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I. INTROI)UCI’ION

Th is I,~~ inic al re llrt is intended to  describe s(Illle of tile work done at ti me Naval Sur face  Weapl .l i ls
(‘enter. Dahlgren L~mbo ratf ’ rv in FY.76 ~~ t he app lication l It  Geometric Theory of Diffraction (GTE) )
.Illalvsis .ind related methods to shipboard ekctr omn agnet ic prob le m s. In particular , t he work addres sed
t he se.irclt to t  methods which are accurate enough to give useful results , ve t simple elloI.mgh to permit solu-
t i Ot~ Iii t he v er ~ coitlp lex analv sis problems ar ls l l l g iii the shi pboard electr ollt agnet ic environment. As a
‘ I s’sthed” problem . the scattering of e lectromagnetic radiation f rom a m etallic circular cylinder was chosen.

This problem c~ uId , for examp le . represent t he scattering of the radiation from a radar antenna by a ship ’s
TO ast or a whip antenna. TIme problem Ill be solved could for instance be as follows: We install a radar
antentia in location A on board the ship and a cy lindrical mast in location B. We ititend to  transport
h.m,ardous exp losives along path c. Will the path c be in an hatardous electromagnetic field? If ~‘es. how
can time geometry of A versus B versus c be modified so as to eliminate the hazard? In order to obtain a
good apprec iation of such problems . it is important to remember that there is a hierarchy of contributions
I I I  t h e  total field in any location , which consists (If a su perposition o f t  I )  direct radia t ion . (2)  radiation
retlecte d from the cy linder and (3) radiation diffracted from the cylinder. In the following SectIo ns an
attempt will he made to establish the order of magnitude of t lme~ contributions.

The estimates described in this report and in the propose d follow-up to this work are desi gn ed to  be
wor s t -case.  i.e.. high estimates. The computations are designed to serve as a first , simple. rap id , and cost-
e b b  eli ive cull for a large number of field points. In certain regions this estimate will result in high values for
t ime tota l field. If these values are unacce ptable from the HERO . RADHAZ. I M C , or operationa l point l If

view , a secotid cul l will he performed for the relativel y sma ll number of field points determined by the
f i rs t  cull. The second cull will employ t ime accurate methods developed or tiflder deve lopment by tIme
academic communit y . This two-step process will optimize the et ’f iciency of the computational pr ocedures.

The effect of the blockage by the cylinder may be divided according to time field regions considered.
These may he cl assified as shadow , half•shadow . and unobstructed regions. In t he work reported here we
concentrated on the hatter two regions, which in most practica l problems will m ake up tnost of the total
field space considered. The ratio between the extent of the total shadow region on the one hand and the
ImaIt-sh ad llth and unobstructed regions (In t he other is typically between time orders of magnitude 0.01 and
0.1 . Although the prohlemns arising in the shadow region are sometimes very important. we did not
address t het m i. In time two .step process described above this region of the electromagnetic field would he
han dled in I lie seL ond cull.

The work was acco nmpan icd by a literature search , which also permoitted 1(5 t e l  place ((fir wor k in per-
spective with respect to a representative cross section of the published literature. Our testhed problem ms
smi mmp le . co m pared 10 the much more complex geometries end luntered in a shipboard environment . Yet the
literature contains a very large nunrmher l I t  papers which in sw mme wa~ treat a suhprohlcnm of the above simple
prob ler im . The incident field may he a plane . cy lindrical, or spherical wave corresponding res pecti selv to a
point s ou rce at “ infini t y , ” a linear source , and a point source “nearb y.” where the words “infinity” and
“nearby ” have a meaning only if re lated to another lengt h, immost frequent ly the wave length and/or t ime



I lm a I l l e t e r If t Ime c~ hillel . SlIlIlC t I i t l C S  s I I l l lj ) iex  s l I l i ( c Cs . ‘ h e l l  IS 1 1 : 1 5 5  of Im uc S l l L I r LeS  III SjS I:sl . Il s l l l l l c e s  5 11s f )

IS sill~ lles a t e  t rea ted il lS’ Ills Il.il.’ilt fI eld ina~ h~ I l lr t i m e l  s pecl: i i m/s ’ d h~ mis tm i ne dh ’ f lei i l leiIl.s’ . ( ‘5f pm i iss ’ . o r

stc 1) f I l I l s i l l I h l  I III.’ pmoht e ui imld ’~ I~
(~ i t ea te s i IS Its I I ( f i I I l l .’ t lS l i I l flI~ (I~ illIl.’l.’—(h i i I l e t lS I l I mOl . .15 Ss . l i . l I  I I I  SI ’ S t l t r ia l ,

ilie ‘.e.(lillh r \  teLl I l c , l l e l t  111 ,15 he t i le l s I i I ’L t s ’d . (ll f t r . I s  tt ’t i .  Ill m e i i i s letl te Ll, l lc:lI field , I I  I I I  field: mi le
l i l t e lc S i  ti l ls ‘ e m I t _ i  Ill blot kIll. Ill till.’ l lI i l i l ll lhs’ III h I l l e l  .1 111 ( 11 h~ 1. 1 1 1 1 . 1  II mie ss sIdelI hes . haek seat te i  i

hI\i,mi mc ‘5 , l t t c l l m i C ,  0? sps’I:l.lI I s ’ lflI’IIS III i lls ’ t iels i Sl I sh i  .1” C , l h I ’ ,l ll , S f i t  t I ; m l l s l t t o i l  I cC ll l i ls  ‘5 I t o  lid 5 1 1 1 1 1 ( 1 .’ I i

lit t c i  dl ‘ I I I  (‘II lies ii t h is ’ II al imdl l la t  Is II llll,’t 1111(15 used III t l te  5111111 b i t  l m l i  sIl l I i  ( ( l i i i  111(1111 III’ 11 1 1 i’l, t i l l  isl:il
slIllI iIIins. Ill i l Iri l ia) liI.Ipf~lIl s! Ut par i td l l la m lilk’ l(’SI all .’ I III’ pllssmhle :11)1)11 l \ l l I I , IT I I I I I \  I llete . liii se ,IIIPIII\fl

lib a t io n s  ss hic il p1,111111 slilIp is’ 11115 sica l :ii l : I l l l g Ies . sIR II ~I5 CI : l l I l lCt I iC, l i  op t i cs . llll~
,sle:Ii l l p t t cs . Ilel f i t le i ll I ,  h e l l ! ’ .

It  s h i f t  l:il. tto il ( I C p I l t  Is 111.1 T it .lIlllC,IiIiIIl bs’c.IlIsd I lle~ l Ie Id ped h~ III 11111 1 1 1 1 1  based ‘ T I  sillip le . st eil.km ItS Il

phiss i c mi l Ist s I l ls ph~ sis m I ro pe i mic s  l b  till.’ s5 a t t e l i l l f  hIld~ (es i i i l t i er f riulge f~~ii n l lm I i t l i Ie I I I  / e i I l  50i1

slti c t i v t l s  ( i d . .  iils’t al TI ’  d ie le5 tr ls  I 111(1 Imll,’ i l l t f l .’ cl ilipil.’’. cllndus’ t l s l I ’ . (e .g.. iIIss\ dls’le c l t m e ) l)epe iuling Ill
t Ime mela t i se  dlrs ’s’t i l l m) t ime p I l l mr l / I t i f l I l  of ’ Il ls ’ iti c ideot  f ield am id h i s ’ s\ u nder ax Is , till.’ hoiit idat s c I l i l d it i l Im is

miia~ he S I l f I  sIr ‘it~ird. ’’ or an “i npedance boundar c lmmi d l t io m )  um:i~ a ilp i\ 
, 

Ss’sel . l l  m ild I l l s  T l l I \  he in-
s l l lse l i  in the s e . I t i c r I I m g  P°~~’”’ st mch i as ill s~~II is ’l 1111111  dit’ls’t I l l s  cuse rs ’d lllel Ill mc cv i l t l de l \ , f I r  p 1 . 1 5 1 1 1 . 1 ’

CIIIte( l  cvl tnd e rs . Seime pembllslil.’d papers s’ s’ i l I eT mli ii f I l l  t he sc at tered field hut oii in l l l te r ,i lel i ia te q I o i lt it ~

slIC hi IS l i l t ’ s l l O s ’ilt inds mc ed (In t h e  S I m I t a c e  of the c~ h imider. Ot l le ls  c l fnc e ntr : i te  lIt) mat iR’ i f l , I i i5 llJ~FIlp e m t m C S

l It f ( i l l ~~t i I l i i S  l ) cc lm mr i l i l . !  ill the i reat i l l em it  ci t sc I t l e r m g prohil.’lllS . e.g.. c~’ linder tu I lc I l l I lls . “ 5 IT V  lt l t e g r iis . l ock
It lI ls t i l I m i S . FinalE, - \ I IT I IS ’ t l I l l l .’s t he prohk’mii t rea ted I l  1 pape r iila~ he ti~ore e ’ i t e ra l mm i (mi le l s ’s 1l cs ’t aitsl i m m u re

Ids i l I c i l s e  ii) anot her  t i tan our tes tb ed—cv l i nde r sca t t e r  prllhls’ mii . lo t  lils I l t lc c .  tIme s ca t t e r ing  t it a platte 5t . l5C

from im a ss l i m l d er ‘f arb itrar y cr 1155 sCcIl l ) i i  and axis perpemidic iilar II) t h e  imic md em i t pl ills’ st Irs’ stIllild fa ll into
t his cj te go r ~

‘rIme above dcsceip( ion I) f  t ime SI.’ l)pC of the literature re lati mig. imm ure III iCs s s ’ i I IS( ’ l y. to  tI m e te ’ ihed problem im

Is h~ mill means s’x i la ust i se hut mat serve as in illustration of bite plIssihie numt iber III paiai l ls’t e t s  S t i I I s h l  i t ia ~

c iiithine tt l lllZiii\ d i f fe ren t  wa y s in the literature

( Ilnsider iog t he large number of para mn et e m s . the “ sam p le space 1 f f  possib le dif ferem i t  p~pcr s Whi ~s’hi

tSIlu Id apply i l l  tile d m f f et ~’t it possible prohlemns occurring in act ual sit Il it iot is  Is e n f l r m l m l l us . Of c~iuiss , lOll’. a
sma ll fract i o u  ~f t his samp le space has been reported on iii tIme lit ci at t i re.

I would like t ( m end this introduction h~’ mentioning aim unbalance I observed in sL milllilill t ue  l m m e rat l i rs
T lmeis ’ Is 1 l.Iige number of purely theoretical papers and a f a r  smaller nu mber of exper i m ental papers. Th is
Immiba lance is at least partl y due to the v e ry  considerable advances in t lmeor ~ made possible m mm recent ~e i  rs b
time enormous progress in computer science am id availab le compufer facilities. HlIsS s’ver . t h e  miee d tor (lie

mnte r pl.i~ between t h eory and measureitient IS now as necesssm r\ as always.

II. ESTIMATE OF REFLECTED VERSUS DIFFRACTED POWER

rime gemm e ra l ( I I )  solution ion s c a t t c i  from a s m t c l i l u I  cy linder was publish ed mmm a i ~v ~‘ea rs a’~t ll to a paper

ht i . B. Kel Is ’ r ci I It involved t i l t  is t ume-consuming mo at hemat iczil operations m d  tiding infin mt e series.

Our pm mr p
~ 

ise was t o i  iht a in an cxi i  cim me Is sm i ump hit ied formulation and at the sa mime I im r m e an est mma t e elf ’

fm e pr ice Ifl a s s  f m r a c \  III t it is si m ump l i lu cat ii in . We regarded t i mis as an area I If t Ii itigs wh elm should he done hut
whm t sh dii not show up mu detail in t ime l i i e ra te mre  Tim e (;Tt ) seih t i t ~~mn to  this ’ cy linder d i f f r ac t i o n  problem is
base d f i l l  iii .ms s i mpt o t i c  s e r Ies for time f i e ld (‘ if tIme 1.em nehc rg -Kliu me fo rm

(!(~ ‘ i ’ : ) C 

I

~ “it  (ik
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t imeis ’ ‘11 ~ tIm e ‘ ‘ s I l l  order c r 111 u t  t f t e  s& ’ T I e s . mud h’ = it \ . l tm ill’ I i I u h l— f i l ’ l l m ic m lcS  Ilmtt tIme sc iics ~s

.mllpiI \ m I i i . I i s ’ li h~ t hm ~’ /e I l’llrlll.’I t s ’ l mm i f e ir 511 1) . It depemuds mn 1011(51 liii ha (w h ere  a is the r id mlls lIme
5~ liuids’ m I .imi d is res ’ i ’ e l l i /s ’d is Ills ’ sIlilItIlIll ‘‘f tIme I ‘51 pnlhlelil l , t f & ’rI’d il~ gl.’Ol i l l .’ I I lsIl e ’ p l i ss.  A5 ha 1ll.’h.’id i.sl.’S.

the is ’Iat it t ’ S l i l ies cu t t h e  ilI,’ IIS’ I—l l rdcr  t e r h i l s . m e l l l (’ss ’ m l t  Ill sli t f i Ic b i l i n  r at l l s ’ T  tlRm n IL’tlI’I’ t i l i i l , n tc id : lsc ,  Arm
ex , InIi m I, If i f l mi Ill tile s’\ p l css l l l l l s  I’eir t h e  ‘~ coei f l s  i~’ m i t S  511 (151,5 t l I lm t t i lC  / s’ I l i—I i? l . l e r  t e t t i l  is dl I i l lmnan t III our

pmlfh l eitl for  IIiI’’l field p I nts . .  lild I’ll 1111) 5 ship board et mvl re i r i t i icot  prohleills 111115 tIll.’ list Idrill iii time
5(1 IdS f u C h s III he c hi t Is ls le res i . culls IS t rue f IIr 111111) nornma l ,Iuid Iihfis 1lie iticids’ iice. 1 111 a p l aT ie s t ave

imilp itl eil lg m bo r mn a l ls  ‘il .1 s’ I l c tm l a r  c~ Inlder w e est im i ia te d t h e  11111 R hetst’ s’eu m to ta l  d i f f t . ~’ : ls ’ti and ref lected
(‘ TIdT( l ’. . d liss ’ I’II1.’k s’5 t’x P1l.’sslhin f l i r  time widt h t/ of t Ile 511111 ( 1W hound Iry st r i p

1! =

wlIs’rs’ Ii Is ills ’ radiu s lIt s I i T s l i t i r e  l i t the body in the plane of incidence: i.e.. ill ( i et r e~se a radius I I ?  mi ld

c ’ . linsler. . \ssl l l l i iule t hat the d i f f rac ted energy is due to t h e  energy falling onto ti le ‘‘regi on lIt the sh l idllst

hlt m nsi,mr~ 
‘‘ as det I tied h~ l ock ’s cqliat ion and assutt iing f’u rt hm er t h a t  t ime opt c i i  s ’ ’ m t  ri hut mon t e l  t h e

sca t t e r e d  s’ll e re~ is dIme to the em iergv falling e l t i to  t u e  part of the s’~’ltiisler su rf a c e  t a c m m m g  the a rriv it lg plamie
s t a t e , we mai v l i m i t s ’ at an cs t i im late (If t h e  relative importance of tIme total d i f f rac ted  I ’d enei~~ 111 Il ls ’ i l Ita l

I ehl ects’d s’ils’rgv

reflected energy
defmnmng R = . . R

diffracted energy I

‘s\ ‘2 obtain (seC A ppetidix Al . Equation Al -3)

R 1 = (
~~

)
I/3 

( l

whmer s ’ R 1 is in approximation for t h e  desired ratio. Clearl y if R 1 is large we simall he able to siniplil~ miiaui ~
prohlemims considerabl y by neglec ling the higher-order diffraction terms in coniparisoti with the refle ctm lln
t e r m mi .

Equation t I ) is evalr mated in Appendix Al in Table A l - h  for var iosms values of ka (a is the radius of the
ct lim ider ) between ka = 50 and ka = 2. As expected , when t he diameter of the cy linder decreases or the
wave length increases, the relative cotitrihution of dift ’raction in the tota l scattering process rises as compared
w hIm ref lection. However , it is obvious that , since t h e  t hinner cY u iider interacts less t han a large-diameter
cVi iii(lei wit h time imicomm iing radiation , t he total diffracted power dr 2reas es with cylinder diameter. This
stt uat iel m i is shown quantitatively in Appendix Al , Table A h-2 .  Note t hat as long as t Ime Gil) is valid (ka ~ 2)
t ime total reflected power dot tim nates time tota l diff ’racted rower.

.\i f bio mgh this ’ analysts in Appe mmdix Al  assumes a plane wave with ) iticidence perpet dic tm lar Ill the :ixis
of a circ m lar cylinder , it c mii be ex te utde d t o  oblique immcidence and arbitrary smoot h , convex cv tinder cross
st’s’t I(iIi s l’ollliwing tIle mi is’t humd of A ppem idix Al amid substituting for the radt tm sa the radius of c s mrvzm t tlre ( I f

lime cy litider slm rt , ise in the plane of incidence of the respective poimits in the shadow hotm ndarv . time ss’idthi ~
It t lit’ ~ .‘nlii im bra re gioil will tIm en he
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Figure A I - I . Plane Wave Inmpinging on a Circular Cylinder
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~~( h ~ s ’ l s ’i~~Ils ’ 4 1 i t t ime 1 ,1111 ’  I f~ ‘ ‘/ 1 1 (11111 ltd I?

I “5 I 1)

I l h H ” , tt ’ s’ l Il l,hiIi i’ahlu’ t  ‘ s i — I )

‘fable “ 51 . 1. R:itIlI l i t  Rs’f let ’tes ] l’l tt l’I ‘ l ) i l fm: lc l s ’d J’luWer

ka /? t t k 1 2 ) t
~~ R 1 (dB)

50 2 .1)24 4.66
20 2,l~ 4 3 ,33
II) 1.7 10 2,33

S l . 3S 7 1,33
2 I -000 0.00

“s s expected , tIme I i t l m  III ref lected Powe r is) di f fracted power decreases wit h decreasing dianieler/X .Ref lected pI s t e t  es lu :mls d i f f r a cted peiwer whet i lea 2. The total power I’ im iv sml ved in time scatteri n g prllcess ,I’ = /~
ç, + Pj ,  us obt a m mie t l i)~ c lm lmih it l ing hshu at mt ms (A l  - I ) arid (A l  ~2 I.

~ 1/3
P ”- 2aP~) ( I  +(

~
) ) (A04)

Nu irmtm ahi,e d l u  lhil ui m u it ’ide ui t pows ’ r and s l m h s t i m ut i n g  for (2/ak ) t l ’) f’rsiuii equat ion (A l  — 3)

/ + ( A l ’ S )

T he ie mta l sc att ered power P and time t i ’ t ; i l  diffr acted pe we r are cont rasted in Table A I -2  for constant k =and T i m  irmll:mlUe d I~ ‘ unit incident powt’r

Table A l  - 2. Sca tt e red I’eiwer P and
I) mftr :m c t e d (‘owe r I’/)

ku “I ’ m ~‘/ l  / l l  !~L~1t I’ /F ~
SO I ~4 14 ~o 1 1)0 0.342
20 S~~5~ I ~~ 40 0.4(m4
hO 3 1 70 1 1 . 70 2( 1 0. 5~ ~5 17 . 37 7.37 10 0.737

2 ~~~
. 4 .. 4 1 .000
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APPENDIX A2

FLOWCHART FOR THE COMPUTATION OF THE
REFLECTED FIELD IN THE CASE OF

OBLIQUE INCIDENCE OF A PLANE WAVE ON A CIRCULAR CYLINDER

1

1 1
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Figure A 2- I. Illustration to Computer Program Flowchart of Figure A 2-3 .

lEe , Ib) l l t t ’ I IIlIhlt’ s l i ’m t t s time c im m m f ’i g u mratm em n Ill t he i ncidem mt ia ~ ansI the m a t  ub l is immel s tet lected t i im t mi  t Ime
uS mdci . Time / -axis points out of time plane u t ’ t Ile paper. Time ps is iti omm sm f ’ t ime sec t or / ‘  i’.lE is give u m. Nets ’
t h at Ii a im s gi ven sec t sm r  t ime c s )e mrdin a t e s ystem i m Itl.iS he t’lmi ms e m ss m t h at Q = 1jts’~,, . ,i’(~, 0): re l le ct uem f’romn
p m im mm l Q ’ — Q ’(xQ. m’~,. ~~ 

) wil l he em htaincd by simiffing m hie coordinate Sssleml i  upwarsl or deiw u mwars l .l Il I t le

ills’ / -;m 5,15 ue m obtain t ime s itemati l imm shown in Figure A2- 1 - Fur t her  after 0 is ca lc im kmted a fur t her  cemsi rs Imn~ime
\ ‘ f m l r i m m a t m l i m m . a rs mt at i o n about (I . is pe rfort uie d tO brimig time point Q ( it i te l time x - : mxts .  The t ’ atm sm nicah posi t i otm
111 115 p rm m s lu c ed is shown in Fi gure A2 .2 . Fur all field psi i nmts w here reflected r :m vs pass . the canonical eases
ii~:ms he represented as in Figure A 2.2. with Imi mIS ~ va i ~ mng . TIme coniputation flowchart is s ims iwn mi  Figure
A2~
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APPENDIX A3
COMPARISON OF THE PHYSICAL OPTICS RESULT S WITH

EXPERIMENT AND EXACT MODAL SOLUTIONS IN

BACKSCAT~ERING FROM A VERY LONG CIRCULAR CYLINDER
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Figure A3 -I . Backscattering from Circular
Cylinders after Tang4

The plis s i ca !  sm pti es method may he employed referrimmg to Figure A 3-2.
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Figu re A3 - 2, Illustration to the Simplif ied Analysis of
Backsc attering from a Circular Cylinder
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2ir (5 5  . u mtered p 115551 i lmi l t  :imig lc)
— .—- ..-- - -. — --—. — (A 3 - I f
ins RIS ’t li piiws’r . unit i ’ i l~’Ili (:i luuig tIme evl it mt le r diatt i ter

dl “~ad0

I/l
C,1s 0

(II

dm’ dl cs15 I) = 1 d e s  Osl O

dl’ dl’
incident pe st er lliii l le m igrl m ( A3 .2)

sit ’ a cs >s OdO

I/I’ h/ i ’  = t’ IlIi’.t,lil t ( ‘ - . . P°’~
’1 1101) length (a l l l m ig  i’)

The ps 55 s’ m s ’ in t’id cii t :ml ‘ ~ng on it Ic ngt it of t’ c a sm se s power p seat te resl fri i mmt mm ii i t he ngt Ii III the cv Ii mmder

5 lilt our:

dp dp dv
J) = — = — — c cos O

di dv dl

‘[lie pustet sip incident s mo the inl’mnitesinmal part of the contour dl will he scattere ( 1 in(s) an angle 2d0:

C e ims O a d O
Hence ti me scattered power/t mnit angle 1A3-3 ~

and t roo m (A3. I ), (A3 -2) .  and (A3.3)

= 
2irc cos 0 a

~~~~~~~~c~sO (A34 )

l eer backscatt er 0 = 0. and Equation (A3-4 ) becomes

o~~~~ air (A3-5 )

To compare with Figure VII we for u m

k 0a’~f k 0a = — = ir (frotti (A3-5) )

I’miim Figure A3 - t we read: k 0a~/ k 0a 3.07 for the experimental values as well as the exact theoretical
values. Note t hat in this case the val ue obtained wit h our simple physical optics model gives t ime precise
theoretical and measured values to wit h in 3’~/ ,
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