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Pulsed Electromagnetic Field Signal Transfer
Across a Thin Magneto-Dielectric Sheet

Martin étumpf , Senior Member, IEEE, Giulio Antonini ¥, Senior Member, IEEE,
Ioan E. Lager"”, Senior Member, IEEE, and Guy A. E. Vandenbosch ¥, Fellow, IEEE

Abstract—Closed-form time-domain (TD) analytical expressions
describing the electromagnetic (EM) signal transfer between two
vertical dipoles through a thin, highly contrasting layer with com-
bined magneto-dielectric properties are derived via the Cagniard—
DeHoop (CdH) technique with the TD saltus-type conditions. The
TD EM-field coupling between the antennas in the absence of
the layer is discussed, including its near-field asymptotic solution.
It is demonstrated both analytically and numerically that under
certain circumstances the combined sheet behaves virtually as a
transparent sheet the transition across which inverts the polarity
of the received signal.

Index Terms—Cagniard-DeHoop (CdH) technique,
electromagnetic (EM) interference, Green’s functions, pulsed
EM field transfer, shielding, time-domain (TD) analysis.

1. INTRODUCTION

HIN sheets play a conditional role in a number of tech-
T nologies of rapidly expanding economical significance.
The shielding properties of such layers are of relevance for
ensuring electromagnetic compatibility (EMC) compliance and
in wireless power transfer systems [1]-[4].

The vast majority of works studying the shielding effective-
ness of planar sheets are concerned with the corresponding
frequency-domain analysis [5]—[8]. To take another step further,
this article will address the EM shielding problem by presenting
a time-domain (TD) analytical investigation of the on-axis EM
signal transfer between two spatially localized, fundamental
EM sources separated by a thin highly contrasting layer with
combined magnetic and dielectric properties. To that end, we
employ the classic Cagniard—-DeHoop (CdH) technique [9] and
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Fig. 1. Problem configuration consisting of transmitting and receiving dipole
antennas in the presence of a combined sheet.

the TD saltus type conditions introduced in [10] (see also [11]).
Previous applications of the CdH technique to similar problems
were confined to the investigation of thin conductive sheets
supporting electric currents, only [12]—[17]. This article presents
a conceptual extension by incorporating the magnetic and di-
electric properties that account for the effect of both electric
and magnetic currents induced in the layer. To the best of
authors’ knowledge, the study of a pulsed EM signal transfer
through such a combined sheet has not been attempted before,
the hereby introduced closed-form, TD analytical expressions
being entirely new.

The derived analytical expressions and the discussed numer-
ical examples have a clear practical applicability. They will
cogently show that, under specific conditions, a combination
of layers behaves as a transparent sheet and merely inverts an
incoming pulse’s polarity. This observation has a twofold direct
applicability. 1) It provides a unique instrument for evaluating
the EM shielding performance of thin magneto-dielectric sheets
directly in the TD [2]. 2) The shielding/reflecting properties of
thin layers are central to the functioning of specific radiators
that are seen as preferred candidates for ultrafast, low-THz
communication scenarios [18].

II. PROBLEM DESCRIPTION

The problem configuration under consideration is shown in
Fig. 1. Here, the position is specified by the coordinates {x, y, z}
with respect to the orthogonal Cartesian coordinate system with
its origin O and the standard base {%,,1%,,%.}. Noting the
rotational symmetry about the z-axis, subscripts {r, ¢, z} will


https://orcid.org/0000-0002-7477-7694
https://orcid.org/0000-0001-5433-6173
https://orcid.org/0000-0002-9138-637X
https://orcid.org/0000-0002-5878-3285
mailto:martin.stumpf@centrum.cz
mailto:giulio.antonini@univaq.it
mailto:i.e.lager@tudelft.nl
mailto:guy.vandenbosch@esat.kuleuven.be

denote the radial, azimuthal, and axial EM-field components, re-
spectively. The time coordinate is {¢ € R;¢ > 0}. Furthermore,
the time-convolution operator is denoted by *,, the time differ-
entiation and integration operators are denoted by 0; and 0, L
respectively, and the Heaviside unit-step function is denoted by
H(t).

The problem configuration consists of transmitting (denoted
by T) and receiving (denoted by ®) dipole antennas whose
dipole moment is oriented along the z-direction. We shall an-
alyze the EM interaction between both vertical magnetic and
electric dipole antennas that are represented by conducting,
relatively small (horizontal) loops (denoted by LTR) and short
(vertical) wires (denoted by WT'R), respectively, both carrying
the uniform electric current [19, Secs. 26.9 and 26.10]. The
transmitting dipole antenna that is located at a height AT > 0
above the layer is at ¢t = 0 activated by the (causal) electric
current pulse, 1T (¢), injected into its port. Its pulse time width is
denoted by t,,. The main objective of this article is to describe the
(open-circuit) voltage pulse, say V(t), induced across the port
of a receiving probe located at z = —h® below the combined
sheet. The on-axis pulsed EM signal transfer can be represented
by VR(t) = Z(t) x, I (t), where Z(t) is the pertaining transfer
impedance. The dipole antennas are separated by a relatively
thin, highly contrasting planar sheet with combined magnetic
and dielectric properties. The EM properties of the combined
layer are described by its (scalar, real-valued, and positive) elec-
tric permittivity e, electric conductivity o, magnetic permeability
1, and by parameter I' representing linear magnetic hysteresis
losses [19, Sec. 26.1]. These parameters are assumed to be
relatively high with respect to the electric permittivity, €y, and
magnetic permeability, 1o, of the homogeneous, isotropic, and
loss-free surrounding medium in Dy. The corresponding EM
wave speed is ¢o = (e ,ug)’l/ 2 > 0 and the wave admittance is
Yy = (eo/po)/? > 0.

III. PROBLEM FORMULATION

In this section, the desired induced voltage pulse VE(#) is
related to the pertaining EM field. The formulations concerning
the TD EM fields radiated from small-loop and short-wire an-
tennas in the presence of a combined sheet are given separately.

A. Radiating Loop L™

Assuming the transmitting horizontal loop £* above the
layer, the nonvanishing tangential EM-field components are the
azimuthal component of the electric-field strength I, and the
radial component of the magnetic-field strength H,.. Referring to
Fig. 1, the EM field quantities are rotationally symmetric about
the z-axis. When crossing the combined layer, they satisfy [10,
egs. (3) and (4)]

Ef — E; = (RM + LM0,)(H,)* + 0(0) (1)
HY — H; = (G* + C¥0,)(Ey)* + 0(0) )

for all > 0 and ¢ > 0 as § | 0, where superscripts T and ~
denote the field values approaching the upper and lower surface
of the layer, respectively, and the operator () has the mean-
ing of arithmetic mean (f)* = (f* + f~)/2. Furthermore, the

coefficients in (1) and (2) can be viewed as equivalent layer’s
Kirchhoff’s electric-circuit elements [10, eqs. (5) and (6)]
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The EM contrast of the layer is assumed to be relatively high
(with respect to the embedding) such that the coefficients are of
O(1) as § | 0. Under the assumption that the receiving loop
is relatively small, the induced voltage in £® can be found
from [20, eq. (33)]

VR(t) ~ —po AR, H, (0, 1%, 1) (5)

where AR is the receiving loop’s area and H, = H.(r, z,t)
denotes the z-component of the magnetic-field strength radiated
from LT.

B. Radiating Wire W'

If the EM field in the configuration is radiated from the short
wire WT, the nonvanishing tangential EM field components
jump across the layer according to [10, egs. (3) and (4)]

Ef — B = —(RM+ LM3,)(Hy)" +0(8)  (6)
Hy —Hy = —(G" + C0,)(E,)" + 0(0) (7

forall» > Oand¢ > Oas ¢ | 0, where the coefficients character-
izing the EM properties of the combined layer are given by (3)
and (4), again. Once the EM fields satisfying the cross-layer con-
ditions are found, the voltage response induced in the receiving
short-wire probe YWR can be approximately found from

VR(t) ~ —RE, (0, —hR 1) (8)

where (R denotes the wire’s length and E, = E.(r, z,t) is
the z-component of the eletric-field strength radiated from the
transmitting wire W7,

IV. TRANSFORM-DOMAIN PROBLEM SOLUTION

The problem is tackled with the aid of the CdH technique [9]
that combines a one-sided Laplace transformation with the wave
slowness Fourier-type representation in the plane parallel to the
layer. To show the notation, the integral expressions are given
for the vertical component of the electric-field strength. Hence,
the Laplace transformation is written as

Eo(r.zs) = / T ep(—sOE(n ol (9)
t=0

with {s € R; s > 0} and the wave slowness representation has
the following form:

ico

Bu(r 2, 8) = (s/2mi)?2 / dr

K=—ico
/ioo
o=—ic0

exp|—s(kz 4+ oy)|E.(k, 0, z,s)do (10)



in which s plays the role of a scaling parameter and « and o are
the slowness parameters along the x- and y-direction, respec-
tively. The complex slowness representations for the induced
voltage in the receiving loop and wire are given in the following
sections.

A. Receiving Loop LR

Making use of (9) and (10) to solve the problem formulated
in Section III-A, the voltage response in the s-domain can be
represented via

4 T T 4R ico
R, Sl (s)ATA
Vi(s) =— 2 o dk
/m exp[— (s, o) (0T + BT (k.0 8) o
g P e Lm0 8) e &

(1)

where AT denotes the transmitting loop’s area and 7', (, 7, s)
has the meaning of (transform-domain) transmission coefficient

g L [1=VE2i(k0) | 1= 2N (r,0))2
2 114+YE(s)/2Y (k,0) 14 ZM(5)Y | (k,0)/2
(12)
where [see (3) and (4)]
YE(S) =GP 4+ sCF (13)
ZM(s) = RM 4+ sIM (14)

denote the equivalent layer’s admittance and impedance, respec-
tively. Furthermore, we used Y (k, o) = v(k, 0)/uo and

v(k,0) = (1/c2 — k? — 6%)Y/2 with Re(y) > 0 (15)

to denote the vertical slowness parameter. The integral represen-
tation of the induced voltage in the s-domain (11) has the form
that is amenable to analytical solution via the CdH technique. It
is finally noted that the (transform-domain) transmission coef-
ficient (12) has the form that is similar to the ones applying to
the TE-polarized EM fields [10].

B. Receiving Wire WR

Employing now (9) and (10) to solve the EM field radiated
from W (see Section I1I-B), the induced voltage across the port
of W® can be expressed via

R 52fT($)€T£R ico

=—ioco

ico 2 2
/ exp[—s7(k, o) (hT + hR)]ﬂ(Kz,a, s)%do
(16)

=—ioo

where ¢* denotes the length of the transmitting wire and the
pertaining transmission coefficient has the following form:

1— ZM(s)Y(k,0)/2 1—YE(s)/2Y](k,0)

1+ ZM(s)Y)(k,0)/2 1+ YE(s)/2Y(x,0)
(17)

1

where we used }7” (k,0) = eo/v(k, o). Again, the integral rep-
resentation (16) has the form that can be transformed to the TD
via the CdH technique. The inverse transform is carried out in
the following section.

V. SPACE-TIME PROBLEM SOLUTION

In this section, the complex slowness integrals (11) and (16)
representing the induced voltages in the receiving probes are
transformed analytically to the TD. To that end, we shall largely
follow the approach pursued in [14].

A. Receiving Loop L®

To cast (11) to the form that resembles the Laplace-transform
integral, we shall first introduce the polar variables of integration
according to

(18)
19)

Kk = Acos())
o = Asin(y)

for {0 <+ < 27} and {Re(1) = 0,0 < Im(A) < oo}. Under
the substitution k2 + 02 = A2 and dkdo = AdAds), which leads
to

. S4uofT(S)ATAR’ /ioo
i

VR(S) - 2

x Ty (k, s)A3dr/279(2)

. exp[—s7(2) (A" + h™)]

(20)
where (A) = (1/c2 — 2?)'/2 with Re[(1)] > 0 and T (, s)

follows from (12) upon replacing v(k,o) with (). In the

ensuing step, we substitute
T (T + 1) =7 21

where 7 is the (real-valued and positive) time parameter. Intro-
ducing 7 as the new variable of integration, we arrive at

R 84 T s T 4R 00 B
PR(s) = — 4/;0(; T(j«;;‘ / exp(—s7)T0 [M(7), 5]

=T
x (12 = T?)dr (22)

where T = (BT + h%) /¢y is the pulse travel time, which has the
form that can be transformed to the TD, in a unique way relying
on Lerch’s uniqueness theorem [21, Appendix], with the aid of
the Schouten-Van der Pol theorem [19, p. 1056]. In this manner,
we get

po AT ARG (1)
4w (hT 4 hR)3
X (T2 - T2)d7'

VR(t) = — *, /:T T [A(7),t —T]

(23)

for ¢ > T, where T', (A,1) denotes the TD counterpart of the
transmission coefficient 7' (4, s) [see (12)]. A particularly en-

lightening TD expression can be found for a loss-free combined
layer by taking G* | 0 and RM | 0, which yields

o AT AR (1)

VR(t) = _VOR(t> 47T(hT + hR.)B




o [ AT @ esl-wi -1

+ Q. (1) exp[~ Q. (7)(t — )]} (72 = T?)dr

(24)
fort > T, where
V(1) = (2Y0/CF)[cor/(h + h™)] (25)
Q1 (1) = (2/Yo LM)[(KT + ") /cor] (26)
and
V() = — (1/27Yp) [ATAR /(KT + hF)*]
X [ToIT(t—T)+T?0;1 (¢t —T)] (27

isthe “Thévenin’s equivalent voltage generator” pertaining to the
pulsed EM signal transfer between two mutually parallel loops
located in the unbounded, isotropic, and loss-free medium [20,
Sec. IX]. Apparently, V() consists of near- and intermediate-
field constituents that are proportional to (AT + A®)~2 and
(hT + hR)~2, respectively (see Fig. 1). In the (near-field) limit
T | 0, (27) has the form VR (t) = —L°O,IT (t) + O(T), where

L = (po/2m) ATAR /(AT 4 pR)3 (28)

has the meaning of coupling inductance. Such lumped-circuit
parameters are frequently applied to initial designs of wireless
power transfer systems (e.g., [22]). The TD analytical expression
(24) reveals that if both parameters C* / Yyt,, and LMY /t,, are
sufficiently high, then the integral term in (24) tends to zero,
which yields VE(¢) ~ —VE(#). In such a case, the combined
layer behaves as a transparent sheet, and the pulsed EM field
transmission across the relevant layer merely inverts the pulse’s
polarity. Physically, the TD phenomenon can be explained in
terms of induced electric and magnetic currents whose effects
virtually cancel each other, an effect that was evidenced in [10]
for 2-D configurations but is now also validated for the 3-D case.
The conditions for achieving the EM transparency of a combined
sheet for a causal TD EM-field source have been originally put
forward in [10].

B. Receiving Wire W?

We next pursue the approach from the previous section to
transform (16) to the TD. Hence, introducing the polar co-
ordinates {1, } in (16) according to (18) and (19), we get
an integral representation in the complex plane of the radial
slowness parameter A that is subsequently replaced with the
purely real-valued 7 [see (21)]. This way leads to [cf. eq. (22)]

27T ( o\ pT R B
PR(s) = — s I (s)h e /
dmeg(hWT + AR)3 | _p
x (12 = T?)dr

exp(—s7)T[y(7), 5]

(29)

that is transformed to the TD using the Schouten-Van der Pol
theorem [19, p. 1056] and we get

(TIRG2IT (1) ¢
et A [ T

x (12 = T?)dr

VR(t) =

(30)

fort > T, where T} (, t) is the TD original of T} (1, s) [see (17)].
Considering now a loss-free combined layer, the TD induced
voltage in WW® can be expressed as

(TRO2TT (1)
 4meo(hT + hR)3
o [ AR expl-ay(r)ie - 1)
+ \TIH(T) exp[—\I/” (m)(t — T)]} (1% = T*)dr (31)
for ¢t > T, where [cf. (25) and (26)]
Uy (r) = (2Yo/C®)[(K" + B™) /o]
(1) = (2/Yo LM)[eor/(h" + KT

VE(t) = -1 (1)

(32)
(33)

Again, V2 (t) denotes the voltage pulse that would be excited in
the absence of the combined layer. This response can be readily
found in closed form

Voi(t) = — (1/27Yo) [(€7€%) /(AT + 1™)?]

x [T'o, 1M (t —T) + I (t —T)). (34)

Likewise (27), (34) is composed of the near- and intermediate-
field constituents. On the other hand, as far as the time coordinate
is concerned, their properties are very different. In the near-field
region, Vi (t) = —0;, ' 1" (t)/C° + O(T) as T | 0, where

C° = 2meg(h + AR 0T R (35)

can be interpreted as the coupling capacitance. Again, it can be
deduced from (31) to (33) that if the layer shows high contrasts
in both electric permittivity and magnetic permeability, then the
layer is virtually transparent. Again, this TD effect can be ex-
plained by the cancellation of scattering effects due to equivalent
electric and magnetic currents induced in the combined layer.

VI. PRACTICAL APPLICATION

A. Conceptual Benefits

In this section, we shall discuss the introduced TD analytical
expressions (24) and (31). First, if both C* | 0 and LM | 0
(representing a void layer), then the integral terms tends to
2VE(t), which yields VE(t) = VE(¢) in total, as expected.
Second, if either C* — oo and LM | 0 (representing a PEC
surface) or C® | 0 and LM — oo (representing a PMC surface)
the integral terms on the right-hand sides of (24) and (31)
approach to Vi}(¢), which leads to the zero voltage response
induced in the receiving probe below the (perfectly conducting)
layer. Third, if both C® — coand LM — oo, the combined layer
is effectively transparent, as already discussed in Sections V-A
and V-B.

B. Illustrative Numerical Experiments

The special cases discussed in Section VI-A pertaining the
loop-to-loop configuration are next illustrated numerically. To
this end, the closed-form TD expression (24) has been imple-
mented in MATLAB. In the examples that follow, the transmit-
ting loop antenna is located at the height hT = 1671, where
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Fig. 2. Excitation electric-current pulse shape.

rT denotes its radius. The transmitter is excited by the electric-
current pulse whose shape is described by [23]

IT(t) = Ln(t/t,)" exp[—n(t/t, — 1)]H(t)

where we take I, = 1.0mA and n = 6, which implies ¢, ~
0.9637 t,. Its pulse time width is related to the distance between
the loops via coty, = h* + hR. Fig. 2 shows the corresponding
exciting pulse shape in the bounded time window {0 < ¢/t,, <
5}.

The pulsed EM transmitted across the sheet is probed by the
receiving loop located at z = —h® = —4rR, where r® =T
is the radius of the receiving loop. Consequently, the factor
ATAR /(AT 4 hB)* = (7/400)2 is relatively small [see (27)]
and the exciting pulse is relatively wide with respect to the radius
of the loops.

First, the electric permittivity and magnetic permeability of
the combined sheet are taken to be relatively low such that
C® /Yoty = LMY, /t, = 0.02. In this case, the voltage re-
sponse induced in £® is (almost) identical to Vi (¢) applying
to the absence of the layer [see Fig. 3(a)]. Second, we con-
sider a highly dielectric layer described by C*/Yt,, = 20 and
LMY} /ty, = 0.02, which roughly mimics a PEC sheet. Fig. 3(b)
demonstrates that the resulting voltage pulse is then strongly
attenuated, as expected. Furthermore, we calculate the voltage
response in the presence of a sheet showing high contrasts in
both electric permittivity and magnetic permeability such that
C® /Yoty = LMY/t = 20. The corresponding induced volt-
age pulses are shown in Fig. 3(c). It can be seen that the voltage
responses are (approximately) inverted copies of each other, thus
demonstrating the property of TD EM transparency as predicted
in the discussion mentioned above. This observation has a direct
practical applicability. The TD analysis clearly demonstrates
that thin sheets can become transparent when operated under
causal pulsed-field conditions. This transparency must be con-
sidered in relevant practical scenarios. 1) It can considerably
diminish shielding, a subject of interest in, for example, EMC
or the construction of radiators using thin sheets as reflectors.
2) The leakage pulses can substantially increase the interference

(36)
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Fig.3. Computed induced voltage responses in the absence and in the presence

of an approximate model of (a) void layer; (b) PEC layer; (c) transparent
combined layer.

in highly integrated circuits for ultrafast communications, with
possible highly detrimental consequences on the intersymbol
interference and, thus, on the bit error rate.

Finally, for validation purposes, we shall evaluate the FD on-
axis shielding effectiveness that can be defined via

SdB = 20logyq Vg (iw) /V ™ (iw)| (37)
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Fig. 4. Shielding factor of a combined sheet described by CF /Yyt,, = 20
and LMYy /ty, = 0.02.

where w is the (real-valued) angular frequency and %R (iw) with
VR(iw) can be obtained by applying the fast Fourier transform
(FFT) to the calculated signals V() and VR (#), respectively.
Upon realizing that the FD shielding factor can also be expressed
as the ratio of the probed magnetic field in the absence and in
the presence of the layer, (37) can be validated with the aid of a
straightforward extension of [24, eq. (10.15b)], that is

OMOE 4+ OM 4+ OF 41

SdB ~ 20 1o —
g10 1 _ QMQOE

(38)

where OM = iwLMY;/2 and QF = iwC™ /2Y,. The shielding
factors as calculated for C®/Yyt,, = 20 and LMY} /t,, = 0.02
[see Fig. 3(b)] using the FFT-based approach and via (38) are
then shown in Fig. 4. As can be seen, a good correlation between
the results is achieved, thereby validating the closed-form ana-
lytical expressions.

C. Limitations of the Analytical Model

In order to clearly reveal the principal parameters influencing
the physical phenomenon under consideration and to ensure its
mathematical tractability, the complexity of a model has to be
reduced. Accordingly, the TD analytical expressions introduced
in this article were derived under several assumptions that must
be properly accounted for in their practical applications. First
of all, the use of Laplace transformation (9) entails that the
problem configuration is supposed to be time invariant and linear
in its EM properties. Consequently, the results are not applicable
to calculating the shielding effectiveness of nonlinear and hys-
teretic shields, for instance, for which dedicated computational
approaches have to be used (see [25], for instance). Moreover,
as the analyzed sheet is assumed to be of infinite extent, the ana-
Iytical formulas may not be accurate in applications where edge
diffraction effects are critical [26]. Furthermore, the cross-layer
conditions (1) with (2) and (6) with (7) have been derived under
the assumption that the layer’s thickness, § > 0, is relatively
small (with respect to the EM wave speed x excitation pulse
time width) and its magneto-dielectric constitutive parameters,

{€, u, o, T'}, are relatively high (with respect to the ones of the
surrounding medium) such that its equivalent layer’s Kirchhoff-
circuit parameters, {GT,CE RM LM} [see (3) and (4)], are
positive constants. Owing to the small (relative) thickness of the
layer, multiple reflections inside the slab are not distinguishable
and the transmission through the sheet is described by coeffi-
cients (12) and (17). This simplification is fully consistent with
the concept of first-order (transition) conditions, accuracy of
which has been thoroughly discussed in [27, Ch. 2], for instance.
The thin-sheet approximation is also frequently employed in
quantifying the shielding effectiveness of conductive foils. In-
deed, it has been demonstrated in [24, Sec. 10.3.2.3] that the
approximation is well applicable to calculating the shielding of
highly conducting thin sheets whose thickness is smaller than
1.3 x skin depth. Regarding extremely narrow pulses (with their
high-frequency content), the skin depth becomes small while the
(relative) thickness of the layer becomes large. In such cases,
multiple reflection loss inside the layer cannot be neglected
anymore and one has to resort to more accurate models.

VII. CONCLUSION

The CdH technique has been applied to develop an analyt-
ical TD methodology describing, for the first time, the 3-D
on-axis, pulsed EM field signal transfer between two dipole
antennas, across a highly contrasting thin sheet with combined
magneto-dielectric properties. The arrived at closed-form ana-
lytical expressions clearly revealed the possibility of achieving
the EM transparency for spatially localized, temporally causal
EM sources in a 3-D problem configuration. [llustrative numeri-
cal examples validated the conclusions drawn from the analytical
results.
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