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On the Excitation of Anomalous EM Transients
Along the Surface of a Thin Highly-Contrasting
Sheet With Dielectric and Conductive Properties

Martin Stumpf, Senior Member, IEEFloan E. LagerSenior Member, IEEE

Abstract—The electric line source excited, pulsed electromag- ‘
netic (EM) field response on the surface of a highly-contrasting Do {e€o, o} *I(t)
thin sheet with dielectric and conductive properties is studied
analytically in the time domain (TD) with the aid of the Cagniard- h 7, ~
DeHoop (CdH) technique. Closed-form TD expressions reveal ~
anomalous highly-oscillatory EM transients propagated over the O S P(z,0/2)
surface of the layer. lllustrative numerical examples demonstrate Y {67 o'}
the EM surface phenomenon. A

I ndex Terms—time-domain analysis, thin-sheet cross-layer con-
ditions, pulsed EM fields, electromagnetic scattering, surface
waves.

Fig. L An impulsive electric-line source in the presence of a highly-
contrasting thin layer.
. INTRODUCTION
GREAT success in the EM field long-range wireless
transfer achieved in the beginning of the 20th century has Il. PROBLEM DEFINITION
triggeredthe theoreticalresearchinto the EM wave propaga- i ) ) o )
tion mechanism&L]. With the concepbf elasticsurfacewaves 1 1€ Problem configuration under consideration is shown in
in mind [2], it was hopedto explain the long-distanceem F19-[1. Here, the position is specified by coordinaesy, z}
transmissiorby provingthe existenceof an EM surfacewave. with re_s_pect to an orthogonal, Cartesian reference f_rame with
Theseeffortsresultedin usefulmathematicatoolsfor solving 1€ 0rigin © and the standard base formed by unit vectors
a classof EM boundaryvalue problems[3], but also led to {’M?yv’_z}- The time coordinate is denoted byc R. The
long-standingcontroversiegseee.g.[4], [5]) andterminology pgmal d|fferer_1t|.at|on operfator is dgnoted bythat is supplied _
confusion[6]. While suchdisputesarestill notfully settledin  With the pertaining subscript. The time-convolution operator is
the frequencydomain([7], the situationis truly transparenin denoted by, . Finally, H(t) is the He_aV|_S|d¢ unit-step function
the TD, whereall wave phenomenactually manifestthem- 2ndd(t) denotes the Dirac-delta distribution. _
selvesindeedunderthe causality-preservinGdH representa- "€ problem configuration consists of a layer of thickness
tion [8], any singularityin the complexslownesslanecanbe 0 > 0 that IS rglatlvely small Wl_th respect to the spat|a|_ support
directly associatedwith a physicalphenomenomccurringin  ©f the excitation pulse, that is, (EM wave spee(hcident
the resultingwave motion [9]. Hence the presencef a pole Wave pulse time width). The EM properties of the layer are
singularityin the pertainingslownesscomplexplaneimplies  described by the (real-valued, scalar and positive) electric
the existenceof a true (causal)surfacewave (e.g. Rayleigh’s Permittivity, ¢, and electric conductivityo. The layer is
wave at the traction-freeboundaryof a solid or Scholte’s l0cated in the loss-free background medium occupying
wave along a fluid-solid interface [10]). Consequentlythe |t EM properties are described by electric permittivity
CdH approachis pursuedin the presentletter, where the @nd magnetic permeabilityo. The corresponding EM wave
electric-line-sourceexcited pulsedEM field responseon the SPeed isco = (toco) ™% >0 and the wave admittance is
surfaceof a highly-contrastingdielectricthin sheetis studied denoted by, = (€0/p0)'/? > 0.1t is assumed that the layer’s
analytically. The resultingTD closed-formexpressionslearly constitutive parameters _show a high contrast with respect to
reveal that under certain circumstancesstrongly oscillatory the ones of the embedding.
anomalousEM transientscan occur. The electric-line source, defined by its causal electric-
current pulsd (¢) (in A), excitesy-independent]" E-polarized
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Across the sheet, the EM field equations are supplementedgnetic-line sourcek,,(z,z,s) = V(s)d(x)d(z — h). To
with the saltus-type TD conditions (cf._[12, Egs. (3) and (4)fhis end, we use the following expression for thelomain
E; _E = o(d) @) magnetic-field strength observed just above the surface of a

dielectric/conductive thin layer
Hf — Hy = (G + C®0,)By(x,0,t) + 0(3)  (5) A o
Hy(:lj, 0+; S) = 2H;(:Ea 07 5)
asd | 0 for all z € R andt > 0, where superscripts and .

~ denote the field values approaching the upper and lower + M / ~ exp{—s[pz + Yo (p)h]}
surface of the layer. Furthermore, the coefficiefts®, G*} 211 Jp——ioo
follow from [13, (2) and (3)] " U (p) dp 11)
5/2 6/2 s+70 '+ ) (p) 270(p)
o= [ stacandcE= [ qoac ) N o
¢=—5/2 ¢=—6/2 where H, (z, 2, s) denotes the incident (cylindrical) wave and

which can be viewed as local Kirchhoff lumped electric-circui®|| (?) = 2€0/70(p)C". The integrand in Eq[{11) has no poles
elements characterizing the layer. They can be further usedfdhe entire complex-plane, which, again, attests tabsence
define thdayer conductance ratioy, = G*/Y, and thelayer Of true surface wavesMoreover, owing to the behavior of
admittance time constant, = C®/G® [13, (39) and (40)]. ¥ (p) along the pertaining CdH path, no significant surface
transients can occur in this case (de€ [16], for details).

I1l. SLOWNESS DOMAIN EXPRESSIONS A thorough discussion on the real-FD modal properties of a
electric slab can be found i [17, Sec. 11.5], for instance. In
e solution of a TD wave field problem, however, the nature
f a source must be properly accounted for (see alsoSéc. VI).

The pulsed EM response of a highly-contrasting thin Iay%
will be found with the aid of the classic CdH technigué [8].
To that end, we employ the space-time shift invariance 8
the problem configuration to combine an unilateral Laplace

transformation with the wave slowness representation ir:the IV. TIME-DOMAIN SOLUTION
direction. To show the notation, the corresponding expressionsThe space-time analytical expressions will be provided for
are given for thes-domain counterpart of,-field, that is the line source located close to the surfaed, 0, for which
A oo the strongest surface phenomena can be expectéd [15], [16],
Ey(z,z,s) :/ exp(—st)Ey(z, z,t)dt (7) [18]. To that end, we shall transform the slowness integral
t=0 representation {9) to the TD. In the limit | 0, the original
for {s € R;s > 0}, thus relying on Lerch’s uniquenessintegration contour along the imaginamnaxis is, under the ap-
theorem|[14, Appendix], and plication of Cauchy’s theorem and Jordan lemma [11, p. 1054],
X g [i® _ deformed into the CdH path that is defined yigr) = 7/«
Ey(x,z,s) = 2_771/ - exp(—spz)Ey(p,z,s)dp  (8) for {|x|/co < 7 < oo}, thus representing a loop encircling
p=—ice the branch cuts alongl/cy < |Re(p)| < oo, Im(p) = 0}.

wherep is the wave slowness parameter along:theirection. - Consequently, upon combining the integrations just above
The EM field equation$ {1)5(3) with the cross-layer conditiongnd just below the branch cuts, while introducingas the
@) and (3) are next solved using Eds. (7) dd (8). Accordinglyew variable of integration, we arrive at integral expressions
the s-domain solution of Eqs[{1)H(3) as observed’@t;, 6/2)  that can be uniquely transformed back to the TD using the
on the layer’s surface has the following form Schouten-Van der Pol theorem [11, p. 1056]. For more details
. s f(s) ico regarding the relevant CdH transformation procedure we refer
By(x,0,s) = —2H021%) exp{—slpz +10(p)h]}  the reader to[8], 15 i
y (T, U, - p Yo(p e reader to[[8],[[15], [16]. Pursuing the CdH approach, the
p=—ioco

2mi TD original of Eq. [9) is found in the following form
Vi (p) dp

st + i(p) 20(p) O lim By(e,0,) = ~01(1) %, (co/C™)(Yom) ™!
€ S ;S — E cot
Z)r:d € Rand{s € R;s > 0}, where¥ | (p) = 2vo(p)/10C y /‘,1‘ “in [(QGO/CE)|:1:| (4 = 1) (cot/la] — )
Y0(p) = (1/¢5 — p*)"/? with Re(y0) >0 (10) x exp [—11.(e0/C")|z| (cot/ || — w)] du (12)

is the slowness parameter in thedirection. In accordance for all z € R andt > |z|/co, thus expressing the field at
with the analysis given by de Hoop and Jiahgl[15], it is seen= 0 by virtue of its continuity across the layer (see Eq. (4)).
that the integrand in Eq[](9) has no poles in the complex Interpreting [IR) as a function of the normalized time/ ||
plane for{s € R;s > 0}, Rgq¥, ) > 0 and GF/C® > 0, (with respect to the pulse travel time|/co), it is seen that
which implies the absence of true (causal) surface wavéls oscillations get faster as both time ang|/C® increase.
As indicated in [[15], however, the excitation of a stronglyrurthermore, the TD response is exponentially attenuated with
oscillatory TD EM effect is still feasible. Its detailed spacethe decay constant proportional to the factgeo|z|/CF. To
time description is the main subject of the letter. gain further insights into the TD phenomenon, the integration
Finally note that a similar analysis can be readily carriedith respect tou will be, in a heuristic manner, carried out
out for theT M-polarized EM fields excited by an impulsiveanalytically. To that end, the argument of the sine function is



replaced with a parabola and the thus obtained integral is the
evaluated with the help of formula 19, Eq. (7.4.39)]. In this
0.2

way, we arrive at the following approximate formula ol — Exact
12 - - - Approximate
. e 1 27 . ] Void
1}%?(} Ey(z,0,t) >~ —0:I(t) *, CF Yor (ﬁ(t)) & o1
1/2 2 =
C @ Cit —1 sin @ Cit —1 = 0 i
2m || 4 \ |z| 5
1/2 2 S |
B (G ETCEI P |
ﬂ' X X
leolal/CP =1]  [C®/ Yoty = 4/3]
L €,  Cot
x exp |~ 20 |x| 7% ) Hieot — |2]) (13) ~02}
2 CE" Nz - ‘ ‘ ‘
012345 10 15 20 25
where C(z) and S(z) denote Fresnel's integrals_ [19, @ cot/|z]

Egs. (7.3.1) and (7.3.2)].

2 t 12 +11"2 5f | | | ‘
60) = Zoplel | (P ay  °° — G

- - - Alternative
Since the determination of the range of validity of the closed- —
form formula [I3) is beyond the scope of this work, we shall
further limit ourselves to its validation via a numerical exam-
ple. To our best knowledge, the closed-form TD analytical
expression[(12) and its approximatidn](13) are new to the
literature. The validity of the approximate expression will be

next demonstrated on a numerical example.
leolzl/C®=1]  [C®/Yotw = 2]

1 3‘”31\“,'
| i “"I].Hf

V. ILLUSTRATIVE NUMERICAL EXAMPLE -0.5¢

L 0 5 10 15 20 25
For the sake of simplicity, we shall analyze the surface b cot/|z|

effect on a homogeneous thin slab for which the Kirchhoff

circuit coefficients (see Eq. (6)) can be expressed@as= 60 o

and C — b6,co, where., is the relative permitviy. For [ Ihe Scae secc eld pused esponses ey on e suoces o
demonstrating the aimed at highly-contrasting, thin-sheet b@ation [I3) for GE/Yy = 1/5 and CE/Yotw = 4/3; (b) The exact
havior, we take the layer conductance ratio = GE/YO to solutiog [12) and its alternative composed of head wavesGfy Yy = 0

be significantly smaller than 1 andto be significantly larger and C=/ Yot = 2.

than 1 — this combination is illustrative for a thin sheet of
conductive silicon the type of which is standardly employed
in complementary metaloxide semiconductor (CMOS) tec
nology. The field response is excited by the impulsive lin
source with the rectangular pulse shape

ould be excited in the absence of the layer (void), that is
%:f. [15, Eq. (35)])

I H -1

I(t) = Inm[H(t) — H(t — tw)] (15) eleo,0l0 |z|Yo | (c3t?/x? —1)1/2
where we take the amplitudg, = 1.0mA and the pulse time Hlco(t — t)/|z| — 1]
width t,, such that the pulse’s spatial extedt, = coty, t0 - [CB(t — ty)? /2% —1]1/2 (16)
be considerably smaller than The following parameters are
then selected for the discussed numerical experiment:  ith its typical (line-source) inverse-square root behavior at
o dyw/0=3/4e; cot/|x] = 1 (i.e. at the pulse travel time) and a§t/|z| =
« the field response is calculated at the horizontal offsgtt cyt,, /|z| = 7/4.
|z| = €:d, corresponding taly /|z| = 3/4; In the final example, we shall validate the conclusions drawn
« n, = 1/5, corresponding ter = Y, /5; in the Appendix by calculating the response just above the
o 7. = C®/G" = 20/3t,,, corresponding ta”" /Yoty = surface of a loss-free, high-dielectric thin layer. In order to
4/3 and entailingeo|z|/C” = 1. demonstrate the effect of the excitation pulse-time width on

The pulsed electric field response, as calculated (exactly) tne transient response, we now take a (relatively) shorter pulse
using [12), is shown in Fidl] 2a. As can be seen, the computsidh cqt,, /5 = ¢./2, which is still supposed to be relatively
oscillatory response is well estimated by the closed-forhigh. Since we keepx| = ¢4, we havecyt, /|z] = 1/2 and
(approximate) TD formula[{13). To show the effect of thehe relative layer's admittance increase€to/ Yot,, = 2. Fig-
layer, we have also plotted the corresponding response theg[2b shows that the exact solutignl(12) can be alternatively



expressed as a sum of TD head-wave constituents propagatiag be understood as generalized-ray constituents propagating

in the layer (see Appendix).

in the layer. They can be readily transformed to the TD via

the CdH inversion proceduré [21, Appendix A]. Due to the

VI. CONCLUSIONS

The pulsed EM field response of a thin, highly-contrastingr
layer with dielectric and conductive properties excited by an
electric-line source has been analyzed analytically via the C
technique. It has been demonstrated that the layer can supp
anomalous, highly-oscillatory EM transients propagating over
its surface. Their TD analytical description, including its
closed-form approximation is provided.

Duality predicts that such TD EM surface effects can al
be excited by a magnetic-line source located just above a th
high-permeability layer. Nonetheless, it was shown that r?gy
significant surface EM transients can be excited byl'd/¢ ¢
polarized) magnetic-line source above the surface of a higﬁ
dielectric thin film. The described TD surface phenomenofﬂ
bears similarities with the one exhibited by thé/-polarized,
TD EM reflected field observed just above the surface a tqlg
plasmonic sheel [16]/ [18]. Consequently, the TD EM way,
phenomenon may find its applications in designing sensing
structures employing the high sensitivity of the EM response
to parameters of the thin-layer’s surfacel[20].

The present work concentrated on transients triggered by a
single-pulse excitation. An intriguing question is the manngf
in which the observed phenomena evolve towards a stea
state behavior entailed by a periodic excitation, with this
response to a train of pulses as a technologically extremely
relevant intermediate step. Such a study is also expected
to yield enlightening correspondences with standard result$!

obtained via FD arguments, e.g. steady-state surface waves.

This evidently broad exploration is a topic of future researchi2]

APPENDIX
ALTERNATIVE SOLUTION

(3]
) ) (4]
In order to further explain the physics of EM surface tran-
sients, we shall discuss the solution pertaining to a dielectric)

layer of a finite thicknes$ > 0. Hence, upon replacing
Egs. [4) and[{5) with the continuity-type boundary conditiong6]
applying at{z € R,z = +6/2} for all t > 0, the transform- 7
domain electric-field strength just above the surface can be
expressed in the geometric-series form

Jim, Ey(p,z,8) = —[p0/270(p)] 1(s)[1 + R(p)]
+ [10/270(p) ] 1(s)R(p) [1 — R*(p)]

x Y RN (p)expl-sm(p)Zn]  (17)
N=0

(8]
El

[20]

ash | 6/2, where Zy
propagation path and

R(p) = [10(p) — 11()]/[v0(p) + 1(p)]

has the meaning of the (transform-domain) reflection coeffi-
cient with ~; (p) = (1/¢? — p?)/? denoting the vertical slow- (13
ness parameter in the dielectric layer (cf. Hql (10)) with=
(ep10)~'/2 > 0. The terms included in the sum of EG.J17)

2(N +1)§ > 0 is the vertical
[11]

(18) 2]

T

reflections against the surrounding free-space in which they
do not propagate, the total wave motion, in general, consists
the head-wave (also referred to as lateral-wavé [22, p. 97])
d body-wave TD contributions whose arrival times are

|ac|/cO—I—ZN(1/0%—1/0(2))1/2 andTi = (acQ—i—ZJQV)l/Q/cl,

sf)ectively. TheN-th head-wave constituent occurs only in
e region wheréz|/(z? + Z%)'/2 > ¢/ co.

Now, if the layer under consideration is assumed to be thin
i.e. 6 | 0) and highly dielectric (i.ec; < cg), it follows

at the oscillatory surface response is dominantly composed
P head-wave constituents propagated via reflections inside the
er. Mathematically, the head-wave contributions arise from
e integration along the so-called head-wave CdH path en-
fling {c;" < |Re(p)| < |z[/(«* + Z%)"/2¢;, Im(p) = 0}
ong the branch cut in the complexplane. In Fig[Rb it is
demonstrated that the sum of the TD head-wave constituents
in the limit equivalent to the closed-form analytical solution
) pertaining to the saltus-type conditiofis (4) adad (5).
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