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Penetration Through Slots In
Conducting Cylinders—
Part 1. TE Case

John D. ShumperiStudent Member, IEEEand Chalmers M. Butler-ellow, IEEE

Abstract—Three methods for determining the penetration even though the interior region of the body is not actually
through small apertures in closed conducting surfaces are g cavity with a complete impenetrable boundary. Because
outlined and their salient features discussed. These methodsino jiternate methods are susceptible to interior resonance

are designated: 1) the scatterer method; 2) the short-circuit .. ~ . . - .
current method; and 3) the equivalent current method. They are difficulties, which are not easy to avoid directly when bodies

implemented by integral equation techniques but are amenable are of complex shape, we propose still additional formulations
to differential equation or hybrid methods. Procedures for that remain valid over the entire spectrum of interest.
applying each method are outlined, as are schemes for repairing  Unfortunately, the two alternate methods themselves suffer

singular equations rendered invalid by the presence of false ¢,y inherent difficulties and often entail far more work and/or
resonances. Reasons for inaccuracies in the three methods are

also delineated. Data determined for a given structure by all three require greater computer resources than does the scatterer
methods are presented and numerical examples that illustrate method; and they are not equally easy to apply to complex
important features of the methods and their relative accuracies structures. Through the judicious choice of equivalent sources
are described. It is pointed out that some methods yield incorrect gng appropriate basis functions, some of these difficulties can

penetration data. In this part of the paper, is found an outline . . ‘i
of the integral equation formulations and numerical schemes be remedied. For example, one can devise a variation of an

needed to accurately determine the field that penetrates through @Perture method involving only equivalent electric currents
a slot in a conducting cylinder excited by an axially independent (but with no magnetic current as is typical in the traditional

TE source. In Part 2, the TM case is presented. implementation of this solution procedure) to enable one to
Index Terms—Apertures, electromagnetic coupling, numerical determine the total field both inside and outside a conducting
analysis. body with a hole in its surface.

Although the classic problem of determining the electro-
magnetic scattering by conducting cylinders with axial slots
has been investigated by many researchers [2], [3] using

NE of the problems that researchers have been interesgedariety of techniques, the determination of the penetrated

in for several years is that of computing fields that pengield through slots in conducting cylinders has received little
trate via very small apertures through conducting surfaces. (Afiention. Senior [4], [5] investigated the field inside infinite,
extensive bibliography appears in [1].) In particular, we argonducting slotted circular cylinders due to @hpolarized
concerned with the determination of the field that penetratepvi to cylinder axis) incident plane wave. Schuman and
through slots in conducting cylinders. The straightforwargyarren [6] applied the Schelkunoff equivalence principle [7]
solution of this problem in which one simply treats the bodyy bhodies of revolution in order to improve the accuracy of
as a scatterer and determines the interior field as the sggld computations for cases when the aperture is small and/or
of the incident field and the scattered field contributed t‘Mhen the field at points deep within the Cavity is Sought_
the current induced on the body surface, can yield inaccura(%ybrid technique combining the frequency-domain method
results if the aperture is very small or is a thin slit orientedf moments and the finite-difference time-domain (FDTD)
on the body surface in such a way that the leakage is sm@llethod has been employed by Taflove and Umashankar [8] to
Alternate integral equations methods, namely what we haygive various penetration problems. Beren [9] implemented the
termed theshort-circuit current methodand theequivalent aperture field integral equation (AFIE), electric field integral
current methoddo yield accurate penetrated fields, but thee‘!quation (EFIE), andH-field integral equation (HFIE) to
fail at the internal resonances of teuivalentclosed body, getermine fields in and around an axially slotted cylinder.

_ , , Johnson and Ziolkowski [10] developed a generalized dual-
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both TE [13] and TM [14] polarizations. Butler [15] investi-
gated the field penetration into conducting circular cylinders
with small apertures for both polarizations. Our research
is primarily focused on methods for determining the field U’
which penetrates conducting cylinders with arbitrary contours
containing infinitely long narrow axially directed slots.

In Section Il, the solution methods are described and inte-
gral equations are derived that, when solved, yield currents
from which penetrated field can be determined. These equa-
tions are developed for the: 1) scatterer method; 2) short-circiif -
current method; and 3) equivalent current method. Procedures
for applying each method are outlined as are schemes for re- excitation’/
pairing singular equations rendered invalid by the presence of
false resonances. In Section Ill, moment-method solutions are
developed to solve the integral equations derived in Section Il
It is pointed out that some methods vyield incorrect interior
fields when the level of penetration is small and what must be
done to obtain correct fields is discussed. Data determined
for a given structure by all three methods are presented
and numerical examples that illustrate important observations
about the methods and their relative accuracies are described
in Section IV. The TM case formulation, numerical scheme,
and pertinent data are presented in Part 2.

Il. FORMULATION OF INTEGRAL EQUATIONS pec A/

cylinder

Three methods for determining penetrated field through slots ’ ] ] ) ) ) )
in conducting cylinders are outlined and procedures for appIgffgr'a(zj'ius?gf%'ssﬁg:g?]zllé'z{‘:" ecgcﬁzglg'ysr'ﬁ;fg chgslé'.ar conducting cylinder
ing the methods are delineated. The first, the scatterer method,
treats the body as a scatterer and determines the interior field
as the sum of the incident field produced by a known sourtieWhich the operato€[J;r; %] can be expressed in terms of
and the scattered field contributed by the current induced Batentials as
the body. The second, the short-circuit current method, is
based upon a field equivalence theorem due to Schelkunoff [7],
which allows one to change the excitation of the structure frog,
the known source or incident field to an equivalent surface
current placed in the aperture. The penetrated field can then A(r) = u//J(r’)G(r;r’)dS’7
be determined by a procedure similar to that of the scatterer s
method but without the inherent inaccuracies. The third, the P
equivalent current method, employs the equivalence principle ®(r) = %// (VL -J(")G(r; 1) dS’
[16] to solve for equivalent magnetic currents and then deter- 5

mines the penetrated field from knowledge of these currents.
whereG(r;r’) is the free-space Green’s functign= /j1/e,

A. Scatterer Method k = w,/pe and X represents a generic or dummy surface on

] ] ] which sources reside. The field must satisfy
The scatterer method is the simplest technique for comput-

ing the field that penetrates through an aperture in a conducting Eianld;; Y]+ E _(r)=0, res 4
surface. A representative body with conducting surf&cand

aperture A is illustrated in cross section in Fig. 1. In thison the conducting surface where the subscriph” denotes
method, the body is treated as a scatterer and the penetréfi€dfangential component of the operator or field on the surface
field is determined as the sum of the incident field producet

by a known source and the scattered field contributed by theConsider the slotted cylinder shown in Fig. 2 excited by an
current induced on the body. The total electric field can Hacident plane wave propagating in a direction normal to the
viewed as the sum of an incident fiekf (r) due to radiation z axis with its magnetic field parallel to the axis (J)E For
from a known source with the scatterer absent and a scatteptigh an excitation, the induced electric currdnbas only a

field £[J;r; ¥], which is due to radiation by the current on &0mponent in the direction wherd is a unit vector tangential
surfacey to the contour in the transverse plane that is defined at a surface

‘ point byi = zxn in terms of the axial directiof and the unit
E(r) = €[J;r; 2]+ E(r) (1) normaln outward from the surface. In light of (4), an EFIE

incident wave

General conducting surface with opening excited by known source.

E[J;r; ¥ = —jwA(r) — VO(r) (2)

3)
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6 induced on the equivalertlosedsurfaceS + A depicted in
(1L.€) (1.8) source Fig. 3(b). The short-circuit currer®*c is determined from
Vs N B —Ean IS+ A =E_(r), reS+A @)
§ (pec) where&[J; r; X] is given in (2). To overcome problems caused
@ by false interior resonances, one may replace (7) by the
corresponding combined field equation
(n.e) \ G source —n X H [J*rnS +A7] - gé‘tan[JSC; r; S + Aj
. "Jsczﬁstc ‘ a ‘ 77
a = =axHi(r)+—E(r), reS +A4" (8)
S (pec) 4 A n
where&[J; r; ¥] is given in (2) andH[J;r; X] is given by
(b)
1
) — HI;r; %] = ;V x A(r)
\ m’e)\\ ; = //J(r’) x VIG(r;r')dS', r#1'. (9)
/—> \ lJlml’z_JSC 5 9 ? .
S J / /‘<v\\ BT
A ~ . . . .
P
¢ n is the outward normal t& at r and « is a multiplicative

—

parameter that is usually chosen to be in the rdngec o < 1

[17]. The minus superscript in (8) indicates that the magnetic
Yield must be evaluated in the limit as the field point
approaches the surface electric current along a path in the

. . , interior region.
can be formulated to determine the induced electric C“”e”tKnowing J* from the solution of (7) or (8), we return to

on the scatterer

©

Fig. 3. lllustrations for the short-circuit current method. (a) Original stru
ture. (b) Short-circuit current over aperture region. (c) Equivalent model.

the original structure of Fig. 3(a), with the short and external

ﬂ[kQ / Jl(p/)i'i/H(Q)(k'|p—p/|)dl/ source removed and, following Schelkunoff, impress in the
4k Cs 0 aperture a known curre@* = —J*¢ in which J*¢ is the
d [ d () N short-circuit current overd. The equivalent-field excitation
) g 1PV H (klp — p'l) d in the interior region can be found from
=
=1-Ei(p), peCs (5) E™P(r) = E[+I™P;r; A = E[-T%1r; Al (10)

where Cs is the contour of the conductor and whefeis The new problem is then solved by treating the conducting
the directional derivative along’s in the 1 direction. The body as a scatterer with surfac® excited by the current
subscript 1" is appended to quantities to indicate the vect®ourceJ™> as suggested in Fig. 3(c). The resulting induced
component in thd direction. The two-dimensional Green’scurrentJ on the conductor (different from the current found
function in cylindrical coordinates i%Hé2)(/€|p—p/|) where in Section II-A) can be determined by solving

(2) . . . . )

Hy”() is the_: zeroth-order cyImt_jrlc_aI H_ankel function of —Ean[dir; S| = EFP(r), reS. (11)
the second kind. The total electric field is computed as the

sum of the scattered field produced by the induced electfiae interior (penetrated) field is the sum of the field produced
current found in (5) and the incident electric field. Givenlirectly by the current sourcd™ and the scattered field

H' = 2Hjc/k@cos ¢'+using) - the corresponding incident contributed by the curredt induced on the conducting surface
electric fieldE* is Eren(s) = £[J;r: 8] S[J' bors Al (12)
] . ] ) ; ) ; pern r — ;r; _"_ lHl);r; B
£ = (i > k)E(z)ejk(ac cos ¢'+ysing') (6)

To compute the short-circuit current over the aperture re-
§jion, an equation similar to (5) can be enforced over the entire
cylinder with the slot shorted

which impinges upon the cylinder of Fig. 2 along a ray in th
k = —(cos ¢'% + sin ¢'y) direction defined with the anglg’
with respect to ther axis.

m 1.2 scy Ny (2. / /
— |k J] 1.YH ) (klp — dl
B. Short-Circuit Current Method 4k[ /C ) o (Klp=p')

s+Ca
Schelkunoff  developed field analogues of the d D rse NHD (Kl p— o) dl
Helmholtz—Tlevenin and Norton circuit theorems that dl Jegtco, dV )y (Klp = D)
allow one to replace the effect of an aperture in the surface =Fi(p), p€Cs+Cy (13)

of a body shown in Fig. 3(a) with equivalent “impressed” .
currents in the aperture. In the short-circuit current methodhereE; (=1-E*) is thel component of£?, Cs is the contour
we short the aperture and compute the short-circuit curresftthe conductor, and” 4 is the contour of the aperture. As
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before, false resonances can be overcome by replacing (13)

with the corresponding combined field integral equation

G0~ g [ T e b - g
T [’“ /Cs+c.4‘]fC(Pl)i VHP (Kl — ')
G [ e = ar
= —Hi(p)+ %E;‘(p), peCs+Ca (14)
in which Hi(p) is defined
Hi(p) = HicMwcos? Fusine’) (15)

with H: = E/n for consistency withE’ of (6). i’ is the

outward normal illustrated in Fig. 1 located at the source point

A~

defined by the vectop’ andcosé = -1’ in whicha =

(p—p")/lp—p'|- In the event that the radius of curvature

of a surface is discontinuous pt %Jf‘: must be replaced by

1615

(HorEo) e 6 source
A
S (pec)
(@)
we el
/ M A
S _
(b)
- 6 source
: (IJ’O’SO) .‘.
ST e
S ; A

(©

lllustrations for the equivalent current method. (a) Original structure.
(b) Interior equivalent model. (c) Exterior equivalent model.

Fig. 4.

%Jic where/ is the angle of the indentation or protrusion of

the surface ap as defined in [18].

Using the aperture short-circuit current found in (13) or (14),
we solve the new problem by treating the body as a scatterﬁf,en(p)_

and determining the induced curreht= J;1 on the scatterer
from

- k2/ T(p - VHP (klp — p'|) dl
4 ol

d [ d
el ey
M

{’“2 /C T (- VHP (Kl - o)) i

a4
dl

(HE Ko~ ol |

=1
4k

Jimp

+ o, dr’t

(o é”(’flp—/)’l)dl’}

peCs (16)

where the right-hand side of (16) is the negative ofitikem-
ponent of the knowr¥ field excitation due taJ™» (=—Js°),

The penetrated field is

2 [ O o~
S

+v/ d
Cs

7
[ v e - o)
A

d

_n
4k

HHE Hp — o) |

-
4k

0 [ - ) |

Ca dl’ {
a7
where in (17) bothJ; and J;™ are known currents/;™ is

known from the solution of (13) or (14) anf] is known from
the solution of (16).

C. Equivalent Current Method

In the equivalent current method, we propose an electromag-
netic model valid in the interior region and another valid in

It is important to understand the behavior of the currefe exterior and we utilize the equivalence principle to express
at a slot edge, i.e., at a boundary between the aperture &fj components valid for the interior and exterior regions.

the conducting surface, in this auxiliary problem by means
which one determines the currefiton the surfaceS of the
slotted cylinder due to the impressed currdft? (=—J=°)
in the apertured. We claim thatJ*? in .4 andJ on S must

Fhis method is based on satisfying the conditions that the
tangential component of electric field be zero on the surfaces
of the conducting body and that both the electric and magnetic
fields be continuous through the aperture. Of course, the field

together form a continuous function at the common edgeemponents of the exterior model must satisfy the radiation
If these currents were not equal at the edge, a line chakgsnhdition.

would reside there in order to complete the electrical system,The equivalent interior and exterior models are displayed in
and this line charge would create an unbounded electric fieflg. 4. In theinterior equivalent model of Fig. 4(b), we place

too singular to be physically acceptable. Thus, the impress@dgnetic currentdM in the region.4 and over the surface
current in.4 must be equal to the induced current®rat the S. The region outsid€S + A) is then filled with material
common aperture-conductor edge. characterized by that of the interior regidp,e). For the
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exterior equivalent model of Fig. 4(c), we place equivalent! 5, )— ﬁ/ M.(p) cos 6HP (k|p — pl]) I
magnetic current®° over.4 andoverS and the inside region 2~ 4j Jegre, '

is then filled with material characterized by that of the exterior 1., ko o

region (., =,). Even though the slotted cylinder is a perfect + %MZ (p) + @/C MZ(p') cost

s+Ca
electric conductor there are no electric currents involved in the (2) ‘N i
formulation. The fields must satisfy x Hy"(kolp — p')dl" = Ey(p),  p€Ca (27)

k / (2) / /
£ Myt S~ + A ]=0, res  (18) _@/C M-(p')Ho™ (Flp = p'l)dI

tan s+Ca
ot o i g
Elan[M 1 8T 4+ AT] + By, (r) =0, resT - (19) ke / M2 (pYHS (ko|p — p']) dl!
4770 Cg+Ca i
EanMi1; 87 4 A7) = €0, [M® 1 ST 4+ AY] + B, (v) =H(p), peCa. (28)
re A (20) 1 is the outward normal defined in Fig. 1 acxeh 6 = G-nh with
Hian[M;1; S + A] = HY, [M®;r; S + A + Hi,  (r) u = (p—p')/|p—p'|- For a surface with a discontinuous

re A (21) radius of curvature, the comment following (15) [18] should
be observed. Note that (25)—(28) appear to be four equations
where £[M; r; X] and H[M; r; X] can be expressed in termsin two unknowns, but this is not actually the case. One may

of potentials as view M andMP? over Cs as different from the same currents
1 over Cy4
EM;r; ] = —-V x F(r)
€ M57 pc CS
M = { (29)
= —//M(r’) x VLG(r;r')dS', r#r (22) Ma, p€Cs
bl and
and o M§7 pc CS
M° = {MZ, peCy (30)
H[M; ;Y] = —jwF(r) — VU(r) (23)
Once the interior and exterior equivalent currents have been
with determined, the correct interior and exterior fields can be
, o calculated from the appropriate model. Referring to the interior
F(r) = 5//M(r )G(r;r7) dS model of Fig. 4(b), one can use the interior equivalent current
T found in (25)—(28) to solve for the correct interior field. Thus
J / / / /
v = [[ 7 MENGET) S @0 iy [ s o
by J Jos+Ca
(31)

in which G(r;r’) is the free-space Green’s function, =
Vir/e, andk = w/pe. The “o” superscript simply indicates where it = (p — p')/|p — p'| is the direction of the vector
that a quantity so identified pertains to the exterior modétom the source poinp’ on the cylinder to the observation
as opposed to the interior model. ExpressionsddiM;r; X]  point p in the interior of the cylinder.

and H°[M;r; Y] are similar to those in (22)—(24) but with

i, €, k, andn replaced bypu,, ¢,, k,, andn,, respectively. . NUMERICAL SCHEME

The minus (plus) superscripts in (18)—(20) indicate that the ) ) . i )
tangential electric field is evaluated in the limit as the field N this section, the integral equations are converted into
point r approaches the surface magnetic current from tifedlrix equations that can be solved on a computer. The
interior (exterior) region of either model. Because it is ndfrSt Step in our moment-method solution [19] is to discretize
discontinuous at a surface magnetic current, such precautioff® 9eometry and approximate the unknown current over

not needed in the case of a tangential component of magndfig contour. The unknown current is expanded in a linear
field. combination of basis functions and the resulting integral

gquations are then tested in order to obtain equations to solve

If we again consider the slotted cylinder shown in Fig. g ) s
nfor the unknown basis function coefficients.

excited by the saméi-polarized incident plane wave, the
the equivalent magnetic curreitd andM® are only in thez
direction. Equations (18)—(21) for the slotted cylinder beconfe Scatterer Method

1 k @ We discretize the contouf's into (N +1) subdomains. The
3 M=(p) = I/ M_(p')cos0H,” (k|p — p'|) dl’ induced current on the surface is approximated by a linear
S JCs+Ca combination of N piecewise linear functions with unknown
= 0, pc CS (25)

current coefficient§.J,, }. The piecewise linear basis functions

_iMy(p) _ @/ M?(p)cos 9H£2)(k0|p —p'\dl (triangles) are ideal for accurately representing the unknown
1) Jogrea electric current induced on the cylinder for the TE case. They

=—Ei(p), peCs (26) not only help to alleviate the difficulty of the derivative in the
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equation, but they also lend themselves to the condition thite total field is computed as the sum of the scattered field
the current goes to zero at the slot edges. In order to solve &trove and the incident field

the vV un!(nown_ coefficients, the Ime_ar expansion _functlons E(p) = E*(p) + E'(p) (36)

are substituted into (5) and the equation is tested with a pulse ] ] ] ) ) ]
function centered ab,,,. When the substitutions are made, th&/here p is the field point. The gradient operator in (35) is
resulting equation can be written in matrix form as replaced by its finite-difference approximation.

[Zmnl[In] = [Vinl (32) B. Short-Circuit Current Method

in which [J,,] is a column vector containing the unknown With a minor modification the numerical scheme used to

current coefficients anf,,,,,] is a matrix whose elements areémplement the scatterer method can be employed in the short-
2 circuit current method. One solves (13) or (14) using the

L = " { [(Amim + A1) method outlined above to determine the short-circuit current

k| 2 on the cylinder. The matrix equation can be written for this
A 0 @ p / method as
: ln_ / . HO (k|pm — Pn — [ ln— |) dl |:[Zzzan] [ZZzSn] :| |:[Jrl:] :| — |:[Vr;zl] :| (37)
Lo il |z IR LV
9 2T (2) /3 y where[J?] and[J?] are the unknown current coefficients over
+ 1t /0 Hy™ (klpm = pn=ULy]) dl H the shorted aperture and conductor surfaces, respectively. The
10 matrix element$Z22 |, [Z222.], [Z25%,], and[Z37,] represent the
+3 / [Hé”(k|pm+% — pn —1U'l,—|)  contributions from the shorted aperture to itself, the conductor
nTJ=AL - to the shorted aperture, the shorted aperture to the conductor
— HP(k|p,,_1 — pn — ',-] v and the conductor to itself, respectively;%] and [V,}] are
1 A : the values of the tested incident electric fieldmi on the
_ / [JLJ[é?)(/qperl — pn— z’in+|) aperture and conductor surfaces, respectively.
Ant Jo : Once the short-circuit current is available from the solution

N of (37), the equivalenE-field excitationE™P is determined

whereA,, is the length of the subsection extending from theE™(p) = —% {kQ/ T (pOWHED (Klp — p')) dl

(p — 1)th subcontour endpoint to theh subcontour endpoint, Ca

A+ is the length of the subsection extending from lthla _|_v/ i/]lil1ll’(p/)H(§2)(k|p_p/|)dl’ .
subcontour endpoint to thg + 1)th subcontour endpoint,,- cadl

is the unit vector from thép— 1)th subcontour endpoint to the (38)

pth subcontour endpoint, arig+ is the unit vector from the Itis emphasized again that this impressed electric field is used
pth subcontour endpoint to thg + 1)th subcontour endpoint. to find the ‘hew impressed current on the cylinder. This is
The first two integrals of (33) result from approximations oonveniently written in matrix form as

the_ integral of the trianglg basis fun_ction; by an.equal—e.lrea [ szn] [Jn] = _[ Zﬁfn] [ Jri:n})] (39)
unit-amplitude pulse function to facilitate integration, while J1is th K induced ¢ wheigme] |

the second pair reflects the piecewise constant derivative 'Yiere[/»] is the unknown induced current, whefrg,™"] is

the triangle basis function employed to represent the currdff Known impressed current equal and opposite to the aperture

Ji. [Vim] is @ column vector whose elements are values of tﬁgort-circuit_ curren(.J*P = —J*) and wherg the rig_ht-_h and
incident field tangential to the contour tested with thgh side of (39) is thé component of equivaler-field excitation.
pulse function The penetrated field is simply the sum of the field due to the

‘ R B A equivalent induced current on the conductor and that due to the
Vrn = _Eé{[_COS (/)ern* " S’ + Sin (/)ern* " )A(] -

impressed current in the aperture as indicated earlier in (17).

N A AN C. Equivalent Current Method
+ [—cosP'l,+ - ¥ +sing'l,+ - X] ) ) )

To solve (25)—(28), we discretize the contalg into NV
M@ c08 ¢y sing’) (34) straight-line subsection&C,, that approximate the original
contour and we approximate the equivalent magnetic current

Wh_ﬁ:exm andy,g ?_”T thl;e CartebS|an coordlndatgs;qil. by a linear combination ofV piecewise constant functions
e scattered fie can be computed by integrating pulses) with unknown current coefficien{d4,,}. Substitut-
over the induced current obtained from the integral equati

the current representation for the equivalent current into

solution . (25)—(28) and enforcing the new equations at match peipts
E’(p) = —% {kQ/ Jl(p’)l’Hé2)(k|p —p')dl (collocation) located at the subcontour centers yield
S My kR )
m 2
+ VvV - WJ[(/)/)HSQ)(MP - p/|) dl/:| . 2 - 4_1 z:l M, /ACCOS emHl (k|pm - Pl|) dl' = 0,
S n= "

(35) m=12.--,N° (40)



1618 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 46, NO. 11, NOVEMBER 1998

excitation 4

l ka=0.7 9,=10° @'=0" &
o
r 2s "l / _rF

x—x scatterer (N=180)
3 | +—+ equivalent current (N=180) /

a—a short-circuit (N=180)
o—o combined field (N=180,0:=0.2) ;
[
2r ;!

|E,(x,0)/E™]

closed cylinder \
0 . . L

pec -1 -0.5 0 0.5 1
cylinder

x/a

Fig. 5. Cross-sectional view of axially slotted rectangular conducting cylinFig. 6. Magnitude ofy-directed (normalized) electric field om axis of

der of side2s, height2h, and slot width2w excited by plane wave. slotted circular cylinder excited by TEplane wavelka = 0.7, ¢, = 10°,
(bl — 00].
NS4N* .
M?° k,
4 1 Z M,‘z/ cos GmH]EQ)(kO|pm —-p'dl \
on=t Al ka=0.7 =5 ¢'=180°
:Ezpnlv m:1727"'7NS 41
l
N°4N¢ 4
M, k 2 L
2m - @ Z My, /A cos O H) (k|pm - Pl|) dl’ ; x—x scatterer (N=180)
n=1 Cn — +—+ equivalent current (N=180)
N°4N¢ 2 _ it (N=
Mok, 9 il a—a short-circuit (N=180)
LR > M,‘i/ 08 Oy Hy ™ (Kol pm — p']) dlf S 2] oo combined field (N=180,4=0.2)
n=1 Ay, ~z
) =31
:Elz(pnl)v mIN5+1,N5+2,"',N5+NG o
(42) 1r &~
k Ne4N~ @ closed cylinder 3 _;"
N 2) /7. N ’ s
4n z_:l M, /AC HO (k|pm p |) dl .--.-l-....'llll".“
]:_ NN 0] 0.5 0 0.5 1
0 2 7
e S M [ HEGelon = oD = B "
o AC,

n=1 Fig. 7. Magnitude ofy-directed (normalized) electric field om axis of

m=N°+1,N*+2 .- N°+ N® (43) slotted circular cylinder excited by TEplane wave[ka = 0.7, ¢, = 5°
5 = 180°].
N? is the number of unknowns over the conductor regioqn ]
and N* is the number of current unknowns over the aperture

. . A{m - . .
region, .Wh'leiTM rgprﬁsenti theb f|elq contnﬁunon of t.h?Fig. 10 of [13] is reproduced as accurately as possible for
mlagn.e“:f. curtentin In t emlt) oy ?ec“c‘:ﬁ’;;" the tangential, ™ _ 5o and ka < 4.0 in Fig. 10 of this work which is
electric field in the same subdomain a m = W(Pm) - extended to include.0 < ka < 6.0.

n(pr). The interior (penetrated) field is then determined from To illustrate the methods of this paper and their relative

the interior equivalent currents as indicated earlier in (31). accuracies, we select as a sample structure the axially slotted
circular cylinder and axially slotted rectangular cylinder ex-
cited by TE (to cylinder and slot axes) incident plane waves. A
Computer codes have been developed for the scattecewss-sectional view of the slotted circular conducting cylinder
method, equivalent current method, short-circuit curreig found in Fig. 2 from which one observes that the cylinder
method, and combined-field short-circuit current method tadius isa, that the slot subtends an andlé,, and that an
determine currents from which the penetrated field can ba&ially independent plane wave is incident at an angle
calculated. To the extent possible, the currents determinmeeasured with respect to theaxis. A cross-sectional view
from the codes were checked against known solutions @i the slotted rectangular conducting cylinder is depicted in
published data. The earliest published data concerning electfdg. 5. The cylinder length i2s, the cylinder height 4,
field penetration into slotted conducting circular cylinders atbe slot width is2w, and an axially independent plane wave
due to Senior [4], [5]. Mautz and Harrington [13] determinés incident at an angle’ measured with respect to theaxis.
the field amplitude|E;/n,| at the center of a conducting Figs. 6 and 7 display the magnitude of thedirected
circular cylinder as a function dfa for ¢, = 5° and¢® = 0°. normalized electric field along the axis of the slotted

1

IV. RESULTS AND DISCUSSION
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Fig- 8. Magnitude ofy-directed (normalized) electric field on axis of  Fig. 10. Magnitude ofy-directed (normalized) electric field at center of
(SJ?ttEdlCS'(V)%L]"aV cylinder excited by TEplane wavelka = 27, ¢, = 10°,  slotted circular cylinder excited by TEplane wave for variouga[p, = 5°,
Pt = . @' = 0°].
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Fig. 9. Magnitude ofy-directed (normalized) electric field om axis of . . e . L .
slotted circular cylinder excited by TEplane wavelka = 27, ¢y = 5°, Fig. 11. Magmtud_e ofy d|re_cted (normalized) elec}rlc ﬂelpl cm_ami of
P o slotted square cylinder excited by TEplane wave[2s = 2h = 1.7,

@' = 180°]. 2w = 0.17A, ¢ = 0°].

circular conducting cylinder of Fig. 2 excited by a plane ) ) . .
wave for (¢, = 10°,¢' = 0°) and (¢, = 5°, ¢ = 180°), the z axis of aka = 27 slotted circular cylinder excited by a

respectively. The values of penetrated field calculated By = 180° incident plane wave is presented in Figs. 8 and 9
means of the scatterer method, equivalent current methf, ¢ = 10° and¢, = 5°, respectively. When the slot angle
short-circuit current method, and combined field short-circuit relatively large, good agreement is again obtained by all
current method are nearly indistinguishable from one anoth&tethods for the field penetration. Even if the slot angle is
The y-directed normalized electric field along theaxis of decreased t@, = 5°, the agreement of the penetrated field
a closedcircular conducting cylindetka = 0.7), subject to determined by the three methods remains good.
a TE. incident plane wavé¢’ = 0°), was determined from When the field that penetrates through the slot is very small,
solutions of the EFIE in order to establish a reference value fepmparable to the noise floor of the problem, the accuracy of
the noise floor of the solution identified in figures as “closeiie values given by the scatterer method very is poor. This
cylinder.” Of course, in all cases these values should legor can be attributed tsubtractive cancellationBecause
identically zero. Values alV in the figures indicate the numberthe scattered electric field produced by the induced current on
of unknowns employed to obtain a given solution an the the cylinder and the incident electric field are almost of the
value of the “combined-field solution parameter” of (8).  same magnitude but opposite in sign, in order to yield a sum
If the diameter of the circular cylinder is increased tmear zero, the sum of the two can be very inaccurate, leading
2a = 2X (ka = 2m), the interior field distribution exhibits to questionable results.
greater spatial variation than observed in the small cylinderFig. 10 shows they-directed normalized electric field am-
cases. The log magnitude of thedirected electric field along plitude for variouska at the center of the circular cylinder
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for ¢, = 5° and ¢’ = 0°. As can be clearly seen, specific
near-modal solutions come to the fore /as of the cylinder
increases. The TE mode begins to dominate &t = 1.841,
the TE; mode atka = 3.054, the TR; mode atka = 3.832,
the TE; mode atka = 4.201, the TE;; mode atka = 5.317
and the TE, mode atka = 5.331.

The penetrated field along the axis of a slotted square
cylinder with 2s = 2h = 1.7) and 2w = 0.17X excited by
a plane wave ¢! = 0°) is presented in Fig. 11. The results
from the different methods are found to be in good agreement.
However, if the incident angle is changed#o= 180° and the
slot width is decreased 2w = 0.085), the field penetration
determined by the scatterer method is less accurate (Fig. 12).
The scatterer method fails because of the loss of accuracy in
subtracting two nearly equal numbers.

In Fig. 13 is displayed the interior field distribution for a
rectangular cylinder witt2s = 2.1x, 2h = 0.75A, 2w =
0.075), and incident field angle* = 0°. Since this structure
is effectively a shorted parallel-plate guide operating above
cutoff for the TE mode, standing wave patterns can exist and,
indeed, are observed. In Fig. 14, the interior field distribution
for a rectangular cylinder witRs = 2.1\, 2h = 0.4\, 2w =
0.04), and incident field angle® = 0° is shown. Although
this guide is below the TE cutoff, the TEM mode propagates
in the guide and produces the standing wave patterns.
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