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tions of the LST configuration [GLET(N)], an ape ture,;gupling term [Gapq»)]
and the aircraft wiring/measurement equipment [Ga/c(w)]' o e s Sl = Aol

The LST configuration transfer function was derived/using a shorted TEM
analytical transmissior line model which was validated experimentally using
low-loss RG-58 cabling ard verified by tests on an F-111 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 Bladel's
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-111 fuselage circuit. The results were compared to those
obtained on the actual F-111 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
ailrcraft vulnerability to the lightning hazard.

A Recommendations are made to perform analytical and experimental studies
to 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 lightning
to permit the use of realistic standardized waveforms for the most probable
and severe threats so that LTA can be used to its full potential. In the
interim, LST programs should not be limited to a single waveform since impor-
tan: LTA information may be lost. Finﬁlly. the requirements for LST and LTA
should be standardized for all aspects of instrumentation; procedures, data
processing and analysis so that specifications for equipment design and test-
ing can be written and implemented.
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FOREWORD

This report describes a research effort sponsored by the
Electromagnetic Hazards Group (FES), Vehicle Equipment Division
(FE), Air Force Flight Dynamics Laboratory (AFFDL), Ohio under
Project 43630135, "Analytical and Experimental Validation of the
Lightning Transient Analysis Technique".

The work reported herein was performed by Technology,
Incorporated under Contract F33615-75-D-0030, Proceed Work
Instruction (PWI) Number 19, during the period March 1977 to
November 1977, under the direction of Mr. Vernon L. Mangold
(AFFDL/FES), project engineer.

Dr. W. McCormick, principal investigator, was responsible
for the development and publication of the technical work pre-
sented in this report and was assisted by Mr. K. Maxwell, senior

engineer. Dr. R. Finch was program manager for Technology,
Incorporated.

The authors wish to thank the Electromagnetic Hazards Group
(AFFDL/FES) for the support provided, which included use of the
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SUMMARY
1. Lightning Transient Analysis

Lightning Transient Analysis (LTA) is a technique that
applies the results of Lightning Simulation Tests (LST)
towards the prediction of the response of aircraft circuits
to an actual lightning event. In this study the method that
was investigated is currently being used by the EM Ha:zards
Group of AFFDL. This particular method has been converted
to a computer model which is in a constant state of valida-
i tion/verification and refinement. Inputs for the model are
' derived from on-going LST programs. The purpose of LTA is
to provide aircraft and aircraft system designers with data
and/or design guidelines for protecting modern-day aircraft
against the lightning hazard. For example, such guidelines
would quantify the transient response expected on internal
circuitry from lightning events, thus allowing the designers
to take precautions in protecting avionics systems and
selecting optimum cable routes throughout the vehicle.

a. Lightning and Laboratory Simulation

There can be no question that aircraft struck by
lightning are subjected to severe mechanical stresses exter-
nally and to severe electrical stresses internally. These
facts have been made abundantly clear by flight experience.1
The external mechanical stresses 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 distributed throughout the aircraft inter-
ior. These effects occur because natural lightning gener-
ates electric and magnetic fields which penetrate into the
interior of aircraft by various methods.

By convention aircraft 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 lightning current with and conduction
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 magnitude, I,, in a few microseconds as shown in Figure
1. During this rgsetime, Tg¢, the current is rapidly chang-
ing in magnitude. This rate of change of current is usually
characterized 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

xii
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Figure 1.

Tf= FRONT TIME AS MEASURED AT GROUND LEVEL

T¢! = POSSIBLE EFFECTIVE TIME AS MEASURED AT A FLIGHT VEHICLE

Characteristic Current-Time History of Return Stroke
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current falls in a few hundred microseconds to some inter-
mediate or low value. These lower levels may last for dura-
tions of milliseconds to hundreds of milliseconds. From an
effects point of view, only the electric field and the
rapidly changing magnetic field (produced by the current I,)
cause significant transients in aircraft electrical circuigs
Theoretically the induced transients on aircraft circuits
can be calculated by estimating the internal electromagnetic
field, 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
internal aircraft structure and the many possible electro-
magnetic apertures in the aircraft skin. Complications of
this sort have made the purely analytical approach to LTA
unattractive and have led to the development of various
testing philosophies. The introduction of 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 possibility of transient upset. In addition the use of
fly-by-wire flight controls and the fact that all redundant
systems are susceptible requires a designer to look closely
at the entire aircraft.

The collection of real-world 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 intentionally subject a manned air-
craft to a lightning environment is potentially hazardous.
Because real event data is required for the ultimate valida-
tion/verification of LTA, the Electromagnetic (EM) Hazards
Group of the Air Force Flight Dynamics Laboratory (AFFDL) at
Wright-Patterson Air Force Base, Ohio, has initiated pro-
grams for collection of the much needed data.? In the
meantime, laboratory simulations of lightning phenomena par-
ameters of interest such as peak curgent, 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 return
stroke, of negative discharge lightning flashes. This type
of simulation is usually the nature of LST.

Xiv
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b. Lightning Simulation Testing

In its simplest 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
recorded as they occur. The magnitude of the injected
current is usually less than for a '"real" lightning level.
Currentswaveshapes in LST are described in a standardized
manner. The standardized method consists of identifying
the front time (T;) and the time for the wave to decay to
half value (T;) and defining the waveshape as a T) x T,
current waveshape. The front time is defined as the inter-
section of a line drawn through the 10 and 90 percent points
of the rising current and the peak current value. Thus a
typical standardized wave is specified as a "2 x 50" usec
wave.

T

The EM Hazards Group of AFFDL have made refine-
ments on the basic LST configuration. What is being done is
to measure induced voltages and currents in the electrical
I circuits along with the internal magnetic fields. The time
domain induced waveforms are digitized and a Fourier trans-
; form is performed to obtain their frequency spectral compo-
nents. The FDL LST method uses a fiber optics system to
transmit the induced voltages from the aircraft circuits to
the oscilloscope, thus improving the signal-to-noise ratio :
from the older test methods using twin-axial cables, and
employs a generator capable of delivering thousands of amps
which further increases the signal-to-noise ratio. In all
tests, the current entry/exit points are changed to simulate
possible lightning entry/exit locations. Nose-tail, wing-
tail, wing-wing and nose-horizontal current paths are those
most frequently selected. Tests on avionics systems can
thus be performed 4n situ, powered up or powered down.

One assumption regarding the waveform applied from
a laboratory generator is that the current 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 usec waveshape is commonly
used because it corresponds somewhat to the specified wave-
shape in MIL-B-5087B% and satisfies Aerospace Recommended
Practice. However, 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
standard waveshape with a variety of other waveshapes to

xvi




T T T ———T

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 assumption upon which scaled LST methods
depend is linearity. This assumption is that for a given
input (drive) function, there is a response function whose
magnitude will change in direct proportion 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-
cation of linearity has Begn investigated in a number of
ways by several methods.>: »7,8, Linearity appears to be a
valid assumption as has been shown by Lloyd and Walko® and
for low frequency scaling by Burrows.

Among the objectives of this program were the
definition 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 lumped-dis-
tributed parameter system. During the past 10 years, con-
siderable time and effort have been expended on this highly
challenging identification problem. Impressive contributions
from electromagnetics, plasma physics, etc. have been made
in the LTA area, yet major questions concerning interpreta-
tion and methodology still remain. In contrast to the pre-
vious work, the present investigation has approached the
problem 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
system as a general linear, time-invariant system. Using
the linear system framework, the powerful techniques of
convolution and transfer function theory were applied in an
attempt to understand both the physics and the dynamics of
the complete system.

Independent of the physical details and peculiarities
of the LST system, 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-




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
equations and permits, as a consequence, the use of the fre-
quency domain or transfer function approach which is particu-
larly well suited to the analysis of the cascade configura-
tion found in the LTA problem.

Referring to Figure 3, the LTA model, in time sequence,
consists of the LST configuration-dependent skin current
which electromagnetically couples 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,
Gpst(w), relates the pulse assembly parameters to the air-
cra¥t distributed parameters in a way that defines the Fourier

S| w)
LST Sslw) SMALL Sw) |asc casLE LST
CONFIGURATION APERTURE ‘ ANSFER FUNCTION e
Grsti(Ww GApﬁ” A/c(“”
SKIN INDUCED OBSERVED
CURRENT VOLTAGES RESPONSE

Figure 3. LTA Cascade Configuration in LTA Problem

transform of the aircraft skin current, Sg(w), (see Paragraph
2.a.). Assuming that the dominant flux coupling is '"small
aperture,'" the second transfer function, Gpp(w), expresses
capacitive and inductive coupling in terms of induced aper-
ture voltage, vy(t), as a linear derivative operation on the
aircraft skin current, ig(t), given as:

di(t) dzis(t)
Vl(t) = K T*a—é—;-z—- (1)

where K and a are constants

with the equivalent transfer function:
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The final aircraft cable transfer function, Gp/c(w), relates
the induced aperture voltage, vy(t), at its point of applica-
tion to the output voltage, S;gr(t), measured at any point
within the aircraft cabling. Erom basic linear system theory
it now becomes possible to multiply the transfer functions
and, provided each transfer function is isolated from the
preceding transfer function, express the transform of the
output pulse, Sygr(w), as:

Sigp() = Grgp@d) Cuple) Ggyp () (3)

Fortunately, this isolation exists 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) algorithms
and with the observed input current and output voltage
waveforms, a simple, direct system identification 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 diffusion or resistance compo-
nents were observed during pulse tests).

b. There is only one dominant aperture.

c. The small aperture(s) and aircraft cabling do not
significantly load the aircraft skin current,
ig(t).

d. As various tests have confirmed, the system 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 originally
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-111 LTA work but the present work concentrates on
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the results 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 aircraft as
illustrated 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 apertures 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 results of the investigations performed during
this program are presented in Sections 2 through 5 and sum-
marized below in the four specific categories. 'These cate-
gories arise naturally from the LTA problem and correspond
to the transfer function blocks of the linear system repre-
sentation of Figure 3.

(1) LST Configuration Effects

(a) The LST configuration effects were completely
analyzed using a transverse electromagnetic
(TEM) shorted-end transmission line represen-
tation. The TEM representation was completely
verified by actual F-111 skin current measure-
ments and also through a detailed 1aboratory
simulation using RG-58 cabling.

(b) With the LST TEM representation, equivalent
linear system representations were defined in
both the time domain (impulse response) and
frequency domain (transfer function). The
derived GLST(“) was shown to be:

v Cs

Gpgr(w) < (4)
1-wC, 2y tan (—2LE) « ju R C,
where L capacitor charge voltage, volts
C, = capacitance of the pulse capacitor
R, = value of damping resistor, ohms
Z0 = characteristic impedance of LTA

configuration
QA/C = length of aircraft, meters

¢ = speed of light (c = 3 x 10%m/s)
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Figure 4.
|

C e 3

LE ROUTING
(17.2 METERS LONG)

Location of Yaw Computer, Yaw Servo Damper, and
Interconnect Cable Routing for F-111 S/N 67-116A
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Figure 5. Access Door 1101 to Equipment Bay on F-11l1lE
Showing Pitch, Roll and Yaw Computers
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Figure 6. Test Connection for Yaw Damper
Transient Measurement
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(2)

(c)

(d)

The above system description allows a straight-
forward compensation for the LST configuration

effects using standard linear system techniques.

The TEM model determined the relationship
between the LST current pulse, ig(x,t), and
voltage pulse, vg(x,t), waveforms along the
aircraft axis. §uch a determination yields

an estimate of the relative effects of capaci-
tive and inductive coupling.

The TEM assumption was used along with scaled
models and two-dimensional potential techniques
to investigate the dependence of skin current
density distributions on LST geometry. The
effect of varying entrance-exit points on the
skin current density was also studied for

both the LST and airborne situation.

Small Aperture Studies

(a)

(b)

(c)

(d)

A determination was made of small aperture
near-field behavior, both from experimental
(yoke coil) measurements and also from re-
sistance paper potential solutions. Van
Bladel's (Ref. 11) results were extended to
numerically determine the electric and mag-
netic scalar field potentials of a circular
aperture in the near and far field.

A continuous wave, CW, technique using yoke
coils was defined to measure % and % coupling
in an accurate, carefully controlled manner.
In conjunction with the potential theory
approach, these tests will provide a method
for predicting induced excitation voltage
levels for any arbitrary aperture, cavity,
and cable routing strategy.

The effect of shielding was investigated by
the resistance paper method, the conjugate
harmonic method, and the graphical curvi-
linear square method as were motivated by the
TEM assumption.

Significant analytical progress was made in
adapting Van Bladel's dipole expressions to
the prediction of effective voltage impulse
levels for both capacitive and inductive
coupling. This work led to the transfer
function, Gpp(w), presented in Figure 3.
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T P TSN S RS RS PPN A A UV b R 5




(3) Pulse Response of Aircraft Cabling

(a) The pulse response of aircraft cabling was
successfully modeled as a low-loss trans-
mission line terminated at both 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 point or waveform and can be used with
any terminating impedance values. The new
technique permits a direct prediction of the
excitation waveform from the observed output
waveform or, conversely, the prediction of
the aircraft cable transient response to any
arbitrary excitation pulse. The new approach
is a characterization of the linear system by
means of its impulse response and is extremely
well suited to experimental investigation.
With this method, actual pulse tests were
performed on the yaw damper circuit of the
F-111 and yielded results consistent with the
LST experiments. Using this technique, it is
now possible to predict the effect of a
postulated excitation pulse on any given
section of aircraft cabling. With further
refinement, this technique will provide
essential information 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 given air-
craft circuit.

(b) Using the same high source impedance model of
(2.a.(1)), the complete voltage transfer
function of the aircraft cable system was
derived, including the effects of loss. The
transfer function, Gp/c(w), forms the third
block in the cascade configuration of Figure
3. The derived Gp/c(w) equals (Ref. 12)

2,2

12
VAL BALS e vy (%)
where: 21 = Z0 tanh (y 11)
(Yaw Damper
22 = Zo cotanh (y 12) Circuit)

Zy = characteristic impedance of cable
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tanh( )

hyperbolic tangent function

cotanh( ) hyperbolic cotangent function
Y = complex propagation constant in-
cluding loss term

21 = distance from excitation point
to shorted end

L, = distance from excitation point
to open end

GA/C(“) was programmed on a digital computer
and was found to be consistent with actual CW
(sine wave) tests on the F-111 and also with
a detailed series of tests using RG-58 cabling.
Using the transfer function phase response, a
new technique was developed to determine the
relative magnitudes of capacitive versus
inductive coupling independent of where the
excitation itself is physically applied. The
resolution of the inductive versus capacitive
coupling question is one of the major out-
standing questions in LTA.

A detailed series of experimental tests were
performed to determine the effects of typical
circuit nonlinearities (e.g., p-n junction)
on the overall linearity of the system. From
actual F-111 and RG-58 tests on a variety of
devices (e.g. amplifiers, diodes, etc.), it
was observed that linearity, in the sense of
input/output superposition, is rarely af{fected
by the usual zero-memory nonlinearity found
in most aircraft circuitry. This fortunate
fact is the direct result of the capacitive
shunt to ground configuration commonly ob-
served in most aircraft cable terminations.

(4) Syster Considerations

(a)

the question of which physical variable to
scale on (i, g%, v, g%) 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 nature of the coup-
ling mechanism. Furthermore, the overall LST
system impulse response was derived from the
inverse transform of the ratio of the Fourier
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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 output to any arbitrary
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
point and, conversely, defines the cable
transfer function given a dominant aperture
location. An even more powerful technique
using the phase response and the resonant
nature of the cable transfer function was
also developed to estimate the relative
magnitudes of capacitive and inductive exci-
tation.

(c) A definitive resolution of the amplitude
scaling problem was accomplished. From
linear system theory, it was demonstrated
that pure amplitude 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
current 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 reported 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 first 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, particularly
with regard to the previously unaddressed shield-
ing and near-field effects. A convenient method
using two-dimensional resistance paper was devel-
oped that could lead to an optimum cable routing
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 5. 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 original chronological sequence, the
reports have been integrated and compiled into the four
topical categories discussed in Paragraph 2, each presented
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 reports for technical infor-
mation is unnecessary.
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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, analytical and
test methods have been developed and are currently in use.
Some of the methods, while widely used and documented, are
the subject of a continuing controversy in terms of validity
and realism. Because of the nature of the hazard it is es-
sential that the methods used to define the magnitude of the
hazard, the manner in which aerospace vehicle/system per-
formance is affected, and the criteria 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 undertaken to review existing Electromagnetic
Pulse (EMP), and lightning technology and related analytical/
experimental methods used to determine aircraft susceptibility
to transient electromagnetic fields, determine which method
(if any) is suitable to quantify the aircraft's response to
the lightning hazard, and to validate the selected method.

The review of existing methods revealed a number of
significant development programs, either completed or on-
going, by General Electric, McDonnell Douglas, Boeing and
others. Some of the methods investigated were in various
stages of expansion, development and/or verification. In
common to all the methods found were the requirements for
large computer facilities, large amounts of computation time
and substantial programming support. These requirements
result from the amount of structural and electrical detzils
of the aircraft and its systems needed for valid lightning
hazard analysis.

The determination of which existing method, or model,
was best suited to confidently predict the response of an
aircraft/system to lightning hazards entailed several con-
siderations. Among these were theoretical basis, validity
of assumptions, and agreement with available 'real world"
and other test data. A significant finding of this study
was the realization that the Lightning Transient Analysis
(LTA) method, developed by L. C. Walko (References 5 and
13) and refined by the Air Force during Lightning Simula-
tion Tests (LST), is highly adaptable to Fourier analysis
methods for the development of system and subsystem or
component transfer functions which enable definition of
their susceptibility, individually or collectively, to the
lightning threat.




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 subject 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 configuration 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 compensate for configuration effects. The results 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 system transfer function, GpsT(w), for the
overall system.

2.1 Frequency Domain Approach

2.13.1 General Discussion

The initial representation of the LST configuration
was in the frequency domain. Using the shorted TEM frequency
transmission line model, the complete representation of the
LST configuration was identified as well as the bulk induc-
tance of the LST configuration. As a final result, the con-
figuration transfer function, GpgT(w), was identified.

P . Detailed Discussion

The present approach is to consider the LST con-
figuration effects and the internal aircraft cable responses
as essentially isolated in an electromagnetic sense. This
key assumption allows the multiplication of transfer func-
tions and suggests a systematic procedure to decouple the
LST configuration effects. As a first (analytical) step in
this approach, the LST configuration is modeled as a shorted,
low-loss transmission line operating physically in the
fundamental TEM mode. In this model, the aircraft skin and
return lines form the two conductor ''planes' with the and
fields contained in the space between conductors. For the
AFFDL F-111, oscillatory input measurements suggest a bulk
inductance, L, of 17 pyh for the entire LST configuration
(including wiring, etc.) giving an inductance per meter, L,
of 0.77 yh/m for a 22 m aircraft. The capacitance per
meter, C, can now be calculated from the IMPORTANT reciprocity
relation between L and C for the TEM mode given as:

U €
& s,
o (6)
or, in our case where u; = 47 x 1077 H/m and e, = 8.85 x 10712 F/m:

C=14.4 pf/mor T = C. s S17.

A/C
The LTA configuration is then given by:
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,L 0.77 x 10
VA = - :f ~ 231Q
LR 14.4 x 10712
Continuing with the analysis, the input admittance of the

shorted transmission line can be expressed as:

; w 2
Y = -j Yo cot -—

M (7

where Y0 is the reciprocal of the characteristic impedance.
mC

L
A/C
where n = 0,1,2,. . ., and can be expressed in the following
alternate form:

The admittance of (Eq. 7) has singularities at w = n( ) = nw;»

Y 1 g w/wy
= -j - + j = Z ——_—Z (8)
Yo " Ta=1 2 (&)
wl n = wl

where wy = "C/EA/C = anl. That is f1 = c/ZlA/C ~ 6.8 MHz
fundamental.

The expression of (Eq. 8) immediately suggests the following equi-
valent circuit for the assembly at the front of the aircraft:

F—vn———o

¢ R

vi(s)

o

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:
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where LO =L =17 uh
C = _ZlA/C = _Z . l
B Zonzwzc nzn2 e

Figure 9. Norton Equivalent Circuit
of Pulse Assembly

where the current generator is now an impulse of strength Vc'

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

/— CURRENT TRANSFORMER

Re "
[
B ] 2
I+ 12 ‘ ! '
8.5 Lh
v
= QD Cs 17 uh ey {INSIGNIFICANT HIGHER
. sgpf  ORDER TERMS)
. WX arc
1 Zg tan r
—)

OVERALL LTA CONFIGURATION

28
e 71
where Cl -———-2—

Figure 10. Equivalent Circuit of Overall
LTA Configuration

In the overall equivalent circuit, the current I; represents
the usual unipolar over-damped waveform while I, represents
an LST oscillatory waveform. Using the property of super-
position, we can look at the I, as generated by the follow-
ing component equivalent circuit.
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Figure 11. Component Equivalent
: Circuit for I,

Taking Figure 11 as a representative LST circuit, the Cq

r can be set at 2.4 uf and R. at 30 Q. Since Cg >> 58 pf,
the series combination of 85 and the 58 pf is approximately
58 pf, reducing the circuit to the following simple series
R-L-C resonant circuit:

iy -L /\12 85 Lh

300

Figure 12. Equivalent RLC Resonant Circuit

with an under-damped resonant response of:

1.4 1.4

-~

21N T ‘/17 x 10°% x 58 x 10712

~
~

X 7.1 MH:z (9)

which agrees with the fundamental period of c/ZRA/C;
the damped time constant (e'l) of: |

T.C. = (10) 3

Q-




where o = § wg = 7%; = %6 x 1.76 x 106 nepers = 2 X 106 neberSn
to give a 37% time constant of:
T.C. = 0.50 usec. (11)

Both the 6.8 MHz frequency and the 0.50 usec T.C. are
clearly indicated in Figure 13 where the I and I, compo-
nents are quite apparent. Since Figure 13 is only a typical
observed waveform, the confirmation gives a validation

to the model.

Consistent with Figure 10 and equation (7), the
Fourier transform of the entire LST current can now be
written from the series impedance configuration as

v v /jw
Ist@ = 7—7 = T s
1 2 (RC + -j—-w—c-;')" ] ZO tan w QA/C
(12)
a5 Ve S
w 2
A/C ;
1 - w Z0 Cs tan (__C——)) + i ow RCCS

where Z0 equals 231Q.

2.2 Time Domain Approach

Zelol General Discussion

It is instructive to analyze the LST configuration
in the time domain. A time domain approach (Ref. 14) clearly
illustrates the reflection properties of the system 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 result is of great significance in investi-
gating the relative importance of capacitive versus induc-
tive coupling.
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Figure 13. Typical Observed Waveform of LST Current
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2:2:2 Detailed Discussion

The input impedance for the shorted transmission line
is given by:

2m
B, 3 2, tan _A_A/,E (13)

where Z, is the characteristic impedance of the LTA configu-
ration gqual to 231Q. For all significant frequencies of
the unipolar pulse (f < 1 MHz), A is >> than the aircraft
length and Zj, can be written, using the small angle approx-
imation for tﬂe term tan ( ), as:

2T R 2nfR
s A/C 81 A/C
Z.1n 2 j 231 j 231 e (14)
which implies an inductance equal to
_ 231 2
L = (—E—> RA/C 0.77 zA/C uvh (15)

and L equals 17 yh which checks wit e ob-

Note that at the attachment point lﬁ/c = 22m,
th
served value.

In order to better appreciate the TEM mode (Ref.
15), it is instructive to consider the unipolar transient
response in the time domain. For the time interval,
0 <t <22, /c, before the first reflection, the discharge
circuit is égtually looking into what appears to be an
infinite transmission line as shown below:

=

24 Ut

29
T o<t< AC_
c

Figure 14. Equivalent Discharge Circuit
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For every significant w, %C << (Rg + 231), so that the full Ve
appears across the transmission line input at t = o*.

After t > 2% /c, Vin Will be affected by reflections
at the "shorted-end" w%{ﬁ a retlection coefficient of lpg, ,~l =1
and at the "sending-end" with a A/C

Ry - “J,-C -.231- R - 231

j *R_+ 231 °
Rs+Jw-c.+231 s

oy -1 (16)

A general analysis involving the two reflection points yields,

2%
after m = t/ __%LQ round-trip intervals:

v m /
in n n-1 n n
=1 + + 17
Vo nzl (DzA/C p Prasc po) (17)
(sending- (loaded-
end) point)
or
V. m
in 1 n
— =1+(1+ =) 7T [pg0p (18)
7o ke bl )

Because the reflection at the "shorted-end" is 100% (IpzA/Cl = 1)
while the reflection at the "sending-end" is less than 100%

R, ~, 231
(Ipol - F§_7-33T < 1) » the incremental change in Vin after

a ZlA/C/c interval is NEGATIVE and equals:

A v, t/2T
in -1 0
=L *p. ") (pg P ) (19)
Ve o 0 2A/C
where To = lA/C/C' Since aX = ex A0 a’
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which yields an effective exponential time constant of:

; Inp, p
e @ 0. exp (t —7-‘,’-—1-5&) , (20)

o

ZTo
T = 21
In Po Pla/c (21)
In our case |p£A/C| =1 and |[p, | = 1 so that:
Info_ T p, P | (22)
(° “A/c) ks TV
which leads to:
e ZTo 3 ZTO . TO(RS + 231) (23)
&= popzA/C 1+09, R
or
i 231
SR TO o TO rs— (24)

Now 231 >> 1 and 231 -‘/; ; also
Rs (of

T0 = 2A/C JLC which results in

the time constant -T =

L
finally as A/C Rs

- b : ;
- R; which gives Vin (%)

e(-t/f/Rs)
(o

vin(t) = v

Since iin(t) =

1
L o-

11
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[ vi,(a)da = %E (1 - @ £ 5) (25)

where [ = EA/CL




the analysis is consistent with the current waveform
derived from the lumped-parameter model.

Observing that v(t) = 0 at the '"shorted-end" and
also that fp/c << A, it follows that v(t) (peak value) will
increase linearly from the '"shorted-end'". Furthermore, the
inductance varies linearly as L = Lfp/c so that

—

t
| 1,(t) = [¢ [t vio) da = él 0[ o) o (26)
s 0*

where s(t) is the voltage at & = 1 meter. It can therefore be
concluded that the skin current, ip(t) will not vary either

_ in magnitude or waveform along the aircraft axis. Except for the
! sLight decrease in the horizontal cuwient component due fo the centen

i ground nod, these conclusions are conginmed by the skin cwurent measure-
ments. In closing, the v(&,t), i(2,t) waveforms are shown in
the following figure.

It should also be mentioned that the 6.8 MHz LST
oscillation can be represented by the "multiple-reflection"
model presented below. Even though 2&/c is much less than
the L/R rise time of the unipolar pulse, the time-delayed re-
flections do introduce a '"square-wave' ripple component on
the current pulse as shown in Figure 15c.

vl

-
-
~_-‘-
-
~moo
enTe—m——] e ae
po- -

(a)
WAVE FORMS FOR v(£.t) X=0

SAME MAGNITUDE OF ALL POINTS

L0 /\ ALL POINTS

WAVE FORMS FOR i(f.t) AS MEASURED BY SKIN CURRENT PROBE

Figure 15. Waveforms for v(%,t) and i(%,t)
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Figure 15c. Example of Square Wave Ripple
on Current Pulse

The fundamental period of this nipple 4s %& corresponding 2o a gfundamental

gnequency o 6.8MHz. The higher-order harmonics are precisely the
higher-order resonance responses corresponding to the series
resonant L-C elements presented in the transmission line
equivalent circuit in Figure 10. Of course, the 30 MH:z
fibre-optics instrumentation bandwidth will not pass all the
harmonics.

2.3 An RG-58 Cable Simulation of the LST Configuration

2.3.1 General Discussion

Because RG-58 cable is a low-loss transmission line
propagating in the TEM mode, the general relationships between
current, voltage, etc. should be the same with the RG-58 cabling
as with the LST configuration. It is, of course, much easier
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.

2:85.2 Detailed Discussion

In order to test the LST TEM assumption, the complete
LST configuration was simulated using RG-58 coaxial cable.
Since the characteristic impedance of the cable is (50/231)
of the LST configuration characteristic impedance, all
circuit components must be scaled linearly. For convenience,
the Rg was reduced from R = 15Q to Rg = 2.5Q and the capaci-
tor, és, will be increased from 2.4uf to = 10uf. The initial
voltage charge will be represented by a step-function voltage
generator in series with an initially relaxed capacitor as
illustrated in Figure 16.

13
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PULSE
GENERATOR

(STEP) SHORTED

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 &3 = 50', &5 = 6' case,
the current was measured at the end o} 21 and aiso at Rg.
The measurement at the end of 2; was made with a voltage
measurement across a 2.5Q test resistor implanted in the
cable shield. The resulting two current waveforms are, for
all practical purposes, identical as shown in Figure 17.

Top
100 mv/d

(across Rg) 21=50"

Bottom

100mV/d
(across test
resistor)

£2=6"
2usec/d

Figure 17. Comparison of Current Waveforms
at Two Different Distances

For the case of 23 = 50', 22 = 0, Cg = 0.1 uf (to
give a shorter fall time), Figure 18 presents a typical
voltage-current waveform pair. It is clear that the voltage
waveform is in fact the time derivative of the current
waveform.

14




Top

Voltage Waveform £,=50'
200 mvV/d
22=0
Bottom
lusec/d

Current Waveform
20mA/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 %2; = 16', 2, = 6', Cg = 1uf 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.

Top
Input to
Transmission
Line

(200mv/d)

£1=16"
22'6'

Bottom lusec/d

End of 50°
Section
(100mV/d)

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

The magnitude of the voltage waveforms are in the ratio of

T 400 s " : 22
FE%%EE * 175 * 3.33 which compares quite well with the g= = 3.66
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ratio predicted from a linear variation with distance. It
is noted that the linear variation with distance applies
only to the low-frequency, over-damped 'pedestal' response.
Superimposed on the low-frequency pedestal is the "reflec-
tion" transient which essentially has the same peak-to-peak
value independent of the point of measurement. The '"reflec-
tion" traveling wave is of course more prominent near the
shorted-end where the pedestal is lower.

2.4 Application of Potential Analog Methods to the LST
Problem

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, Kirchoff'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
Laplace's equation. In the LST configuration, a dominant
cylindrical symmetry is present which permits 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 configuration were studied and resolved.

28,2 Detailed Discussion

2.4.2.1 Application of the Resistance Paper Method to
Predict the Non-uniform Variation of J Around
the Aircraft Skin

From the continuity relationship, V - J = aps/at,
we can write:

b 4 ap (t,t)

J (x) = 0[ “7?““' dt (27)

which, for A >> aircraft length, implies that Jy should be
large where pg is large. The determination of ps is straight-
forward given the TEM mode in the LST configuration. It

is straightforward begause ps = on the aircraft skin and,
in the TEM mode, V x =V x = Tong1tud1na1 components = 0
which then implies that E = -vv and that V2V = 0 in the
charge free region between the fus&lage and ground return
paths. In other words, the E and H 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 solve% using |
resistance paper. Since Kirchoff's curren% law (V . = 0)
holds at every point in the paper, V - ) = e (VW) =
€ V2V = 0 as well, permitting a solut1on 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.

msindiacd

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, ps) of the potential lines
at the point on the fuselage NEAREST the ground return path.
This implies that the observed :?ahoul.d be gnreatest neanest the ground
neturn and should be at its minimum at the top of fuselage as was’ in
g§act congirumed experimentally. As it turns out, the variation
around the ftuselage (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 J around the fuselage could
perhaps have been apgroached more directly through the H
vector since HT avoids the use of the continuity
relatxonsh1p e two approaches are really equ1va1ent,
however, since H = -v2U and V2U = 0, where U is the_ scalar
Eagnet1c potential, in the TEM mode. Furthermore, £ and

are orthogonal with their magnitudes in fixed ratios which

allows the same conclusions to be drawn from Figure 21.




-

S

Figure 21. . Constant Potential Contours
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2.4.2.2 Confirming the TEM Assumption by Calculating the
Capacitance per Unit Length from the Resistance
Paper Model

A convenient feature of the resistance paper is
that capacitance per unit length can be related directly to
the bulk D.C. resistance actually measured between the

boundary surfaces. The actual C and R are related as follows:

€

0
RC-= — (28)

where o 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:

AIC

C3 Cy

REFERENCE GROUND RETURN

where C1 is capacitance between aircraft and ground #1,

C2 is capacitance between ground returns, and
Cz is capacitance between aircraft and ground #2.

Figure 22. Capacitance Diagram of Figure 21

Since C; << Cy, C3, the measured capacitance will
be C x C;. From the resistance paper, a bulk R of 43K was
measured yielding from equation (28) a C of

C= 2, = 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 problem: However, the work has not, in general,
been experimental in nature and has not addressed itself to
a number of significant questions of great concerp to the
LTA program. Specifically, the near-field % and H behavior,
and the effects of cavity, panel, strut, etc. shielding have
not been considered. This section is an initial attempt at
resolving some of those questions.

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

Bk ) 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 aircraft skin, it would appear
that aperture coupling (capacitive or inductive) is the
dominant coupling mechanism. This conclusion is further
supported by the lack of any observed "diffusion-type"
voltage transients in the AFFDL F-111 LST.

For the LST frequency range of interest (f < 30
MHz), all aperture dimensions, including the cockpit, are luch
less than a wavelength. Apertures of this type are referred
to in the literature as 'small apertures"; %he ougstanding
property of the small aperture is that the and H fields in,
the aperture will equal, to a good approximation, the E and h
fields which would be observed if the aperture were not present.
For the prefectly conducting aircraft skin, Etay = 0 and
Hiyorm = 0 (time-varying components), so it follows that Egay =
HyorM = 0 in the aperture itself. Further, the Hpay component,
at the aperture, will equal the current density, J, ot the

neighboring aircraft skin and Eygpy will equal Eéil where J

and p on the aircraft skin are related by the conginuity equa-

1 . = _a_p.
tion, V J 7t

The 'small aperture" problem is a classical prob-

lem that is still to some extent an active research area despite
the simplifying assumptions. The '"time-honored" approach (H, A.
Bethe, 1944) to the probiem is to represent the penetrating t and
H as generated by electric charges and currents, and fictitious

20 |




magnetic charges and currents lying within the aperture itself.
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 Epany and Hyorm at the aperture plane as shown in Figure 23.

A/C Skin
Hy = 0
ET =0 X>0
X<0 'Om
|
i Pe
Cavity
Aperture Py ® magnetic charge density
Pe = electric charge density
X=0

Figure 23. Aperture Plane

Using the equivalence relationship, the E and 0i
%n51%e t%e c%v1ty can be dscomgosed into rﬁspe§t1ve components
s such that and m where the
respectxve coﬁponents obey the ?0110w1ng symmetr1ca1 sets of
Maxwell's equations:

V°Ee'°e ‘ v-Em-o
&>
v'HeUO v.%.p/u
ofi
vV x ﬁe * Uy —= vV x ﬁm — 'jm . iﬁg (29)
at 5t
k. of 3
vxH «F +¢ =2 vxR = 3 2
e e Oat m Oat
21

— e g g = SArTer PN




Since every important dimension of our problem is
much less than a wavelength, the radiation terms are zero
and the situation reduces to the quasi-static region of
electromagnetics. In addition, the continuity equations,

ap 3p
v.J

7 5?2 and V - jm = 5?2 » impiy that the effects of

3 3e are negligible when compared to the pp,pe effects in
reg1ons with dimensions much less than the wavefength, A.
Accordingly, the equations reduce to

v - Ee o ftd/e, v.E =0

v.f, =0 Vol = bl Al (30)

foe=0 Vxﬁmso

VX§e=o Vxﬁmso

The ab%ve equat1ons are most interesting since
they imply that =0 = m for x > 0 and that Eg and

are gradients of magnetlc and electric scalar potentials
generated, respectively, by electric and magnetic charge
distributions lying within the aperture. Such an interpre-
tation leads to many simplifications. For example, as the
offset distance from the aperture increases, the continuous
charge distributions can be well represented by orthogonal
electric and magnetic dipoles. Indeed, this has been the
usual approach taken in LTA analysis (e.g., References 5 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 apertures and major errors
could well be introduced by continuing to regard the aperture
as a dipole when observing to within a few feet of the
aperture plane itself. The accuracy of the dipole approxi-
mation 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.
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3.1.2.2 Correct Procedure for Calculating H in a Cavity
Near a Small Aperture

Continuing with the above discussion, the H field
can bg expressed as the gradient of a scalar potential

(Vv x = 0), ¥(r), where y(r) can be expressed as Eq. 20 of
Van Bladel:
1 AV(T') 1 -
(r) = 9 ds’ (31)
Va Zn Aperture  3n' IT - T
where
M)_ =lH = 1 ‘fu H
on at aperture n_ 2 pm( . s (32)

where H, = J_, the LST aircraft surface current density.

The important pp(T') can be calculated on the
charge distribution required to impose the condition Hran
= 0 along the aperture. Taking every aperture as circuear,
the op(T') has been calculated by Bethe as:

op(F1) = 2

v -, (33)

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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I r, 8, ¢)
(e, m2, ¢ L~ (x,v,2)
z=rcos0

y=rsinQ cos ¢

x=rginO sin ¢

REGION OF
INTEGRATION

Figure 24. Spherical Coordinates

It is apparent from analytic geometry that:

1
T - T'| v(4cosB)*+(rsinfcos¢-r'cos¢') Z+(rsindsin¢-u'sing')?

(34)
The function vy

(r) can then be written, for a fixed (r,60,¢),
as the iteratea integral:

2J a-$ 12 gp? Zm
PN N 1 i

f(r, 6; ¢', r')de¢' (35
vaz - r|2 ({ ( )

where § is a small positive quantity designed to avoid the
singularity at r' = a and f(r,0,¢') is the above function
—:;:—T . Only the r,0 are listed since it is clear that
|r-r*

Vvo(r,0) has ¢ spherical symmetry (i.e., set ¢ = 0° 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

fi can then be immediately calculated from the above figure
as:

i = gradient wa(r, 8) = %%’ar + % %g*ae (30)

This solution for H is valid for any point within a distance
<<\ from aperture.

As was mentioned in Section 3.1.1.1, y45(r,6) 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

3
magnetic moment equal to k Hy = k Jg where k = 3%— (Bethe).
It would be of interest to calculate wa(r,e) from the dipole

model and observe at what ratio of |Tr|/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?y = 0) methods; e.g.,
Telledeltos or resistance paper (Ref. 11). In particular,
resistance paper methods can simulate conductive struts and
panels inside the aircraft cavity. This convenient feature
permits a study of any resulting field distortion. More

will be said about the resistance paper method in later

sections.
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3.1.2.3 Correct Procedure for Calculatigg;f in a Cavity
Near a Small Aperture

The solution for the £ field due to aperture_
coupling is quite analogous to the above solutjon for H.
According to equation (35) by Van Bladel, the in the
neighborhood of the aperture can be expressed as the gradi-
ent of ¢,(r) where:

o =4y .9 1 ! 2
¢,(r) = ’f}f ii.‘t(r ) v (l-i: 5 _-l) o (37)

where on the aperture:

E = -V¢(T') = fo%o na? y 38
tan s T (38)
o

where the plane of definition of the t function is orthogo-
nal to the aperture plane. From inspection, it follows that:

R E /1 a e
¢(r') o -2——1.' (99)

where 1 is a function defined to maintain E_ = E./2. The 1t
function can be derived from the basic potential theory as:

2 r?
B c— 1 @
SEED n/n a? (344

to yield the final expression for ¢(Tr') given as:

E '
o(r') = -% o 4y - Lo (41)

a!

The second term of the integrand of Eq. 37 contains the

interesting term, %ﬁ' '_1_ ' » which is the normal com-
-r'
ponent of the gradient of —:;:—-
jr-T|
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Referring to the geometry below:

~.0,9
ey
'} L | o)
il L | ol =0
]
APERTURE
(b)

Figure 26. Aperture Geometry

it can be shown from simple trigonometry that an infinitesimal
normal increment, An, produces an incremental change in |r-T'|
equal to:

As = An sin B8 where

g = tan~1 r' - r sin 6
T cos 0

to give, from the % form in differential calculus:

9 . 1 $
- [ ] . _sin 8

lr'r" 'r-r'lz 1

where the expression for |r-T'| is given in the previous section.
The final expression for ¢(r) becomes:
E 6 a : sin 8
P, l - ds' (42
¢g(r, 0) = —— I a? IT - 7|2 )
aperture
!
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where dS' = 2nr'dr'. The expression can be written in iterated
form as (¢ = 0):

E a a ' 2 2m
0,(r,8) = —— [ 1-I.. sing | —L g4y 43
a T 0 a2 0 I? i ?|2 ( )

The function ¢,(r,8) should be evaluated (on a computer)
and plotted in the same manner as y,(x,6) permitting a
straightforward determination of the % component due to
aperture coupling. Thg same remarkg about the dipole ap-
! proximation apply for as did for H.

In_order to quantify the above procedure for
calgulating E it is necessary to define Ey - the component
of E normal to aircraft skin. From electromagnetics E_ =
ps/eo, the electric charge density on skin, which can 1in
3 turn be derived from the continuity equation:

Q

o) :
e (44)
JOR 5% . .t

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
i
; Therefore:
ap
aJ ~ d & S
L SIS
so that:
= d t
S ¥ U (46)

for a 2000 amp peak current and a 6 foot diameter aircraft
body, g& x 88 anps/m2 so that:
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E()s 88 (% s(0de
n eo 0+ 47)

For a phasor analysis, with s(t) = e*Jwt,

. 88 _jut
Eo(t) % };E; e

3.2 Experimental Investigation of Small Aperture Problem
ﬁs1ng 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 accurate method has been developed to analyze
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 effects by establishing 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 density components near the aperture will generate
leakage or 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.

0O 0 0 0 0 0 0A0 ©0 ©0 ©0 O© O

(] YOKE ©
ColL

© 7~ ° |xxxxx '

INPUT OouTPUT |-~

LEADS | © o 2] LEADS %
o

CROSS-SECTION VIEW A-A

() (-]
o APERTURE o\\\_
AIRCRAFT PANEL
(-] (-] (-] o O (-] o 0 o0 o 0o O -]
(a)

Figure 27. Yoke Coil on the Periphery of an Aperture
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From Figure 26, the simulated current density, J, equals:

.M

J= (48)

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

J(t)z o= [ I eVt 4y = | J@) eIVt ¢ (49)

Continuing with the experimental design, the
Fourier transform of J(t), for an aircraft circumference of
8m, can be expressed as

& E/SL
[Jw)| = . (50)
|w| |jw + R/L|
or for £ = 10%, R/L = 2 x 10%, E = 40,000, L = 17uh,
J(E) ~ 3 x 10.
(51

--- ®
w=w = 2rx10 (27x10°) JE;;X10‘)2 + (2x10°%)2

£ 3.0x20" & ¥.24x 20" units
4nv/ni+l

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

J(@) Bw = 7.24x10 °x(2 x10*) = 45.5x10° " =z 455 mA/m  (52)
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From equation (48) with L = 6", N 5, the calculated I

equals:

I = (0.455) 2L/N = 28 mA (53)

which 44 a neasonable cwuient drive Level.

For our intended 6'" circular test aperture, the
inductance of the yoke coil can be calculated from the

formula:
u_ N?
o h -r
L/m = - in [ = ]

where N = 5, h = 6", r = 1 mil (wire thickness), L/m = 4 x
10-7 x 25 1n [6000] = 87 ph/m or, for a width of 0.16 m, an
overall:

L = 14 uh (to be checked experimentally)

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

-2 i
4n? f2 L

1.81 x 10°° f (55)
1800 x 10°'? £

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, vy, can be expressed as:

Voo = @ A Hpr Ny (56)

where N 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), the:
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=2
N 1.24 x 10 Hint volts.

To provide a rough estimate of Hyyr, we turn to Van Bladel's
expressions for the equivalent aperture magnetic dipole.
According to these expressions, the dipole moment can be
expressed as:

iR B S*/2 = 2 x 2.46 x 10°° x 0.479 H,

= -3
2.36 x 10 Ho

The HyyT can be conveniently expressed as:

x _1 p
HINT ﬁ pm grad ( M ) o5 m
R? 4m R?®

which for a worst case of R = 1 m equals:

H * 0.188 x 10°° H,

INT

to give for Hy, = 0.48 amp/m. An open circuit voltage, v,
from equation (56):

3 2

Voec T 0.188 x 1077 x 1.24 x 10 © volts

or:

v = 2,33 uvolts

oc

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

Hint

(o)

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

Since it is the ratio of that is desired, there is no
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creas¢d to 320 mA (available with a conventional oscillator),
the "pick-up" coil area, A, by a factor of 6.45 (diameter of
1") to give an increased open circuit voltage of:

Voc = 18 uvolts 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:

500 YOKE
(————" 1L ‘] APERTURE
Enxoz
0.0018 uf i qu
f=1MHz i
v YOKE DRIVE
(a)
‘VIN =8mv
- 9 nERUP PREAMP = oC
=9 E coiL HP-2426 S 31?: VOLTMETER
PICK-UP COlE

(b

Figure 28. Yoke Coil Experimental Circuits

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

sec. (Af = 10 kHz). 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 = n3/n; should be attainabie.

OSCILLATOR <@ )

= 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, w, A, N, the induced signal can
be increased, but these changes will require
adjustments in the above circuit (e.g., N = 20
i?plies a C of 112 pf and an improvement factor of
4 .

d. Synchronous detection with lock-in amplifier

3.2.2.2 Design for the E-Field Test

As with the magnetic field, ﬁ, the E field, 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 (eg > 1) separating the ground plane
from the aircraft. Figure 30 illustrates the overall con-
figuration.

GROUND
PLANE
SOURCE o ™
s COLLAR GROUND
PLANE
“COLLAR"
A/C CYLINDER
APERTURE
(a) (b)

Figure 30. Continuous Conductive Collar Configuration

Assuming a TEM mode, resistance paper analog methods have
indicated that the field pattern in the configuration of
Figure 30 is quite similar to the actual LTA pulse situ-
ation. The resulting capacitance of the configuration, Cg,
can be expressed as:

Cp = € *+ (C,l1C3) (60)
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where: Cy is the capacitance of the collar to ground;
Cy is the capacitance of the collar to the aircraft;
and: C3 is the capacitance of the aircraft to ground.

Since C;, Cy >> C3 = 10 pf, it follows that Cp = Cj.

Assuming a worst case analysis where the aperture
is near the cockpit, the voltage (LST) between the aircraft
and ground return, in the pulse mode, has a time dependence
- %% and an initial peak value of 40,000 volts. With a
separation distance of 3m, the maximum Ep = 1.33 x 104 volts/m
so that:

i L x -8 2
o = Dn € En 11.77 x 10 coulomb/m (61)

where D, is electric flux density.

For a collar about a 6'" diameter aperture with a 6" width,
the collar area = A = 0.145 M2 to give a charge on the collar
equal to:

Q =o0A=1.71 x 10°8 coulomb (62)

Using a dielectric spacer with a relative dielectric constant,
€Rs €qual to 6, the capacitance of the collar to ground
equals:

€R € A

Cp ® -—751—- = 774 of (63)

The voltage across this capacitance is then:

-8
1.71 x 10 __ . 72.1 volts (64)

V:Q/C = =
T 774 x 10

Accordingly, 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 ® (uCp) 22 * 2m x 5 X 0% % 2 74 x 10° 40 x 22

{

542 x 10°!° = 5.42 mA (65)

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

L = = 130 uph (66)
4ﬂz fz CT
which is a very convenient value.
The E 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 Beference 11:

=3 3/2
Gux d cE BN RV

A rough approximation for |f| can be determined for u = 1m
as:

s e 283/2 E,Ta
47
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v

1By nr % 9.43 x 10°* E, (67)

For our originally assumed E, = 1.33 x 104 volts/m, lEqy!
will then equal:

'EINTI % 1.25 v/m (68)
which will provide, for a 1 cm dipole, the open circuit volt-
age:

Voc * Epyp ¢ % 12.5 mV (69)
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which suggests that a pre-amp may be avoided given a sensi-
tive enough scope amplifier. The final c%rcuit is essentially
that as proposed for the magnetic field, H, measurement.

The above yoke coil experiment was implemented
using an F-111 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 Appiication of Two-Dimensional Potential Methods
to the Analysis of Near-Field and SHIeIHIngﬁEIIects

3.3.1 General Discussion

Because the £ and H fields in a current-free
region are gradients of scalar potential fields in the low
frequency quasi-static case, it is possible to apply tradi-
tional 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

3:3.2 Detailed Discussion

3. 3. 2.1 Introduction

For the case of the long'aper ure or “slot,"
symmetry alone requires that the E and fields be trans- 1
verse (i.e., no axial com onent%). With transverse and
fields, the curl of both and H is zero in the transverse
plane, and both fields can then be represented_as gradients
of scalar potential fields. Furthermore, the and
fields will be orthogonal in the transverse plane and will
maintain a constant magnitude ratio, |§|/|§|, throughout the
plane.

Given the above properties of the TEM mode, it
then becomes possible to analyze aperture coupling and
shielding in one steg. All that is required is a potential
function solution (V®V = 0) for the geometry in question.
Referring to Figure 31, the LST cross section is shown where
the region of solution is now the interior of the fuselage
instead of the exterior. Because the H field is orthogonal
to the field, the constant electric potential contours
will correspond to H field streamlines. The dipole nature
of the H streamlines can be observed in Figure 31. Also,
the termination of the H streamlines on "fictitious" mag-
netic charges in the aperture plane is apparent, which then
suggests the possibility that near-field effects can now be
analyzed with a resistance paper approach.

37

|
?




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

Since £ and H 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 Hyoryq = 0 boundary condition was
imposed by cutting the circular boundary out of the resistﬁnce
paper. The constant potential lines in Figure 32 are not
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 electr%c 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 apd 33 suggests that the LST geometry (TEM
mode) will yield E and § 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-field pattern. Figure 34
plets the ratio Vn-l/Vn along the traverse perpendicular bi-
sector of the aperture plane using measured values from the
resistance paper (RP) model and also including values from
F the ideal dipole. The important observation is that the ratio
V- I/Vn A8 nelatively constant §on the TEM RP model over the nean-f§ietd
negion, suggesting that the nean-field variation for the small aperture
is actually EXPONENTIAL in nature (Ke-kX). The apparent exponen-
tial behavior in the near-field is not mentioned in the
open literature reviewed. Yet it is of potential signifi-
cance to the LTA program. The ratio v,.1/v, in the far-field
is also of interest since it illustrates tne shielding
effects of the induced surface currents. In particular, the
increase in v,_1/v, near the fuselage boundary is the result
of lower fiela ievels caused by an opposing field component
developed by the induced skin currents.

Recent yoke-coil experiments fully support the
exponential variation in the near-field. With a circular
6" aperture, 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 34. Comparison of —%—1- Ratio from Resistance

Paper (RP) and Iﬂeal Dipole
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TABLE I. COMPARATIVE STUDY OF FIELD BEHAVIOR ALONG
PERPENDICULAR BISECTOR OF APERTURE

Far Field TEM Exponential o toi1

X Dipole (Resistance Reference Near-Field Exponential

(cm.) Resistance Paper) to TEM Results Approximated
P. Bisector | to TEM of X=0

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

6 0.104 0.104 0.093 o --

7 0.076 0.076 0.067 -- --

8 0.058 0.054 0.048 -- .- ]

9 0.046 0.035 0.0348 -- --

10 0.037 0.021 0.0250 -- s

11 0.031 0.014 0.018 -- ==
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Also included in the table are the TEM-RP measurements along
with a near-field exponential approximation and a far-field
ideal dipole listing. It 48 interesting to note that the TEM RP
models follow the dipole Law in the unshielded far-field region, and
also that the exponential variation 48 a surprisingly good approximation
even 4n the shielded far-f4ield.

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-§ 2
V(X) = K [ NI iy | SRS
0 (Vaz + 2) (f7 + x?) (70)
(Magnetic
Potential)

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

3.3.2.3 Some Preliminary Applications of the TEM RP Model

Some calculations were made which illustrated the
value of the resistance paper approach. Referring to v
Figure 31, the property that the magnitudes of the and H
fields maintain a constant ratio in the TEM mode provides a
method of estimating |H| anywhere in the cavity given only the
skin current density near the aperture. For example, with a
100 amp/m (typical for LST) near the aperture, we can form
the following proportion:

|H]
A

|E|
|E|

[vv|

aperture _ aperture _ aperture

(71)

[vv]

internal internal internal

Taking an internal point near the shield at X = 12 cm, the
observed potential 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 |H|jpternal €an be estimated as:

//'
) x 100amp/m = Samp/m {72}

0.05
IH| i

internal 8 (

which can be used to predict the induced voltage levels in
the aircraft cabling. As a very crude check on the above
result, the Hijpternal Was estimated using Van Bladel's (Ref.
11) dipole expression. For a long slot aperture, we can
write:
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H p_ cos 6 2A H0 (0.476)
internal < =

(73)

The F-111 fuselage has a diameter roughly equal to 6 feet
which results in a RP equiyalent aperture dimension of 0.77m
which, for a unit axial length, yields the following value
for the internal magnetic field:

internal ar (1.53)°

3.27 amp/m (74)

This value is in reasonable agreement with the 5 amp/m 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 high 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 time-varying case, Hyg = 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 H =0 However, the skin currents may develop
significant Hyay in the vicinity of the fuselage. It would
also bi expecteg that the shielding effects should attenuate
as 1/R“ from Biot-Savart law considerations alone.

3.3.2.4.1 Conjugate 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
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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" transformation
and can be given directly as:

s 3 (H) cot 8/2 (75)

The transformation of (75) maps the interior of the unit
circle into the lower-half of the w-plane. It 4is Lempting

Lo theat the w-plane boundary problem as a "small aperturne” problem

but this would be incorrect.” The real solution is a continuous,
differentiable electrostatic potential function, v (u,v),
that is generated by a charge density distributed around the
aperture. For the far-field region of interest, the charge
density would appear to be concentrated in the center of the
aperture to yield a potential function at large distance
equal to:

V(uo V) o 2 o 2 \76)

jwi u® & y?

which when reflected back onto the negative real axis of the
Z-plane becomes:
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where A is a proportionality constant. This is a very in-
teresting result since it indicates that the shielding effect
produces a linear decrease 1n potential Or equivaientiy
constant Hp 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 resistance paper
LST model and also on the ideal dipole in the presence of a
conductive shield. These measurements, along with 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 (§ = i) (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

X Dipole Dvivii)(t,l];e gﬁlg ( H )
(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 preceding section strongly
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 HyyT should be well represented by the
dipole expression o¥ Van Bladel (Ref. 11). Specifically,
the induced voltage in a cable can be expressed as:

T

" o . d
v~u°—EAk~a% (78)

where for our case:

Ho = 100 amps/m (at aperture periphery)

At = 0.7 usec.

Ak is to be determined

The results on transmission line pulse response suggest that
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 considered as 50 mV which then
leads to an estimate of Ak as follows:

Ak = ;'_ﬁi = 2.78 x 10°4

o

(79)

For typical #22 gauge twin lead, A = 2d where d = 0.3 cm
was measured and 2 equals the length of the cable subjected
to the flux coupling to give:
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0.00927

k = 2

(30)

The length & can be estimated provided k is known. The con-
stant k can itself be estimated from the Van Bladel ex-
pression in Ref. 11 as:

p. AH

or for Hy = 100 amp/m, R = 1.23 m, and an A of 1.23 n?
which represents the aircraft cockpit aperture:

k = 0.1013

R=1.23m (82)

The calculated value of k suggests an & equal to:

.09m

n
o

cm (83)

(=
(=
(=

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 interesting observation
45 that the Length is not some rnidiculous value Like 5 km on 5 microns.
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4. PULSE RESPONSE OF AIRCRAFT CABLING

The third linear transfer function of the overall LTA
system represents the pulse response of the A/C cabling to
the aperture flux induced excitation voltage. In this sec-
tion, the transient response is analyzed in the time domain
through the impulse response and in the frequency domain
through the voltage transfer function. Another subsection
includes a detailed series of actual pulse and CW tests
performed on an F-111. 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

This section deals with a time representation of
A/C cable transient response. The experimental 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

4.1.20 Discussion of New Method

The pulse response of transmission lines is of
central importance to the present study since the transient
LST waveforms of interest 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 (ZO) of the transmission line, its length and
terminating i1mpedances, and the position and waveform of the
excitation pulse. For the LST application, the transmission
lines are excited by a high impedance voltage source (>>Zg)
and are usually terminated at the two ends by either an open
circuit (>>Z,) or a short circuit (<<ZQ). Ideally, a com-
plete definigion 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
magnitude 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 13, ZZ are the terminating
impedances and:
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Figure 37. Transmission Line Model

where Rg is the source impedance. For this application, Z
and Z; usually assume the values of 0 or «» while Rg is >> %0
(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

jZp tan (wz/Vp) or jZg cot (w&/V,) where V, is the propaga-
tion velocity of the transmissioh line. Tge complete trans-
ient solution, in the frequency domain, for V(w) will then
equal:

Vi) 2y, (w)

V(w) = Rg + zin(w)

(84)

where V;(w) is the Fourier transform of the induced voltage
waveform. With v(t) defined from Eq. 84, v;(t), v,(t) can be
easily determined by operating on v(t) with the appropriate
propagation delay. That is, vj(t) = v(t-£;/V,) and v,(t) =
v(t-22/V,) in the lossless case. Unfortunategy, the repre-
sentatioh 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 vj(1)
as: ;

v t
v(t) = [ h(t-1) vi(1) dt (85)
0+




where h(t) is the response measured at the point of v(t) to
an impulse applied at the point of vy(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, §(t - Tn) (86)
n=0

where a, = (k)n is the attenuation (k<1) 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 result of the sampling property of 6(t).
[+ -]

That is: / §(t-A) X(t) dt = X(t=A) which reduces Equa-

- 00

tions 85 and 86 to:

vi(t) or v,(t) = {0 a, vi(t - Tp) (87)
n-

An even more desirable feature of the convolutional 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 (|Z|<<Z(y) and open-circuit (|Z|>>Z() terminations
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 (Z(=50Q) cabling were pre-
pared (e.g. 3',6',16',50'). Although the F-111 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, Rg,
of 10K was used which appeared as an infinite resistance to
the 50 ohm cable. Higher source resistances (x®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 13V 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.

m”s lof o
: PULSE

100 MHz) GENERATOR
me

* CONNECTORS

PULSE

Valt)

Figure 38. Experimental Set-Up to Simulate
Aircraft 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 13V (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 50mV/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:

28/,
tP : %& ¥ c = (88)
P
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where 2 = 50 ft ~ 15.24 meters
c = 3 x 108m/s

and eg is the relative dielectric constant of the plastic

spacer in the cable with a known value of ep = 2.23, giving

a tp of » 153 n.s. which agrees almost exactly with the observed value.
The first reflected pulse is observed to be §

larger than the initial excitation pulse. This somewhat ‘

unexpected result can be simply explained by observing that

the first reflected pulse is actually the algebraic sum of

the pulse reflected from the 50 foot line and the nearly

instantaneous re-reflection of the reflected pulse from the

open-circuited (21=0) end of a "T" connector. Each success-

ive reflection is at a lower magnitude due to the finite

resistance of the line (k=0.82). It also possesses a

progressively wider pulse width because of the frequency-

dependent dispersion effect.

The legends in the many figures to follow will be
formated as follows:

(Zl-IOKQ—ZZ) corresponds to the left-to-right
impedances of Figure 38

(21,%27) corresponds to the lengths of
the two cables

(X -2 refers to an observation

at the end of %3 (i.e., at Z;).

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

(0—10KQ—) 5V/div
(0',50") 50mV/div
(—X-) 100n.s./div

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

h(t) = K -{c(t) i (2o4) s L oo, st s[t-nclsons)]} (89)

n=1

It should be observed that the initial pulse magnitude

K ~ 60mV is to be expected since the cable appears as 509
(infinite line) before the initial reflection to give as a
predicted value:

Z
X = v(ﬁ—fz-> 213 (IDTO'(%‘WU) = 65mV (90)

S o}

which 48 good agreement.

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

vi(t), is

vi(t) = Kivp(e) + (1.4) 21 (0.82)"! v, [t-n(150ns)]
n-

where v;(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.

je———— 400 n.o.——"
RAPID l SLOWER FALL-TIME
RISE-TIME ‘\
V() auuenee ZERO D-C LEVEL
t=0 t em——-

Figure 40. Predicted Induced Voltage Waveform

Accordingly, since the h(t) is always positive, the vy(t)
will represent ''stair-case' ramp or build-up in voltage as
suggested by Eq. 91 which expresses vy(t) of Figure 40.
This prediction is beautifully confirned by Figure 41.
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W———

)

(2—10KQ—) 5V/div
(0',50") 100mV/div
(-1~) 200n.s./div

Figure 41. Measured Induced Voltage Waveforms

Referring to the Zin of an open-circuited line, Z.

in
= jZg cot (Z%ﬁ ), the waveshape of Figure 41 can be ex-

plained as the charging of the low-frequency capacitance:

378 I} L
(Zin :_E_TB =>c1ow w -~ v—-)through Ry = 10K for a period of
400 n.s. followed by the decay through the same Rg. 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:

Ly L2
e ——

c‘ [P

SRR 5 e S

6.2 MHz 12.4 MH:z

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
Figures 40 and 41 with the important exception that now the
end of the 50' line is short-circuited (Z,=0) instead of
open-circuited. The presence of the resuiting 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 3
magnitudes of Figure 41, but instead oscillates at 6.2 MHz
with a peak-value of 65mV as shown.

Condition I1

There are many variations of the first condition possible.
To illustrate, %7 is chosen to be 3 inches and Z; is set to
0 (short-circuit) while %2, Z, remain at 50' and = respectively.
With the measurement at Z;, an interesting effect is observed.
As before, the excitation pulse begins 80 n.s. after t = 0%
but the pulse is never allowed to build tc its full value
since an inverted pulse (reflected’ from the shorted end)
begins 10 n.s. after t = 80 n.s. and produces the interesting
waveform of Figure 45. As expected, the peak value of the
waveform has been reduced from 60mV to 20mV. 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 reflection.

It is useful to consider the waveform of Figure 45 as a
time sequence of inverted doublet functions (6'1(t) = %{ 6(t))
giving the following expression for h(t):

h(t) = Kgé-l(t-son.s.) + E (0.90)"(-1)"6’1[t-(80*n150)]‘ (92)
n=1

which leads to:

vy(t) = K 3% vy (t-80) + n21(0.90)“(-1)“ g? vI[t-(80+n150)]$ (93)
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(2—10KQ—
(0',50')
(—X-)

Figure 43.

(0--10KQ—0)
(0',50")
(—X-)

Figure 44.

5vV/div
50mV/div
100n.s./div

Impulse Response from Short Circuit Condition

5V/div
50mV/div
200n.s./div

Voltage Across Z; for Short Circuit Condition
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(0-10KQ—)
(3",50')
--X)

(0-10KQ—=)
(3",50")
(- =X

S A R

Figure 45. Impulse for Condition II

Figure 46. Response for Condition II
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5vV/div
S50mV/div
100n.s./div

5V/div
50mV/div
200 n.s./div




Expressions 92 and 93 are completely verified by Figures

45 and 46.

It 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 III

In order to provide additional background and also to
introduce (%£1,%2;) 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. Figures 48 and 49 give the expected response for the
all open-circuit case.

S 5V/div
(6',50') 50mV/div
(- - X) 100n.s./div

Figure 47. Impulse for Condition III
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(=--10KQ—=) 5V/div
(6',50") 100mV/div
(- - X) 500n.s./div
Figure 48. Response for Condition III

]t

|

| (0—10KQ—) 5V/div

i (6',50") 100mV/div
(= =-X) 2usec/div

Figure 49. Response for Condition III (Expanded Scale)
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Condition 1V

The F-111 yaw 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 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:

L9 = 6', 12 = 50'. Figures 51, 52 and 53 illustrate the
o%served résponses. 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—10KQ—) SV/div
(6',50") 50mV/div
(- -X) 100n.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 < 2usec., is nonsinusoidal due to the
presence of higher modes 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 > Zusec.
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r,_. ~— e — " i ——— —— > 1
(0-10KR—=) 5V/div
(6',50") 50mV/div
(- = X) 500n.s./div
Figure 52. Response for Condition IV
(0—-10KQ—=) SvV/div
(6',50") 50mV/div
(= - X) 200n.s./div |

Figure 53. Response for Condition IV
(Expanded Scale)
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Condition V

For added background, the situation of Condition IV
was repeated except that %) was shortened to 16 feet from
50 feet. Because of the shorter %;, all responses became
more symmetrical and approximated the damped sinusoid
earlier in the transient interval. In the case where %) = %,,
the nesponses would be perfectly symmetrical - a potentially useful
observation! Figure 56 illustrates the response to the 500
n.s. pulse at two observation points and is added for com-
pleteness.

(0-10K5-=) 5V/div
(6',16') 50mvV/div
(~ ~ X) 100n.s./div
Figure 54, Impulse for Condition V
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(0-10KQ—=) 5V/div
(6',16") 50mv/div
==X 200n.s./div
Figure 55. Response for Condition V
(0-10KR—=) 20mvV/div
=X -)
(6',16") 20mV/div
= =4

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
Terminating Impedances (Z; and 2;)

In general, when the initial impulse, 6(t), reaches a
terminating impedance, Z(s), the equivalent circuit is as
shown:

AA

e |+ vaw

where VR(t) is the reflected pulse

Figure 57. Equivalent Circuit for
Terminating Impedance

Now, VR(s) . gt E 5 -

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 10uh inductor. Using the above model, the
inductor case can be solved in general as:

Es
VR(S) = W? (95)

which implies that:

VR(t) = E Tl u(t) (96)
ER, -tRy/L
= E §(t) - G e e u(t)
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It is apparent that as L(or wL) gets larger, h(t) approaches
E §(t) which corresponds to the open-circuit case (e.g., yaw
damper circuit in Figure 6). As L is reduced in value,

the vp(t) begins to assume the shape of Figure 58(a).

A |

T e

(a) (b)

Figure 58. Results of Variations in L

Eventually, the h(t) approaches 93%131 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
10ph which essentially open-circuits the termination while
the 50' section in Figure 61 is terminated in 0.1luh which
results in the differentiation effect shown in Figure 58.

The rather "odd" pulse waveform in Figure 61 is the summation
of a differentiated §(t) at the end of the 50' section added

to an inverted %E §(t) delayed because of the reflection at
the shorted 6 foot section as illustrated in Figure 59.

T

Figure 59. Addition of Pulses
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(10uh-10KQ-0)

(50',6')
(X >~}

(0.1uh~10K2-0)

(50',6")
(A ~ =)

Figure 60.

Figure 61.

L = 10uh

Impulse for 50-Foot Cable
with 10puh Termination

L = 0.1ph

Impulse for 50-Foot Cable
with 0.1pyh Termination
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S5V/div
50mvV/div
100n.s./div

5V/div
SOmV/div
100n.s./div
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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.

(»—10K2—1800pf£)

5V/div
(50',6") 50mV/div
(X - =) 100n.s./div

C = 1800 pf

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

(«—10KQ-300pf) 5V/div
(50',6") 50mv/div
R = wm) 100n.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 Gpp(w)
using the derived Gp/c(w).

4.35.2 Detailed Discussion

4.3.2.% 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
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.

22 24
vy == (CENTER) —m—epm
oren 1 %2 G
(ToP) %

(FRONT)
tve)

EXCITATION

Figure 64. Low-Loss Circuit Configuration

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

K

Ry z' _1

b= —

Z2 r-—-]-:

Figure 65. General Parallel Circuit Arrangement
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From Figure 65:

v Z
3 -~V

YA
where

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

Therefore, we have:

vl v

Vel = —= 7 225 epl P i
COS[—V— un[ vV ]

pJ P

(98)

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

> g wILl
inel
and: (99)
; & 55
Z2 =j Z0 cot [—vp—]

With v = llgg = 1, the voltage transfer function becomes:

[w 21 ] [w 2,
tan N cot v ]

- P P
IvcI Z0 [cn 21 ] [» 12 (100)
tan - cot B ]
VP P
where: Zg = 100Q; Vp = 2 x 108 m/sec

21 + 22 = 17 m

0 < £ < 15 MHz.

A
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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, a(f), as the real part ~ a complex propaga-
tion constant. (The justification for this derivation is
beyond the scope of this report but is given clearly in Ref-
erence 14. The actual open and shorted driving point im-
pedances are given in terms of the hyperbolic tangent and
cotangent functions of a complex agreement as indicated in
equations (101) and (102).

Shorted Section

Z1 = Z0 tanh (y 21) = Zg tanh [(a + jB)zl]
3 - {101)
4 w 11 w El
sinh (a 21) cos|—— |+ j cosh (a 21) Sin[jv—_J
. Z0 "o 11 w 21‘
cosh (o %,) cos|- + j sinh (o %,) sin
1 vV 1 vV
p P
L = 4
FOOTNOTE
d = R/aZo
R = 0.123 v£x10°5 ohm/meter (f in MHz) referenced to 100 MHz
Z0 = 100
S0
e =3 Jecta-5 |
a(f) = = 5x10 vEx10 |
(£f) 7 %




Open Section

e S ———

Z, = Z, cotanh (y %,)
2 0 2 (102)

w 22 w £2
cosh (a 22) cos | —y— | * j sinh (a lz) sinl: v ]
P P

w 22

w £
sinh (o 22) cos[-jr—-]+ j cosh (a 22) sin[ v 2]
P P

=Zo

For added background, equations (101) and (102) have
been broken into the elemental forms listed below used to
program the transfer function on the digital computer.

by Ay %o by W=y
e = B, +3 B, H A1 = sinh (a 21) cos [ v ]
0 1 2 P
w 21
A2 = cosh (a 21) sin [ vp ]

W 21
B, = cosh (a Ql) cos [ v ]
Y

; s w 21
B, = sinh (a £,) sin ['V;'] (103)

ZZ Cl + CZ w 22
26 - ﬁ__+_j_—D—2 H C1 = cosh (a 22) cos [—vp—]

w 22
CZ = sinh (o 2‘2) SIH[T;)—]

w L,
D, = sinh (a 2,) cos [Tp—]

w &,
D, = cosh (a 2,) sin [-Vp—]




4 J b (s

A D

2 z -1( z)
S t o el - t e
- f'—z'——7 / C; an b,

]
=

2 2
Z1 22 5 A -
ZE-= v (M1 cos 61 + M2 cos 62) + J(M1 sin 91 + M2
=y Y B

Therefore, it follows, from (103) that:

Z
el = 01 2 [Center Observed]

IVTI = 7 [Top Observed]

[Front Observed]

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.

sin 62)

(104)




4.3.2.2 A Possible Frequency Domain Test for the
ﬁature of the %perture Eoupiigg

For inductive coupling:

di : :
vL(t) o It where i(t) is LTA current

so that, in the frequency domain:

v ) w
IV Gw) | = L
L \/ (if - wz) + (w R/L)2

while for capacitive coupling:

(105)

2
V.,;) w
V. Gw) | = RAL 2 RN (106)

/(]1:U . wz) + (w R/L)Z

FIBRE
wor YRSER L emawaren L R M
byl FUNCTION ( ) TRANSFER (FFT)

TOP
CENTER ) LFUNCTION

FRONT

l MEASURED
Zy(w; L4, 22
Zr,lw)

Figure 66. Diagram for Frequency Domain Test

The identification proceeds by considering the following
two hypotheses:




a. Inductive Coupling

Vo)l = vy @) 1270|125 )] (107)

We can then step through £;,%; to get optimum least squares
fit to V,(w).

b. Capacitive Coupling

AACIERIAGIENONAO) (108)

The influence of the different input |V(w)| 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-111 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-linearity to the effects of multiple inputs.

! 4.4.2 Detailed Discussion

Actual experimental tests were performed on an
F-111 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
3 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
(>> Zp 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 (=150 n.s.) are
sufficiently 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-
uation and pulse widening is observed as is expected.

100 n.s./div

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

4.4.2.2 Progagation Effects as Observed When Pulse
Exciting 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
F situation was as shown in the schematic of Figure 68.




= 17m J.
L4 L2
g:g: ATo X ={ OPEN AT TOP

— o~ 4 4
) 7 i 10m {

CENTER EXCITED

THROUGH HIGH

IMPEDANCE

Figure 68. Cable Entry Point Diagram

Figures 69, 70 and 71 illustrate the propagation
effects for three observation points and serve to emphasize
the "displaced" impulse nature of the low-loss cable impulse
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 returns
from the front-end and top-end reflections are clearly
visible as is the effect of the small but non-zero cable
attenuation and dispersion. Figures 70 and 71 present the
front-end and top-end observations.

100 n.s./div

Figure 69. Center Observed

R e b A
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Figure 70.

Figure 71.

e .
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Front Observed

Top Observed
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4.4.2.3 Linearity and Convolution Studies of the Yaw

Damper Circuit

According to the abbreviated F-111 servo-computer
circuit schematic (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 valve end (top), the high inductive reactance, wlL,
presents 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) = [ x (t) h (t - 1) dt (109)

Simulated di/dt lightning pulses scaled to laboratory propor-
tions were applied at the center point. The recorded 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-111 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 75, 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

(c) Front Observed

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

(b) Top Observed

(¢) Front 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
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K
o 1 - YAW COMPUTER
_L RG-58
OBSERVATION
PULSE
GENERATOR

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

200my/div
100n.s./div

Figure 76. Inverted Return

The identical experiment was repeated (Figure 77) with
the observation now taken at the output jack of the computer
itself. The results are shown in Figure 78.

1K
50’ 1
(o] YAW COMP!
-L RG.58 COMPUTER
OBSERVATION
PULSE
GENERATOR

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

100n.s./div

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 foot (4') section terminated in a dead short (Figure
79). The Figure 80 response was nearly identical to Figure
76, thereby verifying the assumption of a dead-short.

1K

o . X 2 DEAD
RG-58 ‘ RG-58 SHORT
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.

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 circuit. By reversing the
polarity of the excitation impulse and by continuously
varying its 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 configuration. Figure 81 presents the results
which clearly illustrate the homogeneity of the circuit.
The amplitude test 1s simpler than the convolution test and
is particularly well suited to unsymmetrical nonlinearities
like the p-n junction.

4.4.2.6 Variation in Cable Termination for Energized
Versus Non-Energized Active Elements

It 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 course, an
infinite number of possible active devices that could be
considered, the following general statement can still be
made. Namely, that biased or not, most 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
capacitors 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 change being observed in the biased versus un-
biased mode.

88




S500mV/div

100n.s./div

(a) Uninverted Input

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

Figure 81. Results of Amplitude Test for Yaw Damper
Circuit Linearity Verification




Input Pulse

Unbiased

Biased

Figure 82. Effect of Active Element Biasing

4.4.2.7 Time Domain Illustration of the Effect 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),
multiple 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 3
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 .
1 with the Experimental Observed Frequency

Although 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-111. From propaga-
tion time measurements it was determined that the '"stripped,"
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
modeling of the damper circuit.
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6 16 26°

SHORT

OPEN

MULTIPLE EXCITATION

PULSE GENERATOR

OBSERVATION

(a) Circuit for Multiple Input Study

Input Pulse

Single Input

Multiple Input

(b) Effect of Multiple Input

Figure 83. Effects of Multiple Inputs

Using RG-58 Cabling
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SHORT X = OPEN

PULSE GENERATOR

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

200mV/div
100n.s./div

Figure 85. Impulse Excitation;
Open End Observed
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200mV/div
100n.s./div
Figure 86. "Saw Tooth" Excitation;
Open End Observed
200mV/div
100n.s./div

Figure 87. Trapezoidal Excitation;
Open End Observed
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With the configuration of Figure 87, a voltage transfer
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-111 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 electromagnetics, the skin resist-
ance should vary directly as v £ 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

£ (MHz) BW (MHz)
6.25 0.70
12.50 1.10
18.75 2.00

4.5 Capacitive versus Inductive Coupling Using Van Bladel's

Expressions

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).

-l TWIN LEAD
B
15 2,

&
™ F—.—-q

L = LENGTH OF SIGNIFICANT E FIELD COUPLING

Figure 92. Diagram of E Coupling

Under a worst case assumption, the displacement cur-
rent can be expressed as:

ID = JD xLxa (110)

Now:

and:

where E is the electric field at the cable,
kE is the far-field ratio of E to the aperture field Eo,
va is the LST aircraft voltage to ground at aperture, and

d is distance from aperture to ground return (NOTE: E°-§).

The resulting voltage pulse on the line then equals Io ZO or:
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4.5.2.2 Calculation of kE from Van Bladel's Dipole Expression

Eqs. 13 and 15 in Reference 11 we have:

28 TR 2K A
E =~ g;, = — (112)
3n R 41 R
where A equals the radius of the aperture (A = 0.63 m for
cockpit). It follows that:
kE = - = 14.4 x 107°
o) (113)
A=0.63m
R=1.23m
Therefore, with the following parameters,
VA = 20,000 (LST) (With linear variation; cockpit
at mid-point; capacitor charge
d=2m voltage equals 40,000 volts)
Z0 = 100Q
a=5mm=5x10"m
L = to be determined
' kE = 7.2 x 1073
: It follows that:
- et ¢ -t/0.7x107°
i vc(t) =L 6.38 x 10 “[6(t) - 1.4 x 10" e u(t)]l (@114)
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4.5.2.3 Interpretation of §(t)

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

9

v () = 210 X 1073L[u(t) - u(t - 33 x 10°7)]

¥ -6
- 8.84L x 103 e t(0.7x10 ) u(t) (volts)

For input-output impulse responses that contain at
least one inversion (one shorted termination), the output
peak value can not exceed the initial maximum value of the
input. Therefore, only the 33 x 1077 sec. pulse will pro-

duce a significant response and the e-t(0.7x1079), (¢t} com-
ponent can be neglected.

Accordingly, vc(t) can be well represented by:

ve(t) = 210L[u(t) - u(t - 33 x 10°%)] millivolts.

4.5.2.4 Calculation of H Field (Inductive) Effect

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

r—— l H ——l
Z i © Z
I 5 B
! T

Figure 93. Diagram of i Coupling
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Now:
H
. d¢ eak -3 H
vy (t) x a% = u, B2 5 x 1077 La k' (115)
peak

where:

H H. % _2x0.47a 832 _

. = k7 = 7 3 ;. Tk 0.03

(o] 4mR 4n x (1.53)

for the parameters given in the E-field case. For an
a=25x10"3, aH eak of 200 amp/m, a current rise time,
At, of 0.7 usecs, We get:

3 e-t/o.7x10‘6

vp(t) = L 55 x 10~ u(t) (volts)  (116)

Assuming that the regions of influence for both the £ and i
are equal, the ratio of peak values for vL(t), vc(t) can be
given as:

v _(t)
5 peak
i 3§31 (117)

v, (t)
- lpeak

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
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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 variable may be scaled, the proper
procedure for amplitude scaling, a technique for compensating
for configuration effects, a postulated LTA model, 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 queétion of which physical variable may be scaled
is addressed. It is concluded that any of the physical ef-
fects of the pulsing capacitor energy (i.e., i, v, g%, or g%)
may be defined by measurement and scaled to the levels of in-
terest as a direct consequence of system homogeneity.

5.1.2 Detailéd Discussion

This dﬁscussion consider§ the proper amplitude scal-
ing of the physical variables i, %%, v, and g%. It specifically

addresses the proposition that '"the lack of a transient voltage
oscillation at all zero crossings of an oscillatory current
input proves conclusively that the coupling is capacitive and
not inductive" (Reference 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 an 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., the
driving 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:
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i(t)

"
o<

-¢/RC _-_~R/L ¢
. g }u(t)

R i SREL Y (118)
IR ‘1 ® } u(t)

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 TS
di/dt for 1/RC << R/L as:

di .

) e-R/L t
= RN

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

which can be rewritten as:

e ¥{1 o R/L t}u(t)

v, (t) - vz(t)

di _
dt

1
<

(120)

which is the sum of an input v,(t), continuous at t=0 and an
input vj(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:

u(t) - % (1 - e °% sin w t)u(t) (121)

where the % u(t) is the same vj;(t) input as the vj(t) of the

unipolar g% of Eq. 119. It is postulated here that the

induced transient is produced by the vj(t) = % u(t) step

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




T

input is common to both unipolar 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
Yz(t) = [ VZ(T) h(t-1)drt (122)
0

where vz(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 Y,(t) which is added to the common trans-
ient step response to give the total response. Because v(t)
differs in the unipolar and oscillatory inputs, the Yz(t)
will differ also. In both cases, neither the unipolar nor
oscillatory v,(t) inputs have enough energy at frequencies
high enough to excite the illustrated frequency responses.
Only the discontinuous v, (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 (i, %%,
v, %%) 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

Sl 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 desired input from the recorded
response of the system to a known input. The proposed pro-
cedure does not compensate for LTA configuration effects (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.

S.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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klll(w) oy 3 O SLST(“’)

Figure 94. LST Situation

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

kzlz(w) = SAIR(w)

Figure 95. Airborne Situation

Combining Figures 94 and 95:

kz Iz(w)
; K ||T@ SpsT(@) = Spip(w) (123)
i .
4 For the case where i;(t) = iy(t), I;(w) = Il(m), and simple

amplitude scaling is proper. However, whenij(t) # iz(t),
the proper expression for SAIR(t) is:

k i I,(w)
[E—i’-] g1 [If_@)’] * S gp(t) = Sprn(t) (124)

where * represents a convolution in the time domain. When
ig(t) = iz(t):

-1 (1) . :
F )TITET = §(t) (Dirac Delta Function)




s e

and, as expected:

k, k,
[i‘] [G(t) . SLST(t)] “| | Susr® = sy @29
1

However, this is not the usual case. Assuaulng a double expo-
nential for i,(t), i;(t), we can perform the inverse transform
as indicated in Eq. 126. Specifically, let:

¢ . 'Gzt ‘th-
12(t) = IAIR(t) = k2 {e - e Ju(t)
- ¥ il (126)
: g . o |
11(t) = 1LST(t) = k1 e - e u(t)

which yields, after considerable manipulation:

k I, (w) -ost -Bot
A T g IR 8 R 2
(lq )F T, @) ‘ [A i b s ]u(t) (127)

where:

The convolution of Eq. 124 can be computer-calculated and
correct amplitude scaling 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.).
With this technique the LST tests can be applied with 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:

A/C

EXCITATION | Gy (9 CYLINDER]| T(s) PROBE
i ——— f A/C CYLINDER
e A/C CYLINDER IN 7O PROBE
LTA CONFIGURATION LOCATION Yols)
Yascls) =
SKIN CURRENT
OR VOLTAGE

TO CABLE SHIELD

Figure 96. Aircraft Cylinder and Avionics
Transfer Function
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Gy(s) can be estimated experimentally by measuring the air-
craft cylinder response to a known input and solving for Gj(s)
as:

Y (s)
Gy (s) = -1%9%57- (128)

With the G,(s) defined, the important T(s) transfer function
can be detérmined as:

Y
S 1 S

To extrapolate to the airborne situation, a new G,(s) must be
defined which relates the skin response to a real- 11fe light-
ning 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:

G,(s)T(s) (130)

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

a. Estimate Gl(s) by measuring LST aircraft cylinder
response to0 a known input near the dominant aperture.

b. With Gl(s) defined, estimate T(s) from measured
probe induced voltages.

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

Define the airborne transfer function G;(s)T(s) and
pred1ct true aircraft response, y(t), to an arbi-
trary input, x(t), or:




y(t) = LHX(s) G,y(s)T(s)] (131)

1 e. Perform magnitude scaling on the response calculated
in sted 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. o

* 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
cable response, if any, is the response of the internal air-

craft circuitry to the step function, u(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 13m 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:

k . & 't/TtC- d
F i (t) = u(t) e cos(fpt) a gelI; + I,] (132)
: CABLE
NO. 4 L=13m ‘{ 3
ig (0) :E n>> 2 e OPEN CIRCUIT

Figure 97.. Yaw Circuit Cable Equivalent Circuit

* Lower LTA frequency due to longer LTA assembly used in
the Eglin AFB test
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Figure 98.
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Measurement from the Yaw Computer Circuit
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-
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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%:aple
or a A\ = 26 m for a fcapr1e Of = 12MHz. The presence of the
12MHz transient is completely verified by all recorded yaw
computer and yaw damper servo circuit waveforms. In all
cases, it is the response of the open circuit line to the
u(t) of the ig(t) effective input since it is the u(t) com-
ponent which supplies an input spectral line at 12MHz. 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 peaks

at 12 MHz as is shown in Figure 100.

—
YAW DAMPER CIRCUIT

12 MH
Af= __z

T
(o] 12 MHz

f commm—tg-

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 confirm the model. Using
a 1-foot loop, the responses of Figures 104 through 106 were
recorded near the cockpit aperture. Since the one-foot loop
was essentially wide-band, a clear 4,25 MHz*is to be expected
as is confirmed.

In order to verify the postulated model, a RG-58
simulated LTA oscillation component was added to an induced
transient in two separate ways. In the first experiment, the 1
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.

. *Higher LTA resonant frequency of 4.25 MHz due to shorter LTA assembly
i at WPAFB.
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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 System Analysis

PR | 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.

.94 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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Figure 102. Measurements from Yaw Damper Servo Circuit
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Figure 103. Spectral Measurement from Yaw Damper Servo
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Figure 105. Spectral Content of Loop Measurements
Made Near Cockpit Aperture
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t
y(t) = [ h(t - 1) x(1)dr (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 Fourier transform
of y(t) equals the product of the Fourier transform of h(t)
with the Fourier transform of x(t), i.e.:

© -jut
Fly(t)} = [ y(t) e dt
(134)

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

or solving for H(w):

Hw) = X : (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) = Fl(H)) = p‘l-[§ 3.] (136)

There are two uses for h(t):

a) By convolving h(t) with a DIFFERENT 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.




b) Because h(t) represents the physical system
response to a narrow spike of energy, the
detailed structure spike of h(t) can contain
a great deal of information concerning the
dynamics of the system. For example, predom-
inantly inductive coupling will be represented
by a reflected train of doublet pulses:

<§ §(t) = s’l(t)>

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

2 ;
‘1—7 §(t) = 87 2(t)
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(w) is indicated in Figures 113 and 114. With
the inverse transform subroutine, h(t) is easily determined
as shown in Figure 115.

PIRIRPS-SENFONCRC I

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
1 from the convolution theorem. Because the argument is
circular, however, the result does not prove linearity but
it does verify that S/N and round-off 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 i
represents an interesting use of the principles discussed in
Section 1.2 of this report.
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5.6.2 Detailed Discussion

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

2z
- di d i
VIN(t) = K I + a :i—t?— (137)
+ 1

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:

I, gp () K(jo - ad<) H(w) — S, 7 (w)

where H(w) is the transfer function of the aircraft derived
earlier. From direct measurement, Sygr(w) and ILST(w) are
known. The phase response of H(w) is well known 1in the
vicinity of a resonant frequency. That is, it is zero (0°)
at w = wR and *45° at the 3 db frequencies on either side of
the resonant frequency, wg.

Furthermore, the phase response of the aperture
term can be expressed as:

84(w) = tan”! [—l] (138)

aw

so that a knowledge of 6, (w) should define the weighting
factor "a" which is the parameter of interest.

For the following case:

eiST(w) phase of LST current
eH(w) - phase of cable transfer function

eiST(m) - phase of LST output pulse,




we can write:

e{ST(w) + 9, (0) + 8,(w) = efST(m) (139)

or:

6,(w) = tan” " [E%] x efST(w) - 8, (w) - exl,sr(“’) (140)

which allows an estimate of the parameter '"a'".

Although the above procedure has been tried with
encouraging results, more work needs to be done with the
technique to fully develop it.
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6. DISCUSSION OF TEST RESULTS AND CONCLUSIONS

6.1 Linearity and Its Implications

The results of the analysis and the experimental veri-
fication have demonstrated the validity of the LSA technique
using LST methods as the single, 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
important, 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
system from the tested system were of legitimate concern.
The linear systems approach taken and the transfer functions
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
configuration 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 circuit'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-
I sient. The calculation, of course, depends upon more detailed
knowledge of the airborne natural lightning environment than
is currently available. The AFFDL EM Hazards Group at
Wright-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.
Newly designed systems could be mocked-up, for example, 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-111 aircraft and its yaw computer circuit
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which was studied in detail. After the impulse response
function, Figure 117, was obtained, it 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
rises in a concave fashion (Figures 118 and 119). Accord-
ingly, a waveform which rises in a concave 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.

It is simply one of many possible waveforms which, if they
were physically realizable, could be passed through an air-
frame and would produce some output. This waveform was se-
lected based upon two arbitrary criteria: it rises in a
concave manner and it is rather significantly different 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 pusec input current
pulse will yield results which probably will not significant-
ly differ from 1.5 x 50 or 3 x 50 usec input current pulser
or whatever is used. Facilities effects may or may not be
important in what output is measured but techniques developed
and reported here permit the removal of these effects from
the test results.

Having demonstrated the means by which the ground
facility configuration effects of LST can be eliminated in
LTA, that the aircraft and its subsystems' transfer functions
can be accurately defined by LST, and that LTA is inherently
linear if performed as described in this document, it remains
only to define, in both the time and frequency domains, the
actual lightning threat of the real environment. This is
easier said than done since, in all probability, lightning
strokes are like snowflakes, in that no two are ever exactly
alike. Therefore, the preparation of test standards (e.g.,
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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 characteristics of the input/output waveform
pair are recorded is an acceptable alternative. Also note
that although LST methods were originally intended to provide
a simulation of di/dt effects (magnetic fields), a dv/dt ef-
fect (electric fields) has been fortuitously included. 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 transmission
line propagating energy in the TEM mode is important. Internal
shielding of cables, or black-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-111 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 thought 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 aperture coupling, the analysis did
show that aperture coupling does not require unrealistic
ﬁ 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
indirect effects evaluation were incomplete. The necessity
for both time and frequency domain treatments results in a
need to include a data acquisition system with some ''number




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 representative LST system should include most of the capa-
bilities outlined in the Appendix of this report. And, al-
though it is premature to actually develop definitive speci-
fications, pending resolution of in-flight environmental
parameters, the basic framework of LTA methodology can be
sketched. The AFFDL EM Hazards Group plans to do this in
the near future.

6.5 Design Trade-offs

The methods developed permit a sensitivity analysis 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 surge 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 judgement alone.
In addition, these trade-off studies can be made early in
the design.

6.6 Conclusions

The results of this investigation demonstrated that the
LTA method with time and frequency domain inputs resulting
from LST can accurately predict the susceptibility/vulnera-
bility of aircraft to lightning.

The results also demonstrated that LST outputs are
linearly proportional to the inputs, and, as a consequence,
can be scaled to real lightning levels.

The mcthod 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.




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, electric field or magnetic field
can be calculated from the phase relationships between the
input/output waveform and the impulse response function.
Both coupling fields must be considered in any system study
or evaluation.

The framework of LST standards can be established al-

“though complete LST standardization must await further de-

velopment of present LST methods and definition of the
natural environment.
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/i RECOMMENDATIONS

The following list of recommendations, although not
exhaustive, includes some such representative areas where
further investigation is in order. 1In general, the recom-
mendations consist of performing additional investigations
in: LTA configuration effects, small apertures, pulse re-
sponse of aircraft cabling, aircraft system considerations,
standards for LST methods, acquisition of in-flight data,
and reprocessing existing data from previous tests.

7.1 LTA Configuration Effects

a. Investigate the variation of skin current density
as a function of lightning entry and exit points.
The relationship 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. Analyze the effect of the LST grounding configu-
rations on the skin current distribution. Mea-
sure the higher-mode skin current behavior near
important apertures.

7.2 Small Aperture Studies

a. With the "yoke" coil experiment, quantify £ and
H values inside typical fuselage cavities as a
means of verifying Van Bladel's expressions.

b. Evaluate the near field £ and H scalar potentials
as suggested in 3.2.2.1.

c. Consider a three-dimensional numerical study of
the effec%s of aircraft cavity shielding on the
expected and H field levels.

d. Undertake a detailed measurement program to de-
termine the shielding effects of conductive sup-
ports, panels, wire bundles, etc. These tect
results should then be correlated with the resis-
tance paper method, the conjugate harmonic method,
and the graphical method.

e. Develop a cable routing strategy using potential
theory techniques.

144




7.3

Pulse Response of Aircraft Cabling

a.

System Considerations

Perform a detailed series of experimental tests
to compare the results predicted from linear J
system theory to actual LTA test results. The

tests should include a wide range of aircraft
circuits.

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.

et e

Develop input waveform independent methods for
determining the application point (21,%7) of the
dominant aperture flux. The frequency domain
techniques will involve the interrelationship be-
tween transfer function magnitude and phase near
the (&3,%2) dependent resonant frequencies.

Develop time and frequency domain techniques to
identify the multiple input (aperture) case.

Analyze the possible effects of a distributed
rather than a local excitation point.

Extend pulse response techniques to other kinds
of terminating impedances, nonlinearities, and
cable lengths.

Extend present work on unshielded cable to shielded
coaxial cable.

a.

The overall LTA impulse response, h(t), (3.3.2.1)
technique holds great promise, both as a means for
predicting system outputs to new inputs and also
as a means of identifying the dominant 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.

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 actual lightning wave-
forms.




(S The phase response method for identifying the
nature of the '"small aperture" coupling should
be extended. Other frequency and time domain
methods should be developed to quantify the aper-
ture transfer function, Gpp(w), which was pre-
sented in Figure 3.

7.5 Standards

The framework for standard LST methods should be es-
tablished (possibly as a position paper). Such a framework
would outline the general requirements for the measurement
equipment, the data collection techniques and the methods
of data reduction. In addition, methods for "spec-ing"
equipment should be possible. For example, definitions of
acceptable transfer functions might be one way to approach
these specifications.

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 01d Test Data

Once all of the other refinements to LST methodology
have been made, all of the old LST test data (particularly
F-16, 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.
This 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-111 Test Program

The F-111 tests were conducted on an Air Force F-111-E
aircraft, serial number 67-116A, at Eglin Air Force Base by
the Electromagnetic Hazards Group, AFFDL/FESL, during the late
summer of 1976. The original objectives of the F-111 LTA pro-
gram were mainly to improve the technique for obtaining 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-111 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 verification.

Pulse Generating Circuit Improvements |

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

L 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

1 (a shielded trailer).

2) Break-out boxes and cable interfaces between the |
aircraft circuitry and the fiber optics were speci- |
fically designed for lightning transient research
which minimize alterations of the circuit's res-
ponse. Again, increased signal-to-noise ratio was
a result of this careful design.

3) A Tektronix transient digitizer (Model R7912) was
used to acquire the signal transmitted 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 magnetic tape (cassettes) and to permit
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-111 test, lightning-induced voltages
were measured on flight critical circuits of the Altitude-
Vertical 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 previous tests which suggests that
higher transients occur with power on than with power off.

The electrical configuration used to simulate a current
pulse similar in shape to the unidirectional fast rising current
wave of a natural lightning strike has been described pre-
viously (Reference 3) and is shown in Figure A-1.

The Lightning Current Generator used for these tests uses
two separate capacitor banks, each charged separately. The
capacitance, resistance and inductance of the circuit may be
varied along with charge voltage to achieve a variety of wave-
shapes, risetimes, or amplitudes. The banks were triggered by
a pneumatic trigger instead of an electronic trigger because
trigger noise is reduced and gap spacing is no longer critical
thus preventing premature '"firing'" of the network ('prefire").
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-111 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-5. 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 cest are
shown in Figures A-6 through A-8. The data obtained from an LST
are usually induced voltages measured on selected circuits 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 digital con-
verter (500 MHz bandwidth) which can be operated similarly to
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an oscilloscope when coupled with a 7A19 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 com-
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-3.

Detail of Marx-Type Current Impulse Generator
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Figure A-4.

F-111E Aircraft and Lightning Transient
Test Set-Up

|
|
155 1




FILE: F111 3109 POS PK: 697.4

100A BOONS NEG PK: -12.47
A: 33 T —— L e
Lo ..f,
C: 24 4 s
6
VC: 30 -+
TR: ::
2.626 T
-+
TD: 5
o 2 1 1 TN :;AJAA VTR N 1 Vi . I ) A 4 2 1 7o N | AMPL|TUDE
DI/DT: Lt O v!vv-L‘rlll & B = I BB RS AR (AMPS)
r' 2125 1
qb
1
-+
-+
I
! I
] 1
TIME (NS) ——b 301V
Figure A-5. Typical Current Pulse Generated by
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.
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Symbol

a(f)

tmy © ™
o

™

Description

Radius of circle
Area of continuous conductive collar

Attenuation due to the non-zero loss
factor

Frequency varying skin resistance

Twin lead separation distance

Capacitance of source
Speed of light

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

Bulk capacitance (C x 24/¢)

Capacitance of nth capacitive element
in series resonant circuit

Capacitance of continuous conductive
collar configuration

Rate of change of current

Increment of aperture area

Distance

Permittivity constant coul?/nt-m? (of air)
Base of Naperian Logarithm

Electric field vector

Permittivity

Constant potential contour number n
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Description

E, Permittivity of free space
ET Tangential component of electric potential
ﬁe Electric field strength - e component
Em Electric field strength - m component
ER Relative dielectric constant of plastic space
E Electric field intensity
fn Resonant frequency of RLC series circuit
fR Resonant frequency
GLST(“) LST configuration transfer function
GAp(m) Aperture (small) transfer function
GA/c(m) Aircraft cable transfer function
i Magnetic field vector
HTAN Tangential component of magnetic field
Hy Normal component of magnetic field
“e Magnetic field strength - e component
ﬁm Magnetic field strength - m component
o Aircraft surface current density
Ip Peak current of return lightning stroke
il(t) Skin current
ILST(”) Fourier transform of LST current pulse
i(t) LTA current
162
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Symbol
i(e,t)

ig(x,t)

La/C

Description

Time varying skin current at length from
entry point

Time varying current pulse

Displacement current

Current density vector
Skin current density function

Skin current density at point x from
aperture

Magnetic current density
Electric current density

Aircraft surface charge density

Initial pulse magnitude
Far field ratio of E to aperture field E,

Magnitude of peak skin current ij;(t)
in ground

Magnitude of peak skin current i;(t) in air

Length
Inductance

Cable length between excitation point
and shorted end

Cable length between excitation point
and open end

Inductance of initial inductive element
in series resonant circuit

Length of aircraft
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Symbol

5 ()
S1 (w)
StsT(@)
51 ()
S¢(w)

Description

Bulk inductance (Lx%p/c)

Number of round trip intervals in
transmission line

Intrinsic impedance of free space
(~377Q)

Number of turns

Conductivity of resistance paper

Phase response of aperture
Charge on continuous conductive collar

Value of damping resistance

Fourier transform of skin current
Fourier transform of induced voltage
Fourier transfer of output pulse
Fourier transform of induced current

Fourier transform of (aircraft) skin
current

Rise time to peak current value of return
lightning stroke

Time of maximum di/dt
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vi(t)
v(x,t)
vp(t)
v(e,t)

i)

V(X)

Vr(t)

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

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

the decay phase

Time constant for fLyxc

Effective exponential time constant

X
\

Daﬁped time constant

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

Permeability constant Weber/amp - m
(of air)

Scalar magnetic potential

Time varying induced aperture voltage
Capacitor charge voltage
Time varying voltage pulse

Time varying voltage input to
transmission line

Time varying skin voltage at length %
from entry point

Voltage which is a function of two
variables

Voltage, volts

Magnetic potential

Reflected pulse amplitude
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Symbol Description

Ve Excitation voltage at center of
transmission line

Vr Excitation voltage at open end of
transmission line

Vg Excitation voltage at shorted end
of transmission line

Vp Pulse velocity

Va LST aircraft voltage to ground at
aperture

uz(t) Input continuous at t = 0

ul(t) Input discontinuous at t = 0

Vin Voltage input to transmission line

w Frequency in radians per second

ml 'c/"AK

wR Resonant frequency in radians per
second

Y Input admittance of shorted
transmission line

Yo Reciprocal of characteristic
impedance

Yz2(t) Convolution integral

Z; Impedance of cable length %

Z; Impedance of cable length %,

zo Characteristic impedance of cable

Zin Input impedance of shorted
transmission line

Z(s) Terminating impedance
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Symbol Description
a Undamped resonant frequency
8 Damping ratio
A Wave length
Po Reflection coefficient of sending
end of transmission line
pa/cC Reflection coefficient of shorted
end of transmission line
Pm Magnetic charge density
Pe Electric charge density
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