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ABSTRACT

Two methods for modeling arbitrary narrow apertures in finite-difference time-domain
(FDTD) codes are presented in this paper. The first technique is based on the hybrid
thin-slot algorithm (HTSA) which models the aperture physics using an integral
equation approach. This method can model slots that are narrow both in width and
depth with regard to the FDTD spatial cell, but is restricted to planar apertures. The
second method is based on a contour technique that directly modifies the FDTD
equations local to the aperture. The contour method is geometrically more flexible
than the HTSA, but the depth of the aperture is restricted to the actual FDTD mesh.
A technique to incorporate both narrow-aperture algorithms into the FDTD code,
TSAR, based on a "slot data file" is presented in this paper. Results for a variety of
complex aperture contours are provided, and limitations of the algorithms are
discussed.
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1. INTRODUCTION

Finite-difference time-domain (FDTD) codes are used to directly solve the
transient form of Maxwell’s equations in three-dimensional space. The fundamental
algorithm that these codes generally follow is due to Yee [1]. The traditional Yee
algorithm is based on a cartesian coordinate system that staggers electric- and
magnetic-field components in both space and time. This offset enables FDTD codes to
yield good results with as few as five to ten cells per wavelength, compared to 40 (or
more) cells per wavelength often required by traditional method-of-moments codes that
solve the electric- or magnetic-field integral equations.

The FDTD method is well suited to three-dimensional problems involving
conducting and/or dielectric materials, with diverse applications ranging from aircraft
analysis to hyperthermia [2—5]. Because it is fundamentally a volumetric method,
anisotropic materials can also be directly accommodated.

Although the wide range of problems that FDTD can address is encouraging,
two fundamental limitations restrict its use: 1) Just as the volumetric nature of the
method opens new applications on one hand, the computer resources required to
actually solve the problem can rapidly become prohibitive for even the most powerful
machines; and 2) The cartesian nature of the method restricts the level of surface
detail that can be accurately modeled.!

To limit computer resource requirements, the spatial sampling size is often
forced to be chosen larger than what one would actually desire. Although the problem
size may now be tractable, the level of detail that can be modeled as well as the usable
upper frequency content of the results is limited. Consequently, important system

features, such as apertures, are often ignored in large system studies simply because

iThis is not as serious a problem for radar cross-section calculations as for aperture-
physics studies and/or detailed surface-current analyses.
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they cannot be resolved. The successful resolution of very narrow apertures within the
FDTD code, TSAR (Temporal Scattering And Response [5]) is the purpose of this
study.

Four methods to resolve apertures that are less than the FDTD spatial cell in
width have been discussed in the literature: 1) An "In-Cell" capacitance method by
Gilbert and Holland [6]; 2) A contour method that directly modifies the FDTD
equations local to slot described by Taflove, et al. [7], and also by Merewether and
Fisher [8], and Cho and Merewether [9]; 3) A sub-gridding method that reduces the
FDTD spatial cell size local to the aperture [10]; and 4) An integral-equation method
known as the Hybrid Thin-Slot Algorithm (HTSA) [11], The HTSA, and a contour
method based on defining conducting walls on tangential E fields (E-wall Thin-Slot
Formalism, or ETSF), are the methods described in this report and incorporated in
TSAR.]

Neither the HTSA nor the ETSF provide universal solutions to the narrow slot
problem, but each has merits appropriate for particular applications. The HTSA is
restricted to planar slots, but can solve the important case that both the width and
depth of the slot are narrow compared to the FDTD spatial cell. In addition, the
HTSA is not bound to the FDTD discrete spatial and time increments, and therefore,
high-resolution solutions for the slot physics are possible. The ETSF, on the other
hand, can accommodate non-planar slots, but the slot depth is restricted to the actual
FDTD wall gridding. A caveat for ETSF application to non-planar slots, i.e., those on
a stair-stepped wall, is that these slots do not have their depths and lengths well

defined, and therefore, the results are of only limited accuracy.

2An alternative contour method that defines walls on tangential H fields has been found
to be generally more accurate than the standard ETSF, but implementation details
would make its automation difficult [7,11]. The "In-Cell" capacitance method would
also be awkward to automate, in general, because it requires a 'priori knowledge of the
slot’s capacitance and inductance; however, by assuming the electric field is constant
across the aperture, this method basically reduces to the contour approach.
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This report describes an automation method for the inclusion of the HTSA
and the ETSF into TSAR based on the existence of a ’slot data file" that includes the
cell indices for where the desired slots are to exist within the FDTD mesh. The
principles and techniques of the slot algorithms and the automation design philosophy
are presented here. This report does not represent a detailed user’s guide to the
algorithms. For an HTSA-defined slot, the wall region local to the slot is shorted, and
therefore, to change the slot’s topology simply requires altering the data file to include
the desired cells. For an ETSF-defined slot, the mesh description file must also be
modified to include the appropriate slot material in the slot cells. So that the creation
of the data file is transparent to the TSAR user, the Lawrence Livermore National
Laboratory (LLNL) is modifying the TSAR user interface so that the appropriate data
files are generated after the desired slot topology is designed at the solid-model level.

The outline for the report is as follows. In Section 2.1, the theoretical
foundations for the HTSA for arbitrary, but planar slot contours is described, along
with the essential details for a finite-difference solution.  Several results that
demonstrate the accuracy of the solution for the deep-slot problem are provided. The
ETSF is discussed in Section 2.2 along with an experimental technique to improve its
accuracy for planar slots (previous studies have shown that the ETSF adds "apparent"
depth to narrow slots [11]). In Section 2.3, the basic form of the data file used to
integrate the algorithms into TSAR is described, and the program modules that have
been added or changed are noted. Results for a variety of narrow slots are presented in
this section, which include: multiple linear slots, rectangular (hatch) apertures, "tee"-
shaped slots, and diagonal (zig-zag) apertures, all of which fall on planar walls. A
linear aperture that falls on a stair-stepped wall is also presented, and basic limitations
of the algorithms are discussed.

It is assumed throughout this paper that the reader has an understanding of

the principles and techniques associated with FDTD codes based on the Yee algorithm.
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2. ANALYSIS

2.1 Hybrid Thin-Slot Algorithm (HTSA)

The HTSA combines an integral-equation formulation for narrow slots in an
infinite plane with three-dimensional FDTD codes. This is accomplished by using the
FDTD ftotal fields local to the slot to define appropriate short-circuit fields that drive
the integral equation. Thus, although the integral equation is formally valid for a slot
in an infinite plane which radiates into empty "half spaces, it is only applied in the
region that is local to the slot within the FDTD mesh, and therefore, the FDTD code
controls the manner in which fields radiate away from the aperture. Because of this,
general scatterers may exist in the neighborhood of the slot. The technique is most
useful for apertures that are narrow both in width and depth with regard to the FDTD
spatial cell.

To develop the HTSA, the transient integral equations for arbitrarily directed
slots in a thick, but electrically narrow plane at the highest frequency of interest are
derived in Section 2.1.1, and a finite-difference solution technique is provided in
Section 2.1.2. Results for a variety of aperture shapes are provided in Section 2.1.3. In
Section 2.1.4, the modification required to combine the integral equation with a three-

dimensional FDTD code is discussed.

2.1.1 Transient Integral Equations for Slots in an Infinite, Thick Plane

A cross section of a deep slot of length, L, depth, d, and width, w, is shown in
Fig. la. The slot is assumed to be x-directed at this cross section. Both the width and

depth are assumed to be electrically narrow at the highest frequency of interest.}

JIn a free-space environment, it has been found that valid frequencies usually satisfy £ <
¢/ [5-maa\d,w)j withL/d>> 1,L/w>> 1.
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Region 1
Slot, Face 2 -Inc2
-Irtel
*Hi 4 w
Region 2
Slot, Facel
y=-d/2 y=0 y=d/2
Fig. la: x-directed cross section of a deep slot in thick, conducting wall.
Region 1
w
Region 2
Slot Shorted
y=-d/2 y=0 y=d/2
Fig. 1b: Slot shorted and magnetic-current elements added.
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When the slot is modeled using the HTSA, the slot is shorted and equivalent magnetic-
current elements, KXl and KX2, are used to characterize the slot physics (Fig. 1b).

For a general slot in an infinitesimally thin plane, the slot is assumed to be s
directed as shown in Fig. 2. For the thick-plane problem, F is assumed to split into
the parallel contours and Fz, where F” falls on the x-z plane at y = -<l/2 and F-
falls at y = d/2. The magnetic currents become K™, on Fp Fx, respectively.

For slots in an infinitesimally thin plane, the "dual" problem of arbitrarily
directed thin wires in free space has been studied extensively in both the frequency-
and time-domains [12-16]. The direct treatment of the general thin-slot problem in an
infinitesimally thin plane has received less attention, perhaps because thin-slot results
follow readily from the thin-wire equations. A recent detailed treatment of the
transient thin-slot problem that provides a good amount of experimental data is by
Reed and Butler [17]. An approximate formulation for the transient deep-slot problem
is presented below. Regions | and 2 are assumed to be empty "halfl spaces and waves
are incident from both regions.

The total magnetic field in Region 1, TT”, due to the magnetic line source

directed along the axis of the slot, s K., is given by

St’
"0OItHtl =*0It A 1 & 1 = 1 *' KSIOr.r)G(?,?") +

ds' V', + [s' KSi(s',r)] G(r,r"). (y<-d/2) (la)
In Region 2, the total K—field becomes

No!tHt2¢¢ Mo HESC2+1272 jds' S' KS2(sV’r)G(rr')-

ds' V', « [s' KS2(s',1)]G(r,1"). (y1d/2) (Ib)

-18-



Region 2

Region 1

Infinite Plane

Fig. 2: General slot contour
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The retarded time, 1, is r = t — |r-1'|/c. It is noted that although two integration
contours are used (F* on Face 1 and F2 on Face 2) these are assumed to be parallel
and of equal length. In (la) and (Ib), ITSC" and Ksc” represent the H-fields in Regions
1 and 2, respectively, that would be present with the slot shorted and the magnetic
currents absent. G”™r') =1/ [2 1 |[r — ' |], but as r approaches F" or F>, G*,?") is

defined to be twice the wire-antenna kernel, given in exact form by,

1T
G(r,r')= ~ = dip'] |r-1'"|2 + 4 a2 sm2(<p'/2) | 1//2, (2a)
4 1M1 0

and in approximate, or thin-wire form by

(2b)

where a denotes the equivalent radius.

The problem is to determine and K”. A rigorous formulation would use
the appropriate slot-interior Green’s function and solve the resulting coupled set of
integral equations. Alternatively, for L/w >> [ with both w and d electrically small,
an approximate solution that doesn’'t explicitly require this Green’s function has been
obtained by following the standard procedure of decomposing the problem into "even"
(symmetric) and "odd" (asymmetric) excitations that give rise to = (KSi)even +
(Ks,)odd 1 Ks? = (Veven + (Vodd 1 with (KS,eve,, = (Veven = KS. ™
(Kg~odd = — (*s2”odd' aPProach was use” in [18,19] and is adopted here.

For the "even" problem, static techniques yield the deep-slot approximate

equivalent radius [18§]

a = (w/4) exp[—7rd/(2w)], 3)

which assumes a uniform interior electric field.
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Because symmetric excitation yields (KSi)even = (*g2)even = s’ t'ie "n"e§ra’
equation for solving the "even" problem is basically the same as that for a slot in an

infinitesimally thin plane, with the exception that the equivalent radius (3) is used,

g Apsc g fsc2 ds's + s' Kp(s'.r) G(r,1/) —
F
s+ VIds' V', ¢ [s' Kses'.ml G(r,1'), (FGF). (4
F

Because the slot depth is assumed to be electrically small, the phase variation of the
excitation has been neglected between the two faces of the wall.

A non-magnetic slot-gasket contribution is included by adding [19]

[~ It N1 + A (Bgfbo <« A A2 Ks(S,t) |

to the right-hand side of (4).
The interior H-field parallel to the magnetic current that results from

asymmetric excitation is approximated by the integral form of Faraday’s law,

ro it JAHt 1 sdA= — -dI". (6)

where the integration contour covers the s-directed cross section of the slot interior.
Assuming the H-field is constant over the integration area (which is a standard
assumption in FDTD codes) and the slot walls are lossless, the interior H-field directed

along the slot is written in terms of the magnetic current as

Elvsdd  ~ogwsi 3 H  ~Aro~an(Vodd-~Vodd-
A

@
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Because of the assumption L/w >> 1, an approximation to the H-field can be written

in terms of the incident field evaluated at the midpoint of the slot depth [18§],

(Ks,)odd~ (KS2W= “odws-[ |[tHinCl + ! tHinC2]

which implies

®siwd 2hyoliws  —8Cl o A ffine (8a)

oW L 50bwh iAdyinel o A Tined, (8b)

The total magnetic currents (voltages) at the entering and exiting planes are
obtained by adding (8a) or (8b), respectively, to Kg. However, for w/d << 1, L/'w >>
| and L/d >> 1, the gap electric field becomes very uniform through the depth, and
therefore, the interior Faraday’s law contribution given by (6) is not significant for
frequencies which satisfy, in a free-space environment, f < 2 c/L [18,19]. Thus, within
this framework, the "even" solution alone can be used effectively for many problems of
practical interest.

Considering the x-directed cross section shown in Fig. 1, the total magnetic

currents in (1) and the magnetic-current densities for Regions 1 and 2, denoted by M

and M | are related through the integral K (x;t) = /w0 dz M  (x,z;t). Sincey
X2 ° Xi,2v 7 Mv/z Xi2v ' ' T

is assumed to be directed into Region 2, M, is related to the transverse electric field

Xl
in the gap opening, E”, by x Mx = y x (z E?). In Region 2, x MXz= -y x (Z EM).

Consequently, the average electric field across the gap width is K /w on Face | and
Kx2/w on Face 2. For the general slot direction, s, the average electric field across the

gap openings become K*/w and K*/w.
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2.1.2 Finite-Difference Solution

The finite-difference solution of (4) will be discussed. The numerical solution
adopted here is very similar to the method-of-moments solution of the frequency-
domain thin-wire equation used in the CHAOS code [12,13] and also in the Mini—NEC
code [14]. The solution technique features piecewise-linear (triangle) basis functions
with pulse testing. Multiple junctions are accommodated by using overlapping basis
functions [12,13]. This procedure has also been applied successfully to the general
transient thin-wire equation by Dalke [16], and by Reed and Butler [17] to the
transient thin-slot problem. Consequently, only the highlights of the solution
procedure, along with some details that are not readily found elsewhere, are presented.

In Fig. 3 is shown a section of a general thin slot that will suffice for defining
the basic solution technique. The filled circles are defined as "nodes," the lines
connecting the nodes are defined as "segments," and "x" denotes the "segment
midpoints." Observe how the triangular basis functions associated with each node
cover the structure. Nodes (i=1,2,3...,N) and segment midpoints (i+$) are associated

with the following local unit vectors in the x-z plane (r = x X + z z):

IM=1 (¥i+H -*M)2 + (Vj —~~/11/2

i+l =[ (Vi xi)2 + (zi+i*zi)211/2

IN=[(xi-xi_ )2+ (zi-zi_1)211/2,

Si= [(xi+J-xi_1)x + (zi+J-zi j)=z]/ ISjl .

si+i = [ (xi+1 = Xj) X + (zi+1 = Zj) z] / lii+il

sid=[xi—-V1x+ "M -V1i)z] /IS *|

3.



Fig. 3: Section ofa slot showing discrete integral-equation solution elements.



The magnetic current is expanded in terms of triangle functions (cf. Fig. 3),

Ai/(s/), as

N
KSNM=— 1 ™MS8") 1 )
i'=1
where 'n* denote coefficients to be determined and *iji'jn) = n — int [|r.—r., | /

(cAts)], t = n Ats, n=L,2,... ("int" denotes "the integer part of").
By using the defined vectors, representing s *+ V = 3/ds as a central difference
approximation that is centered at s-, and using the magnetic-current expansion, the

right-hand side of (4) becomes

~2 1 Z F2(,i';n), 1
ao
¢ at i<=1

r i'=

where
s1’ . Si, +1
Fl(i,i') = si si/ N Jds' A~s') 0(878'") + si/+AJds' Aj”s') G(si,s/)

sz "-1 S1r

KfO-+i.i"-ijn)'Jds' G(si-+i,s")-

si'-1
e s oey s ISi'
ke(@-LP-B0 T 500 i i,s7)-
§- [
-V si'-1

c e e e il +1
kr(i+i,i,+isn) Jds'  G(si+A,s") +

Ty si'
I A+
Kr(i-i,i'+isn) Jds' G(si_~,s").

S [
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Representing the time-derivative in (10) by central differences, and then solving the
discretized form of (4) for the magnetic current at the latest time yields the following

explicit (time-marching) difference scheme4

FI1(U) k11 =k(cAts)? K' ' TN 2]
N
- I F (i,1") [kn71 in™lrxri' [ /(cAts)] -2 'ri-11' [ /(CAts)] |
i'=1
N
1 F is |
i/=1 lsi | 1'=1
i 1
i=1>2,3,.,N; n=1,2... (11)

To simplify the evaluation of Fp the standard approximation,

s’ i Si'+4
FIW'~AV g _; ds' GfSjisT+Sj,~ ds' G(s..s")
c si' J
Si'-i

may be used effectively, which is simply a statement that triangles over a full interval
can be replaced by pulses over a half interval when the spacing between nodes is
electrically small.

For i # 1', the thin-wire kernel (2b) is used for G(s-,s'), which integrates to

the following concise forms:

4It is important to note that when overlaping basis functions are used to model a
junction with three or more slots, Eq. (11) becomes a matrix problem because several
basis functions are now centered at the same spatial position.
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Jds' G(si*i,s') =

si'-1
(y ~2?™M)-si-4 + [a + [i- 12 jI/2
7" - W'V-i + €2 + iF'-i | o2 0
1
si'+1

Jds' G(si*i,s') =

1

S1

1 h'+i W si-+~ -H + Iy+i 123172
. In
Sir Tit~si'+i + Ta + 1v ik

For i = 1', only the integrals in the  function are of interest, and the exact-
kernel (2a) should be used for slots that are not purely linear to help avoid instability
in a numerical solution, as well as improve accuracy:

si+4 ®igiti  2X
jds' G”s") L “~ [ uS + 4 a2 sin2(<p'72) J1/2'
0

By interchanging the integration order, it is straightforward to simplify the right side

to
n/2
I df Im\l+ [1+ (D-M2 sin2 $11/2 ir, 2 a
2 ” 11+ _ sin(. FIS md - 3'
™ 0 Isi+*1 S s
Similarly,
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ds' G(si,s,) =

si-*
/2
1 I 1+ [1+ 7™ =)2sir2{2 0O]1/2
n . \
2 - If: 1
T S-. . ..
0 1—1 1-1

The integrals over the In function are easily evaluated numerically. Note that for 4 a /

|si=1] << 1, the integrals over the exact kernel become simply In [|s-+" |/a]/(2 w).

2.1.3 Results for Several Slot Configurations

In Fig. 4 is shown a deep, linear slot. Figures 5 through 8 compare results for
the spectrum of the electric field in the entering and exiting planes (Face 1 and Face 2,
respectively) of a 1-cm-deep slot as obtained using Eq. (4) and the "odd" contributions
(8a) and (8b), and a method-of-moments (MoM) solution that fully solves the coupled
integral equations appropriate for a deep slot [20]. The results correspond to unit
amplitude plane-wave excitation. The agreement is generally very good up to the
point where the electrical depth of 1 cm becomes significant (5 to 6 GHz, which is
where a full gridded FDTD solution will generally fail when using a 1-cm spatial cell).

These results demonstrate that the integral-equation solution with the
appropriate equivalent radius adequately solves slots with significant depth. Observe
that for w/d << 1, L/'w >> 1 and L/d >> 1, the variation between the voltages on
the two faces decreases significantly for frequencies that satisfy f < 2 c/L, and
therefore the "even" solution given by (4) suffices (cf. Figs. 7 and 8).

Figure 9 depicts some complex aperture shapes that include: 1) A hatch; 2) A
tee; and 3) A zig-zag (diagonal slot). The slot depth is set to zero (d=0). Input

impedance results obtained using Eq. (4) without the "odd" contributions (8a) and
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N Eq.(4) + (8a) Face 1
.g Eq.(4)+(8b) Face 2
o MoM Face |
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10
Frequency (Hz)
Fig. §: Gap electric field results for L =3 cm, w = | cm and d = | cm.

The magnitude of the spectrum of electric field is shown based on Eq.
(4) with (8a) and (8b), and coupled MoM solution.
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Fig. 6: Gap electric field results for L =5 cm, w = | cm and d = | cm.

The magnitude of the spectrum of electric field is shown based on Eq.
(4) with (8a) and (8b), and coupled MoM solution.
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Eq.(4)+ (8a) Face |
Eq.(4)+(8b) Face 2
0 10 MoM Face ]| —
MoM Face 2 ...

Slot: 10 cm (L), 0.1 mm (w), 1 cm (d)

10
Frequency (Hz)

Fig. 7: Gap electric field results for L = 10 cm, w = 0.1 mm and d = | cm.
The magnitude of the spectrum of electric field is shown based on Egs.
(4) with (8a) and (8b), and coupled MoM solution.
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Eq.(4)+(8a) Face |
Eq.(4)+(8b) Face 2

Field Spectrum at Midpoint

MoM Face | ——
MoM Face 2 ...
1 cm (d)
Frequency (Hz)
Fig. 8: Gap electric field results for L = 20 cm, w = 0.1 mm and d = | cm.

The magnitude of the spectrum of electric field is shown based on Egs.
(4) with (8a) and (8b), and coupled MoM solution.
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Fig. 9:
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(a) Hatch aperture; (b) Tee aperture ; (c) Zig-Zag
aperture.
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(8b) are provided in Figure 10 along with similar results obtained using the frequency-
dependent thin-wire-code GEMACS [21] (recall that the slot input impedance, Z-n * *

is related to the wire input impedance, Z.  , by Z.
1mnwire imn

. (r)OJZ) /Z, )-

slo inwire

2.1.3.1 Convergence Considerations

Convergence of the integral-equation solution has been found to be a minor
problem when bends exist. For low- to medium-resolution solutions (20 to 40 basis
functions, or nodes, per wavelength), predicted resonances are about 3 percent above
the "correct" frequency. To reduce the error to less than one percent usually requires
80 or more nodes per wavelength, which can induce excessive computational and
memory overhead. It has been found that by increasing the length of open-end
geometries by | to 2 percent, high-resolution accuracy is obtained with a low— to
medium-resolution solution, as shown in Fig. 11 for the zig-zag slot of Fig. 9c. This
length-increase solution has been observed with the straight slot [13]. Unfortunately,
the precise length correction varies with the topology of the slot (obviously, the length
is not well defined for slots with multiple junctions). For slots with right-angle bends,
one-quarter of the slots maximum spatial delta is appended to each open end such that

the sum over all slot segments is not increased by more than 2§ %.
2.1.4 Theoretical Foundations to Integrate Integral-Equation Formulation into TSAR

The HTSA was introduced in [11], and the basic technique has been further
studied in [17,22,23]. The reader is referred to these references for additional
information beyond what is presented here.

In Fig. 12 is shown a thick wall modeled on tangential E-fields using a typical

FDTD mesh. When the HTSA is used, the slot is shorted and its physics is described
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Fig. 10a: Hatch input impedance. Basis functions: Eq.(7), 8§, GEMACS, 176.
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Fig. 10b: Tee input impedance. Basis functions: Eq. (7) 75, GEMACS, 228.
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Fig. 11:
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(a) Zig-Zag input impedance using 132 nodes and 43 nodes; (b) Same
number of nodes as (a), but | mm is appended to each open ena of the
slot for the low-resolution solution.
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Conducting Wall

Fig. 12 FDTD wall model based on tangential electric fields.
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by the equivalent magnetic-current elements, and K”. The FDTD H-fields local
to the slot, denoted as HXj and sz in the Fig. 12 cross section, are total fields, and
therefore, the "short-circuit" fields required by integral-equation (4), specialized to the

x direction, are well approximated by

Hscl =11 - Hsc2 = H
*1 Xl X X2 X2’ (122)
where represents the field radiated by based upon the infinite-plane/empty-

half-space expression (Gfor') =1/ 217 [r—1'[])

~olt ~x) =

= L Jdx/ KX2(S>TD) G N ")-Xx vidx' Vx 1 [xKX2(s',r)] G(r.,1/),

C <% p p g
12 12
(y=d/2 +y0,yQ >> a) (12b)
with similar. Equations (12a) and (12b) are easily generalized for arbitrary slot

direction, s (cf. Section 2.1.1). By extracting the directly radiated contribution out of
the total FDTD field, coupling to the aperture by neighboring obstacles is accounted
for in the short-circuit terms.

Although the slot integral equation can accommodate arbitrary slot contours,
the magnetic currents that result must be used to drive the FDTD mesh, and
therefore, it has been found that they must align with the location that the FDTD code
would usually place electric fields. For example, Fig. 13a depicts a linear slot that
runs diagonally in the x-z plane. Directly modeling this slot, the slot integral
equations would yield magnetic currents that are s = (x + z)/<j2 directed, as shown in
Fig. 13b. Standard FDTD codes, however, are forced to model this non-grid aligned

slot as the stair-stepped slot shown in Fig. 13c. The electric fields shown in Fig. 13c
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Conducting Plane

Conducting Plane

Conducting Plane

Fig. 13: Models for a diagonal slot, (a) Actual slot; (b) Possible integral
equation model; (¢) FDTD model.
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"drive" the FDTD mesh away from the slot. To drive the FDTD mesh properly using
the HTSA, it has been found that the resulting magnetic currents must, in fact, align
with these electric fields, which forces the HTSA diagonal slot to be modeled as a stair
case as well. Attempting to drive the FDTD mesh with the HTSA magnetic currents
that are truly diagonally directed has not been successful, but further study of this
problem is necessary.

Forcing alignment with the FDTD mesh, the magnetic currents are strictly X,
y, or z directed depending upon the location of the slot in three-dimensional space and
the node position along the slot’s axis. The magnetic currents from the integral-
equation solution are subsequently appended to the discrete H-field Maxwell’s
equations (FDTD Yee cell assumed, and henceforth suppressing the additional

subscripts 1 or 2 on the FDTD fields),

Hint1 i,k = H (1) +
At ENijk+1) - EjOjk) AtEz(i-i+1k) — EAJ'K), . At 1

'“O 2'Z !

Hj+1(.j.k) = Hy(i,j.k) +

At Ez(i+1d'k) - At Ei(ik+1) - E~j.K), At 1,

HOHL (1,,k) = HAG k) +
AHEX({j+1k) A E-(i+lLjk) - ErNJK) At

where the usual FDTD spatial indices i ,j ,k correspond to movement along x, y, z,
respectively, n denotes a generic time index, but observe that the E and H fields are

separated in time by At/2, and the minus sign is used for the magnetic currents
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radiating into Region 1, while the plus sign is for Region 2. Observe that the wall is
shorted when the HTSA is used, and therefore, the tangential electric fields are zero.

The HTSA is summarized as follows. At each time step, the slot magnetic
current is obtained using the short-circuit fields based on the total FDTD H-fields local
to the slot with the directly radiated field removed as described by (12a) and (12b) (or
a similar equation appropriate for different components). The magnetic current is then
appended to the appropriate FDTD equation local to the slot, where the slot has been
shorted within the FDTD mesh. Each time step proceeds in this manner.

Using Eq. (4) with the "odd" voltage modifications (8a) and (8b) represent the
preferred approach for the HTSA; however, including the "odd" -contributions
introduces implementation complications because the directly radiated field that is
subtracted from the FDTD total field must be altered in a non-trivial way for each
region. The most efficient approach is to use only the "even" solution obtained
directly from Eq. (4). This was found to be successful for the linear slots studied in
[11], and is the equation upon which the HTSA is based here; thus, K =K =K . This
decision is based upon the fact that the HTSA is most appropriately used for the case
that both the slot width and depth are narrow compared to the FDTD spatial cell.
However, as shown in Section 2.3, the HTSA does, in fact, work very well for slot
depths that are equal to an FDTD spatial cell size of | cm, which would correspond to
a fairly thick wall in practice.

An interesting technical feature of the HTSA is that both the spatial step and
the time step used in the discrete integral-equation solution can be chosen to be much
smaller than the corresponding values used in the FDTD code without introducing
stability problems. Because of this, the HTSA can yield very high-resolution solutions

for the slot physics.
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2.2 Direct FDTD Contour Methods to Model Narrow Slots

The finite-difference equations used in standard FDTD codes can be derived
directly from the integral form of Faraday’s and Ampere’s laws [7]. By applying
Faraday’s law to contour C in Fig. 14 that contains a narrow slot of width w, the
following modified FDTD equation is -obtained when the electric field is assumed

constant across the aperture:

H”+1(1,5,k) = H"(1,5,k) +

At rEy(1'j'll+1) — Ejdj'k)l At |
YT = HAr K (i +1LK)-(DE0].

(13)

For general slot orientation, other components follow similarly. The principal
modification introduced by the contour method is the (w/A ) term that multiplies
Epj.k). It is noted that for H, inside the slot depth, no modifications to the
standard FDTD equation are required [7,8].

Equation 13 is an appropriate modification for the case that conducting walls
are defined on tangential E fields and has been denoted an "E-wall thin-slot
formalism," or ETSF [11]. Additional modifications to the Faraday’s law contour can
be made so that it is possible to define walls on tangential H fields [7], and this method
has been denoted an "H-wall thin-slot formalism," or HTSF [11], Although a general
implementation of the HTSF is awkward because the contours associated with an
entire wall must be modified as well as those local to the aperture, this method has
been shown to be the preferred contour method for modeling narrow slots [11]. This is
because the standard ETSF tends to model the slot as being one FDTD cell deeper
than the actual depth anticipated [11], which is a problem that does not occur with the

HTSF.
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Fig. 14 Faraday’s law contour to generate modified FDTD equation local to
the aperture.
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The standard ETSF applies Eq. (13), or a similar equation that depends upon
the appropriate field component involved, to the entering and exiting planes of the
slot. The apparent one-cell depth increase noted above results because the FDTD
Ampere’s law equation for the gap field inherently assumes that the electric field is an
average over one cell that extends one-half cell outside the slot to one-half cell inside.
It has been found through numerical experiments that this depth error can often be
reduced by simply reducing the slot depth by one cell. For example, Fig. 15a shows a
narrow slot that is two cells deep along with the apparent depth increase that results
by the traditional ETSF. Reducing the slot depth by one cell and applying the ETSF
equation at this shifted interface simulates the slot shown in Fig. 15b. Shifting the slot
on the entering plane instead of the exiting plane simulates the slot shown in Fig. 15c.
Note that the simulated slot depth is the proper wall thickness with the shifted cases.

A tee shaped slot with a width of | mm, and a depth of | cm (1 FDTD cell)
that couples into a rectangular cavity is shown in Fig. 16a. Results for an interior E
are shown in Fig. 16b. The results are based on an HTSF model (very accurate), the
standard ETSF, and the shifted ETSF as described above. The standard ETSF results
correspond to a 2-cm-deep slot (2 FDTD cells). It is seen that the shifted ETSF yields
results that agree very well with the HTSF, at the interior point selected, independent
of whether the shift was applied on the entering or exiting slot planes. However, for
other choices of interior points the agreement has been found to be not as good, which
could be related to the apparent theoretical difficulty that the inner aperture in Fig.
15¢ should be overdriven due to the neighboring 1-cell-wide slot that has been
introduced.

The shifted ETSF may prove to be a useful alternative method, but at this
time the standard ETSF has been defined to be the default contour method in TSAR.
Although the standard ETSF can lead to amplitude errors as large as a factor of two

too small for one-cell deep slots that are very narrow, it is most appropriately used
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Fig. 15: Slots that result from an E-wall modeling approach, (a) Usual model

that adds depth (ETSF); (b) Shifted model on rear face (Face 2
Shifted ETSF) ; (c) Shifted model on front face (Face 1 Shifted

ETSF).
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Interior Observation Point

1-cm Thick Walls

Fig. 16a: Tee-shaped slot coupling into a rectangular cavity driven by a z-
polarized Gaussian pulse with a bandwidth of about 3 GHz and a peak
amplitudeof 1 V/m. FDTD cellis 1 cm.



60.00 —

40.00
—~ 20.00
(S
—
>
(S
< 20.00
60.00 | HTSF
Standard ETSF
10.00 20.00
Time (ns)
60.00 —
40.00
= 20.00
(S
>
S
<
w _20.00
A
0.00 HTSF
Shifted ETSF (1)
-60.00 Shifted ETSF (2)
10.00
Time (ns)
Fig. 16b: Results for an interior field based on the standard ETSF and the two

Shifted ETSFs compared with the accurate HTSF. The number in
parentheses denotes which face the shift was made on.

—60—



when an aperture is many cells deep and in this situation its accuracy is improved [11].

For providing comparison data for the HTSA, shifted ETSF results are used in this

paper.

2.3 Practical Considerations for Incorporating Thin-Slot Algorithms into TSAR

The HTSA and the ETSF require modification of the standard FDTD H-field
equations in those cells that are adjacent to the entering and exiting planes of the slot.
Thus, provided the slot transverse E fields within these planes can be identified, the
appropriate H-field equations that require modification are known (it is emphasized
that only the transverse E fields are included). The technique for incorporating these
algorithms into TSAR is dependent upon a data file that contains the following

essential information;

SlotNum Slot number with which each slot cell is associated
SlotCell iindex of slot cell fx direction)
SlotCelJ j index of slot cell (v direction)
SlotCelK k index of slot cell (z direction)
SlotnDir Direction of wall normal for slot cell
(I=t+x, —1==x, 2=+y, 2=y, 3=+z, -3=-2)
Slot Comp E-field component being flagged (1=EX, 2=Ey, 3=EZ)
SlotLoc Location within wall for the slot cell flagged (0O=in, 1=out)

These variables represent arrays that are used in the TSAR module, common.inc.

The SlotLoc parameter is defined to be 1 for "outer" slot cells and 0 for
"inner" slot cells. For example, for a one-cell-thick wall defined on tangential E-fields
(El—wall) all slot cells would have SlotLoc=I, because there are no E-fields interior to
the wall in this case. If the slot were, in fact, many cells deep, the interior E-fields
would be assigned SlotLoc=0, or would simply be omitted from the data file. For the
more interesting case of a stair-stepped wall (Fig. E7), "outer" slot cells are those on
outside corners; those on inner corners are not required for either the HTSA or ETSF

and would be assigned SlotLoc=0, or could be omitted from the data file.
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Stair-stepped wall showing two possible normals. Slot is in the x-y
plane. Ez denotes the transverse electric fields across the slot width.



Also shown in Fig. 17 is the existence of two possible wall normals that may
be associated with the same flagged Ez field. These appear as two entries in the data
file for this Ez field, each having the appropriate SlotnDir value.

One additional data line is required for each slot that includes the following:

SlotNtmp Slot number (1,2,.,,)

SlotWid Desired width of slot (meters)

SlotDep Desired depth of slot (meters, HTSA only)

SlotMat Material pointer for slot interior

Nseg Number of subsegments per FDTD cell (HTSA only)
SlotAlgo Algorithm to use for slot (1=HTSA, 2=ETSF)

The SlotDep parameter, as indicated, applies only to HTSA-defined slots. The
depth of ETSF slots is determined by the actual gridding. The Nseg parameter also
applies only to HTSA slots, and should be set to the value (4) for most calculations.
This will yield 20 to 40 cells per wavelength for the integral-equation solution (the
FDTD code is assumed to be using 5 to 10 spatial cells per wavelength). The value for
Nseg may be set to an even integer greater than four if a high-resolution solution of the
slot physics is required; however, the increase in CPU and memory overhead can be

significant.

2.3.1 Example Data File for a Diagonal Slot and Results for Several Slot Shapes

In Fig. 18a is shown a diagonal slot. The wall containing the slot is assumed
to be one cell thick. The front face is assumed to lie at the y-plane defined by j = 10,
whereas the rear face is at j = 11. The outward normal on the front face is —y directed
and is therefore assigned SlotnDir = —2; the rear face is assigned SlotnDir = 2. The
data file for this slot could have the following form, with the row order non-essential

(SlotNum, SlotCell, SlotCelJ, SlotCelK, SlotnDir, SlotComp, SlotLoc):
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front face

Fig. 18:

rear face

HTSA Slot Model (Front Fece)

Half segment™ at ends
(b)

Zig-Zag model of a diagonal slot showing FDTD cell indices and
transverse E fields (a); (b% HTSA model that aligns with the FDTD E

fields, but possibly adds many more nodes.
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Slot# I J K nDir Ecomp Loc
1 20 10 21 -2 |
21 10 22 -2
2 10 23 -2
2310 24 -2
2410 25 -2
20 10 22 -2
21 10 23 -2
22 10 24 -2

s e e i e e e e e e i e
—_
—_

23 10 25 -2
21 2
21 11 22 2
2 11 23 2
23 11 24 2
24 11 25 2
20 11 22 2
21 11 23 2
22 11 24 2
23 1125 2

Slot# Width  Depth Mat Nseg Algo
1 0.001 0.01 1 4 1

The last row corresponds to the required information:
SlotMat, Nseg, and SlotAlgo. The blank line after the cell-index data is required. The
slots are assumed to be numbered consecutively, starting at one. Note that slot
number | (SlotNtmp) is assumed to be | mm wide with a depth of 1 cm. The slot
gasket material has been associated with material 1 (generally free space), and the
HTSA algorithm has been flagged with four subsegments of the basic FDTD spatial
distance. Alternatively, the ETSF algorithm could be used for this slot simply by
changing the SlotAlgo entry to 2, but the depth would be restricted to the actual
"gridded" wall thickness. It is noted that the slot data file contains E-field
information; however, the slot algorithms operate on H-field information that is
internally obtained by a transformation. Figure 18b shows how the HTSA would
model this slot for Nseg = 2. Additional nodes are added as Nseg increases.

A few comments are in order concerning the material pointer for the slot
interiors. For the HTSA, the material pointer must have a double meaning: 1) It
must indicate the desired values for the slot’s relative permittivity and conductivity

(EpsR and ConductE, respectively) so that these can be used by the HTSA routines;

-55-



and 2) It must force the slot to be shorted within the actual TSAR mesh. For the
ETSF, the material pointer should also be to an appropriate EpsR and ConductE, but
the E-fields defining the slot must not be shorted.

Figure 19 shows the diagonal slot coupling into an empty rectangular cavity
with inner dimensions: 19-cm high, 18-cm deep, and 18-cm wide. The FDTD spatial
cell size is assumed to be | cm. The illumination is a y-directed Gaussian pulse of the
form exp[—a (t—/?)"], where @ = 6.79* 10” and /? = 0.5-10 The electric field is z
polarized with unili peak amplitude.

Figure 20 compares HTSA and ETSF results for an interior Ez field at cell-
index (23,22,26). In the time-domain, the two results are nearly identical up to about
5 ns and then modulation differences become apparent. The principal reason for the
differences becomes obvious by examining the frequency spectra. The ETSF is
showing that the dominant slot resonance is about 10-20 MHz (0.7% to 1.3%) lower
than the HTSA result. A high-resolution integral-equation solution (Nseg=12) for the
input impedance (cf. Section 2.2) places the dominant slot resonance at 1.53 GHz,
which is very close to the HTSA solution in Fig. 20b. The 8§—10 ns modulation on the
transient results is due to the "beating" between this slot resonance and a cavity
resonance at 1.418 GHz. The slightly higher HTSA resonant frequency yields a greater
difference frequency and therefore a shorter modulation period. It is noted that a
benefit of the HTSA formulation is that the slot depth can be arbitrarily defined, with
the only restriction that it must be electrically small (less than about A/5) at the
highest frequency of interest.

The tee-shaped slot shown in Fig. 16a is again examined here. Each leg of the
slot is redefined to be 0. mm wide for this example. Transient results for an interior
Ez component based on HTSA and HTSF slot models are shown in Fig. 21. The
illumination is the same as in the previous case. The agreement between the methods

is seen to be generally very good, with some differences in the high-frequency content.
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Cavity: 19-cm High, 18-cm Wide; 18-cm Deep

Fig. 19;

1-cm Thick Walls

Stair-Stepped Slot (cf. Fig. 9c)

Interior Observation Point

j = 10 plane

Diagonal slot of Fig. 18 driving a rectangular cavity.
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Fig. 20: Results for an interior E field based on a Shifted ETSF model and an

HTSA model of Fig. 19. (a) Transient responses; (b) Transforms.
FDTD cell: | cm.
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Fig. 21: Results for an interior E field based on an HTSF model and an HTSA

model of Fig. 16a, but with the slot width changed to 0. mm. (a)
Transient responses; (b) Transforms. FDTD cell: 1 cm.
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A geometry that involves two boxes and two linear slots is shown in Fig. 22.
HTSA and standard ETSF results for Ez in both the large and small cavities are shown
in Figs. 23a and 23b (points A and B, respectively). The excitation is the same as in
the previous examples. The HTSA result is based on a very low resolution solution of
only eight basis functions for the long slot and four for the short slot. The agreement
with the standard ETSF is very good, showing that this low-resolution HTSA
formulation provides equivalent numerical accuracy to the ETSF for this case.
Observe that this does not imply that either result has converged, but merely that the
two approaches are consistent at this resolution. In fact, as the HTSA resolution is
increased, modulation differences do appear.

A rectangular hatch aperture is shown in Fig. 24. The hatch is 0.1 mm wide,
| cm deep and the illumination is the same as the previous examples. HTSA and
HTSF results for E_ at an interior point are shown in Fig. 25a. Amplitude differences
are seen in the two predictions after about 5 ns. Their Fourier transforms (Fig. 25b)
reveal that the spectral content of the differences appear at about 1.4 GHz. The hatch
has its dominant resonance at about 1.37 GHz (high-resolution method-of-moments
prediction). A cavity resonance exists at 1.418 GHz. The HTSA is predicting a hatch
resonance very close to 1.37 GHz, whereas the HTSF is predicting a slightly lower
resonant frequency (10-20 MHz lower). Because the HTSA slot resonance is closer to
the cavity mode, the HTSA result exhibits greater coupling to this mode; hence, the
increased amplitude in later time.

The final example involves a 45°-degree rotated box, which leads to stair-
stepped walls. To examine the type of accuracy that can be obtained for a stair-
stepped geometry, a 10-cm-long, 1-cell-wide, 1-cell-deep linear slot was initially
modeled on a box with faces that aligned with principal axes (Fig. 26a, no thin-slot
algorithms used). The FDTD spatial cell was 1 cm. This box was then rotated 45°

(Fig. 26b). Interior points were selected that correspond as closely as possible for the
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Cavity: 19-cm High; 18-cm Wide; 18-cm Deep
Inner Box With Slot

(Crvity: »-cm High; &-cm Widt; 12-cm D«ep)

Slot 1:9-cm long; 0.1-mm Wide

Slot2: 5ecm x 0.1 mm

1-cm Thick Walls

Fig. 22: Coupled linear slots. Point A is an observation point in the large
cavity, whereas Point B is in the small cavity.
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Fig. 23: Results for interior E fields based on a Standard ETSF model and an

HTSA model of Fig. 22. HTSA model set d = 2 c¢cm since comparing to
Standard ETSF. (a) Transient response at Point A; (b) Transient
response at Point B. FDTD cell: 1 cm.
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Cavity: 19-cm High, 18-cm Wide; 18-cm Deep

Hatch: 8-cm Long; 3-cm High; 0.1-mm Wide

Interior Observation Point

1-cm Thick Walls

Fig. 24: Rectangular hatch aperture coupling into a cavity.
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Fig. 25: Results for an interior E field based on HTSF and HTSA slot models
of the hatch in Fig. 22. Slot depth 1 cm. (a) Transient response; (b)
Transforms. FDTD cell: 1 cm.
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CASE |: Box Aligned with TSAR Mesh

Cavity: 19-cm High; 18-cm Wide; 18-cm Deep

tntyrtof Ob**rvntk>n Point

1-cm Thick Walls

Slot: 10-cm long; Wlctthi: | cm, 5 mm, | mm

CASE II: Box Rotated 45¢(Stair-Stepped Walls)

Intcrlof Observation Point

Fig. 26: Linear slot coupling into cavity for testing effects of stair-stepped
walls, (a) Box and slot aligned with FDTD mesh; (b) Box rotated to
yield stair-stepped walls.
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two configurations. Figure 27a depicts results for Ez at these points. The excitation
was broadside to the slot face for each case, using the previous Gaussian pulse. In
principle, these results should be nearly identical; however, it is seen that considerable
shifts in resonances have occurred. Notably, for the rotated case, the slot resonance
has lowered by about 100 MHz, whereas the first cavity resonance has increased by
about 100 MHz. The increase in cavity resonances implies that interior modes are
following the minimum cavity dimension instead of the maximum,’ and the lowering of
the slot resonance is due to an increased path length on the upper and lower slot
surfaces. These results show that stair-stepped walls, although they may not affect
radar cross-section data significantly, clearly affect interior coupling problems when
looking at specific interior field components. = However, in a practical system
assessment energy deposition is often the quantity of interest, and for this type of
information the stair-step effects may be reduced. Additional study is required.

The ETSF thin-slot algorithm will work for non-grid-aligned walls; however, it
will, of course, not offer any correction for the inherent limitations associated with the
Yee cell. In Figure 27b is shown the spectra for Ez at the same interior point for three
slot widths in the rotated configuration: 1 cm wide, 5 mm wide, and | mm wide (1-cm
fixed FDTD cell size). The expected decrease in amplitude is observed. Note, also,
that the slot resonance decreases in frequency with decreasing slot width, which is
contrary to linear slots on planar walls, but consistent with diagonal (zig-zag) slots on
planar walls. Note that for the 1-mm-wide case, the distinction between the slot
resonance and the first cavity resonance is not resolved by the transform. In Figure 28
is shown the spectra for the 1-mm-wide slot on the rotated box compared to a I-mm-

wide slot on a non-rotated box. The differences are substantial; however, they are

5Because of the stair-stepped walls, the minimum interior diminsions are 19-cm high,
16.97-cm wide and 16.97-cm deep, whereas the maximum interior dimensions are 19-cm
high, 18.38-cm wide, and 18.38-cm deep.
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200.00

Slot: 10 cm (L), | cm (w), | cm (d)
180.00 FDTD cell: 1 cm
O 160.00 Cavity Resonance
X 140.00
120.00 Slot Resonance
E 100.00 Cavity Resonance
-~ 80.00
Slot Resonance
60.00 —
Not Rotated
40.00 Rotated
20.00
-20.00
Frequency [GHZ]
180.00
Rotated Box
160.00
O 140.00
x 120.00
100.00 W « 5 mm
w « | mm
Slot: 10 cm (L), 1 cm (d)
60.00 FDTD cell: | cm
40.00
20.00
-20.00 Li
Frequency [GHZ]
Fig. 27: Interior E-field results for the rotated and non-rotated boxes of Fig.

26. (a) Fully gridded solutions for a I-cell-wide slot; (b) ETSF
application to reduce slot width on the rotated box. FDTD cell: | cm.
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70.00 -
Not Rotated

60.00 Rotated
FDTD cell: 1 cm
40.00
~10.00

Frequency [GHz]

Fig. 28: Interior E-field results for the rotated and non-rotated boxes of Fig.
26, but with a slot width of | mm and an FDTD cell of | cm. For the
non-rotated result, the Shifted ETSF was used. For the rotated case,

the standard ETSF was used due to poor definition of the slot length
and depth.
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consistent with the similar results for the fully gridded, 1-cell-wide case shown in Fig.
27a, which demonstrates the inherent problems associated with non-axis-aligned walls.
These results demonstrate that every effort should be made to ensure that apertures
fall on planar walls if very accurate results are required for specific interior fields (it is

recognized that this will not always be possible).

2.3.2 Listing of TSAR Modules Added or Modified for The HTSA and ETSF

The new routines that have been added to TSAR to implement the HTSA and

ETSF algorithms include:

initslot.f:
Called from readinit.f, this routine now reads the slot data file and the HTSA
slot initialization, ifrequired.

loadslot.f:
Call from tsar.f for every y-plane, this routine appends the HTSA magnetic
currents, Kx, Ky, or Kz from the previous time step to the appropriate Hx,
Hy, or Hz. This routine also stores Hx, Hy, and Hz as slot drivers for the slot
solution at the next time step (used by solvslot.f)

solvslot.f:
Called from tsar.fevery time step, this routine contains the HTSA solver.

etsthx.f:
Called from advhx.f, this routine applies the ETSF to Hx slot drivers, if
appropriate.

etsthy.f:
Called from advhy.f, this routine applies the ETSF to Hy slot drivers, if
appropriate.

etsfhz.f:

Called from advhz.f, this routine applies the ETSF to Hz slot drivers, if
appropriate.

The following TSAR routines have been changed to accommodate the HTSA

and ETSF algorithms:
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common.inc:

The vast majority of required new common variables are defined at the end of
the original file. Additional changes throughout the module include: 1) The
INTEGER declaration of the parameters MaxSlots, MaxSICIs, MaxNodes
and NHistory; 2) The addition of the logical unit number LunSlot = 10 for
the slot data file; 3) The declaration REAL*8 for the TSAR variables Dt and
Dx (this is required when the HTSA is run on 32-bit processors; cf. Section
2.3.3)

tsar.f:
The main TSAR routine has been changed to call the appropriate subroutine
for HTSA slots, ifrequired.

readinit.f:
This routine has been changed to call initslot.f during all of its normal
initialization calls.

advhx.f:
This routine has been changed to call etsthx.f for ETSF application, if
required.

advhy.f:
This routine has been changed to call etsthy.f for ETSF application, if
required.

advhz.f:
This routine has been changed to call etsthz.f for ETSF application, if
required.

defaults.f:
Several flags associated with the HTSA and ETSF algorithms are initialized
here.

done.f:
This routine now prints the energy received by each HTSA slot at the end of
the calculation, ifrequested through the flag FlagENGY.

initlvl2.f:
This routine has been changed to delay the storing of Hy, along with Hx and
Hz, until the next y-plane. This is necessary in case a requested Hy-sensor
happens to be one of the slot drivers for an HTSA slot.

params.inc:

The maximum number of thin slots is defined by MaxSlots.

The maximum number of nodes for each slot is defined by MaxNodes. This is
generally chosen to be about 30 % larger than Nseg times the number
of TSAR cells in the longest slot.

The parameter MaxSICIs must be set at least as large as the total number of
field points in the slot data file; however, the HTSA will internally
flag additional TSAR cells that fall at the ends of open-ended slots.
Thus, a realistic minimum value for MaxSICIs is the total number of
cells in the data file, plus the number of open ends for HTSA defined
slots.
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The maximum number of time steps that can be retained for each slot is
defined by NHistory. Note that because of the nature of transient
integral-equation solutions, a time history dictated by the retarded
time must be retained. A crude minimum value for NHistory is
2* MaxNodes.

NAMELIST user input file (named in params.inc):

The flag FlagSlot is set to .TRUE, if any thin slots exist in the problem (if no

thin slots exist, FlagSlot must be set to .FALSE.). The flag FlagENGY is set

to .TRUE, to calculate the received energy for each HTSA slot. The name of
the slot data file is specified in the variable SlotFile.

2.3.3 Miscellaneous Application Limitations and Implementation Details for the HTSA

Application of the HTSA is limited to regions that are truly planar local to the
slot. In other words, all flagged fields in the slot data file for a particular slot must
have the same absolute value of SlotnDir. Observe that this does not mean that HTSA
slots can exist only on large x-z, y-z, etc., planes, but it does force the wall region local
to the slot to be flat. The HTSA examines the values for SlotnDir, and will not run if
the slot is non-planar; however, the ETSF algorithm can be used for non-planar slots.

In the present release, each numbered HTSA slot must be a single, continuous
entity, and all slots must be spatially separated by at least one FDTD cell so that only
one slot falls within a single FDTD cell. For example, two parallel linear slots must be
defined as two separate slots in the slot data file to avoid mutual interaction between
the slots being account for twice. This is because the integral-equation solution will
account for the interaction once and the FDTD feedback technique will account for it
again, giving unpredictable results. However, in principle, the HTSA can
accommodate multiple parallel slots falling within the same FDTD cell by letting the
integral equation account for all mutual interaction that cannot be resolved by the
FDTD code. This interesting extension will be incorporated in future releases.

The electrical depth of the slot at the highest frequency of interest must also

be examined with the HTSA because the algorithm inherently assumes that the
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transverse electric field is uniform through the slot depth. Although the HTSA is
effective for slots that may be one, or perhaps two FDTD cells deep, it is primarily
intended for slots that are less than one FDTD cell in depth. Indeed, no other existing
thin-slot algorithm provides similar accuracy for this case [11], whereas the deep-slot
case may be handled by the ETSF.

The HTSA requires that the material located one FDTD cell outside the slot
be free space, but the material inside the slot may have a specified relative
permittivity and conductivity (but non-magnetic). These limitations will be relaxed in
future releases of the HTSA, along with the inclusion of internal wall-loss effects. An
obvious requirement of both the HTSA and the ETSF is that the walls that contain
the narrow slot are of high conductivity.

The numerical stability of the HTSA solution may pose difficulty for some
complex aperture configurations. Every effort has been made to trap situations that
are known to yield stability problems, including: 1) Four or more slots that merge at a
single junction have been found to yield unpredictable stability problems; thus, a
maximum of three slots can merge at a single junction in this release; and 2) The
equivalent radius must be less than or equal to one-tenth of the FDTD spatial cell size.
This latter condition is only serious for slots with zero depth, where the width would
have to be less than or equal to 0.4 times the FDTD cell; e.g., for an FDTD cell of 1-
cm, the maximum slot width for a slot with zero depth would be 4 mm (cf. Eq. (3) to
determine the equivalent radius).

The convergence of the integral-equation solution can be a minor problem for
very complex slot shapes, resulting in the dominant resonance being as much as 3%
higher in frequency than the "correct" resonant frequency. This is not a deficiency of
the hybrid approach as much as a limitation of existing techniques to numerically solve
the electric field integral equation. The resulting error for a given number of basis

functions is, of course, dependent on the specific form of the basis functions. The
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piecewise-linear (triangular) functions used here are not as accurate as, say, piecewise
sinusoids; however, using the latter is expected to complicate the solution procedure
(further study is required). A well-known "trick" to reduce the error of low-resolution
solutions applied to open-ended structures is to slightly extend the length of the model
[13]. For the HTSA, one quarter of the slot’s maximum spatial delta (uniform TSAR
spatial delta assumed) is appended to each open end such that the sum over all slot
segments does not increase by more than  %. This is only done for slots that contain
right-angle bends, and has been found, in general, to yield the dominant resonance
within about 1% of very high-resolution solutions (> 120 nodes per wavelength). It is
interesting to note that the FDTD technique based on the Yee mesh is often able to
obtain similar accuracy using only 5 to 10 cells per wavelength! Of course, such small
errors are not likely to be significant in a practical system assessment, but they are
important for academic purposes.

The HTSA solves the slot problem on a plane, but when used in a general
three-dimensional FDTD code this plane may fall anywhere in space. Thus, the
solvslot.f module initially defines a new local coordinate system, and then lays out the
slot basis functions for each face of the wall that contains the slot. Note that because
of the randomness with which the slot data file may be created, the basis-function
indices for each face may not be one-to-one; e.g., node 5 on one face may not be at the
same relative slot position as node 5 on the other face. To properly create pointers to
the FDTD fields, a correlation vector between the faces is generated.  These
implementation complications are unique to the HTSA because of the inherent
differences associated with the offset-FDTD and integral-equation techniques.

To improve the stability of the HTSA, the solution considerably sub-steps
TSAR both in space and time. The degree of sub-stepping increases with the choice of

Nseg. For example, when Nseg is set to four the HTSA spatial delta is one fourth of
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the spatial step used in TSAR, whereas the time step is defined to be one eighth of
TSAR’s value. Thus, for each TSAR time step the HTSA makes eight advancements.
Because of the excessive computation, the HTSA wuses look-up tables for the
appropriate Green’s functions and retarded-time indices, which are generated when
initslot.f is called. This drastically improves execution speed, but at the expense of
memory overhead. The decision to adopt this approach was based on the fact that
today multi-megabyte systems are commonplace. For typical problems that involve
one or two thin slots, each with perhaps 100 to 200 nodes, the HTSA will introduce 2
to 5 megabytes of additional storage requirements. The examples in this paper
generally used Nseg = 4, which resulted in only a 5 to 10 percent increase in TSAR’s
execution time. However, increasing Nseg to eight could easily result in a doubling (or
more) of the execution time. For this reason, Nseg = 4 is recommended.

The HTSA was written assuming the code will be run on 32-bit processors,
such as a SUN SPARCstation. On this class of machine, TSAR runs in single
precision (i.e., REAL*4). The HTSA requires double precision (REALMS) when
initializing the look-up tables, and therefore, often uses REAL*8 declarations. The
TSAR-specific variables Dx and Dt are affected by this precision increase, and
therefore these variables MUST be declared REAL*8 in the module common.inc. If
the program is to be run on a 64-bit machine such as the CRAY, all REAL*8
declarations should be changed to REAL. In addition, the critical inner loop in the
HTSA can be made to vectorize on the CRAY, which improves performance
considerably.  The alternate form of this loop should be uncommented for this

application (this is defined in the HTSA source code).
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3. CONCLUSIONS AND AREAS FOR FURTHER STUDY

The HTSA and ETSF techniques for modeling very narrow apertures in the
FDTD code, TSAR, have been successfully automated based on a "slot data file" that
identifies those cells within the FDTD mesh that are to contain a thin slot. The
flagged cells are based on E fields, along with outward-normal unit-vector information.
The Lawrence Livermore National Laboratory is modifying TSAR’s graphical interface
so that the appropriate data file is generated after the slot is defined at the solid-model
level. A "user’s manual" to the algorithms will follow the interface development.

The HTSA is based on an integral-equation solution for the slot problem and
uses both the slot depth and slot width as free parameters, with the restriction that
these must be electrically small at the highest frequency of interest. The method is
only applicable to slots that fall on truly planar walls. An interesting feature of the
HTSA is that it is not bound to the spatial and time steps used in the main FDTD
code, and therefore, a very high-resolution solution of the slot is possible (although a
. substantial increase in overhead can result).

The ETSF algorithm is geometrically more flexible than the HTSA; however,
the slot depth is bound to the actual FDTD mesh. In addition, previous studies have
shown that the ETSF in its standard form adds apparent depth to the slot which
results in an underestimation of the aperture fields [11], By applying the ETSF to a
planar based slot that is assumed to be simply one-cell narrower in depth, the apparent
depth increase can often be avoided. This results in an experimental shifted ETSF.
This method remains under investigation at this time, and consequently, only the
standard ETSF has been incorporated into TSAR. Although the standard method
adds depth to the slot that can lead to aperture fields being underestimated by as
much as a factor of two for slots that are one-cell deep and very narrow, its accuracy

improves as cells are added to the slot depth [11]. In addition, the method can also be
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used for non-planar slots. The only existing technique that could solve these cases
more accurately would be the HTSF, but automating this method would be very
awkward because entire walls must be shifted so that they fall on tangential H fields as
opposed to E fields.

The HTSA and ETSF methods are designed to compliment each other so that
a particular problem can model one slot using the HTSA, while another uses ETSF.
This possible mixing of algorithms has been built into the thin-slot package.

Some areas for additional study of the narrow-slot problem in FDTD codes are
the following: 1) Further investigate driving the FDTD mesh with the HTSA
magnetic currents for the case that the HTSA segments do not align precisely with
FDTD electric-field points (this would enable a diagonal slot to be modeled as being
truly diagonal instead of a stair-stepped approximation);' 2) Further improve the
convergence characteristics of the finite-difference solution of the HTSA integral
equation; 3) Examine the possibility of using the HTSA on stair-stepped walls;* 4)
Further study the modeling improvements associated with the shifted ETSF; 9)
Contour methods fail for slots that are not an integer multiple of the FDTD spatial cell
due to constant-field assumptions made in Ampere’s law; thus, modification of the
curl-H equations in the slot may improve this deficiency; 6) Add wall-loss features to
the HTSA model [22]; and 7) The thin-slot algorithms have been written to be
compatible with the paging scheme that TSAR uses to solve large, "out-of-memory"
problems; however, due to time constraints, this has not been verified.

Some additional areas for overall improvement to the TSAR modeling system
could include: 1) Automate thin-wire modeling capabilities; 2) Examine the possibility
of modeling shielded wire bundles (multi-wire cables) through a hybrid transmission-
line/FDTD model; 3) Add radar cross section capabilities that account for frequency-
dependent surface loss; 4) TSAR and the HTSA are written based on a uniform spatial

step; permitting different spatial steps in different directions would add flexibility.
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