendix C. 

No attempt was made to adjust the data for antenna gain difference between the antenna used and 
typical PED transmitter antennas. It was expected that the log-periodic and the dual-ridge horn antennas 
provided the worst case since they have higher antenna gains. Most PED transmitter antennas are dipoles 
of length not larger than half a wavelength at the operating frequencies. The maximum gain for a half- 
wave dipole is about 2.15 dB. Alternatively, the lowest gain was 7 dB for both the log-periodic and the 
dual ridge horn antennas according to the manufacturer's data. The test antennas therefore provided an 
upper bound on the PED transmitter antenna gains and. as a result. the power that could be coupled onto 
the FQIS wiring. 

The data shown were also corrected for the impedance mismatch caused by the introduction of the 
custom adapter between the FQIS wires and the 50 ohms N connector. This mismatch can cause up to 4 
dB error at 25 MHz. A special procedure to measure and correct for this mismatch was developed and 
applied to the data. More details about this correction can found in Appendix C. 

4.4.3.1.2 Coupling from Passenger Cabin to Antenna inside CWT 
As stated previously, once the conducted power couples into the CWT. it may conduct straight down 

the wires to create a sparWarc at a fault location directly. However, if the wires are long with respect to a 
wavelength, some power may radiate first. The radiated power may re-couple onto some other part of the 
wire to create a sparWarc. In addition. the radiated power in the passenger cabin can couple into the CWT 
through other means, like unshielded apertures. 

In this section, measurements are presented of radiated field coupling from the passenger cabin to 
inside the CWT, with the FQIS connector to the CWT mated as well as de-mated. These measurements 
give an estimate on the upper bounds to the radiated coupling to the inside of the CWT. and how much 
would be through the FQIS wiring. 

I )  Test Method. Similar to measurement of coupling onto the FQIS wiring. this measurement also 
involved a radiating antenna in the passenger cabin. The setup and equipment used in the passenger cabin 
were identical to the setup and equipment used to measure coupling to the FQIS wiring described 
previously. Similar to the measuring of coupling onto the wiring. the antennas in the passenger cabin 
were pointed directly at the FQIS wiring while scanning along the length of the wires. In addition, the 
antenna was also pointed in multiple random directions to simulate mechanical stirring. However. the 
results were far below those with the antenna pointed directly at the wiring. The locations in the 
passenger cabin where maximum coupling to the antenna in the CWT occurred were noted. The set-up is 
illustrated in Figure 4.3.3.1.2- 1 .  

Inside the CWT. a log periodic antenna (200 MHz - 1 GHz) and a dual ridge horn antenna ( 1  GHz - 18 
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GHz) were used to measure the free space power density. These antennas covered two bands 25 MHz to 1 
GHz. and 1 GHz to 6 GHz. A spectrum analyzer with trace setting on maximum hold monitored the 
power coupled onto the receive antenna. The spectrum analyzer setting stayed in this mode until all 
antenna positions. polarization and directions were covered. The trace was then downloaded to a 
computer for processing. 

Center Wing Tank  

FQtS wiring external to Fuel Tank 
Where: 

- 
- RFCables ’ Mechanical Stirrer 

Transmit and receive antennas 

Figure 4.4.3.1.2-1: Passenger cabin to fuel tank radiated field coupling. 

As described previously, the log-periodic antenna in the CWT was used out-of-band from 25 MHz to 
200 MHz. Unlike the transmit antenna in the passenger cabin. no attempt was made to correct for antenna 
mismatch from 25 - 200 MHz. This was because the same antenna transmitting the CWT would create a 
highly reactive modal structure. effectively altering the antenna transmission characteristics. especially in 
this frequency range. The effects on the mismatch are not well understood under these circumstances. 
Thus, i t  was best to present the results as they were measured without mismatch correction for the receive 
antenna. 

In the CWT bay where the measurements were made, a mechanical stirrer was used to stir the energy. 
This ensures that the receive antenna “sees” the peak power density in the bay. 
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Equipment used for the measurements are listed below: 

Transnii t Antennas i n  Passenger - Cabin : 
EMCO-3 I44HP Log-Periodic Antenna. 100 MHz t o  I GHz 
AEL-H 1479 Dual Ridge Horn Antenna. I GHz to 12 GHz 

Recei\e Antenna\ in CWT Ray I : 
EMCO-3 148 Log-Periodic Antenna. 200 MH7 to I GHr 
A&H SAS-200/57 I Dual Ridge Horn Antenna. I GH7 to 1 S GHr 

Kecei\,e Antenna\ in CWT Bay\ 3 & 6: 
EMCO-3 146 Log-Periodic Antenna. 200 MHz to I GHz. 
A&H SAS-200/57 1 Dual Ridge Horn Antenna. I GHr to I X GHz 

KF Source. 
HP-85644A Traching Source, 300 hHz - 6.5 GHz 
(a lw u\ed with HP83O 17A pre-amplifier for frequencie4 aboie 1 GHz) 

Spectrum Analvzer 
HP-8563E. 9 ~ H Z  - 26.5 GHz 

All RF cables and the pre-amplifier used in both transmit and receive paths were labeled at the end of 
the measurements for later calibration back at NASA LaRC. These calibration data were then applied to 
remove the effects of cable loss and amplifier gain in the measurement data. I n  addition. transmit path- 
loss data were collected for several frequencies while performing aircraft measurements. Upon returning 
to NASA LaRC. the transmit path-loss measurements were repeated. and found t o  be within I dB of  what 
was measured at the aircraft. 

For all aircraft measurements, the measured data were confirmed to be within the dynamic range of 
the instruments used. Such effort was especially important i n  th i s  case. because coupling \,allies from the 
passenger cabin to the CWT were very low with the FQIS connector de-mated. The en\,elopes of raw data 
measured i n  bays 3 and 6 (not presented here) were only 5-10 dB abo\.e the equipment noise floor 
between 900 MHz to I GHz. This margin was considered sufficient. because only the en\,elope> o f  the 
data were of concern. Above 1 GHz, a pre-amplifier was used to enstire that the raw data were high 
enough in magnitude for instrument sensitivity. 

2)  Test Results. Due to limited time, coupling to only the three representative bays out of six were 
measured: Bays I ,  3. and 6. The same measurements were made with the FQIS wiring mated to the CWT 
as well as de-mated. 

a )  With FQIS Connector Mated to C WT: 
The results are shown in  Figure 4.4.3. I .2-2 for frequencies belon, I GHz, and in Figure 4.3.3.1.2-3 for 

frequencies above 1 GHz. As can be seen on  the charts, coupling to bay I appeared to dominate between 
500 MHz to 2 GHz. Above 3 GHz. coupling to bays 3 and h dominated the enwlope. This result 
indicates that the FQIS wiring was no  longer a major factor for coupling into the CWT in this  range. 
However. the coupling levels were now so low, as not to be ;I concern. Above 2 GHz, the en\.elope of the 
coupling factors was about -60 dB or less. This result means that for every watt of transmitted power i n  
the passenger cabin. only I pW was coupled to an efficient antenna i n  the CWT. Coupling to the wiring 
i n  the CWT should be even less. The worst-case coupling was at about 500 MHz, \c.ith ;I coupling factor 
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of approximately 4-3 dB. Even at this frequency. it  was about 70 dH (or  a factor of 100 i n  magnitude) 
lower than the Ivorst-case coupling from the passenger cabin to thr. FQIS wiring. 
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Figure 4.4.3.1.2-2: Peak coupling from passenger cabin to antenna in different bays in the CM’T (25 MHz - 1 
GHz ). 
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Figure 4.4.3.1.2-3: Peak coupling from passenger cabin to antenna in different bays in the CWT ( I  GHz - 6 
GHz)  

92 



h )  
The same set of measurements was also repeated m:ith the FQlS \\,iring de-mated from the CWT. The 

purpose of these measurements was to investigate the contributions to the radinted fields due to coupling 
mechanisms other than through the FQIS wiring. The results are presented in  F i p r e s  4.4.3.1.2-4 and 
4.4.3.1.2-5. 

FQIS Wires De-mated from C WT: 

-50 s z+ -60 0 
S .- - 

These charts show. that there were other coupling mechanism than through the FQlS wiring to 
contribute to the free field inside the CWT. I n  addition. the en\,clope of the data \\.itti the FQlS connector 
mated is also s h o k v n  for comparison. These comparisons .;how that at frequencit.\ above npproxiniately 2 
GHz. the FQIS wiring did not play a dominant role i n  contributing to radiated fields \v i th in  the CM'T. 
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The charts show niaxinium coupling of approsiinatelj -60 dH belo\+ 1 GHz.   id -70 dB iibo\,e I 
GHz. These levels were too low to be of concern for this effort. Therefore. no further inwstigation of 
these soiirces on the radiated field environment was made. 
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Figure 1.4.3.1.2-5: Peak coupling from passenger cabin to antenna in CWT. FQIS de-mated from CM’T. 
( 1  GHz - 6 G H z )  

1.3.3.2 Application to PED Threat Levels 

Previous data showed that  the worst-case coupling from thc paswnger cabin was from the  FQIS 
wiring. The worst-case coupling to ;in effkient antenna in the CWT was almost 20 dB lower. Applying 
these coupling factor en\elopes to  the PED threats shown in  F i p r c  4.3.4-1 resulted in Figures 3.3.3.2-1 
and 3.4.3.2-2. 
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Figure 4.4.3.2-1: PEDS power coupled onto FQIS wiring. 
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For frequencies up to 500 MHL. the worst-case power that could be induced upon on the FQIS was 
about 30 mW, except for frequencies near 27 MHz. The level drops off sharply after 500 MHz. At 27 
MHz. a device radiating at 25 W FCC limit in the passenger cabin. would result in a 59 mW worst-case 
coupling on the FQIS wiring. However, a more reasonable practical limit for a PED in the passenger 
cabin was about 10 W or less. since it would have been impractical to carry a 25W device onto the 
airplane. (The RF power required to create a discharge on the laboratory FQIS installation is reponed in 
Section 4.5.) 

Figure 4.3.3.2-2 shows that a maximum PED threat in the passenger cabin could couple a maximum of 
approximately 0.2 mW of power to an antenna in the CWT. This value bounds the power that could be 
coupled onto FQIS wires in the CWT by radiated fields. 

In both cases i t  is evident that PED coupling at frequencies above 1 GHz declines significantly. This 
result was useful for determining frequency limits for subsequent experimental testing. 
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4.4.4 Isolated Fuel Probe Tests 

In  section 4.4. I ,  i t  was shown that the RF input impedance of the FQlS installation i n  the laboratory 
chamber could be compared to a~ actual CWT. While the es;ict KF input impedances at ;I specific 
frequency were not identical be'.cveen the two installations. the a\'erape \,slues and statistics \\'ere \'cry 
similar. I t  was also noted th:,'. the input impedance could change due to factors that may affect the EM 
boundary conditions within 5::ch a system. These factors could include wire placement within the CWT. 
temperature, and the presence and location of any ob.ject \+.ithiti the CWT. The prewncc of ;I \,aryinp 
amount of fuel becomes an obvious factor influencing the CWT EM en\.ironment. and therefore. thc 
CWT FQIS input impedance 

To explore this issue i n  detail, a single fuel probe was removed from ;I retired B-747-100. and 
instrumented to determine how its specific input impedance characteristics were affected b\, immersion i n  
varying levels of fuel. A description of the measurement setup is discussed in Section 4.1.4. I .  and results 
and conclusions are provided i n  Section 3.3.4.2. 

44.4. I Measirreinerit seticp 

This test was performed by NSWC personnel. who had espertise. access to fuel, and the equipment 
necessary to perform such an analysis safely. The test was designed to measure the impedance a t  an 
isolated fuel probe as a function of frequency, and to investigate the effects of different le\'els of fitel on 
the input impedance. 

Figure 4.4.4.1 -1: Equipment necessary for performing the isolated fuel probe tests. 
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Fisure 4.4.4.1-1 shows the complete set of equipment used for the test. The network analyzer sensed 
as the primary measurement instrument. The analyzer transmitted a low-level R F  signal from the 
measurement port. The same port was then used to I-eceiiFc the RF reflections from the fuel probe. The 
output ofthe netbbtorh analyzer \vas less than I InW. which was ;I safe power level for this fuel test. As an 
extra precaution. ;I fire extin~uisher was included i n  close vicinitj t o  the test setup. Located directly 
beside the cart shown in the photoyraph. \vas the test fixture de4iyiied to provide a non-intrusive method 
of irnmersing the probe into firel. 

A diagram of the test setup is shown in  Figure 4.4.4.1-2. The figure shows the network analyzer 
attached to the fuel probe. The test port cable and the measurement adapter were calibrated s o  that only 
the reflection of the submersed fuel probe nssembly w a s  meawred. A plastic container was used to 
ininierw the probe into three different amounts of fuel. The KF r-eilection, as a fiinction of frequency. 
was measured n.ith the network miljrzer and stored on the cumpiiter. This measurement was performed 
for three configurations: empty: M i t h  two inches of fuel: and with t\vo feet of fuel i n  the container. 

Adapter, 

Figure 1.4.4.1-2: Isolated fuel probe test setup. 

4.4.4.2 Results and conclusions 

Figure 4.4.4.2- 1 shows the data gathered in the three measurement. where the complex reflection 
coefficients for all three configurations are plotted on ;I Smith Chart. The reflection coefficient was 
measured for frequencies from 300 kHz to 400 MHz. Highest reflection magnitude is indicated for data 
points located farthest away from the center of Smith Chart. \l.'hen the reflection magnitude for a device 
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is high, less power is absorbed by the system. For more information about the Smith Chart, refer to 
Appendix E. This plot shows that for the majority of frequencies, there was little chance of dissipating 
power on the fuel probe. There are several locations where the data are close to the center of the chart. 
These locations indicate frequencies where the probe best dissipated or radiated applied power. 

Legend 

No Fuel 

2 Inch Fuel 

1 A 2 Ft Fuel 

Figure 4.4.4.2-1: Smith Chart view of the complex reflection data for three fuel levels, from 0.3 to 400 MHz. 

The magnitude of the reflection coefficient is plotted in Figure 4.4.4.2-2 as a function of frequency. 
This figure better reveals the resonant frequencies of the fuel probe. The maximum of the plot (1.0) 
represents total reflection of the RF signal. Total reflection implies that all of the power sent to the probe 
was reflected back to the source. Conversely, the further down the trace is located on the graph the more 
power could be coupled onto the fuel probe. These dips in the magnitude graph are referred to as the 
resonant frequencies of the probe. 

In examining the three data runs plotted on Figure 4.4.4.2-2. the resonant frequencies are shifted by 
the presence of the fuel. The first large dip is generally referred to as thejirst  resonance. This first 
resonance was shifted down only a small amount for the addition of two inches of fuel, but was shifted 
significantly more with two feet of fuel added. By looking at the dips in Figure 1.3.3.2-2. it can be seen 
that the fuel probe resonant frequencies were changed by the addition of the fuel, but it is inconclusive as 
to whether the reflection coefficient magnitude was always lowered or raised. 
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Figure 4.4.4.2-2: Magnitude of the reflection coefficient for three fuel levels. 

It can be concluded that the addition of fuel in the CWT shifted the resonant frequencies of the FQIS. 
Even a small amount of fuel shifted the resonant frequencies of the fuel probe. As expected. the fuel 
probe was highly reactive. and for most frequencies it reflected most of the applied power. However, 
there were several resonant frequencies that coupled power to the fuel probe easily. This power was 
radiated or dissipated in resistive losses. This information, along with the detailed characterization of the 
FQIS system in the following section. provide a basis for the RF-induced ionization, discharge. and 
heating test described in Section -1.5. 
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4.4.5 Detailed Measurement of FQIS Installed in Laboratory 

The ob-jective of the conducted-coupling measiirements on the FQlS was to measure the induced 
currents and voltages at the M 127 connector assembly and at niultiplr locations throughout the FQlS 
simulator. The baseline transfer functions were determined bet\seen input pom'er and induced KMS 
current. ;is well a s  input power and induced RMS voltage at the M 127 connector. With additionat probing 
beyond the M 137 connector into the simulated CWT FQIS components. the frequencies and lociitions 
where current or voltage enhancements occurred throughout the CWT FQlS \vert' determined. The data 
from these detailed characterizations of current and \ oltage relationships \+'ere uwd to define 
susceptibility points for the KF-induced ionization. discharge, and heating tests. 

3.3.5. I Laboratory Setup 

In  Section 4.4.1.3, the NASA LaRC FQIS simulator was demonstrated to be comparable to the aircraft 
CWT FQIS installation in terms of average impedance and reactii e characteristics. lroni 0.3 to 1000 
MHz. Based upon this  comparability. the FQIS simulator w a s  qualified for use a h  a comparison tool i n  
quantifying voltage and current magnitudes induced upon the CWT FQIS, due t o  RF power applied to the 
M 127 connector. Most instrumentation and laboratory wtups used for the current and voltage 
measurements of this section were the same as described for the impedance measurement\ of Section 
3.4.1. except the network analyzer was configured for transmission. rather than reflection nie;isurenients. 

Figure 3.4.5.1-1 shows the ten primary test position locations for  the detailed electrical 
characterizations on  the FQIS simulator. Test positions were determined prior t o  the conducted-coupling 
measurements. The positions identify locations where current and \.oltage enhancements \vert' lihely to 
occur. Test position TP-I was established at the input to the FQlS as a reference. The other test posi t ihs  
were primarily at the HI Z or LO Z terminal of the fuel probes. Some of these test positions pro\.ed to be 
locations of current and/or voltage enhancements. 

I n  addition to the test positions shown in Figure 3.3.5. I - I .  additional current probing w a s  conducted 
along individual wire lengths. and additional voltage probing \vas done on the structure of the file1 probes 
themselves. N o  additional locations of significant current and/or \,oltage enhancements were obser\,ed. 
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Figure 3.4.5.1-1 Primary current-voltage Test Position (TPI locations. 
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4.3.5.2 Irtstritrnertt Setup 

The laboratory instruments and system under test (SLIT) were configured as depicted i n  Figures 
3.4.5.3- I and 4.4.5.4- I .  The network analyzer \vas set up  to operate and calibrated for transmission 
measurenients. The signal source was set for a logarithmic frequency sweep from I MHz to I GHz. The 
resolution was set for 201 points per sweep at a sweep rate of 100 t i i ~ ~ .  The network analyzer p o w r  \vas 
est ab1 is hed at 0 dB in to assure su fticien t dynamic range to cond ttct t ransmi ssion iiie~siire nien t 4 t hrous h 
long wire paths. 

An adapter device allowed for connection between the test port cable and the FQIS L).?-test lead. 
which connected directly to the M 127 connector assemblj., mahinF i t  possible to directl). iti.ject signals 
throiigh this  interface. onto the FQIS wiring, and t o  the  fiiel probe4 0 1  the FQIS ~ imi~ la to r .  The adapter- 
device and ;I typical coininon mode pin connection to the D3-M 127 input interface of  the FQIS can be 
seen i n  the foreground of Figure 4.4.5.2-1. Several fuel probes arc \,isible i n  the background o f  this t ip r t ' .  

Figure 4.4.5.2-1: RF Type-N Coaxial-to-Pin adapter, D3 test lead. and the FQIS h.1127 connector. 

The adapter device was previously characterized for any mismatch effects using the network analyzer 
in a time-domain gating mode. Time domain gating is an advanced technique that ma1' be employed to 
remove connector effects. I t  provides the capability to remove or greatly reduce the degradation and 
uncertainty caused by the connector to cable interface and the effects of test leads. 
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4.4.5.3 Current Enhancement Measurements 

During the measiirements to determine current enhancement4. the iiieasureinent system was calibrated 
and configtired in  the laboratory as depicted i n  Figure 1.4.5.3- 1 .  t7\ing the set power Ie\.el of 0 dBm, the 
current probe was seqiienced through the test position location4 according to the defined test matrix of 
various excitation modes (signal injected on the transmit tebt port cable) and various sensed paths ( s ipa l s  
detected on the receive test port cable). The data were recorded and saved for later analysis. The 
niapitudes. frequencies. and locations of the most significant cui-rcnt enhancements were documented for 
additional testing described in  Seclion 4.5 of this report. 

Data / Computer 

&-I i" ..... . ...... ........ 

K, Test Port Cable 

Figure 4.4.5.3-1 : Induced current measurement laboratory setup. 
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3.3.5.3 Voltage Enhancement Measu renterits 

During the measurements to determine voltage enhancements. the nieasiirenient system was cat ibrated 
and configured i n  the laboratory as depicted in Figure 4.4 4- I ,  Using ;I set pov,w Ie~.el  of 0 dBm. the 
voltage probe was sequenced through the test position locations according t o  the defined test matrix of  
various excitation modes (signal in.jected on the transmit test p01-1 cable) and \,arious wnsed paths (hignals 
detected on the receive test port cable). The data were recorded and s a \ d  tor later anal),sis. The 
magnitudes, frequencies, and locations of the most significant voltage enhuncements \\ere docuniented 
for additional testing described i n  Section 4.5 of this report. 
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Figure 4.4.5.4-1: Induced voltage measurements laboratory setup. 
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3.3.5.5 Conducted versus Radiated Excitation Coniparisori 

So far. all nieasurement~ described in  Section 4.4.5 hait. rclatcd to conductive modes of FQIS 
excitation. In Section 1.4.3. i t  was shown that the external FQIS it  iring was not the only means for power 
to enter the CWT, however, i t  was dominant up to about 2 GHz. (Set. Figures 4.4.3.1.3-3 and 4.4.3. I .2- 
5 . )  Power entering the CU'T from paths other than the FQIS must couple radiatively to the FQIS wiring. 
As shomxi in Section 4.4.3. the CWT m'as a good re\.erberating cncIo\iirt.. and radiated field enhancements 
did occur. Therefore. i t  \ \as iiset'iil to compare voltages iind currt.nt\ induced upon the CWT wirin? from 
both conducted trml radiated cxcitation modes. 

Tracking 
Source 

Spectrum 
Analyzes 

\ /  Stirrer 

I I 
I I 

Figure 11.11.5.5-1: Experimental setup for comparing currents induced upon CU'T wiring from both 
conducted and radiated excitations. 
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1.4.5.5.1 Experiment Setup 
A sketch of the experiment setup is shown in Figure 4.4.5.5- I .  Because the conducted \'erstis rdiated 

excitation comparison test was of secondary priority. the follo\vinp simplifying (and timc sa\ping) 
deterniinations were made: 

0 Only one conducted mode was selected for compariwn u i t h  the radiated ekcitaticin mode. 

Only  current was  measured, not voltage. This decision \\'as made because the Prodyn I320R 
clamp-on current probe was easier and faster to use than the \'oltage probe. Either method 
would be sufficient for the relative comparison nature of  this data. 

Two test data sets were collected: I ) Radiated Mode, using ;I log periodic ;intenna (200 M H z  - 1 CHI. 
rated bandwidth): 3 )  Conducted Mode. using the LO Z red to Chassis excitation (because i t  tended to 
pro\.ide good coupling at all designated test positions). Al l  unused M I27  connections were left un- 
terminated to minimize resisti\'e loading that could result i n  reduction of induced \wItages and currents. 

Peak current coupling was measured at eight test position locations (TP-7.3.4.5.6.7.8.9: a s  shown i n  
Figure 4.4.5.1-1 ), Al l  measurement data were stored i n  terms of p o ~ . o r  trm.\fi,r hetween the tracking 
source and spectrum analyzer. Because cable loss and the current-to-power relationship for the Prodyn 
probe were the same for both radiated and conducted excitations. comparisons of power transfer ( i n  dR) 
should be equivalent to current comparisons. The cable length connecting the Prodyn current prohc was 
of sufficient length to allow measurements anywhere on the FQIS installation. A second log periodic 
antenna was present and terminated into a SO Ohm R F  load. This configuration maintained ;I chamber 
quality factor similar to that when the calibration was performed. The spectrum analyzer / traching 
source measurement system was operated in a similar manner as described in Section 4.4.2 for the peak 
cavity coupling factor. except that the Prodyn probe was connected to the spectrum analyzer receive path 
(instead of another antenna). The source output level was +30 dBm ( I O 0  mW) to ensure sufficient 
dynamic range in the measurement system. The mechanical stirrer was operated continuouslj, for all 
measurements, which permitted measurements of the peak envelope to be made at all frequencies and EM 
boundary conditions, as the spectruni analyzer was repetitively swept i n  "Maximum Hold" mode. 

4.3.5.5.2 Experiment Data 
Both radiated and conducted measurements were performed using the same set of cables. at the same 

measurement positions, with the same current probe and the same input power l e \ ~ l .  Onl). the method of 
excitation was changed. After many spectrum analyzer frequency sweeps for a particular measurement 
position, the maximum coupling envelope data were downloaded from the instrument with a standard 
laptop computer, and stored as a file. Data files were created for each of eight measurement positions for 
radiated and conducted excitations, resulting in 16 data files. Figure 1.4.5.5.2-1 shows raw data for each 
measurement position, for both the radiated and conducted excitations. It is important to note that a 
mismatch l oss  occurred at the power input for the conducted excitation mode. Such a mismatch loss was 
negligible when applying power to the antenna because i t  was designed to minimize this loss. Also. the 
+20 dBm power level from the source needed to be accounted for i n  calculating a coupling ratio. 

I f  the maximum coupling location for each frequency is taken. maximum envelopes of these two 
excitations can be compared directly. This procedure was ~ised along with compensation for mismatch 
loss and source output power to obtain the Peak Coupling plot shown in Figure 3.4.5.5.2-2. 
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Figure 1.4.5.5.2-1: Data for each of eight measurement positions, for both the conducted (left), and radiated 
(right) excitations. This data was not corrected for the +20 dBm source output, or for the SO Ohm mismatch 

loss that applied to the conducted excitation. 

-70 : 3 .4 

2 

Frequency. MHz 

Figure 4.4.5.5.2-2: Maximum (of eight different test position locations) measured coupling from radiated 
versus conducted excitation modes on the laboratory FQlS installation. This data was corrected for the +20 
dBm source output. and mismatch loss at  the connector. 
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4.4.5.5.3 Analysis of Experiment Data 
Figures 4.4.S.5.2- I and 4.4.5.5.2-2 both relate to the laboratory chamber FQlS installation o n l y .  

Because a given input power will generate a higher maximum radiated coupling i n  311 actual CM’T (as 
compared to the laboratory chamber), the peak radiated couplins (red line) shown in Figure 4.4.S.S.2-2 
would probably be higher in the actual CWT. (See Section 4.4.2.3.) 

An attempt was made to compare the worst-case coupling values of radiated \‘erst14 conducted CU‘T 
( I  p . s . s c r i g c ’ r -  cuhiii t u d i t l t d  , \ O ~ O Y Y ~ .  The two calculat ions b e l o ~  show these excitations ( I S  gcrw,atorl 

comparisons 

FQIS Conducted Path 

Outside CWT b 

Pawmger- 
Cabin Source 

Inside CU’T b 

Point o f  
Hi g liehl 
Current 

Passenger Cabin to FQIS coupling (worst-case) -23 dB 
FQIS to current probes (worst-case) -33 dB 

Total  =-57 dB 

Figure 4.-t.3.1.1-4) 
Figure 4.3.S.S.2-2) 

~ ~ 

Figure 44.5.5.3-1 : Calculation of worst-case coupling values considering only FQlS wiring as primary 
coupling path. 
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FQIS Radiated Path 

I I I 

Inside CU'T 
L 

Apply Scale Factor + 
~~ ~ 

Inside Laboratory Chamber 

Point of' 
L 

Highest 
Current 

Passenger Cabin to CWT Re\.. Antenna (worst-case) -1-1 dB (Fig.1.1.3.1.2-2.SOO MH/ 
CWT \ 's. Lab.Charnber Scale Factor +J dB (Fig. 1.1.2.3-  I ,  500 M H l l  
Transmit Antenna to current probes (in lab chamber) - -32  dB (Fig 4.4.5.5.3-3) 

Transmit 

I Total = -72 dB 

Figure 4.4.5.5.3-2: Calculation of worst-case coupling values considering multiple coupling paths. 

From this data, i t  is shown that the FQlS cnntluc.rrtl p r / i  coupling from the passenger cabin to the 
highest current probe output was -57 dB. The r d i l i N r P d  p i d i  coupling from the passenger cabin to the 
highest current probe output \vas -73 dB. This comparison shows a difference of about IS dB for 
frequencies above 300 MHz. Below 200 MHz, radiated path coupling becomes highly unpredictable (due 
to limited modes in the limited cavity volume). whereas conducted path coupling becomes more 
predictable and efficient. Based upon this analysis, i t  W;LS decided that the primary excitation mode 
should be conductil e for the subsequent RF Induced Ionization. Discharge, and Heating test in the 
laboratory chamber. 
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4.4.5.6 Selectiori of Maxiinurn Voltage arid Currerit Enfiaricertierit Positioris 

Excitation Mode 

HI Z - Cha\\ i \  
LO Z COMP (Blue)  - 
Chassi\  
LO Z (Red) - Chas\ i \  
HI Z Shield - Chas\ i \  
HI Z - LO Z (Red) 
HI Z - LO Z C O M P  (Blue) 

Numerous measurements of current and voltage were obtained from thc lahorntor! FQIS installation. 
Using the laboratory instrumentation setups sho\vn i n  Figures 4.4.5.3- 1 (induced current ). and 3.4.5.4- I 
(induced voltage), all comnion-mode excitations and two differential-mode excitations \\'ere applied. and 
data collected at the test positions defined in Figure 4.4.5.1-1. The results from these iiie;isiirements 
provided insight about the current and voltage enhancement points of the system. A summar; of the data 
gathered i n  the coupling measurenients for each type of excitation is no\v discussed. Because of the large 
amount o f  data gathered, an independent display of each coupling measurement \viis impractical. The 
data was useful i n  determining the highest current or voltage enhancement from the nieasuremcnt set, 
therefore similar data was plotted together on single graphs. 

Primary Measurement Secondary Meawrement  
Locat ion Locat ion 
HI Z HI Z Shield 
LO Z COMP (Blue) HI Z 

LO Z (Red)  HI Z 
HI Z Shield HI Z 
HI Z - LO Z (Red) HI Z 
HI Z - LO Z COMP (Blue)  HI Z 

Table 4.4.5.6-1: Summary of excitation modes, and measurement locations for the detailed characterization of 
the FQIS system installed in the laborator!, reverberation chamber. 

Table 3.4.5.6- I shows the different excitation modes in\.estigated in the coupling measurements. For 
each excitation mode there were two types of measurements tahen. The primary set of measurement 
locations was located on the identical path (the excitation path), and the secondary set of measurements 
was taken on the Hi Z line for almost all of the excitation modes. The only exception MU that when the 
Hi Z terminal was the excitation, the secondary set of measurements was taken on the Hi Z shield path. 
For each excitation mode. there were as many as ten test positions on the FQIS where the couplins 
measurements were taken. A series of composite plots describing the current coupling. and a series 
describing the voltage coupling, are given. 

Figure 4.4.5.6-1 shows a representative composite plot of a data set. This figure represents the 
coupling of each test location, for the HI Z - Chassis excitation mode. The coupling \.slue is displayed 
along the amplitude axis. These values represent the net reduction in signal strength as measured by the 
network analyzer. The coupling values displayed here account for cable losses of the attachment cables. 
but do not account for a calibration of the probes. Because the maximiim coupling w a \  desired. and the 
calibration was identical for all of the recorded measurements. there was no reason to apply the 
calibration to the more than 180 coupling measurements. 

The complete set of coupling data is displayed i n  twelw composite data plots. Figure 4.3.5.6-1 
through Figure 4.4.5.6-6 represents a summary of all of the FQIS system related ciirreni enhancement 
measurements. From these plots i t  can be seen that for the upper frequencies the coupling values 
greatly with frequency, and the coupling values are much more stable for low frequencies. The I O U  
frequency regions have the highest coupling. and will therefore provide the highest possibility of ;in 
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enhancement point. Figure4 4.4.5.6-6 through Figure 4.4.3.6- I 2  reprewit a wnimary of all of the FQIS 
sy \ t em re I at ed \fol t age en hance mc 11 t meaw re me n t \ . 

A ke), reason for the acquisition of the coupling data u'ah to establish a worst-case enhancement 
excitation and the corresponding worst-case test location. The rexults, from the detailed characterization 
of the FQIS installed i n  the NASA LaRC re\,erberation chamher, pro\,ide insight about the current and 
\,oltage enhancement point4 of the system. The meawrenients w r e  plotted on the same axis in order to 
shou the relati\,e magnitudes of each. The masinium current coupling \ d u e s  are determined by looking 
for the highest coupling meawred with the Prodyn I-320B current probe. By examining each of the six 
current enhancement plots. i t  can be seen that the HI Z Shield - Chawis excitation mode produced the 
highest coupling \.slues (Figure 4.1.5.6-1). From this excitation tilode there were four test point locations 
that had the highest coupling. Each of these on11 differed slightl). a s  can be seen in Figirre 4.4.5.6-4. 
Because of restrictions asociated with the nieasureiiient system\ arid the time available for the test. onl) 
one of these points was selected as a test candidate. From these lour  positions, TP-2 (see Figure 4.4.5.1- 
1 ) \vas selected for the high-power testing. The worst-case \.nltage enhancement excitation modes were 
determined to be LO Z (Red, - Chassis, and LO Z COMP (Hlue) - Chassis. From each of these. TP-6 
w a s  the wmt case enhancement position. 
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Figure 4.4.5.6-1 : Induced current coupling measurements. HI Z - Chassis excitation. 
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1 L 
Induced Current.  Overlay of all tes t  cases  (I-HIZ-LOZB-HIZ) 

- 2 0 ,  I 

E 
m 
D 
0 
0 - 

m 
E -100 - 
- 
Q 
3 -110 s l o 6  1 0 '  l o 9  1 o'i 
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Figure 4.4.5.6-2: Induced current coupling measurements. HI Z - LO Z COhlP (blue) excitation. 
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Figure 4.4.5.6-3: Induced current-coupling measurements, HI Z - LO Z (red) excitation. 
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Figure 4.4.5.6-4: Induced current coupling measurements, HI Z Shield - Chassis excitation. 
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Figure 3.4.5.6-5: Induced current-coupling measurements. LO Z COMP (blue) - Chassis excitation. 
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Figure 4.4.5.6-6: Induced current coupling measurements, LO I, (red) - Chassis exitation. 
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Figure 3.3.5.6-7: Induced voltage coupling measurements, HI Z - Chassis excitation. 
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Figure 4.4.5.6-8: Induced voltage-coupling measurements, HI Z - LO Z COMP (blue) excitation. 
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Figure 4.4.5.64: Induced voltage-coupling measurements. HI Z - LO Z (red) excitation. 
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Figure 44.5.6-10: Induced voltage coupling measurements. HI Z Shield - Chassis excitation. 
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Figure 4.4.5.6-1 1: Induced voltage-coupling measurements, LO Z COhlP (blue) - Chassis excitation. 
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Figure 4.4.5.6-12: Induced $oltage coupling measurements. LO Z (red) - Chassis excitation. 
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4.5 RF Induced Ionization, Discharge, Heating of FQIS Installed in 
Laboratory Chamber 

Since 1967. the U.S. Federal Aviation Administration ( F A A )  has pro\-ided hpecific giiidmce f o r  
protecting airplane fuel systenis against fuel vapor ignition due to lightning. i n  the form of Ad\,isory 
Circular 20-53 and subsequent release documents. The preferred means of achie\ ing protection has been 
to eliminate sources of isnition within aircraft fuel systems. An essential fiictor is to ensure enough 
separation of isolated conductors to  allow potential differences of thousands of  volts. \ \ i thoti t  dielectric 
breakdown. This practice was evident throughout the CWTs of the retired B-747- IO0 airpliuies obser\.ed 
in Ne\\ Mexico, and was presumed to be similar t o  the wiring practice within the TWA-800 CN'T. 

Because RF signals are harmonically based, they can induce resonant effects upon wiring and fuel 
quantity probes. More specifically, if a RF signal is applied to the CWT FQlS connector. prah \,oltage\ 
and currents at some locations in  the CWT may exceed those present at the input. 

The subject of dielectric breakdown in alternating fields become.; rather- complex. When the harmonic 
period of an alternating field becomes shorter than the transit time of ?as ions between t w  conductors. 
the DI:fltfi/.siort Tlicwy. of breakdown applies. Diffusion Theor!. postulates that ;I field re\ ersal will occur 
before many of the charzed particles are collected at the electrodes. resulting i n  an increased densit), of 
charged particles. which, in turn, causes a field distortion. Ilepending upon frequencj. the minimum 
breakdown voltage can be reduced by u p  to 30 to 40 percent [Ref. 4- 131. At e\.en higher frequencies. :I 
resonant situation can develop in which the electron transit time between conductors is comparable to 112 

cycle of the applied electric field. When this situation occurs. some electron\ collide Lvith conductor 
surfaces. liberating more electrons just as the electric field passes through zero. The secondary electrons 
travel back toward the other conductor along with many of the primary electrons that did not collide with 
the conductor surface. This is known as r ? ? i / l t ; ~ ~ ~ i ~ ~ t ; ~ ) i i .  and cat1 result i n  significantl!, enhanced dielectric 
breakdown phenomena [Ref. 4- 141. Atmospheric pressures ;ire an effectiw suppre 
multipaction however. because the electron mean-free-paths are reduced to negligible values (< 0.2pni for 
nitrogen at 10 km above sea l e \ ~ l )  [Ref. 4-15]. The TWA-800 accident occurred at about 10.000-ft 
altitude: therefore, the atmospheric pressure was such that muhipaction m a y  essentiall\, be eliminated as a 
factor for enhancing dielectric breakdown. 

Therefore. there are two basic conditions that could contribute t o  enhanced conditions for electron 
discharge in the analysis: 1 )  Resonant enhancements of \d t age  and current on the CWT FQIS. 2 )  
Alternating field enhancements of ion diffusion lowering the mininium breakdown voltage by 30 or 40 
percent. 

In this section, data from Section 4.4.5 were used to estimate worst-case \.()Itages and currents that 
may be induced by a given power level. Experiment setups. instrumentation. and test methodologiex that 
were used to determine whether applied RF power could cause an ionization event o r  excessiw heating 
are described. 

4.5.1 Estimation of CWT Voltage and Current Magnitudes Induced by RF 

In  Section 4.4.5, methodology and procedures were described to characterize voltases and currents 
present throughout the FQIS. resulting from various modes of RF excitation over a broad frequency 
range. When the plots of Section 4.4.5.6 were compared to one another, locations and excitation modes 
for peak enhancements were found. This comparison. howejzr. said nothing about the magnittide of the 
enhancements. To determine the magnitude, a reference was required. A suitable reference wwld appear 

119 



to be the point at which power \vas applied to the FQIS, except it  \+;I\ subject to reflection and reactive 
effects from the attached circuit. These effects \'ary as frequency i 4  changed. In fact. voltage and current 
enhancements diie to reflection and reactive effects \\.ere exactl!, \\,hat needed to be quantified. The best 
reference \vas actually that of a t i r a t c . l z c 4  r e t w i w r i o t i .  Such ;I termination was fabricated with \.oltage and 
current nieasurement points compatible with NASA LaKC 
reference data were obtained, and are given in Appendix F. 

\,()Itage and current probes. Calibration 

Voltage and current 
within a Mcrtclied 
Ti)rmiiiutioii. 
("Currenr - Vol~age  
Sanipl t ng Fi xture". 

KF CVSF- w e  Appx F)  
Load 

Voltage and current 
measured at a FQIS 

Fuel Ouant ic~ Probe 
Terniinul Bloch 

Figure 4.5.1-1: Comparison of voltages and currents for a matched termination versus an FQIS test position 
location. In this case, a common mode (line to chassis) voltage is depicted for the FQlS test position. 
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Using Figure 3.3.1-1 as a guide. voltage and current enhancements ma!' be defined as follows: 

If a gi\.en RF signal is applied to the input of either the matched termination or thc FQlS input. then: 

This equation only addresses the upplied stimulus. Reflection will affect the total \.oltage and current 
magn it u de s . 

The networh analyzer FQIS voltage and current tran\fer t'unction niedwreiiient4 dew-ibtld in  

Appendix F can be 4ioMin i n  equation form: 

FQIS-VTF(f) is equal to the FQIS voltage transfer function. and FQIS-CTF is equal to the FQlS 
VFI,,,,< and lF,y,,hk, are the transfer current transfer function. as measured by the network analyzer ( S , , ) .  

functions of the respective measurement probes (voltage-\ioltage. current-current). 

A "matched termination" was fabricated, and is described i n  Appendix F (Current - Voltage Sampling 
Fixture. CVSF). Its voltage and current transfer measurements can also he represented i n  equation form: 

CVSF-VTF(f) = Mismatch Term(f) x VF,,, ,h ( f )  (4.3.1-6) 

CVSF-CTF(f) = Mismatch Term(f) x IFI,,,,, ( f )  (4.3. 1-7) 

CVSF-VTF(f) is equal to the CVSF voltage transfer function. and CVSF-CTF is equal to the CVSF 
current transfer function. as measured by the network analyzer (S21) .  Because the device was not ideal. i t  
presented an impedance mismatch also, however, a network analyzer was used to quaiitif! the Mismatch 
Terms. Data for the NASA LaRC probes are given in Appendix F. 

All measured voltages and currents will be a product of the applied voltages and currents multiplied by 
the appropriate transfer functions. This relationship can be shown as: 
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All tran4fer function4 and tian4t'er facton were measured in term4 of dB. therefore: 

VEcIl, ( 1 )  = FQIS-VTFcIl, - CVSF-VTF,,,, (3.5.1-10) 

Data for thc worst-case current enhancement point and thc t \ vo  \\ orht-case voltage enhancement pointh 
are shonm as Figures 1.5.1-2. 4.5. I -i, and 3.5.1-1 below. From thew graphs. i t  can be seen that voltage 
enhancements of up to 27 dB ( - 2 1  time.;) may occur at .;otiit* point4 ;I\ compared to those of the S O  Ohm 
matched input condition. 
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Figure 4.5.1-2: CE,,,(f) = {Measured FQIS-CTF,,,, from HI 2 Shield t o  Chassis at TP-2. when power was 
applied between HI Z shield and Chassis at the hI 127 connector) - { CVSF-CTF,,,). 
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between the LO Z (red) and Chassis at the M127 connector} - (C\'SF-VTF,,,,}. 
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Figure 4.5.1-4: VE,,,(f) = {Measured FQIS-VTF,,, from LO Z COhlP (blue) to Chassis at TP-6. when power 
was applied between the LO Z COMP (blue) and Chassis at the M127 connector) - (C\'SF-VTF,,,). 
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The laboratory RF sources. passive devices and amplifiers u4ed in this testing were designed and 
calibrated in  terms of power de1it.ert.d to a 50-Ohm rchistivc impedance. For Z=S0 Ohms. the 
relationship between Power ( P )  and Voltage (V)  is: 

V =  JpxsO (4.5.1-12) 

This relationship i4  plotted i n  Figure 4.S.l-5. The \.olta?e data multiplied by 22 times are also shown. 
Heca~isr  voltage enhancetnrntx of 22 times w r e  measured hetueeri L O  Z COMP (blue) and Chassis at 
TP-6. \.oltage as high as I5OV (RMS)  at TP-6 could be espected \\ i t  ti I O  W' of applied pcwer at about 550 
MHz. ( I t  must he noted that this location and frequent) n e w  4pccific only to the NASA LaRC 
/ l i l x ) t u f o i ; \ ,  installation. Frequent! ~und location o f  masinium \,(>Itages \ \ , i l l  both vary depending upon the 
specific aircraft installation and fuel level. The t ~ i . t - i / ~ ~ / / / ~  voltage mirpitude should be similar however. 
hecause the magnitudes of  105s and reactance do  not chanFe.! 

IO00 

IO0 

IO 

I 

-A A- -1 1 - 1 L L _  _1 - I -  - 0.1 
0 00 I 0.0 1 0 I I I O  IO0 

Watt\ 

\ersus Power across a 50 Ohm matched load X 22. This represents a worst-case bound upon FQIS voltage 
magnitudes that ma! be seen with a @\en input power. 

Figure 4.5.1-5: Bottom trace: Voltage wersus Power across a 50 Ohm matched load. Top trace: Voltage 

Again. it  rnust be noted that the CWT FQIS connection presented ;I highly reactive impedance whose 
magnitude was irot 50 Ohms, and was ~isually about 2 or 3 times higher. Higher input impedance 
magnitudes would result in  higher input voltage magnitude\ (see Equation 4.5. I - 13) at the FQIS 
connection regardless of whether o r  not the connection was matched, which would cause the apparent 
"enhancements" shown in Figures 4.5.1-3 and 4.5.1-4 to be lo\ i .o/-.  I t  was therefore reasonable to say that 
the red line ("SO Ohm Voltage X 22") on Figure 4.5.1-5 established a reasonable t t 'orst-ruse bound upon 
the FQIS voltage magnitudes that could be present .so/wtt~/ioro, with ;I given input power. 



4.5.2 “Weakening” of worst-case test points 

From Figure 3 5 1-5, i t  caii be estimated thLtt over 30 I+’ wxild he required to achie\e ‘1 \\or\t-cd\e 
rnaxiiiitiin of 1000 V at \ome point within the CWT Becatiw the CWT FQlS in\tall,itioii \$‘I\ de\igiied 
tor rho~/wud\  of i d r ,  of dielectric-withstand bet\ceeii conductor\. i t  \\a\ deemed high14 iiiilihel! to 
expect PED threat l e \ d  \ i p i l \  to cdu\e dielectric bre‘ihdonn (h\eii n i th  30 - 3OC;; degrdation in  

dielectric with\tand due to alternating field\.) It \ \a\  decided IO extend the te\ting to include wine 
rea\onahle fault condition\ that could increase the Iiheliliood ot dielectric brwhdo\\ti o i  localized he‘ltiiig 
T w o  independent tau11 condition\ were introduced. and ale de\cribed in Figure 3 5 2-1 

I I 

Intermittent short condition at voltage 
enhancement location. TP-6 

Figure 4.5.2-1 : Introduction of fault conditions to worst-case current and voltage enhancement locations. 
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1.5.2. I Reduced Ciirrerit Carrying Capacity at Current Enhancement Location (TP-2) 

The connection of  FQIS signal lines to fuel probe4 was accomplished by crimping "0" lugs onto the 
bare stranded signal line wires. and securing the "0" lugs to fuel probe terminals. With this termination 
method. i t  is sometimes possible that strands of wire can be inadvertently cut when the insulation is 
remo\~ed. or ma). break due to handling and \fibration. When t h i 3  occurs. the remaining strands will be 
niore resistiw than the surrounding conductive path. and can be \ub.ject to localized heating as the current 
is increased. For this test. the HI Z shield pigtail connection to the TP-2 terminal was modified by 
removing a 1 x 2  inch section of' all conductive strands except one. When applying RF power between the 
HI Z shield and Chassis at the M 177 connector. t h i 4  particular location hias determined to pro\,ide ;I 

masimum current enhancement. Any localized heating due to iipplied lXF power could be espected to be 
most se\'ere at this location. 

1.5.2.2 liiterrnitterit Short Condition at Voltage Eiiharrcernerrt Location (TP-6) 

To e\.aluate the potential i'or ;I piece of conductive debris to induce an intermittent short condition at 
some point upon the FQIS. ;I piece of brass wool was bonded to the supporting structure and made t o  
randomly contact a FQIS probe terminal (by  applying forced air through a rotating plastic fan assembly ). 
Two terminals on the compensator probe (TP-6) were determined to provide maximum voltage 
enhancements. The), were the HI Z terminal (when RF p o w r  \\';IS applied between LO Z (red) and 
chassis at the M I 2 7  connector), and the LO Z COMP (blue) terminal (when RF power was applied 
between LO Z COMP (blue) and chassis at the M I 2 7  connectort. ,411 intermittent short at one of these 
locations co~ild be expected t o  dewlop a "break spark" condition with the lowest applied RF power. 

4.5.3 Detection Methods 

Five different tools were used to monitor for dielectric breakdown and heating events during testing. 
Each device has unique characteristics in  terms of spectral rcsponse. sensitivity and directionality. 
Descriptions and photographs of each are given belo\\*. Note that each installation was protected against 
the effects of the laborator), HIRF ent.ironment. 

4.5.3.1 Visible Camera 

A small "lipstick" size standard video camera is shown in Figure 4.5.3-1. Output from its interface 
control box was standard NTSC \,ideo format. These are commonly used in  NASA LaRC's HIRF 
laboratory for monitoring test articles. and are effective for detecting low-level adspark events only if 
placed a few inches away. The aperture was shielded with a copper screen, and the camera and wiring 
was protected by a copper tube. with nickel plated copper oterbriiid shielding the wiring. 

4.5.3.2 Infrared Imaging System 

An Inframetrics model 600. nitrogen-cooled thermal imaging system was used to detect localized 
heating events. I t  was provided and operated by NASA LaKC's Aerodynamic Measurements Branch. 
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Thernial Imaging System 

Visible Light 
Camera 

UVTron 

Portable AM Radio 

Night Vision 
System 

Figure 4.5.3-1 : Detection methods for discharge and localized heating events. 
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1.5.3.3 UVTron 8 

A set of ultraviolet detector tubes (manufactured by Haniiiniatsu) were provided by the Naval Surface 
Warfare Center. to detect discharge phenomenon. These tube\ arc extremely sensitive to a narrou' range 
of wa\.elengths around 200nni. and are essentially unaffected b) \ iciblc light conditions. Two tubes were 
housed together and required to detect an ionization event cimiiltaneoiisl~ before annunciating. to prevent 
false alarms. 

4.5.3.3 A M  Radio 

Probably the most sensitibe device a\.ailable for detecting diwliarge phenomena is the household AM 
radio. For these tests. the ferrite antenna was remo\.ed from tht .  radio housing and installed inside the 
rewrberation chamber. Unfortunately. the system was easily upset by relativelj, low levels of applied EM 
fields, and w;is sei1sitiL.e to electrostatic noise outside the re\,crheratisn chamber. I t  was also unable to 
localize a source of discharge. but \\'as useful as a supplemrntar> detection de\,ice. 

1.5.3.5 Night Vision System 

Shown in Figure 1.5.3-1 is an AMT MO-32 night vision scopc. attached to a standard 8mni camcorder 
with low-lux capability. This tool was relied upon most i n  o i i r  testing. The scope has a maximum light 
gain of  65.000 and a field of \ , iew of 30 degrees. By using ;I \tandard mirror. almost the entire 8ft x Aft  
FQIS installation \viis obser\,able. A small battery pou,ercrl tla\hlipht provided enough light in the 
chamber to allon. localization of discharge events 

4.5.4 Validation of Discharge Detection Devices with Electrostatic Discharge Gun 

I t  was important to confirm that all discharge detection devices could reliably detect spark with less 
than 0.2 mJ energy released. For this task. a Schaffner NSG 43.5 Electrostatic Discharge (ESD) simulator 
gun was used. Such a de\,ice is typically used for \,erifying discharge immunity for consumer products. 
A schematic diagram ofthe gun's circuitry is shown in Figtire 4.5.4-1. [Ref. 3-17] 

Figure 4.5.4-1 : Schematic diagram of electrostatic discharge gun. 



When operatin?, the capacitor (C\)  is charged via an ad.iustahle voltage source (DC). through a 
When the voltage across C> reaches that  of the source. the de\.ice is read), for charging resistor (R<,,) .  

discharge. 

The total energy stored i n  the capacitor is pi\.en as: 

1 

2 
StoredEnergy = -CV '  (1.5.1- I ) 

Upon discharge, all this energy i s  released via Rsl and the spark channel bet\veen the Discharge tip und 
the Discharge return connection. At discharge, maximum power will he transferred to the spark channel 
if its resistance is equal to R,,=330 Ohms, and the rnaxinium energy released into the sparh tvould he: 

1 
4 

Maximum Spark Energy = - C V  ' (4.5.4-2 1 

To validate the instrumentation, it  was therefore necessary to detect a cpark created by ;I \.oltafe 
meeting the following equation. 

1 SO. lo-" Farads 
v12 .31  k V =  (1.5 .-I-3 ) 

The Night Vision System, UVTron and AM radio were all \,erified and used onl!, i n  such a \vay a\ to 
reliably detect ESD gun sparks generated with less than 2.3 I hV. 
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4.5.5 "Full" PED Threat Level Test 

origin all^. three \et\ of te\t\ \ \eie planned. M hereb) increa\iny leiel\  of RF power would be applied 
to the FQIS (u\ing \40r\t-caw e\cit,ition mode\) Thew te\t\ \vue teimed 

Reduced: To simulate the condition of estimated worst-c;iw PED coupling onto FQlS wiring, 
based upon actual aircraft measurements of m;iXimum induced power from a portable source 
located anyvhere w i t h i n  the passenger cabin. 

0 Full: To simulate the condition of the highest po\vc'r PED. applying power directly from its 
antenna terminal to the FQlS wiring over the entire frcquenc! band. 

Excessive: To exceed the condition of a higtie\t po\ser PED. applying power directly from 
its antenna terminal t o  (he FQlS wiring over the entire frequency band. Power could be 
increased up to the lewl of HIRF laborator), capability to establish a margin over any real 
PED threat. 

The Rrrlircwl threat le\.el test was performed. and did not yield any evidence of discharge or heating. 
e w n  at the induced fault location\. I n  addition to conducted excitation. the Reduced threat level test also 
included a radiated threat element. whereby power- b a s  applied to an antenna i n  the reverberation 
chamber. at a power level reduced by the passenger cabin coupl in~  factor, but increased by the tanh- 
chamber scale factor. 

As noted in Section 1.3.2. the Phase-l effort required testing to the Fir11 test level, without introducing 
artificial fault conditions. Becauw of similarity to the Reduced threat level test. and the fact that testing 
at the Full lex1 \ + a h  required in Phase-I. setup and rehults t'or o n l y  the Full threat level test will he 
provided in this section. 

The E.u.r.s.si\~c~ test le\.el mas to be applied only if no arcing/sparking or excessive heating "ah 

observed with the Full test level. However. as will be reported in t h i \  section, discharge events could be 
generated with an intermittent short condition when applying the Full test level. Because of the time 
required to quantify the minimum power required for a discharge e\.ent with an intermittent fault (see 
Section 4.S.6), no Excessive threat level testing n:as performed. 

3.5.5. I Test Setup 

From the PED threat analysis performed in Section -I.-?. i t  \\as seen that the available power from 
typical PEDS \.arks greatly o \ w  the frequency range 27 MHz to 6 GHz. Also, as shown in Appendix 
C.2. the adapter between the FQlS wiring and S O  Ohm RF cable had a mismatch that was non-constant 
with frequency. In  the laboraton,. it was possible to adjust the applied power while changing frequency. 
but instrumentation limitations made this difficult and tiine-con\urning. It was decided that the most 
effective approach was to determine a worst-case constant for t h e w  factors. and select a constant source 
output level to ensure a i ) i i i i i i ? i i i i ) i  power level of I O  W was applied to the FQIS wiring across the 
frequency range 3 MHz to I GHz. Instrumentation was cont ipred ;is hhown in Figure 3.5.5.1-1. The 
sweeping source output power  is calculated as follows: 
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40.0 dBm (Highest expected PED threat level. 10 W - 40 dBm) 

+ 4.0 dB (Worst-case 50 Ohm source impedance mismatch. See Appendix C.2.) 
- 49.3 dB (Power transfer function from source output. through cabling. amplitier and 

- 5.3 dBm (Selected Source Output Level.) 
directional coupler at worst-case PED emission frequency - 27 Mllz.) 

The source was set to sweep from 25 MHz to 1 GHz every 26 seconds. This source setting resulted in 
FQIS-delivered power ranging from 10 to 30 W, due to amplifier gain variation. Researchers continually 
monitored the detection devices for evidence of sparking or heating. The intermittent short was applied 
only between the HI  Z terminal and Chassis at TP-6. (The other alternative maximum voltage 
enhancement location: LO Z COMP to Chassis at TP-6. was not intermittently shorted for the Full level 
test.) The test was repeated three times. once for each of the following excitation modes: 

0 

0 

0 

HI Z Shield to Chassis 
LO Z COMP (blue) to Chassis 
LO Z (red) to Chassis 

(The fourth possible common-mode excitation, HI Z to Chassis. was not tested because it  did not result in 
a maximum voltage or current enhancement. as determined in Section 4.4.5.6.) For each of these 
excitation modes. the N-Male to Coaxial Socket-Adapter was configured as shown in Figures 4.4.5.3- 1 
and 4.4.5.4- 1 

Amplifier 

Tracking 
Source 

I 1 

Analyzer 

rn N-Ma e 
Coaxial 
To 
Socket 
Adapter 

I < 

Figure 4.5.5.1-1 : Instrumentation setup for “Full” threat level conducted coupling test. 
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A 5.5.2 Test Results 

HI Z Shield to Chassis Excitation: No discharge e\ents wcre detected in any location. 

L.0 Z COMP (blue) to Chassis Excitation: 
location, 

No discharge events were detected in any 

0 LO Z (red) to Chassis txcitation: Sparking I.ILI\ detected at the intermittent short condition 
induced at the TP-6 111 7 terminal. No other locations exhibited detectable discharge events. 

‘The fact that no other locations exhibited discharge events was significant because i t  demonstrated 
FQlS immunity to applied “Full“ PED threat level RF power. This tcst essentially satisfied the contracted 
requirement. because the introduction of intermittent fault conditions was not part of the Phase 1 task. 

Some localized heating was measured by the thermal imaging system from within the M127 connector 
shielded box. Temperature increases of about 5 “F were recorded. and are shown in the imaging system 
display of Figure 4.5.5.1-2. In this tigure. “Area 1” was the location of peak current enhancement (TP- 
2), and “Area 2” was the location of peak voltage enhancement (TP-6). I t  can be seen that heating at 
these locations was negligible. 

’These results indicated that applying 10 W (or more) RF poncr directly to the FQIS terminals could 
not result in  discharge or significant localized heating on the C‘W’I’ FQlS wiring. 

Figure 4.5.5.1-2: Thermal Imager display. For this image, power Ie\els from 24 to 65 W were applied across 
the LO Z COVIP (blue) to Chassis terminals within the VI127 connector. Temperature measurement 

windows were defined at the current enhancement location (‘TP-2. defined as “Areal”), and at the boltage 
enhancement location (TP-6, defined as “Area2”). A temperature measurement window was also defined at 

wire\ exiting the 34127 connector 5hielded bo\ (“Area3”). 
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4.5.6 Minimum Power for Discharge Test 

4.5.6.1 Test Setup 

To accurately measure the minimum threshold at which discharge events would occur on the 
laboratory FQIS installation, a different instrumentation setup was required. and is shown 
4.5.6.1- 1. 

Figure 4.5.6.1-1: Instrumentation Setup for “Minimum Power for Discharge Test”. 

in Figure 

The night vision detection system was reoriented to focus exclusively upon the intermittent short 
location (TP-6). The tracking source was repeatedly swept s l o w l ~  across six frequency bands (at 
increasing power levels) such that readings could be made from the frequency counter and power meter 
when a discharge occurred. Six frequency bands were defined as follows: 

1 - 2 5 M H z  
25-50MHz 
50-100MHz 

0 100-200MHz 

0 400-10OOMHz 
. 200-400MHz 
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A calibration was performed to relate power readings at point to point m. and the 50-Ohm FQIS 
impedance mismatch loss (from Appendix C.2) was subtracted from the measured power to account for 
reflections. Two test cases were run. according to the maximum voltage enhancement locations defined 
by figures 3.5.1-3 and 4.5.1-3. 

Excitation at M 127 FOlS Connector 
LO Z (red) to Chassis - - - - - - - - - - - - - - - - - - -HI Z to Chassis 
LO Z COMP (blue) to Chassis- - - - - - - - - - - - - LO I, COMP (blue) to Chassis 

lntemittent Short at TP-6 Location 

4.5.6.2 Test Results 

As would be predicted by figures 4.5.1-3 and 4.5.1-4, somewhat less power was required for 
generating discharge events at the LO Z COMP (blue) intermittent short location. The testing revealed 
that an intermittent short circuit could cause FQIS discharge events with as little as 0.17 W of power at 
frequencies below 10 MHz. when the short was placed at a worst-case location for voltage enhancements. 
The optimal frequency for generating discharges in the laboratory installation was found to be 6.8 MHz. 
Figure 4.5.6.2-1 shows each frequency and power level at which a discharge was detected. Figure 
4.5.6.2- I shows a still image of a video-taped discharge event as viewed by the night vision system. 

3 
L” 

3 
0 a 

CL) 

l l  

Excitation: 1.0 Z COMP (blue) - 
Mensurc: 1 . 0  Z COMP (blue) - Chas. 

e 

1 
I 

~. __ 

. 
I I I I I I I I  

u. 1 
1 10 1 00 1000 

Frequency, MHz 
Figure 4.5.6.2-1: Test data showing power required at the FQIS M127 connector for arcinglsparking at 

location TP-6 in the laboratory installation, with an intermittent short present. 
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Figure 4.5.6.2-2: Night vision system display showing a discharge event at TP-6. (Note that this image was 
taken through a mirror, and is therefore reversed.) 

Induced fault data was combined with PED threat data (adjusted to account for passenger cabin 
coupling loss), and the plot of Figure 4.5.6.2-3 was generated. From this figure, i t  can be seen that a 
safety margin of about 10 exists between the lowest susceptibility l e \ ~ l  and the maximum PED threat 

[ r e  event on level. This result indicated that worst-case typical PED RF power could not generate a dischar, 
CWT components, even when an intermittent fault condition was present. 

100,000 00 
LO Z (red) to Chassis Excitation 

I HI Z to Chassis Induced Fault 
I 

10,000 00 
h 

e..... B g. 1,000 00 

LO 2 COMP [blue)  to Chassis Excitation 
LO 2 COMP (blue) to Chassis Induced Fault 

e .  1L. f 
0 10000 1 

10.00 
P - 

E 

P 
3 
0 
0 

1 .oo v, 

A 4 
a * -- 

* +Typ. Portable PEDS 
+ FC C _  Specs-Partial 

c *. 
0 10 +ANSI C63 18-1997 

0 

m Lab MinArcPower2 
Lab. Min Arc Power 1 

0 01 
1 10 100 1,000 10 000 

Freq (MHt) 

Figure 4.5.6.2-3: FQlS minimum observed arclspark levels with different excitation and induced faults. Also 
shown are the adjusted PED threats. 
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4.5.7 Supplementary Analysis Regarding Threats Below 30 MHz 

HF Source Trans. Trans. 

Power 
1 Frrq. I Peak 

(MHz) (kW)  
LSN P-3C BCXO 2.744 I 
159319 
U S S  P-3C BIJYO 0.79 I 
159319 
CSh P-3C BCNO 6.535 I 
1 5 93 1 9 
USN P-3C BLNO 6.07 1 
L 593 19 
L'SN P-3C B U S 0  7.5 1 
1593 I9 
USY P-3C B U N 0  1.395 I 
159319 
LISCG WPD- 133-3 7.75 0.2 

7 -  

Early in this investigation, i t  was determined that all dominant emitters contributing to the TWA-800 
EM environment were from pulsed sources operating at over I GHL frequency. As a result. the Section 3 
analysis applies only to these sources. For the experimental data reported in Section 4.5.6. the laboratory 
FQIS installation was found to be particularly sensitive to fault-induced arcing below 1 OMHz. requiring 
as little as 0.17 W of applied RF power. Most military aircraft, as well as trans-oceanic commercial 
aircraft are equipped with HF radios that operate between 2 and 30 MHz, and often transmit in excess of 
several hundred watts. Ground-based, early-warning. over-the-horizon RADAR systems operate 
between 5 and 28 MHz and can radiate up to 100 MW. I t  was therefore decided to specifically evaluate 
whether such transmitters could have been a threat to TWA-800. For this frequency range. the most 
likely RF source would be the on-board HF radio. However. i t  is known that the TWA-800 HF radio was 
not transmitting during its flight. 'The threat analysis, therefore. nceded to consider sources e..rter.nof to the 
aircraft. 'To assist in this analysis, the JSC provided supplementary data regarding dominant external 
emitters in  this frequency range. In all cases. the transmitters contributing to the (below 30MHz) TWA- 
800 environment were other airborne HF communication radios. (See 'Table 4.5.7- 1 .)  

Trans. Dist. Path 
Ant- Xmt I .oss 
enna Rc\. 
Gain "Slant 

Range" 
(dB) (nini) (dB) 

2.4 2.93 55.92 

2.4 2.91 63.78 

2.4 2.0.7 63.84 

2.4 2.9.3 64.01 

2.4 7.9.3 64.65 

2.4 2.0.3 63.76 

2.4 5.4! 70.26 

- 

Peak 
Field 

Intensity 

(Vim) 
0.042 15 

0.042 15 

Peak 
Power 

Density [F) 
-23.27 

-23.27 

0.042 I5 -23.27 

0.042 1 5 -23.27 

Table 4.5.7-1 JSC Data regarding dominant HF emitters. The last 2 columns in this table show the worst- 
case (highest) EM eniironment at the '1-M A-800 e\plosion location. 

Derivation of :Maximunt Power Intercepted by TWA-800 Aircrujk 

For polanzation matched antennas aligned for maximum directional radiation and reception. the 
relationship betueen received and transmitted power is as follou \ [ R e f  4- 161: 

(4.5.7-1 ) 
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Where G,,,,,,\ ,,1,,, is the maximum pain of the transmitting antenna. G,<\  ,,,,,, is the tiiaximuni gain of the 
receive antenna, R is the distance (Slcrur R L ~ I I ~ P )  between antennas. and iL is the \sa\elength of the 
transmitted frequency. The JSC data given above assumes orientation of transmitting ;intenn;is for 
maximum pain at the TWA-SO0 aircraft location. If the aircraft UYIS \,iewed ;is ;in airborne anlcnna. \I i t h  
optimal alignment and polarization matching the transmitting ;intenna. Equation 4.5.7- I describes the 
maximum power that could have been intercepted. liearriuiging the equation: 

Power Density at Mauin ium Ell ccti \ c' 
Aircraft Aperture 01  Aircralt 

Converting t h e  equation to dB. 

As rcportcd in JSC "Wavelength 
Data (Tahle 6.3- 1 ) Factor" 

Where wavelength is related to the transmit frequency ( f )  by: 

A = -  '. (meters) 
f 

(4.5.7-3) 

Again. considering the aircraft as an airborne antenna, its maximum Airframe Gain needed to be 
estimated. A good bounding estimate was obtained by comparing the aircraft to a dipole wire antenna o f  
the  same overall dimension. An actual dipole antenna would have ;I resistive dixontinuity at its 
midpoint. where all power would be delivered. Because an actual aircraft structure will not deIi\.er all 
power to a single point. the dipole assumption is very conservati\ze. With a length of about 7 1 meters and 
span of about 64 meters. ;I B-737-100 aircraft could be approximated by dipole lengths ranging from 0.2k 
to 7. Ih, when evaluated from 1 MHz to 30 MHz frequency. From Reference 3-16. the niaximum gain of 
a dipole antenna is about 3.3 (5.2dB) at about I .2Sh. 

Applying Equation 4.5.7-3 to the data in table 4.5.7- I .  and assuming a worst-case maximum Airframe 
Gain of 5.2 dB. the data shown in table 4.5.7-2 was obtained. Using all the stated worst-case 
assumptions. i t  can be seen that the maximum power available i n  the TWA-800 en\'ironment was less 
than 0.015 W. Even if i t  was assumed that all RF power available from the  3.733 MHz source was 
intercepted by the aircraft. and focused at an intermittent short at a worst-case \.(>Itage enhancement 
location in the CWT, there would still be a safety factor of about I I ,  when compared to the minimum 
power required for sparking in laboratory testing (0.17 W).  
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HF Source 

2 744 
6 79  

6 x i 5  
(7 97 

7 s  
7 595 

~ 

USN P-3C BUM 1 I59 7 I C )  

USN P-iC B U N O  IS9-IIC) 
USN P-3C B U N O  IS93 1') 
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Table 4.5.7-2: hIaximum po\rer available to a polarization matched, 1.25h. dipole antenna at the T\VA-800 
accident location, aligned for maximum directional radiation and reception from JSC identified HF emitter 

sources. 
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4.6 Conclusions for Internal Analysis 

In Section 3.3. existing literature resources were used to estimate EM threats from PEDS that may 
have been present aboard TWA-800. Upon reviewing FCC regLtI;itions, manufacturers specifications, and 
an ANSI standard for e\,nluating medical devices, it \\';IS determined that the most s ip i f icmt  PED threat4 
existed between frequencies of 37 MHz and I GHz. and were limited to less than approximately I O  \?.: of 
radiated power. 

In Section 4.5. an experimental analysis was used to determine \vhetIier RF power emitted from PEDS 
could caitse ionization or excessive localized heating \v i th in  ;i €3-747- 100 CWT. A series of unique and 
\,aluablt. measurements were performed upon two retired B-747- 100 aircraft. Detailed CWT data for 
ca\,ity reverberation. FQIS input impedance, and passenger cabin coupling kvere collected. A ma.jority of 
the experimental work involved duplicating the aircraft CWT FQlS instnllation i n  ;I laboratory 
reverberation chamber. and establishing coniparabilit), between the t w v  installations. Once the 
limitations and scaling factors for this comparability were quantified. detailed laboratory nieasitrenients 
were performed. 

The primary laboratory task was to determine whether ;I discharge event or excessi\.e localized lieatin_r 
could occur if maximuni practical PED-threat power levels were applied directly to the CWT FQIS 
terminals. without introducing artificial fault conditions, A minimum power le\,el of 10 W was applied to 
the FQIS terminals over a frequency band of 25 MHz to I GHz. using all three excitation modes that were 
experimentally demonstrated to provide maximum \.oltage and current enhancements. No detectable 
discharge event was observed on the fault-free FQIS laboratory installation. 

A secondary laboratory tash was to determine the absolute minimum power required at PED 
frequencies for a discharge or excessive heating event. when reasonable fault conditions \+.ere introduced 
that could increase the likelihood of dielectric breakdown or localized heatin?. By inducing an 
intermittent short circuit at a worst-case location for voltage enhancements. discharge e\.ents \vere 
induced when applying as little as 1.5 W of RF power at 40 MHz. considering the passenger cabin to 
CWT FQIS coupling losses. 1.5 W was at least 10 times greater than the maximum PED threat, even if 
the PED transmitted from an optimal coupling location in the passenger cabin. 

Laboratory testing to determine the absolute minimum power required for a discharge \vas extended 
from 25 MHz down to I MHz frequency. This testing revealed that an intermittent short circuit could 
cause FQIS discharge events with as little as 0.17 W of power at frequencies below 10 MHz. when the 
short was placed at a worst-case location for voltage enhancements. While this finding \+xs iinexpected. 
analysis revealed that the whole TWA-800 aircraft could not ha\.e coupled more than 0.015 W of power 
in  this frequency range from the surrounding EM environment at the time of the accident. Commerciall~ 
a\.ailable PEDS were determined to be insignificant in terms of radiated power below 25 MHz. 
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5 Final Discussion and Overall Conclusions 

Aircraft technology is becoming increasingly oriented toward the use of electronic s!.stems. Theories 
of operation and fundamental components of tlight electronic systems ;ire now commonly shared between 
aircraft and spacecraft, both military and civil. As these electronic systems become more integrated and 
complex. their designs require more digital circuitry operatin? at higher frequencies. and at lower pouer 
levels. These trends require a continual development of theory. techniques, standards and product\ to 

ensure the correct operation of critical electronic systems. Thew iss~ies ;ire of extreme concerii to NASA 
LaKC researchers. 

This in\.estigation provided an investment in tools. techniques. and expertise to be applied to future 
NASA LaRC activities. Several new analysis and test methods were developed during this effort. A new 
Modal AnalysidMoM computational EM code was produced for modeling large geometries (such as 
aircraft) at high frequencies. A methodology for measuring KF impedance of standard aircraft wiring \vas 
developed. and a statistical method for comparing impedances \\:as applied. An efficient technique for 
measuring peak coupling from the aircraft passenger cabin to FQlS n.iring \va\ also developed and 
applied. Several existing technologies were applied to the problem of detecting \,arious spectral 
signatures of dielectric breakdown and resistive heating in ;i HIRE' environment. 

I t  was determined that the existing open literature reflects a \'cry limited understanding of RF hazards 
to fuel. Engineers at the NSWC provided insight into military guidelines and documents regarding this 
issue. The experts at LTI provided valuable information regarding the issues of sparks. combustion 
processes. and RF threats to fuel. Discussion of these issues was published under separate co\er  [Ref. I -  
61 . 

In  Section I ,  i t  was stated that the goal of this investigation was to study the potential tor KF sources 
to have excited the TWA-800 FQlS enough to cause arcing, sparhing or excessive heating Lvithin the 
CWT. In Section 2. the FQIS and aircraft systems were described from the viewpoint of an EM system. 
Subsequently, the analysis branched off into two different directions: c .or i i l? i / tL i t ior ic l l  for the external 
source (HIRF) problem. and ~ ~ . ~ p r i ~ i i ~ r ~ t u I  for the internal source (PED) problem. The esternal and 
internal source efforts were completely reported i n  Sections 3 and 3. respecti\.ely, and conclusions were 
giizn. In  order to tie the entire NASA LaRC investigation together. conclusions for the external and 
internal analyses are restated and discussed in this  section. 

5.1 Results of External Analysis 

Using the maximum field strengths from signal sources identified by the JSC as dominant emitters. the 
maximum energy available inside the aircraft passenger cabin for each source was estimated using simple 
formulas. These dominant emitters were all pulsed sources. allowing the threat to be quaiititled in terms 
of energy. instead of power. The total available energy inside the aircraft cabin from the maximum 
dominant emitter (f= 2.875 GHz) was found to be less than 0.1 niJ. Even if this total energy could have 
been focused into a single discharge event, i t  was still below the generally accepted estimate of the 
minimum energy level (0.2 mJ) required to achieve ignition. 

To provide a more accurate estimate of how much energy could actually he coupled to the FQIS 
wiring within the passenger cabin from external sources, numerical modeling was used. The B-747- 100 
fuselage was assumed to be a large rectangular cavity with rectangular windows on each side. The ca\.ity 
was assumed to be homogeneous and lossless, with no seats or other structures present. A  ne^. NASA- 
LaRC developed numerical simulation technique. using a rectangular cavity Green's function and the 
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integral equntion method. estimated EM threats to the CM'T due to external EM sources. The 
ModaVMoM code hiis ulidated through agreement with other malyical techniques and measurements. 
The ModaVMohl approach resulted in a lower number of unhnnnm compared to other numerical 
methods. such ;IS the FEM and FDTD method>. Therefore. this  ne^ method was able to solve the large- 
size problems up to frequencies ot' 1-2 GHz. When applied to the ir\ailable energy from the 1.294 GHz 
emitter source. the Modal/MoM approach estimated that CWT FQlS coupled energy levels were several 
orders of magnitude ( (  1 to 30) x I O  ' 1  less than the maximum ii\ailable cnergy. 

5.2 Results of Internal Analysis 

In  Section 4.3, existing literatim resources were used to e\tiiii;itc EM threats from PEDs that may 
have been present aboard TM'A-800. Upon re\ iewing FCC regulation\. manufacturers specifications. and 
an ANSI standard for evaluating medical devices, it was determined that the most significant PED threats 
existed between frequencies of 27 MHz and I GHz. and were limited t o  less than approximately I O  W of 
radiated power. 

In Section 4.5. an experimental analysis \vas iised to determine Lvhcther RF power emitted from PEDS 
could cause ionization or excessive localized heating within ;I H-747-100 CWT. A series of unique and 
\,aluable nieasurements were performed upon two retired B-717- IO0 aircraft. Detailed CWT data for 
cavity reverberation. FQIS input impedance. and passenger cabin coupling were collected. A ma-jority of 
the experimental work in\sol\.ed duplicating the aircraft CCC'T FQIS installation in  a laboratory 
reverberation chamber. and establishing comparabilitj bet\+ern the two installations. Once the 
I i mi tat ions and scaling factors for this  comparabi I i t y  were q tIiint I fied. detai led laboratory measurements 
were performed. 

The primary laboratory tash wa5 to determine whether a discharge e\ ent or excessive localized heating 
could occur if maximum practical PED-threat power levels \a ere applied directly to the CWT FQIS 
terminals. without introducins artificial fault conditions. A minimum power level of I O  W was applied to 
the FQIS terminals o w r  ii frequency band of 25 MHz to I GHz. using dl three excitation modes that were 
experimentall\, demonstrated t o  pro\ide maximum \'oltage and current enhancements. N o  detectable 
di scharge event was observed on the friu It-free FQIS laboratory i n  st a1 lat ion, 

A secondar!. laboratory t a d  \vas to determine the absolute minimum power required at PED 
frequencies for a discharge or excessive heatin? event. u hen reason:ihlc fault conditions were introduced 
that could increase the likelihood of dielectric breakdown or lociilized heating. By inducing an 
intermittent short circuit at ;I \\orst-case location for \~oltagt' enhancements, discharge events were 
induced when applying as little as 1.5 W of RF power at  30 MHz. Considering the passenger cabin to 
CWT FQIS coupling losses. 1.5 M? was at least IO times greater than the maximum PED threat. even if 
the PED transmitted from an optimal coupling location in the passenyer cabin. 

Laboratory testing to determine the absolute minimum p o w r  required for a discharge was extended 
from 35 MHz down to I MHz frequency. This testing revea1c.d that an intermittent short circuit could 
cause FQIS discharge events with as little as 0.17 W of power at frequencies below I O  MHz. when the 
short is placed at a worst-case location for voltage enhuncenient\. While this finding was unexpected. 
analysis revealed that the whole TWA-800 aircraft could not ha\.e coupled more than 0.015 W of power 
in this frequency ranse from the surrounding EM environment at the time of the accident. Commercially 
available PEDs were determined to be insignificant i n  terms of radiated power below 25 MHz. 



5.3 Notes and Applicability 

Subsequent iwsions of the B-747 included additional shieldin? on the FQIS system to mitigate 
interference from other aircraft systems. Thi4 practice \vi11 tend t o  increahe thc safety mxgin 
from EM1 from non-aircraft systems as well. 

This effort focused excltrsi~~ely on coupling and the potential for ionization/lic.~itiii~ cairsed b\, 
FQlS components within the CWT. as the system w a s  excited by non-aircraft generated EM 
signals. Existing reports indicate that such signals &‘ere f~ more likel!, I O  interfere M. i t I i .  and 
even damage, sensitive aircraft navigation sensors, displa1.s. processors. and communication 
equip men t . 

0 A parallel effort conducted by NAWCAD was focused on the susceptibility of the FQIS to 
induced energy by aircraft-generated (B-737- 100) electrical transient4 to ignite the fuel. The 
results of their effort are not included in this report. 



Appendix A: Definition of Terms 

The following definitions are provided to assist the reader- i n  understanding some of thc terminology 
used within this document. I t  is not intended to be an cxhai1stiL.e l i4 t .  nor are the definitions giiaranteed to 
be applicable outside the scope of this  report. 

admittance -The ratio of  effective current to effecti\.e \.oltage i n  ;I circuit carrq ing an alternating 
current. I t  is the reciprocal of impedance. 

ampere -[A] The ampere is the basic unit of electric current. It is that current ivhicli produces ;I 

specified force between two parallel wires which are one meter apart in  a vacituiii. 

amplitude -The extreme range of a fluctuating quantitq \ticti a\ an alternating current. generall! 
meawred from the average or mean to the extreme. 

angle of incidence -The angle that an electromagnetic \vaw strihing a surfact niahes with a line 
perpendicular to the surface. 

antenna -A device for transmitting and receiving radio \v;i\'es. In  radio transmission a radiating 
antenna is used to convert a time-varying electric current into an electromagnetic \v;i\.e or field. 
which freely propagates through a non-conducting medium wch a s  air or space. Depending on their 
use and operating frequency, antennas can take the form of ti single piece of Lvire. a dipole. ;I grid 
(such as a yagi array), a log periodic, a horn, a helix. a parabolic-shaped dish. or ;I phast' m-a!' of 
active electronic elements upon virtually any flat or convoluted surface. 

aperture -An opening or gap through which electromagnetic energy may pass. A cross sectional area 
of an antenna which is exposed to the electromagnetic signal. 

arcing -The band of 4parh4 or incandexent light formed n hen an electric diwharge 1 4  conducted from 
one electrode or conducting wrface to another. characterized bq relatt\el! high current and Ion 
potential difference between electrodes. 

attenuation -A reduction in power or signal strength of an electrical source. The loss in power of 
electromagnetic signals between transmission and reception points. 

attenuation factor -The amount by which a signal i $  reduced in power or strength. 

bandwidth -The range of frequencies within a radiation band required to transmit a particular signal. 
The range of frequencies occupied by a modulated radio-frequency signal. A measure of spectrum 
(frequency) use or capacity. 

calibration -Setting and measuring an instrument again\t hnown \ tandad\  before nittawring for 
accurate rewlt4. 

calibration standards -A set of devices whose electrical characteristics are well known and traceable 
to national standards. The devices are used to establish a measuring instrument's operating baseline 
and enhance measurement accuracy. 

capacitance - The charps tor ing  ability of an electrical capacitor, defined a4 the magnitude of charge 
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m r e d  on either plate dibided bq the applied boltage. 

characteristic impedance - ( Z  , ) The impedance o f  a circuit that. when connected to the output 
terminals of a uniform triinsmission line of arbitrary length. c;iiises the line to appear infinitely long. 
A uniform line terminated i n  its characteristic inipedance will ha\ e no standing waves. no reflections 
from the end. and a con\tant ratio of voltage to current ;it ;I Fi\,en frequency at e \wy  point on the 
line. 

cond uc t i vi t y - The proportionality constant between cui-rent densit!, and applied electric field: ;I 

nieasure of the ease with which ;I material is capable of conducting an electric ciirrent. 

coupling (general electroniagnetic) -The ciitise and effect rcliition4hip between two electromagnetic 
entities. Electromagnetic entities include electron tloL\,. electric field and magnetic field. 

dielectric - Any material that i \  electrically in4ulating. 

dielectric constant - A relative measurement of the degree o f  polarization (shif t  of positive charge 
toward the negative electrode and negative charge tow;ird the positive electrode) that occurs when a 
material is placed in an electric field. The relative nie;lsurc o f  the ability of a niaterial t o  store an 
electric c hnrge . 

dynamic range -A term used to describe signals that are undergoing changes in amplitude across ;I 

frequency band. Dynamic range has to do with the range between the extremes of amplitude of an 
RF signal. Typicall). bounded by the noise floor at the lower cstrenie and the peak signal at the upper 
extreme. 

electric arc -Continuous. high-density electric current between tu o separated conductors in a gas or 
\'apcir with a relatively low potential difference, o r  \roltage, iicross the conductors. 

electric field -The region around an electric charge in which an electric force is exerted on another 
charge. Instead of considering the electric force as a direct interaction of two electric charges at a 
distance from each other. one charge is considered the source of an electric field that extends 
outward into the surrounding space. 

Electric Field Shielding -(EFS) A logarithmic ratio of the external electric field to the internal electric 
field of a given structure such as an aircraft fuselage. The \:due is expressed in  decibels and 
quantifies the shielding effectiveness of the structure. 

Electromagnetic Environment -( EME) The sum total of all electror-nagnetic fields and the associated 
frequencies, power Ievcls. and polarizations in a g i \ m  or defined region. The electromagnetic 
environment is comprised of man-made and natural source\ of electromagnetic energy and can he 
very complex. 

Electromagnetic Interference -(EMI) Electromagnetic energ) that tends to interfere with the 
transmission or reception of desired signals. 

energy - In physics, energy is the capacity for doing worh. It  tnaq exist in potential, kinetic. thermal, 
electrical, chemical. nuclear. or other various forms. and he transformed from one form t o  another. 
Electromagnetic energy is expressed in units of work, such as joules or kilowatt-hours. 
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farad -[F] The farad is the SI uni t  of the capacitance of an electrical sj'stem. tha t  is. its capacitj. to store 
electricity. It is a rather large unit as defined and is more often used as ;I inicrofarad. 

Finite Difference Time Domain -(FDTD) a computational method used in obtaining approximate 
solutions to partial differential equations in complex elcctroniagnetic models. 

fourier transform -A particular integral transform uselul in  harmonic anaI!,sis and the representation 
of periodic functions such as electromagnetic wa\'es. 

frequency -The number of time6 that an alternating current p e ' r  through i t \  complete cqcle 111 one 
wcond of time. One cycle per \econd I \  a h  referred IO ;I\ one hertz; 1000 c! cle'r pet \econd, one 
hilohertz; I .000,000 cycle6 per \econd, one megahertz. 'rnd 1,000.000.000 cqcle\ pel \ecoid. one 
g I g ahert 2. 

gigahertz -(GHz) One billion cycles per second. Signals operating abo\,c 3 GHz are kno\ i .n  as 
microwaves, above 30 GHz they are known as millimeter waves. As one nioves above the millimeter 
waves, signals begin to take on the characteristics of Iightlvaves. 

hertz -[Hz] The hertz is the SI uni t  of the frequency of ;I periodic phenomenon. One hertz indicates that 
1 cycle of the phenomenon occurs every second. For most worh much higher frequencies are needed 
such as the kilohertz [kHz] and megahertz [MHz]. 

HIRF Environments - High power electromagnetic fields designated as High Intensity Radiated 
Fields or High Intensity Radio Frequencies that exists in a defined en\,ironment particularly i n  the 
vicinity of high power radar sites, broadcast antennas. and other high power RF sources. 

impedance -The total opposition offered by an electric circuit to the flow of an alternating ctirrent o f  a 
single frequency: i t  is a combination of resistance and reactance and is measured i n  ohms. 

incident wave - Electromagnetic radiation in the form of a plane ~ / a \ ' e  propagating through space and 
then acting upon a surface or material. at which point energy may be reflected by the surface or 
material, transmitted through the material, absorbed by the material. or otherwise scattered by the 
surface or material. 

input impedance -The impedance presented at the input of a circuit. connector, o r  electrical system. 

isotropic antenna -A hypothetical omni-directional point-source antenna that sen'es as an engineering 
reference for the measurement of antenna gain. 

joule -[J] The joule is the SI unit  of work or energy. One joule i \  the amount of worh done \\,hen an 
applied force of 1 Newton moves through a distance of I m in the direction of thc force. 

ohm -The ohm is the SI unit  of resistance of an electrical conductor. I t  is equal to the resistance of a 
circuit in which a potential difference of one volt produces a current of one ampere. 

plane wave -An electromagnetic wave whose corresponding crests and troughs that at any instant are 
in phase and propagates through space as a plane, rather than as a sphere of increasing radius. 

polarization - Property of radiated electromagnetic fields, whereby the direction and magnitude of the 
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hurmonically oscillating electric field are related in  a specified \cay 

portable electronic devices -(PEDS) An entire class of personal consumer electronic devices that are 
small, light-weight, and typically carried with the indi\.idual tot use wherever the person may travel. 
Examples include but are not limited to laptop computers, cellular telephones. pagers. electronic 
games. digital assistants. radios. etc. . .  

power -The time-rate of doing w w h  or delivering energy. esprcssible as the amount of work done W. 
or energy transferred. di\,ided by the time interval t--or M'lt. Thc electrical un i t  of power is the Watt. 

reactance -The me;isure of the opposition that a circuit or ;I part ot' ;I circuit presents to electric current 
insofar as the current is I aryiiig or alternating. Steady electric currents flowing along conductors in 
one direction undergo opposition called electrical resibtance. hut no reactance. Reactance is present 
i n add it  i on t c, resi s t ance i n ;\It ern at i ng current circu i t  s . 

reflected wave -Abrupt change i n  the direction of propagation of ;I wave that strikes the boundary 
between different mediums. At least part of the oncoming I\ ;I\ c disturbance remains in  the same 
niedi um. 

resistance -The property of a n  electric circuit o r  part of a circuit that transforms electric energy into 
heat energy by opposing electric current. Resistance in\,ol\.es collisions of the current-carrying 
charged particles "ith f s e d  particles that make u p  the structure of the conductors. 

resolution -The ability to distinpish detail, usually expressed in terms of the size or magnitude of the 
smallest features that can be distinguished. 

resonant frequency -The frequency at which an electrically conducting pathway containing both 
inducti\,e and capacitive elements will presents a lo\\ impedance to an alternating current. The 
specific frequencj. of reson;ince is determined b). thc \.aluc+ of the circuit inductance and 
capacitance. 

reverberation chamber -An electrically large, highly conducti\,e. KF shielded enclosed environment 
used to measure electromagnetic compatibility. emissions. and immunity of electrical and electronic 
devices. 

RhlS current -In alternating current circuits, the root-inean-\q~iare or effective current. 

RMS voltage -In alternating current circuit\. the root-mean-square or effective voltage. 

signal generator or signal source -Electronic test instrument that delivers an accurately calibrated 
signal at frequencies from the audio to the microwa\.e ranges. I t  Is valuable in  the development and 
testing of  electronic hardu.are. The signal generator pro\,ides ;I signal that can be adjusted according 
to frequency. output voltage. impedance. waveform. and modulation. 

spectrum - The range of electromapnetic radio frequencie4 used in transmission of voice. data. 
television. etc.. Any particular distribution of wavelengths and frequencies. 

transmitter -An electronic device consisting of oscillator. modulator and other circuits which produce 
a radio or other electromagnetic wave signal for radiation into the atmosphere by an antenna. 
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volt -[VI The volt  is the SI u n i t  of electric potential. One vo l l  is the differerice of  potentid between two 
points of an electical conductor when a currcnt of I Limpere floLving between those points dissipates 
a power of I watt. 

VSWK -Voltage Standing Wa\>e Ratio: A measurement of mismatch i n  ;I cable. n,aveguide, o r  antcnna 
system. 

watt -[W] The watt is used to measure power or the rate of doing w o r h .  One v,'att is ;I pohj'cr o f  I joule 
per second. 

waveguide -Any of ;I class of devices that confines and directs the propagstion o f  electromagnetic 
waves. such as radio waves. Waveguides take man!' shape\ and fornis. T!,pical esnmples include 
hollow rectangular metallic tubes, coaxial cables. and horns. 
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Appendix B: Comparison of CWT Cavity Q with and without the 
Antennas 

m 

t + Q with Antennas 
I Theoretical Ant. Q 
A Q without Antennas 

.- 

The relationship between the cavity Q without the antennas. the cavity Q with the antennas. and the Q 
of the antennas (two antennas in the CWT) is shown in the expression below. 

1 

The Q's of the cavities (with or without the antennas) are based on actual measurements i n  the CWT. 
The Q's due to the antennas are theoretical values for a lossless and matched antenna. which provide an 
upper bound on the cavity loading by any antenna. More details about theoretical Q of an antenna can be 
found in Reference B-1. Figure B-1 shows the effects of the presence of the antennas in the CWT. 
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Figure B-1: Cavity Q's, with and without the two antennas, for CWT bay 1. Little effect on the cavity Q 
caused by the presence of the measuring antennas is observed. 
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Appendix C: Mismatch Correction for Out-of-Band Antenna and 
50 Ohm Cable Adapter 

C.1 Mismatch Correction for Antenna Used Out-of-Band: 

I f  the transmit antenna is used out of band. a numerical scale factor can be applied to the measured 
dat ;I t o  si m 11 1 at e the i n  - band trans ni i t antenna cond i t  ion . TI1 i s correct ion fiic t or :ice o ti n t 4 for ant en n:i 

mismatch by correcting for the reflected power o n l y .  I t  does not correct for changes i n  antenna Fain o r  
efficiency. The scale factor is computed as 

1 
ScaleFactor = - , 1-r' ( C- 

where I- is the magnitude of the antenna free space reflection coefficient. The scale factor for 
transmit antenna is shown in the chart below. 
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Figure C.l-1: Antenna mismatch correction scale factor 

C.2 Mismatch Correction for the Adapter between the FQIS Wiring and 50 
Ohm RF Cable 

To measure RF power on the FQIS wiring, a custom adapter was fabricated to allow mating between 
the FQIS wiring to the standard SO Ohms connector with an N-type adapter. This custom adapter created 
a mismatch. causing some RF power to be reflected. resulting i n  inaccurate reading at the power 
measuring device. The goal was to estimate the power on the FQIS wiring before reaching the adapter. 

A\\iiming the adapter wa4 lo\\le\\, the scale factor to ,rpplj to the p m e r  reading at the yxctrum 
analyzer to correct for the mi4match cawed by the adapter wa\ '14 follow\ 
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1 
l-r?.  ScaleFactnr = - (C-2 ) 

(C-3  ) 

\shere cJ is the magnitude of the reflection coefficient due to thc adapter only. I t  should be the same 
\$tiether measured from the FQIS \\iring side or from the KF cahlc. hide. This fact can be derived using 
reciprociry for ;I lossless system. 

The trick is h w  to measure the reflection coefficient due to the adapter only. not of the system. This 
measurement \ v u  accomplished by itsing a network analyzer to rran\fornm the reflection coefficient data 
from the frequency domain to the time domain. The procedure in\.ol\-es gating out in time domain all 
other rellection\ ond retaining o n l y  those reflections caused b! the adapter. then transforming the gated 
results back to the frequenc! dom:iin to obtain the desired resuIr\. This time-gating technique is very 
common in network analyzer measurement techniques. 

The mismatch correction scale factor in dB for up to I GHz i5 hhou 11 i n  Figure C.2- 1 for  the Passenger 
Cabin to the FQIS measurenit’nt. 
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Figure C.2-I: Cable mismatch correction factor. 
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Appendix D: FQIS Impedance Measurement Theory 

D. 1 Characteristic Impedance for Aircraft Systems 

Impedance is the ratio of the voltage divided b\, thc current i n  a i  alternating currtnt circuit. I t  is the 
total passive opposition offered to the flow of electric current. Impedance is determincd by the particular 
combination of resistance. inductance, and capacitancc i n  ;I fi\.en circuit. Impedance i \  ;I ilinction of 
frequency. except i n  the case of purely resistive networks. I t  is not ;I property of energ>' di\\ip;ition. but 
when the circuit. cable. or transmission line i \  considercd lossy, impedance i 4  ;I rcnl number and 
dissipation occu rs . 

- 
Z = Voltage Wave I Current W7a\.e (D-1)  

- 
Characteristic impedance ( Z,, ) is the impedance of ;i circuit that. when connected to the output 

terminals of a uniform transmission line of arbitrary length. causes the line t o  appear infinitely long. A 
uniform line terminated in its characteristic impedance. will have no standing u'a\'es. no reflections at the 
end. and a constant ratio of voltage to current at a Siwn frequency at every point on the line. [Ref. D- 1 1  

Characteristic impedance defines the electrical capabilities and operational en\,ironment of cable and 
wiring systems like the aircraft FQIS. Basic electrical properties. such as. resistance. inductance. and 
capacitance. which are all part of impedance help define the operational properties. I t  i y  the electrical 
"tingerprint" of a cable. 

Impedance is a complex mathematical function with real and imaginary coniponent\. The equation 
that defines impedance i n  complex mathematics is: 

- 
Z = R + j X  , (D-7) 

where the letter Z stands for impedance, the real part. R. is the resistance and the imazinarj, part. X. the 
reactance. If X is positive. i t  is called inductive reactance. If X is negative. it is called capaciti\,e 
reactance. The letter j is the complex descriptor representing the square root of negative one. It defines 
the phase relationship between resistance and reactance. 

The impedance measurement plane can be visualized with the real element. or resistance, on the x- 
axis and the imaginary element, or reactance. on the y-axis. Capacitors are typically found in  the lower 
half-plane, while inductors are in  the upper half-plane. The more ideal an inductor or a capacitor the less 
resistive it will be. 

The values of characteristic impedance typically range from ahout 50 Ohms to 75 Ohms for coaxial 
type cable and from about 300 Ohms to 600 Ohms for parallel lines. Special design applications may 
also range in values from IO0 to 300 Ohms for certain shielded pairs. [Ref. D-21 

D.l. l  Measurement Considerations 

Impedance cannot be directly measured like voltage. Impedance measurements at radio frequencies 
(RF) are especially challenging. Engineering trade-offs sometimes haw to be made when selecting the 
best measurement technique for any specific situation. Impedance i h  the most common measurcment 
performed to determine a cable or wiring network'\ electrical characteristics. Because RF impedance 
measurements are challenging, i t  is important to consider three factors during the measurement design 
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process before conducting mea\urement\ of this kind. 

First. one intist consider and select an appropriate technique t o  iiw t o  make impedance measurements. 
Second. if there are any special fixtures o r  adapters needed In connect to the system one desires to 
measiire. then they need t o  he acquired or designed and constructed. Third. calibration and compensation 
techniques should be employed to insure sensible and ;icciir;ite result\. 

Perhaps the most important criteria for selecting a measurement technique is the frequency range of 
interest. Some methods are better suited for ION frequency nie;isiirenient\ while other methods are more 
broadband in  frequency. One must also consider the expected o r  anticipated range of impedance values 
the system may ha\,e. Some technique\ are limited to the nie;~~urenic'nt o f  low \,aliies of impedance and 
others ;ire limited to the measurement of relatively high value impedances. The required measurement 
accuracy also factors into measurement technique. Increased accur;ic> is usually directl]. related to cost 
and time. Hokvever. operator skill and attention t o  detail can y o  ;I long ~ v a y  in improiring measurement 
accuracy. Still. there are physical limitations inherent to all instrumentation that cannot be overcome. 
Thew limitations need to be uncierstood and taken into account when considering accuracy and 
measurement uncertainty. The test conditions are another important consideration when conducting 
measurements. Measurements i n  a laboratory environment can he quite different from measurements at a 
remote field location in  the desert. Environmental factors such ;i> temperature. pressure, and humidity 
can effect instruments and computers. Climate and ineteorolosical factors such as wind and rain can 
effect measurements a s  well as the operations and logistics at remote locations. Time itself can also be 
considered a test condition and must be considered a factor. The measurement parameters of what one 
needs to measure, such as impedance. and any additional parameter\ to augment the measurement such 
a s  return loss. insertion loss. gains. other scattering or S-parameters and data formats should be 
considered. Finally. i t  is \.cry important that the physical characteri\tics o f  the system to be measured are 
well understood and taken into consideration prior to conducting nitxtsiireinents. [Ref. D-31 

D.1.2 Theoretical Impedance of Aircraft Wiring 

The electrical wiring typically encountered in the aviation industry can be generalized into three main 
categories; coaxial. paired. flat. and fiber optic. The physical characteristics of these cable types vary 
considerably. However. their generol purpose is to transmit power or signals from one system to another. 
The FQIS of the B-747-100 is ii combination of coaxial cable\. wired pairs, or single wires above a 
ground plane. Cross sections of these types are depicted in the Figures I). 1 - I .  D. I-?.  and D. 1-3. 

Cable impedance i n  a coaxial cable at radio frequencies is primarily a function of the physical 
dimensions and dielectric quality o f  the cable. Ax previously defined, cable impedance is the ratio of the 
voltage to current of a signal traveling i n  one direction down a cable. For ;I coaxial cable. the value of the 
impedance will depend upon the ratio of the inner and outer conductor diameters and the dielectric 
constant of the material between thc inner and outer conductors. The material parameters are defined by 
the equation. 

where. q is the intrinsic impedance for the material involved. 
11 i s  the permeability of the muterial, and 
E is the permittivity of the material. 
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Then. the characteristic impedance for a lossless coaxial cable (see Figure D. 1 - 1 ) i h  given b), 

LO Z Comp 

AL b- 
? a  @ 
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Z,, = -In - . J2”, ir:r 

Shield. 

Coaxial 

Figure: D.1-I: Cross Section of a Coaxial Cable 

Wire Pair 
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h 

//,///y,/ 
Wire Above 
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Figure D.l-2: Wire Pair Cross Section Figure D.l-3: Single R‘ire above Ground Plane 

Impedance of a wire pair or a single wire above a ground plane i h  primaril!, ;I function of the 
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geometry. The wire or wires diaiiietcr, distance separating wires and ground planes. and the dielectric 
value associated with the separation distance :ill factor into impt.d;uice \,slues. The dielectric value is 
typicall), the value for  the air that fills the separation space. H u t .  iii iiiorc complex rnodels and i n  reality 
the dielectric material filling a space will not only include i r .  but ;ilso teflon and other plastic wire 
insulation materials. The wire cauld also be imbedded o r  subnierycd i n  some other gas. fluid. or solid 
rather than air. These iiuterial chanfes can ha\re significant et'fect\ 011 wired systems impedance. 

Again. once the material parameter is defined, the characteri\tic inipedance for a lossless wire pair 
(see Figure D. 1-2) is given by. 

and the characteristic impedance for ;I lossless wire above a perfectl! cc~nducting surface (see Figure 
D. 1-3) is, 

The \ d u e  ot'the conducti\,ity will affect the impedance to the extent that RF signals do not travel o n  
the surface of the conductor. but propagate into the conductor b\, u hat i 4  known as skin depth. The finite 
conducti\.it\: also cause5 losses that increase with RF frequenc! m c l  can change the effective cable 
impedance. Also. the construction of  the cable can change along the length of the cable with differences 
in conductor thickness. dielectric material. and outer conductor diiirnetcr changing due to limitations in 
manufacturing. Thus, cable impedance can vary along the Iensth of  the cable. [Ref. D-41 

Cable impedance is ;I specification that is defined only at a discrete point along the cable and at a 
discrete frequency. However. M. hen commonly referred to, the impedance of the cable is some werage of 
the impedance o\w the frequency of interest. For the purposes discu\sed. cable impedance is the average 
impedance presented at the input o f  the D3 - M I 2 7  connector interfJce of the CWT over the frequency 
span from 300 kHz to 1000 MHz.::: These are the frequencies. based on surveys, where present PED 
threats are most likely to occur. 

This can be represented as: 

bphere Z,,, is the input impedance. and 
f i s  dihcrete frequency. 
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D.2 Measurement Methodology and Technique 

Specifications associated with any cable depend upon both the speci ticat ion definitions and the 
ineas ure men t met hodolog y . 

There are several measurement techniques a\.ailahle for conducting impedance mea!,urements. These 
included the Auto Balancing Bridge method. a current-voltage probe technique, a11 KF \.ariuit of the 
current-voltage probe, Frequency Domain NetLvork Anal\,sis. and Time Doninin Networh Analy!,is. 
These methods \..ai-). a great deal i n  complexit).. treyuenc\ response. and acciirx! depending on the 
system to which they are applied. For the purposes of meastiring the aircraft system described i n  t h i h  

report. i t  was determined through laboratory research that the Frequent\ Domain Networh Analyzer 
method would be most suitable for impedance characterization of the FQIS internnl to the CWT. This 
method ix also known as the fixed bridge method. 

D.2.1 The Bridge Method 

The fixed bridge method of impedance measurements is a technique for measuring characteristic 
impedance using a vector network analyzer and its associated S-parameter test set. ;I set of calibration 
standards. and a mathematical technique for emulating ;I variable bridge. The calculation!, give the 
average impedance of the cable and compensation for adapters and connectors to the \ysteni under test. 

The fixed bridge method with the network analyzer. S-parameter test set. calibration standards. and 
connector compensation has several advantages. These advantages include iiiinimization of cable 
mismatch, rapid measurements. very wide frequency range, better directivity provided b j  the test set, 
excellent repeatability, calibration enhanced accuracy. and ;iiitoniation that allows the operator to focus 
on measure men t re su I t s rat her than measurement tech n i y lie. 

The only limitations of the technique involve the con\w-sion of reflection data to impedance \,slues. 
Many modern network analyzers. such as the HP 8752A that \vas used, can do the conwxsioiis u i th in  
their own internal processors. An external computer can also be used to perform the mathematical 
conversion. if required. The other limitation is that the characteristic impedance of a netua-k analyzer 
test set is typically S O  Ohms. Therefore, any and all nieastirenients are referenced to S O  Ohms. The 
technique provides very good accuracy if the system tinder test has an impedance around SO Ohms. but 
accuracy is sacriticed away from this  central impedance. Nevertheless. the network analyzer method is 
inore than acceptable for impedance values that range between 9 and 600 Ohms. [Ref. D- i ]  

D.2.2 Basic Theory of Operation 

The vector network analyzer fixed bridge method is a reflection measurement technique. An incident 
wave of RF energy is transmitted or injected into a device or SUT. and the retlection back from the 
device under test due to the incident wave is measured. The ratio of the reflected wa\e  t o  the incident 
wave is called the reflection coefficient (or r. gamma). This is shown pictorially in Figure D.2-I. The 
retlection coefficient is directly related to impedance, and can be inanipiilated mathematically to give ;I 

value for impedance. The network analyzer does this while precisely stepping its signal source through ;I 

range of frequencies, t h u s  measuring a unique reflection coefficient and calculating an impedance \,slue 
for every frequency in the established range. The system tinder test in this  case was the aircraft FQIS 
internal to the CWT. [Ref. D-51 
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Figure D.2-1: Diagram of the Basic Theory of Reflection Measurements 
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Appendix E: Statistical Analysis of Transmission Line Impedance 
Using the Smith Chart 

This appendix provides a11 owrview of the Smith Chart related to its use i n  t h i5  report. The retlection 
coefficient will be defined, and the relationship between the reflection coefficient and impedance will be 
di5cussed. The Smith Chart will then be introduced a 5  ;I coordinate transformation o f  the retlection 
coefficient. Plot5 
showing the retlection coefficient and the corresponding Smith Chart impedance plot \ \ , i l l  be described. 
Finally. the use of statistics coiipled with Smith Charts ivil l  be discussed. 

The basic principals of the Smith Chart are described mr i t l i  illustrated esnmplt.5. 

E.l Reflection coefficient 

The reflection coefficient conveys how well the impedances of two  transmission media are matched. 
The efficient transfer of radio frequency (RF) energy from one location t o  another ma> require ;I 

transmission medium to contain the energy. By examining ;I s\!'stem using coaxial transmission line5 to 
transfer RF energy, an intuitive feel for the concept of reflection can be gained. I n  general. the best 
coaxial cable is selected to minimize the reflection of energy back 10 the source. Howe\.er. if ;I damaged 
coax is inadvertently selected. the damage in the coax cable will c;~iise energy that \\'as intended to reach 
the transmission destination to be reflected back to the source. Thi5 retlection will degrade the intended 
receive signal. 

Line Impedance (Z,,) Load Impedance I ( Z , )  
1 L  I 

L I I  - 
Forward Traveling Wave 

Reverse Traveling Wave 

(E.1-1) 

(E .  1-2) 

Figure E.l-I:  Impedance diagram showing line impedance and load impedance. 
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- 
Equation E. 1 - 1  iuid E. 1-2 describe the reflection coefficient ( r ) [Kef. E- I ] .  The reflection coefficient 

is defined [Kef. E-I]  as the rdtio of the forward traveling m x \ ' e  to the retlected wave (see Figure E. 1 - 1  ). 

The retlection coeftkient is iilso defined in terms of the impedance of the transmission line ( Z  ) and the 

impedance of the load connected to the line ( ZI  1. As shown i n  Eqiiation E. 1-2. the retlection coefficient 
is i n  general complex; therefore. i t  can be written as a real part ( I'l,) and an imaginary part (r,). or in polar 
form as a magnitude (T , h 5 )  and phase (5 1. 

- 

- 

These concepts are easily described in an example. By asstiming ;I loss-less transmission line with a 
characteristic impedance of 50 Ohms hooked to ;I complex load irnpt.d:ince of I 1 I .8 ~63.4". the reflection 
coefficient can be calculated. Eqttation E. 1-3 sh0M.s this  calculation. The complex reflection coefficient 
is calculated to be 0.707;15". Figiirr E. 1-2 shows this value plotted on ;I polar chart. 

180 

Figure E.l-2: Reflection coefficient plotted on a polar chart. 
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- 
z, = I 11.8 ih i .4 -  

-j 1 

Figure E.2-1: Impedance value plotted on a Smith Chart. 

- Z, - 7, I 1 1.8163.4 -50 1 r = -  - =  = r, + jr, = 0.5+0.s.j = r ,,,,, Le,  = (E. 1-3) 
Z ,  + Z,, I 1 1.8163.4 + 50 

E.2 Relationship between Impedance and the Reflection coefficient 

For a p e n  system impedance (Z, = 50 Ohms), Equatlon E. 1-3 can be rearranged t o  wive for the load 
impedance (2, 1 [Ref. E- I ] .  
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Figure E.2-2: The real and imaginary axes of the Smith Chart. 

Constant Real Circles 

Figure E.2-3: Circles of the Smith Chart represent the real component of the impedance 



Consianl 

-j 1 

Figure E.2-4: Arcs of the Smith Chart represent the reactive component of the 
impedance. 

If the retlection coefficient of Equation E. 1-3 is plugged into Equation E.2- I .  the load impedance 
(3,  ) is equal to I I 1.8 163.4". I n  order to plot complex impedance points. the Smith Chart is used. The 
Smith Chart. (developed in 1939 by Phillip H. Smith) [Ref. E-?]. has axe\ capable of displaying the  real 
and imaginary parts of impedance. In order to make usc of the Smith Chart axes the impedance \.slues 
must be normalized to the system impedance (T, , ) .  The impedance from the example above ( 1  11.8 

163.4") becomes 2.2361 ~63.4",  or I + 2.j when displayed i n  rectangular coordinates. Figure E.2-I shows 
this normalized impedance plotted on a Smith Chart axes. 

The Smith Chart represents a coordinate transformation of the reflection coefficient. Actually. the 
transformation is defined by the equation that changes the reflection coefficient to impedance. An 
interesting and useful characteristic of this transformation is that if the polar axis from the reflection 
coefficient axis is removed and replaced by an overlay of the Smith Chart, the data nould fall on the same 
locations as if it were plotted as impedance. This makes the Smith Chart \ w y  useful in displaying 
statistics associated with the reflection coefficient. 

The Smith Chart has a fundamental set of axes. These are the real line and the imaginary circle (see 
Figure E.2-2). These are 
constant real circles. and constant reactive (imaginary) lines [Ref. E- I ] .  A pureI> resisti\.c load 
represents a point on the real axis corresponding to its normalized value. Also a completely reacti\,e 
value (like a lossless capacitor) represents a point on the imaginar!, axis corresponding to its normalized 
reactance value. 

The coordinate system axes are shown in  FiFure E.2-3 and Figure E.2-4. 
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E.3 Statistical Display of Impedance Data 

Figure € 2 - 5  shows ;I typical test setup used to measure the reflection coefficient of a de\.ice under test 
(DUT). The network analyzer sends out  a signal and iiieasiirc4 the m w n t  of signal that is retlected from 
the DUT. This process is repeated tor all the freqiiencie~ of intcre4t. For example. as described in Section 
4.4.1. the netv,x>rh analyzer IV;I\ used to measure the retlcction coefl’icient of the FQlS of a B-747- 100 
aircraft. This test \vi15 done for frequencies froin 300 hHz to I GHI. The data from the nieasiireinent of 
the input impedance of the aircraft are shown in Figure E . 2 4  plotted o n  a reflection coefficient axis. 
Figure E.2-7 sho\vs the same data plotted on the Smith Chart. The &ita pattern identical for each. and 
i s  independent of the axis chosen. The erraticall) \,arying tracc represents the impedance \.allies a s  ;I 

function of frequency. 

Data 
Computer 

T, Test Port Cahlr 

Figure E.2-5: Reflection coefficient measiirement setup. 
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Polar Plol Aircraft 2 FQlS Reflect ion Coenic ienl  HI 2 Whi le  Io L o w  2 Red 

90 
0 98632 

270 

Slatt Frequency 0 3 MHz S t o p  Frequency 1000 M H z  

Figure E.2-6: Polar plot of the frequency dependent reflection coefficient, with the mean (red star) and the 
standard deviation (green circle) disdaved. 

Smi th  Chart, Aircratl 2 FQlS Imp dance Hi-2-White to Low-2-Red J’i 

Start Frequency 0.3 MHz Stop Frequency 1000 M H z  

Figure E.2-7: Smith Chart of the frequency dependent reflection coefficient, with the mean (red star) 
and the standard deviation (green circle) displayed. 

E-7 



A method of comparing these (Figure E.2-6 and Figure E.2-7) seemingly random-looking traces was 
developed for this effort. Because of the nature of the impedance values, a direct frequency-to-frequency 
comparison of the impedance values was not practical: therefore. a statistical method was used to 
compare independent data sets for similarity. The mean of the real part of the reflection coefficient, and 
the mean of the imaginary part of the reflection coefficient can be computed by Equation €3- 1 [Ref. E-31 

(E.3- 1) 

where N is the number of points in  the sequence, and r, is the frequency-dependent value of the reflection 
coefficient. Figure € 2 - 7  shows the mean value of the red and the mean of the imaginary part of the 
reflection coefficient plotted as the red star. The green circle on this figure represents a standard 
deviation circle of the data. The standard deviation can be calculated as in Equation E 3 2  [Ref. E-31 

(E.3-2) 

where N is the number of points in the sequence. and ABS (F, 1 is the magnitude of the reflection 

coefficient. and q,,,, - is the mean value of the magnitude of the reflection coefficient (Equation E.3- 
3). The standard deviation circle was realized by scaling a unit circle by the standard deviation of the 
reflection coefficient. and plotting it around the mean value. These statistical concepts add a means by 
which to can compare two data sets in a graphical manner. 

E. 4 References for Appendix E 

(E.3-3) 

[E- 11  

[E-?] 

[E-31 

W. D. Stanley. and R. F. Hmington, Line.7 und Fit.1tl.v in Electronics Technofog!, Prentice-Hall. 1995. 

J.J. Carr. Prurticul Antrntiu Hundhook. 2" Edition, Tab Books, 199-1. 

B. Jones. MATLAB Statistics Toolbox User's Guide. Natick. Mass.: The Math Works. Inc. 
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Appendix F: RF Induced Voltage and Current Measurements in 
the Laboratory 

The task of characterizinf the RF voltage and current coupling onto the FQIS required accurate 
nieasiirenients from 300 kHz to 1 GHz. Specialized instruments and calibration fixture5 m'ei-e required. 
Currenl and voltage probes that operate in this frequency range mere coiiimerciall>. :i\,ailable. These 

probes were designed to minimize perturbation of the attached RF circuit. and coitld be iiscd kv i th  ;I KF 
\lector network analyzer. For accurate measurements over the required frequency band. :I hpccialized 
calibration fixture was designed and constructed. 

F.l Approach 

Based upon discussion and experimentation, it was decided that the best technique to satisi) the 
ob.jective would be to use a network analyzer with high frequent). voltage and current probes. A 

photograph of the laboratory setup is shown in F i p r e  F.l-I .  Figure F.l-2 shows ;I schematic ot' the 

measurement system. The network analyzer. with built in  S-parameter test set. allowed quick and 5imple 
calibration at the point of measurement, and quickly and accurately collected data o w r  ;I u ide range of 
frequencies. 

Figure: F.l-1: Photograph: Laboratory network analyzer and high frequency voltage/current probe setup 
for measurements on the FQIS installation. 
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Current 
Probe 

- 
Figure F.l-2: Diagram: Lahoratory network analyzer and high frequency voltage/current probe setup 

for measurements on the FQlS installation. 

I n  addition to the RF vector network analyzer. \foltage prohc iind current probe, several specialized 
cables and custom made adapters were needed. Calibration data for both probes was acquired with a 
current-voltage sampling fixture (CVSF), which was designed and constructed at NASA LaRC for this 
task. The CVSF design is discussed in Section F.5, and deri\xtion of calibration terms is discussed in  
Section F.6. 
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F.2 RF Vector Network Analyzer and Data Acquisition Computer 

The network analyzer (HP8752A)  used to conduct these nieasiireiiients was the same as used during 
the aircraft and laboratory impedance measurements. The HP8752A \vas capable of perf'cmiiing one port 
reflection measurements or two port transmission measurenients in  both the frequent! and time domains. 
The analyzer is comprised of a synthesized signal source. a switching S-parameter test set \\ , i t t i  ;I nominal 
SO Ohm impedance. and a dual channel receiver to measure and di\pla), the magnitude illid phase of 
transmitted and reflected power. I t  contains built i n  digital signal processing and microprocessors to 
perform complex mathematical manipulations of measured data and to improve measurement capability 
and accuracy. Measurement results can be displayed on the networh milyzer. plotted. o r  transferred via 
GPIB to another data acquisition computer for storage o r  further anal!xis. 

Figure F.2- I shows the data acquisition PC and the network analyzer. The data acquisition computer 
\vas ;I standard NEC portable laptop running the Windows 98 operating system. The computer was 
configured with a GPIB interface for connecting to the network analyzer. Hewlett Pachard Visual 
Engineering Environment (HP VEE) software was installed on the data acquisition computer as the 
primary control software. Several data acquisition routines were progranimed to capture data from the 
network analyzer in  the required engineering formats specific to each type of measurement. The computer 
was also used as a data storage device and a preliminary data analysis computer. Later. data was 
transferred from the portable laptop to PC desktop workstations for more in-depth analysis and 
prr sent at i on. 

Figure F.2-1: Data acquisition computer and HP 8752A network analyzer. 

F- 3 



F.3 Prodyn I-320B Current Probe 

The Prodyn I-330B "clanip-on" type current probe wa4 used to sense the magnetic tield produced by 
the alternating current flowin2 through a wire tinder test. This probe provides a transfer function between 
ciirrent present on the wire under test to the current induced i n  i t \  5 0  Ohm matched output terminal. 
Figure F.3-1 shows the current probe attached to the simulated FQIS mfiring. The small probe size and 
shape allowed for con\.enient and easy installation over conductors a s  they existed within their normal 
established arrangement. There \\:IS no need to cut or break ;I conductor current path to insert the sensing 
de\.ice. The probe had ;in aperture o f  0.22 in. diameter. and could be clamped around ;I wire allo\vin_~ for 
the testing of B variety of  cables. 

Figure F.3-1: 1-320 probe used in induced current measiirements on the laboratory FQIS installation. 

The relation\hip between the w n w d  current and output voltage I \  

where I ,l.,,~l.,, is the Current sensed in the conductor. 
Z ,  is the Transfer Impedance. and 
V,,,,, is the Voltage detected at the sensor output 

The transfer impedance for the 1-320 current probe was specified as Z ,  = I .  The transfer impedance is 
a function of how the de\.ice was designed and built and relates t o  the coupling from the conductor to the 
probe. The Z ,  = 1 transfer impedance was useful. in that it mathematically simplified the probes current- 
voltage relationship. The sensor had an output impedance of 5 0  Ohms. which minimized systematic 
errors. when mated to the network analyzer measurement system. 

The current probe's 3 dB operation points spanned the frequency range from 200 kHz to 500 MHz. 
with a bandpass characteristic of +/- 0.5 dB. By measuring calibration terms with the CVSF. the reliable 
range of  the device was extended out-of-band to 1000 MHz.  The CVSF and its use are described in 
greater detail in Sections F.5 and F.6. 
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F.4 Hewlett Packard 85024A High Frequency Voltage Probe 

The HP85023A voltage probe (Figure F.4- I ) was designed to directly connect to ;I circuit under test. 
but prmrided high isolation due to a I MOhm input impedance and low input capacitance at the sensing 
terminals. The probe was designed specifically for troubleshooting RF signal paths and identify iiig 
problem areas. and therefore. was ideally suited for voltage and power testing of  the KF-excited FQIS 
installation. The probe pro\,ided II transfer function between \oltage present between its sensing terminals 
to the voltage induced across its SO Ohm matched output terniinal. The 50 Ohm matched output 
characteristic minimizes systematic mismatch errors with a \.ariety of measurement inr;truments, such as 
spectrum analyzers. frequency counters. and oscilloscopes. For the purposes of th is  test. it  w x s  used with 
the HP8752A vector network analyzer, for which it was particularly designed t o  operate. The networh 
analyzer supplied operating power for the active probe. The frequency bandwidth \viis 300 hHz to 3 GHz. 
which niore than covered the potential PED threat re,' oinie. 

Figure F.4-1: HP 8572A probe used in induced voltage measurements on the laboratory FQlS installation. I t  
is shown here with the CVSF. 
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F.5 Current - Voltage Sampling Fixture (CVSF): Fabrication and Use 

The CVSF w'as designed by LaRC engineers to pro\,ide ;I calibrated reference for determining the 
current coupling characteristics of the Prodyn I320B current probe and \.oltage coupling characteristics of 
the HPX5024A \ oltaye probe. These characteristics ~ v o u l d  later be expressed as transfer functions for 
each probe. allo\ving absolute \.slues of current and voltage enhancements at locations within the FQIS 
simulator to be measured. 

The CVSF consisted of i in X.5-inch length of semi-rigid coaxial transmission line that has had I inch 
of the outer conductor stripped au.aq' from the middle s o  ;I\ to espose the Tetlon dielectric surrounding 
the center conductor. A small 1/16"' of an inch section in  the Teflon was cut away t o  expose the center 
conductor. This gap allowed for the tip of the voltage probe t o  be directly connected to the center 
conductor. This was the center conductor measurement point. In the same area. the current probe was 
clamped around the Teflon dielectric while maintaining isolation from the center conductor of the coaxial 
semi-rigid line. A CVSF schematic is shown in  Figure F.5-I, and ;I photograph is shown in Figure F.5-3, 

Shie Id "Cage" 

I 
Center Conductor 
Me as LI re me nt Po in t 

\ 

Connector 

1-3 20 Current Probe 
\ 

Network Analyzer Test Port Cable 

Figure F.5-1: Schematic of the C'VSF. 

A "cage" enclosed the test area where the probes could be connected t o  the transmission line. The cage 
was an extension of the copper shield on  the semi-rigid coax. I t  was ;I I inch wide piece of copper that 
forms a 1.5 inch x 1 .S inch box around the test area. This shielded box minimized potential stray electric 
fields that may cause interference or perturbations within the test section. The device had N-type male RF 
connectors at each end of the semi-rigid coaxial transmission line. 
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Figure F.5-2: Photograph of the CVSF. It is shown connected to the network analyzer and terminated into a 
calibrated 50 Ohm load. 

F.6 Current - Voltage Sampling Fixture (CVSF): Calibration 

For conducted coupling measurements and detailed current-voltage characterization of FQIS installed 
i n  the laboratory. it was necessary to characterize the CVSF first. With a g i \ m  inpiit power. induced 
currents and voltages at the CVSF measurement point were calculated and compared to measured probe 
outputs. This defined a calibration curve for both the Prodyn 1-320 current probe and the HP 85024A 
voltage probe. All measurements were performed on the CVSF with the RF vector networh analyzer and 
data acquisition computer, discussed previously. 

F.6.1 Network Analyzer Reflection Measurement [ S,,]  

The network analyzer and the data acquisition computer were set lip first to measure and store the 
reflection characteristics of the CVSF. By terminating the CVSF into a S O  Ohm precihion load. and 
calibrating the network analyzer for a reflection (S , , )  measurement, the niisinatch characteristics of the 
CVSF could be obtained. A general discussion of reflection and transmission meawrement theory ih 

provided in Appendix D. 

The network analyzer was configured to measure the magnitude and phase of the reflection coefficient 
from 1 MHz to 1 GHz in a logarithmically spaced frequency format. A I-port (open. short. load) 
calibration was performed to remove systematic errors. The CVSF was connected to the reflection port of 
the network analyzer and the other end of the CVSF was terminated with 3 S O  Ohni matched calibration 
load. 

Three configurations of the CVSF were measured. First the terminated CVSF alone was measured. 
Second. the terminated CVSF with its test section perturbed by the current probe was measured. The 
current probe was loaded into SO Ohms and clamped around the Teflon dielectric i n  the test area of the 
CVSF. Finally, the terminated CVSF with the test area pertiirbed by the voltage probe was characterized. 
The voltage probe was connected to the center conductor measurenient point in the CVSF test section. 

The complex reflection coefficient for each of the fixture state\ wa\ nieawred and \tored. These file\ 
were itwd later for conducted coupling measurement calibrations. 
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F.6.2 Network Analyzer Transmission Measurements [ S2, I 

F.6.2.1 CVSF Insertion Loss 

The network analyzer and the data acquisition computer were nest set up to measure and store the 
transmission characteristics of the CVSF. The network analyer  was configured to measure the mapitude 
data associated with signal insertion loss from I MHz to 1 GHz in a logarithmic format. A 2-port 
response (thru) calibration was performed to remove systematic errors. The CVSF was connected to the 
retlection port of the network analyzer and the other end of the CVSF was connected to the 50-Ohm 
transmission port of the network analyzer by means of a IOU-loss test port cable. The transmission 
insertion loss um measured for the three configuration state\ of the C'VSF as in the case for the reflection 
iiieasurenients described in the earlier paragraph; CVSF alonc. CVSF wi th  current probe. and CVSF with 
\wltage probe. The transmission data was stored for these files to also be used later for conducted 
coupling measurement calibrations. 

F.6.2.2 CVSF Probe Transfer Function 

The final measurements made using the CVSF were the transfer function measurements. (Figure 
F.6.3.3- 1 . )  By terminating the CVSF into a 50 Ohin precision l o i d .  and calibrating the network analyzer 
for ;i response ( S . , )  rneasurrinent, ;I relationship between V ,  and V , .  ;is well as I ,  and I ,  was measured 
directly. This contipration wtup measures the signal transfer characteristics from the network analyzer 
into the CVSF through the probe connected within the  CVSF test wction and back into the network 
analyzer. This measurement was very important because i t ,  along M i t h  the CVSF characterizations. lead 
directlj. to the conducted coupling measurements on the simulated FQlS. 

Data 
Computer 

able 

CVSF 
Figure F.6.2.2-1: Transfer function setup showing the use of the CVSF. 
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F.6.3 Voltage Transfer Function 

For the HP85021A voltage probe, a CVSF Voltage Tran\fer Function (VTF) \\;I\ defined ;i\ (see 
FiFure F.6.3- I ) 

V, 
V, 

CVSF-VTF = Voltage Transfer Function = - . (F.6.3- 1 ) 

(RMS \,oltage is assumed.) Because the CVSF will introduce ;I small mismatch. the \oltagc ( V I )  is 
bound h\: [Ref. F- 1 ] 

(F.6.3-2) 

where r is the magnitude of the reflection coefficient. nieasiired b\. the network analyzer ( r  = 
) as described i n  Section F.6. I .  The factor 1 hounds nieawr-ement errors due to 

reflection. Reflection coefficient was measured with the \.oltagt. probe connected to the fixture. Because 
the output of the probe connector was designed to be well-matched. V, can be u,ritten a s  

IS, I 'I "" ' ."~\ l . ly l l l l l l i l .  

Figure F.6.3-1: Schematic representation of the CVSF, shown with the HPS5024A and Prodyn I-320B probes 
it was intended to calibrate. 
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The Voltage Tran\fer Function in dB is therefore 

Consider i n F ;I ne t work an ;il y zer transmission nieasure me n t . a s  dc \c r i bed in Section F .6.1, 

then: 

r 

And, since Z, ,zZ,.r50 Ohms, the CVSF-VTF reduces to 

(F.6.3-4) 

(F.6.3-5) 

(F.6.3-6) 

(F.6.3-7) 

Data for the HP85023A voltage probe. with error bars is shown i n  Figure F.6.3-2. The maximum 
values of this data were subtracted from the FQIS voltage transfer measurements of Section 4.5.1 to 
provide an estimate of voltage enhancement magnitude v m u 5  frequency. at each test point location. A 
maximum CVSF-VTF magnitude results in  a smaller predictctl \ oltage. when subtracted from the 
FQIS-VTF. This was considered to be the most conser\,ati\t. approach in estimating voltage 
enhancements. 
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Figure F.6.3-2: HP85024A Voltage Probe Voltage Trarisjer Ficiictioii, a ratio of output voltage to reference 
voltage. Error bars show potential bounds of measurement inaccuracy due to calibration fixture reflection. 

F.6.4 Current Transfer Function 

For the Prodyn I320B current probe, a CVSF Current Transfer Function (CTF) wa\ defined a\ (see 
Figure F.6.3-I) 

I ,  
CVSF-CTF = Current Transfer Function = 4 

1 ,  
(F.6.4- 1 ) 

Because the CVSF will introduce a small mismatch. the RMS current ( I , )  i 4  bound by [Ref. F-I]  

where r is the magnitude of the reflection coefficient. as measured by the network analyzer (r = 
'SI I 'I ,n~.,,~\I . l~nnl l l l i~ ) as described in Section F.6.1. The factor 1 TI- bounds measurement error5 due to 
reflection. Reflection coefficient was measured r t i r h  the current probe present in the fixture. Because the 
output of the probe connector was designed to be well matched, 1, was written as 
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The Current Tran\fer Function in dH is therefore 

Considering a net\vorh analyzer transmission niea\urenient ;i\ dewribed in Section F.6.2 

then: 

r 

And. \ince Z , , = Z , , , 3 0  Ohm\, the CTF reduces to 

v- 
Reflection 

Mea \u re tiie nt 
Tran sim i ss i ( 1  11 

M c a s 11 I e  n IC ri I 
(Misinarch) Trrnm (Prohe 1 Tcrln 

( F.6.4-5 

(F.6.4-6) 

(F.6.4-7) 

Data for the Prodyn I320B current probe. with error bars is shown in Figure F.6.4-1. The maximum 
values of this data were subtracted from the FQIS current transfer measurements of Section 4.5.1 to 
provide an estimate of current enhancement magnitude versus frequency. at each test point location. A 
maximum CVSF-CTF magnitude results in a smaller predicted current. when subtracted from the 
FQlS-CTF. This was considered to be the most conwrwt iw approach in estimating current 
enhancements. 
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Frequency, MHz 

Figure F.6.4-1: Prodpn I320B Probe Current Transfer Frrrictiori, a ratio of output current to reference 
current. Error bars show potential bounds of measurement inaccuracy due to calibration fixture reflection. 

F.7 References for Appendix F 

IF-21 Prodyn I-320B Specifications 

IF-3 HPXS023A Spcci tications 
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Appendix G: Manufacturers’ Data on Representative Portable 
Intentional Transmitters 

( A l w  includes data from the JSC report [Ref. (3-11) 

Devicesf 
Manufacturers ModeWroduct Standards Freas 

(MH7)  
Cel lu lar/PCS : 

Qu al co m m QCP-2700 Analog-Cell 824 - 849 

Mot oro 1 a 13241- 3W Analog-Cell 82-1 - 849 
CDMA PCS I850 - 19 I O  

Satellite Phone: 

M o t o ro 1 a Satellite Phone Satellite 16 16- 1626.5 

Wireless LAN: 

Lucent Tech WaveLAN IEEE 802. I 1 2300 - 2381.4 

DSSS 2400 - 2483.5 

DSSS 2300 - 2483.5 
ICOM LAN Card DSSS 2301 - 2483.5 

WaveLANIISA DSSS 902 - 928 

Wavepoint DSSS 902 - 92x 

2-way Pager: 

Motorola PageWri ter2000 901 - 902 
(?-way pager) 

Familv Radio Service (FRS): 

ICOM, Motorola. Family Radios FRS 462.5 - 467.7 
Ken wood 

Militarv: 

Utilicom LongRanger Spread Spec 902 - 928 
2000 & 2020 

2300 - 2483.5 

Portable Radio: 

Motorola Spirit MU22CV 464.5 - 367.925 
Spirit SVS2 151.6 - 151.95 
Spirit SU32 363. - 464.55 
S P l 0  VHF 150.8- 162 

Max Power 
( W )  

0.6 
0.2 
3 

0.57 a \ e .  

0.03 16 
0. I995 
0.03 16 
0.3 162 
0.03 16 
0. I 

I 

0.5 

0.8 

0.063 

3 - 
5 
3 
7 - 
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SP2I VHF 
SP21 UHF 
SP50 VHF 
SP50 UHF 
PI215 VHF 
PI225 UHF 
GP350 VHF 
GP350 I'HF 
PI I O  VHF 
PI10 LIHF 
GP300 VHF 
GP300 l1HF 
P200 VHF (LowBand) 

M u o n  
SPI30.IJO VHF 
SP 130. I40 UHF 
GMRS-2 I A 

Tekh 
T-20 
T-40 

IC0h.I IC-T7H 

IC-T8 I A 

IC-T2H 
IC-TSA 

Rad ioS hac h 
H TX- 2 00 
HTX-400 
BTX- 127 
TRC-137 
HH-930P 

Land Mobile: 

ICOM IC-F3 

IC-F4 

IC-F4OLT 

I 5 I - I 5') 
462 -3 7 () 
150- I70 
450-470 
150- 174 
450-470 
140- 174 
4-3 8-4 7 0 
1%- 174 
438-520 
146- I74 
403-470 
30-50 

148-174 
440-470 
362.575-462 615  

I5 I .6- 154.6 
462.5-404.5 

144- 148 
440 - 450 
50-54 
7 4 -  174 
400 - 470 
I210 - 1300 
74- I 74 
50 - 54 
141- 14s 
-140-450 
146- I 74 
4 30-4 7 0 

Hall1 144-138 
Ham 430-450 

C B  16.965-27.405 
Marine Radio 156- I57 

B u s . - ~ w ~ ~  151.6-154.7 

VHF Xceiver 136 - I50 
146- 174 

UHF Xceiirer 400 - 430 
440 - 470 

UHF Xceiver 400 - 430 
440 - 470 

7 

3 
* 

- 
I to 5 
2 to 5 
5 
5 
5 
4 
5 
4 
5 
4 
6 

5 
5 
1 

2 
2 

6 
6 
5 
5 
5 
5 
6 
5 
5 
5 
5 
5 

2 
1 
2 
4 
1 

5 
5 
it 
4 
5 
5 
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370-520 5 
IC-A3 AM 1 I8 - 136.975 5 

NOTE: The intention of this data was to provide an upper bound for possible PED power threat levels in  
an aircraft. The information was gathered from ur ious  internet web sites belonging to equipment 
inanufacturers. online stores. and sale catalogs. However. accuracy was not formall> I alidated with the 
manufacturers. NASA does not endorse the use of this data for anj' purpose other than stated herein. 

References for Appendix G 

[G-l I D. J .  Hughes, "Portable Electronic Devices (PEDS) Measurcd Emission Lci c lh . "  P I625 E.2 Suppo~-t to 
the NTSB. I W Y .  
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Appendix H: Partial List of FCC Limits on PEDS 

Frequency (MHz) 
Start 

Part 15: Low-Power, Non-License 

A\ync hronous ( LAN ) 
Transmitter 

1910 
2390 
1920 

902 
2400 
5725 

Frequency Hopping 

Part 20: Commercial Mobile Radio Services: 
Data not a\.ailable at the time of this analy\i\ 

Part 22: Public Mobile Services 
Cellular Blochs A.B 824 

Part 24: Personal Comm Service (PCS) 
Narrow Band 90 I 

930 
940 

Wide Band 1850 
1930 
2130 
2180 

Part 26: General Wireless Comm Service (PCS) 
Block\ A.B.C.D,E 4660 

Part 27: Wireless Comm Service (WCS) 
Blocks A.B.C.D 3305 

Part 80: Marine Radio Service 
Marine Radio Service: 

(shipboard) 156 
(in harbor) I56 

Mobil Telephone Service: 
(typ. handheld) 

Part 90: Private Land Mobile Radio Service: 
Data not available at the time of this analysis 

Part 95: Personal Radio Service 
GMRS (FCC95.639) 463.5 

stop 

I920 
3400 
I930 

928 
3483.5 
5x50 

890 

902 
93 I 
94 1 
I890 
I970 
3 I 5 0  
3200 

-1685 

3 3 60 

157.5 
157.5 

467.7 

Power (W) 

0.3 16 
0.3 16 
0.1 12 

7 

7 
7 
7 

0.2 

25 
I 

5 

5 
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Remote Radio Control 

CB (FCC 95.D) 

Family Radio Service 
Lower Power Radio Senice 
Interactiw Video & Data 

27 
27.255 
72 
26.965 
26.965 
162.56 
216 
318 

27 
37.155 
7 6 
'7.105 
'7.105 
467.72 
217 
2 1 9 

3 
25 
0.75 
4 (CW/AM) 
12 (SSR) 
0.5 
0. I 
0. I 
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