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an ape~ture~~9UPling term [Gap(w)]
and the aircraft wiring/measurement equipment [Gaic(w)]. ~The LST configuration transfer function was deriv~d”using a shorted T~

(

analytical transmissior line model which was valtdated experimentally using
low—loss RG—58 cabling azcd verified by tests on an F—lu circuit. The aper—
ture transfer function was defined by extending Van Bladel’s small aperture
expressions to the near field. Experiments were performed to measure E and H
field coupling, and two—dimensional potential (e.g., resistance paper) methods
were used to evaluate the electromagnetic fields in the vicinity of the aper-
ture. A novel and simple experimental approach to simulate peripheral skin
current density with a yoke coil was developed to analyze near— and far—field
effects and shielding and was found to yield accurate results. Van BladeVs
small aperture dipole expressions were adapted to enable prediction of the
effective voltage impulse levels for both capacitive and inductive coupling.
An estimate was made of the cable length that must be exposed to lightning
excitation to yield measurable induced voltages. The estimate of five cen-
timeters indicated that such lengths are typically present in aircraft cir-
cuits. The aircraft cabling transfer function was derived by analyzing the
transient responses in the time and frequency domains using a transmission
line model of an F—lll fuselage circuit. The results were compared to those
obtained on the actual F—lll circuit. Additional investigations were per-
formed to identify the scalable physical variables using the derived transfer
functions. Because of the inherent homogeneity properties of a linear system,
it was demonstrated that any physical variable (i.e., I, di/dt, v, dv/dt) is
scalable provided the input waveform remains invariant. The proper technique
for LTA amplitude scaling between ground based and airborne measurements was
defined. A technique for decoupling LST configuration effects using the
measured aircraft response and its impedance was developed. An LTA model was
postulated that explains some commonly observed LTA signal phenomena. It was

• shown that the physical nature of the aperture coupling (i.e., capacitive vs
inductive coupling) can be determined using the phase response of the voltage
transfer function in the frequency domain.

It was concluded that the combination of frequency domain LTA technique
and advanced LST processing equipment is a solid foundation for assessing
aircraft vulnerability to the lightning hazard.

~~Recommendations are made to perform analytical and experimental studiesto quantify configuration effects; small aperture spatial electromagnetic
fields and shielding effects; the pulse response of a wide range of aircraft
circuits; the complete nature of aperture coupling, including identification
of the dominant and secondary apertures; the effects of possibly distributed
versus local excitation points and methods of extending the technique to other
aircraft cabling parameters (e.g., terminating impedances, non—linear devices
and cable lengths) and to shielded cabling. The amplitude scaling technique
should be incorporated into existing routines at the AFFDL Electromagnetic
Hazards Group data acquisition and processing system. Experimental programs
should be continued to define the required parameters~from natural lightningto permit the use of realistic standardized waveforms kor the most probable
and severe threats so that LTA can be used to its full ~otential. In the
interim. LST programs should not be limited to a single ~.iaveform since impor—tan~ LTA information may be lost. Ftdl’ally , the requirements for LST and LTA
should be standardized for all aspects of instrumentation~ procedures, dataprocessing and analysis so that specifications for equipme~t design and test—lug can be written and implemented.
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SUMMARY

1. Ligh tn ing  Transient  Analysis

Lightning Transient Analysis ( LTA) is a techn iqu e tha t
ap pl ies the resu lts of Ligh tnin g Simul ation Tes ts (LST)
towar ds the pr edic tion of the response of a ircraf t circui ts
to an actual lightning event. In this study the method that
was inves tigated is curr en tly bein g use d by the EM Hazards
Group of AFFDL . This particular method has been converted
to a computer model which is in a constant state of valida-
tion/verification and refinement. Inputs for the model are
derived from on-going LST programs . The purpose of LTA is
to prov ide a ircr af t and aircraf t sys tem des ign ers wi th da ta
and/or design guidelines for protecting modern-day aircraft
against the lightning hazard . For example , such guide lines
would quantify the trans ien t respons e expec ted on internal
c ircui try from lightnin g even ts , thus allowin g the designers
to take precau tions in pro tec ting avionics sys tems and
selec ting op timum cab le rou tes thr oughou t the vehicle.

a . L ightnin g and Labora tor y Simu la tion

There can be no question that aircraft struck by
lightning are subjected to severe mechanical stresses exter-
nal ly and to severe electrical stresses internally . These
fac ts have been made abundan tly clear by fl ight experience .1
The external mechanica l str esses are observed to occur in
close physical proximity to the entry/exit points of the
lightning current. The internal electrical stresses , on the
other hand , are distr ibu ted throughou t the aircraf t inter-
ior. These effects occur because natural lightning gener-
ates elec tr ic and ma gne tic fields which pene tra te in to the
interior of aircraft by various methods .

By conven tion aircraf t lightning damage has been
separated into two categories : “direct effects” and “in-
direct effects .” Direct effects produce the mechanical
changes to the aircraft and are a consequence of the inti-
mate contact of ligh tning curren t wi th and conduc tion
through the skin. Indirect effects result not from direct
mechanical forces but from electromagnetic fields resulting
from lightning events.

Lightning is characterized by an electric field
strength prior to current flow. This field collapses as the
return stroke phase is initiated. The neutralizing current
flowing in a lightning channel (return stroke) rises to some
peak magni tude , ~~ in a few microseconds as shown in Figure
1. During this r~se time , Tf, the current is rap idly chang-

- - ing in magnitude. This rate of change of current is usually
charac terized by a single worst case value of di/dt , although —

the actual di/dt is not really constant over the time from
zero current to peak current. After reaching its peak the
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curren t fal ls  in a few hundred microse conds to some inter-
med iate or low value . These lower levels may last for dura-
tions of milliseconds to hundreds of milliseconds . From an
effec ts poin t of view , only the elec tr ic f ield and the
rapid ly changing magnetic field (produced by the current ID)
cause significant transients in aircraft electrical circuits .
Theore tically the induced tran sien ts on aircraf t circui ts
can be calculated by estimating the internal electromagnetic
f ield , predicting the coupling coefficients and calculating
the transmission line responses of the circuits . Such a
calculation is highly complicated (unless the aircraft under
consideration is no more complicated than that shown in
Figure 2) and made time-consuming by the complexities of the
in terna l aircr af t struc ture and the many possible elec tro-
magnetic apertures in the aircraft skin. Complications of
this sor t have made the purely analy tica l appro ach to LTA
unattractive and have led to the development of various
testing philosophies. The introduction O-.f sophisticated
large-scale integration (LSI) circuits with low operating
voltages and the increased use of advance design composite
structures have further enhanced the requirement to test.
Nonmetallic structures may permit more coupling onto elec-
trical circuits because the lower operating voltages increase
the possib ility of trans ient upse t. In addi tion the use of
fly-by-wire flight controls and the fact that all redundant
sys tems are suscep tible re quir es a designer to look closely
at the entire aircraft.

The collection of real-wo7ld lightning event data
in the quantities desirable involves considerable expense.
The unpredictability of time and place of the occurrence of
lightning events by necessity requires a long-term data col-
lection effort. Furthermore , given the variety ot aircraft
currently in use, data pertaining to the effects on indi-
vidual types of aircraft are extremely difficult to obtain.
But most importantly, to intent ional ly subject  a manned air-
craft to a lightning environment is potentially hazardous .
Because real even t da ta is required for the ul tima te valida -
tion/verification of LTA , the Elec tromagne tic (EM) Hazards
Group of the Air Force Flight Dynamics Laboratory (AFFDL) at
Wright-Pat terson Air Force Base , Ohio , has ini tiated pro-
grams for collection of the much needed data.2 In the
mean time , laboratory simulations of lightning phenomena par-
ameters of interest such as peak current, current rise times
and decay times have been developed .-’ The laboratory simu-
lations provide a controlled and repeatable environment that
can be applied to an aircraft so that its response and that
of its systems can be measured . Such simulations normally
pertain to the high peak current phase, called the re turn
stroke , of negative discharge lightning flashes . This type
of simulation is usually the nature of LST.
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Figure 2. Aircraft with Limited Lightning Suscep tibil ity
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b. Lightning Simulation Testing

In its ~imples t form LST is performed by connect-
ing a capacitor bank with waveshaping elements onto a full-
scale aircraft. A distributed return line (actually a num-
ber of individual wires) surrounds the aircraft to promote
free field current distribution in the airframe and to com-
plete the electrical circuit. The capacitor bank charge
voltages and waveshaping elements can be varied so as to
produce a variety of current waveshapes. Selected current
waveshapes and magnitudes are conducted through the aircraft.
During the flow of current the internal electrical circuits
are monitored for induced voltages and/or currents which are
recor ded as they occur . The magnitude of the injected
curren t is usual ly less than for a “real” lightning level.
Current7waveshapes in LST are described in a standardized
manner.~ The standardized method consis ts of identifying
the front time (T1) and the time for the wave to decay to
half value (T 2) and defining the waveshape as a T1 x T2
current waveshape. The front time is defined as the inter-
sect ion of a line drawn through the 10 and 90 percent points
of the rising current and the peak current value . Thus a
ty p ical s tandard ized  wave is specified as a “2 x 50” it sec
wave .

The EM Hazards Group of AFFDL have made ref ine-
ments on the basic LST configuration. What is being done is
to measure induced voltages and currents in the e lect r ical
circuits along with the internal magnetic fields . The time
domain induced waveforms are d i g i t i z e d  and a Fourier trans-
form is performed to obtain their frequency spectral  compo-
nents. The FDL LST method uses a fiber optics system to
t r a n s m i t  the induced vol tages  from the a i r c r a f t  c i rcu i t s  to
the osci l loscope , thus improving the s i g n a l - t o - n o i s e  ra t io
from the older test methods us ing  tw in -ax ia l  cables , and
employs a generator capable of de l iver ing  thousands of amps
which  fu r ther  increases the signal-to-noise ratio. In all
tests , the current  en t ry/ ex i t  points  are changed to s imulate
poss ible  l igh tn ing  e n t r y/ e x i t  locat ions.  Nose - t a i l , wing-
tail , wing-wing and nose-horizontal current paths are those
most f r equen t l y  se lected.  Tests on avionics  systems can
thus be performed .~..n 6A.-tu, powered up or powered down .

One assumpt ion  regard ing  the waveform appl ied from
a l abora to ry  genera tor  is tha t  the cur ren t  pulse  contains  a
frequency distribution and relative discrete frequency am-
plitude comparable to a natural lightning return stroke but
at lower (scaled) levels. A 2 x 50 l.Lsec waveshape is commonly
used because it corrçsponds somewhat to the specified wave -
shape in M I L - B - 5 0 8 7 B ”  and s a t i s f i e s  Aerospace Recommended
Practice.3 Howev er , the selected 2 x 50 wave does not
represent a small model of a real lightning pulse. Most

~~ tests performed by the EM Hazards Group supplement this
s tandard waveshape w ith a var iety of other waveshapes to
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maximize the amount of information obtained. The objective
of applying any waveform is to provide the internal cables
with a spectrum of frequencies of “appropriate” relative
proportions to which they can respond . From this frequency
domain point of view it is apparent that the cables will
respond only at discrete frequencies or over discrete bands .
The application of multiple waveshapes permits facility
effects to be eliminated using the LTA method to be discussed.

Another assump tion upon which scaled LST me thods
depend is linearity . This assumption is that for a given
input (dr ive) function, there is a response function whose
magnitude will change in direc t propor tion to a change in
the input function. The concept of linearity as it applies
here is that the induced transients are related to the
applied current and that the relationship can be approximated
by the solution of a linear differential equation. Verifi-
ca tion of linearity has ~e~n investigated in a number ofways by several methods.~~,0,7,0,9 Linearity appears ~o be a
valid assumption as has been shown by Lloyd and Wa lko~ and
for low frequency sc aling by Burrows. 6

Among the objectives of this program were the
def init ion of the proper way to perform lightning simulation
tests and the analysis of the measured data . Specifically ,
objectives were to determine whether or not lightning simula-
tion testing is linear , what the nature of coupling to
internal circuits is, and what the appropriate method of
scaling laboratory test data to the natural environment is.

2. Analytical Validation of the LTA Technique

In a general sense , the LTA approach can be considered
as an identification problem involving a hybrid lump€d-dis-
tributed parameter system . During the past 10 years , con-
siderable time and effort have been expended on this ‘iighly
challenging identification problem . Impressive contributions
from elec tromagnetics , plasma physics , etc. have been made
in the LTA area , yet major ques tions concerning interpre ta-
tion and methodology still remain. In contrast to the pre-
vious work , the present investigation has approached the
prob lem in a significantly different way . Rather than em-
phasize the detailed physics of the problem, the present
study concentrated instead on the detailed modeling of the
sys tem as a general linear , time-invariant system . Using
the linear sys tem framework , the powerful techniques of
convo lution and transfer function theory were applied in an
attempt to unders tand bo th the phys ics and the dynamics of
the complete system.

Independent of the physical details and pecul iarities
of the LST sys tem, the fundamental linearity of the overall
LST system is assured as a direct result of the basic line-
arity of Maxwell’ s field equations . Linearity , in the pre-
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sent context, is equivalent to the property of superposition
which simply states that the response to the sum of two in-
puts is the sum of the responses to the individual inputs.
The superposition property along with the property of time -
invariance holds for any static system described by Maxwell’s
equat ions and permits , as a consequence , the use of the fre-
quency domain or transfer function approach which is part icu-
larly well suited to the analysis of the cascade configura-
tion found in the LTA problem. -

Referr ing to Figure 3, the LTA model, in time sequence ,
consists of the LST configuration-dependent skin current
which elec tromagnetically coup les through the “small aper-
ture” to the aircraft cable. A small aperture is defined as
one with aperture dimensions much smaller than a wavelength.
From left to right , the LST configuration transfer function,
GLST(W), relates the pulse assembly parameters to the air-
craft distributed parameters in a way that defines the Fourier

~~~IFIGURATION 

~ 

~~~~~UREJ~- 
~~ 

~~~~~~ 

FUNCTION~~~~~~

SKIN INDUCED OBSERVED
CURRENT VOLTAGES RESPONSE

Fi gure 3. LTA Cascade Confi guration in LTA Problem

transform of the aircraf t sk in current, S5 (w) , (s ee Paragraph
2.a.). Assuming that the dominant flux coupling is “small
aperture ,” the second transfer function, GAp(w), expresses
capacitive and inductive coupling in terms of induced aper-
ture voltage , v1(t), as a linear derivative operation on theaircraf t skin current, i5(t), given as:

di 5(t) d2i5(t)v1 (t) IC dt + a 2 (1)
dt

where IC and a are constants

wi th  the equivalent t ransfer  function :
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2 S1(w)
GAP (w) K [ J w a u ) ] S (W) (2)

The final aircraft cable transfer function, GA/C (u ), relates
the induced aperture voltage , v1(t), at its point of applica-
tion to the output voltage , SLST(t), measured at any point
within the aircraft cabling . From basic linear system theory
it now becomes poss ible to multiply the transfer functions
and , provided each transfer function is isolated from the
preceding transfer function, express the transform of the
output pulse , SLST (LA), as:

SLST (W) = GLST (w) GAP (w) GAI C(W) (3)

For tunately,  this isolation ex ists in the LST configuration
since neither the “small aperture” itself nor the aircraft
cabling will significantly load the aircraft skin current.
With the available Fast Fourier Transform (FFT) a lgori thms
and with the observed input current and output voltage
waveform s, a simp le, direc t system identif ication can be
made as described in the following sections.

To summarize , the following assumptions were made in
the present investigation :

a. Dominant coupling due to the relationship between
wavelength and aircraft dimensions is small aper-
ture coupling (no diffus ion or res istance compo-
nents were observed during pulse tests).

b. There is only one dominant aperture .

c. The small aperture(s) and aircraft cabling do not
s ignif icant ly  load the aircraf t sk in curr ent,
i5( t ) .

d. As various tests have confirmed, the sys tem is
linear and time-invariant .

Some of the data reported here has been reported pre-
viously in Reference 10. This particular data was collected
as part of a normal LTA program and was not or iginally
collected specifically for use in this study (See Appendix).
However, the data was used in this study to prove the LST
linearity assumption and to provide insight into the coup-
ling mode (electric or magnetic field) for certain electrical
circuits. Many electrical circuits were studied in the
original F-lll LTA work but the present work concentrates on

— 
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the resul ts obtained for the yaw computer to yaw damper
servo circuit. The circuit consists of a 17.2 meter run of
cable from the yaw computer in the forward fuselage area to
the yaw servo damper assembly in the top of the aircraf t as
il lus trated in Figure 4 and presented in more detail in
Figures 5 and 6. A schematic representation of this circuit
is presented in Figure 7. The only aper tures which are
located near the circuit cable run are the speed brake just
forward of the main gear and the opening in the wing pivot
area.

a. Scope and Results of Investigation

The resu l t s  of the invest igat ions  performed during
this program are presented in Sections 2 through S and sum-
marized below in the four specific categories. - These cate-
gor ies ar ise naturally from the LTA prob lem and correspond
to the transfer function blocks of the linear system repre-
sentation of Figure 3.

(1) LST Conf igura t ion  Ef fec t s

(a) The LST configuration effec ts were comple tely
analyzed using a transverse electromagnetic
(TEM) shorted-end transmission line represen-
tation. The TEM representation was completely
ver ified by actual F-lll skin current measure-
men ts and also through a de tai led labora tory
simulation using RG-58 cabling .

(b)  W i t h  the LST TEM representat ion , equivalent
linear sys tem representations wer e def ined in
both the t ime domain ( impulse  response) and
frequency domain ( t r a n s f e r  funct ion) . The
derived GLST (W) was shown to be:

v C
GLST(w) 

C S - (4)
1 -  w C ~ Z0 tan ( A/ C) + j w R 5 C~

where vc = capaci tor charge vo ltage , volts

C~ 
= capac itance of the pulse capacitor

= value of damp ing res is tor , ohms

= charac ter i s t ic  impedance of LTA
conf igura t ion

IA/C length of aircr af t , meters

c = speed of light (c 3 x 108m/s)
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BRAKE CABLE ROUTING

(17.2 METERS LONG)

Figure 4. Location of Yaw Computer , Yaw Servo Damper , and
Interconnect  Cable Routing for F - I ll  S/N 67- 116A
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Figure  5. Access Door 1101 to Equipment  Bay on F - l l lE
Showing P i t c h,  Roll  and Yaw Computers
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Figure 6. Test Connection for Yaw Damper Servo
Trans ient Measurement
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The above sys tem descr iption allows a straight-
forward compensation for  the LST conf igura t ion
e f fec t s  using s tandard l inear system techniques .

(c) The TEM model determined the relationship
between the LST current  pulse , i5 (x , t ) ,  and
vo ltage pulse , v5 (x ,t), waveforms along the
a i r c r a f t  ax i s .  Such a de te rmina t ion  y ields
an estimate of the relative effects of Capaci-
tive and inductive coupling .

(d) The TEM assumption was used along wi th  scaled
models and two-dimensiona l potent ia l  techniques
to inves tigate the dependen ce of sk in curren t
dens i ty d i s t r ibu t ions  on LST geometry . The
e f fec t  of vary ing  en t r ance -ex i t  points on the
sk in  current  dens i ty was also studied for
both the LST and airborne s i tua t ion .

(2)  Small  Aper ture  Studies

(a) A de terminat ion  was made of small aperture
nea r - f i e ld  behavior , both from exper imental
(yoke coil) measurements and also from re-
sistance paper potential solutions . Van
Bladel ’ s ( R e f .  11) resu l t s  were extended to
numerically determine the electric and mag-
netic scalar field potentials of a circular
aperture in the near and far field.

(b) A continuous wave, CW , technique us~ng yoke
coils was def ined to measure E and H coupling
in an accura te , carefully controlled manner.
In conjunc tion w ith the po tential theory
approach , these tests will provide a method
for predicting induced exci tation voltage
levels for any arbitrary aperture , cavity,
and cable routing strategy .

:- (c) The effect of shielding was investigated by
the resis tance paper me thod, the conjugate
harmonic method, and the graphical curvi-
linear square me thod as were motivated by the
TEM assumption.

(d) Significant analytical progress was made in
adapting Van Bladel’s dipole expressions to
the prediction -of effective voltage impulse
levels for bo th capacitive and inductive
coupling . This work led to the transfer
function , GAp (w), presented in Figure 3.

xxv
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( 3) Pulse Response of Ai rc ra f t  Cabling

(a) The pulse response of aircr af t cablin g was
successfully modeled as a low-loss trans-
mission line termina ted at bo th ends and ex-
cited by an induced waveform at some point
through an infinite impedance . A new time-
domain technique was developed for analyzing
the pulse response of low-loss cabling when
excited from a high impedance source . The
model was defined for any arbitrary excita-
tion poin t or waveform and can be used wi th
any terminating impedance values . The new
technique permi ts a direc t predic tion of the
excitation waveform from the observed output
waveform or , conversely , the predic tion of
the air craf t cable transien t response to any
arbitrary excitation pulse. The new approach
is a chara cteriza tion of the linear sys tem by
means of its impulse response and is extremely
well  suited to experimental investigation.
With this method , actual pulse tes ts were
performed on the yaw damper circu it of the
F- ll l  and y ielded results consistent  wi th  the
LST experiments . Using this technique , it is
now possible to predict the effect of a
pos tula ted exci ta tion pulse on any given
section of aircraft cabling . With further
refinemen t, this technique will provide
essential informat ion as to the nature of the
LST coupling phenomena and should eventually
lead to a procedure for predicting (spec-ing)
the effects of lightning on any g iven air-
craft circuit.

(b) Using the same high source impedance model of
( 2 . a . ( l ) ) ,  the complete vol tage t ransfer
funct ion of the a i r c r a f t  cable system was
derived , inc luding the ef fec ts of loss . Th e
transfer func tion , GA/C (W), forms the th ird
block in the cascade configura tion of Fi gure
3. The derived GA/C (w) equals (Ref. 12)

z z
GA/c(w) K 

~ ~+
2
z (5)

1 2

where: Z 1 Z 0 tanh (y £1) (Yaw Damper
cotanh C~~~ ‘~~~~) 

Circui t )

- characteristic impedance of cable
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tanh( ) - hyperbolic tangent function

cotanh ( ) - hyperbolic cotangent function

- complex propagation constant in-
cluding loss term

£1 dis tance from exci tation poin t
to shor ted end

L 2 — distance from excitation point
to open end

GA/C (W) was programmed on a digital computer
and was found to be consistent wi th actual CW
(sine wave) tests on the F-lll and also with
a detailed series of tests using RG-58 cabling .
Usin g the transfer func tion phase response , a
new technique was developed to de termine the
rela tive magni tudes of capaci tive versus
inductive coupl ing independen t of where the
excitation itself is physically applied. The
resolu tion of the induc tive versus capac itive
coupl ing question is one of the major out-
standing ques tions in LTA .

(c) A de tailed series of experimen tal tests wer e
perf ormed to de termine the ef fe cts of typ ica l
circuit nonlinearities (e.g., p-n junction)
on the overall linearity of the system . From
actual F - l l l  and RG-58 tests on a variety of
devices (e.g. amplifiers , diodes , etc.), it
was observed tha t linear ity ,  in the sense of
inpu t/ou tpu t superpos it ion , is rarely af fec ted
by the usual zero-memory nonlinearity found
in most aircraft circuitry . This fortunate
fact is the direct result of the capacitive
shun t to ground confi gur ation common ly ob-
served in most aircraft cable terminations .

(4) Systeir Considerations

(a) ~he ques tion of which phys ica l variab le to
scale on ( i, v, 

~~
-
~~~) 

was completely re-

solved . It was demonstrated by analysis that
extrapolation (scaling) can be legitimately
made on current magnitude (for a given wave-
shape) regardless of the na ture of the coup-
ling mechanism. Furthermore , the overa ll LST
system impulse response was derived from the
inver se transform of the ra t io of the Four ier
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transforms of the recorded input and output
waveforms . Actual determination of the
overall LST impulse response was accomplished
using this procedure and represents a signif-
icant advance in the LTA program . With the
LST h( t) defined , the outpu t to any arbi trary
input can be predicted from the convolution
integral. The use of the convolution or
superposition integral also provides a power-
ful confirmation of system linearity .

(b) From linear system theory , a procedure was
suggested that defines the aperture transfer
function given the known aperture excitation
po int and , conversely, defines the cable
transfer  func tion given a dominan t aper ture
location. An even more powerful technique
using the phase response and the resonan t
nature of the cable transfer function was
also developed to es tima te the rela tive
magnitudes of capacitive and inductive exci-
tation.

(c) A def ini tive res olu tion of the amp litude
scaling problem was accomplished . From
linear sys tem theory , it was demons tra ted
tha t pure ampli tude scaling can be performed
only when the input waveform remains invari-
ant. For the usual case where the LST wave-
form differs from the airborne lightning
curren t waveform , a detailed procedure for
proper scaling was defined using the convo-
lution integral as an intermediate step.

b. Important LTA Questions Resolved by the Investigation

To summarize and to also focus on the significance
of the repor ted work , listed below are those LTA problems
addressed and resolved in this study . It is evident that
some of the items concern LTA questions that have excited
discussion and controversy over the years.

(1) A definitive answer to the amplitude scaling
question was achieved . Specifically , the question
of which physical variable may be amplitude scaled
was resolved and also a detailed experimental
procedure was advanced to test a given circuit for
linearity . Furthermore , for the firs t time , the
full implications of linearity were used in the
quantitative analysis of the overall system .
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(2) Important progress was made in the analysis and
testing of the small aperture effect , par ticularly
with regard to the previously unaddressed shield-
ing and near-field effects . A convenient method
using two-dimensional resistance paper was devel-
oped tha t could lead to an optimum cable rou ting
strategy .

(3) The LST configuration effects were successfully
modeled. With this accurate representation it is
now possible to compensate for configuration
effects and to realistically extrapolate to ex-
pected airborne signal levels.

(4) A complete linear system representation of the
pulse response of aircraft cabling was developed
in both the time and frequency domains . The new
methods resolve the question of capacitive versus
inductive coupling and should also lead to a
complete system optimization with regard to the
lightning threat.

3. Report Contents

The technical substantiation of subjects summarized in
this section is contained in Sections 2 through S. These
sections are each an integrated compilation based on ten
technical memoranda prepared by Dr. W. S. McCormick of Tech-
nology Incorporated , Dayton , Ohio during the program as
performance progress reports. Rather than presenting the
memoranda in their ori ginal chronological sequence , the
reports have been integrated and compiled into the four
topical categories discussed in Paragraph 2, each pre sen ted
as a separate section of this report. All the relevant
technical content has been included in this report and ac-
tual reference to the progress repor ts for technical infor-
mation is unnecessary .

xx ix
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1. INTRODUCTION

Aircraft struck by lightning are subjected to severe
mechanical (externally) and electrical (internally) stresses
as evidenced by flight experience. To investigate this phe-
nomenon and deal with the lightning hazard , analy tical and
test methods have been developed and are currently in use.
Some of the me thods , while widely used and documented, are
the subject of a continuing controversy in terms of validity
and real ism.  Because of the na tur e of the hazard it is es-
sen tial tha t the me thods used to def in e the magni tude of the
hazard , the manner in which aerospace vehicle/system per-
formance is affected , and the cri ter ia being used in the
development of new aerospace vehicle/system design be vali-
dated in a definitive way . To this end the program reported
herein was under taken to review exis ting Elec tromagne tic
Pulse (EMP) , and l igh tning techno logy and rela ted analy tical/
exper imen tal me thods used to de termine aircraf t suscep tibi lity
to trans ien t elec tromagne tic f ie ld s, determine which me thod
( if any) is sui table to quan ti fy  the aircr af t ’s respons e to
the l igh tn ing  hazard , and to va l ida te  the selected method.

The rev iew of exis ting me thods revealed a number of
signif icant developmen t programs , either comp leted or on-
going,  by General Elec tric , McDonne ll Dou glas , Boein g and
others .  Some of the methods inves t iga ted  were in various
stages of expansion , developmen t and/or ver if ication.  In
common to all  the me thods found were the requiremen ts for
large computer facilities , lar ge amoun ts of comp utation time
and sub stan tial pr ogramm ing suppor t . These requiremen ts
resu lt f r om the amoun t of struc tura l and elec trical  de tail s
of the aircraft and its systems needed for valid lightning
hazard analysis.

The de te rmina t ion  of which ex i s t i ng  me thod , or model ,
was bes t su ited to confiden tly predic t the response of an
aircraft/system to lightning hazards entailed several con-
s idera t ions .  Among these were theoret ica l  basis , v a l i d i t y
of assump tions , and agr eemen t wi th ava i lable “real world”
and other tes t da ta. A si gn ifican t f indin g of this study
was the realization that the Lightning Transient Analysis
(LTA) method , developed by L.  C. Walko (R eferences 5 and
13) and ref ined by the Air Force dur ing Ligh tnin g Simul a-
t ion Tes ts (LST) , is h ighly adap table to Fourier analysis
methods for the development of system and subsystem or
component t r a n s f e r  func t ions  which enable d e f i n i t i o n  of
their suscep tib ili ty ,  individu al ly  or collec tiv ely ,  to the
ligh tning threat.
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The selection of the LTA method to predict the response
of an aircraft/ system to lightning hazards required that its
credibility be established by dealing with those aspects of
the method which have been the subj ect of some controversy.
Questions had arisen as to the validity of the use of LST
results in LTA , the linear extrapolation of LST current
levels to those levels present in the actual lightning
hazard , and the nature of the coupling of the lightning
energy to the internal cables of the aircraft .
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2. LST CONFIGURATION EFFECTS

In general , the LST configura tion includes the lumped
elements of the pulsing assembly as well as the distributed
parameters of the aircraft (A/C) and ground return paths .
The initial objective of the investigation was to develop a
linear system representation of the configuration in order
to compensa te for confi gura tion effec ts. The resul ts in
this section provide a complete linear system based on the
TEM mode assumption. As will be demonstrated , the TEM model
has completely quantified the configuration effects and has
supplied the sys tem transfer func tion , GLST(W), for the
overall system.

2. 1 Fre quency Domain Approach

2.1.1 General Discussion

The initial represen tation of the LST conf igur ation
was in the frequency domain. Using the shorted TEM frequency
t ransmission line model , the complete representation of the
LST configuration was identified as well as the bulk induc -
tance of the LST configuration . As a f ina l  result , the con-
figuration transfer function , GLST(W), was identified .

2 . 1 . 2  Detai led Discussion

The presen t appr oach is to consider the LST con-
f igur ation effec ts and the internal a ircraf t cab le responses
as essentially isolated in an electromagnetic sense. This
key assumption allows the multiplication of transfer func-
tions and sugges ts a sys tematic procedure to decouple the
LST conf igura tion effec ts. As a f i rs t (ana ly tical) step in
this appro ach , the LST configura tion is mode led as a shor ted ,
low-loss transmission line operating physically in the
fundamental  TEM mode . In this model , the a i r c r a f t  skin and
re turn  lines form the two conductor “p lanes ” with the E and
fields contained in the space between conductors . For the
AFFDL F- ill , oscilla tory inpu t measur emen ts sugges t a bulk
inductance , E, of 17 ph for the entire LST configuration
( including wir ing , etc.)  giving an inductance per meter , L ,
of 0.77 ph / rn  for a 22 m a i r c ra f t .  The capacitance per
meter , C, can now be calculated from the IMPORTANT reciprocity
relation between L and C for the TEM mode given as:

1.1
0

C
0c =  (6)

or , in our case where * ~~ x 10~~ H/rn and m 8.85 x 10 12 F/rn:
C 14.4 pf/m or — CL A/C 317.

The LTA configurat ion is then given by:

3
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z0 
l0~~~ 23l~V 14.4 x 10

Continuing with the analysis, the inpu t admi ttance of the
shorted transmission line can be expressed as:

u 
~A ’CY = -j Y0 cot 

- c (7)

where Y0 is the reciprocal of the characteristic impedance .
The admittance of (Eq. 7) has singularities at w = n(t~

” ) =

A/ C
where n 0,1,2 ,.  . ., and can be expressed in the fol lowin g
alternate form :

V 1 u/ u 1
-j ± . — + j ± .  ~ .1. (8)

iT ~~ — ~ n=l 2 
- ~~~~~~~~~ 

2

where = iTc/LA/c 
= 2ir f 1. That is f 1 = c/2

~A/C 
6.8 MHz

fundamental .

The expression of (Eq. 8) immediately suggests the fol lowing equi-
valen t circu it for the assemb ly at the fron t of the aircraf t :

-
~r 

V(S)

Figure 8. Thevenin Equivalent Circuit of Pulse Assembly

Since it is more convenient to drive an admittance model
with a current drive , the above Thevenin circuit can be
reduced to its Norton equivalent given as:

1- 

_ 

4 

_ _ _ _ _

- -

i

~ 

--5- 

- - 
~~~~~~~- - -~~~~~~

-
~~~~ ~~~~~~~~ - - ~~~~~~~~~~~~~~~~ -5 - - -———5 — .



—-5 -5— -.- --5— .~~~
_ 

—‘-—- -—— —-5-’ 
~~~~~~~

_-. -5-. .—
~
-—-‘ —-—- --— 

—

- - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -— — -

V{1;
T 1 .. ..J ~~

where L0 t = l 7 ph

— 
~~~~~ 

— 2 1
n
~~~~~~~

2 2
~~~~~1c2 ~

Figure 9. Norton Equivalent  Circui t
of Pul se Assembly

where the curr en t genera tor is now an impu lse of streng th V~ .

Combining the source with LST equivalent circuit , we arrive at
the complete equivalent  circuit  shown below :

j— CURRENT TRANSFORMER

J~ I ~~~ ~
~ %4) Ci 17 )Jh ______ ftNSIGNIF~CANT HIGHER

~ 
1’ z0 ~~~~ 

U 
~ic 

55p1 ORDER TERM S)

OVERALL LIA cONFIGURATION

2L
where C a A C

C

Figure 10. Equivalent  Circui t  of Overall
LTA Configura tion

In the overall equivalent c i rcu i t , the current I~ represents
the usual uni polar over-damped waveform while 12 represents
an LST oscillatory waveform. Using the property of super-
posi t ion , we can look at the as genera ted by the follow-
ing component equivalent circuit.
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10(t)

R
C U J

vc ( I [ 1 ’~~~~ \I 2 
j

8.S Ph

Figure 11. Component Equivalent
Circuit for I

~

Taking Figure 11 as a representative LST circuit , the C5can be set at 2 . 4  iif and R~ at 30 c~. Since C5 >> 58 pf ,
the series combination of C5 and the 58 pf is approximately
58 pf , reducing the circuit to the following simple series
R-L-C resonant circuit:

~~ pf 
12 8.5 ~~h

I_____

Figure 12. Equivalent RLC Resonant Circuit

with an under-damped resonant response of:

1.4 
— 

1.4 7.1 MHz ( 9 )R 
2n~~ t ~ .~~l7 x 10 6 x 58 x io . l 2

which agrees with the fundamental period of
the damped time constant (e 1) o f :

T.C.  (10)
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where a = 6 uR = = 
~~~

— 1.76 x 106 nepers z 2 x ioô nepers~
to give a 37% time constant of: 

- 
-

T.C. 0.50 psec. (11)

Both the 6.8 MHz frequency and the 0.50 psec T.C. are
clearly indicated in Figure 13 where the I

~ 
and 12 compo-

nents are quite apparent. Since Figure 13 is only a typical
observed waveform , the confirm ation gives a validation
to the model.

Cons istent wi th Figure 10 and equa tion ( 7 ) ,  the
Four ier transform of the entire LST curren t can now be
wri tten from the ser ies impedance conf igura tion as

Vc V~~/j w  

-

‘LST~~~ 
= 

+ 
= 

(R c + 
~~ C5) 

+ ~1 Z 0 tan LA/C

- 

V 
(12 )

- 

i. - w Z0 C5 tan 
(U 

LA/ C) 
+ R

~
C5

where Z 0 equals 23l~~.

2 . 2  Time Domain Approach

2.2.1 General Discussion.

It is instructive to analyze the LST configuration
in the time domain. A time domain approach (Ref. 14) clearly
i l lus t ra tes  the ref lec t ion proper ties of the sys tem and also
clearly defines the interrelationship between the voltage
traveling wave , v(x ,-t), and the current traveling wave,
i(x ,t). The important conclusion -of this section is that
the v(x,t) waveshape is proportional to the time derivative
of i (x ,t) ;  this resu lt is of grea t significance in inves ti-
gat ing the relat ive importance of capacitive versus induc-
tive coupling .

7 .

~~ -5——-~~~
-—-.--—- ~ t-5z~~~

~~~~~~~~~~~~~ ~~~~~~~~ 
—~~3_.~

__ —--5 —— — ~~
— ——



5-- - --. .- — - 5  —*-
•_ __ _ 

-- -.-.- - - - - -

FILE: Fill 3050 PO$ PK: 2334
500NS NEG PK: -1t75

R: 30

1: 17

C: 2.4

VC: 80 _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _

_w  ~~~~~~~~~~~~~ -~~~~~~~~~

TR: 1.351

TD: 0

DI/DT: 1382

~~~~~~J
I

•3 D1V.

Figure 13. Typical Observed Waveform of LST Current
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2 . 2 . 2  Detailed Discussion

The input impedance for  the shorted t ransmiss ion  line
is given by:

/ 2,r 2. \
~~~ = j Z

0 
tan A C

) 
(13)

where 2 is the characteristic impedance of the LTA configu-
ra t ion  8qual to 23lc~. For al l  s i g n i f i c a n t  frequencies of
the unipolar  pulse (f < 1 MH z) , A is > >  than the a i r c r a f t
length  and Z j~ can be w r i t t e n , us ing  the smal l  angle approx-
imat ion  for  the term tan ( ), as :

j 231 
(
~ 

LA/
C) = j 231 (2iT fLA/c) (14)

which implies an inductance equal to - 

-

= (
~

) LA/ C = 0 . 7 7  LA/ C p h (15)

r Note that  at the at tachment point  LA/ C = 22m ,
and L equals 17 ph which checks with the ob- j

L served value .

In order to better appreciate the TEM mode (Ref.
15), it is ins truc tive to consider the un ipolar trans ien t
response in the time domain. For the time interval ,
0 < t < 2LA,r/c , before the f irs t reflec tion , the dischar ge
circui t is ~~tua1ly looking into what appears to be aninfinite transmission line as shown below :

_________ ____________

I

I ~ 231~~~~vc
T 2L NC

Figure 14. Equivalent Discharge Circuit
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For every significant w , << (R5 + 231) , so that the full
appears across the transmission line input at t 0~~.

After  t > 2L A,r/ c , v • will be affected by reflections
at the “shorted-end” w1tI~ a reHection coefficient of I px, ~ 

- 1
and at the “sending-end” with a A,C

- -  R -~~~~ --- 2-3l R - 231
- - — 

— 

R: + + 231 ~: 
+ 231 -1 (16)

A general analysis involving the two reflection points yields ,

after m t/ c round-trip inte rvals:

= + 

n~l (
PLA,C~ 

~n-l + P LA/ C 
~~n) (17)

(sending - (loaded-
end) point)

or

= 1 + (1 + 
i—) ! 

(~0 P &A/C)~ 
(18)

Because the reflection at the “shorted-end” is 100% 
~~~

I
~~~~ LA/C I 

= l)
while the reflection at the “sending-end” is less than 100%

(l~~~~ 0
l 

= 
+ 

< 1) , the increme ntal change in 
~in af ter

a 2& A/ C/c interval  is NEGATIVE and equals:

~~v. -l t/2T
______ a (1 + p ) (p0 ~~~~~~~~~~~~~~~ 

- 

(19)

where T~ a LA/C /c.  Since aX a eX in a ,

10 
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_____  - (1 + p0~
1) exp 

(
~ 

in P0 Pt
A/c) , (20)

which yields an effective exponential time constant of :

2T
° (21)in 

~~0 Pt A/C

In our case 
~LA/C ( — 1 and I~ 0 I z 1 so that :

in/p 
~t 

p p~ - 1 (22)
~~~~~ O A/C) ° A/C

which leads to:

2T 2T T (R5 + 231)0 0 0 (23)- 

~o P LA/C 
1 + p0 R5

or 

L~
T = T o + T o~~1 (24)

Now >> 1 and 231 also T0 = LA/ C which results in

~~~~~~~~~~~~~~~ 
- LA/ C ~~

— = which gives v~~ (t),

(-t/r/R )v1~~(t) = v
~ 

e $ where t - LA/C L

Since i1~~(t)  1 v~~~(a)da — -..
~~~ (i - e 

t/r/R
5) (25)
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the analysis is consis tent wi th the current waveform
derived from the lumped-parameter model.

Observing that v(t) = 0 at the “shorted-end” and
also that LA/ C << ~ it follows tha t v( t) (peak value ) w ill
increase linearly from the “shorted-end” . Furthermore , the
inductance varies linearly as t = LLA/C so that

i
~
(t) = 

1 ~ v(a) da = 1~ f ~~~) da (26)

where s(t) is the voltage at L = 1 meter . It can therefore be
concluded that the skin current, iL(t) will not vary either
in magni tude or waveform along the a ircr af t ~~Ts. Excep.t ~o/t th~
~s~Ugk~t dec/teaAe ~ôt th~ hoit.Lzon.ti.zL cu.vten.t componeivt du~ .to .thc. cen-t€/Lgiwund ‘wd , ~the4se con u4Jon4 a.n.e. con~Ltme~d by ~the -6 1z.Ln cWVLen-t m€44ufl-e-
meivt~. In clos-ing , the v(L,t), i (L ,t) waveforms are shown in
the following f igure .

I t shou ld also be men tioned tha t the 6. 8 MHz LST
‘ oscillation can be represented by the “multiple-reflection ”

model presented below . Even though U/c is much less than
the L/R r ise time of the un ipolar pulse , the time-delayed re-
f lections do introduce a “square-wave” ripp le componen t on
the current pulse as shown in Figure l5c.

L — — —.. — LINE4
v (L .t) r•~s~ri,_ ~~~~~~~~~ATbON gN pI ~ 

=— =_ EAi~ LaI I

0- 

~~ 1]— r — _. 
— — 

— — —
I.)

WAVE FORMS FOR vU .t) X - O

SAME MAGNITUDE OF ALL POINTS

I~ f-, 1) 
ALl. POINTS

(bI
WAVE FORMS FOR 1(9,, t) AS MEASURED BY SKIN CURRENT PROBE

Figure 15. Waveforms for v(L , t) and i(t , t)

‘1
12

-5 - - — -5--—-——- --— 5---— - — - - 5

___________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- :- - -5 
- - -~~~~~ -~~~~~

-
~~~~~~~~~~ 

-



- - - - - 5 - -- —--5---.~ 
- - 

—-5— - --_—---- -5- - - -

~~~~~~~~~

Figure 15c. Example of Square Wave Ripple
on Current Pulse

The ,~wtdamen.taL p e~~od o~ .th.-L~s M.ppee A~o co’I/Le6pOnd~ng ~to a ~undamen.to2

~‘Lequency o~ 6.8MHz. The h igher -order  harmonics  are prec ise ly  the
higher-order resonance responses corresponding to the series
resonant L-C elements presented in the transmission line
equivalent  c i rcui t  in Figure 10. Of course , the 30 MHz
f ibre-optics  ins trumentation bandwidth wi l l  not pass all the
harmonics .

2.3 An RG-58 Cable Simulat ion of the LST Conf igu ra t i on

2.3.1 General Discussion

Because RG -5 8 cable is a low-loss t r ansmiss ion  l ine
propagating in the TEM mode , the general relationships between
curren t, vo ltage , etc. should be the same with the RG-58 cabling
as with the LST configuration. It is, of course , much eas ier
to work with RG-58 cable since long lengths can be coiled in a
convenient manner and different lengths and impedance terminations
can be constructed.  A great  deal of valuable work was done
using the RG-58 cable simulation . All of the results of
Sections 2.1 and 2 .3  were completely verified .

2.3.2 Detailed Discussion

In order to test the LST TEM assumption , the comple te
LST configuration was simulated using RG-58 coaxial cable.
Since the charac te r i s t ic  impedance of the cable is (50/231)
of the LST configuration characteristic impedance , all
circui t  components must  be scaled l inea r ly . For convenience ,
the R 5 was reduced f r om R~ = l5~2 to R5 = 2.5ç~ and the capaci-
tor , C5, will be increased from 2.4pf to lOiif. The i n i t i a l
voltage charge will be represented by a step-function voltage
generator in series with an initially relaxed capacitor as
i l l u s t r a t ed  in Figure 16.
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Figure 16. Test Setup for RG-58 Cable Simulation
of the LST Configuration

One of the most important conclusions is that the
current waveform retains the same magnitude and shape no
matter where it is measured. For a Li - 50’, L~ = 6’ case ,
the current was measured at the end of £1 and also at R5.
The measurement at the end of 2.1 was made with  a voltage
measurement across a 2. Sfl  test resistor implanted in the
cable shield . The resulting two current waveforms are , for
all practical purposes, identical as shown in Figure 17.

100 mV/d
(across R5) L i=50 ’

Bottom

lOOmV/d 2 s ‘d(acr oss tes t p ec,
resistor)

Figure 17. Comparison of Current Waveforms
at Two Di f fe ren t  Distances

For the case of Li = 50’, ~2 0, C5 = 0.1 pf (to
give a shorter fall time), Figure 18 presents a typical
voltage-current  waveform pair .  I t  is clear that the voltage
waveform is in fact the time derivative of the current
waveform .
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Voltage Waveform L~-50’
200 mV/d

L2 0
Bottom

Current Waveform lpsec/d
2 OmA/ d

Figure 18. Typical Voltage-Current Waveform Pair

As a final verification, the linear dependence with
distance of the peak-to-peak value of the voltage waveform was
considered. For a L 1 — 16’, 2.2 = 6’, C5 — litf case, voltage
waveforms were measured at the beginning of the transmission
line and also at the end of the 50 foot section. The two
waveforms of Figure 19 were observed.

input to
Transmission L lal 6’
Line
(200mV/d) 2.2=6~

Bottom lpsec/d

End of 50’ -

Section
(lOOmV/d)

Figure 19. Comparison of Peak-to-Peak Value at
Two Different Distances

The magnitude of the voltage waveforms are in the ratio of

Bottom 3.33 which compares quite well with the - 3 . 6 6

-

~~
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-— ----:--

~

-—- . -—- - -  - - - - -—— — - - - - -—- -—— - -



r a t io  predicted from a linear variation with distance . It
is noted that the linear variation with distance applies
only to the low-frequency , over-damped “pedes tal” response.
Superimposed on the low-frequency pedestal is the “ref lec-
tion ” transient which essentially has the same peak-to-peak
v alue indep end ent of the po int of measuremen t . Th e “reflec-
tion” trave ling wave is of course more prominent near the
shorted-end where the pedestal is lower.

2.4 App lication of Potential Analog Methods to the LST
1~robl em

2 .4.1 General Discussion

In order to understand the nature and magnitude of
the internal flux leakage , it is necessary to fully define
the LST skin current density distribution. For the dominant
low frequency components of the current pulse , K irch o f f ’ s
current law must be satisfied at every point on the aircraft
skin. It follows , therefore , that the current density
vector field is the gradient of a scalar field satisfying
Lap lace ’s equation. In the LST configuration , a dominant
cy lindr ical symme try is pr esen t wh ich perm its the use of
two-dimensional potential techniques . One of the most
convenient of the two-dimensional techniques is the resist-
ance paper technique described in the text. With this
technique , some significant electromagnetic properties of
the LST conf igura tion were stud ied and resolved.

2.4.2 Detailed Discussion

2.4.2.1 Application of the Resistance Paper Method to

Predict the Non-uniform Variation of t Around

the Aircraf t Skin

From the continuity relationship, V =

we can wr ite:

x
J
~
(x) dt (27)

which , for A >> aircraf t leng th , implies tha t 
~x 

should be
large where p5 is large . The determination of p5 is strai ght-
forward given the TEM mode in the LST configuration . It
is straightforward because 

~~ 
= E~ on the aircraf t skin and ,

in the TEM mode , V x - V x - longitudinal components a 0
which then implies tha t ~ = -VV and that V 2V = 0 in the
charge free re gion be tween t~e fus~ 1age and ground re turn
paths . In other words , the E and A fields in a cross-
sectional plane in the TEM mode can be solved from Laplace ’s
equation , V2V = 0, given the LST boundary surfaces. The
boundary surfaces are shown in Figure 20.
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Figure 20. LST Boundary Surfaces (Cross-Sectional
View of Aircraft)

Two-dimensional potential problems for analyt-
ically intractable boundary surfaces are easily solve4 using
resistance paper. Since Kirchoff ’s curreni law (V • J a 0 )
holds at every point in the paper , V (c E) - (VV) =
c V 2 V = 0 as well , permitting a solution for v(,). Experimen-
tally, the procedure consists of painting the boundary surfaces
on the resistance paper with silver paint , applying D.C.
voltages across the constant potential surfaces, and then mea-
suring the interior voltages with a high impedance D.C. volt-
meter.

The above procedure was performed on the boundary
surfaces of Figure 20 and the constant potential contours of
Figure 21 were plotted. It is clear that there is signifi-
cant “bunching” (i.e. high E~ = p~ ) of the potential lines
at the point on the fuselage NEAREST the ground return path.
ThiA £mpLi.e6 tha.t Ae ob4elLved S olwu2d be g/Le02e4-t nea.ke4~t ~the giiowtd
‘u’fwtn and 4~hou2d be a.t Lt4 &ithnum a.t the .top o~ ~a4e.tag~, cu
~act con~iuned e~pe/cA.men.ti’J2y. As it turns out, the 3 variation
around the fuselage (or one set of measurements) follows
quite closely the variation in length of a radius vector
from the center of the ground return to the point of interest
on the aircraft skin.

The variation of ~ aroun d the fuselage could ~perhaps have been approached more directly through the H
vector since HTMJ = 3 avoids the use of the continuity
relationship. Ihe two approaches are really equivalent,
however, since H - -V 2U and V 2U 0, where U is the scalar

L ~pagnetic potential , in the TEM mode . Furthermore, ~ and
A are orthogonal with their magnitudes in fixed ratios which
allows the same conclusions to be drawn from Figure 21.
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Figure 21. . Constant Potential Contours
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2.4.2.2 Confirming the TEM Assumption by Calculating the
Capacitance per Uni t  Length from the Resis tance
Paper Model

A convenient f ea tu re  of the resistance paper is
tha t capaci tance per uni t leng th can be rela ted direc tly to
the bulk D.C. resistance actually measured between the
boundary surfaces. The actual C and R are related as follows :

R C = ~~~ (28)

where a is the known conductivity of the resistance paper.

For the LST configuration of Figure 21 , the
capacitance is referenced to one of the ground paths as
shown : -

C3~~~~~~~~~~~~~~ C,

‘

~~ %
\

~~~~/.-.REFERENCE GROUND RETURN

where C1 is capacitance between aircraft and ground #1 ,
C2 is capaci tance be tween ground re turns , and
C3 is capacitance between aircraft and ground #2.

Figure 22.  Capacitance Diagram of Figure 21

Since C2 << C1, C~ , the measured capacitance will
be C C1. From the resistance paper , a bulk R of 43K was
measured yielding from equa tion (28) a C of

C 2c0 17 pf/m

which is greater than the value of the C = 14.4 pf/m pre-
dicted from the reciprocity relationship. Stray capacitance
in series with the fuselage-ground return configuration along
with scaling errors account for the slight difference .
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3. SMALL APERTURE STUDIES

Significant work has been done on the classical small
aperture prob1em~ However , the work has not, in general ,
been experimental in nature and has not addressed itself to
a number of significant questions of great çoncer~ to the
LTA program. Specifically, the near-field E and H behavior ,
and the effects of cavity , panel, strut , etc. shieldi ng have
not been considered. This ~;ection is an initial attempt at
resolving some of those questions .

3.1 Extension of Van Bladel’s Work to the Near-Field

3.1.1 General Discussion

The following text represents an analytical approach
for near-field calculations that is both general and straight-
forward in application .

3.1.2 Detailed Discussion

3.1.2.1 Introduction

Because of the long electromagnetic diffusion
times through the aluminum a i rc ra f t  skin , it would appear
that aperture coupling (capacitive or inductive) is the
dominant coupling mechanism. This conclusion is fur ther
supported by the lack of any observed “diffusion-type”
voltage transients in the AFFDL F-h i LST.

For the LST frequency range of interest Cf < 30
MHz) ,  all aper ture dimensions , includ ing the cockp it , are i,iuch
less than a wavelength. Apertures of this type are referred
to in the literature as “small aper tures”; jhe outstanding
property of the small aperture is that the E and H fie~ds in ,
the aDerture will equa l, to a good approximation , the i~ an d H
fields which would be observed if the aperture were not present .
For the prefectly conducting aircraft skin , ETAN = 0 and

= 0 (time-varying components), so it follows that ETAN
H~Opj~i 

= 0 in the aperture itself. Further , the HT~~ 
component ,

at the aperture , wi l l  equal the current  densi ty , J , ot the
neighbor ing aircraf t skin and ENo~~1 will equal 

2~~1 where ~
and p on the aircraft skin are related by the con~ inuity equa-

tion , V • -

The “small aper ture” probl em is a class ical prob-
lem that is still to some extent an active research area despite
the simplifying assumptions. The “time -honored” ap proach (H~ A.
~ethe , 1944) to the problem is to represent the penetrating E and
H as generated by electric charges and currents , and fictitious

_ _ _  
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magnetic charges and currents lying within the aperture i t se l f .
Since magnetic charges and currents have never been observed
physically, it is necessary , at this point , to provide a back-
ground and a motivation for this approach. The fundamental
theoretical justification for the approach is an underlying
symmetry of the Maxwell’s equations that leads to the “Field
Equivalence Theorem” advanced by Schelkunoff (Ref. 16).
Essentially the magnetic and electric charges are postulated
in the aperture to account for the step discontinuity in
both ET~~ and HNOpJ~ at the aperture plane as shown in Figure 23.

A/C Skin

p = 0

ET a O  
- 

X > 0

x < 0

~A~ e i i

A e t 
Cav i~y

~, r ure 
= magnetic charge density

= electric charge density

X = 0

Figure 23. Aperture Plane

Using the equivalence relationship, the ~ and fl
insi4e t~e c~vity can be d~com~osed into r~spective componentsEm , H.,~, Ee, H , such that £ = E~, + 

~m and H 
~e + 

~m where the
respective co~ponents obey the following symmetrical sets ofMaxwell ’ s equations :

I V S
~~~m = 0

V i ~e 0 
I 

V T
~tn

U P
m/Uo

V x ~~~~’ ~~~~~~ 
V x  

~m ” ~~in ~o _ _! (29)

V x H  - S + e  — V x ~~ - a  —e e ° at * ° at
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Since every important dimension of our problem is
much less than a wavelength, the radiation terms are zero
and the situatiort reduces to the quasi-static region of
electromagnetics . In addition, the continuity equations,

ap ap
= and V 

~m 
a 

, imply that the effects of

~m ’ ~e 
are negligible when compared to the p

~
,p effects in

regions with dimensions much less than the wave’ength, A.
Accordingly , the equations reduce to

I V ’ ~~~~~— 0

V • I ~e = 0  I V . i ~~~a p ( t ) / p  (30)

V X ~~e = 0 V x~~~~a 0

V X I
~e

= 0 V X I ~~~a 0

The ab~ ve equations are most interesting since
they imply tha t He = 0 = ~m for x > 0 and that Ee and 

~mare gradien ts of magne tic and electric scalar po tentials
genera ted , respec tively, by elec tric and magnetic char ge
distributions lying within the aperture. Such an interpre-
tation leads to many simphifications . For example , as the
offset distance from the aperture increases , the continuous
charge dis tribu tions can be well represen ted by or thogonal
electric and magnetic dipoles . Indeed , this has been the
usual approach taken in LTA analysis (e.g., References S and
13), and it is a valid approach provided the offset distances
are large compared to the aperture. Unfortunately, this is
not always true for the larger aper tures and major errors
could well be in troduced by continuing to regard the aper ture
as a dipole when observing to with2n a few feet of the
aperture plane itself. The accuracy of the dipole approxi-
ma tion can only be determined by a comparison with the
correct method and ultimately through an experimental test
procedure presented in a later section of this report.

I
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3.1.2.2 Correct Procedure for Calculating i~ in a Cavity
Near a Small Aperture

Continuing with the above discussion, the I~ fieldcan b~ expressed as the gradient of a scalar potential(V x H - 0), p(r), where ~~r) can be expressed as Eq. 20 of
Van Bl adel: 

-

*a (
~

) — 
~~i I I a*(F’) 

— dS’ (31)
Aperture an’ Ir -

where

at aperture ~ ~~~~~~~~~~~ (32)

where H
~ 

= J5 , the LST a i r c ra ft  surface current  density .

The impor tan t Pm(~~’) can be calculated on thecharge distribution required to impose the condition HT~N= 0 along the aperture . Taking every aperture as circular ,
the pm(r ’) has been calcu lated by Bethe as:

4 
—

‘p

/ 2  — (33)a - r ’

where a is radius of the aperture .

The above integral is to be solved in spherical
coordinates as shown in Figure 24.  The origin is at the
center of aperture .
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( r’,fl/2~ ~~~~~~~~~~~~~~~~~~ ~~~~~

s.roosO
y . r sin 9 cos

x - r r n 9  sln Ø

y REGIO$ OF
INTEGRATION

Figure 24. Spherical Coordinates

It is apparent from analytic geometry that:

1 1

1i - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(34)

The function ‘p Cr) can then be wri tten , for a fixed (r,0,q),
as the iterates integral:

j a-6 2 Zii

~ 
(~~,O) = ~~~~~~~~ 

r ’ dr ’ j  f ( r , 8; q~’, r’)d$’ (35)
a2 — r ,a

I

where 6 is a small positive quantity designed to avoid the
singularity at r’ - a and f ( r ,8,$’) is the above function

Only the r,O are listed since it is clear that

q~~(r ,O) has $ spherical symmetry (i.e., set • — 00 in equa-
tion 35 above).
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Solution of Eq. 35 for various r’s and plotting
will result in Figure 25.

Figure 25. Sample Computer Output

can then be immediately calculated from the above figure
as:

1 a*~ 36H gradient IP a (r , 6) a 
~~~~ 

ar + ~~~~ a9

This solution for I~ is valid for any point within a distance< < A  from aper ture.

As was mentioned in Section 3.1.1.1, ‘pa(r,O ) should
approach the classic dipole potential field as the observa-
tion point gets further from the aperture. In this case,
there are two magnetic dipoles at right angles aligned along
the principal axes of the aperture . Both dipoles have a

2~~magnetic moment equal to k H0 - k J5 where k - .—
~~

—. (Bethe).
It would be of interest to calculate q~~(r,O) from the dipole
model and observe at what ratio of Ii~/a the results begin to
diverge. It would be desirable if the dipole model could be
retained well into the near-field since dipoles can be easily
represented with potential analog (V 2 ip - 0) methods ; e.g.,
Telledeltos or resistance paper (Ref. 11). In particular ,
resistance paper methods can simulate conductive struts and
panels inside the a i rc ra f t  cavity . This convenient feature
permits a study of any resulting field distortion . More
wi l l  be said about the resistance paper method in later
sections .

r 

- -  - 
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3.1.2.3 Correct Procedure for Calculatin& ~ in a CavityNear a Small Aperture

The solution for the ~ field due to aperture,coupling is quite analogous to the above solutIon for H.
According to equation (35) by Van Bladel , the E in the
neighborhood of the aperture can be expressed as the gradi-
ent of *a(T) where:

a 

~~ ~~~~~~~~~~~~~~ -~~.1. ( 
~ 

‘ —_ ) dS’ 
(37)

where on the aperture :

= -V~~(i’) = ~~ ~ ,ra 2 Vt (SS) —

0

where the plane of definition of the T func ti on i s orthogo-
nal. to the aperture plane . From inspection , it follows that:

E /~~a= —o 2 (39)

where t is a function defined to mainta in  E n = E 0~’2.  The t
func tion can be der ived f r om the bas ic potential theory as :

2 1 r2t(r) — 

~ l - —  (40)
1T,’lT a

‘ to yield the final expression for ~~~ (F ’)  given as:

E I ,a
.2~ a - !__.. (41)

a 2

The second term of the integrand of Eq. 37 contains the
interest ing term , 4.-, , which is the normal corn-ufl

ponent of the gradient of _
~~~~

_ .

I r - r ’
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Referr in g to the geome try below :
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.r~ o 1

I~a • Il-I 
APERTURE

APERTURE 1W

(SI

Figure 26. Aperture Geometry

it can be shown from simple trigonometry that an infinitesimal
normal increment, An , produces an incremental change in Ii~-r ’)equal to:

As a An sin B where

B — tan~~ In  - r sin 0
~ 

r cos p

to give , from the ~~
. form in differential calculus :

~
a = I 1~ ~ _ _ _ _ _ _

‘~ L I r - r’IJ Ir~~~~ r s I 2

where the expression for i~~
-

~~~~
’
~~~ is given in the previous section.

The final expression for $(r) becomes:

•~~(r , e) - 
E
:

a 
I I  - 

a 2 dS’ (42)

aperture

27

- .



_______ - - -

~~~~

- - 

I

where dS’ = 2 ir r ’dr ’ . The expression can be written in iterated
form as (q = 0 ) :

E a  a , 2  2rr
— —

~~
-- 

/ 1 - 5 m B  
/ 

~~1 
2 
d$ (43)

0 0 I r - i ~I

The func tion 4 a (r ,O) should be evaluated (on a computer)
and plotted in the same manner as ~~~~~~ permitting a
straightforward determination of the E component due to
aperture coupling. Th~ same remarks about the dipole ap-
proximation apply for E as did for H.

In order to quantify the above procedure for
calculating ~ it is necessary to def ine B 1~ 

- the component
of E normal to aircraft skin. From electromagnetics E~ =

the eLectric charge density on skin , which can in
turn be derived from the continuity equation :

_~~_~~ J - 5 _ ap s (44)
V . ~~~~-~~j  it— ,

where x lies along the aircraft axis. Repeated skin current
measurements at different axis locations have suggested the
separable form (for f < 5 MHz at least) given as:

J(x ,t) g( x) s ( t )  (45)
with:

0 < s(t) < 1

Therefore :

ap

so that :

p5(t) ~~ f ~ s(t)dt (46)

for a 2000 amp peak current and a 6 foot diameter aircraft

body, 88 amps/rn 2 so that :

-1

~ 
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88 ~E~(t) ~ ~~
— I s(r)d1 (47)
0 0’

For a phasor analysis, wi th s( t)

E0(t) J C c 
e3~

)t

3.2 Exi~erimental Investigation of Small Aperture ProblemUsing a CW Yoke Coil Approach

3.2.1 General Discussion

A novel experimental approach to the small aperture
problem has been conceived and implemented. By simulating
the peripheral skin current density with a yoke coil, a
simple but accura te method has been developed to analyz e
near and far field effects as well as shielding.

3.2.2 Detailed Discussion

3.2.2.1 Design for the H-Field Test

The chosen approach is to simulate the aircraft
skin current effec ts by establ ishing a comparable skin
current density in a region close to the aperture. Such an
approach avoids the high-current drive requirements of the
capacitor bank and allows CW (sine wave) operation . The
approach is based on the reasonable assumption that only
current ~ensi~y components near the aperture will generateleakage E or B flux internal to the aircraft.

The local current density is established by a yoke
coil positioned around the periphery of the aperture as
shown in Figure 27.

0 0 0 0 0 0  O A O  0 0 0 0 0  -

0 .—YOKE 0
_____ 

Col t.
0 

A 
0 Ixxxxx l

L~~~ o____ _ _ _ _  _ _

0 0 CROSS-SECTION VIEW A.A

0 0

0 APERTURE 0

“
~~~AIRCRAFT PANEL

0 0 0 0 0 0 0 0 0 0 0 00

W

Figure 27. Yoke Coil on the Periphery of an Aperture

— ---5 .
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From Figure 26, the simulated current density , J, equals:

(48)

where I is the current through the coil. Unfortunately , for
a reasonable N , the peak J (2200 amp/rn) for unipolar pulse
operation requires (R = 6”) currents greater than 1 amp which
cannot be conveniently delivered by most pulse generators.
Fortunately, it is not necessary to deliver the entire J eak
to the aperture periphery . Instead, we can consider
from its inverse fourier transform, as a superposition of
sine waves (-~ < t) as follows :

J( t)~ 
~~ 

J(w) e~~)t du 
Z J(~ ) e 31~

t Af (49)

Continu ing with the exper imen tal design , the
Fourier transform of J( t) ,  for an aircraft circumference of
8m, can be expressed as

E/ 8LIJ (w) I (50)
Iw l liw + R/LI

or for f = 106, R/L 2 x 106, E — 40 ,000 , L — 17iih ,

— 3x10 ’
w = a 2wxl0’ (2wxlO ) /(2nxl0 )2 + (2xlO ’)2

3.0 X 10~ ” 7.24 X 10 ’ units
4w/n 2 + 1

For a frequency resolution of 10 kHz , the equivalent current
— density drive is:

Li z 7.24 xl0 ’x(2 xl0~) ~ 45 .5x10 2 z 455 mA/rn (52)
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From equat ion (48) w i th  L = 6” , N = 5, the ca lcula ted I
equa l s :

(0 .45 5)  2L /N = 28~~~ J 
(5 3)

wh.i~ch i.~ a kea-oongbJ~e acm. it-t dn)..vt &ve.L

For our intended 6” c i rcu lar  test aper ture , the
induc tance of the yoke co il can be calculated from the
formu la:

~i N~ 1h 1
L/m = 

0 ln [
~ 

r 
r

where N = 5, h = 6” , r = 1 mU (wire thickn ess) , L/m = 4 x
l0~~ x 25 ln [ 000~ = 87 iih/m or , for a width of 0.16 m , an
overall:

t = 14 ~.jh (to be checked experimentally)

At a frequency of 1 MHz , the required C for series-resonance
is given by :

c = 
1 

= 1.81 x l0~~ f 55)
4~~2 f2 L

1800 x l0~~
2 f

which can be realized simply.

The pick-up coil should have a diameter around one
centimeter since it must be physically small compared to the
dimensions of the aperture and aircraft cavity. The open-
circuit voltage of the coil , v0~ , can be expressed as :

- w A H INT N (;6)

wh ere ~ equals the number of turns in the pick-up coil and
A is its cross-sectional area. For an N — 20 (any more
would ‘ e physically awkward) , th e :
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= 1 . 24  x 10~~ H IN T vol ts .

To provide a rough est imate of H INT , we turn to Van Bladel’s
expressions for the equivalent aperture magnetic dipole.
According to these expressions , the dipol e momen t can be
expressed as:

= 2 H
0 Vm S

3/2 = 2 x 2 .4 6  x 10~~ x 0 . 4 7 9  H0 ( 7 )
= 2.36 x l0~~ H0

The H INT can be conven ien tly exp re ssed as:

HINT T~~~ ~m grad 
(

cos 
e) : ~m _ ~5~)R2 41T R3

wh ich for a wor st ca se of R = 1 m equa ls:

HINT 0.188 x l0~~ H0 
(59)

to give for H0 = 0 . 4 8  amp/rn. An open circuit voltage , v~~from equation (56):

Voc 0.188 x l0~~ x 1.24 x io
2 volts

or:

v0~ 2.33 i.ivolts

While microvolt levels can be dealt with , it may
be desirable to increase the Voc by at least a factor of 10.

H INTSince it is the ratio of H0 
that is desired , there is no

compelling reason to insist on matching the J(w) Aw of the
unipolar pulse. Accordingly, the current drive can be in-

- - 
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I
creased to 320 mA (available with a convent ional oscillator) ,
the “pi ck-up ” coil area , A , by a factor of 6.45 (diameter of
1”) to give an increased open circuit voltage of:

- 78 pvolts which is easier to work with.

Using an op-amp video preamplifier with a voltage
gain of 100, the experimental set-up would appear as follows:

YOKE

WH 1U
~~~~~~~~~7APE~

TURE 
~~

f. I MI4z -

— 
YOKE DRIVE

(SI

~ VIN.8nW

D- 1~ 

~ ~~~~~~~ L Itki~l 
FiTME~1

PICK-UP COl ~
(b)

Figure 28. Yoke Coil Experimental Circuits

The RC time constant of the envelope detector is set at 10-2

sec. (Af = 10 kllz). In the event of S/N problems , the
following steps can be taken :

a. Using a simple auto transformer (see Figure 29)
current gains of 10 = nj/n2 should be atta ina ble.

OSCILLATOR 1

~ YOKE COIL

DIELECTRIC COIL FORM

Figure 29. Autotransformer Circuit
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b. Lowering the bandwidth by a factor of 100 will
give a S/N increase of 10.

c. By increasing N, ui , A , 7~, the induced signal canbe increased , but these changes will require
adjustments in the above circuit (e .g . ,  N - 20
implies a C of 112 pf and an improvement factor of
4).

d. Synchronous detection with lock-in amplifier
3 .2 .2 .2  De sign for the n-Field Tes t

As with the magnetic field , ~~~~, the ~ f ie ld , due to
aperture coupling , can be generated provided the proper
charge density is established at the periphery of the aperture .
Reference 11 proposed a continuous, conductive “collar” or
sheet positioned about the aperture and electrically insu-
lated from the aircraft. Above the “collar” is a ground
plane with a dielectric (CR > 1) separa ting the ground p lane
from the aircraft. Figure 30 illustrates the overall con-
figuration.

A E

SOURCE 0

~~~~~~~~~~~~~~~~~~~~~~
..__A,ccyuNoER 

- 

~~~~~~~~~~~~~~~‘ER1~URE

(bI

Figure 30. Continuous Conductive Collar Configuration

Assuming a TEM mode , resistance paper analog methods have
— indica ted tha t the f ield pattern in the conf igura tion of

Figure 30 is quite similar to the actual LTA pulse situ-
ation. The resulting capacitance of the configuration , CT,
can be expressed as:

CT — C1 + (C211 C 3) 
(60)

I
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where:  C1 is the capacitance of the collar to ground ;
c 2 is the capacitance of the collar to the aircraft;

and : C3 is the capacitance of the aircraft to ground .

Since C1, C2 > >  C~ z 10 pf , it follows that CT C1.

Assuming a worst case analysis where the aperture
is near the cockpit , the voltage (LST) between the aircraft
and ground r e tu rn , in the pulse mode , has a t ime dependence

and an initial peak value of 40,000 volts . With a
separation distance of 3m , the maximum En = 1.33 X io~ vo lts/rn
so that :

a = = c0 E~ = 11.77 x l0 8 coulomb /rn 2 (61)

where D~ is electr ic f lux  densi ty .

For a collar about a 6” diameter aperture with a 6” width ,
the collar area = A = 0 .14 5  M2 to give a charge on the collar
equal to:

Q = oA = 1.71 x io 8 coulomb (62)

Using a d ie lec t r i c  spacer wi th  a re la t ive d ie lec t r ic  cons tan t,
CR, equal to 6, the capacitance of the collar to ground
equals :

C c A
CT = 

R 
d 

= 774 pf (63)

- The voltage across this capacitance is then:

v - Q/CT = 1.71 x lo~~ - 22.1 volts 

- - 

(64)
774 x l0

Ac cordingly,  at some frequency, w, we must drive CT hard
enough to reach 22 volts at its positive peak. A useful
compromise frequency , f , is 500 kHz which gives a current
requirement of :
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I (WCT) 22 2w x 5 x l0~ x 7.74 x 1O~~~ x 22

542 x 10-10 — 5.42 mA (6~)

To provide series resonance at f = 500 kHz , we need an L
equal to:

1 l3O ph ( 6 6 )

4w 2 f2 CT

which is a very convenient value .

The 
~ INT can be measured with a small dipole.

The expected signal levels can be calculated using the
electric dipole expressions of Van Bladel. From Equation 8
in Ueference 11:

= 2 c0 S
3/2 E0 

T
av

A rough approx imation for I~ I can be determined for  ~i = lm

3 / 2

I~ INT I = 

4nc0r
3 

= 4w 
V 

9.43 x l0~ ’ E0 (67)

For our or ig inal ly assumed E~ = 1.33 x iO~ volts/rn, ~~~~~~~~~~~~~~~~

will then equa l :

IE INT I 1.25 v/rn (68)

which will provide , for a 1 cm dipole , the open circuit volt-
age :

Voc~~~E INT L l2 .5 mV (69)

—-----

1 
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which suggests that a pre-amp may be avoided given a sensi-
tive enough scope amplifier. The final circuit is essentially
that as proposed for the magnetic field, H, measurement.

The above yoke coil experiment was implemented
using an F-lll cavity . The predicted levels were observed .
A useful series of near-field measurements was made and
are presented in the next section. Much more additional
useful work can be done with the yoke coil approach.

3.3 Application of Two-Dimensional Potential Methods
to the Analysis of Near-Field and Shielding Effects

3.3.1 General Discussion -

Because the ~ and fl fields in a current-free
region are gradients of scalar potential fields in the low
frequency quasi-static cace , it is possible to apply Iradi-
tj onal potential theory techniques to evaluate ! and H.
With the simplifying assumption of cylindrical symmetry , the
two-dimensional potential techniques of resistance paper and
the conjugate harmonic method become applicable. These
methods have been applied and have been found to agree with
the yoke coil experimental results .

3.3.2 Detailed Discussion

3.3.2.1 Introduction

For the case of the long’aper~ure or “slot,”
symmetry alone requires that the E and H fields be trans-
verse (i.e., no ax ial com2onen t~). With transverse £ and I~~

f ields , the curl of both E and II is zero in the transverse
plane , and bo th f ields can then be repres en ted as grad ien ts
of scajar potential fields. Furthermore , the ~ and fl
fields will be orthogonal in the transvers~ plane and willmaintain a constant magnitude ratio , I~~~ . j / I I f l , throughout the
plane .

Given the above properties of the TEM mode , it
then becomes possible to analyze aperture coupling and
shielding in one step . All that is required is a potential
function solution (VZV = 0) for the geometry in question.
Referring to Figure 31 , the LST cross section is shown where
the region of solution is now the inte~ ior of the fuselage
instead of the exterior. Because the H field is orthogonal
to the ~ field , the constant electric potential contours
will correspond to ~ f iel d streaml ines.  Th e dipole na ture
of the 11 streamlines can be observed in Figure 31. Also ,
the termination of the fl streamlines  on “ f i c t i t i o u s” ma g-
netic charges in the aperture plane is apparent , wh ich then
suggests the possibility that near-field effects can now be
analyzed with a resistance paper approach.
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Figure 31. Constant Electric Contours in the Interior
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Although the TEM assumption can only be an approx-
imation for the more common circular aperture, the advan-
tages of the method are considerable since near-field and 

—

shielding effects can now be treated as well as the analyt i-
cally intractable field distortion effects due to internal
struts , panels , etc. The following sections develop the TEM
method and also present some actual yoke -coil experimental
results.

3.3 .2.2 Added Justification for the TEM Assumption and
a Discussion of the Near-Field Effect

Since ~ and ~ field penetration , in the small
aperture case , has been well approximated in the far-field
by the dipole model , it was reasonable to investigate the
effects of shielding using the dipole itself. For the
magnetic field case of Figure 32 , a dipole was formed in the
aperture plane and the HNOR}.4 - 0 boundary condition was
imposed by cutting the circular boundary out of the resistince
paper. The constant potential lines in Figure 32 are not H
streamlines but are instead contours of constant magnetic
potential . Close inspection of the solution without shield-
ing (solid line) and the solution with shielding (dashed
line) suggests the general effect of the aluminum fuselage ..
The electrIc dipole case is presented in Figure 33 with the
distorted H streamline indicating the shielding effect of
the induced surface currents. A comparison of Figure 31
with Figures 32 aad 33 ~uggests that the LST geometry (TEM
mode) will yield B and H field patterns very similar to
those of the dipole model. This tends to support the origi-
nal TEM assumption.

A more quantitative support for the TEM model is
provided by a study of the near - f ie ld  pattern . Figure 34
plots the ratio vn...l/V~ along the traverse perpendicular bi-sector of the aperture plane using measured values from the
resistance paper (RP) model and also including values from
the ideal dipole. The Arnpon.t~znt ob4elwa.tA.on ~ tha.t -the ‘~.a.tA..o
Vn..1/V n ~ JLQJ.~tLveLy con~~a~vt eon. .the TEN RP mode2 ov€/L the nea.k-~~eLd
4e94.on, 4u~ge4tA.n9 .tha.t -the neai~-~~eLd ua’~).a~2on ~ot the 6ma12 ape/t.twte
c.~ actwz Uy EXPONENTIAL ~Ln na~tuAe (Ke kX ) . The apparent exponen-
t ia l  behavior in the near - f i e ld  is not mentioned in the
open literature reviewed. Yet it is of Dotential si~nifi.-cance to the LTA program . The ratio v~

_
~ /v~ in the far-fieldis also of interest since it illustrates tne shielding

effects of the induced surface currents. In particular , the
increase in v~~i/v~ near the fuselage boundary is the resul t
of lower f ield levels caused by an opposing field componen t
developed by the induced skin currents.

Recent yoke-coil experiments fully support the
exponential variation in the near-field. With a circular
6” aper ture , the normalized (X = 0) near-field measurements
are given along with the exponential variation in Table I.
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Figure 32. Constant Magnetic Potential  Contours
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Figure 33. Electric Dipole Case
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TABLE I. COMPARATIVE STUDY OF FIELD BEHAVIOR ALONG
PERPEN DICULAR BISECTOR OF APERTURE

Yoke- Yoke-
Par Field TEM Exponential Coi l Coil

X Dipole (ResT~tance Near-F ield ~xponential(ci.) Resistance Paper) to Results Approxiiated
P. Bisector to TEM

0 --  0.668 0.668 1.20 1.20

1 - -  0.481 
— 

0.481 0.80 0.80

2 -- 0.350 
— 

0.346 0.50 0.53

3 - -  0.266 0.249 0.33 0.35

4 -- 0.191 0.180 0.25 0.23

5 0.143 0.143 0.129 0.17 0.16

o 0.104 0.104 0.093 - -  - -

7 0.076 0.076 0.067 -. - -

8 0.058 0.054 0.048 - . - -

9 0 . 0 4 6  0 . 0 3 5  0 . 0 3 4 8  - -  - -

10 0 . 0 3 7  0. 0 2 1  0. 0 2 5 0  - -  - -

11 0.031 0.014 0.018 --  --
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Also included in the table are the TEM-RP measurements along
w i t h  a near-field exponential approximation and a far-field
ideal dipole listing , it A.4 A .te..te4ti~ng -to note -that -the TEN RI’modeLo ~otLow he dipoLe ~aw ut the un.oh.~ehLed 6a.k-~~eU ‘teg Lo~ , a.nd
aJAo £ha..t the e~ponentia1~ vaiti.a.t~on AA a 4uApit~A Lngty good app/Lo na.ton
even ‘.~n the 4kA41ded -~~ Ld.

The above observations are of great interest. An-
alytically, the exponential character should be implicit in
the variation of the following integral with X (circular
aperture) :

a-6  2

V ( X ) — K f  T d-t
0 ( bla 2 + ~ 2 )  (1t 2 

+ X 2 )  ( 70)
(Magnetic
Potential)

Additional far-field yoke-coil measurements are of interest
and are currently in progress.

3 . 3 . 2 . 3  Some Prel iminary Applicat ions of the TEI.1 RP Model

Some calculations were made which i l lustrated the
value of the resistance paper approach. Referring 

~
o 

~Figure 31, the property that the magnitude s of the B and H
fields maintain a constant ratio in the TEM mode provides a
me thod of es timating I H I  anywhere in the cavity g iven only the
skin current density near the aperture.  For example , with a
100 amp/in (typical for LST) near the aperture , we can form
the fol lowing propor tion:

aperture 
- 

I l aperture 
- 

aperture (71)
internal internal IvV I internal

Taking an internal  point  near the shield at X = 12 cm , the
observed potent ia l  gradient from the RP solution of Figure
30 is approximately 0.05 V/cm , while the observed gradient
at the aperture edge is higher at 1 V/cm. Applying equation
(71) the IHlinternal can be estimated as:

IHl internai (~~~
-j -

°5
) x l00amp/m Samp/m (72)

which can be used to predict the induced voltage levels in
~~ the aircraft cabling . As a very crude check on the above

result , the Hinternai was estimated using Van Bladel’s (Ref.
11) dipole expression . For a long slot aperture , we can
write :

_______ _ _  =i.



- -

H cos 0 2A H (0 .476)
internal - ° (73)

4-ir R 3 4 r R 3

The F-h i fuselage has a diame ter roughly equal to 6 feet
which results in a RP equivalent aperture dimension of 0.77m
which , for a unit axial length , yields the following value
for the internal magnetic field:

Hinternai ~ 
2 x 0.77 x 100 x 0.476 3.27 amp/rn (74)

4-n (i.53)~ 
-

This value is in reasonable agreement with the 5 amp/rn pre-
viously calculated, considering the crudeness of the approach.
At the very least, however , the above analysis does tend to
support the usefulness of the TEM assumption.

The TEM model can also be used to investigate the
field distortion effects caused by panels and struts con-
tained within the fuselage. Because the situation is hope-
lessly intractable analytically, potential solutions like
the resistance paper method may well be the only approach
possible. As an example, a fuselage-grounded navigation
receiver chassis is simulated in Figure 35. The hi gh gra-
dients around the sharp corner of the chassis suggest that
aircraft cabling should perhaps avoid these locations . Of
course, these conclusions are only tentative and must be
verified by “yoke-coil” experiments.

3.3.2.4 Remarks on Shielding

For the t ime-varying case , HNOI~ = 0 at a conduc-
tive surface . Physically , the skin currents on the inside
surface of the fuselage are induced in such a way as to re-
quire HNO~~ 

- 0. However , the skin currents may develop
significant HTAN in the vicinity of the fuselage . It would
also b~ expected that the shielding effects should attenuateas h R  from Biot-Savart law considerations alone .

3 . 3 . 2 . 4 . 1  Conj ugate Harmonic Method of Solution

Two-dimensional potential problems can be
solved directly if a one— to-one analytic function of a
complex variable can be found that will  map one boundary
surface into another boundary surface with a known potential
solution . In our case , the two sets of boundary surfaces
are as shown in Figure 36.
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Figure 35. Fuselage-Grounded Navigation Receiver
Chassis Simulation

46

________________________________ 
__________ -4



- - ---5 -5 - —‘-5 - -5-~~ --5— - - ---~~~~~~ -5— -5- -5- - ‘ - 5  - -
~~~~~~~~~~~~~~ —~~~~~ -“~~~~~~~~~~~ -5-- 

-‘-5— --- - -- -5—--- 

-

w - PLANE z -  PLANE

-1 0 +1 y

~~~~~~~ 

~ --1 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 36. Conformal Map of Fuselage
Boundary Surfaces

Fortunately, the preceding map is a special form of the bi-linear transformation known as the “Cayley” transformationand can be given directly as:

3 ( ~ ~ ) 
cot ~/2 175)

The transformation of (75) maps the interior of the unitcircle into the lower-half of the w-plane . Lt —i4 ~tQmp -t~.ng
~to ~t’Lea.t .the w-p t.ane bounda-ty p ’wbtem a.o a “4maJ2 tzpe.t~wLe” p’to b-C embutt -th.L4 wouLd be AncovLec.t. The real solution is a continuous ,differentiable  electrostat ic  potential  function , v (~~,v ) ,that is generated by a charge density d is t r ibuted around theaperture. For the far-field region of interest, the chargedensity would appear to be concentrated in the center of theaperture to yield a potential function at large distanceequal to :

v(~ I , v) K 
76Iw l /~~~~ + v 2 ~

which when reflected back onto the negative real axis of theZ-p lane becomes:

47

- --4 - -5 -- -5 - - - - - - - - —----
~~~~~~

-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ —



A A (X + l)Av (X) j  — IX  - l\  (X - 

~
.) (77)

+ 1/

where A is a proportionality constant.  This is a very in-
teresting result since it indicates that the shielding effect
produces a l inear decrease in potential or equivaient iy  a
constant HT~~ equal to A in the vicinity of the shield.
(The above solution is being applied to obtain off-axis
points in the unit circle.)

Points near the shield along the perpen-
dicular bisector have been measured on the re sistance paper
LST model and also on the ideal dipole in the pre sence of a
conductive shield. These measurements, along wi th the ideal
dipole and conjugate harmonic solution , are tabulated in
Table II. Excellent agreement is observed which both sup-

ports the TEM model and also implies that (
~ 

~ (normal-

ized) is the true description of the shielding effect , at
least along the perpendicular bisector. These results are
offered as tentative conclusions and must await experimental
confirmation .

TABLE II. VARIOUS PREDICTIONS OF THE SHIELDING EFFECT

Dipole TEM f Z  + 1
X Dipole with R.P. ~ Z -

(cm) Alone Shield Method

5 1.0 1.0 1.0 1.0

6 0.707 0.69 0.72 0.74

7 0.52 0.51 0.53 0.53

8 0.36 0.39 0.38 0.36

9 0 .20  0.30 0 .25 0 .23

10 0.10 0 .25  0.15 0.13

11 0.005 0.008 0.098 0.039

_ _ _ _
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3.4 An Aperture Coupling Prediction of the Level of
Induced Voltage on Aircraft Cabling

3.4.1 General Discussion

This section presents an attempt to predict the
induced voltage levels in an aircraft cable from small
aperture dipole expressions . Many assumptions are made in
the analysis but the assumptions are quite reasonable and
the predicted results themselves are similar to actual
measured values.

3.4.2 Detailed Discussion

The discussion in the pr ecedin g sec tion strong ly
implied that the shielding effect is not all that signifi-
cant, at least for offset distances from the shield smaller
than 1/3 of the radius of curvature of the shield itself.
Accordingly, the HINT should be well represented by the
dipole expression of Van Bladel (Ref .  11). Spec i f ica l ly ,
the induced voltage in a cable can be expressed as:

H dv~~~~ o~~~~ Ak~~~ a-t- (78)

where for our case :

H0 = 100 amps/rn (at aperture periphery)

At — 0.7 iisec.

Ak is to be determined

The resul ts on transm ission line pulse respons e sugges t tha t
the observed peak-to-peak voltage magnitude in the yaw com-
puter and yaw damper servo circuits is actually the peak-to-
peak level of the induced voltage level itself. For the
Figure 6 circuit, V can be cons idered as 50 mV which then
leads to an estimate of Ak as follows :

Ak 2 .78  x l0~~ (79)

For typi cal #22 gauge twin lead , A PA where d = 0 .3  cm
was measured and £ equals the length of the cable subjected
to the flux coupling to give :
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k 
0.00927 

(30)

The length £ can be estimated provided k is known . The con-
stant k can itself be es tima ted from the Van Blade l ex-
pression in Ref.  11 as:

p A H
k~~ 

rn ~ (81)
4 R 3

or for H0 = 100 amp/rn , R = 1.23 m , and an A of 1.23 in2
which represents the aircraft cockpit aperture :

k = 0.1013 -~

R = 1.23 in ~~~~ )

The calculated value of k suggests an 2. equal to:

£ = _____ = 0 .0 9 m  = 9 cm (33)

which is a reasonable value . The exact numerical value of
the length is of no great significance . It is presented
merely for illustrative value only. The ~rt~te/i.e4t<ng ob4e/iva-t~on

~~~~ 

-that .the Length ~ no-t 4ome ‘~ di~weou~6 Va-&Le Lüze 5 km on. 5 m-~c’wiv~.
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4. PULSE RESPONSE OF AIRCRAFT CABLING

The third linear transfer function of the overall LTA
system represents the pul se response of the A/C cabl ing to
the aperture flux induced excitation voltage. In this sec-
t ion , the transient response is analyzed in the time domain
through the impulse response and in the fre quency domain
through the voltage transfer function. Another subsection
inc ludes a detailed series of actual pulse and CW tests
performed on an F-ill. The results strongly support the
analytical modeling . The final subsection predicts , from
the Van Bladel expressions, the relative magnitudes of the
inductive and capacitive voltage excitation.

4.1 Time Domain Model; Impulse Response and Convolution

4.1.1 General Discussion

Th is section deal s with a time represen tation of
A/ C cable tran sient response . The exper imental work was
entirely performed using RG-58 cabling . The new approach is
well suited to experimental testing and represents a sig-
nificant new tool in the analysis of the LTA problem.

4.1.2 Detailed Discussion

4.1.2.1 Discussion of New Method

The pulse response of transm iss ion lines is of
central importance to the present study since the transient
LST waveforms of intere st are actually the responses of
aircraft cabling (transmission lines) to induced (inductive
or capacitive) voltage pulses. The transient (lossless)
situation will be completely defined by the characteristic
impedance (Z0) of the transmission line , its length and
terminating impedances , and the position and waveform of the
excitation pulse. For the LST application , the transmission
lines are excited by a high impedance voltage source (>>Z 0)
and ar e usually termina ted at the two ends by either an open
circuit (>>Z~) or a short circuit (<<Z Q). Ideally, a com-
plete definition of the transmission line model permits
prediction of the observed waveform at any point of the
circuit given a known excitation pulse or , conversely, a

— determination of the excitation waveform given the observed
induced transient waveform. As knowledge is gained , it is
expected that observed transient waveforms will suggest the
dominant type of coupling (inductive or capacitive), the
magn itude of that coupling , and also the position of appli-
cation of the excitation .

The transmission line model to be considered is
illustrated in Figure 37 where Z 1, Z2 are the terminatingimpedances and:
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v2u

I-Is L~, ~~ 
P.~

Figure 37. Transmission Line Model

where R5 is the source impedance. For this application , Z1
and Z2 usually assume the values of 0 or while R5 is >>
(characteristic impedance) to approximate the magnetic or
electric induction effect. Assuming either short circuit or
open circuit termination , the impedance at x 0, Z(w), will
be a parallel combination of impedances having the form
jZ0 tan (wL/V~) or jZ0 cot (w&/V~) where V~ is the propaga-tion velocity of the transmissiofi line. The comple te trans-
ient solution , in the frequency domain , for V(~) will then
equal :

— 
V1 (w) Z

~~
(u)

V(w) = R + Z 1w (84)
~~ 

)

where V 1(w) is the Fourier transform of the induced voltage
waveform. With V (t) defined from Eq. 84, v1(t), v2(t) can beeasily determined by operating on v(tj with the appropriate
~ropagation delay . That is, vj(t) = v(t-L1/V ) and v2(t) =

v(t-L2/V ) in the lossless case. Unfortunate?y , the repre-
sentatiog of Eq. 84 is not physically intuitive and requires
taking the inverse transform of a complicated function of w.
A more useful representation is through the convolution
integral where any v(t) can be expressed in terms of v1(T)as: -

,

t
v ( t )  = f  h ( t - T )  v1(-r ) dt (85)

0+
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where h(t) is the response measured at the point of v(t) to
an impulse applied at the point of v1(t). One great advan-
tage of the convolution integral is that h(t), for the low-
loss case, is a sequence of delta functions separated by
integer multiples of the propagation time , e.g.:

h ( t )  ~ a~ 6(t  - Tn) (86)
n- 0

where an = (k)~ is the attenuation (k<l) due to the non-zero
loss factor. Because h(t) is a linear combination of time-
displaced delta functions, the convolution of Eq. 85 becomes
straightforward as a resul t of the sampling property of 6(t).

That is: I 6(t-A) X(t) dt X(t-A) which reduces Equa-

tions 85 and 86 to:

v1(t) ~~L 
v2(t) = ~ a1,~ v 1(t - T~ ) (87)

n- 0

An even more desirable fea ture of the convo lutional approach
is the ease with which the impulse response, h(t), can be
predicted analytically and measured experimentally for the
open and short-circuit termination case. Because short-
circuit ( I Z I <<Z o) and open-circuit ( I Z I >>Z o) termina tions
are commonly found in aircraft cabling , the impulse function
approach can be of great importance in the overall LTA
program. Very little direct mention is made of this ap-
proach in the published literature since the two-termination ,
infinite source impedance case is not all that common in
most applications. In the following subsections , however ,
many examples will be given illustrating the great value of
the technique in analyzing LTA related problems .

4.1.2.2 Experimental Procedure

In order to simulate the aircraft cabling situa-
tion, various lengths of RG-58 (Z0 S0~) cabling were pre-pared (e.g. 3’,6’,l6’,50’). Although the F-ill has un-
shielded cabling (#22 gauge), it was considered too diffi-
cult to work with unshielded cabling because of excessive
60 Hz interference. Fortunately, shielded cable yields
essentially the same results given the assumption that cable
cross-talk can be neglected.
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In the actual lab set-up , a source resistance , R5,
of 10K was used which appeared as an infinite resistance to
the 50 ohm cable. Higher source resistances (~ 2Meg) were
tried but the excitation voltage pulse magnitude on the
cable was attenuated to such an extent that spurious induc-
tance and capacitance effects were observed. The actual
set-up used is illustrated in Figure 38. The excitation
pulse was l3V in magnitude and 40 nanoseconds in width which
well approximates the Dirac delta function since its width
is significantly less than the propagation times of the
cabling .

SCOPE H.P.
1 (100 M H z )  PU LSE
L GENERATOR

I f 50
~- [ PULSE • CONNECTORS

- lox
+ _______

+t •V 1,.. 
~~ 1. 

. V2(t)

zi I-• z2

£~

Fi gure 38. Experimental Set-Up to Simulate
Aircraf t  Cabling

As an example of the approach and also as a means
of introducing the labeling legend of the figures to follow,
the impulse response, h(t), of Figure 39 is presented. The
top trace is the l3V (5V/div) excitation pulse and the
bottom trace is the response of a 50 foot open-circuited
cable measured at the point of application of the excitation
pulse. The magnitude of the response waveform is measured
on a 5OmV/div scale. As expected, the excitation pulse is
reflected without inversion and is separated by the round-
trip propagation time of 150 nanoseconds (n.s.) from adja-
cent pulses. The 150 n.s. time interval is expected from
the formula:

29. 29./cRtp~~~ V. 
C 

(88)

H  
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where 9. = 50 f t  — 15 .24  me ters

c 3 x lO 8m/s

and tR is the relative dielectric constant of the plastic
spacer in the cable with a known va lue of ~~ = 2.23 , giving
a t~, of 153 n.s. wh.-Lch agn.eeo almoot exactLy w-c.th the oboe’wed vaLue.

The f irs t reflec ted puls e is observed to be
larger than the initial excitation pulse. This somewhat
unexpected result can be simply explained by observing that
the f i rs t ref lected pulse is actua lly the al gebraic sum of
the pulse reflec ted from the 50 foo t line and the near ly
instantaneous re-reflection of the ref lected pulse from the
open-circuited (9.1=0) end of a “T” connec tor. Each success-
ive reflection is at a lower magnitude due to the finite
resistance of the l ine ( k = 0 . 8 2 ) . I t  also possesses a
progressively wider pulse width because of the frequency-
dependent dispersion e f f e c t .

The legends in the many f igures to follow wi l l  be
formated as fo llows :

(Z 1—l0Kc~—Z2) corresponds to the left-to-right
impedances of Figure 38

(2.1,9.2) corresponds to the lengths of
the two cables

(X — —) refers  to an observa tion
at the end of 

~- l 
(i.e., at Z1).

The above notations are always positioned to the lef t
of the figure while the voltage and time scales are
always positioned to the right . The legends are il-
lustrated in Figure 39.

(o~— l 0 K~~ .oo) SV/ div

(0’,SO ’) SOmV/div

(—X—)

Figure 39. Impulse Response from Experimental Set-Up
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The impulse response shown in Figure 39 can be compactly
wri tten as:

h(t) K -~6(t) + (1.4) ~ (0 82) fl .l  6 (t - n ( l s 0n s ) j  } (89)
n 1

It should be observed that the initial pulse magnitude
K 6OmV is to be expected since the cable appears as 50~l(infinite line) before the initial reflection to give as a
predicted value:

K V 
(R~~~ ) 

13 
~~~ + 50) 65mV (90)

wkLcii ~Lo good a~gn.eeme.at.

Using the h(t) of Eq. 89 , the output for an input ,
v1(t), is:

v1(t) K3v I (t) + (1.4) ~ (0 82) n-l  v1[t - n ( l s on s ) ]  (91)
n-i

where vT(t) is the waveform of the induced voltage pulse
which sFiould have a waveform corresponding to the time de-
rivative of the unipolar current pulse; i.e., a waveform
similar to Figure 40.

400nj.

RISE.TIME 
SLOWE R FALL.TIME

VIhI 4 ZERO DC LEVEL

t.0

Figure 40. Predicted Induced Voltage Waveform

Accordingly, since the h(t)  is always positive , the v1(t)
will represent “stair-case” ramp or build-up in voltage as
suggested by Eq. 91 which expresses v1(t) of Figure 40.
This prediction is beautifully confirmed by Figure 41.
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( oo_l0K~ —co) SV/div

(0 ’ , S O ’)  lOOmV / div

(—X—) 200n.s./div

Figure 41. Measured Induced Voltage Waveforms

Referring to the Z~1~ of an open-circuited line, Z~r~
- j Z 0 cot (~!) ,  the waveshape of Figure 41 can be ex-
plained as the charging of the low-frequency capacitance :
/ 

- j V

~ 9.
~~~ =>C~ 0~ ~ ~— )

throu8h R5 - 10K for a per iod of

400 n .s .  followed by the decay through the same R5. The
square-wave reflection component is superimposed on the low-
frequency waveform and is composed of harmonics as suggested
by the equivalent circuit of Figure 42:

~~~~~ E J r
t I

S.2 M~~ l2.4 M*~

Figure 42. Equivalent Circuit of Cabling Set-Up

Many more examples of the above approach are pre-
sented in subsequent sections.
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4.1.2.3 Applications of the Method

In order to illustrate how the new method is applied
five different conditions, or examples, have been selected.
Each of these conditions is presented with illustrations de-
picting the impulse , cable response, voltage pulse and cur-
rent pulse observed at selected points in the circuit. Each
condition is discussed to highlight its significance.

Condition I

Figures 43 and 44 present the same situation as in
Fi gures 40 and 41 with the important exception that now the
end of the 50’ line is short-circuited (Z2—0) instead of
open-circuited. The presence of the resulting inversion has
important LTA implications since h(t) now has a zero D.C.
level which means that any output must also have zero D.C.
level. That is, it does not grow linearly to the large
magnitudes of Figure 41 , but instead oscillates at 6 .2  MHz
with a peak-value of 6SmV as shown.

Condition II

There are many variations of the first condition possible .
To illustrate , Li is chosen to be 3 inches and is set to
0 (short-circuit) while 2.2, Z2 remain at 50’ and respectively.
W ith the measurement at Z2, an interesting effect is observed.
As before , the exc itation pulse begins 80 n.s. after t = O~but the pulse is never allowed to build to its full value
s ince an inverted pulse (reflected from the shorted end)
beg ins 10 n . s .  af ter  t = 80 n.s. and produces the interesting
waveform of Figure 45. As expected , the peak value of the
waveform has been reduced from 6OmV to 2OmV . It is also
observed that successive reflected pulses are inverted due
to the presence of the shorted-end. As before , there is a
progressive widening and decrease in magnitude at each
successive ref lect ion .

It  is useful  to consider the waveform of Figure 45 as a
time sequence of inverted doublet functions (S~~ (t) = 6(t))
giving the following expression for h(t):

h(t) K36
1 (t_80n.s.) + Z ( O .9 O) ” (- l)~~6~~~[ t - (8O+nlSO ) ]~ (92)

n-l

which leads to:

v2(t) z K ~~~~~~~~ 
v1(t-80) + ~ (0~ g0) fl (~ 1)~ ~~ v1[t- (80+nlSO)] (93)

n- 1
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(oo—l0K~l— 5V/div

(0’,SO’) 5OmV/div

(—X--) lOOn.s./div

Figure 43. Impulse Response from Short Circuit Condition

(oD~~1OKç ~_ 0) ‘. SV/div

(0 ’ ,SO’) 5OmV/div

(—X—) 200n.s./div

Figure 44. Voltage Across Z 1 for Short Circuit Condition
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(0— 10K~--°’) 5V/div

(3” ,so’) SOmV/div

(— — X) lOOn.s./div

Figure 45. Impulse for Condition II

(0—lOK~---~o) 5V/div

(3” ,SO’) SOmV/div

— X)  200 n.s./div

— Fi gure 46. Response for Condition II
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Expressions 92 and 93 are completely verified by Figures
.45 and 46.

I t  may be suggested that the actual waveform for h(t)
(Figure 45) is strongly influenced by the finite pulse width
of the simulated delta function. Although this is undoubtedly
true , the situation is actually desirable since the finite
pulse width (:30 n.s.) provides nearly the exact band limit-
ing (:30 MHz) as provided by the fiber-optic instrumentation
system.

Condition I I I

in order to provide additional background and also to
introduce (L j , e2) pairs that approximate the postulated yaw-
damper circuit situation , Figures 47, 48 and 49 are presented.
With  both ends open (not yaw-damper situation) the h(t)
measured at the 50 ’ end consists of time displaced train of
pulses that are the sum of a 50’ delay and a 62’  (6’ + 56 ’)
delay . Fi gures 48 and 49 give the expected response for the
all open-circuit  case.

(~~— 10Kc~--co) 5V/div

(6 ’ ,SO ’)  
- 

SOmV/div

(— — X )  lOOn.s./div

Figure 47. Impulse for Condition III
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~~~~~~~~~ 
- 5V/div

(6 ’ , 50’)  lOOmV/div

C— — X)  500n.s./div

Figure 48. Response for Condition III

(co~ l0K ~~_co) 5V/diy

(6 ’ ,S O ’ )  lOOmV/div

(— — X)  
- 

2~ sec/d iv

—- - -

Figure 49. Response for Condition III (Expanded Scale)
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- ~~~~~~~~~~~~~~~~~~~~ 
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UREAK OUT

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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I C~R~ U,T
IS U FROM NO.4

~~~ 
R : 

- 

: Wm~~~~ T

A~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SRARCHS

OFf N CIRCUIT
~~TEST WI.

u RECEPTACLE

0I

Figure 50. Yaw Circuit Schematic
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Condition IV

The F-ill y~w circuit schematic is given in Figure 50.As is discussed in later sections , the by-pass capacitors in
the servo amplifier provide an effective short-circuit at
one end while the servo valve provides an effective open-
circuit at the other end. The presence of the short-circuit
is very significant since it results in pulse inversion in
the h(t) response and, in general, an oscillatory response
for an arbitrary excitation pulse. The short-circuit termin-
ation also implies that the peak magnitude of the oscilla-
tory response will equal , at most , the peak magnitude of the
induced voltage excitation pulse - an extremely important
conclusion for LTA analysis.

Assuming the principal aperture (e.g., the cockpit)
flux occurs 6 feet from the shorted-end, the situation can
be roughly modeled by choosing the following parameters :

= 6’, 
~2 

= 50’. Figures 51, 52 and 53 illustrate the
observed responses. Note the pulse inversion due to the
shorted-end , and also the successive inversion of the pulse-
packets due to reflection at the shorted-end . The situation
is actually similar to Figure 45 except that the longer 6
foot distance allows a pulse build-up to 60 mV.

(0—l0K~2~-w) SV/div

(6’,SO’) 5OmV/div

C— — X) lOOn.s./div

Figure 51. Impulse for Condition IV

Figures 52 and 53 clearly illustrate the damped oscillatory
nature of the transient response. This is, of course,
similar to the situation actually observed in LTA experi-
ments. Referring to Figure 52, the response within the
time interval, 0. < t < 2~sec., is nonsinusoidal due to thepresence of higher moaes or harmonics. Because of the in-
creased skin resistance at the higher harmonics , the wave-

~~~ form approaches the 6.25 MHz sinusoidal response for
t > 2psec.
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(O—lOKc~--~) SV/div

(6’,50’) SOmV/div

(— — X) 500n.s./div

Figure 52. Response for Condition IV

200n.s./div

Figure 53. Response for Condition IV
(Expanded Scale)

65

L i ~~~~~~~ T T ~~~~~~~~~~~~ i



r~—~~~— ~~~~~~~~~~~~~~~~~~~~~

Condition V

For added background , the situation of Condition IV
was repeated except that £2 was shortened to 16 feet from
50 feet. Because of the shorter £2, all responses became
more symmetrical and approximated the damped sinusoid
earlier in the transient interval. In ~the ca.~ whe.te P~ =
th~ ‘~e~p onoe~ wouLd b~ p e ’~~c2~y oynme ’t.Le.a.t - a poLen.t*~4Uy u4~~ uL
ob~oe.iwa.ti~on! Figure 56 illustrates the response to the 500
n.s. pulse at two observation points and is added for corn-
pieteness.

(0—l0K~2--~) SV/div

(6’,16’) SOmV/div
I

(— — X) lOOn.s./div

Figure 54. Impulse for Condition V
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(0 10K
~~°) 5V/div 

r

(6’,lo’) 5OrnV/div

(— — X) 200n.s./div

Figure 55. Response for Condition V

(0—l0K1l--~°) 2OrnV/div
(— X —)

(6’,16’) ZOmV/div
(—— X)

200n.s./div

Figure 56. Condition V Response to 500 Nanosecond Pulse
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4.2 Investigation on How h(t) is Affected by Varying the
Terminatinj rm~edai j1an P~~~~~~~~~~~~~~~~~~
In general, when the initial impulse, 6(t), reaches a

terminating impedance, Z(s), the equivalent circuit is as
shown:

-1~~~I }*.

~J J H
where VR(t) is the reflected pulse

Figure 57. Equivalent Circuit for
Terminating Impedance

Now , VR(s) ~
E 

, so that the reflected pulse can be (94)
determined in general (except for Z 0 where an admittance
model must be used).

For a 6’ and 50’ cable case the 50 foot end is ter-
minated with a l0~ih inductor. Using the above model , the
inductor case can be solved in general as:

VR(S) R0/L+ ~

which implies that:

d r - ~~ R , L  1
V~(t) — E ~ u (t )j (96) }

E R 0 - t R 0/L
= E 6(t) - L e

‘

- I  

_ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _
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It is apparent that as L(or wL) gets larger , h(t) approaches
E 6(t) which corresponds to the open-circuit case (e.g., yaw
damper circuit in Figure 6). As L is reduced in value ,
the vR(t) begins to assume the shape of Figure 58(a).

- 

t 

j  

(b)

Figure 58. Results of Variations in L

• Eventually, the h(t) approaches dd
6(t) which has the shape

of Figure 58(b). Figures 60 and 61 illustrate this effect.
Specifically , in Figure 60, the 50’ section is terminated in
l0~ih which essentially open-circuits the termination whilethe 50’ section in Figure 61 is terminated in 0.l~h whichresults in the differentiation effect shown in Figure 58.
The rather “odd” pulse waveform in Figure 61 is the summation
of a differentiated tS(t) at the end of the SO’ section added
to an inverted 6(t) delayed because of the reflection at
the shorted 6 foot section as illustrated in Figure 59.

1?j

$ Figure 59. Addition of Pulses
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5V/div
(50’ ,6’) 5OmV/div
(X — —) lOOn.s./djv

L~~~lO1Ah

Figure 60. Impulse for 50-Foot Cable
with lOMh Termination

( 0 l ~ h-l0KQ-O ) 

lOOn s /div

L — 0.lih

Figure 61. Impulse for 50-Foot Cable
with 0.lph Termination
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An entirely similar analysis was made with regard to
shorting the end of the 6 foot section with capacitance. As
expected, the situation approaches the shorted case as C
gets larger with lower C values producing differentiation.
Figures 62 and 63 illustrate waveforms for 1800 pf and 300
pf terminations.

(oo—lOKfl—l800pf) 5V/div

(50’,6’) 5OmV/div

(X — —) lOOn.s./div

C = 1800 pf

Figure 62. Impulse for 6-Foot Cable
with 1800 pf Termination

(oo_ 1OK~2— 30 0pf)  SV/div

(50 ’ ,6 ’)  5OmV/div

(X -• —) lOOn.s./div

C 300 pf

Figure 63. Impulse for 6-Foot Cable
with 300 pf Termination
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4.3 Frequency Domain Model, Voltage Transfer Function

4.3.1 General Discussion

The following development derives the GA,c(w) - 

-

transfer function and as such constitutes an important step
in the linear system analysis of the LTA problem. Included
in the derived transfer function is the attenuation and
dispersive effect due to the skin resistance term . Also - -included is a proposed identification technique for GAp (w)
using the derived

4.3.2 Detailed Discussion

4.3.2.1 Transfer Function Derivation

It is desired to determine the voltage transfer
function of two low-loss transmission lines (one end open ,
the other end shorted) connected in parallel and driven from t

a high source impedance. Such a configuration closely
approximates typical aircraft circuitry as will be justified
in later sections.

The following discussion deals exclusively with
the configuration of Figure 64..

z2 ZI(
~r~ £ ~~ (CENTER) -~~ - Iv

OPEN 2 ~1 
~~$$0RT

(TOP) (FRONT)
f ( v~~

)

\

~ EX CI TAtI ON

Figure 64. Low-Loss Circuit Configuration

which is a specific example of the general parallel arrange-
ment of Figure 65.

~~~~:‘~~ 
~~~~~~~~~~~~~~

Figure 65. General Parallel Circuit Arrangement
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From Figure 65:

= 
v Z ~ 

~~~ (Z111 Z 2)(R5 >> Z1, Z~ ) (97)

z z
where Z - 

1 2

In the steady state, standing waves are established for the
loss-less under sinusoidal excitation .

Therefore, we have:

l v i  l v i
IV T I £ IV F I = (98)

• 
cos[_~

_.]’ sin
[ 

v~, ]
Now from the open and shortened terminations , it follows that:

= j z 0 tan [w
~~
l]

and : (99)

= ) cot [W L
Z ]

With v = l~~~~ = 1, the voltage transfer function becomes: 
- 

-

1w -L
1 1 1w £2tan [ ~ 

j cot~~ ~lv
~

i = Z 0 ~~ 1 rw~~ 2 1 
(100)

t a nj  ~, ~~
- coti  VI ‘p J L p

where : 100(2; Vp — 2 x 10 8 rn/ sec

£1 + L 2 — 1 7 m

0 < f < 1 5 MH z.

- ____ 73
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For added realism, it is necessary to include the low but
non-negligible loss term in the transfer function. This can
be accomplished by expressing the frequency varying skin re-
sistance term, ct(f), as the real part a complex propaga-
tion constant . (The jus t i f icat ion for this derivation is
beyond the scope of this report but is given clearly in Ref-
erence 14. Th.~ actual open and shorted driving point im-pedances are given in terms of the hyperbolic tangent and
cotangent functions ~f a complex agreement as indicated in
equations (101) and (102).

Shorted Section

= tanh (y £1) = l~ tanh ( (ci + JB)L13
(101)

sinh (c~ £1) + j  cosh (cz £~)_
sin[~V~!]

- • 

V 

cosh (a t~) cos[~V~
! + j sinh (~ ~~) sin[t~v

&

1]

FOOTNOTE

d = R / aZ0

R = 0.123 ,1fx10 5 ohm/meter (f in MHz) referenced to 100 MHz

= 100

so

ct(f) = 
~~~~~

— = 5x10 3 /fx10 5

I
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Qpen Section

Z2 Z0 cotanh (y £2) (102)

= 

~0 

cosh (a £2) cos 

:Z2 

j  sinh (ci £2) sin [~~~~
2]

sinh (ci £2) cos[ V
P 

]~ 
j cosh (ci £2) sin

[ v~ ]
For added back ground , equations (101) and (102) have

been broken into the elemental forms listed below used to
program the transfer function on the digital computer.

Z1 A1 + j  A 2 r~ ~Ai sinh (a
~~i
)cos

~~~~

A2 = cosh (ci ii) sin [
w
v~~ ]

B1 
= Cash (ci £1) COS [

w
v

z l ]
B2 = sinh (a £~) sin [

W~~l ] (103)

Z 2 C1 + j C 2 w Z 2
= + j  D2 

C1 = cosh (ci £2) cos [ 
~ 

]
w L 2C2 = sinh (a £2) sin [ 

~~ 
]

— sinh (a £2) cos [
w & 2 ]

D2 cosh (a £2) sin 1
w L

21
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=

~~~~~~~~~ : :T /tan~~( X~~~~ 
tan~~~~ i)

= M1/~j

~ =f ~ : ~~Z /tan
l (
~J tan~~~~~~~ )

= M2/~~2

z
= = (M 1 ~~~~ 81 + M2 ~~~~ 0 2 ) + i (M1 sin + M2 0 2 )

= F1 + i 
~2

Therefore , it follows , from (103) that :

Z M M
lv I = 0 1 2 [Cen ter Observed]C 

~/F1
2 

+ F2
2

l v i
I V T I = [Top Observed] (104)

cos[ 2] 
.

l v i
I V F I = 

~. 
[Front Observed]

— sin [

c

v
l

L~~
— The expressions of (104) have been programmed on a digital

computer. A comparison with experimental measurements is
given in the next section of this report.
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4.3.2.2 A Possible Frequency Domain Test for the
Nature of the Aperture Coupling

For inductive coupling :

vL(t) a where i(t) is LTA current

so that, in the frequency domain:

(V ) w
1V L U W ) I — 

c/L (105)

- 
I (~ 

- w2) + (w R/ L)2

while for capacitive coupling :

IV~Ciw) I = 
c/L (106)

- ~2) + ~u R/L) 2

V~(w ) ii ~C PCTiON I ~~~~~~~~~ 1(~~TER) I ~~~~~~~~~~~~~~~~ 

OUTPUT Vo( W )

FRONT f
t MEASURED

21(W; £~. £2)
ZF0(W )

Figure 66. Diagram for Frequency Domain Test

The identification proceeds by considering the following
two hypotheses:
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a. Inductive Coupling

IV (w) I — )V1(w))IZ (w ) I ) Z  (w) I (107)o T F0

We can then step through £l,L2 to get optimum least squares
fit to V0(w).

b. Capacitive Coupling

IV (w)~ = I V (w) I~~Z (w )iiZ~ (w)I (108)o c T

The influence of the different input lV (w ) I should provide the
identification. This procedure constitutes a proposed identi-
fication technique that has not been implemented at this time.

4.4 Various Pulse and CW Tests on RG-58 Cabling and
on the F-ill Yaw Damper Control Circuit

4.4.1 General Discussion

The test results in this section include confirmation
of both the time and frequency domain techniques advanced
earlier in the report.  Also included are additional tests
on topics of general LTA interest ranging from the effects
of component non-l inear i ty  to the effects of multiple inputs.

4 . 4 . 2  Detailed Discussion

Actual experimental tests were performed on an
F- ill to illustrate the basic linearity of aircraft cabling
and also to demonstrate the power of the new time domain
analysis technique. The yaw damper control circuit was
chosen because it is long in length, has easily accessible
terminations, and is, moreover , a highly critical circuit.
During these pulse experiments a pulse generator was employed
to generate 30 n.s .  wide pulses through a high impedance
(>> Z0 of cable). The 30 n .s .  pulse width adequately
simulated an impulse since the fiber optics bandwidth itself
is around 33 MHz and the propagation times (~l50 n.s.) aresufficiently longer than 30 n . s .
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4.4.2.1 Open Circuit Yaw Damper Circuit Results

In order to test the low-loss assumption , both the
servo-computer termination (front) and the servo-valve
termination (top) were open-circuited. A pulse was applied
at the “top” and measured at the “front” . The response is
shown in Figure 67. It is clear that the pulse structure is
maintained for six (6) round-trip propagations. Some atten-
ua tion and pulse widenin g is observed as is expected .

- 
100 n.s./div

- ~~~~ 

-‘-
~~~ ~~~~~~~~~~~~~~

Figure 67. Open Circuit Case; Top Excited ,
Front Observed

4.4.2.2 Propa~ation Effects as Observed When PulseExciting at Cable Center

In order to better approximate the lightning
excitation , a cable entry point near the cockpit aperture
was prepared by removing a panel and “stripping” bare the
appropriate pair of wires in the cable bundle. The overall
situation was as shown in the schematic of Figure 68.
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I 
- - -

u r n  -I
OPEN AT 5 X 

£2 
-4 OPEN AT TOP

F 7rn 
‘°‘ ~ I

CENTER EXCITED
THROUGH HIGH
IMPEDANCE

Figure 68. Cable Entry Point Diagram

Figures 69, 70 and 71 illustrate the propagation
I effects for three observation points and serve to emphasize

the “displaced” impulse nature of the low-loss cable impulseI response. Figure 69 is both center-excited and center-
observed so it can include both the excitation and response
waveform on the same dual trace image. The separate re turns
from the front-end and top-end reflections are clearly
visible  as is the effect  of the small but non-zero cabl e
attenuation and dispersion. Figures 70 and 71 present the
f ron t -end  and top-end observations.

I ~~~~~~~~~~~~~~~~~~~~ 100 n .s ./ dj v

Figure 69. Center Observed
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100 n.s./div

Figure 70. Front Observed

100 n.s./div

Figure 71. Top Observed
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4.4.2.3 Linearit’~ and Convolution Studies of the YawDamper Circuit

According to the abbreviated F-lu servo-computer
circu it schema tic (Figure 50) ,  the computer itself should
appear as a short-circuit to an incident impulse pulse
because of the shunting action of the capacitor. At the
servo va lve end (top),  the high inductive reactance , wL ,
pre sents an effective open circuit to the incident pulse.
The alternate inversion due to the shorted end is evident in
Figures 72a , b and c for the impulse responses measured
respectively at the center, top, and front. Although the
actual waveshapes are quite complicated due to the inter-
action of reflection, attenuation, and dispersion, the
presence of the inversion is clearly indicated.

Given the impulse responses, h(t), of Figure 72,
the output to any arbitrary input pulse can be calculated
from the convolution integral as:

t
• y ( t )  = 1  x (t )  h (t - r) dr (109)

Simulated di/dt lightning pulses scaled to laboratory propor-
tions were applied at the center point . The recor ded pulse
waveforms are presented in Figures 73 and 74. With careful
application of the convolution integral with the specific
input , x(t), and the three distinct h(t) yields predicted
output pulses that agree quite well with the output pulses
of Figures 73 and 74. The ability of the convolution inte-
gral to predict the output to a known input provides an elegant
confirmation of linearity .

4.4.2.4 Verification of Servo-Computer Short Circuit
Termination Using RG-58 Cabling

The actual servo-computer module was pulled from
the F-ill and used directly in a test configuration using
RG-58 cabling . The RG-58 cable configuration allowed a
carefully controlled study of the driving point impedance
of the servo-computer. In Figure iS , the yaw computer ter-
minated the end of a 50 foot section of cable. The short
circuit nature of the termination is clearly demonstrated
in Figure 76.
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(a) Center Observed

(b) Top Observed

— S

(c) Fron t Observed

Figure 72 .  Impulse Response to Top Input of
Yaw Computer Circuit
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(a) Center Observed

I -

(b) Top Observed

(c) Fron t Observed

Figure 73. Impulse Response to Center Input
of Yaw Computer Circuit
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(a) Center Observed

(b) Top Observed

(c) Front Observed

Figure 74. Impulse Response to Front Input of Yaw Computer
I
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..L. RG.58 1YAW COMPUTER

OBSERVATION
PULSE
GENERATOR

Figure 75. Yaw Computer Test Circuit
for Observation at End of
Cable

200mV/ dj v

l O On . s ./ d i v

Figure 76. Inverted Return

The identical experiment was repeated (Figure 77) ‘with
the observation now taken at the output jack of the computer
i t s e l f .  The results are shown in Figure 78.

R YT cOMPUTER

PULSE
GENERATOR

Figure 77. Yaw Computer Test Circuit for
Observation at Output of Yaw Computer
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200mV/div

l OOn . s ./ d iv

Figure 78. Observed at Computer Jack

As a compelling proof of the shorted termination assumption ,
the servo-computer module was removed and replaced with a
four foo t (4’) section terminated in a dead short (Figure
79) . The Figure 80 response was nearly identical to Figure
76 , thereby verif ying the assumption of a dead-short.

1K

PULSE OBSERVATION
GENERATOR

Figure 79. Yaw Computer Test Circuit for
Observation with Dead Short
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200 mV/div.

100 n.s./div.

‘.
4

-

Figure 80. Dead Short Section

4.4.2.5 Amplitude Test for Yaw Damper Circuit Linearity

A simple , direct test for circuit nonlinearity was
performed on the yaw damper c i r cu i t .  By reversing the
po la r i ty  of the exc i t a t ion  impulse and by continuously
varying i ts magnitude from zero to some maximum value , the
property of homogeneity (i.e., superposition) can be veri-
fied. This test  was performed from a center excited , top
observed con f igu ra t i on .  Figure  81 presents  the results
which clearly illus trate the homogeneity of the circuit.
The amplitude test is simpler than the convolution test and
is particularly well suited to unsymmetrical nonhinearities
like the p-n junction.

4.4.2.6 Variation in Cable Termination for Energized
Versus Non-Energized Active ~lements

I t is of some interest to determine how biasing an
active device will affect the pulse response of the aircraft
cable leading to the device. While there are , of cour se , an
i n f i n i t e  number of possible  ac t ive  devices that  could be
cons idered , the following general statement can still be
made . Namely, tha t biased or not , mos t active devices have
input impedances much grcater than the characteristic im-
pedance of the cable and , therefore , the device will appear
to the cable as an open circuit. At the other extreme , when
capaci tors shunt to ground , the device tends to appear as a
dead-short. For no special reason, a common-emitter ampli-
fier was used to terminate RG-58 cabling in Figure .82 with no
noticeable chenge being observed in the biased versus un-
biased mode .

L
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500mV/div

lOOn. s. / div

(a) Uninverted Input

(b) Inverted Pulse and Inverted
Amplifier. Same Image .

Figure  81. Resul ts  of Amplitude Test for Yaw Damper
Circuit Linearity Verification
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Figure 82. Effect of Active Element Biasing

4 . 4 . 2 . 7  Time Domain I l lus t ra t ion  of the Ef fec t  of
Multiple Inputs Using RG-58 Cabling

The significant effects of multiple input excita-
tion are illustrated in Figure 83. As shown in Figure 83(a),
mul tiple inputs were applied at separate points of the
aircraft cable. Figure 83(b) shows , in the bottom trace ,
the significant effect of the second input. Although the
situation remains linear , various time and frequency domain
techniques should be developed to identify the multiple
input situation .

4.4.2.8 RG-58 Modeling of Yaw Damper Circuit and a
Confirmation of the Analytical Frequency Response
with the Experimental Observed Frequency

Al though this discussion could be included in the
frequency response section , it is presented here since it
involves an RG-58 cable simulation. The intent of the
experiment was to model with RG-58 cable the actual yaw
damper experiment carried out on the F-ill. From propaga-
tion time measurements it was determined that the “stri pped ,”
center-excited point was around 7.5 meters from the shorted
servo computer termination. The RG-58 configuration of
Figure 84 most nearly approximates the correct length propor-
tionality. Figures 85, 86 and 87 illustrate the response of
the cable to various inputs and should be compared to the
top observed pulses of Figures 70 , 71 and 72. The similarity
is clearly evident confirming the validity of ‘the present
moaeling of the damper circuit.
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SHORT L_rl

MULTIPLE EXCITATION I Y
OBSERVATION

PULSE GENERATOR

(a) Circuit for Multiple Input Study

(b) Effect  of Multiple Input

Figure 83. Effects of Multiple Inputs
Using RG-58 Cabling
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SHORT — x  OPEN

PUUE GENERATOR

Figure 84. RG-58 Circuit Configuration of
Analytical Frequency Response

200mV/div

lOOn.s ./div

Figure 85. Impulse Excitation;
— Open End Observed
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lO On.s./div

Figure 86. “Saw Tooth” Excitation ;
Open End Observed

-

,

Figure 87. Trapezoidal Excitation ;
Open End Observed
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With the conf igura t ion  of Figure 87 , a voltage t ransfer
function was measured and then calculated using the accu-
rately known lengths and attenuation characteristics of RG-
58 cable . Figure 88 shows the remarkable agreement between
measured and analytical which reconfirms again the basic
accuracy of the analytical model of the previous section .

Frequency tests were also performed on the yaw
damper circuit of the F-il l  from a center-excited configura-
tion. Figures 89 through 91 illustrate the measured trans-
fer function. As expected, the three resonant peaks are
clearly in evidence.

As a final remark on the frequency domain, a
series of tests were performed to investigate the skin
resistance effect. From e1ect~~~agnetics, the skin resist-ance should vary directly as / f so that the Q = Center
Frequency/Bandwidth should increase with increasing fre-
quency. For the RG-58 cable , Table III presents the in-
creasing bandwidth at ever increasing resonant frequencies.
This result was expected.

TABLE III. BANDWIDTH vs RESONANT FREQUENCY

f
~
(1
~
Iz) BW(MHz)

6.25 0.70

12.50 1.10

18.75 2.00

4.5 Cap~acitive versus Inductive Coupling Using Van Bladel’sE~pressions

4.5.1 General Discussion

The following short subsection could perhaps have
been included in the aperture coupling section. However,
since it involves a direct prediction of the peak voltage
magnitudes of the respective capacitive and inductive volt-
age excitations, it constitutes an important link between
the aperture coupling and the pulse response of the aircraft
cabling. Therefore, it is included here.
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4.5.2 Detailed Discussion

4 .5 .2 . 1  ~ Field (Capacitive Effect)

Voltage excitation appears on the circuit due to in-
duced displacement current (see Figure 92).

( ‘~~~~~ TWIN LEAO

l IE ‘ zo
-I-I

I. - LENGTH OF SIGNIFICANT ~ FIELD COUPLING

Figure 92. Diagr am of ~ Coupling

Under a wor st case assump tion , the displacement cur-
rent can be expressed as:

ID = J D x L x a  (110)

Now :

=D ~~~~~

and :
‘VAE S  U -

where E is the electric field at the cable ,

kE is the far-field ratio of E to the aperture field

vA is the LST aircraft voltage to ground at aperture , and

d is distance from aperture to ground return (NOTE: E0=~).

The resulting voltage pulse on the line then equals I~ Z 0 0r
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C kE vA L a Z O -t/T~v
~
(t) = 

~~~

° 

U 6(t) - ,
~

c-— e ~.t (t )  (ill)

4.5.2.2 Calculation of kE from Van Bladel’s Dipole Expression

Eqs . 13 and 15 in Reference 11 we have :

2S 3”2 E -r 2 ( 4 / 3  A3) E0E~~ 
o av (112)

3ir R 4ir R

where A equals the radius of the aperture (A 0.63 in for
cockpit). It follows that:

kE = L = 14.4 x lo~~ (113)
A = 0.63 m
R = 1.23 m

Therefore , with the fol lowing parameters ,

VA = 20,000 (LST) (Wi th linear var iation; cockpit
at mid-point ; capacitor charge

d = 2 m voltage equals 40 ,000 volts)

z 0 = iooci
a = 5 mm = 5 x ~~~~ m

L = to be determined

= 7.2 ~ 1o~~

It follows that :

9 6 _ t / O . 7 x l O t)

~~~~ v
~
(t) L 6.38 x 10 [6(t) - 1.4 x 10 e ~i ( t ) J  ( 114)
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4 . 5 . 2 . 3  Interpretat ion of 6(t )

The Dirac delta function can , of course , not be
supported on a finite bandwidth system. For the LST 30 MHz
system , the 6 (t) appears as a 33 nanosecond pulse with a
magnitude of 30 x 106 [area of unity] to give :

v~
(t) 210 X lO 3L[~i(t) - M ( t  - 33 x l0~~ ) ]

- 8.84L x ~~ e t(0s7x10 6) 
M (t) (volts)

For input-output impulse responses that contain at
least one inversion (one shorted termination), the output
peak value can not exceed the initiaA maximum value of the
input. Therefore , only the 33 x l0~~ sec. pulse will pro-
duce a significant response and the e t(0 7X10 6)p(t) corn-
ponent can be neglected.

Accordingly, v
~

(t) can be well represented by:

v~ (t)  2 10L [IJ (t)  - U(t - 33 x l0~~)i millivo lts.

4 . 5 . 2 .4  Calculat ion of i~ Field (Inductive) Effect

Calculation of the inductive effect is done from
Figure 93 as follows :

-I
zo zo

I

Figure 93. Diagram of I~ Coupling
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Now :

VL(t) j~- z 5 x 10 L a k (115)

peak

where :

kH ____ 
2 x 0 .47a  S3”2 

0 .03
o 41CR 4ir x (1.53)

for the parameters given in the ~-fieid case. For an
a 5 x l0 3m, a Hoeak of 200 amp/rn, a current rise time ,
At , of 0.7 ~isecs, ~ie get:

vL(t) L ss x 10~~ e
t/057xl0 6

~(t) (volts) (116)

Assuming that the regions of influence for both the ~ and ~are equal, the ratio of peak values for vL(t), v (t) can begiven as: c

v (t)
C peak

- z 4 :1 (117)
VL(t) peak

As before, the exact numerical values are not
important but, the fact that vc(t) is of the same order

peak

of magnitude as vL(t) is of great interest.
peak

S 
~
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5. SYSTEM CONSIDERATIONS

Because this section addresses certain problems that
have been controversial throughout the history of LTA , its
impact is significant and should be of great interest to the
reader . Specifically , this section deals with the following
topics: Which physical var iable may be scaled, the proper
procedure for amplitude scaling , a technique for compensating
for configuration effects , a postulated LTA mode l, an input!
output linear system analysis , and a frequency technique for
determining the relative amounts of capacitive versus induc-
tive coupling .

5.1 Choice of Physical Variable for Amplitude Scaling

5.1.1 General:Discussion

The question of which physical var iable  may be scaled
is addressed . I t  is concluded that any of the physical ef-
fects of the puls~.ng capacitor energy (i.e., i, v, ~~~~~, or

- - may be defined byi measurement and scaled to the levels of in-
terest as a direcit consequence of system homogeneity .

5.1.2 Detail~d Discuss ion

This d1 scussion considers the proper amplitude scal-

ing of the physi/cal variables i, a-~’ 
v , and ~~ It specifically

addresses the p~oposition that “the lack of a transient voltageoscillation at ~l1 zero crossings of an oscillatory currentinput proves ccfnclusively that the coupling is capacitive and
not inductive” - (Referenc e 9) .

For the current and voltage levels of interest ,
there is no compelling reason to assume that the system is
not linear. Assuming linearity and an initially relaxed
system before pulsing, the measured output (voltage or
current) must obey the homogeneity property of linear system
with respect to the physical cause or input (current or
voltage). Simply put , the homogeneity property states that
if an x(t) input produces y(t) output , then Bx(t), as an
input , produces ar~ output of By(t). It is emphasized that
the fundamental nature of the coupling is totally irrelevant .
The important quality is linearity which , because of homoge-
neity , allows extrapolation on the physical cause (i.e., tne
dr iving current).

Considering the LTA configuration as a series ,
R-L-C circuit , the LTA discharge current waveform as a
function of bank capacitance , C, bank voltage , V , overall
series resistance , R , and aircraft bulk inductance , L , is
as follows :

103
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- t )  — V J ‘t/RC 
- 

-R/L t
~~~ 

1
e e

V -R/ L t (118)

~~~~~~~~ 

- e

since 1/RC ~~ R/L.

Since the initial transient is excited by some capacitive or
inductive coupling , the direct physical input or cause will
be proportional to di/dt (or dv/dt) . We can now evaluate
di/dt for l/RC < < R/L as:

~ ~~~~ ~ (discontinuous at t=0) (119)

which can be rewritten as:

d i V  
~ 

V~~~ -R/L t
t~ 

) e p (t)

(120)
= v1(t) 

- v 2 (t)

which is the sum of an input v2 (t), continuous at t=0 and an
input v~, (t), discontinuous at t=0. With the leading edge of
the oscillatory wave matched to the unipolar pulse , the ex-
pression for di/dt becomes:

= ii(t) - (1 - e sin w0t)p(t) (121)

where the i~(t) is the same v 1( t )  input as the vj(t) of the

unipolar d.i of Eq. 119. I t  is postulated here that the
induced trans ient is produced by the v 1(t) 

~ 
p (t) step

func tion input and is , in fact, the oscillatory response of
some resonant circuit to a step input. Since the v1(t)

- - 104
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input is common to both un ipolar and oscillatory inputs , the
damped oscillatory transient must be the same for both inputs
and should occur only once after the instant of firing as is ,
in fact, observed. By superposition , the common step response
is then added to a response given by the convolution integral:

t
Y2(t) J v 2(t) h(t-r)dt (122)

0

where v 2(t) is the unipolar or oscillatory input and the h(t)is the impulse response between the input and the measurement
point. It is this Y2(t) which is added to the common trans-
ient step response to give the total response . Because v2 (t)
differs in the unipolar and oscillatory inputs , the Y

2
(t )

will differ also. In both cases , neither the unipolar nor
oscillatory v2(t) inputs have enough energy at frequencieshigh enough to excite the illustrated frequency responses.
Only the discontinuous v1 (t) step function can effectively
excite the transient . Thus, the question of capacitive versus
inductive coupling is irrelevant since the system remains
linear regardless of the coupling mechanism .

In summary, the homogeneity property alone permits
proper amplitude scaling on any physical variable Ci ,

v , 
~~f) provided only that the waveform remains invariant. The

nature of the coupling affects only the detailed structure of
the linear operation- but not its basic linearity or homoge-
neity.

5.2 Proper Technique for Amplitude Scaling

5.2.1 General Discussion

The technique presented here defines a proper pro-
cedure for LTA amplitude scaling , it permits the prediction
of the system response to a des ired input from the recorded
response of the system to a known input. The proposed pro-

• cedure does not compensate for LTA configuration effec ts (see
next section) but does allow a simple , direct , easily pro -
grammable output extrapolation for any arbitrary input. As a
result , it allows a rapid calculation of system outputs to a
large ensemble of possible inputs.

5.2.2 Detailed Discussion

The following analysis considers the proper tech-
nique for amplitude scaling . Referring to Section 1.2, the
LST situation can be represented as;
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k~ I1(w) J  [T (w)
F 

S~~~~(W)

Figure 94. LST Situation

where k1 is the magnitude of the peak skin current, i1(t), andT(w) represents both the aperture coupling and cable responses.
The airborne situation can be described in a similar manner as:

I 
k2I2(w)J__ 

_
I
T(w)J_. S~~~(w)

Figure 95. Airborne Situation

Combining Figures 94 and 95:

1k
2 1 1’2

(w)  1

~ ciLi 1 w ]  SLST((~)) SAIR(u) (123)

For the case where i2(t) = ij(t), 12( w) = I1 (w) , and simple
amplitude scaling is proper. However , when i1(t) ~ i2(t),the proper expression for SAIR(t) is:

1k
2 1 -l [12(W)1L Ir-] F 

[I i (w) j 
* SLST ( t )  5 SAIR(t) (124)

where * represents a convolution in the time domain. When
11(t) i2(t):

-l _____
\ T  ~

- , ? - 6(t) (Dirac Delta Function)
~~~

L1
~~~

W )

-

-
‘- I
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and, as expected:

[ ~J ~ 
* S~~.~.(t)J -{ ~] SLST(t) - SAJR(t) (125)

However, this is not the usual case. Assuming a double expo-
nential for i~(t), i1(t), we can perform the inverse transformas indicated in Eq. 126. Specifically , let :

j
2

(t )  = iAIR(t) = k2 {e 
- e

(126)
I a1’~

= iLST (t) = k1 V - e

which yields , after considerable manipulation :

f k 2 \ -l ( l 2 (t
~
)
~~ 

[ , -ci2t -B 2t1
~~~

— ) F 

j ‘l~~~ 3 = LA e + B e 
]i.t(t) (127)

where:

/k2\ ~~l - 
ct2)(~1 - cz2)A - 
~~l 

- a1)

/ k2\ ~~l - 
az) (B1 - 8 z)

B (B~ 
- al)

The convolution of Eq. 124 can be computer-calculated and
correct amplitude sLaling performed on the output.
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5.3 Decoupling LST Configuration Effects

5.3.1 General Discussion

The technique for decoupling LST configuration effects
presented here promises to be the most significant contribution
of this study. Using concepts very similar to those of the
previous subsection, a technique is advanced that can predict
the actual airborne response from the observed LST response.
One added physical measurement is required along with a know-
ledge of how the aircraft skin current density vector field
responds to various types of lightning excitation (e.g.,
remote , direct with varying entrance and exit points , etc.).
Wi th this technique the LST tes ts can be appl ied w ith confi-
dence to the airborne situation.

5.3.2 Detailed Discussion

The following advances a method to isolate or de-
couple the LST configuration response from the aircraft re-
sponse permitting thereby a realistic extrapolation from
measured LST induced voltages to the actual voltages expected
in flight.

The principal assumption is that the aircraft cab-
ling does not significantly load the aircraft cylinder. With
this assumption , we can then define a separate cylinder and
avionics transfer function whose product equals the overall
LTA transfer function. The assumption of no loading allows
the aircraft cylinder transfer function to be measured with
the avionics in place . The overall configuration can be drawn
as follows :

EXCITATION G1 ~ 
CY~~~DER A~C CYLINDER I 1

PROBE

Xli) LTA CONFIGURATIONJ ~ ~~~~~~~~~ J Ye(s)

• Y*Jcls)

SKIN CURRENT
OR VOLTAGE
TO CABLE SHIELD

Figure 96. Aircraft Cylinder and Avionics
Transfer Function
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G1(s) can be estimated experimentally by measuring the air-
craft cy linder res ponse to a known input and solving for G1 (s)
as:

Y (s)
1 - - X(s)

With the G1 (s) defined , the important T(s) transfer function
can be determined as:

Y (s)
T(s) = 

~~s ) G 1(s) (129)

To extrapolate to the airborne situation , a new G2 (s) mus t be
defined which relates the skin response to a real-life light -
fling strike. Since the lightning current enters at one point
and leaves the aircraft at another point , the transfer function
will probably be the surge impedance of the aircraft cylinder
- -an impedance which can be defined from the dimensions of the
aircraft . As a final step , the overall in-flight transfer
function can be stated as:

G2 (s)T(s) (130)

which should accurately represent the situation . In summary ,
the method involves the fo llowing steps:

a. Estimate G1(s) by measuring LST aircraft cylinderresponse to a known input near the dominant aperture .

b . Wi th G1 (s) def ined, es timate T(s) from measured
probe induced voltages.

c. Analytically define the G2(s) or surge impedance of
A/C cylinder. This step may also require a know-
ledge of skin current density response as suggested
earlier.

d. Def ine the airborne transfer function G2 (s)T(s) and
predict true aircraft response , y(t), to an arbi-

- trary input, x(t), or:

_ _ _ _ _  109
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y ( t) = L~~’[X(s) G2(s)T(s)] (131)

e. Perform magnitude scaling on the response calculated
in s ted d.

5.4 A Postulated LTA Model

5.4.1 General Discussion

A postulated LTA model is now presented that is
able to explain some commonly observed LTA signal phenomena.
The following explanation was proposed early in the present
work period and has been found to be consistent with all
observed LTA waveforms .

5.4.2 Detailed Discussion

It is proposed that the LST current component can
and does magnetically , or capacitively , couple to the internal
aircraft cabling and can and does appear in the induced volt-
age output but only if the aircraft cabling responds signifi-
cantly at 3.00 MHz*. Superimposed on the 3.00 MHz aircraft
cab le response, if any , is the response of the internal air-
craft circuitry to the step function , ~(t) of

The above interpretation is well verified by the
yaw-damper servo runs . Referring to Figure 50 in Section
4.1.2.3, the observation points for the yaw computer and yaw
damper circuits are positioned l3m apart using conventional
braided , shielded , single-point-ground aircraft cable. At the
frequencies of interest , the inductive reactance of the servo
valves is much greater than the characteristic impedance of
the cable. Accordingly , the cable can be represented as an
open-circuited transmission line (Figure 97) excited by a
source described by:

i5(t) — i i ( t )  e t
~
’T
~~ cos(fRt) a ~~

[Ii + 12] (132)

CABLE
NO. 4 £ . 1 3M Fl

I11*J (1\ . OPEN QRcUIT

I I 
~ -
5o

Figure 97. Yaw Circuit Cable Equivalent Circuit

* Lower LIA frequency due to longer LTA assembly used in
the Eglin AFB test
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DI/DI: 621.9 ‘
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Figure 98. Measurement from the Yaw Computer Circuit
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TR: 2.988
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Figure 99. Measurement from the Yaw Computer Circuit
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The open circuit line has a resonant frequency at A = 2 R~ bleor a X = 26 m for a 
~cab1e 

of 12 MH z.  The presence of
12MHz transient is completely verified by all rec•orded yaw
computer and yaw damper servo circuit waveforms . In all
cases , it is the response of the open circuit line to the
i i ( t )  of the i5(t) effective input since it is the ~i ( t )  com-
ponent which supplies an input spectral line at 12M1-Iz. It is
only at the front of the aircraft , the yaw computer circuit ,
where the 3.00 MHz component of ~~~

-
~~

- can be coupled into a wide

band circuit (e.g., probe) . The 3.00 MHz response is observed
as verified in Figures 98 and 99. The response of the yaw
damper servo circuit (at the rear of the aircraft) will never
contain a 3.00 MHz component but only a 12 MHz component
inasmuch as its transfer function is narrow-band and peak s
at 12 MHz as is shown in Figure 100.

12 MHz

0 12 MHz

Figure 100. Predicted Spectral Response of
Yaw Damper Circuit

Figures 101 and 102 are of the yaw computer circuit response
and illustrate the absence of 3.00 MHz and the presence of the
classic 12 MHz, second-order resonant response.

Recent tests at AFFDL also conf irm the model. Us ing
a 1-foot loop , the responses of Figures 104 through 106 were
recorded near the cockpit aperture. Since the one-foot loop
was essent ia l ly  wide-band , a c lear 4. 25 MHz *is to be expected
as is confirmed.

In order to verify the postulated model , a RG-58
s imulated LTA oscillation component was added to an induced
transient in two separate ways. In the first experiment , the
2.5 MHz signal is added algebraically to the induced waveform
without passing through the transfer characteristic of the
cable. A signal situation is observed that is very similar to
the yaw computer circuit responses recorded under actual
testing. The second experiment actually passed the 2.5 MHz
signal through the cable transfer function which effectively
filtered out the LTA oscillation as shown.

*Hjgher LTA resonant frequency of 4.25 MHz due to 8horter LTA assembly
at WPAPB.
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A similar explanation was advanced in Reference 6
by Burrows. While this reference did not discuss specific
details , Burrow ’s observation should be acknowledged .

Top Trace: LTA signal added directly
at scope amplifier.

Bottom Trace: LTA signal considered as
part of signal. Not passed
by cable transfer function .

Figure 101. Response of Yaw Damper Servo Circuit

5. 5 Input/Output Linear Sys tem Analysis

5.5.1 General Discussion

This section deals with a linear system input/output
• description where the input is the measured LST current wave-

form and the output is the measured voltage waveform at some
circuit point of interest. Regardless of the specific
physics interrelating the input and output waveforms, they
can be related in a general way given the condition of
linearity . 4

5 .5 .2  Detailed Discussion

For any linear , time invariant system, the output
can be written from superposition in the form of the con-
volution integral :
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FILE: FIll 1045 POS PK: 169
SOMV 200NS NEG PK: .1918

CKT: 7

INPUT ID: 308~ — ____  ____  

-

PEAK: 2172 
______ _____ ______ ______ ______

TR: 2.937

O DIV

Figure 102. Measurements from Yaw Damper Servo Circuit
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Figure 103. Spectral Measurement from Yaw Damper Servo

- 

116

5- - —555 
- 

55— -5•~ 5-’ ~~~—& -—~~ —-—~~----- — -~~rr ~~, 
-



: ‘ ‘
~~~ 

— - - •

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FILE: Fill 1050 POS PK: 8.167
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CKT: 0

INPUT ID: 3050 
-

PEAK: 2334 -

TR: 1.351

DUDT: 1382 
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_
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Figure 104. Loop Measurement Near Cockpit Aperture 
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Figure 105. Spectral Content of Loop Measurements
Made Near Cockpit Aperture

118 

.

— 
~~~~~~~~~~~~~ •~•5- —- 

~~~~~~~~~~~~~~~~~~~~~~ 
-



I

I

FILE: Fil l 1100
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2V 200N8 MEG PK: .4.25

CKT: 0 -
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PEAK: 2334
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OD 1V

Figure lOb . Loop Measurement Near Cockpit Aperture
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t
y( t) = f h(t - t )  x(t)dt (133)

0

From the recorded input x(t) and output y(t), it is desirable
to calculate the impulse response , h( t) ,  in terms of x(t),
y(t). Knowledge of h(t) will allow us to predict the system
output to any arbitrary input .

From the convolution theorem , the Four ier transform
of y(t) equals the product of the Fourier transform of li(t)
with the Fourier transform of x(t), i.e.:

-jwt
FCy(t)} f y(t) e dt

(134)

= Y( w) = F{h(t)} X F{x(t)} = H(w )X( w)

or solving for H(w): 
-

[ H(w) 
= (135)

Since the Tektronix computer system used at AFFDL can routinely
take Fourier transforms , it becomes possible to solve for
h(t) as the inverse transform , i.e.:

h(t) = F 1 (H(w)) = 
F [~{~~] 

(136)

There are two uses for Ii(t):

a) By convolving h(t) with a VIFFEREUT x( t), we
can compare the calculated output to the
measured output provided the input/output
points are kept fixed. This provides a
powerful test of linearity or superposition .
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b) Because h(t) represents the physical sys tem
response to a narrow spike of energy , the
detailed structure spike of h(t) can contain
a grea t dea l of informa tion concerning the
dynamics of the system . For example , predom-
inantly inductive coupling will be represented
by a ref lected tra in of double t pulses :

(~~~ 

6(t )  = 6 -1(t ))

while capacitive coupling will be represented
by a train of triplet functions :

(
~ 6( t ) = 6 2 (t)

H \dt

To illustrate the method by which h(t) is deter-
mined , an actual x(t), y(t), was processed by the procedure
delineated in equations 136 through 138. The indicated
input/output waveform pair is given in Figures 107 and 108.
Figures 109 through 112 give the magnitude and phase responses
of X( w) ,Y(w), respectively. Accordingly, the magnitude and
phase of H(~) is indicated in Figures 113 and 114. With
the inverse transform subroutine , h(t) is easily determined
as shown in Figure 115.

As a check of the accuracy of the procedure , the
calculated h(t) is convolved with x(t) to give Figure 116
which is virtually identical to Figure 108 as it must be
from the convolution theorem . Because the argument is
circular , however , the re sult does not prove linear ity but
it does verify that S/N and round-oTT error are not serious
problems in the calculated h(t).

5.6 Estimating the Relative Magnitudes of Capacitive
and Inductive Coupling Using the Measured Phase
Response of the LTA Transfer Function

5.6.1 General Discussion

The frequency technique described in this section
uses the phase response of the voltage transfer function to
determine the physical nature of the aperture coupling. It
represents an interesting use of the principles discussed in
Section 1.2 of this report.
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Figure 107. Input Waveform , x( t)
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5OMV 500MHz NEG PlC: ..l997
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PEAK: 733.7 
_________ - _____ ______ _____ ______ ______ ______ _____ -_____

TR: 2.73

OUDT 211.5 

j

~~~~ 
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Figure 108. Output Waveform , y(t)
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Figure 109. Observed IX(wfl
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Figure 110. Phase of X(w)
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Figure 111. Observed IY (w) I
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Figure 112. Phase of Y(w)
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Figure 114. Phase of Y(w)/X(w)
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Figure 116. Generated Output Front X(t)*h(t)
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5.6.2 Detailed Discussion

In general , the aperture-induced waveform can be
expressed as :

vIN(t) = a ~i
’

) 
(137)

Inductive Capacitive

where i(t) is the current near the dominant aperture and “a”
is a weighting factor expressing the relative intensity of
the capacitive and inductive effects. In the frequency
domain the LTA configuration has the following representation :

‘LST~~~~~~~
_

)__._J K(jw - aw2) H(w) J_.__ SLsT(t
~
)

where H(w) is the transfer function of the aircraft derived
earlier. From direct measurement , SLSTCW) and 1LST(~

) are
known. The phase response of H(w) is well known in the
vicinity of a resonant frequency . That is , it is zero (0°)
at w = (OR and ±45° at the 3 db frequencies on either side of
the resonant frequency , WR.

Fur thermor e, the phase response of the aperture
term can be expressed as:

= tan 1 [ 
~

] (138)

so tha t a knowledge of OA ( w) should def ine the wei ghting
factor “a” which is the parameter of interest.

For the following case:

O
~~sT

(w) - phase of LST curr ent

OH(w) 
- phase of cable transfer  func tion

OLST (w ) - phase of LST output pulse ,

132 
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we can write:

4 0LST~~ 
+ + 2 0 LST (

~~~
1 

(139)

or: 

~ 
~~~~ 

tan~~ [
~

] 6
~sT

(w) - - eLST(w) ~(l40)

which al lows an estima te of the parame ter “a”.

Although the above procedure has been tried with
encouragin g resu lts , more work needs to be done with the
technique to fully develop it.

-
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6. DI SCUSS ION OF TEST RE SULTS AND CONCLUSIONS

6.1 Linearity and Its Implications

The resu lts of the analys is and the experim en ta l ver i-
fic ation have demons tra ted the va lidi ty of the LSA techni que
using LST methods as the sing le , most valuable tool a de-
signer has for evaluating the susceptibility/vulnerability
of aircraft to lightning events .

It was demonstrated that the inherent linearity assump-
tion is valid and justified. Although this validation is
impor tan t, a possibly more important result is the develop-
ment of a method to isolate test configuration effects from
the test results . Although linearity has been conceded by
some LST critics , the difficulties of isolating the test
sys tem from the tes ted sys tem were of legitimate concern.
The linear sys tems approach taken and the tran sfer func tions
defined during this investigation permit compensations to be
made for test system configurational effects .

Using test data collected during a normal ground-based
LST the methods for describing the unique transfer function
for each circuit have been developed and demonstrated . The
transfer function defined can be made independent of test
conf iguration effects. For each circuit it is this transfer
function which is carried aloft by the aircraft when it
flies. This function is readily computed for every aircraft
circuit on which measurements have been made or can be made.
These transfer functions , unique to each circuit , character-
ize the way in which the circuit will respond to any stimulus .
The ability to measure these functions is of extreme impor-
tance because it now makes possible the exact calculation of
any circui t ’s response to natural lightning . This calcula-
tion would include not only the maximum magnitude of the
transient but the precise time history of the induced tran-
sient. The calculation , of course , depends upon more detailed
knowled ge of the airborne natural ligh tning environm ent than
is currently available. The AFFDL EM Hazards Group at
Wrigh t-Patterson AFB has been and continues to be involved
in research projects aimed at measuring the airborne light-
ning parameters. With the present LST methods , the response
functions can be measured and with natural environmental
data , all past and present aircraft systems can be evaluated .
New ly designed systems could be mocked-up , for examp le , in
the iron-bird state, and flight-critical circuits could be
evaluated before design freeze or at least soon enough to
impact design trade-offs .

Some other interesting points were covered during this
= investigation of F-h i aircraft and its yaw computer circuit
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which was studied in detail. After the impulse response
function , Figure 117 , wa s ob tained, i t was decided to examine
the properties of the output waveform which would be pro-
duced by a variety of input waveforms . Much criticism has
been made about the fact that laboratory test waveforms rise
in a convex fashion , whereas natural lightning probably
r ises in a concave fashion (F igures 118 and 119). Accord-
ingly, a wavef orm wh ich ri ses in a conc ave manner was con-
structed mathematically (Figure 119). It should be noted
that this waveform is abstract and not related in any way to
any physically real system or to the natural environment.
I t is simp ly one of many poss ib le wavef orms wh ich , if they
were physically realizable , cou ld be passed through an air-
frame and wou ld pr oduce some ou tpu t . Th is wavef orm was se-
lected based upon two arbitrary criteria: it rises in a
concave manner and it is rather signi f i can tly dif f e ren t in
its time domain appearance from the actual LST input wave-
form used to obtain the Input Response Function (IRF) shown .
Figure 118 shows a measured LST input and Figure 120 shows
the measured output created by the input. Figure 119 shows
the artificial input and Figure 121 shows the output which
would occur . Note that significant variations in time do-
main input waveforms do not result in drastic variations
in the output waveforms caused by those inputs. As is evi-
dent , any electrical circuit will respond only at discrete
frequencies or over discrete frequency bands . If the input
waveform (to the aircraft) contains those frequencies and
if an aperture allows them to enter the aircraft (independent
of whether entry is through electric or magnetic coupling)
then the circuit will respond accordingly. Conversely, if
the frequencies are not present in the input then the cir-
cuit will not respond (there will be no output). This
seemingly trivial exercise is presented to highlight a more
subtle fact: Over a wide range of test conditions , the same
output will be obtained . Thus a 2 x 50 ~isec input currentpulse will yield results which probably will not significant-
ly differ from 1.5 x 50 or 3 x 50 psec input current pulser
or whatever is used. Facilities effects may or may not be
important in what output is measured but techniques developed
and repor ted here perm it the removal of the se effec ts from
the tes t resul ts.

Having demonstrated the means by which the ground
facility configuration effects of LST can be eliminated in
LTA , tha t the aircraf t and its subsys tems ’ transfer functions
can be accura tely def ined by LST , and tha t LTA is inheren tly
linear if performed as described in this document , it remains
only to define , in bo th the time and fre quency domains , the
actual lightning threat of the real environment. This is
easier said than done since , in all probabi li ty,  lightning
strokes are l ike snowflakes, in that no two are ever exactly
alike. Therefore , the preparation of test standards (e.g.,
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Figure 118. Actual Measured Waveform with Convex Front
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Figure 119. Waveform with Concave Front
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pulse amplitudes and rise and decay times) for LST must not 
-

concentrate on a single waveform . Certainly , at least until
sufficient actual lightning data is collected and analyzed ,
a wide variety of LST stimulus waveforms should be used in
performing LST on actual aircraft/systems . Testing which in-
cludes (slowly) swept oscillator tests in which both ampli-
tude and phase charac teri stics of the inpu t/ou tpu t waveform
pair are recorded is an acceptable alternative . Also note
tha t although LST methods were or iginally in tended to prov ide
a simulation of di/dt effects (magnetic fields), a dv/dt ef-
f ect (el ectric f ields) has been for tui tous ly includ ed. In
this report we have demonstrated the potential for the mea-
surement of the dominant coupling mode (electric or magnetic
field). In addition , the capability exists for calculating
the location of the aperture through which the energy coupled .

6.2 TEM Shorted Transmission Line Representation

The verification that the LST system , the aircraft and
the return lines can be represented as a shorted transmissioji
line propagating energy in the TEM mode is important. Internal
shielding of cables , or b lack-boxes , and the fields inside
cavities can easily be mapped using simple resistance paper
(Teledeltos) techniques . This data can provide important
information to improve cable routing or shielding strategies .

6.3 Coupling Phenomena

The relationship and relative importance of the known
coupling mechanism ’s electric and magnetic fields can be cal-
culated. Only a few such calculations have actually been
performed so far and will be reported when time permits a
more comprehensive study of F-ill test data . This data will
stimulate further development in LST methods and is another
reason why limiting the development of LST standardized
current waveforms is though t to be premature . Another impor-
tant fact determined from this investigation relative to
coupling is the estimate of the length of cable which was
required to achieve the magnitudes of measured transients .
Although this study (in Section 3.4) did not include a de-
tailed evaluation on the induced voltage levels on aircraft
cabling resulting from aper ture coup ling , the analysis did
show that aperture coupling does not require unrealistic
lengths (9 cm in the example) of exposed cable to result in
significant induced voltages.

6.4 Systems Considerations

From a systems point of view previous methods of LST
ind irect effec ts eva lua tion were incomp lete . The necessity
for bo th time and fre quency doma in trea tmen ts results in a
need to include a da ta acquis it ion sys tem with some “number
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crunching ” capability to provide accurate and thorough anal-
yses to be accomplished. Low noise measurements with inher-
ently high signal-to-noise ratios will also enhance the use-
fulness of the data and will ease data reduction problems .
A represen tative LST sys tem shou ld include most of the capa-
b ilities outlined in the Appendix of this report. And , al-
though it is premature to actually develop definitive speci-
fications , pending resolu tion of in-flight environmental
parame ters , the basic framework of LTA me thodology can be
sketched . The AFFDL EM Hazards Group plans to do this in
the near future .

6.5 Design Trade-offs

The methods dev eloped perm it a sens itiv ity analys is to
be performed on aircraft by changing a) the aircraft itself ,
b) the circuit , c) the shielding of the cables , d) the di-
electric insulation of the cables , or e) the sur ge suppres-
sion device. The sensitivity analysis will provide the re-
quired feedback necessary to ensure that design trade-offs
can be made based on realistic data , not on judgeinent alone .
In addi tion , these trade-off studies can be made early in
the design.

6.6 Conclusions

The results of this investigation demonstrated that the
LTA me thod w ith time and frequency domain inpu ts resul ting
from LST can accurately predict the susceptibility/vulnera-
bili ty of aircraft to lightning .

The resul ts also demons tra ted tha t LST ou tpu ts are
linearly proportional to the inputs , and , as a consequence ,
can be scaled to real lightning levels.

— The method described enables the elimination of facil-
ity effects regardless of their magnitude .

The LST system and aircraft can be represented as a
shorted transmission line operating in the TEM mode. From
this TEM representation both external and internal magnetic
and electric fields can be found by solving Laplace ’s equa-
tion through the resistance paper method.

The natural environment must be characterized in more
detail so that an exact prediction of aircraft circuit re-
sponses can be calculated for any aircraft and circuit on
which an LST is performed. At present this detailed char-
acterization is not available. The data needed , although
not required to validate LTA methods , should be accumulated
to permit the application of these validated techniques to
real aircraft flying into real lightning environments .
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The location of the dominant aperture can be calculated
if only one such aperture is the source. For multiple aper-
tures it is probable that the existing methods can be ex-
tended to locate each .

The coupling mode , elec tric f ie ld or magne tic f ie ld
can be calcula ted from the phase rela tionsh ips be tween the
input/output waveform and the impulse response function.
Bo th couplin g f ie lds mus t be considered in any sys tem s tudy
or evaluation.

The framework of LST standards can be established al-
- though complete LST standardization must await further de-
velopmen t of presen t LST me thods and def in it ion of the
na tura l environmen t .

I
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7. RECOMMENDATIONS

The following list of recommendations , although not
exhaustive , includes some such representative areas where
further inves tigation is in order. In general , the recom-
mendations consist of performing additional investigations
in: LTA configura tion effec ts , small aper tures , pulse re-
spons e of aircraf t cabling , aircraf t sys tem considera tions ,
standards f or LST methods , acquisition of in-flight data ,
and reprocess ing ex isting da ta from previous tes ts.

7 .1 LTA Confi gura tion Effec ts

a. Investigate the variation of skin current density
as a func tion of ligh tning en try and exi t points.
The rela tionsh ip between the LTA skin current
density and the airborne lightning strike is one
of the major open questions in the LTA problem .
(It is expected that 2-dimensional potential
solutions will be the preferred approaches.)

b.  Analyz e the ef fe ct of the LST groundin g conf igu-
rations on the skin current distribution . Mea-
sure the higher-mode skin current behavior near
important apertures.

7.2 Small Aper ture Studies

a. With the “yoke” co il experimen t, quantify ~ andvalues inside typical fuselage cavities as a
means of verifying Van Bladel’s express ions .

b . Ev alua te the near f ie ld ~ and ~ scalar potentialsas suggested in 3.2.2.1.

c. Consider a three-dimensional numerical study of
the effects of aircraft cavity shielding on the
expected E and I~ field levels.

d. Undertake a detailed measurement program to de-
termine the shielding effects of conductive sup-
por ts , pan els , wire bundles , etc. These test
results should then be correlated with the resis-

~~~~ tar1ce paper method , the conjugate harmonic method ,
and the graphical method .

e. Develop a cable routing strategy using potential
theory techniques .
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7.3 Pulse Response of Aircraft Cabling

a. Perform a detailed series of experimental tests
to compare the results predicted from linear
system theory to actual LTA test results . The
tests should include a wide range of aircraft
circuits .

b . Develop the use of the phase response of the trans-
fer function to predict the nature of the aperture
coupling . The results should be compared to the
estimates derived from “small aperture” theory .

c. Develop input waveform independent methods for
determining the application point (t1,L,) of the
dominant aperture flux. The frequency aomain
techniques will involve the interrelationship be-
tween transfer function magnitude and phase near
the (

~ l~’~2) dependent resonant frequencies.

d. Develop time and frequency domain techn iques to
iden tify the mu lt iple inpu t (aper ture) case.

e. Analyze the possible effec ts of a dis tribu ted
ra ther than a local exci tation po in t .

f .  Ex tend pulse respons e techni ques to other k inds
of term ina ting impedances , nonl inearities , and
cable lengths .

g. Ex tend presen t work on unsh ield ed cab le to sh ielded
coaxial cable.

7.4 System Considerations

a. The overall LTA impulse response , h(t), (3.3.2.1)
techni que holds grea t prom ise , bo th as a means for
predi cting sys tem ou tputs to new inpu ts and also
as a means of iden ti fy ing the dom inan t physical
processes present in the LTA system . New input/
output pairs should be analyzed. Also , the en-
trance-exit points of the LTA current pulse should
be varied . The resulting change in h(t) should
reveal significant information about the LTA
system .

b. The new amplitude scaling technique , involving
the intermediate convolution state , should be
programmed . The programming should be quite rou-
tine on the versatile AFFDL EM Hazards Group
Tektronix computer. Given an input (damped expo-
nential) output pair , the scaling can be done
for all the frequencies of ac tua l l ightning wave-
forms .

-
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c. The phase response method for identifying the
nature of the “smal l aper ture ” coupling shou ld
be extended . Other frequency and time domain
methods should be developed to quantify the aper-
ture transfer func tion , GAp(w), which was pre-
sented in Figure 3.

7.5 Standards

The framework for standard L,ST methods should be es-
tablished (possibly as a position paper). Such a framework
would outline the genera l requiremen ts for the measurement
equipment , the da ta collec tion techniques and the methods
of data reduc tion. In addi tion , methods for “spec-ing”
equipmen t should be poss ib le. For example , defini tions of
acceptable transfer functions might be one way to approach
these specif ications .

7.6 Supporting Data

Independent of the method(s) selected for the “on the
ground” analysis of an aircraft (by test , computer model ,
or both), it is imperative that in-flight data be obtained .
Without the detailed knowledge of the actual lightning en-
vironment to which aircraft and their systems are subjected ,
it is ludicrous to affirm that the results of LTA can be-
come the basis of design standards . The methods are sound
but definition of the input is incomplete . It can be
stated that the aircraft (or system) will respond in a spe-
cific manner to a given input. However , this is not the
same as saying that the aircraft/system will respond in a
specific manner to an actual lightning stroke . It is evi-
dent now that for lightning our test methods have , in some
cases , been developed and used before it was clear what
effect was being tested for or why . Fortunately , the methods
developed are fundamentally sound and coupled with the tech-
niques presented here will yield the desired data.

7.7 Old Test Data

Once all of the other refinements to LST methodology
have been made , all of the old LST test data (particularly
F-1 6, and the F-8 , F-4 (fly-by-wire tests)) should be repro-
cessed by the techniques presented here. The need for this
review of “old” data is to determine if the transfer func-
tions for generic types of equipment are similar . If the
similarities are sufficiently close , then data collected
for one system would apply to another . Protection success-
fully used on one system could be used on another system.
Th is presents the potential for more standard installation
procedures. Reduction of the number of different parts in
the inventory would follow as a consequence.
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APPENDIX I

F-lll Test Program

The F-lll tests were conducted on an Air Force F-lll-E
aircraft , serial number 67-ll6A , at Eglin Air Force Base by
the Electromagne tic Hazards Group , AFFDL/FE SL , during the late
summer of 1976. The original objectives of the F-lll LTA pro-
gram were ma inly to imp rove the technique for obtainin g infor-
mation on the effect of lightning strikes to aircraft and to
collect transient data on internal circuitry . Some of the
important improvements incorporated in the F-lll tests over
previous LTA tests performed in the industry were made to the
pulse generating circuits and the measurement system . These
improvements , in fact , were prerequisities to permit significant
progress in LTA verif ication.

Puls e Genera t ing C ircu it Imp rovements

1) A pneumatic trigger system was used to initiate
current flow from the lightning simulator capacitor
bank. This system replaced conventional electronic
systems. This trigger eliminates the extraneous
trigger noise caused by electronic triggers. In
addition , the isolation of the pneumatic trigger
eliminates possible ground loops within the test
set-up thus improving signal-to-noise ratios.

2) Return leads were set up in a symmetrical fashion
about the aircraft to simulate natural current
distribution of current in the airframe . Several
return leads were used to lower total circuit
inductance permitting rapid rates of current rise.

Measurement System improvements

1) A fiber optics data link was used to transfer the
measured transients from the measurement point on
the aircraft to a remote data acquisition point
(a shielded trailer) .

2) Break-out boxes and cable interfaces between the
aircraft circuitry and the fiber optics were speci-
f ically des igned for lightning transient research
which min im ize altera tions of the circu it ’s res-
pons e . Again , increased signal-to-noise ratio was
a result of this careful design .

3) A Tektronix transient dig itizer (Model R7912) was
used to acquire the signa l transm itted over the
fiber optic data-link . This digitizer was connected
to a PDP 11/05 computer system to allow the data to
be stored on magne tic tape (casse ttes) and to perm it
analyses to be performed in both the time and fre-
quency domains .
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The use of these methods advanced the state-of-the-art of
the LTA technique and improved the usefulness of the data sig-
nificantly over the first generation LTA techniques. This
improvement is directly traceable to the higher signal-to-noise
ratios attained and the ease with which frequency domain analy-
ses can be performed .

As a result of the F-ill test, lightning-induced voltages
were measured on flight critical circuits of the Altitude -
Ver tical Speed amplifiers , including the yaw and roll computers ,
the Roll Rate Gyro Circuit in the Feel and Trim assembly and the
servo damper circuits. Power was on for these measurements since
there was evidence from prev ious tests which suggests tha t
higher transients occur with power on than with power off.

The electrical conf igurat ion used to simula te a current
pu lse similar  in shape to the un idirec tional fa st rising current
wave of a natural lightning strike has been described pre -
viously (Reference 3) and is shown in Figure A-l .

The Lightning Current Generator used for these tests uses
two separa te capacitor banks , each charged separately. The
capac itance , resistance and induc tance of the circui t may be
varied along with charge voltage to achieve a variety of wave-
shapes , risetimes , or amplitudes. The banks were triggered by
a pneuma tic tri gger ins tead of an electronic tr igger becau se
trigger noise is reduced and gap spacing is no longer critical
thus preventing premature “firing” of the network (“pref ire”).
Figures A-2 and A-3 show the capacitor bank physical arrangement
and Figure A-4 shows the overall LTA set-up with the F-ill in
place. Note in Figure A-4 that the return lines are arranged
to prevent distortions in current distributions within the air-
frame . This was verified by skin current measurements.

A typical current pulse generated by this arrangement is
shown in Figure A-S. Note that the configurational data is
recorded on the margin. This is done for each waveform and
updated as the configurations change.

The measurement system and instruments for this test are
shown in Figures A-6 through A-8 . The data obtained from an LST
are usu ally induced vol tages measure d on selected circui ts with-
in the aircraft . Valid induced voltage measurements on air-
craft electrical circuitry require that special consideration
be given to not disturbing the system on which the measurement
is made . Additionally, signal- to-noise ratios must be maximized.
The break-out boxes and fiber optics system resulted from these
considerations.

The data acquisition system shown in Figure A-8 also offers
a significant improvement over previous techniques. The Tek-

— tronix R7912 Transient Digitizer is a high-speed dig ital con-
ver ter (500 MHz bandwid th) wh ich can be opera ted s imilarly to
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an oscilloscope when coupled with a 7Al9 vertical amplifier
plug-in and a 7B92A horizontal time base plug-in . The PDP 11/05
computer controls the entire system and can perform normal corn-
putation routines using either BASIC or FORTRAN programming
languages. Data is permanently recorded using the Tektronix 4610
hard copy unit (producing an 8 x 10 report quality print similar
to an oscillogram). The data may also be stored on magnetic
cassettes.
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Figure A-2. Two-Stage Marx-Type Current Impulse Generator
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Figure A-4. F-lllE Aircraft and Lightning Transient
Test Set-Up
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Marx-Type Impulse Generator
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Figure A-8. Monitoring and Recording Equipment
for LST Programs
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LIST OF SYMBOLS

Throughout the text many mathematical symbols are used.
Some of the symbols relate to physical parameters of interest
and others are purely mathematical. Those that have a physical
significance are defined here .

~
I.

160

~~~~~~ - -  

-

. -  
~~- — - -



• Symbol Description

a Radius of circle

A Area of continuous conductive collar

An Attenuation due to the non-zero loss
factor

ci(f) Frequency varying skin resistance

a Twin lead separation distance

Cs Capacitance of source

c Speed of light

C Distributed capacitance (per meter)
between aircraft skin and return lines

Bulk capacitance (C x LA/C)

Capacitance of nth capacitive element
in series resonant circuit

CT Capacitance of continuous conductive
collar configuration

Rate of change of current
dt

dS Increment of aperture area

d Distance

Permittivity constant coul2/nt-m 2 (of air)

e Base of Naperian Logarithm
+
E Electric field vector

£ Perinittivity

Constant potential contour number n
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Symbol Description

Perutittivity of free space

ET Tangential component of electric potential

Electric field strength - e component

• 
~m 

Electric field strength - m component

ER Relative dielectric constant of plastic space

E Electric field intensity

Resonant frequency of RLC series circuit

Resonant frequency

GLST(w) LST configuration transfer function

GAP(w) Aperture (small) transfer function

GA,c(w) Aircraft cable transfer function

Magnetic field vector

HIAN Tangential component of magnetic field

HN Normal component of magnetic field

Magnetic field strength - e component

Magnetic field strength - m component

H0 Aircraft surface current density

‘p Peak current of return lightning stroke

i&(t) Skin current

ILST(W) Fourier transform of LST current pulse

1(t) LIA current
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Symbol Description

i(&,t) Time varying skin current at length from
entry point

i5(x ,t) Time varying current pulse

Displacement current

+
J Current density vector

Skin current density function

Skin current density at point x from
aperture

+
Jm Magnetic current density
+

Electric current density

Js Aircraft surface charge density

IC Initial pulse magnitude

Far field ratio of E to aperture field E0

k1 Magnitude of peak skin current i1(t)
in ground

k2 Magnitude of peak skin current i2(t) in air

9. Length

L Inductance

L1 Cable length between excitation point
and shorted end

L2 Cable length between excitation point
and open end

L0 Inductance of initial inductive element
in series resonant circuit

~~~~~ tA/C Length of aircraft
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Symbol Description

r Bulk inductance (LxL A/C)

m Number of round trip intervals in
transmission line

Intrinsic impedance of free space
(- 3 77~2)

N Number of turns

a Conductivity of resistance paper

OA (w) Phase response of aperture

Q Charge on continuous conductive collar

R5 Value of damping resistance

S5(w) Fourier transform of skin current

S1(w) Fourier transform of induced voltage

SLST(w) Fourier transfer of output pulse

S,(~) Fourier transform of induced current

S (~) Fourier transform of (aircraft) skin
current

If Rise time to peak current value of return
lightning stroke

• If’ Time of maximum di/dt
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Symbol Description

Front time of current wave shape.
Corresponds to the intercept of a line
drawn through the 10% and 90% points
of the rising phase and its intercept
with the peak value of the pulse

T2 Time for the current wave , hope to
reach 50% of the peak value during
the decay phase

Time constant for txc

T Effective exponential time constant

T.C. Damped time constant

Round trip pulse propagation time in
cable (RG-58)

Permeability constant Weber/amp - m
(of air)

U Scalar magnetic potential

• v1(t) Time varying induced aperture voltage

Vc Capacitor charge voltage

• v(x,t) Time varying voltage pulse

Vm ( t )  Time varying voltage input to
transmission line

v(t,t) Time varying skin voltage at length 9.
from entry point

v( , ) Voltage which is a function of two• variables

• V Voltage , volts

V(X) Magnetic potential

VR(t) Reflected pulse amplitude
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Symbol Description

V~ Excitation voltage at center of
transmission line

VT Excitation voltage at open end of
transmission line

VP Excitation voltage at shorted end
of transmission line

V~, Pulse velocity

LST aircraft voltage to ground at
aperture

u2(t) Input Continuous at t — 0

u1(t) Input discontinuous at t - 0

Voltage input to transmission line

w Frequency in radians per second

WI

Resonant frequency in radians per
second

Y Input admittance of shorted
transmission line

• Reciprocal of characteristic
impedance

Y2(t) Convolution integral

Impedance of cable length 
~l

Impedance of cable length 
~2

Characteristic impedance of cable

Zj~ Input impedance of shorted
transmission line

• 1 2(s) Terminating impedance
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Symbol Description

a Undamped resonant frequency

6 Damping ratio

A Wave length

p0 Reflection coefficient of sending
end of transmission line

~
twc Reflection coefficient of shorted

end of transmission line

Pm Magnetic charge density

Pc Electric charge density
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