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Abstract-A mode equation is derived for propagation between
a pair 6f rectangular wire meshes, and numerical results for the
propagation consfant of the quasi-TEM mode are presented. An
approximate method based on averaged boundary conditions is found
to agree if the mesh dimensions are small and the-heéh separation

is large. The field distribution of the quasi-TEM mode is also

examined.

INTRODUCTION

The electromagnetic properties of wire mesh screens are of interest
in numerous shielding and reflecting applications. The relevant plane
wave scattering properties have been analyzed both for meshes in free
space [1]1-[&4] and over a lossy earth [5]-[6]. The closely related problem
of surface wave propagation on a wire mesh has also been analyzgé_[l]—[B].

In this paper, we consider propagation of electromagnetic w;ves
between two parallel wire mesh screens. Such a configuration is used in
electfomagnetic pulse (EMP) parallel plate simulatérs [91-[10] which are

too large to employ solid metal sheets for the two conducting plates.

Similar structures are also useful in cases where a slow-wave behavior

is desirable [11]1-[13].
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ELECTROMAGNETIC WAVE PROPAGATION ALONG A
PAIR OF RECTANGULAR BONDED WIRE MESHES
ABSTRACT
‘ A mode equation is derived for propagation between a pair of rectangular

wire meshes, and numerical results for the propagation constant of the quasi-
TEM mode are presented. An approximate method based on averaged boundary
conditions is found to agree if the mesh dimensions are small and the mesh

separation is large. The field distributed of the quasi-TEM mode is also
examined.

electromagnetic wave propagation, TEM mode, wire meshes
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INTRODUCTION

The electromagnetic properties of wire mesh screens are of Interest
in numerous shielding and reflecting applications. fhe relevant plane
wave scattering properties have been analyzed both for meshes in free
space fl}—[&] and over a lossy earth [5]~[6]. The closely related problem
of surface wave propagation on a wire mesh has also been analyzed .{7]-[8].

In this paper, we consider propagation of electromagnetic‘waves
between two parallel wire mesh screens. Such a configuration is used in
electromagnetic pulse (EMP) parallel plate simulators [9]-[10] which are
too large toﬂemploy splid metal sheets for the two conducfing plates.

Similar structures are also useful in cases where a slow-wave behavior

is desirable [11]-[13].
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FORMULATION

The geometry of a single rectangular bonded mesh in free space

" (permittivity g, and permeability uo) is illustrated in Fig. 1. Arrays

of wires parallel to the x axis with spacing b and parallel to the y axis
with spacing a are centered in the plane =z = 0, and perfect contacts are
made at the junctions. A second identical mesh is centered in the plane
z = =2d as illustrated in Fig. 2a. The wire radius ¢ is small compared
to the spacings a and b, the mesh separation 2d,‘and the free space wave-
length A. Consequently, only the axial wire currents are important and
the usual thin wire approximations are valid.

Since the parallel plate mesh structure in Fig. 2z has a plane of
symmetry at =z = -d, the electromagnetic field can be decomposed into
symmetric and antisymmetric parts‘which are uncoupled [14]. The rectan—
gular components of the symmetric part of the electric field satisfy the o

following:

E, (x,y,2) = E_(x,7,~2-2d)
and 7 ¥ (1
~ E (x,y,2) = -E_(x,y,-2-2d)

For the symmetric part, it can be shown by image theory that the parallel
mesh geometry of Fig. 2a is equivalent to the geometry in Fig. 2b where
a perfect magnetic conductor is inserted at z = ~d. Of course the
equivalence is valid only for =z > -d.

The rectangular components of the antisymmetric part of the electric

field satisfy a similar relationship:
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Figure 2a. A pair of identical meshes with separation 2d.
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Figure 2b. Fquivalent geometry for the symmetric part of the
electromagnetic field.
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Figure 2c. Equivalent geometry for the antisymmetric part of the
electromagnetic field.
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—EX(X,y,—z—Qd) e

¥y ¥y (2)

Ex(x,y,z )
and

Ez(x,y,z ) = Ez(x,y,—z—Zd)

In this case, the parallel mesh gecometry of Fig. 2a is equivalent {for
z > -d) to the geometry in Fig. 2c where a perfect electric conductor is
inserted at =z = -d. This geometry will support a quasi-TEM mode which
has no low frequency cutoff. Since this is the mode of primary interest
in parallel plate simulators [9]-[10] and slow-wave structures [11]-[13],
from here on we consider only the geometry in Fig. 2c.

The analysis closely follows that for a single rectangular bonded
mesh in free space [8]. We seek modes which are propagating in x and y
but which decay in z outside the guide (2>0). We invoke Floquet's theorem
7[15] in ordef to express éhe relevant électromagnetic quantity as an ex-

ponential function multiplied by a function which is periodic in x and

y. Thus for a single mode propagating at an angle ¢ to the negative x
axis, the current on the qth x-directed wire IXq and the current on the

mth y-directed wire Iym can be written:

explY(x cosd + gb sind] z Am exp(i2mmx/a) (3)

L
4 m

and

I
ym

exp[yv(ma cosd + v sind)] X Bq exp(i2ﬁqy/b) (4)

Am and Bq are the unknown Fourier coefficients, and vy is the propa-
gation constant of the particular mode which we seek. The m and q summa-
tions are over all integers including zero from -« to . The calcu-
lation of the fields produced by these currents in the presence of a

perfectly conducting half-space is straightforward [6] and will not be
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repeated here. The thin wire boundary condition for perfectly conducting

wires is the following:
E (x,0,¢) = Ey(o,y,C) =0 (5

Although (5) is only applied to the m = 0 and gq = 0 wires, the per-
iodic Floquet form of (3) and (4) assures that the boundary condition
will be satisfied at all wires.

The expressions for the current in (3) and (4) are identical to
those in the plane wave scattering case [6] except that <Yy has replaced
ikS where k was the free space wave number (=27/A) and S was the
sine of the incidence angle. Thus the previous equations for Am and
Bq [6] can be used with the following modifications: 1) set the inci-
dent fields equal to zero (source~free problem), 2) set the grid separa-
tion h equal to zero (bonded grids in the same plane), 3) set the wire
impedances equal to zero (perfectly conducting wires), and 4) set the

half-space conductivity equal to infinity. As a result, equations (24)

and (26) in [6] reduce to the following:

(k%-k2)P ik
X’ m X exp(=I'c) ~ exp(-2Td) _
Am 2ikb + 2ka Zquy[ T ] =0, (6)
q
5 (kz-k;)Qq + iky A |exp(-Te) - exp(-2ld) ] _ , )
q 2ika 2kb m X T T
where
Pm _ Z [exp(-l’c) _; exp(-ZFd)] ) (8)
q
Qq =Z [exp(—f’c) ; exp(—ZI"d)] , 9)
m
Fo D) = (k;+k;—k2)l/2 , (10)
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k‘x = (2mm/a) + kS cosd , (1)

and

.

ky = (2mq/b) + kS sind (12)

S is now defined as v/(ik). We note in passing that the case of symmet-
ric modes (Fig. 2b) can be obtained from (6)-(9) by simply replacing the
image term, -exp(-2I'd), by +exp(-2I'd) everywhere that it appears.’

The summations involving exp(-I'c) in {8) and (9) are rather slowly
convergent as they stand. More rapidly convergent forms have been derived

previously for Pm and Qq in the free space case [8] and can be applied

here to yield

b =27 exp (T ,¢)
Pm=%-{-2,n[l—exp(b >}+Am}+————r
» » : mo .
(13>
_ Z exp(-2I'd) -
1" H4
q
_a -2me ! exp(-l"oqc)
Qq—;{—%n[l—exp(b )]+6q}+—r———
oq
(14)
_Z exp(~-2T4d)
I“ »
m
where
_ 1 2w exp(-Te) _ exp(-2Tigjc/b)
b = 3 Zq: [b T q :| (13)
and
_ 1 "12r exp(-Tc) exp (-27T{m c/a) ]
6q T2 Zm: [a T - m J : (16

The superscripted prime over the summation sign indicates omission of

the q=0 <{(orm= 0) term.
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The doubly infinite set of linear equations (6) and (7) for Am and

Bq is numerically inefficient in the present form because Am and B
decay slowly for large |m| and |q|. The difficulty arises because the
current expansions in (3) and (4) are slowly convergent for the discon-
tinuous current that occurs at the wire junctions in bonded meshes. We
circumvent the convergeﬁce problem by modifying the current expansions
to allow for a jump discontinuity at the origin. The procedure is nearly
identical to that employed for the rectangular bonded mesh in free space
[8] and a few of the details are omitted here. The Fourier coefficients

of the current A.m and Bq are first rewritten [8]:

A(l—émo)
n Tt T @
and )
CA(=S_ )
By = By - __—Lzmq (18)

1, m=20
6mo =
0, m# 0

where

7 1
A and Bq are modified current coefficients, and A 1is an unknown

current discontinuity in Ixo at x = 0. By substituting (17) and (18)

into (6) and (7), we obtain the following equivalent set of equations

for the modified coefficients:

2_1.2 ;
A" (k kx)Pm + lkx B k exp (-T'c) -~ exp(-2T4d)
m 21ikb 2ka qy [ r
: (19)
2_g.2 _ !
s A (k kx)Pm (amo D _ kx EE 4+ XS sind p 12 0
2kb 2Tm 2ka b 2T im }

and
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2_q2 .
Bv (k EY)Qj N lkYZA'k [exp(-rc) -exp(—ZI'd)] o
q 2ika 2kb m X r
o (20)
(x%-k2), (1-8_)) k Q' X
v "q 90 v |9 kS cos¢ -
* A{ Tka LT [a T qu]} =0
where
Z [exp( I’c) - exp( ZTd)jI , (22)
exp (-T c) - exp (- 2T' d)
[ r } : (22)
mo
[exp(-rc) - exp(~ 2Pd)] ’ (23)
and
. exp(~I' ¢) - exp(-2I' d
Q, = Q -[ = = )] (24)
a Toq

1 . . rs . »
Again the superscript prime on the summation indicates omission of the

=0 (orm=0) term. All summations are now in a -rapidly convergent e

form.
Since we have introduced an additional unknown A, another equation

is required to have an equal number of equations and unknowns (A;, Bé,

and A). The following equation can be obtained from charge continuity

[81:

A b Z " f. b, iksb )
-%(1+a>+ Am (lma+__—27r cosd
(25)

LI ikSb . .} _
- B':1 (1q + 5 suub) =0 .
q

Since the doubly infinite set of equations, (19) and (20), are
rapidly convergent, they can be truncated with m ranging from -M to M and

q ranging from -Q to Q where M and Q are small integers. Thus (19),
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‘ (20), and (25) yield a set of T(=2M + 2Q + 3) linear, homogeneous equa-
] ]
tions in A, B, and A:
m q

. — — v — — —

Tx T
coefficient T = . (26)

matrix J

i IS

A nontrivial solution to (26) exists only if the determinant, which is a
function of S(=v/ik), vanishes. Thus the mode equation to be solved

for § is

‘II’ TxT

coefficient

I
o

(27)
matrix

For modes which are evanescent in the positi%e z direction, S is real

and greater than one. For this case equations (19), (20), and (25) can

be normalized so that all coefficients are real functions of the real

variable S. This real form has been programmed, and (27) has been

solved numerically for S by the bisection method [15].

NUMERICAL RESULTS FOR THE PROPAGATION CONSTANT

Convergence of the mode equation (27) was examined by increasing
M and Q until the value of S (=y/ik) did not change significantly.

The most rapid convergence was obtained by making M = Q regardless of
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the a/b ratio. For the cases considered here, convergence was obtained
for M =0Q =2 (T=11) which is consistent with previous results [7]-[8].
All results shown here are for M = Q = 2, and the required determinant
calculation is fairly rapid for the resultant 11 X 11 matrix. For com-
parison, some results from the method of averaged boundary conditions

i12] have been céiculate& from (38).

In Fig. 3, we illustrate the ¢ dependence of § for variocus values
of d/b. The a/b ratio of 3 was chésen because a 3 to 1 mesh has been
used in some EMP simulators (private communication, C.E. Baum). In all results
shown here, the c¢/b ratio is 10—2, but the results are only weakly depend-
ent on this ratio. Note that S always increases as ¢ goes from 0° to 90°.
Because of symmetry, only the range of ¢ from 0° to $0° need be shown.

As d/b 1is increased, the results approach a single mesh in free space
(d/b = «). The dashed results obtained by the method of averaged boundary
conditions are in rather poor agreement for d/b = 1. As the mesh spacing
is increased, the agreement improves and is quite good for an isolated
mesh (d/b = =). The reason for poor agreement for small d/b is prob-
ably that the effect of the higher order evanescent terms ([ml and [q|

# 0) is not accurately included in the method of averaged boundary con-
ditions.

As discussed previously [7], the variation of S with frequency

will result in dispersion when attempting to transmit a pulse. The fre-

quency dependence of S for ¢ = 0° is shown in Fig. 4 for a/b = 1.

]

For this square mesh case {a/b 1), the meshyhas a nearly isotropic
behavior and very little ¢ variation occurs. This is in agreement with an
experimental study on a single square mesh by Ulrich and Tacke {16] and a

quasi-static analysis by Andreasen and Tanner [17]. ©Note that the agreement

with the method of averaged boundary conditions is again poor for
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Figure 3. Normalized propagation constant S for a 3 to 1
mesh as a function of direction
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d/b = 1 and good for d/b = «, Also, both methods yield a value of §
greater than one for .b/X approaching zero unless the mesh is completely
isolated (d/b = ).

Similar results for a 3 to 1 mesh are shown in Fig. 5. The trends
are similar but the values of S are smaller. This is due to the fact
that there are fewer cross wires to contribute to the slow wave behavior
of the guide. The effect of the cross wires has been described qualitatively

as a periodic leading [16,17].

FIELD DISTRIBUTIONS

The field distribution inside a parallel mesh guide is of interest
because a uniform plane wave field is desired in the working volume of
EMP simulators. Also the field outside the meshes is important because
of possible interference problems.

The fields of the currents given by (3) and (4) can be derived from

an electric Hertz vector I which has only x and y components [6]:

I= XHX + yﬂy s (28)
where

-in

Hx - —ZT{b_g Z ZAm [exp(-l‘lz{) ; exp(-F(z+2d))}

m g (29)

exp[ i(kxx + kyy)]

-in, exp(~T'|z|) - exp(-I'(z+24))
S I T ]

m q

(30)
exp[i(kxx + kyy)] .

= 1/2
n, = (uo/eo) ,
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Figure 5. Frequency dependence of the propagation comstant for
propagation along the x-directed wires of a square mesh.
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and % and § are unit vectors. Note that the fields for the symmetric
modes (Fig. 2b) could be obtained by replacing the image term, -exp(-I'(z+2d)),
by +exp(-T'(z+2d)) in (29) and (30). The electric and magnetic fields

are obtained from the following operations on II:

E = vyl + k211 (31)
and
A= Eyxi (32)
nO

In general, the expressions for E and H obtained by substituting
(28)~(30) into (31) and (32) are rather complicated. However, for suffi-
ciently small ka and kb only the constant terms (m=q=0) are of sig-

nificance for observation points more than a cell dimension (a or b) from

the mesh. An equivalent interpretation is that we consider the fields
averaged over one cell, and only the m = g = 0 terms contribute. The con~

stant terms for the Hertz components on and Hyo are

—ino exp(—FOlzf) - exp(—Tc(z+d))
Mo = 20 %o [ Ty :}EXP {i(koxx ¥ kOYY)] G
and
—ino exp(—FO[z[) - exp(—Fo(z+d))
Hyo = Y Bo [ ro } exp[;(koxx -+ koyy)}(34)

- = { = 2_ 1/2
where kox kS cosd, koy kS sin¢, and FO k(s8°-1) .
For general angle of propagation ¢, all three components of the
electric and magnetic fields can be non-zero. However, for the important

special case of ¢ = 0°

(propagation along the x-directed wires) the
fields simplify considerably because BO and ko are zero. Thus on

and Hyo simplify to
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L —;ﬁP,A fexp(—FO]z!} - exp(—Fo(z + 24))
‘o = T2kb o | T

_l avn{ilkS
-] EXPLLKS
o]

and

H =H =E_ =0,
X0 zo yO
2

2 9°I

E = (2 +\1m , B = —22 (36)
X0 522 X0 ZOo 3z3x
and
. oll
q = ik X0

yo N 9z

By substituting (35) into (36), we obtain

invo
E o~ 5 exp(lka)Exon ,
ﬂvo B
Ezo = B exp(lka)Ezon ,
Ao
Hyo = j;-exp(lka)Hyon .
where
E = (52_1)1/2 [exp(-T |z]) - exp(T _(2+2d))]/2 (37)
xXon o Pty s
Ezon = S[—sgn(Z)exp(—folzl) + EXP(‘TO(Z+2d))]/2,
Hyon = Esgn(z)exp(-FO[z]) + exp(-fo(2+2d))]/2
and
sgn(z) = § Tt 270
-1, z2<0
204
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Note that the normalized fields EX , E , and Hyon are all real and

on zon

dimensionless. This normalization implies that the mesh carries a fixed

current demsity, Ao/b.

In Figs. 6-8, we illustrate the z dependence of Ex s E , and

on zZon

Hyon both inside (2<0) and outside (z>0) the guide for various values
of S. Of course, in a specific example S ' is determined from the mode
equation (27). Here we choose d/XA = 1, but it would be easy to generate
results for other values of d/A from (37). Note that for § =1, we
have essentially a perfect guide. All fields are zero outside the guide,
and E and H are unity inside. E is zero everywhere.
zon yon xon

For the extremely slow wave case of S = 2, the fields are simply
those of a slow surface wave on the mesh and decay rapidly on both sides
of the mesh. For intermediate values of S, the values of the desired
fields, E and H , decrease toward the center of the guide (z=-d)

zon yon
and are nonzero outside the guide. Also, Exon becomes nonzero. This
behavior is consistent with the known fact that the departure of S from
unity is a measure of the shielding degradation for wire meshes [7], [8].
1

An important design consideration is that ZFod(=2k(Sz—l)2d) must be kept

small in order to produce a nearly constant field inside the guide and a

small field outside the guide as desired in EMP simulators.

CONCLUDING REMARKS

A general formulation has been derived for the propagation modes of
a pair of parallel rectangular meshes, The mode equation has been solved
numerically for the propagation constant of the quasi-TEM mode. This is
a slow~wave mode which has no low frequency cutoff, and it is the dominant
mode in parallel mesh EMP simulators. For comparison, results from the

method of averaged boundary conditions are also presented. The agreement
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Figure 6. Distribution of the longitudinal electric field Exo
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for various values of S.
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Figure 7.

Distribution of the transverse electric field EZ

for various values of 8.
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Figure §. Distribution of the transverse electric field Ezo
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for various wvalues of S.
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between the two methods is good only when the mesh dimensions are small
and the two meshes are widely separated. When the meshes are rectangular

(a$b), the propagation constant is highly dependent on the propagation

direction.

Field distributions are also shown for the quasi~TEM mode. When the
propagation constant is equal to that of free space (perfect meshes), the
interior fields are uniform and transverse, and the exterior fields are
zero. As the propagation constant increases (as for realistic meshes),
the interior fields decrease toward the center of the guide, and the ex-
terior fields become nonzero.

Several extensions to this work are possible. Although the quasi-
TEM mode is of most interesi, higher order modes are possible and could
be .studied from the general mode equation (27) derived here. The intro-
duction of a lossy half-space (rather than the perfect electric and mag-
netic conductors considered here) would be useful in modeling ground
screens for antennas [5], [6]. 1In general, these extensions would result
in complex propagation constants and a numerical search in the complex
plane for solution of the mode equation. A final practical problem of
interest is the effect of finite mesh width on the propagation constant
and field distribution of the modes. Two possible approaches are to

model the meshes as sheet impedances [8] or as a finite number of wires

[i8].
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APPENDIX - AVERAGED BOUNDARY CONDITIONS e

The geometry of Fig. 2c has been treated by the method of averaged
boundary conditions [12] which is based on small a/A and b/A. The

resultant mode equation [12] can be written in the following form:

sin2¢{(F0/k){l - exp(—ZFOd)] - Xz[l - SZ(R2 sin?d + R1 cos?d) 1}
« {{1 - exp(-2r )] + (T /0% [1 - 8% (R;-R,)cos?¢]}

+ cosz¢{(T0/k)[l - exp(—ZTGd)] - Xlil - SZ(Rl cos?¢ + R, sin?$) 1}

« {[1 - exp(-2T )] + (T /KX, 1 - S%(Ry-Ry)sin’¢]} = O (38)
where
- a/b " bla
Ri= T%a ° X7 T+v/a °
_ 2b b ‘GIIB
X = Tﬁn(ﬁ)’
and
- 22 2
Xy = X 4n (2wc )

This mode equation has been programmed and solved numerically for 5 by
the bisection method [15].

For the important special case of ¢ = 0°, (38) simplifies to
2y o
(FO/k)[l - exp(—zrod)] - X, (1-Ry8%) = 0 . (39)

In the limit of large d, the exponential term vanishes in (39) for
Re(FO) >0, and we have:

1/2

(82-1) - Xl(l—Rlsz) = 0. (40)
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This is precisely the mode equation for the rectangular mesh in free space
which has an explicit solution for S [8].

The other limiting case of (39) is for small Fod. In this case,
we can replace exp(-ZFod) by 1 - ZFOd. With this approximation (39)

can be solved explicitly for S:

[1 + 2kd /%, ]1/2

S =- §373775;§7§I (&1)
Although the simplicity of (41) is attractive, we find that the method of
averaged boundary conditions does not agree well with the rigorous Floquet
analysis for closely spaced meshes (small d). This poor agreement is

illustrated in Figs. 6-8. Consequently, the validity of (41) is question-

able.
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