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INTRODUCTION 

The iork described in this report represents one phase of an 

experimental study of the electromagnetic resonances of conducting 

bodies with attached wires. This work is similar to a previous investi- 

gation described in NASA CR 169455 [Ref. 11; the major difference in the 

present case is the use of smaller, more resistive wires. The conducting 

bodies included two cylinders and an approximate scale model of an 

F-106B aircraft. The results from the cylinders have been compared with 

theoretical calculations to check the accuracy of this technique. The 

results from the aircraft model find application in the studv of 

lightning strikes to airplanes. The wires represent, in an approximate 

sense, the lightning channel. Our results have been compared with those 

obtained from the NASA F-106B during direct lightning strikes. The need 

to interpret the data from the P-1O6B is the main motivation for the 

work. reported here,. 

Section I1 of the report describes the laboratorv technique 

employed to investigate the resonances. Short pulses of current were 

applied to the body under test- through one of the attached wires, and 

free-field electromagnetic-sensors or probes were used to measure the 

B-dot (aB/at) and D-dot (aD/at> fields as a function of time near the 

surface of the bodv. Two wires were used, one for current entry and the 

other for current exit. They were connected axially to the ends of the 

cylinders and to the nose and tail of the F-106B model, with the current 

input on the nose wire.* 

A curve-fitting technique known as Prony analysis [Refs. 1 , 2 , 3 , 4 ]  

was used to study the resonances. The Prony c'ode was run on the 

measured data and sets of poles and residues were extracted. Some of 

the poles could be interpreted .as the natural frequencies of the 

body-and-wire system. Fourier analysis was also used on the data as an 

alternate approach for obtaining information on the resonances. 

* In the previous investigation, sensors were mounted directly to the 
bodv, with an output cable inside one of the attached wires. 

1 / Preceding page blank I 



The Pronv results for the cylinders are given in Section 111. Thev 

show the expected weaker damping of the resonances for the resistive- 

wire case, and they are in agreement with theoretical calculations 

[Refs. 5 , 6 ] .  

The Pronv results from the aircraft model are given in Section IV 

and compared with results obtained on the NASA F-106B [Ref. 7 1 .  The 

comparison shows that the use of resistive wires brings the resonances 

of the model into better agreement with those observed in flight. 

The results are summarized and conclusions drawn in Section V .  



11. EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUE 

Exper imen ta l  Se tup  

A  d i a g r a m  o f  t h e  e x p e r i m e n t a l  s e t u p  i s  shown i n  F i g u r e  1. I t  

c o n s i s t s  o f  a p u l s e  g e n e r a t o r  ( T e k t r o n i x ,  Type 109) .  a  1 2 - f t  by 1 2 - f t  

g r o u n d  p l a n e ,  a s a m p l i n g  o s c i l l o s c o p e  w i t h  t h e  a p p r o p r i a t e  p l u g - i n s  

( T e k t r o n i x  Type  568 O s c i l l o s c o p e ,  Type  3S2 S a m p l i n g  U n i t ,  Type 3T2 

Random S a m p l i n g  Sweep P l u g - i n s .  and Type S4 Sampling Heads ) ,  a  mon i to r  

o s c i l l o s c o p e  ( T e k t r o n i x  Type  73131, some i n - h o u s e - b u i l t  b u f f e r  ampl i -  

f i e r s ,  a n d  a  c o m p u t e r  w i t h  f l o p p v  d i s k  d r i v e  f o r  t h e  d i g i t i z i n g  and 

r e c o r d i n g  o f  waveforms (DEC PDP 1 1 / 0 4 ,  P l e s s e v  PM-XS11). I n  t h e  e s p e r i -  

m e n t ,  t h e  o b j e c t  u n d e r g o i n g  t e s t i n g  i s  e i t h e r  a  c y l i n d e r  o r  an F-106B 

model l o c a t e d  10 f t *  above t h e  ground p l a n e ,  and a t t a c h e d  t o  t h e  r e s t  of  

t h e  expe r imen t  w i t h  w i r e s  hav ing  a  r e s i s t a n c e  o f  8 . 0  R t o  t h e  f o o t  and a 

d i a m e t e r  of  0.01 in.* 

A rough ly  r e c t a n g u l a r  p u l s e  w i t h  a 1.2-ns-wide b a s e  and a  r i s e  t ime 

a n d  a f a l l  t i m e  o f  0 . 2 5  n s  e a c h ,  i s  a p p l i e d  a t  t h e  ground p l a n e .  The 

p u l s e  p r o p a g a t e s  u p  t h e  l o w e r  w i r e ,  o v e r  t h e  o b j e c t  under  t e s t ,  on up 

a n o t h e r  r e s i s t i v e  w i r e  a t t a c h e d  t o  t h e  t o p  o f  the. t e s t  o b j e c t ,  and from 

t h i s  w i r e  t o  a  low r e s i s t a n c e  w i r e  a t t a c h e d  t o  t h e  ground.  The EM f i e l d  

n e a r  t h e  t e s t  o b j e c t  i s  m e a s u r e d  w i t h  f r e e - f i e l d  s e n s o r s .  The t i m e  

r e q u i r e d  f o r  a  p o r t i o n  of  t h e  p u l s e  t o  be r e f l e c t e d  from t h e  nose  of  t h e  

t e s t  o b j e c t  down t o  t h e  ground p l a n e  and back up a g a i n  i s  20 n s .  T h i s  

g i v e s  a  d a t a  window 20 n s  wide i n  which t o  sample t h e  waveform b e f o r e  it 

i s  c o r r u p t e d  by r e f l e c t i o n s .  

Data A c q u i s i t i o n  System 

The a c q u i s i t i o n  o f  d a t a  f r o m  t h e  p r o b e s  - i s  d o n e  by  a c o m p u t e r  

s p e c i a l l v  m o d i f i e d  f o r  t h i s  t a s k  w i t h  a programmable c l o c k  t o  c o n t r o l  

t h e  r a t e  a t  w h i c h  t h e  c o m p u t e r  s a m p l e s  t h e  o u t p u t  from t h e  sampl ing  

o s c i l l o s c o p e  and an a n a l o g - t o - d i g i t a l  c o n v e r t e r  which d i g i t i z e s  i t .  The 

A I D  c o n v e r t e r  and t h e  programmable c l o c k  a r e  b o t h  s t a n d a r d  commercia l ly  

* To c o n v e r t  f e e t  t o  m e t e r s ,  m u l t i p l y  b y  3 . 0 4 8 . 0 0 0  E-01. 
* To c o n v e r t  i n c h e s  t o  m e t e r s ,  m u l t i p l y  by 2.5400 000 E-02. 



Figure 1. Diagram of experimental setup. 
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a v a i l a b l e  b o a r d s  w h i c h  p l u g  i n t o  t h e  Q-bus o f  t h e  PDP 1 1  s e r i e s  com- 

p u t e r .  The A / D  c o n v e r t e r  i s  a  Data T r a n s l a t i o n  DT 1 7 1 2 .  T h i s  boa rd  h a s  

a  s i n g l e  1 2 - b i t  c o n v e r t e r  w i t h  8 d i f f e r e n t i a l  i n p u t  c h a n n e l s  m u l t i p l e x e d  

i n t o  i t .  The d i f f e r e n t i a l  i n p u t s  a r e  advantageous  because  t h e  p robes  

h a v e  two  o u t p u t s ,  a n d  i t  i s  t h e  d i f f e r e n c e  between t h e  o u t p u t s  t h a t  i s  

o f  i n t e r e s t .  The  i n p u t  r ange  o f  t h e  c o n v e r t e r  i s  from -10 V t o  t 1 0  V ;  

t h i s  makes  o n e  l e a s t  s i g n i f i c a n t  b i t  e q u a l  t o  4 . 8 8  mV. The maximum 

t h r o u g h p u t  r a t e  i s  35 kHz. The A/D  board  needs  a n  e x t e r n a l  t r i g g e r  t o  

mark  t h e  s t a r t  o f  t h e  waveform t o  b e  c o n v e r t e d .  T h i s  s i g n a l  i s  s u p p l i e d  

by t h e  programmable c l o c k ,  a DEC KW11-K. 

The e x t e r n a l  t r i g g e r  u sed  on t h e  c l o c k  boa rd  i s  t h e  " d a t a  window" 

s i g n a l .  A " d a t a  window" i s  g e n e r a t e d  by u s i n g  t h e  h o r i z o n t a l  sweep of  

t h e  s a m p l i n g  o s c i l l o s c o p e  t o  s a t u r a t e  a  s imp le  s i n g l e  2N2222 t r a n s i s t o r  

a m p l i f i e r .  The o u t p u t  o f  t h e  s a t u r a t e d  a m p l i f i e r  i s  e s s e n t i a l l v  an 

a s y m m e t r i c  s q u a r e w a v e  t h a t  i s  t h e n  used  t o  accompl i sh  t h r e e  d i f f e r e n t  

t a s k s .  The f i r s t  i s  t r i g g e r i n g  t h e  programmable c l o c k  i n  t h e  computer .  

The s e c o n d  t a s k  i s  "windowing1' t h e  d a t a  t h a t  t h e  computer  i s  " see ing . "  

The h o r i z o n t a l  sweep  f o r  t h e  m o n i t o r  s c o p e  comes fr 'om t h e  sampl ing  

o s c i l l o s c o p e ,  s o  t h a t  t h e  two o s c i l l o s c o p e s  have e x a c t l y  t h e  same sweep 

r a t e  and  t h e  t r a c e s  a r e  s y n c h r o n i z e d .  The t h i r d  t a s k  i s  g a t i n g  a  

c o u n t e r  t o  measure t h e  l e n g t h  of t ime  i t  t a k e s  f o r  t h e  sampl ing  o s c i l l o -  

scope  t o  comple te  a sweep. 

The  d i s p l a v  on a s a m p l i n g  o s c i l l o s c o p e  i s  t h e  r e s u l t  o f  many 

r e p e t i t i v e  p u l s e s .  Thus t h e  a c t u a l  sweep r a t e  i s  much s lower  t h a n  t h e  

e q u i v a l e n t  r a t e .  Both  r a t e s  must be a c c u r a t e l y  known. The e q u i v a l e n t  

sweep  r a t e  on b o t h  t h e  sampl ing  and t h e  mon i to r  o s c i l l o s c o p e s  i s  e q u a l  

t o  2 n s  p e r  d i v i s i o n ,  a n d  t h e r e  a r e  10 d i v i s i o n s  on t h e  g r a t i c u l e s  o f  

b o t h  o s c i l l o s c o p e s .  T h i s  c o r r e s p o n d s  t o  t h e  20 n s  of  c l e a r  t ime on t h e  

e x p e r i m e n t .  Due t o  t h e  l i m i t e d  memory a v a i l a b l e  i n  t h e  computer ,  one. 

c a n  t a k e  o n l y  400 samples  o f f  one sweep. Taking  400 samples  i n  a 20 ns  

p e r i o d  g i v e s  a n  e q u i v a l e n t  s a m p l i n g  p e r i o d  o f  50 p s  a n d  a  N y q u i s t  

f r e q u e n c y  o f  1 0  GHz. As w i l l  b e  shown l a t e r ,  t h i s  sampl ing  r a t e  i s  

s u f f i c i e n t  t o  p r e v e n t  a l i a s i n g .  The a c t u a l  sampl ing  r a t e  i s  much l o w e r .  

R o u g h l y  1 . 9 8  s a r e  r e q u i r e d  t o  comple te  a sweep o r  g e n e r a t e  a waveforn 



f o r  t h e  computer  t o  d i g i t i z e .  Taking  400 samples  i n  t h i s  p e r i o d  o f  t i m e  

v i e l d s  an  a c t u a l  sampl ing  r a t e  o f  206 samples / second .  

The  o u t p u t s  f r o m  t h e  s a m p l i n g  o s c i l l o s c o p e  have  a n  impedance of  

10 k8, which can  c a u s e  a  problem w i t h  t h e  m u l t i p l e x e r .  I f  t h e  c a b l e s  t o  

t h e  m u l t i p l e x e r  h a v e  t o o  much c a p a c i t a n c e ,  t h e r e  i s  a n  u n d e s i r a b l e  

" c h a r g e - u p "  t i m e .  T h e r e  a r e  two ways t o  c o r r e c t  t h i s  problem.  The 

f i r s t  i s  t o  u s e  s h o r t  c a b l e s .  b u t  t h e r e  i s  a  l i m i t  t o  how much c a p a c i -  

t a n c e  can  be  removed t h i s  way.' The second way i s  t o  lower  t h e  impedance 

f e e d i n g  i n t o  t h e  m u l t i p l e x e r  by i n s e r t i n g  a b u f f e r  a m p l i f i e r  i n  t h e  l i n e  

t h a t  would  h a v e  a  v e r v  h i g h  i n p u t  i m p e d a n c e  and a  v e r y  low o u t p u t  

i m p e d a n c e .  The h i g h  i b p u t  impedance of  t h e  a m p l i f i e r  would n o t  " l o a d  

down" t h e  o u t p u t  from t h e  sampl ing  s c o p e ,  and t h u s  e l i m i n a t e  a p o s s i b l e  

s o u r c e  o f  d i s t o r t i o n  of  t h e  waveform. The v e r v  low o u t p u t  impedance of  

' t h e  a m p l i f i e r  would  d e c r e a s e  t h e  t i m e  n e c e s s a r v  t o  c h a r g e  up  t h e  

c a p a c i t a n c e  o f  t h e  c a b l e s  and  t h e  a s s o r t e d  s t r a y  c a p a c i t a n c e s  i n  t h e  

c i r c u i t .  The second way i s  t h e  method t h a t  was chosen .  

Expe r imen ta l  P rocedure  

Befo re  s t a r t i n g  t h e  d a t a - t a k i n g  program,  the f o l l o w i n g  p r o c e d u r e  i s  

used .  

1. Turn on a l l  t h e  equipment ( e x c e p t  t h e  p u l s e r )  and a l l o w  i t  a t  l e a s t  

30 minu te s  t o  "warm u p , "  i . e . ,  t o  come t o  the rma l  e q u i l i b r i u m .  

2 .  Check t h e  c a l i b r a t i o n  o f  t h e  sys tem w i t h  a 2 n s  s t a n d a r d  (HP 726X 

Time Mark G e n e r a t o r ) ,  and a d j u s t  t h e  h o r i z o n t a l  s w e e p s  o f  t h e  

o s c i l l o s c o p e s  i f  n e c e s s a r v .  

3 .  Turn on t h e  p u l s e r  and o b t a i n  a p a i r  of  s i g n a l s  from t h e  p rdbe .  

4 .  A d j u s t  t h e  d e l a y  i n  t h e  B channe l  of  t h e  sampl ing  u n i t  p l u g - i n  s o  

t h a t  t h e  two s i g n a l s  o c c u r  s i m u l t a n e o u s l y .  

5 .  U s i n g  t h e  D C  o f f s e t  and t h e  Time P o s i t i o n  ad jus tmen t  knobs o n  t h e  

s a m p l i n g  s c o p e ,  a d j u s t  t h e  p o s i t i o n  of  t h e  ~ a v e f o r m  i n  t h e  " d a t a  

window" on t h e . d i s p l a y  of  t h e  mon i to r  o s c i l l o s c o p e  and r n m o v e . t h e  

DC l e v e l .  

6 .  F i n a l  a d j u s t m e n t s  of  t h e  p o s i t i o n  of  t h e  probe  and t h e  c a b l e s  from 

i t  a r e  made a t  t h i s  t ime .  The p robe  i s  p l a c e d  a t  a  p o s i t i o n  n e a r  

t h e  model  t h a t  c o r r e s p o n d s  t o  a  p o s i t i o n  of a  p robe  on t h e  a i r -  



craft. On the cylinders, various positions for the probes are 

used. 

7. Using the counter (HP 5314A Universal Counter), measure the time 

necessary for the oscilloscope to complete ten sweeps and divide 

this number by ten. This number is the average time required for 

the oscilloscope to complete a sweep. 

After these preliminaries are completed, type in the command R 

DATA. The machine will query back for the necessary information before 

runnin~. The name of the output file, the settings on the sampling 

oscilloscope, and the current sweep rate of the system will be informa- 

tion required f o ~  the program to proceed. The program will take eleven 

consecutive sweeps, deleting the first sweep and keeping the last ten, 

and average them to obtain a single waveform. During the computer 

sampling, the counter should be left on in order to measure the time 

necessary for the eleven sweeps to be completed. If, due to a malfunc- 

tion, the actual rate varies from the rate that was inserted in the 

program, the data should be purged from the records. There is alwavs 

some small variation, typically 0.10 to 0.25 percent, which is accept- 

able. 

Sensors 

Two different sensors were used to make all the measurements of the 

electromagnetic field on both the model and the two cylinders. They 

were a D-dot and a B-dot probe. The B-dot prohe is a model MGL-hX(R), 

manufactured by E G & G ,  having a bandwidth of at least 1.8 GHz [Ref. 81 .  

The D-dot probe is a model ACD-4A(R), also manufactured by EG&G, having 

a bandwidth of at least 1.1 GHz [Ref. 91.  A photograph of the sensors 

is given in Figure 2. 

Cylinders and Model 

Two different sizes of cylinders &ere used in the experiment. The 

first cylinder, hereafter referred-to as the small cylinder, was 3 ft 

long and had a diameter of 2 in. The second cylinder, referred to 

hereafter as the large cylinder, was also 3 ft long, but had a diameter 

of 6 in. The ratio of diameter-to-length of the small cylinder was 

nearlv the same as that used in theoretical work by Tesche [ ~ e f .  51 a n d  



F i g u r e  2 .  Photograph of t h e  s e n s o r s .  



by Yang [ R e f .  6  ] . Some d i r e c t  compar isons  w i t h  t h e i r  c a l c u l a t e d  p o l e s  

a r e  i n  c h a p t e r  111. 

The a i r c r a f t  model i s  an  approx ima te  model of  an F-106B d e l t a - w i n g  

a i r c r a f t .  The m o d e l  was c o n s t r u c t e d  i n  t h e  f o l l o w i n g  m a n n e r .  The 

f u s e l a g e  was  made o f  an  aluminum c y l i n d e r ,  2 f t  l o n g  w i t h  a  4- in  d i a -  

m e t e r ,  a n d  a n  a luminum c o n e ,  l f t  l o n g  w i t h  a  b a s e  d i a m e t e r  o f  4 i n ,  

t a p e r i n g  down t o  a  d i a m e t e r  o f  2 i n .  The t a i l  a n d  b o t h  w i n g s  were 

c o n s t r u c t e d  o f  1 1 1 6 - i n - t h i c k  b r a s s  and made t o  s c a l e  w i t h  t h e  r e s t  of  

t h e  model. They were m e c h a n i c a l l y  a t t a c h e d  t o  t h e  f u s e l a g e  w i t h  s c r e w s ,  

a n d  t o  a s s u r e  a good e l e c t r i c a l  c o n n e c t i o n ,  coppe r  t a p e  w a s  a l s o  used .  

The  o v e r a l l  s c a l e  o f  t h e  mode l  was 1 8 . 8  : l .  A compar ison  between t h e  

model ,  a n d  t h e  a c t u a l  a i r c r a f t  i s  shown i n  F i g u r e  3 ,  and F i g u r e  4 shous  

t h e  model i n  t h e  e x p e r i m e n t a l  s e t u p .  





Figure 4. Photograph of the model. 



111. RESULTS FROM THE CYLINDERS 

M e a s u r e m e n t s  of  t h e  n a t u r a l  f r e q u e n c i e s  o f  t h e  c y l i n d e r s  were done 

f i r s t  f o r  c o m p a r i s o n  t o  p r e v i o u s  c y l i n d e r  w o r k .  By c o m p a r i n g  t h e  

p r e s e n t  r e s u l t s  w i t h  t h o s e  o f  Turne r  [Ref .  11, t h e  d e g r e e  t o  which t h e  

r e s i s t i v e  w i r e  a f f e c t e d  t h e  expe r imen t  was found ,  s i n c e  Turne r  used  t h e  

same c y l i n d e r s  b u t  u sed  t h e  o u t e r  s h i e l d  of  0 .141- in  s e m i r i g i d  c o a x i a l  

c a b l e  f o r  t h e  w i r e s .  Comparisons w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  by 

T e s c h e  [ ~ e f .  51 a n d  Yanq [ ~ e f .  61 were a l s o  i n t e r e s t i n g .  The work by 

Tesche i n v o l v e d  t h e  n a t u r a l  f r e q u e n c i e s  o f  i s o l a t e d  c y l i n d e r s ,  w h i l e  t h e  

work  by Yang d e a l t  w i t h  t h e  e f f e c t  t h a t  a  r e s i s t i v e  w i r e  a t t a c h m e n t  

would have  on t h e  n a t u r a l  f r e q u e n c i e s  o f  a  c v l i n d e r .  

Both t h e  magnet ic  f i e l d  (B-dot)  and t h e  e l e c t r i c  f i e l d  (D-dot) were 

m e a s u r e d  a t  t h e  c e n t e r ,  l e n g t h w i s e ,  o f  t h e  c y l i n d e r s .  As shovn i n  

F i g u r e  5 ,  t h e  B-dot p robe  would "see"  o n l y  t h e  fundamenta l  f r e q u e n c y  and 

i t s  odd  h a r m o n i c s ,  w h i l e  t h e  D-dot  p r o b e  would measure o n l y  t h e  even 

h a r m o n i c s .  By mak ing  t h e  meas,urements i n  t h i s  manner, t h e  two p r o b e s  

would complement each  o t h e r .  The D-dot p robe  was a l s o  moved t o  a second 

l o c a t i o n  on b o t h  o f  t h e  c y l i n d e r s  i n  o r d e r  t o  measure t h e  odd harmonics  

f o r  c o m p a r i s o n  w i t h  t h e  B-dot r e s u l t s .  The amount of  agreement  o f  t h e  

o d d  h a r m o n i c s  was  t a k e n  a s  a measure of  t h e  a c c u r a c y  of t h e  t e c h n i q u e .  

T h i s  s e c o n d  l o c a t i o n  was o n e - q u a r t e r  of  t h e  l e n g t h  of  t h e  c v l i n d e r  from 

t h e  end.  

A t y p i c a l  measured B-dot and D-dot r e s p o n s e  f o r  t h e  s m a l l  c y l i n d e r  

i s  shown i n  F i g u r e  6 ,  and f o r  t h e  l a r g e  c y l i n d e r  i n  F i g u r e  7 .  The i n p u t  

p u l s e  t h a t  was u s e d  i s  g i v e n  i n  F i g u r e  8 .  Prony a n a l y s i s  was c a r r i e d  

o u t  a s  d e s c r i b e d  i n  Refe rence  1. The o n l y  s p e c i a l  p r o c e s s i n g  t h a t  t h e  

w a v e f o r m s  r e c e i v e d  b e f o r e  b e i n g  a n a l y z e d  bv t h e  ~ r o n v  program was a 

s i m p l e  l o w - p a s s  f i l t e r i n g  t h a t  was d o n e  f o r  two r e a s o n s .  The f i r s t  

r e a s o n  was t o  remove t h e  c h a n c e  o f  a l i a s i n g  o c c u r r i n g  i n  t h e  Frony 

p r o g r a m .  The second was t o  remove a s  much o f  t h e  "whi te  n o i s e , "  gene ra -  

t e d  b y  t h e  s a m p l i n g  h e a d s ,  a s  p o s s i b l e .  The fundamenta l  f r equency  o f  

b o t h  c y l i n d e r s  was around 160 HHz, and t h e  bandwidth of  b o t h  p robes  was 

l e s s  t h a n  2 G H z .  The p r o g r a m  t h a t  f i l t e r e d  t h e  waveforms d i d  s o  by  
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F i g u r e  5 .  Modes of  r e s o n a n c e s  f o r  the c y l i n d e r s .  
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s e a r c h i n g  f o r  a  minimum i n  t h e  f r e q u e n c y  s p e c t r u m  i n  t h e  2-GHz t o  

2.5-GHz band and making t h a t  t h e  c u t o f f  f r e q u e n c y .  

The P r o n y  p o l e s  h a v e  b e e n  n o r m a l i z e d  i n  t h e  f o l l o w i n g  way. The 

f r e q u e n c i e s  ( i n  r a d l s l  and t h e  damping r a t e s  ( i n  Np/s)  were m u l t i p l i e d  

by  t h e  l e n g t h  o f  t h e  c y l i n d e r ,  L ,  a n d  d i v i d e d  by  t h e  q u a n t i t y  o f  p i  

t imes  t h e  speed  o f  l i g h t  i n  vacuum. See ,  f o r  example,  t h e  l a b e l s  on t h e  

a x e s  i n  F i g u r e  9 .  The no rma l i zed  f r equency  o f  t h e  f i r s t  r e sonance  t h u s  

h a s  a va lue  n e a r  1 . 0 .  . 

The r e s u l t s  of  t h e  Pronv a n a l y s i s  on b o t h  of  t h e  f i e l d s  measured a t  

t h e  c e n t e r  of  t h e  s m a l l  c y l i n d e r  a r e  g i v e n  i n  Tab le  1 .  A Prony o r d e r  of 

18  w i t h  a  sampl ing  r a t e  of e v e r y  s i x t h  p o i n t  was used  on t h e  D-dot d a t a .  

F o r  t h e  B-dot  d a t a ,  a P r o n y  o r d e r  o f  18 was a l s o  u s e d ,  b u t  a sampl ing  

r a t e  o f  e v e r y  e i g h t h  p o i n t  w a s  u sed .  I n  b o t h  c a s e s  t h e  program was s e t  

t o  t a k e  t e n  t i m e  s h i f t s .  Thus  t h e  r e a l  p o l e s  c o u l d  be d i s c e r n e d  from 

t h e  p s e u d o p o l e s ,  c r e a t e d  by  t h e  P r o n y  program,  on t h e  b a s i s  o f  t h e i r  

s t a b i l i t y .  Only t h e  p o l e s  from t h e  r e c o n s t r u c t i o n s  hav ing  an  RMS e r r o r  

l e s s  t h a n  o r  e q u a l  t o  6 p e r c e n t  were used  t o  o b t a i n  t h e  means and t h e  

s t a n d a r d  d e v i a t i o n s  i n  t h e  t a b l e .  

TABLE 1 .  PRONY RESULTS FOR THE S M L L  CYLINDER 

P o l e  Xumber Damping Frequencv Probe 

F i r s t  -0 .231 t0 .004  0 . 9 2 0 t 0 . 0 0 0  - B-do t 

Second -0 .275t0 .005 - 1 .873 t0 .007  - D-do t 

T h i r d  -0 .304 t0 .005  - 2.741+0.004 - B-do t 

F o u r t h  -0 .325 t0 .005  - 3 . 6 1 7 t 0 . 0 0 5  - D-dot 

T h e  D-dot  p rcbe  was a l s o  p l a c e d  n e a r  t h e  end o f  t h e  s m a l l  c y l i n d e r  

a n d  t h e  f i e l d s  w e r e  m e a s u r e d .  T h i s  was done ,  a s  ment ioned above ,  s o  

t h a t  t h e r e  would be some o v e r l a p  of  t h e  p o l e s  measured bv both  s e n s o r s .  

The r e s u l t s  o f  t h i s  a r e  g iven  i n  Tab le  2 .  The B f i e l d  d a t a  i s  t h e  same 

a s  w a s  g i v e n  i n  t h e  p r e v i o u s  t a b l e ;  t h e  nerd D-dot  d a t a  h a s  a  Pronv 

o r d e r  o f  24 a n d  a  s a m p l i n g  r a t e  o f  e v e r y  s i x t h  p o i n t .  The agreement 



b e t w e e n  t h e  B-dot and D-dot p o l e s  i s  g e n e r a l l y  good w i t h  one e x c e p t i o n ,  

t h e  f r equency  o f  t h e  f i r s t  p o l e .  

TABLE 2 .  A COMPARISON BETWEEN THE B-DOT AND THE D-DOT POLES 
OF THE SMALL CYLINDER 

Po le  Number Damping Frequency Probe 

F i r s t  

T h i r d  -0.291t0.004 - 2.799+0.004 D-dot 

-0.304t0.005 - 2.741t0.004 - Ei-dot 

The d i f f e r e n t  v a l u e s  t h a t  t h e  two m e a s u r e m e n t s  g a v e  f o r  t h e  

f r e q u e n c y  o f  t h e  f i r s t  p o l e  was  d i s t u r b i n g .  There  were two p o s s i b l e  

s o u r c e s  f o r  t h i s  d i f f e r e n c e  i n  t h e  two waveforms. The f i r s t  s o u r c e  was 

t h a t  t h e  p r o b e s  i n t e r a c t e d  w i t h  t h e  f i e l d s  o f  t h e  c y l i n d e r  and somehow 

e i t h e r  r a i s e d  t h e  f r e q u e n c y  w i t h  t h e  B-dot  p r o b e ,  o r  l o w e r e d  t h e  

f r e q u e n c y  w i t h  t h e  D-dot p robe .  The s e c o n d ' p o s s i b l e  s o u r c e  was t h a t  o f  

accumula ted  round-off  e r r o r  i n  t h e  Prony program. 

To e x a m i n e  t h i s  problem f u r t h e r ,  t h e  waveforms were processed b y  z 

l o w - p a s s  f i l t e r i n g  p r o g r a m  that was d e s i g n e d  t o  just pass  t h e  f i r s t  

p o l e .  The r e s u l t s  a r e  shown i n  Tab le  3 .  The agreement h a s  now become 

e x c e l l e n t .  From t h i s ,  t h e  c o n c l u s i o n  is drawn t h a t  d i v e r g e ~ c e  of  t h e  

f i r s t  p o l e  was due t o  round-off  e r r o r .  

TABLE 3. A DETAILED COXPARISON OF THE FIRST POLE 

. Probe Frequency 

The p r o c e d u r e  used  on t h e  s m a l l  c y l i n d e r  was r e p e a t e d  on t h e  l a r g e  

c y l i n d e r .  F i r s t ,  t h e  3 - f i e l d  and D - f i e l d  were measured a t  t h e  c e n t e r  o f  



t h e  c y l i n d e r ;  t h e n  t h e  D-dot p r o b e  was moved t o  t h e  second l o c a t i o n ,  

n e a r  t h e  end  o f  t h e  c y l i n d e r ,  and t h e  D - f i e l d  was recorded .  In  t h e  

a n a l y s i s  on t h e  f i r s t  s e t  of d a t a ,  t h e  Prony o r d e r  was s e t  a t  36 wi th  a  

s a m p l i n g  r a t e  o f  e v e r y  s i x t h  p o i n t  f o r  t h e  B-dot waveform. For t h e  

D-dot waveform, t h e  Prony o r d e r  used was 24 and a sampling r a t e  of eve ry  

s i x t h  p o i n t  was used.  I n  bo th  c a s e s  t h e  a c c e p t a b l e  l i m i t  on t h e  recon- 

s t r u c t i o n  e r r o r  was s e t  a t  6 p e r c e n t .  The r e s u l t s  a r e  g iven i n  Table 4. 

TABLE 4. PRONY RESULTS FOR THE LARGE CYLINDER 

Pole Number Damping Frequency Probe 

------------------------------ '------------------------- 

F i r s t  -0.240t0.000 - 0.827+0.005 B-dot 

Second -0.290t0.000 - 1.769+0.003 - D-do t 

Th i rd  -0.330t0.024 - 2.722t0.061 - B-do t 

Four th  -0.347t0.005 - 3.480t0.007 - D-do t 

..................................................... 

F o r  t h e  a n a l y s i s  o f  t h e  D- f i e ld  waveform measured .nea r  t h e  end of 

t h e  c y l i n d e r ,  a P ronv  o r d e r  o f  30 and a  sampling r a t e  of every  s i x t h  

p o i n t  were  u s e d .  The r e s u l t s  a r e  g i v e n  i n  T a b l e  5 .  The agreement 

between t h e  odd p o l e s  o b t a i n e d  from t h e  two probes i s  ve ry  good. 

TABLE 5.  A COMPARISON BETWEEN THE 9-DOT AND THE D-DOT POLES 
OF THE LARGE CYLINDER 

Pole  Number Damping Frequency Psobe 

F i r s t  -0.240+0.000 - 0.827+0.005 - B-do t 

-0.242t0.004 - 0.830t0.012 - - D-dot 

Third  -0.330tO. - 024 2.722t0.061 - B-dot 

-0 .324t0 .005 - 2.656t0.012 - D-do t 

A c o m p a r i s o n  b e t w e e n  t h e  p o l e s  genera ted  b v  t h e  two c v l i n d e r s  i s  

provided i n  t h e  graph of F igure  9.  I n  t h i s  graph,  t h e  odd p o l e s  a re  t h e  

a v e r a g e  o f  t h e  p o l e s  f rom t h e  B and D f i e l d s .  The most  n o t i c e a b l e  



difference in the poles is the lower frequencies of the larger cvlin- 

der. This is due to the increased capacitance of the end plates of the 

cvlinder. The lowering of. the frequencv of resonance is more pronounced 

in the higher modes. A second effect of increasing the diameter of the 

cylinder is a slightly stronger damping of the pole. 

A comparison with the results of Turner [Ref. 11 for both cylinders 

is given in Table 6 and in Figures 10 and 11. In Figure 10 the small 

cvlinder results are compared, a.nd in Figure 11 the large cylinder 

results are compared. The wires used by Turner were the copper outer 

shield of 0.141-in semirigid coaxial cable; they have a much lower 

resistance than those used-in the present study as well as a larger 

diameter. 

TABLE 6 .  A COMPARISON WITH TURNER'S WORK 

Turner With Resistive Wire Attachment 

.............................. .............................. 
Small Large Small Large 

The table shows that the damoing is much higher for the cv1inde.r~ 

with a nonresistive attachment (Ref. 1). How the frequencv is zffected 

bv the resistivity of the attachment is a bit unclear. A clearer 

picture of the effects of the wires can be obtained from the graphs. In 

Figure 10 the change in the damping rate for the small cylinder is very 

pronounced; There is also a change in the frequency between the two 

cases. In the w.ork done, with the copper- wire att-achment, the frequen- 

cies were higher, and even more so in the higher modes. For the large 

cylinder in Figure 1 1 ,  the differences between the poles are much 

smaller. The poles obtained from the experiment in which the copper 
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wires were used have a slightly, though consistently, higher damping 

rate. The effect that the larger, more conductive wires have on the 

frequency is negligible. 

Theoretical work by Tesche [Ref. 5 1  covers the scattering of an 

electromagnetic field by an isolated cylinder having the same dimensions 

as the small cylinder used in this experiment. Yang [ ~ e f .  6 1  has 

performed calculations for the scattering by a cylinder which has a 

resistive wire attached. The ratio of the dimensions of the cylinder 

(cylinder diameterlcylinder length) and the wire attachment (cvlinder 

diameterlwire diameter) in Yang.'s work are close to those of the small 

cvlinder used in this experiment. Yang calculated the resonances when 

the resistivity of the wire was 2.51 R/ft and when it was 2513 R / f t .  

Yang's model could calculate only the odd harmonics of the cvlinder. 

Table 7 gives a comparison between our measured. results for the poles 

and the results the two computer models predicted. 

TABLE 7. A COMPARISON WITH SOME THEORETICAL WORK 

Pole Number Source Damping Normalized Freq. 

First 

Yang (2 ' . 51  R/ft) -0.291 0.926 

Measured ('8 Rift) -0.2 34 0.880 

Yang (2513  Q/ft) -0.152 0 . 8 i O  

Tesche (Isolated case) -0.104 0.860 

Third 

Yang (2.51 R'lft) -0.361 2.363 

Measured ( 8  Rift) -0.298 2.770 

Yang ( 2 5 1 3  B / f t )  -0.2 39 2.778 

Tesche (Isolated case) -0.20 5 2.742 
..................................................................... 

The- table shows that the, damping for the poles from the esperimenr 

lies between the damping calculated by Pang for the two different wires. 

These same results can be seen in the graph of the poles provided in 

Figure 13. 



T h i s  s e c t i o n  on t h e  r e s o n a n c e s  of c y l i n d e r s  c o u l d  n o t  b e  concluded 

w i t h o u t  a compar ison  of t h e  r e s u l t s  of t h e  Prony a n a l y s i s  w i t h  t h e  

r e s u l t s  o b t a i n e d  f rom do ing  a  f a s t  F o u r i e r  t r a n s f o r m  on t h e  waveforms. 

F i g u r e s  13 and 14 g i v e  t h e  magni tudes  of  t h e  F o u r i e r  s p e c t r a  of  t h e  

B-dot and t h e  D-dot waveforms,  r e s p e c t i v e l y .  The r e s o n a n c e s  are r e v e a l e d  

as prominent  peaks  i n  t h e  s p e c t r a .  The l o c a t i o n s  of  t h e  peaks  s h o u l d ,  . 

and d o ,  a g r e e  approx ima te ly  w i t h  t h e  f r e q u e n c i e s  of  t h e  p o l e s  i n  t h e  

t a b l e s .  For example,  c o n s i d e r  t h e  p o l e s ,  -0.234 2 j 0 .880  and -0.298 

2 j 2 . 7 7 0 ,  l i s t e d  i n  T a b l e  7 .  I n  F i g u r e  1 3 ( a ) ,  t h e  peaks  c o r r e s p o n d i n g  

t o  t h e s e  p o l e s  l i e  a t  a b o u t  0 .158 GHz and 0.452 HGz; when n o r m a l i z e d ,  

t h e s e  v a l u e s  become 0 .963 and 2 .755,  d e m o n s t r a t i n g  t h e  approx ima te  

agreement .  Keep i n  mind t h a t  t h e  b a s i c  ' f requency r e s o l u t i o n  of t h e  
- 1  F o u r i e r  t r a n s f o r m  i s  (20 n s )  , o r  0 . 0 5  GHz, which i s  n o t  t o o  p r e c i s e .  



Figure 12. A comparison between the measured results 
and those calculated by different computer 
models. 
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1 FSSULTS FROM THE F-106B AIRCRAFT MODEL 

Time domain reflectometry was used to test the experimental setup 

with the aircraft model in place. The output of the TDR was expected to 

show the large-scale structure of the experiment: the junction of the 

50-R cable to the ground planetresistive wire, the junction of the model 

to the resistive wire at both ends of the model, and the junction of the 

resistive wire to the ordinary wire that runs back to the ground. 

Because of the dissipative nature of the resistive wire, the fine detail 

of the model was expected to be lost in TDR. As shown in Figure 15, 

these expectations proved true. 

The probes were positioned near the model so that they would 

correspond to the positions of the equivalent probe on the aircraft. The 

D-dot probe was placed at the underside of the model and just above the 

tip of the nose. The B-dot probe was located on the topside of the 

model just above the. seam where the wing joins the fuselage. The 

magnetic field was nonuniform in this region, and the dimensions of the 

probe were of the same order as the gradient of the field. Because of 

this, the output of the probe corresponds to the average field inside 

the volume of the probe. Typical waveforms recorded from the D-dot and 

B-dot probes are given in Figures 16,and 17, respectively. 

The damping rate of each pole was normalized as in the previous 

chapter, but the frequency of each pole was scaled downward so that a 

direct comparison could be made with the results of the actual aircraft. 

The frequencv in this case was divided by 6.28313 to convert it from 

radianslsecond to Hertz, and then it was divided by 18.8 to scale it to 

the full-size aircraft. 

The only special signal processing applied to the D-dot waveform 

was its passing through a simple low-pass filtering program. The rea- 

sons for filtering the waveform are the same as in the previous section. 

4 Prony order of 24 and a sampling rate of every eighth point was used. 

For obtaining the mean and standard deviation, only reconstructions with 

an error rate less than 4 percent were used. The results are given in 

Table 8. 









TABLE 8 .  PRONY RESULTS FOR THE MODEL D-DOT WAVEFORM 

P o l e  Number Damping S c a l e d  Frequency  
(MHz) 

F i r s t  -0.265+0.020 - 7.308t0.082 - 

Second -0.249t0.005 - 14.752t0.239 - 

T h i r d  -0.179+0.005 - 18.420t0.045 - 

F o u r t h  -0.206+0.005 25.604t0.039 - 

F i f t h  -0.349+0.007 - 30.720t0.032 - 

S i x t h  -0.196+0.012 - 36.295t0.106 - 

Seven th  -0.156+0.023 - 40.703t0.735 - 

.............................................. 

I n  F i g u r e  18, t h e  g r a p h  g i v e s  t h e  f r e q u e n c v  spec t rum o b t a i n e d  from 

a n a l y z i n g  t h e  w a v e f o r m  w i t h  a  d i g i t a l  f a s t  F o u r i e r  r o u t i n e .  Note t h e  

c o r r e l a t i o n  b e t w e e n  t h e  r e s u l t s  o f  t h e  two methods (Pronv and F o u r i e r )  

o f  o b t a i n i n g  t h e  f r e q u e n c i e s  o f  t h e  p o l e s  i n  t h e  D-dot waveform. I n  t h e  

F o u r i e r  r e s u l t s ,  f i v e  o f  t h e  p o l e s  p r e s e n t  i n  t h e  Prony r e s u l t s  a r e  

- d i s t i n c t ,  w h i l e  two a r e  h idden .  

The  a n a l y s i s  o f  t h e  waveform r e c o r d e d  by t h e  B-dot p robe  i s  a  more 

c o m p l i c a t e d  m a t t e r .  When t h e  u s u a l  f i l t e r i n q  and a n a l v s i s  r o u t i n e  uas 

r u n  on  t h i s  w a v e f o r m ,  t h e  f i r s t ,  s econd ,  s i x t h ,  and s e v e n t h  p o l e s  v e r e  

q u i c k l y  r e s o l v e d .  The t h i r d  a n d  f o u r t h  p o l e s  w e r e  much s l o w e r  i n  

r e s o l v i n g  i n t o  s e p a r a t e  p o l e s .  S t a r t i n g  a t  a  P r o n v  o r d e r  o f  24 and 

v a r i o u s  s ampl ing  r a t e s ,  t h e  f i r s t  g roup o f  p o l e s ,  f i r s t ,  s e c o n d ,  s i x t h ,  

s e v e n t h ,  w e r e  r e s o l v e d  a n d  s t a b l e ;  b u t  t h e  t h i r d  a n d  f o u r t h  p o l e s  

a p p e a r e d  t o  be  a  s i n g l e  p o l e .  The f r e q u e n c y  of  t h i s  combined p o l e  was 

t h e  a v e r a g e  o f  t h e  t h i r d  a n d  f o u r - t h  p o l e s ,  a n d  t h e  damping r a t e  was I 

r o u g h l y  t h e  sum o f  t h e  d a m p i n g  r a t e s  o f  t h e  two p o l e s .  -4s t h e  P r o n y  

o r d e r  a p p r o a c h e d  36, t h e  maximum t h a t  t h e  computer  c o u l d  r u n ,  t h e  two 

p o l e s  c o u l d  j u s t  b e  s e e n  t o  r e s o l v e  i n t o  two s e p a r a t e  p o l e s .  Due t o  t h e  

l i m i t  on  t h e  P r o n y  o r d e r ,  t h e  b e s t  way t h e n  a v a i l a b l e  t o  r e s o l v e  t h e s e  

two p o l e s  was t o  s e p a r a t e  t hem f r o m  t h e  r e s t .  The waveform was pro-  

c e s s e d  by  a p r o g r a m  t h a t  s i m u l a t e d  a bandpass  f i l t e r ,  and t h e  f i l t e r e d  

wave fo rm was u s e d  i n  t h e  P r o n y  a n a l v s i s  t o  f i n d  t h e  t h i r d  and f o u r t h  





p o l e s .  The program examined t h e  spec t rum of t h e  u n f i l t e r e d  waveform and 

p a s s e d  o n l y  t h e  f r e q u e n c i e s  between t h e  f i r s t  minimum a f t e r  t h e  second 

p o l e  and t h e  f i r s t  minimum b e f o r e  t h e  s i x t h  p o l e .  

F o r  t h e  wave fo rm t h a t  c o n t a i n e d  a l l  o f  t h e  p o l e s .  t h e  f i r s t ,  

s e c o n d ,  s i x t h ,  a n d  s e v e n t h  p o l e s  w e r e  o b t a i n e d  a l o n g  w i t h  a  combined 

t h i r d - f o u r t h  p o l e .  The combined p o l e  was n o t  u sed .  A Prony o r d e r  o f  24 

w i t h  a  sampl ing  r a t e  o f  e v e r y  s i x t h  p o i n t  was used  on t h i s  waveform. The 

p e r c e n t  o f  e r r o r  ( 6  p e r c e n t )  on t h e  r e c o n s t r u c t i o n  was a  b i t  h i g h e r  on 

t h e  P r o n v  o f  t h i s  w a v e f o r m ,  b u t  t h e  p o l e s  were s t a b l e .  The t h i r d  and 

f o u r t h  p o l e s  w e r e  o b t a i n e d  f r o m  t h e  b a n d p a s s e d  waveform. The Pronv 

o r d e r  u s e d  w i t h  t h i s  wave fo rm was  2 0 ,  w i t h  a  s a m p l i n g  r a t e  of  e v e r v  

e i g h t h  p o i n t .  The u p p e r  e r r o r  l i m i t  f o r  t h e  r e c o n s t r u c t i o n s  used  t o  

o b t a i n  t h e  mean and  s t a n d a r d  d e v i a t i o n  on  t h e s e  two p o l e s  was 1 . 5  

p e r c e n t .  The Prony r e s u l t s  a r e  g iven  i n  Tab le  9  a l o n g  w i t h  a  e r a p h  from 

t h e  f a s t  F o u r i e r  program i n  F i g u r e  1 9 .  

TABLE 9 .  PRONY RESULTS FOR THE HODEL B-DOT WAVEFORY 

P o l e  Number Damping S c a l e d  Frequency 
(MHZ) 

............................................... 
F i r s t  -0 .270 t0 .000  - 7 . i lO t0 .009  - 

Second -0 .225t0 .007 - 16 .840 t0 .029  - 

T h i r d  -0 .185t0 .007 - , 18.690+0.069 

F o u r t h  -0 .258t0 .010 - 22.697t0.070 - 

F i f t h  Not P r e s e n t  i n  t h e  B-dot biaveform 

S i x t h  -0 .200t0 .009 - 36 .139 t0 .030  - 

Seventh  -0.051+0.003 39 .326t0 .055 - 

A c o m p a r i s o n  b e t w e e n  t h e  t v o  s e t s  of p o l e s  w i l l  g i v e  a measure of  

t h e  e x a c t n e s s  o f  t h e  r e s u l t s .  There a r e  o n l y  two p o l e s ,  t h e  f o u r t h  and 

s e v e n t h ,  t h a t  h a v e  a  s i g n i f i c a n t  d i f f e r e n c e . .  The p r o b l e m  w i t h  t h e  

s e v e n t h  i s  t h e  d i f f e r e n c e  i n  t h e  damping r a t e s .  The s e v e n t h  p o l e  i n  t h e  

B-dot  wave fo rm was v e r y  weak .  The P r o n v  p r o g r a m  h a s  d i f f i c u l t y  i n  





c a l c u l a t i n g  t h e  damping of a weak p o l e  i n  t h e  p resence  of a  s t r o n g  p o l e .  

Only t h e  f r e q u e n c i e s  o f  t h e  s e v e n t h  p o l e  w i l l  b e  c o m p a r e d ,  and t h e  

damping r a t e  o f  t h e  p o l e  f rom t h e  D-dot waveform w i l l  be t aken  a s  t h e  

t r u e  o n e .  The f o u r t h  po le  i n  both  t h e  B-dot and t h e  D-dot waveforms i s  

s t r o n g .  The d i f f e r e n c e  i n  t h e  p o l e s  i n  t h i s  c a s e  i s  a  d i f f e r e n c e  of 

b o t h  t h e  f r e q u e n c i e s  and damping r a t e .  

The two s e t s  of p o l e s .  B-dot and D-dot, a r e  d i s p l a y e d  i n  t h e  graph 

i n  F igure  20. I n  Table  1 0 ,  t h e  d i f f e r e n c e s  i n  t h e  two s e t s  of p o l e s  a r e  

g iven.  I n  t h i s  t a b l e ,  t h e  p e r c e n t  d i f f e r e n c e  between corresponding pole  

p a r t s  i s  c a l c u l a t e d  a s  t h e  d i f f e r e n c e  be tween  them d i v i d e d  bv t h e i r  

average.  The d i f f e r e n c e s  a r e  seen t o  be g e n e r a l l y  q u i t e  smal l .  

TABLE 10 .  A CONPARISON BETWEEN THE B-DOT AND THE D-DOT PRONY RESULTS 

Pole  D i f f e r e n c e  i n  t h e  D i f f e r e n c e  i n  t h e  
Number Damping Frequency 

.................................................. 
F i r s t  0 .00 0.400 MHz 

0 . 0  % 5 . 3 2 6  % 

Second 0.02 0.090 MHz 

8 . 3 3 3  % 0.608 % 

Thi rd  0.01 0.270 HHz 

5.405 % 1 . 4 5 5  ‘z 
Fourth  0 .05 2.900 MHz 

21.277 2 12.008 % 

S i x t h  0.00 0.160 MHz 

0 .0  % 0.442 % 

Seventh Not Compared 1.370 MHz 

3.424 2 
.................................................. 

I n  c o m p a r i n g  t h e  Prony r e s u l t s  f rom 1 9 8 2  i n - f l i g h t  w a v e f o r m s  

[ R e f .  7 1  a g a i n s t  t h o s e  of t h e  model, a c o r r e l a t i o n  between t h e  p o l e  s e t s  

can  be  s e e n .  The c o m p a r i s o n  i s  g iven i n  bo th  Table 11 and Figure  21. 

The model p o l e s  were  a v e r a g e d  from t h e  B-dot and D-dot p o l e s .  F o r  t h e  

f i r s t  two p o l e s ,  t h e  damping r a t e  and t h e  f requency of t h e  p o l e s  f rom 
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t h e  m o d e l  w e r e  h i g h e r  t h a n  t h o s e  f r o m  t h e  a i r p l a n e .  T h i s  t r e n d  was 

r e v e r s e d  on  t h e  n e x t  p o l e .  With t h e  t h i r d  p o l e ,  t h e  damping r a t e  and 

t h e  f r e q u e n c y  o f  t h e  p o l e  o f  t h e  a i r c r a f t  was h i g h e r  t h a n  t h a t  o f  t h e  

m o d e l .  The f o u r t h  p o l e  o f  t h e  a i r c r a f t  h a d  a c o n s i d e r a b l y  h i g h e r  

f r equency  t h a n  d i d  t h e  model ,  and a  modera t e ly  h i g h e r  damping r a t e .  The 

a i r c r a f t  d i d  n o t  h a v e  a  p o l e  t h a t  c o r r e s p o n d e d  t o  t h e  f i f t h  p o l e  

g e n e r a t e d  by t h e  model .  Fo r  t h e  l a s t  two p o l e s ,  t h e  s i x t h  and s e v e n t h ,  

the p o l e s  from t h e  model had a  s l i g h t l y  h i g h e r  damping r a t e  and a  lower 

f r equency  t h a n  t h o s e  from t h e  a i r c r a f t .  O v e r a l l ,  t h e  approx ima te  F-106B 

mode l  w i t h  t h e  s i m p l e  w i r e  model u s e d  f o r  t h e  l i g h t n i n g  channe l  worked 

r e a s o n a b l y  w e l l .  

TABLE 1 1 .  A COMPARISON BETWEEN THE MODEL AND THE AIRCRAFT RESULTS 

F-106B Model A c t u a l  A i r c r a f t  

P o l e  Number. Damping S c a l e d  F r e a .  Damping S c a l e d  Freq  
( H H z )  (MHz)  

F i r s t  -0 .27 7.51 -0 .18  6 . 5 0  

Second -0.24 14 .80  -0 .20  1 3 . 5 5  

T h i r d  -0.18 18 .56  - 0 . 2 5  20 .55  

Four th  - 0 . 2 3  2 4 . 1 5  -0 .25  3 8 . 0 5  

F i f t h  -0.35 30.72 

S i x t h  -0.20 36.22 -0.19 3 6 . 4 0  

Seventh  -0.16 40.01 -0 .14  41 .40  

The e x p e r i m e n t a l  model u s e d  i n  p r e v i o u s  work [Ref. 11 d i f f e r e d  from 

t h e  model  u s e d  i n  t h i s  work i n  s e v e r a l  a s p e c t s .  The f i r s t  d i f f e r e n c e  

was i n  t h e  mode l  o f  t h e  l i g h t n i n g  c h a n n e l .  P r e v i o u s l y  t h e  model w a s  

c o n n e c t e d  t o  t h e  e x p e r i m e n t  w. i th  t h e  c o p p e r  o u t e r  shield of  a 0 .141  

s e m i r i g i d  c a b l e .  A w i r e  w i t h  a  much s m a l l e r  d i a m e t e r  and  a  h i g h e r  

r e s i s t i v i t y  was u s e d  i n  t h e  p r e s e n t  work  t o  lower t h e  damping o f  t h e  

p o l e s  on  t h e  m o d e l ,  t h u s  b r i n g i n g  t h e  damping i n t o  agreement w i t h  t h e  

a i r c r a f t  r e s u l t s .  The s e c o n d  d i f f e r e n c e  was a t  t h e  nose  o f  t h e  a i r -  



craft. The earlier model had a blunt nose, while the model used in this 

experiment utilized a tapered one to achieve a more exact representation 

of the aircraft. One result expected from tapering the nose was a 

slight rise in the damping rates, because the taper of the nose would 

act as a transformer, matching the impedance of the rest of the model to 

the wire. By matching the impedances, the reflection coefficient is 

lowered, resulting in increased damping of the waveform. 

As can be seen in Table 12 and in Figure 2 2 ,  the damping rates of 

all but the first pole of the tapered nose model were substantially 

lowered. The lack of significant change in the damping rate of the 

first pole may have been the result of the offsetting effects of the 

resistive wires and the tapered nose. 

TABLE 1 2 .  X COMPARISON OF THE RESULTS FROM PAST AVD PRESENT MODELS 

Previous Model Present Model 

Pole Number Damping Scaled Freq. Damping Scaled Freq. 
(MHz) (MHz) 

................................................................ 
First -0 .26 7 .60  -0.27 7.51 

Second - 0 .34  13 .10  -0 .24  14 .80  

Third -0 .28 18.55 -0 .18 18 .56  

Fourth - 0 . 2 8  24.40 -0 .23  24 .15  

Fifth -0 .44  28 .30  -0 .35  30.72 

Sixth - 0 .34  35.60 -0 .20  3 6 . 3 2  

Seventh -0 .30  40.80 -0.16 60 .01  

The F-106B model used in this experiment was an approximate, not 

exact, model of the aircraft. By making detail changes on .the model to 

make it more exact, the effect on the resonances of the fine detail 

could be determined. For example, the addition of a nose boom to the 

aircraft would make the model both longer and more exact, which should 

lower the frequencv of the first pole. The frequencv of the third and 

fourth poles might be raised by modifying the tail and the wings so that 



Figure 22. A comparison between the two different 
model results. 



t h e y  would have a rudder  and e levons  l i k e  t h e  r e a l  a i r c r a f t .  

1 n . b o t h  t h e  B-dot a n d  t h e  D-dot waveforms t h e r e  was a  z e r o -  

f r e q u e n c y  p o l e ;  i .  e .  , t h e  Prony program e x t r a c t e d  a  p o l e  which r e p r e -  

s e n t e d  a n  e x p o n e n t i a l l y  d e c a y i n g  t e r m .  I n  t h e  B-dot waveform t h e  

z e r o - f r e q u e n c y  p o l e  was e x t r e m e l y  s t a b l e ,  having a  mean v a l u e  of 0 . 0 5  

a n d  a  v a r i a n c e  o f  z e r o .  I n  t h e  D-dot waveform,  h o w e v e r ,  t h e  zero- 

f r e q u e n c y  p o l e  was r a t h e r  u n s t a b l e .  The mean of  i t s  damping was 0 .060 ,  

b u t  i t  v a r i e d  f r o m  0.03 t o  0.09 and had a  s t a n d a r d  d e v i a t i o n  of 0.022.  

T h i s  ze ro - f requency  pole i s  probably  p a r t  of t h e  p u l s e  t h a t  was used t o  

e x c i t e  t h e  mode l .  On b p t h  o f  t h e  c y l i n d e r s ,  t h e  Pronv program a l s o  

e x t r a c t e d  zero-frequency p o l e s  i n  t h e  D-dot and B-dot waveforms. I n  t h e  

c y l i n d e r  r e s u l t s  t h e r e  were two zero-frequency p o l e s  r a t h e r  than  o n e .  



V. CONCLUSIONS 

I n  s i m p l e s t  t e r m s ,  t h e  e x p e r i m e n t s  d e s c r i b e d  h e r e  c o n s i s t e d  of 

p r o d u c i n g  a n  e l e c t r i c a l  t r a n s i e n t  d i s t u r b a n c e  on a n  o b j e c t  and u s i n g  

frequency-spectrum a n a l y s i s  t o  s t u d y  t h e  d e t a i l s  of t h e  d i s t u r b a n c e .  The 

o b j e c t  was a n  a i r p l a n e  model  w i t h  a t t a c h e d  w i r e s  i n  t h e  l a b o r a t o r y ,  

which al lowed u s  t o  examine some a s p e c t s  of t h e  r e a l - l i f e  problem of t h e  

F-106B a i r c r a f t  i n  a  l i g h t n i n g  s t r i k e .  Our main  s p e c t r u m  a n a l y s i s  

t e c h n i q u e  (Prony a n a l y s i s )  gave a  few numbers w i t h  which t o  " c h a r a c t e r -  

i z e "  t h e  o b j e c t  u n d e r  t e s t ,  and  we have looked i n  p a r t i c u l a r  a t  those  

numbers which  t e l l  how q u i c k l y  t h e  d i s t u r b a n c e  must  damp o u t .  The 

p r e s e n t  work d i f f e r s  from t h a t  done e a r l i e r  [Ref. 11 i n  t h a t  a  s p e c i f i c  

change  was made i n  t h e  model- -di f ferent  w i r e s .  This  change r e s u l t e d  i n  

improved  agreement i n  damping between t h e  model and a  p a r t i c u l a r  s e t  of 

l i g h t n i n g  d a t a  f o r  t h e  r e a l  F-106B; s o  t h a t ,  roughly  speak ing ,  we may 

c o n c l u d e  t h a t  t h e  l i g h t n i n g  c h a n n e l  was more l i k e  t h e  w i r e s  used h e r e  

t h a n  l i k e  t h e  p r e v i o u s  wi res .  Our b a s i c  t echn ique  of e x c i t a t i o n  of an 

e l e c t r i c a l  system w i t h  a  t r a n s i e n t  i n p u t  and t h e  c h a r a c t e r i z a t i o n  of i t s  

damping p r o p e r t i e s  through Prony a n a l y s i s  cou ld ,  of c o u r s e ,  be a p p l i e d  ., 

t o  o t h e r ,  n o n e l e c t r i c a l  systems as w e l l .  

More s p e c i f i c a l l y ,  r e g a r d i n g  t h e  resonances  of t h e  c y l i n d e r s  we can 

' s t a t e  t h e  fo l lowing  r e s u l t s  and conc lus ions :  

1 .  The c o m p a r i s o n  be tween  t h e  large-diameter  and smal l -d iameter  

c y l i n d e r s  shows s l i g h t l y  s t r o n g e r  damping and lower f r e q u e n c i e s  f o r  t h e  

l a r g e  one (F ig .  9 ) .  I s o l a t e d  c y l i n d e r s  would produce t h e  same r e s u l t .  

2. The c o m p a r i s o n  be tween  t h e  p r e s e n t  po les  and t h o s e  of Turner 

[ R e f .  11 shows l e s s  damping i n  t h e  p r e s e n t  c a s e  (F ig .  1 0 , l l ) .  This  is  

e x p e c t e d  s i n c e  t h e  s m a l l e r ,  more r e s i s t i v e  wi res  i n  t h e  p r e s e n t  c a s e  

r e s u l t  i n  l e s s  c u r r e n t  conducted away from t h e  c y l i n d e r .  

3 .  The comparison w i t h  the  p o l e s  of Yang [Ref. 61 shows reasonab le  

a g r e e m e n t ,  and t h e  c o m p a r i s o n  w i t h  T e s c h e  [Ref. 51  shows t h e  s o r t  of 

d i f f e r e n c e  expected:  l e s s  damping i n  Tesche 's c a s e  s i n c e  h i s  c y l i n d e r s  

were  i s o l a t e d  i n s t e a d  of  wi re -connec ted  (Fig .  12) .  These comparisons 

g i v e  c o n f i d e n c e  i n  t h e  b a s i c  c o r r e c t n e s s  of our t echn ique  f o r  determin- 



i n g  p o l e s .  

From t h e  F-106B model  we h a v e  t h e  f o l l o w i n g  r e s u l t s  and conclu- 

s i o n s  : 

1.  The c o m p a r i s o n  be tween  t h e  p o l e s  e x t r a c t e d  f r o m  t h e  B-dot 

s e n s o r  d a t a  a n d  t h o s e  f r o m  t h e  D-dot s e n s o r  shows good agreement f o r  

most  of  t h e  p o l e s .  More s p e c i f i c a l l y ,  t h e  agreement i s  good, w i t h i n  10 

p e r c e n t ,  f o r  p o l e s  1 ,  2 ,  3 ,  and 6 ;  i t  i s  f a i r ,  21 p e r c e n t ,  f o r  p o l e  4 ;  

b u t  t h e  d a t a  a r e  i n s u f f i c i e n t  f o r  a good comparison on 5 and 7 (F ig .  20, 

Table 10) .  I d e a l l y ,  t h e  p o l e s  should  a g r e e  e x a c t l y ,  s o  t h e  d i s c r e p a n c i e s  

t h a t  a r e  observed (which a r e  u s u a l l y  l e s s  than 10%) g i v e  an i d e a  of t h e  

accuracy of t h e  po les  of t h e  model. 

2 .  The comparison between t h e  po les  of t h e  model and t h o s e  of t h e  

a c t u a l  a i r p l a n e  shows rough  a g r e e m e n t ,  t h e  damping of t h e  f i r s t  p o l e  

b e i n g  r e s p o n s i b l e  f o r  t h e  l a r g e s t  d i s c r e p a n c y  (F ig .  21).  P o l e s  from 

o n l y  o n e  l i g h t n i n g  e v e n t  on t h e  a i r p l a n e  were used f o r  t h i s  comparison 

[ R e f .  7 ] . Other po les  have been o b t a i n e d  from a i r p l a n e  d a t a  and may be 

s e e n  p l o t t e d  i n  R e f e r e n c e  1, bu t  t h e s e  p o l e s  a r e  l e s s  r e l i a b l e  because 

of l a r g e r  q u a n t i z a t i o n  e r r o r s  and t h e  l a c k  of s imul taneous  B-dot and 

D-dot waveforms f o r  c o r r o b o r a t i o n  of t h e  va lues .  

One would l i k e  t o  h a v e  p o l e  s e t s  f o r  b o t h  t h e  model  and  t h e  

i n - f l i g h t  d a t a  i n  a  s i t u a t i o n  where t h e  a t tachment  p o i n t s  were known t o  

be t h e  same. Then, d i f f e r e n c e s  i n  t h e  po le  s e t s  could  be i n t e r p r e t e d  a s  

r e s u l t i n g  f r o m  t h e  l i g h t n i n g  channe l  having an impedance e i t h e r  h igher  

o r  l o w e r  t h a n  t h e  w i r e s .  T h u s ,  s o m e t h i n g  would be l e a r n e d  about t h e  

channel  and i t s  e f f e c t  on t h e  resonances .  Because t h e  a t tachment  p o i n t s  

f o r  t h e  i n - f l i g h t  l i g h t n i n g  e v e n t  u s e d  h e r e  a r e  n o t  known, c u r r e n t  

c o n c l u s i o n s  c a n n o t  be  t o o  s p e c i f i c  r e g a r d i n g  t h e  channe l .  However, 

rough agreement i s  being ob ta ined  w i t h  t h e  use  of t h e  p r e s e n t  w i r e s ,  and 

some of t h e  e x i s t i n g  d i sc repancy  may be due t o  a t tachment  p o i n t  l o c a t i o n  

v a r i a t i o n s  between t h e  model and t h e  i n - f l i g h t  s i t u a t i o n s .  

One o t h e r  p o s s i b l e  source  of d i s c r e p a n c i e s  between t h e  po les  of t h e  

model  a n d  t h e  a i r p l a n e  i s  t h e  shape of t h e  model: i t  i s  not  an  e x a c t  

s c a l e  model  of t h e  a i r p l a n e .  F u t u r e  work should  perhaps  be aimed a t  

making t h e  r e q u i r e d  d e t a i l  improvements t o  t h e  shape.  



3. The comparison between t h e  po les  of t h e  p r e s e n t  model and t h o s e  

of T u r n e r  shows t h e  e f f e c t  of  t h e  c h a n g e  t o  r e s i s t i v e  w i r e s  and  a  

t a p e r e d  n o s e .  The damping o f  a l l  t h e  p o l e s  b u t  t h e  f i r s t  h a s  been 

r e d u c e d  ( F i g .  2 2 ) .  This  i s  a s  expec ted  and is  t h e  same e f f e c t  s e e n  i n  

t h e  c a s e  of  t h e  c y l i n d e r s .  On t h e  model, t h i s  reduced damping improves 

t h e  agreement w i t h  th; i n - f l i g h t  r e s u l t s .  

4. The d i s t r i b u t i o n  of t h e  p o l e s  i n  t h e  complex p lane  i s  d i f f e r e n t  

f o r  t h e  F-106B model than  f o r  t h e  c y l i n d e r s .  Whereas t h e  po les  of each 

c y l i n d e r  l i e  e v e n l y  a long a  l i n e  which s l o p e s  g e n t l y  t o  t h e  l e f t  (F ig .  

1 0 , l l )  , t h e  p o l e s  of t h e  model a r e  r a t h e r  s c a t t e r e d  and show a  tendency 

t o  l i e  f a r t h e r  t o  t h e  r i g h t  a t  t h e  h i g h e r  f r e q u e n c i e s  (F ig .  21).  This  

i s  a l s o  t r u e  of t h e  i n - f l i g h t  p o l e s  ( F i g .  21) .  

Some comments a r e  i n  o r d e r  r e g a r d i n g  our  exper iences  us ing  Prony 

a n a l y s i s  on l a b o r a t o r y  d a t a ,  i n - f l i g h t  d a t a ,  and  computer g e n e r a t e d  

d a t a .  For  computer gen.erated waveforms which c o n s i s t  of s e v e r a l  damped 

s i n u s o i d s  w i t h o u t  n o i s e  o r  d i s t o r t i o n ,  t h e  Prony code works very  w e l l ,  

e x t r a c t i n g  t h e  c o r r e c t  v a l u e s  of a l l  t h e  p o l e s ,  both 'damping and f r e -  

quency, even when some of t h e  r e s i d u e s  a r e  very weak compared t o  o t h e r s .  

I n  some c a s e s ,  t h e  f r e q u e n c i e s  of t h e  p o l e s  can a l s o  be picked o u t  by 

i n s p e c t i o n  of  t h e  F o u r i e r  s p e c t r u m  of t h e  waveform. However, i n  many 

c a s e s  t h e  spect rum simply does not  r e v e a l  t h e  weak po les .  

I n  t h e  Prony  a n a l y s i s  of waveforms which a r e  measured r a t h e r  than  

computer g e n e r a t e d ,  t h e r e  a r e  two problems. F i r s t ,  t h e  Prony code o f t e n  

w i l l  n o t  f i t  t h e  waveform.  T h a t  i s ,  t h e  RMS e r r o r  between t h e  a c t u a l  

waveform a n d  t h e  one  g e n e r a t e d  f r o m  t h e  Prony p o l e s  and r e s i d u e s  i s  

l a r g e r  t h a n ,  e . g . ,  50 p e r c e n t .  T h i s  i s  a  common o c c u r r e n c e  i n  t h e  

a n a l y s i s  of i n - f l i g h t  waveforms .  When i t  happens, t h e  p o l e s  a r e  n o t  

used. Second, i n  t h e  c a s e  where t h e r e  i s  a good f i t  (RMS e r r o r  < 5 % ) ,  a  

q u e s t i o n  e x i s t s  a s  t o  w h e t h e r  t h e  p o l e s  a r e  r e a l l y  t h e  t r u e  n a t u r a l  

f r e q u e n c i e s  of t h e  o b j e c t  under t e s t ,  o r  whether they d i f f e r  from t h e s e  

because of n o i s e  o r  d i s t o r t i o n  i n  t h e  measured waveform. One example of 

d i s t o r t i o n  i s  t h e  q u a n t i z a t i o n  e r r o r  d i s c u s s e d  i n  Reference  7 ,  which was 

found t o  l e a d  t o  i n c o r r e c t  damping r a t e s  f o r  t h e  poles .  

To g a i n  a  d e g r e e  of c o n f i d e n c e  i n  t h e  n a t u r a l  f r e q u e n c i e s ,  t h e  



p r a c t i c e  h a s  been t o  ana lyze  s imul taneous  B-dot and D-dot waveforms and 

make a  comparison of t h e  r e s u l t i n g  p o l e s .  I f  they a g r e e  c l o s e l y ,  which 

o f t e n  happens  f o r  t h e  l a b o r a t o r y  d a t a ,  they a r e  accep ted  a s  g i v i n g  t h e  

t r u e  n a t u r a l  f r e q u e n c i e s  ( i n c l u d i n g  those  of t h e  i n p u t  waveform). 

One method t r i e d  on t h e  mode l  d a t a  when B-dot a n d  D-dot p o l e s  

d i f f e r ,  was t o  f i l t e r  o u t  some of t h e  po les  and then  re-run t h e  Prony 

code  on t h e  f i l t e r e d  waveform. Th i s  g i v e s  t h e  code a s i m p l e r  waveform 

t o  work w i t h  and,  as d e s c r i b e d  i n  S e c t i o n  I V ,  can l e a d  t o  b e t t e r  agree-  

ment between B-dot and D-dot p o l e s .  

The Prony c o d e  a p p e a r s  b e t t e r  s u i t e d  t o  measured waveforms, which 

h a v e  t h e i r  p o l e  f r e b u e n c i e s  w e l l  s e p a r a t e d ,  than  t o  t h o s e  w i t h  c l o s e l y  

spaced p o l e s .  For example, t h e  p o l e  e x t r a c t i o n  w a s . l e s s  troublesome f o r  

t h e  c y l i n d e r ,  where  t h e  s e n s o r  was l o c a t e d  a t  t h e  c e n t e r  s o  a s  t o  p ick  

up on ly  every  o t h e r  p o l e ,  than  f o r  t h e  F-106B model w i t h  i t s  many p o l e s .  

F o r  some m e a s u r e m e n t s ,  t h e  c o r r e c t n e s s  of t h e  n a t u r a l  f r e q u e n c i e s  

c a n  be  c h e c k e d  i n  a n o t h e r  way--by comparison w i t h  t h e o r e t i c a l  c a l c u l a -  

t i o n s .  This  has  been done i n  t h e  c a s e  of t h e  c y l i n d e r s .  
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