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Penetration Through Slots In
Conducting Cylinders—
Part 2. TM Case

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

Abstract—Three methods for determining the penetration discussed, as are schemes for repairing singular equations
through small apertures in closed conducting surfaces are rendered invalid by the presence of false resonances. In
outlined and their salient features discussed. These methodsSection I, moment-method solutions are developed for the

are designated: 1) the scatterer method; 2) the short-circuit . - . . . .
current method: and 3) the equivalent current method. They are integral equations derived in Section Il. Data determined for

implemented by integral equation techniques but are amenable @ given structure by all three methods are presented and nu-
to differential equation or hybrid methods. Procedures for merical examples that illustrate important observations about

applying each method are outlined as are schemes for repairing the methods are described in Section IV.

singular equations rendered invalid by the presence of false

resonances. Reasons for inaccuracies in the three methods

are also delineated. Data determined for a given structure [l. FORMULATION OF INTEGRAL EQUATIONS

by all three methods are presented and numerical examples  three methods for determining penetrated field through
that illustrate important features of the methods and their . . . .

relative accuracies are described. In Part 1, the TE (to cylinder slots _'n conducting cylinders gre outll_ned ar?d. procedures for
axis) case is presented. In this part of the paper is found an applying the methods are delineated in detail in Part 1. These
outline of the integral equation formulation and numerical methods include thescatterer methaodshort-circuit current

scheme needed to accurately determine the field that penetrates method and equivalent current methodVe include here only
through a slot in a conducting cylinder, excited by an axially the final equations for the TM case
independent TM source. '

Index Terms—Apertures, electromagnetic coupling, numerical A gcatterer Method
analysis. )
In the scatterer method, the body is treated as a scatterer

and the total field everywhere is determined as the sum of the
incident field produced by a known source and the scattered
ART 1 outlined the integral equation formulation andield contributed by the current induced on the body. Consider
numerical scheme needed to accurately determine the fithe slotted cylinder in [1, Fig. 2]. The cylinder is excited by
that penetrates through a slot in a conducting cylinder, excited incident time harmoni¢e’~*) plane wave propagating in
by an axially independent TE (to cylinder axis) source [1h direction normal to the axis with its electric field parallel
Data determined for a given structure by three methods deethe axis (TM,), which induces an electric curredt= .J.z
presented and numerical examples that illustrate importamth a ~ component only. The following electric field integral
observations about the methods are described. The reaglgmation (EFIE) can be formulated to determine the induced
is referred to the first paper for a bibliography concerningurrent.. on the scatterer
penetration of fields through slots in conducting surfaces. R )
Integral equations are derived that can be solved for equiv—T/ TPV Hg ' (klp—p')dl' = E(p),peCs (1)
alent currents from which the TM penetrated field can be Cs
determined. These equations are developed in Section Il f@nereCy is the contour of the cylindrical conductor. Note that
the: 1) scatterer method; 2) short-circuit current method; asthce all quantities are-invariant and the induced electric
3) equivalent current method. Procedures for applying eactwrrent isz directed,V, - J(p) of (3) in [1] is zero. The
method are outlined and the limitations of each method aatal electric field everywhere is computed as the sum of
the scattered field produced by the induced electric current

Manuscript received December 4, 1995; revised September 8, 1997. Tioeind in (1) and the incident electric field given B =
work was supported by the U.S. Army Research Office under Grant DAALO3-i .jk(z cos ¢'+y sin¢*) i imni ;
92-G-0376 and by the National Science Foundation through its Gradue%t?oC . ~ ! WhIChi Almpl_ngeiSA uppn 'Fhe Cyl.mder
Fellowship Program. along a ray in thek = —(cos ¢*x + sin ¢*y) direction defined

J. D. Shumpert was with the Department of Electrical and Computry an anglep® with respect to ther axis.

Engineering, Clemson University, Clemson, SC 29634 USA. He is now with
the Radiation Laboratory, Department of Electrical Engineering and Computer

I. INTRODUCTION

Science, University of Michigan, Ann Arbor, MI 48109 USA. He B. Short-Circuit Current Method
C. M. Butler is with the Department of Electrical and Computer Engineer- . . . . .
ing, Clemson University, Clemson, SC, 29634 USA. The short-circuit current method is based on a field equiv-
Publisher Item Identifier S 0018-926X(98)08880-2. alence theorem due to Schelkunoff [2] that allows one to

0018-926X/98$10.001 1998 IEEE



1623

SHUMPERT AND BUTLER: PENETRATION THROUGH SLOTS IN CONDUCTING CYLINDERS—PART 2: TM CASE

G

(n.€)
source

(Horto)

Ve Y

S (pec)

@)

(e el

A
S

(b)

Q

(HosEo) . source
! (HoBo)™s

Ny

©

lllustrations for the equivalent current method. (a) Original structur:

Fig. 1.
(b) Interior equivalent model. (c) Exterior equivalent model.
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Fig. 2. Magnitude of axially directed (normalized) electric fieldoaxis of
slotted circular cylinder excited by TMplane wavelka = 0.7, ¢, = 10°,

ot = 0°].

event that the radius of curvature of a surface is discontinuous

at p, %ch must be replaced bb%JZSC where 3 is the angle
of the indentation or protrusion of the surfacepats defined

e.
current on the aperture found by solving (2) or (3), we

in [4].
Using as a source the negative of the aperture short-circuit
determine the induced curredt = J.z on the cylindrical

replace the effect of an aperture in the surface of a body WitRatterer as the solution of

equivalent “impressed” currents in the aperture. The short:
circuit current over the conductor and shorted aperture can

found from
k sC 7
= T (o) HD (klp - o) dI' = Ei(p),
Cs+Ca
pPECs+Cs (2)

where E¢ is the » component ofE?, Cs is the contour of electric field iszEPe™ where
the conductor and”,4 is the contour of the shorted aperture.

by / TP\ HE (klp — p')) dl
Cs

kn [

4 Jo,
in which the right-hand side is thecomponent of the known
E-field excitation due td™?(=—-J*¢) on C,4. The penetrated

TV HSP (klp — p')dl!, peCs  (5)

kn [
=2 (e HSP (klp — ) dlf

Note that (1) and (2) differ only in the inclusion of the EP(p) = 1
shorted aperture. To overcome problems caused by false L C's
interior resonances, one may _replace (2) by the corresponding _kn J;mp(p/)HéQ)(lﬂp Pl (6)
combined field integral equation 4 Je,
1 . k[ s 2) PR where in (6) bothJ, and J™P are known currents/™? is
§JZ (p) = 45 /CSJFC4 J(p") cos OH, 7 (klp — o)) dl known from the solution of (2) or (3) and. is known from
E ) the solution of (5).
= T2 (pVHD (klp — o) dl
4 Cs+Ca .
C. Equivalent Current Method
In the equivalent current method, we introduce an elec-

. o -
Hi(p)+ ZEQ(P)’ peCs+Cy

with H}(p) defined as
) N 5
Hilp) =1-(k x 2)=*

e]k(m cos ¢' 4y sin 457)

®3)
tromagnetic model valid in the interior region and another
valid in the exterior and we construct fields which satisfy the
conditions that the tangential component of electric field be
zero on the surfaces of the conducting body and that both

(4)
the electric and magnetic fields be continuous through the

wherel is a unit vector in the transverse plane tangential to tkperture [5]. Of course, the field of the exterior model must
contour andk is the direction of propagation of the incidentsatisfy the radiation condition. The interior and exterior models
field. cos@ = u-n with & = (p—p’)/|p—p’|, D is the outward are suggested in Fig. 1. In thaterior equivalent model of
normal depicted in [1, Fig. 1] located at the field point defineBlig. 1(b), we remove the conductor and place electric cuent
by the vectorp, and «@ is a multiplicative parameter that isover the combined surfade& + .4). All space of this model is
filled with material characterized by that of the original interior

usually chosen to be in the range2 < « < 1 [3]. In the
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region (u, ). For theexterior equivalent model of Fig. 1(c), _ %7 / T\ HD (k|p — p/)) I
Cs+Ca

we place equivalent electric curred$ over.4 andoverS and 4
fill all space with material characterized Wy, <, ). Neither kon, 0/ I 1r(2) PR ;
J nor J° is a physical current as is that in the scatterer and + 4 /Cs-I-CA (P Hy" (Folp — p'l) dI” = E2(p),
short-circuit current method. The fields of the two models must ‘ peCy (16)
satisfy

and

gfan[J7r7$+A] :07 I‘ES (7)
gfan[Jo;r;S+A]+Eian(r) =0, res (8) —Ejv(p)—i- k / ]z(p/) C089H£2)(k|p_p/|)dl/
2 Cs+Ca

: 4j
EranlI5 158 + Al = 0,713 S + Al + Ef,, (), _ljg p) — @/ J2(p') cos OHP (ko p — p'|) dl!
re A (9 2770 A Jesves
Hianld51587 + AT] = HE,[3% 05 87 + A¥] + Hi (v), = Hilp), p€Ca (7

reA (10) Note that (14)—(17) appear to be four equations in two un-
Knowns, but this is not the case as is clear if one distinguishes

where&[J; r; ¥] and H[J; r; 2] can be expressed in terms o
J and J° over Cs from the current overl:

potentials as

E[I;1; 3] = —jwA(r) — VO(r) (11) g=JJs P€Cs (18)
Ja7 pc Ca

H[T;r: 5] = 2V x A(r) = //J(r’) x V.G(r;r') dS go={J5 PECs, (19)
5L L / s ’ ’ JZ’ pE Ca

r¢r’ (12) Once the interior and exterior equivalent currents are deter-
mined from solutions of (14)—(17), the correct interior and
exterior fields can be computed from the appropriate model.
A(r) :u//J(r’)G(r; r') ds’ App_ealing to the interior_ model, one employs the interior
equivalent current found in (14)—(17) to compute the correct
(13) interior field

with

=
o(r) = J—”//(v; LI G(r;r') dS’ -
ge Err(p) = -7 LoV BS (Rlp— o)) dl'. (20)
Cs+Ca
G(r;r’) is the free-space Green’s function, = +/p/e,
k = w,/ue, and > represents a generic or dummy surface IIl. NUMERICAL SCHEME

on which sources reside. The™superscript simply indicates |, this section, schemes for converting the integral equations
that the quantity so identified pertains to the exterior modgl matrix equations are presented. The first step in the numer-
as opposed to the interior model. Expressions&fdiVL; ;%] jca) method [6] is to discretize the geometry and approximate
andH?[M; r; ] are similar to those in (11)=(13) but wilh  the ynknown electric current over the contour. The current is
e, k, andn replaced by, €., ko, andn,, respectively. The eypanded in a linear combination of basis functions and the
minus (plus) superscripts in (10) indicates that the tangentig},ations are tested in order to obtain an adequate number of

magnetic field be evaluated in the limit as the field pointq,ations to solve for the unknown coefficients of the basis
r approaches the surface electric current from the interig|,ctions.

(exterior) region of either model. Such precaution is not needed
in the case of a tangential component of electric field becau&e Scatterer Method
it is not discontinuous at a surface electric current. '

Again we consider the slotted Cy|inder depicted in [11 We discretize the contouf’s into N Straight-line subsec-
Fig. 2]. Because the cylinder is excited by @ipolarized tions AC;, that approximate the original contour and approx-
incident plane wave, the induced equivalent electric curreff8ate J. by a linear combination ofV piecewise constant
J andJ° arez directed. Consequently/, -J andV, - J° are functions with unknown current coefficienfd,, }. Collocation
zero forcing the scalar potential terms of (7) through (9) to k¥ the match pointp,,, located at the subcontour centers yields

zero. Hence, these equations for the slotted cylinder become o N
i 2 N i
kn — Jn/ Hy7 (klpm — o) dl' = EX(pm),
T TP H (klp — p') dl’ = 0, 4 ;::1 ac, (H ) (o)
Cs+Ca
%/ J2(pVHS (kolp — p) dll = E(p). which can be written in matrix form as
4 Cs+Ca

peCs (19) [Zmn][Tn] = [Vin] (22)
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where[J,] is a column vector containing the unknown coefwhere Ji™P is the impressed current used in (5) to determine

ficients, [Z,.,] is @ matrix whose elements are the induced current on the “scatterer.” This is conveniently

i written in matrix form as

Ui (2) / /

Zrnn = — H k m dl 23 ss sa imp

4 AC, 0 ( |p p |) ( ) [Zrnn] [Jn] = - [Zrnn] [Jn I] (30)
and[V,,] is a column vector whose elements are values on t&€re[/x] is the induced current, whefd;*] is the known
right-hand side of (21) impressed current, equal, and opposite to the aperture short-

circuit current(.J#¥ = — 75} and where the right-hand side

Vi = E(pm) = Eéeﬂv(wm cos ¢’ +yrm sin @') (24) of (30) is thez component of the equivalei-field excitation
evaluated at the pointg,,.
wherez,, andy,, are the Cartesian coordinatesmf,. Since The penetrated field is simply the summation of the field
AC,, is a straight-line subsection, one may replaggeby due to the equivalent induced current on the conductor and

pn + I'l, and write (23) as that due to the impressed current in the aperture
E Al /2 ) E N Al /2 )
Zynn = = / HE (Fpm = po =1L dl (25) EX™p) === > U, / HP (klp — po — VL)) dl
—Al, /2 1 —Al, /2
where Al,, is the length of thenth straight-line segment and _k_n i Jimp Al /2 H(?)(k|p — po— i )
1, is a unit vector along theth straight-line subsectionC, 4 =" stz 0 " "
in the direction of increasing arc displacemént "= 31)

The scattered field can be computed by integrating over the
induced current obtained from the integral equation solutionvhere N* and N® are the numbers of current unknowns on

N AL the cylinder and in the aperture, respectively.

kn / 2 2 A /
E’ = —— Iy H"(klp— p, = 1'1,])dl'. .
=(p) 4 ;::1 NI (Klp=p D C. Equivalent Current Method
i ) (26) Following the procedure in Section IlI-B above, we expand
The total field everywhere is the equivalent electric currents in (14)—(17) in linear combi-

nations of piecewise constant functions and enforce the new

2E.(p) = 2E° 2 27 ) :
2B-(p) = 2E2(p) + 2E(p) 27) equations at match poings,, located at the subcontour centers
where p is the observation point of interest. o VN
Z” I HP (k| pm — o)) dl! =0,
B. Short-Circuit Current Method n=1 ACn
. . e _ m=1,2---,N° (32)
With a minor modification the numerical scheme used to NN
implement the scatterer method can be employed in the short%o7o Jo H _ Nl = E
circuit current method. One solves (2) or (3) using the method 4 nz=:1 " Jac, ° (Kolpm = #'1) 2(om),

outlined above to determine the short-circuit current on the
cylinder. The matrix equation for this method can be written
differently from (22) as Ne4N®

H?Z’% EZ"HH‘;;?H - Hg” 28 4 kon:Nn]JrN/fcn Hy (Kl py — p') dI

o (2) o 7
where [J%] and [.J2] are the unknown current coefficients + > /AC Hy (kolpm = 1) dI' = EZ(pm),

m=1,2,---,N° (33)

n=
mn

over the aperture and conductor surfaces, respectively, and =t . 5 5 "

where the matrix element{22 |, [Z22 ], [Z:2,], and [Z:2,] m= NN 42,0, NP N (34)

represent the contributions from the shorted aperture to itsgjfq

the conductor to the shorted aperture, the shorted aperture toJ Ve

the conductor and the conductor to itself, respectivflis]  J/m K 2 RN

and [V2] are the values of the right-hand side of (2). If the 2 + nz_:l I 4j /AC c08 b Hy ™ (klpm — p'l) dl

combined field formulation of (3) is needed for accuracy, (28) ) ]§5+Na

would be appropriately modified. I 3 JO@/ 008 O HO (ko |poe — p']) dll

Once the short-circuit current has been found, the equivalent 2 ot "4j Jac, e el

E-field excitationE™P is found from = Hi(py), m=N°+1,N°+2,-.- N°+N°
LN Al, /2

B () == S A [ B~ pu -t =
4 n=1 —Aly, /2 in which cos 8,,, = U(p,) - 1(ps, ), while —JTW represents the

(29) field contribution of the basis function at,, due to.7,,, (more
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Fig. 3. Magnitude of axially directed (normalized) electric field .oraxis  Fig. 5. Magnitude of axially directed (normalized) electric field oraxis
of slotted C|]rcular cylinder excited by TMplane waveka = 0.7, ¢o = 5°,  of slotted circular cylinder excited by TMplane wavdka = 27, ¢, = 5°,
¢t = 180°]. ¢ = 180°].

0 1
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Fig. 4. Magnitude of axially directed (normalized) electric fieldoaxis of Fig 6. Magnitude of axially directed (normalized) electric field at center of-

slottedlci{)%tflar cylinder excited by TMplane wavelka = 27, ¢, = 10°,  glotted circular cylinder excited by TMplane wave for variousa[¢, = 5°,
q)7 = 8 . Cz)z p— 00]

precisely, due to the product af,, and the basis function senjor's results are for moderately wide slots & 10° and
centered ap,,,). The penetrated field is then determined from,  — 30°), so any of the methods discussed in Sections Il

the interior equivalent currents from and Il should yield accurate penetrated field. Mautz and
Harrington [8] determine the field amplitud£’. | at the center
EP*™(p) of the cylir_‘lder as a f_unction ofa .for P, = 10° ant_:i 30° and
NN AL/2 ¢* = 0°. Fig. 9 of their paper [8] is reproduced with excellent
_ _@ / (2) (klp — pn — ", al'. accuracy forp, = 10° andka < 4 in Fig. 6 of this work and
Al /2 is extended to includd.0 < ka < 6.0.

(36) We select as sample structures the axially slotted circular
conducting cylinder and axially slotted rectangular conducting
cylinder excited by TM (to cylinder and slot axes) incident
plane waves to illustrate the methods of this paper and

Computer codes have been written to implement the variotleir relative accuracies. A cross-sectional view of the slotted
methods presented in Sections Il and lll, and the currertgiscular cylinder is found in [1, Fig. 2] from which one
determined from the codes have been checked in special casdeserves that the cylinder radius ds that the slot subtends
against known solutions or published data. Early work in den angle2¢,,, and that an axially independent plane wave is
termining the electric field penetration into slotted conductinigcident at an angle’ measured with respect to theaxis.
circular cylinders is due to Senior [7], whose results havk cross-sectional view of the slotted rectangular cylinder is
been reproduced with high accuracy by the present methosisown in [1, Fig. 5]. The cylinder length Bs, the cylinder

IV. RESULTS AND DISCUSSION
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Fig. 7. Magnitude of axially directed (normalized) electric field eraxis  Fig. 9. Magnitude of axially directed (normalized) electric field oraxis
of slotted square cylinder excited by TMplane wave[2s = 2k = 1.7A,  of slotted rectangular cylinder excited by TMplane wave[2s = 2.1},
2w = 0.17X, ¢ = 0°]. 2h = 0.75X, 2w = 0.075, ¢* = 0°].
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Fig. 8. Magnitude of axially directed (normalized) electric fieldoaxis of ~ Fig. 10. Magnitude of axially directed (normalized) electric field on
square cylinder excited by TMplane wave2s = 2h = 1.7\, 2w = 0.085\, 2 axis of slotted rectangular cylinder excited by TMplane wave
@' = 180°]. [2s = 2.1A,2h = 0.47, 2w = 0.04X, 0" = 0°].

height is2h, the slot width is2w, and an axially independentto obtain a given solution and is the value of the “combined
plane wave is incident upon the slotted cylinder at an andield solution parameter” of (3).
¢* measured with respect to theaxis. As in the TE case, if the diameter of the circular cylinder
Figs. 2 and 3 give the magnitude of axially directed nois increased t®2a = 2\ (ka = 27), we again see that the
malized electric field along the axis of the slotted circular interior field exhibits greater spatial variation different from
cylinder excited by a plane wave fé$, = 10°,¢" = 0°) and that observed in the smaller cylinder cases. The log magnitude
(¢, = 5°,¢° = 180°), respectively. Very close agreement isf the axially-directed electric field along the axis of a
seen for the values of penetrated field calculated by medsas = 2r slotted circular cylinder excited by &' = 180°
of the scatterer method, equivalent current method, shairicident plane wave is presented in Figs. 4 and 5. When the
circuit current method, and combined field short-circuit currestot is relatively large ¢, = 10°), good agreement among data
method for this small cylinder. In order to establish a referenadtained from all methods is observed. However, if the angle
value for the noise floor of the solution, identified in the figureis decreased tg, = 5°, the penetrated field determined by
as “closed cylinder,” the axially directed normalized electrithe scatterer method disagrees with that of the other methods.
field along ther axis of aclosedcircular cylinder(ka = 0.7) When the interior field is very small comparable to the noise
subject to a TM incident plane wavég® = 0°) is determined floor of the problem (closed cylinder values), the accuracy
from a solution of the EFIE. In all cases these values shoudl the values obtained by the scatterer method may be very
be zero. The value of the interior field of the closed cylinder {goor. An example of this can be seen in Fig. 5 where, for
not discernible from the value zero in Figs. 2 and 3. Values afka = 27 slotted circular cylinder with angle), = 5°,
N in the figures indicate the number of unknowns employdtie values of the penetrated field calculated by means of the
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equivalent current method, short-circuit method, and combineglinder with2s = 2.1, 2h = 0.4, 2w = 0.04\, and incident
field short-circuit method are very close in value, but théeld angle¢’ = 0° is shown. Since this guide operates below
scatterer method fails to yield the correct penetrated fieflde TM cutoff and because there is no TEM mode (in the
because the scattered electric field produced by the indueedirection) in the guide, there is no standing wave pattern.
current on the cylinder and the incident electric field are almost

of the same magnitude but opposite in sign. A more dramatic REFERENCES
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