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.. CHAPTER I 

INTRODUCTION 

State of the art technology is making an impact on modern day 

aircraft in two main areas: physical construction and on-board elec

tronics. With composite materials, aircraft of the future will weigh 

less, but will be stronger; in addition, with solid state digital 

avionics and control systems, there will be greater weight and 

space savings, as well as increased system capabilities. However, 

because the basic character of the aircraft and the systems aboard 

will have changed, the vulnerabilities of those systems to Nature 

will also have changed. A specific example of this is the effect 

of the electromagnetic field produced by lightning on aircraft 

electronic systems. It is believed that future generation on

board electronic systems will be more susceptible to lightning 

induced electromagnetic fields for two reasons: first, with composite 

materials, new generation aircraft will no longer have the Faraday 

shield protection afforded by the metal skins of present day aircraft, 

and second, because a significant amount of new generation avionics 

will be digital, lightning induced pulses could cause interruptions 

in system operation which could last as long as it takes to reset, 

reload, or reprogram that system. Clearly, a need for lightning 

hardened electronics exists, but before designs of these hardened 

systems can be started, a clearer understanding of lightning generated 

electromagnetic fields must be obtained. 

With this goal in mind, the National Aeronautics and Space 
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Administration has implemented a two part ligbtning measurements 

program: the first part of the program consists of an instrumented 

F-106B aircraft flying into thunderstorms to record these lightning 

generated electromagnetic fields using sensors located on the aircraft 

skin; the second part of the program consists of simultaneously 

measuring the lightning fields from several ground positions to obtain 

additional information about the lightning. 

The purpose of this thesis is to design, build, test, and evaluate 

a prototype multigap sensor to measure the time rate of change of the 

magnetic flux density (or B, where the dot indicates the rate of change 

with respect to time) of nearby lightning. A follow-on version of this 

• 

B sensor will then eventually be placed on the front portion of the 

F106B aircraft to measure the fields of nearby lightning flashes. Other 

sensors already on the aircraft measure the fields of direct lightning 

strikes. 

This thesis is organized into five chapters: Chapter 2 is entitled, 

"Theory of Operation of the Sensor" and includes the theory of voltage 

generation in a loop antenna, a sensor equivalent circuit and voltage 

dependence, the basic layout of the four-gap sensor, bandwidth calcu

lations based on an equivalent circuit model of the sensor, the in

ductance value of the four-gap sensor which is implied by the band

width, and the sensor sensitivity. Chapter 3 is entitled, "Experi

mental Setup and Procedure," and covers sensor design and construc

tion, including some of the basic physical parameters of the sensor 

such as bandwidth and input impedance. The interference due to 

commercial broadcasting in the 77 MHz - 100 MHz region which was 

encountered when the sensor was first set up at the antenna site is 



also covered in Chapter 3, along with a description of the rest 

of the data gathering instrumentation used in this project. Chapter 

4, entitled "Experimental Results," contains examples of oscillograms 

of the lightning B pulses, rise times of the B pulses and their 

integrals, along with Fourier transforms of the B pulses. Chapter 

5 is entitled, "Conclusions and Recommendations" and covers the 

following topics: design of a sensor suitable for placement on the 

nose boom of the aircraft, sensor output voltages possible from a 

direct strike to the sensor, measures necessary for protection of 

the data gathering system against lightning, and, finally, the 

expected interference from commercial broadcasting to the reception 

of lightning data. 



CHAPTER II 

THEORY OF OPERATION OF THE B SENSOR 

Theory of Voltage Generation in the Sensor 

An explanation of voltage generation in a single loop antenna 

will be given in this section in terms of Faraday's Law, Ampere's 

Law, and Lenz's Law. This explanation will then be generalized to the 

four-gap B sensor under consideration in this thesis. Finally, 

the dependence of the output voltage of the sensor on the parameters 

of an assumed equivalent circuit model will be discussed. 

Under certain conditions, a lightning channel may be simplisti-

cally modeled as a long thin wire with a time varying current, where 

the current is assumed to be increasing, in this case. As seen in 

Figure 1, there is an increasing circular magnetic field generated 

by the increasing current in the wire. Ampere's Law shows the 

relationship between a steady current I and the H field 

^ H • dZ = I (2.1) 

The field passes through a loop held at some fixed distance from the 

wire, and it is because the current and field are time varying that 

a voltage is induced in the loop. This is evident from Faraday's 

Law: 

V = - M (2.2) 

dt 

which says a voltage results from any time varying flux. This 

induced voltage produces a current in the closed loop of Figure 1 

and this current, in turn, generates a magnetic field that opposes 
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Figure 1. Voltage Induced in a Loop 



change in the original magnetic field (Lenz's Law). In the case 

illustrated by Figure 1, the generated magnetic field points into the 

paper to oppose the change in the original magnetic field which is 

pointing out of the paper through the loop and increasing. The 

direction of the induced current is specified by the right hand" 

rule and is clockwise. Voltage generation in the four-gap sensor 

follows the same logic except that there are four loops instead of 

just one. The gaps are connected, however, so that voltages due to 

an E field subtract and those due to an H field add. 

Sensor Equivalent Circuit and Voltage Dependence 

The four-gap sensor may be modeled by the RL circuit shown in 

Figure 2 where L is the total sensor inductance and R is the load 

impedance. The output voltage v (t) may be shown to be a function 

of different quantities, depending on the size of the inductive 

reactance X^. 

Ideally, the output voltage v (t) should be proportional to B 

and if the magnitude of the inductive reactance X^ is small compared 

with the magnitude of the load impedance R, this will be the case. 

The R value is obtained by summing the characteristic impedances of 

the cables across each gap. 

The definition of flux for a magnetic field is 

<j) = / ¥ • dl (2.3) 

where d7 is a differential surface area vector pointing perpendicular 

to the surface. If B is at right angles to the surface and uniform 

over it, then 

(}) = / B ds = B / ds = BA , (2.4) 



+ o + 
R >Vo(t ) 

Figure 2. Sensor Equivalent Circuit 
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where B may be taken out from under the integral sign because it is 

uniform and where A is the area that the flux passes through, in 

this case, the cross sectional area of the sensor. In Figure 2, 

V (t) is the voltage induced in the sensor as a result of the light-

ning flash. Restating Faraday's Law in terms of the flux passing 

through the sensor area and v (t), the voltage induced in the sensor, 

one has 

v^(t) = - | f (2.5) 

If X « R, then v (t) ̂  v (t) and 
L O S 

^ (r^ % 'i±= -A_(A B) = -AB, (2.6) 

o^^ "^ dt dt 

since the loop area A is constant with respect to time. The area A is 

really an equivalent area, noted as A , and has a relationship to 
A , the geometric or actual area enclosed by the loop. This 
geom ° 

relationship depends on the number of gaps the sensor has: for sensors 

with two gaps A = A and for sensors with four gaps A^^ = 
^ ^ eq geom eq 

A /2. If, on the other hand, X̂  » R, the dependency of v (t) 
geom p o 

is somewhat different and, in this case, as can be seen from Figure 2, 

V (t) "̂  V (t). From the relation for current through an inductor, 
s L 

±^{t) = ̂  / v^(t)dt , (2.7) 

i t follows that 

i^(t) 4 / v^(t)dt = i / Afdt 

= i / AdB = ^ , (2.8) 
Ll P 

and therefore, the output voltage is 

V (t) = i rt)R ̂ ^ . (2.9) 
O L L 

Thus, because X̂  is large, v (t) is no longer proportional to B, but 



rather is now proportional to B. 

Basic Sensor Layout 

The basic four gap sensor is illustrated in Figure 3 [1]. 

Across each of the four gaps there is connected a 93 ohm coaxial cable 

(assumed to be 100 ohms for convenience): gaps 1 and 4 are connected 

in parallel at the #1 output coaxial connector, and gaps 2 and 3 are 

connected in parallel at the #2 output coaxial connector. Consequently, 

approximately 50 ohms is instantaneously seen looking into each coaxial 

connector from outside the sensor. 

Assume that the E and H fields are given an arbitrary orientation, 

as shown in Figure 3, where the dotted lines indicate the x-y axis. 

If the H field is pointing out of the paper and decreasing, then a 

counterclockwise current will be present in each of the four loops, as 

specified by Faraday's Law and Lenz's Law, but the current in each of 

the shorting plates will be equal to zero because it is the sum of 

two opposing currents of equal value. The only currents remaining will 

be those in the exterior portion of the loops and they are labeled I^ 

in the figure. The polarity of the voltages across each gap due to the 

F field is shown with the polarities uncircled. Since 

V = - / E -dl, (2.10) 

there is also a voltage present across gaps 1 and 4 due to the orienta

tion of the ¥ field with respect to the sensor and the polarities of 

these voltages are shown in Figure 3 circled. When the voltages present 

across the two output connectors are combined differentially, it can 

be seen that the voltages which are due to the H field add to twice 

the magnitude of either H field dependent output voltage since the 

voltages are of opposite sign and the E field dependent voltages add to 
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Figure 3. Basic 4 Gap B Sensor 
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zero since they are of the same sign. As a result of these subtracting 

and adding voltages, the voltage developed across the output of the 

sensor is theoretically due to B entirely (if X̂  « R) and there is no 

component due to the presence of the electric field. The orientations 

of the E and H fields in Figure 3 are, in a sense, arbitrary even 

though they are directed along the x and y axes because any field can 

be decomposed into an x and a y component. The E field in the x 

direction would have no effect on gaps 1 and 4 since the angle between 

E and the differential length vector dZ would be 90° and the dot product 

would therefore be zero. 

Sensor Bandwidth Calculations 

For the simple circuit of Figure 2, the voltage transfer function 

IS 

and its magnitude is _ 

V 
o 

V 
s 

V^ ( j w) 

V (jO)) 
s 

Cj^) ^ 

Cj^) ^ * ^ ^ 

R 
, „2 . 2 2,1/2 
(R +03 L ) 

(2.11) 

(2.12) 

The 3db point, or point where |V | is .707 of |V |, can be obtained by 
o s 

equating 
V̂ (ja)) 

V^ ( j 0)) 

_1_ 

/2 
(2.13) 

and solving for o). In this manner, the bandwidth, w^, is obtained: 

R 
03 = :r. 

o L 

(2.14) 

A l t e r n a t i v e l y , 

L = 
R_ 

2TTf ' 
(2.15) 

which gives the inductance in henries for a given bandwidth in Hz and 
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load resistance in ohms. This inductance value determines the 

physical dimensions of the sensor. For the four-gap sensor, the R 

and L values are total values for the sensor. As the circumference of 

the sensor is traversed, all four gaps are encountered and with approxi

mately 100 ohms across each gap, the total R value encountered going 

around the loop is 400 ohms. 

Sensor Sensitivity 

From equation 2.6 it is readily apparent that a bigger A will 

mean that, for the same B value, a bigger output voltage will be 

obtained. Therefore, this area, which is one half the cross sectional 

area of the four loop sensor seen in Figure 3, is actually a measure 

of the sensitivity of the sensor. The factor of one half arises 

because for the gaps connected in parallel, the voltages do not add. 



CHAPTER III 

EXPERIMENTAL SETUP AND PROCEDURE 

Sensor Design and Construction 

Two major constraints examined during the design phase of the B 

sensor were sensor sensitivity and bandwidth. It was desired to find 

a set of sensor dimensions which would not only provide the necessary 

bandwidth, but would also provide the needed sensitivity. 

A bandwidth of 100 MHz was desired together with a 20 mV sensor 

4 
output voltage. A value of 10 A was assumed for the peak current 

of the lightning, and a typical distance from the lightning to the 

4 
sensor was taken to be 1 x 10 m. This 20 mV figure was chosen 

because it represents a significant deflection on the Tektronix 7834 

oscilloscope set to the 5 mV/division range. It is also a reasonable 

figure for a future in-flight system because with this input, the 30 db 

amplifiers on board the aircraft would develop .63V at the output, and 

this would be more than enough voltage to drive the transient recorders 

to their full scale value of + .5 V. 

As seen in Chapter 2, the relationship between the inductance L 

and the bandwidth f is ĵ  (3.0) 

^ " 2Tff~ 
o 

where the load impedance R is chosen to be 400^ and the bandwidth f̂  

of the sensor is chosen to be 100 MHz. This specifies a sensor induct

ance of .6366 yH. 

If given a distance from the sensor to the lightning flash and 

a desired sensor output voltage, one may determine the required sensor 

diameter by using both the appropriate relation of B to I and the 

13 



expression for the output voltage of the sensor, first seen in 

Chapter 2, 

^o^^) = -^ec ^ (3.2) eq 

where A^^ is an equivalent area. Initially, the relationship between 

B and I was obtained using Ampere's Law relating a steady current I in 

a long thin wire to a static magnetic field B as an approximation to 

the time-varying case. This relationship was used to obtain the radius 

of the sensor. However, later, a second relationship was also used; 

this one gives the radiation field from a time varying current and is 

probably more accurate. A second calculation of sensor dimensions is 

included using this relationship. 

From Ampere's Law, the magnitude of B associated with a time-

varying current I is 

; ^o . 
^ ^ "2^;fp- ^ • (3.3) 

^n(t)^ - ^ n - 9 ^ . 4r (3.4) 

combining equations 3.2 and 3.3 yields 

1 (t)'^ -A — ^ — 
ô ""̂ ^ eq 2TTr' At 

where r' is the distance from the sensor to the lightning and A is 
eq 

an equivalent sensor area, not necessarily equal to the true geometric 

2 
area. In this case, A = A /2 = Trr /2. Assuming that 

eq geom geom ° 
v^ = 20 mV, Al = 10^A, At = 10~^ sec, and r' = 1 x 10^ m, one may 

2 
calculate the cross sectional area of the sensor to be .252 m ; this 

corresponds to a radius of approximately 10 inches. Since the induct

ance L of the sensor is known from a bandwidth consideration and the 

radius of the sensor is known from an output voltage or sensitivity 

consideration, there remains only the task of finding the length £ of 

the sensor and this can be accomplished by using the following 
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relationship between the inductance of an inductor in microhenries 

and its physical dimensions [2]: 

L = Fn d (3.5) 
geom v-"-'/ 

where L is the inductance in microhenries, n is the number of tiirns, 

d is the diameter of the inductor in inches, and F is a quantity that 

depends on the ratio of the diameter d of the coil to the length 

geom ^ 

t of the coil. In this case n = 1 because there is only one turn 

consisting of copper sheet of length I, Since L = .6366 yH. for a 

bandwidth of 100 MHz and r = 10 inches, the length of the sensor is 

calculated to be 6.89 inches. This length was rounded up to 7 inches 

for convenience and the bandwidth of a coil of radius 10 inches and 

length 7 inches is approximately 101 MHz. 

Because equation 3.3 which stems from an assumed steady current 

in a long thin wire may be too simplistic for this time-varying 

application, another more suitable relationship was obtained. Uman 

[3] calculated B as a function of the current in the lightning as: 

y sin 9 

B = -Ar- — vl , (3.6) 
27Tcr 

and this relation was later used by Krider [4]. Here y = 47T x 10 
Q 

H/m, V is the velocity of the wave front which is taken to be 10 m/sec 

[5], r' is the range from the sensor to the lightning which is 1 x 10 

m and 6 is the angle between the vertical lightning channel and a 

vector drawn from a point on the channel to the point where B is 

calculated. For convenience, it will be assumed that sin 9 '̂' 1, and 

this is true if the distance from the base of the channel to the 

point of measurement is much greater than the height of the channel. 
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Taking the derivative of equation 3.6 with respect to time yields 

y 
A O V • 

® = T^^ ^ ' (3.7) 

where v is assumed to be constant. With this new relationship between 

B and I, the output voltage from the sensor can be written as 

y^ V A y V .̂  

o eq 2TTcr' ^ 27rcr' At ' ^^'^^ 

where, as before, A^^ = ^^^^J2, Assuming v ^ 10^ m/s and the same 

values of v^, r', and Al/At as before, one may calculate the geometric 

2 
area to be .60 m or the radius to be 17.2 inches. Thus in the same 

manner as before, the length I of the sensor is calculated, in this 

case, to be 31 inches using equation 3.6 and assuming a 100 MHz band

width. 

As can be seen in Figure 4, the sensor is built around a 2 inch 

diameter, 6 inch long solid aluminum rod connecting two 1/2 inch thick, 

20 inch diameter plexiglass wheels. The copper sheet is .030 inches in 

thickness and 7 inches in length and is wrapped in 4 sheets around 

the circumference of the two plexiglass wheels with a 1/4 inch gap 

between sheets, as shown in Figure 4. Holes were drilled and 

tapped in the plexiglass wheels so that brass screws could be used 

to hold the copper sheets to the plexiglass. In addition, brass 

screws were also used to hold the copper shorting plates seen in 

Figure 4 to the aluminum center rod and to the copper sheets which 

are wrapped around the circumference. Eight holes were drilled and 

tapped in the aluminum center rod, two holes per shorting plate, so 

the copper shorting plates could be secured to it. In order to sec

ure the other ends of the shorting plates to the copper sheet, brass 

nuts were soldered onto the shorting plates so that machine threaded 
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(b) 

Figure 4. The Prototype B Sensor and its Dimensions 
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Figure 5. Photograph of the Completed Sensor 
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Figure 6. Interior View of Completed Sensor 
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bolts could be inserted from the outside. Because the nuts are 

actually soldered to the interior side of the shorting plates, they 

will never have to be tightened from the inside. The only way to 

tighten them would be to take the sensor apart. Figure 5 shows a 

photograph of the completed sensor on a wooden stand. Figure 6' 

shows a photograph of the interior of the sensor with the RG-62 

coaxial cables connected across the gaps and running along the 

copper sheet to the type N output connectors. Scotch brand #1170 

adhesive foil with pressure sensitive adhesive is used to hold the 

coaxial cables to the copper sheet. 

Experimental Determination of Sensor Bandwidth 

The bandwidth of the sensor was determined by first measuring the 

risetime t_ of the sensor and then using the relation 

\ f, = -35 (3.9) 

which is derived in Appendix A where t is the risetime in seconds 
R 

and f is the bandwidth in Hz. 
o 

The experimental setup used to determine the risetime of the 

sensor is shown in Figure 7. A Tektronix Model 109 pulse generator 

was used to pulse a cone antenna possessing a constant impedance 

of approximately 114 ohms with pulses having risetimes of 200 psec 

and pulse widths of approximately 50 nsec. The B sensor was located 

four feet away from the apex of the cone and was connected to a 

Tektronix sampling oscilloscope. 

One-half inch Heliax low loss 50 ohm coaxial cables were used 

to connect the cone antenna to the pulse generator and the B sensor 

to the oscilloscope. Shown in Figure 8, is an oscillogram of the 
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i T "Mllli'l'^T^ 

Figure 7. Experimental Setup to Measure Sensor Bandwidth 
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Figure 8. Response of Sensor to Field of Cone Antenna 
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output of the sensor: the top two traces are the B outputs from each 

half of the sensor and the bottom trace is the integrated differen

tial output. The time scale is 1 nsec/division and the rise-time 

of the integrated differential output was found to be 3.4 nsec 

which corresponds to a bandwidth of 103 MHz. This compares favorably 

with the calculated bandwidth of 101 MHz. 

Experimental Determination of Sensor Input Impedance 

The input impedance of each side of the sensor was obtained at 

several different frequencies using a Hewlett Packard Model 4815 RF 

Vector Impedance meter. The results are seen in Table 1. The sensor 

exhibited a resonant frequency of approximately 66 MHz. Because the 

magnitude of the input impedance peaked at resonance, the impedance 

of the sensor appeared to have capacitance in parallel with it, supplied 

by the capacitance of the coaxial cables used to connect the gaps with 

the output coaxial connectors. At frequencies below the resonant 

frequency, the sensor was acting essentially as an inductor and, as 

the frequency approached the resonant frequency, the sensor appeared 

as an inductor with more and more resistance in series until, at the 

resonant frequency, the sensor appeared as a pure resistance. Above 

the resonant frequency, the sensor appeared primarily capacitive. 

The Interference Problem 

The sensor was placed at the Texas Tech Antenna Site atop an 

eight foot tripod located approximately fifty feet northwest of the 

main building; the sensor is seen in Figure 9 mounted atop the tripod. 

The sensor was connected to a Tektronix Model 7834 storage oscillo

scope with approximately sixty feet of RG-213 coaxial cable. When 
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Figure 9. B-dot Sensor Atop the Tripod 
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Table 1. Sensor Input Impedance as a Function of Frequency 

f(MHz) Z. (f̂ )(left) Z. (f̂ ) (right) 

25 45 ^ 85° 45 ^ 85° 

50 400 ^ 84° 400 ^ 84° 

66 1300 zl 10° 1000 ^ 10° 

75 165 /I -90° 160 ̂  -90° 

100 32 ^-90° 32 I- -90° 



the output of the sensor was observed with the oscilloscope in the 

absence of lightning, a 40 mV interference level was discovered. A 

Tektronix Model 7L12 spectrum analyzer was connected to each output 

connector and the interference was found to come primarily from 

commercial broadcasting in the .550 MHz - 1.6 MHz and 77 MHz - -

100 MHz regions. No attempts were made to minimize the interference 

in the .550 MHz - 1.6 MHz region because this frequency range is in 

the range of interest for lightning investigation. Several approaches 

were taken, however, to reduce interference levels in the 77 MHz -

100 MHz region. First, the RG-213 coaxial cables leading from the 

sensor to the oscilloscope were placed inside flexible steel conduit 

which was grounded via copper strap to ground rods. The ends of the 

flexible conduit were attached to the type N male coaxial connectors 

with hose clamps. Second, two 6 pole Chebishev low pass filters 

were designed. Interference from a channel 5 television station 

at 77 MHz located approximately one mile southeast of the main 

building and various commercial FM stations made a 40 dB attenuation 

at 75 MHz desirable. This degree of attenuation implied that a -3dB 

cutoff frequency of 50 MHz was necessary. A IdB passband ripple 

factor was selected. The filters were built with self-supporting air 

core coils close wound on a 1/4 inch coil form; the capacitors used 

were silver mica. The values of coils and capacitors were measured 

with a Hewlett Packard Model 4815 RF Vector Impedance meter. Seen 

in Figure 10 is a circuit diagram of the filters and the design 

formulas that were used [6]. A picture of one of the Chebishev 

filters with the cover removed can be seen in Figure 11. 

26 
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R3 L3 R4 Lg 

Ri< ^< ^ C G4>i^C4 G5>:j:C6 6̂ 

R| = R6= 50Q, 

3̂dB " 2*̂ 3 cutoff 
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«3dB= ^irfjjB 

I 
= k,9U-

'̂> (L,C2)'/2 =*''2*^5<« (6) L 

I 

^1 
— = 1—l«3dB 

(2) (c L )'/2 = ''zsWsdB (7) ' ' z ^ " " ^ 

(3) 
I 

(L3C4)l/2 
= kv^w 

R, / I 
34«'3<1B (8) ~ 

iw 
flS' 

3dB 

('̂ ^ (C4L8)'/2 = •̂ 45 ''sdB (9) «»4 -
(«3dBC4) 

G4 

(5) (L5C6)'/2 =̂  '^se'^dB 

Figure 10. Circuit Diagram of Chebishev Filter and 

Design Formulas 
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Figure 11. Interior View of Chebishev Filter 
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A plot of relative attenuation vs. frequency was made with a 

Tektronix model 191 constant amplitude signal generator and the 

Tektronix Model 7834 oscilloscope. The results are displayed in 

Figure 12. In this case, the relative attenuation was obtained by 

taking the logarithm of the ratio of the output voltage of the -filter 

at the frequency in question to the output voltage at 1 MHz and 

multiplying by 20. One filter gives a slightly better attenuation 

than the other because of a deviation of actual component values 

from design values. The exact capacitor values were not available, 

even when two were put in parallel. Even though actual coil induct

ance valves approximated design values before filter assembly, a 

slight amount of coil deformation took place when the coils were 

soldered into the circuit, thus resulting in inductance values slightly 

deviating from the design values. After addition of the filters to 

the output connectors of the sensor, the interference level, as 

viewed on the Tektronix model 7834 storage oscilloscope, was 5 mV 

which corresponds to an 18 dB decrease in the interference level. 

The impulse response of the sensor with and without the 6 pole 

filters attached was obtained using an experimental setup similar 

to that pictured in Figure 7, except that the Tektronix model 109 

pulse generator was adjusted to put out pulses with a very short 

pulse width of about .5 nsec. The impulse response oscillograms 

of the sensor without the filters and with the filters are seen in 

Figure 13(a) and (b), respectively, where the top trace in both pic

tures is the integrated differential output and the bottom two traces 

are voltage wave forms proportional to B from each half of the sensor. 

The time scale used in Figure 13 is 2 nsec/division, where 1 nsec is 
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(a) 

(b) 

Figure 13. Oscillograms of Impulse Response of B 

Sensor, with and without Filters 
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needed to go one foot at the speed of light. From Figure 13(b), one 

observes a slight amount of ringing present in one filter output 

that is not present in the other; this ringing is shown in the bottom 

trace. The filter causes some smoothing and delay of the pulses and 

consequently, the pulses cannot be seen using the 2 nsec/divisioii time 

scale. 

It was decided to investigate this ringing further. The frequency 

of the ringing, measured from the oscillogram, is approximately 750 

MHz. The output from a Wavetek model 2000 sweep generator (0-1.4 GHz) 

operated in the CW mode was fed into the filter which exhibited the 

ringing and the output was displayed on a Tektronix sampling oscillo

scope. The mainframe was a model 561A with a model 3T77A sampling 

sweep plug in and aS351 dual trace sampling plug in. The frequency 

of the sweep generator was varied from 600 MHz to 800 MHz and a 

voltage maximum was seen at 735 MHz. At this frequency, the filter 

offered no attenuation to the input. Evidently, the ringing was 

produced in the B sensor and was passed unattenuated through the filter 

which exhibited this ringing. The ringing was produced by the mis

match of the cables to the gaps in the sensor, at one end, and the 

mismatch of the line to the filter input, at the other. 

These interference supression measures were necessary only in 

the ground mounted case due to the close proximity of commercial 

broadcast facilities. The aircraft mounted sensor would hopefully not 

require any filters since the flight path of the aircraft and hence, 

its proximity to transmitting facilities, can be controlled. 

Overview of Receiving System 

Figure 14 is a block diagram of the entire data gathering system 
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Figure 14. Block Diagram of Data Gathering System 



used in this thesis. In Figure 14(a), the output of the B sensor is 

displayed and stored on the screen of the Tektronix model 7834 storage 

oscilloscope and an oscillogram is made of it with an oscilloscope 

mounted C-53 camera. The other part of the receiving system is 

depicted in Figure 13(b) and employs a reel-to-reel Hewlett Packard 

model 3960 4-channel instrumentation recorder. 

Channel #1 of the recorder is used to record thunder by use of 

an outdoor microphone which was put under a metal can to shield it 

from the rain. 

Channel y/2 was used to record any comments the scope operator made 

in connection with the recording of data on the storage oscilloscope. 

Channel y/3 was used to record WWV received on a Drake DSR-2 

communications receiver. The idea was to record the time and also to 

record each lightning flash as a static burst. Then, by recording the 

resulting thunder with the external microphone and by knowing the time 

difference between the static burst and the thunder, one could get a 

fairly accurate estimate of the distance of the flash. In practice, 

however, this procedure did not work very well because the operator 

inside the building, with no way to see outside, could not be sure that 

the static burst heard over the radio, the thunder heard over the out

door microphone, and the scope trace seen on the storage oscilloscope 

could be attributed to the same flash. It was concluded that 

lightning measurement was actually a two-man task: one person must 

be inside operating all of the electronic equipment while the other 

person must be outside near the sensor to make visua identification 

of the lightning and also to make sure the sensor is turned toward 

34 
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the majority of flashes. When lightning occurred, the spotter outside 

would indicate verbally, over an intercom to the operator inside, 

that a flash had just occurred and, at the same time, would start a 

stop watch. Because the operator inside received an almost immediate 

verbal indication of a flash, he could then correlate it with the 

trace that had just appeared on the oscilloscope screen. If the 

oscilloscope trace were big enough, 15 mV - 20 mV, the operator 

would photograph it. If thunder were heard some several seconds 

later, the spotter, because he was outside, could be sure of 

the source of the thunder. At this point, the spotter would stop 

his stop watch and call in the time between the flash and thunderclap 

to the operator inside who would write that time and the picture 

number on the back of the picture while calling out the picture 

number into the inside microphone. 

Channel #4 recorded the output of a slow antenna (or flat plate 

antenna). The slow antenna, along with the associated electronics, 

detects changes in the electric field as the result of lightning. 

Depending on the appearance of the waveform obtained from the playback 

of the tape recorded slow antenna output into the storage oscillo

scope, one could classify individual lightnings as either intracloud 

or cloud to ground. A more in-depth explanation of the slow antenna 

operation can be found in Appendix B. 



CHAPTER 4 

EXPERIMENTAL RESULTS 

The object of this chapter is to discuss the experimental 

results obtained in this project. Figure 15 contains four typical 

oscillograms of lightning B waveforms taken from the Tektronix 7834 

storage oscilloscope. The time scale is .05 ysec/division and the 

voltage scale is 5 mV/division. Pulses 15(a) through 15(d) have 

risetimes of 18.4 nsec, 12.3 nsec, 137 nsec and 33.5 nsec, respect

ively. From all of the risetime measurements, it was found that a 

typical risetime was in the 20 nsec to 25 nsec range. The maximum 

voltages obtained for pulses (a) through (d) in Figure 15 are 25 mV, 

15 mV, 22 mV and 11 mV, respectively, with a typical value from all 

measurements being in the 15 mV to 20 mV range. 

It was hoped that a correlation between distance from the 

lightning to the sensor and sensor output voltage could be obtained, 

but this proved to be a difficult correlation to establish because 

the sensor output voltage is dependent, not only on the distance of 

the sensor from the lightning and the relative orientation between the 

two, but also on the magnitude of Al/At for each flash. If the time-

varying magnetic flux is perpendicular to the surface enclosed by the 

loop, then the induced voltage will be a maximum, but if, on the other 

hand, the flux is parallel to the surface of the loop, then the induced 

voltage will be zero. Unfortunately, there was no way to judge the 

orientation of the lightning in every case because it was often obscured 

by rain clouds. Some information was obtained, however, regarding 

output voltage and distance, and this is discussed below. 

36 
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(a) 

(b) 

Figure 15. Typical Lightning Waveforms 

from the B Sensor 
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(c) 

(d) 

Figure 15. cont. Typical Lightning Waveforms 

from the B Sensor 
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From equation 3.8, one may notice that, if given a range r' and 

a maximum sensor output voltage v , then a maximum Al/At may be 

calculated. The results for eight different storms are summarized 

in Table 2. The ranges r' were obtained by measuring with a stop

watch the time between the lightning and the thunder. One can see 

that most of the ranges were between 3 and 4 km and that the 

corresponding output voltages were about 10 to 20 mV. The average 

of the calculated values of Al/At was .91 x IQ-'-̂  A/sec which compares 

favorably to the 1 x 10 A/sec we had assumed at the beginning of 

the project when determining how large to make the sensor. 

Figure 16 shows three oscillograms of lightning pulses with the 

scale on the vertical axis, 5 mV/division. Each oscillogram in 

Figure 16 was sampled once each 13.5 nsec and a reconstructed B 

curve was plotted from these samples. These reconstructed B wave

forms were almost exact duplications of the original oscillograms in 

Figure 16. These B waveforms were integrated to obtain the B curves 

and then fast Fourier transformed by computer to obtain the magnitude 

portions of the Fourier transform that are included in this chapter. 

Specifically, the fast Fourier transforms were obtained using the 

RFFT function in the Tektronix version of BASIC on a Digital PDP 

11/34 computer. The pictures of the reconstructed B, B and F[B] or 

Fourier transformed waveforms were obtained using a Tektronix 4631 

hard copier. 

The vertical axis of the B curves is labeled "A" which means 

simply amplitude; the B and F[B] curves are labeled "A-s" which 

means amplitude-second. The amplitude scale could be converted to a 

voltage scale and the curves would appear exactly the saTnt>, except 
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Table 2. Estimates of Al/At for Several Storms. 

Storm y/ 

IV 

VI 

VI 

VI 

VI 

V 

V 

V 

V (mV) 
o 

19 

20 

22.5 

20 

10 

10 

10 

7.5 

r'(Meters) 

7.7. 

3.68 

3.85 

3.52 

5.70 

3.68 

3.35 

1.34 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 

io3 

10^ 

10^ 

10^ 

io3 

io3 

10^ 

1/ t (A/sec) 

1.85 X lO-'-̂  

1.09 X lO-'-̂  

1.28 X lO-'-̂  

1.04 X lO-'-̂  

.844 X 10-̂ ° 

.545 X lO-'-̂  

.496 X lO-'-̂  

.148 X lO-'-̂  
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(a) 

(b) 

Figure 16. B Waveforms to Be Fourier Transormed 
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(c) 

Figure 16. cont. B Waveforms to Be Fourier Transformed 
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for a constant scaling factor; here, "amplitude" is equivalent to 

voltage. Figures 17 through 19, 20 through 22 and 23 through 25 are 

from Figures 16(a), 16(b) and 16(c), respectively. 

The B curves should come back to zero, but don't because the 

oscillograms were extrapolated to zero on each end. 

It can be calculated from Figures 18, 21, and 24 that the rise 

times of the B field are 68.3 nsec, 55.3 nsec, and 62.2 nsec, respec

tively. As can be seen from the Fourier transform waveforms, the 

majority of the energy in the pulse is concentrated below 15 MHz with 

very little energy present above 20 MHz. The amplitude of all three 

Fourier transform waveforms peaks at 2.46 MHz. 
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Figure 17. B Curve Reconstructed from Figure 16(a) 



lE-6 AS 

45 

1.8 . 

- . 2 I I I I I I I ' • ' I ' ' ' 

0 172.8 345.6 518.4 691.2 
86.4 259.2 432 604.8 777.6 

lE-9 S 

864 

Figure 18. B Curve from Figure 17 
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0 7.64 15.28 22.92 30.56 38.19 
3.82 11.46 19.1 26.74 34.38 

IE 6 HZ 

Figure 19. Fourier Transform of Figure 17 
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Figure 20. B Curve Reconstructed from Figure 16(b) 
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Figure 21. B Curve from Figure 20 
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Figure 22. Fourier Transform of Figure 20 
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Figure 23. B Curve Reconstructed from Figure 16(c) 



lE-6 AS 

51 

1.2 1 

172.8 345". 6 518 
86.4 259.2 432 

lE-9 S 

1 I I I I I I I I I I [ I I I 

.4 691.2 864 
604.8 777.6 

Figure 24. B Curve from Figure 23 



52 

I I 1 I I I I 1 I I I ] I 1 I I — I — I — I — I — I — I — I — I ' l l 

0 7.64 15.28 22.92 30.56 38.19 
3.82 11.46 19.1 26.74 34.38 

IE 6 HZ 

Figure 25. Fourier Transform of Figure 23 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Design of a B Sensor Suitable for the F-106 

One of the goals of the final chapter of this thesis is to" 

recommend a B sensor suitable for placement aboard an F-106 aircraft. 

Optimally, the sensor would be small enough so that its placement 

aboard the aircraft would not adversely affect the aircraft's flight 

characteristics, but yet, be big enough so that suitable signal levels 

could be obtained from lightnings at realistic ranges. Both the 2 

gap and 4 gap sensors have been found, so far, to be acceptable for 

placement on the aircraft, but in order to fully answer this accepta

bility question, one must find out how much blockage of the radar beam 

occurs when the B sensor is placed in front of the radar antenna. 

In this section, sensor requirements and advantages of both 2 

and 4 gap models will be discussed. Calculations of sensor dimensions, 

needed to give several different desired sensor output voltages at a 

constant sensor-to-lightning range, will then be presented. 

As stated previously, it is desirable to have the smallest air

craft mounted B sensor possible because of aircraft space and weight 

limitations. Two locations on the F-106 aircraft were initially 

considered as possible sensor mounting positions. The 8^ inch section 

of the pitot boom closest to the radome was considered, but later 

rejected because of the possibility that the weight of the sensor 

plus the additional weight of the aerodynamic capsule needed to shield 

the sensor might be too much for the pitot boom to support. The 

effect of this weight on the pitot boom might cause subsequent frac-
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turing of the radome at the point of pitot boom attachment. A second 

position was then selected for sensor mounting. This position is 

inside the radome and offers several advantages over the first choice: 

no additional protecting structure would have to be added to the 

outside skin of the aircraft and, thus, the effects of wind forces on 

the capsule and the possibility of damage to the radome from the extra 

weight of sensor plus capsule acting on the pitot boom would be elimi

nated; additionally, the possibility of lightning strikes to the sensor 

would probably be less at this position inside the radome than at the 

position out on the pitot boom since the sensor would be somewhat 

closer to the center of the air frame. 

The second B sensor position on board the F-106 will now be con-

sidered in more detail. An I sensor is currently screwed onto the 

back of the pitot boom where it is affixed to the radome. One approach 

would be to modify the I sensor in such a fashion that a section of 

pipe with the B sensor already mounted on it could be screwed onto the 

back of the I sensor. The cables from the I sensor would then be 

routed through the center of the section of pipe supporting the B 

sensor. In this manner, any B field associated with current in the 

cables would induce minimal voltages in the B sensor. An alternative 

would be to fashion a completely new unit made of the pitot boom, I 

sensor, and a hollow pipe with the B sensor already in place, and this 

unit could then be screwed together in several places. 

The smaller size and, consequently, the smaller voltage output 

of the aircraft mounted sensor as compared to the ground mounted ver

sion, on one hand, and the +.5 V full scale requirement of the Bioma-
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tion recorders, on the other, make placement of a voltage amplifier 

between the sensor and the recorders necessary. Some experiments were 

done with an amplifier from Analog Modules (400 Sansu St., Longwood, FL 

32750) having a bandwidth of 150 MHz and a voltage gain of 40 dB. 

The noise level present in this particular amplifier is 2 yv/>^ at the 

output which implies an output noise level of approximately 25 mV 

and this, in turn, implies a noise level of .25 mV at the input, if 

one assumes a gain of 40 dB. As a result of this noise measurement, 

the input signal voltage due to B was chosen to be at least 2.5 mV 

or 10 times greater than the competing noise voltage. The range at 

which the sensor is expected to develop this minimum output was 

selected to be 5 miles. 

Both the 2 gap and the 4 gap sensors have advantages. The 4 gap 

sensor has almost exactly the same response for all angles of arrival 

of the magnetic field propagating from the lightning. As later cal

culations will illustrate, the 4 gap sensor has a shorter length than 

the 2 gap variety, if one assumes the same output voltage and the 

same ranges for both sensors. This means that each gap of the 4 gap 

sensor needs only one load point, whereas for a longer sensor, such 

as the 2 gap version, the requirement of multiple load points is 

likely. The 2 gap version also has several advantages. The 2 gap 

sensor has a smaller radius than the 4 gap version for the same out

put. The sensor's position in front of the radar dish will cause some 

interferance to the radar, but this will be a minimum for the 2 gap 

version since there is only one shorting plate and this can be orient

ed vertically so as to minimize the scattering of the horizontally 

polarized radar beam. In addition, the gaps will be oriented so 
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that the electric field component of the radar beam will be across 

them rather than along them; this will minimize pickup from the radar. 

The relationship between sensor output voltage v and the time 
o 

rate of change of the current I was expressed in Chapter III as 

A y 

o "^ 2TTcr 
n eq o 

^. ̂ --^Srrrvi (5.1) 

If the form of the lightning is assumed to be stepped leader with a 

Q 

velocity v of 10 m/sec, a sensor-to-lightning range r' = 5 mi, a 

» % 10 
time rate of change of current I "̂  10 A/sec, a sensor output voltage 

-3 
v^ = 5 X 10 V and, for the 4 gap sensor, A = h A , then the 
o '' '̂  ' eq geom* 
geometric radius r of the sensor may be calculated. With this 

geom -̂  

radius and the 4 gap sensor inductance required for 100 MHz bandwidth 

L = .6366yH, the sensor length may also be determined. 

The relationship between the inductance of a single layer coil 

and its physical dimensions is shown here again for convenience: 

L = Fn^d (5.2) 

geom 

where L is the inductance in yH, n is the number of turns, d ̂ ^^ is 

the geometric diameter, and F is a factor which depends on the ratio 

between geometric diameter and length. Various values of output volt

age V , along with radius r and length I required to obtain those volt

ages at a sensor-to-lightning range r' of 5 miles, are tabulated in 

Table 3 for the 4 gap sensor. As seen in Figure 6, the shorting plates 

of the ground mounted sensor are bolted to a solid aluminum rod, where

as those of the aircraft mounted sensor would most probably be bolted 

to a metal pipe. In either case, for the times of interest, there 

would be very little penetration of this center area by the magnetic 



Table 3. Dimensions of the 4 Gap Sensor 

For Various Output Levels 
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v^ at r' = 5 miles (mV) 

2 

2.5 

3 

4 

5 

r ( i n c h e s ) 

3.59 

4 .98 

5.55 

6.06 

6.98 

7.75 

t ( i n c h e s ) 

.0718 

.440 

.740 

1.09 

1.96 

2 .95 
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flux density. Therefore, the actual or geometric area of the sensor 

would have to be bigger by an amount equal to this center area to give 

an output V . It was assumed in the derivation of equation 5.1 that 

all of the area of the loop has magnetic flux lines passing through it, 

including this center area. The pipe is assumed to be two inches in 

diameter for these calculations. The same procedure was used to 

calculate the dimensions for the 2 gap sensor. The only difference 

is that in this case, A = A . The results of the calculations 
eq geom 

for the 2 gap sensor are displayed in Table 4. 

In conclusion, the recommended minimum sensor dimensions to 

give the minimum acceptable signal-level of 2.5 mV at a range of 5 

miles are r = 3.97 inches and t = 6.35 inches for the 2 gap case or 

r = 5.55 inches and Z = .740 inches for the 4 gap case. On one 

hand, the bigger the signal is, with respect to the noise, the 

cleaner the data will be. This consideration needs to be balanced 

on the other hand, by an evaluation of how an increase in sensor 

dimension will increase the blocking effect of the radar beam. 

Voltage Output of Sensor from Direct Strike 

If the B sensor is located inside the radome, the probability 

of a direct lightning strike on the sensor is likely to be less than 

it would be if the sensor were located on the pitot boom, out in front 

of the aircraft. Nevertheless, a calculation of the maximum voltage 

output that one could expect under a worst case circumstance is 

useful when one is thinking about lightning protection of the elec

tronics used in conjunction with the sensor. Figure 26 shows one 

possible current path in the case of a direct strike on the 4 gap 



Table 4. Dimensions of the 2 Gap Sensor 

For Various Output Levels 
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V at r' = 5 miles (mV) o ' 

2.5 

3 

4 

5 

r ( inches) 

2.63 

3.58 

3.97 

4.33 

4.97 

5.54 

Z ( inches) 

2.01 

4.83 

6.35 

7.87 

11.0 

14.3 
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INDUCED 

Figure 26. Predicted Path of Current in a Direct 

Lightning Strike to the Sensor 
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B sensor. The lightning is assumed to strike the sensor at the top, 

travel down the vertical shorting plate (i, . , , ) and travel away 
lightning 

from the sensor along the metal mounting pipe, shown diagramatically 

as the long arrow projecting outward from the center of the sensor. 

If the current is moving downward along the vertical shorting pl'ate 

and increasing, then the induced currentfi. ^ ^ Iflows in the direc-
y inducedy 

tions shown so as to produce a magnetic field which opposes the change 

in the applied field, and the resulting polarities are as shown in 

Figure 26. 

Using the simpler relationship between B and I, expressed in 

equation 3.3, one may obtain an estimate of the voltage induced 

across the sensor output terminals as the result of a direct strike. 

The following values are assumed for the variables in that equation: 

i ̂  10-̂ ° A/sec, r' '̂̂  5 inches = 1.27 x lO"-'" m, and A^^ = Ag^^^/4 = 

9 —2 2 

.202 m /4 = 5.05 X 10 m . From these values and from equation 3.2 

one may calculate the voltages v^ and v^ appearing across the output 

terminals, as shown in Figure 27, to be approximately 800V. Thus, 

in the case of a direct strike to the sensor, some lightning protec

tion would be necessary to protect the electronics following the 
sensor from damage. 

Lightning Protection Measures 

While the probability of a direct strike to a B sensor located 

inside the radome is minimal, the chance of a close flash is not, 

and it is for this reason that some form of lightning protection 

between the B sensor and any following electronics such as an ampli

fier is recommended. Two conceivable methods of lightning protection 
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Figure 27. Isolation Transformer and Diodes 

as Lightning Protection Measures 
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will be mentioned and briefly discussed: an isolation transformer, and 

diodes. 

Figure 27 shows the placement of an isolation transformer be

tween the sensor and the differential amplifier. Voltages v and v^ 

are from the center conductor to ground and voltages v_ and v, a-re 

from the bases of the two input transistors of the differential ampli

fier to ground. Even if the voltages v. and v^ are extremely large, 

the only voltage which will be induced in the secondary of the trans

former will be the difference of the voltages v and v^. If the trans

former were not between the sensor and the differential amplifier, 

the two input transistors of the differential amplifier would be 

damaged by this common mode signal which is defined to be the average 

of v.. and v^. Typically, RF transformers having bandwidths on the 

order of 100 MHz are made small in order to cut down on losses, but, 

as a result, do not have much power handling capability. To avoid 

damage to the transformer from v. or V2, one could put diodes between 

both sides of the transformer primary and ground. Several diodes 

could be put in series depending on the maximum desired voltage. In 

order to protect the amplifier against signals of either polarity, 

there would need to be diodes in both directions between the signal 

path and ground. In addition, diodes could also be put between the 

two inputs of the differential amplifier. There are caveats to be 

considered, however, when using diodes. One would like to have high 

current carrying capacities, but this implies a large geometry device 

which would, by necessity, have a large amount of junction capacitance 

that would tend to short out the higher frequency components of the 
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signals. Large diode geometries and currents also imply a large amount 

of charge storage in the PN junction which, in turn, slows down the 

response time of the diode due to the increased time required to move 

that greater amount of charge. Protection of solid state components 

against surges of up to approximately 1 kV may be accomplished using 

diodes. [7] 

Estimation of Interference from Commercial Broadcasting 

The purpose of this section is to estimate the interference to B 

sensor operation from commercial broadcasting. The educational televi

sion station in Lubbock on channel 5 is used as a model. The antenna 

at the station is a 5 bay batwing antenna on a 440 foot tower. The 

transmitter power is approximately 25 kW. Interference due to the 

channel 5 television station was calculated at various ranges and 

altitudes; all of the combinations of 5 miles, 10 miles, 50 miles 

and 1 x 10^ feet, 2 x 10^ feet, 3 x 10 feet were used. The reason 

for a calculation such as this is to give one an idea of how close 

a storm can come to a population center where commercial broadcasting 

is present, and still be a useful source of lightning data. 

If one assumes a spherical coordinate system, the power per unit 

area that exists at a distance r meters and at angles 0 and ^ from 

the transmitting antenna is 

P G (6,(1)) 
Average Power ^ t t (5.3) 

Unit Area 4^^^ 

where P, is the average transmitting power. G^ is the gain of the 

,„,enna'with respect to an isotropic source expressed as a function 

of e and 4., and 4Trr̂  is the area of a sphere at son,e radius r. 
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The instantaneous power per unit area is expressed by the Poynting 

vector S as 

S" = ¥ X H , (5.4) 

where E is given as E cos(u)t - 3r) and H is given as H cos(a)t - 3r) . 
P P 

The dielectric is air and is thus assumed to approximate a perfect 

dielectric, so that the phase difference between E and H is zero. 

The wave is assumed to be a TEM wave, so that the electric and mag

netic fields are at 90 with respect to one another. In order to 

obtain the average power per unit area, one must integrate S over 

one period and divide by a period. This yields 

= Average Power ^ i ^ ^ (5.5) 

AVG Unit Area P P 

Equating equations 5.3 and 5.5 and assuming that 

H ô 
P 

where C is the intrinsic impedance of free space, we have, after 

solving for B , 

B = 
P 

^ ^o ^t ^ 
2 

4TT C^ r 

^ (5.7) 

Also, if B is sinusoidal, then 

(B) = a)B (5-^^ 
P P 

where (B) is the peak value of B. The following values were assumed 

p 

for the variables of equation 5.7= A^^ is the equivalent area which 

will give 2.5 mV at a range of 5 miles for the 4 gap sensor; y^ = 

4^ X 10-' H/m; Co = 120^ "; \ ' ^'^^ ^ ^°^ "' ^""^ transmitter power 

of the con^ercial station; ^ = 4.84 x 10« radians/sec, the angular 

frequency of channel 5; the gain G^ of the transmitting antenna was 
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determined as a function of the elevation angle 6 from a manufacturer 

supplied calculated elevation field pattern for the five bay batwing 

antenna. The angle 0 depends on the range and altitude of the sensor, 

as illustrated in Figure 28. As can be seen in this figure, only 

the X component of B is responsible for inducing a voltage in the B 

sensor, whose face is shown to be vertical. Combining equations 5.7, 

5.8, 2.6 and taking only the x component of the magnetic flux density 

time derivative B , seen in Figure 28, one may obtain 

V = -A (B ) = -A (wB )sin 0 
o eq X p eq p 

-A (JO 
eq 

2 ̂ o ̂ t \ 

47TC r o 

sin 6 (5.9) 

The results of this calculation are contained in Table 5. As can be 

seen from this table a horizontal range of 10 miles is probably the 

closest one would want to fly to a city with at least one commercial 

broadcast facility of moderate power. 
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y 
A 

-^x 

B SENSOR, 
SIDE VIEW 

DIRECTION OF 
PROPAGATION 

(B,)p BpCos(9O-0) = Bp sin0 

K—TELEVISION 

TRANSMITTING 

ANTENNA 

Figure 28. Geometry for Calculating TV Signal 

Strength 
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Table 5. Estimated Interference at Different 

Ranges and Altitudes 

X (miles) 

5 

10 

50 

5 

10 

50 

5 

10 

50 

y (feet) 

4 
1 X 10^ 

1 1 

f t 

4 
2 X 10 

1 T 

1 t 

4 
3 X 10 

11 

11 

0 

19.88° 

10.2° 

2.07° 

36.5° 

20.3° 

4.23° 

48.2° 

29.2° 

6.38° 

V =-A^^(B^)^ (mV) 
o eq X p 

-3.63 

- .612 

- .0786 

-5.97 

-1.60 

- .152 

-4.98 

-2.78 

- .204 
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APPENDIX A 

The relationship between bandwidth f and risetime t for an RL 
o R 

network will, be derived in this appendix. Ttje risetime of any pulse 

waveform is defined as the time needed to go from 10% to 90% of the 

maximum value. 

From Figure 29 the following Kirchhoff's voltage law expression 

may be obtained for t >̂  0: 

di , R . E ^ , , 

dF + i ^ - r = o (A.i) 

Solving this first order differential equation by use of an integra

ting factor, one obtains-

i(t) = I + ce-(^/L>^ . (A. 2) 

From the initial condition i(0) = 0, it is seen that the value of the 

constant c is -E/R. Consequently, 

[l - e-^"/^)^] (A.3) i(t) = I 

and 

v^(t) = E[l-e-('^^^>'] . (A. 4) 

Solving for the times when the voltage is 10% and 90% of the maximum 

gives 

t̂ Q = .10536 ̂  and (A.5) 

t^Q = 2.30258 I . (A.6) 

The risetime t^ is the difference between t^^ and t^^: 

t = 2.1972 ̂  . (A.7) 
R ^ 
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t=0 
I 

E ^^ 

^ 

V, 

yR>R 

Figure 29. An RL Circuit with No Initial Conditions 



7.2 

The bandwidth of an RL circuit is derived in Chapter II and is 

. _ R 
^o " TFL • (A-8) 

Then 

. 2.1972 ,,,, % 
R̂ ^ o ^ ~2r~ = '^^^^ '̂  -35 (A. 9) 



APPENDIX B 

Figure 30 is a circuit diagram.of the slow antenna and the 

associated electronics. As the field strength in the area of the 

slow antenna increases before a lightning flash, positive charge 

accumulates on the antenna. When lightning occurs, the field 

strength in the vicinity of the antenna is decreased and, consequently, 

the amount of positive charge on the plate is decreased. A small 

pulse of current is thus produced which flows primarily into the 

capacitor because of the extremely high input impedance of the 

operational amplifier. The definition of current is 

dt 
(B.l) 

However, because of the boundary conditions we have 

p = D = e E , 
s o 

(B.2) 

where p is the surface charge density change and 

Q = / Pg ds (B.3) 

Therefore from equations B.l and B.4 we have 

1 = dt 
J P. dl and 

substituting equation B.2, we have 

1 = 
_d 
dt 

Z / E ds 
o 

(B.4) 

(B.5) 

The integral of Eds may be written as some average E field E^^^ 

multiplied by the area of the plate A or E^^^ A. Equation B.5 can 

be written as 

_d 
dt 

e E A 
o avg 

dE 

= ^o^ dT' 
avg (B.6) 
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+ + + 

® 

+ + + 

R 
•\N\r 

^ F 

1 
) 

Figure 30. Circuit Diagram of Slow Antenna Electronics 



F ^̂  
rom the relation between the current through a capacitor and the 

voltage present across it, 

^c= ^/ V ^ (B.7) 

and from Kirchhoff's Voltage Law, 

""o " -^c (B.8) 

where the voltage between the inverting and noninverting inputs is 

taken to be zero. The following expression. 

v_ = -V 
-1 e AdE 

= Ii f o avg 
r •' A^ at. o c ~ "C •' dF"^ "^^^ (B-9) 

can be developed if one assumes an ideal op amp. Hence, 

^ A E,„^ 
„ _ o AVG 
^o C • (B-10) 

The output voltage v^ is thus proportional to the average electric 

field on the plate. 

From the shape of the output curves, one may discern whether the 

lightning is intracloud or cloud to ground. Slow antenna data were 

taken during some of the storm activity and figures 31(a) and (b) 

show two of the results that were obtained. Figure 31(a) exhibits 

the staircase structure typical of cloud to ground flashes. The 

staircase appearance of the curve corresponds to the various return 

strokes which pass between cloud and ground. Figure 31(b) shows a 

smoother curve, characteristic of intracloud lightning, in which the 

multiple return stroke phenomena is not present. 
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(a) 

(b) 

Figure 31. Examples of Intracloud and Cloud to Ground Flashes 


