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Abstract—The pulsed electromagnetic (EM) field radiated by
a gap-fed, long slot in a perfectly conducting thin sheet located
in between dielectric and free-space subdomains is examined.
A phenomenological interpretation of the so-called head wave
(HW) constituent is proposed, this fostering the understanding
of the complex EM behaviour at, and immediately behind, the
HW wave-front. The EM field is also examined numerically for
identifying features that may lead the way towards inferring a
causal counterpart of the leaky-wave propagation.

I. INTRODUCTION

The last two decades evidenced a surge in the interest for
leaky-wave antennas (LWAs) within the antenna engineering
community. This situation stems from LWAs being recognised
as critical enablers for implementing the ultra-high data rate
and low latency required by digital communications (see [1]
for the physical layer requirements in present and upcom-
ing, 6G networks). Although variants exist, LWAs come in
two main classes of implementations: (i) making use of the
propitious electromagnetic (EM) field distributions associated
with the guided propagation along interfaces between two
media [2]–[8] or (ii) making use of periodic structures the
EM radiation from which replicates that from Fabry-Pérot
cavities [9]–[13]. This study focuses on the former class, with
all presented arguments explicitly assuming such structures.
The design of LWAs requires a thorough understanding

of the EM field distribution associated with the underlying
(canonical) structures. In this respect, [14], [15] give an excel-
lent overview on the vast range of theoretical studies on leaky-
wave (LW) propagation – from them, [16], [17] are singled
out for being conditional for the reasoning in this study. The
remarkable common denominator of these methods is that they
all perform the analysis in the frequency-domain (FD), with
strictly time-domain (TD) examinations being literally absent
(at least in the overviews [14], [15]). It is exactly this loophole
that the present account attempts to address.
The TD analysis of planar layered media of the kind that

underpin LWAs has a long history, with the Cagniard–de
Hoop (C-dH) technique [18], [19], justifiably being regarded
as the instrument of choice to this end. Following this, or
similar paths (see [20, Chapter 2]), allows establishing via
rigorous spectral-domain arguments that the pulsed-field EM
propagation in such layered media comprises two causal wave

constituents, namely the body waves (BW) and the head waves
(HW), the latter existing only in regions of space located be-
yond the critical angle associated with a given planar interface
(when such a critical angle applies). A detailed inspection of
the conditions under which these causal constituents propagate
has been provided in [21].

However, such rigorous theoretical TD results can only be
derived for a reduced set of canonical problems. In particular,
no analytic framework exists for a gap-fed, long slot in a
perfectly conducting (PEC) thin sheet at the planar interface
bewteen dielectric and free-space subdomains (although the
C-dH Method of Moments [22] may bring about the needed
conceptual step forward). Such a slot is the basic configuration
supporting the functioning of the leaky-lens antenna (LLA)
introduced in [2], a device that established itself as a reference
for the (sub-)terahertz, non-dispersive EM transfer.

This study is a first step towards understanding the pulsed-
field EM propagation from a the gap-fed, long slot. After re-
capitulating the formal definition of BW and HW constituents,
it will propose a phenomenological interpretation of the HW
constituent that facilitates the understanding of the complex
EM behaviour at, and immediately behind, the HW wave-front.
TD numerical experiments effectuated via CST Studio Suite®

(CST Studio) will then highlight some features that pave the
way towards a causal counterpart of the LW propagation. The
study is complemented with two appendices elaborating on
(numerical) instruments that play a prominent role in the paper.

Fig. 1. Examined two-media configuration. In the numerical experiments:
εr = 16, w = 1mm, l = 40mm, zs = 1mm and Δys = 4mm.
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II. EXAMINED CONFIGURATION

The configuration at the core of the present study is shown
in Fig. 1. In it, position is specified with respect to a Cartesian
reference frame with origin O and three mutually orthogonal
unit vectors {ix, iy, iz}. The time coordinate is t. Position
vectors are denoted as r = xix + yiy + ziz . The configu-
ration consists of two half-spaces, the one corresponding to
z < 0 being taken to be free space with permittivity ε0 and
permeability μ0, while the one corresponding to z > 0 being
occupied by a lossless dielectric with permittivity ε1 = εrε0
and permeability μ0. The wavespeeds in any of the two half-
spaces are c0,1 = (ε0,1μ0)

−½ and the wave impedances are
Z0,1 = (μ0/ε0,1)

½. The interface between the half-spaces is
occupied by a PEC sheet of vanishing thickness in which a
long slot of width w is cut, its position being symmetrical with
respect to the Oy-axis. The slot is fed by a current-source-type
port located along the Ox-axis that injects a time-windowed
current pulse i(t). The slot is, theoretical, infinitely long, but
its length will be truncated to l in numerical evaluations.
Since it focuses on conceptual progress, this study is delib-

erately confined to lossless dielectric media, which was also
the strategy in [2], [16]. Accounting for these technologically
unavoidable effects is deferred to future research.

III. WAVE CONSTITUENTS IN THE EXAMINED

CONFIGURATION

A. Wave constituent definitions based on EM spectral repre-
sentation

As indicated in the Introduction, the considered configura-
tion is optimally analysed by applying the C-dH technique.
This method requires transforming the TD field equations via
a unilateral Laplace transform with positive, real parameter
s, combined with a spatial Fourier representation translating
the problem into the slowness domain (see [23, Chapter 2] for
details). After solving the problem in the slowness domain, the
solution is expressed as a superposition of generalised rays in
the Laplace domain that, in turn, are transformed back to the
TD via a suitable contour deformation. The spectral-domain
analysis of the solution allows discerning between two types
of constituents:

• body waves (BWs) that always exist;
• head waves (HWs) that only arise at an incidence above
the critical angle ϑc associated with a given (planar)
interface, when such a critical angle is of relevance.

The user is referred to [23, Chapter 2] for the treatment of
these constituents. An important element is their arrival time
at a field point. Consider the configuration in Fig. 2.a – the
depicted situation concurs with the one occurring in the x = 0
plane in Fig. 1. Assume, for simplicity, that this configuration
is excited by a line source S located along the y = 0 axis.
Take now a point P that corresponds to an incidence at an
angle exceeding the critical angle

y/(y2 + h2)½ > sin(ϑc) = c1/c0 = 1/
√
εr. (1)

The applicable arrival times are (see Eqs. (9) and (14) in [24])

τa;BW = (y2 + h2)½/c1 (2)

τa;HW = y/c0 + h
(
c−2
1 − c−2

2

)½
= c−1

0

(
y + h

√
εr − 1

)
(3)

for the BW and HW, respectively.

a b c

Fig. 2. Explicative for the propagation of the wave constituents. (a) Cross-
section through a two-media configuration – representative for the situation in
the plane x = 0 in Fig. 1; (b) the HW path segments and the HW wave-front;
(c) BW and HW paths connecting the source S and the field point P .

B. Phenomenological introduction of the head-waves

While the formal treatment of the two constituents in the
spectral domain offers the needed rigor, a phenomenological
introduction of the HWs fosters their interpretation, especially
in those cases when their complete spectral handling is diffi-
cult, if at all possible.
The physical interpretation of the HW is that of the first EM

field disturbance propagating away from S and sensed at P –
the path of this ray is sketched in Fig. 2.b. To understand this,
one must recall that EM waves start from the source and travel
in free-space at the wavespeed c0 and in the dielectric at the
wavespeed c1 = c0/

√
εr < c0. The wave front propagating

faster in the free-space will produce secondary sources at the
interface which, in turn, will radiate into the dielectric – those
waves will reach some points inside the dielectric ahead of any
wave propagating exclusively through the dielectric. With this
in mind, the HW is the wave that, by combining propagation
along the interface and through the dielectric, minimises the
travel time between S and P . The travel time τ along that
path will then be (see Fig. 2.b)

τ = c−1
0 (y − y′) + c−1

1 (y′2 + h2)½ = c−1
0 F (y′). (4)

By now taking the derivative of F (y′) and equating it to zero
it is found that the relevant y′ is

y′ = h/
√
εr − 1 (5)

that, when substituted back into (4), will yield the minimum
time the wave takes from S and P namely

τmin = c−1
0

(
y + h

√
εr − 1

)
= τa;HW. (6)

It was thus shown that the indicated path corresponds, indeed,
to the HW path. It should also be observed that the angle at
which the HW propagates through the dielectric is

α = arctan(h/y′) = arctan
(√

εr − 1
)

(7)
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in which (5) was used. Furthermore, the wavefront of the HW
is formed by all points at which the WH arrives at the same
time which, from (3), corresponds to the line

z = (−y + c0 τa;HW)/
√
εr − 1 for z > 0 (8)

which demonstrates (as expected) that the wavefront is orthog-
onal to the direction defined in (7).
The HW path provides the fastest path for a disturbance to

travel from S to P . With reference to Fig. 2.c, any other path,
comprising a shorter segment along the interface, will yield a
longer propagation time between S and P – an example of
such a path is the one shown in dark plum and dark blue. The
slowest path is the direct path, corresponding to the BW – this
path is marked in Fig. 2.c in green.
Assume now that the feeding signal at S is not only causal

but also continuous. Such a feeding will then necessarily be
just marginally non-vanishing immediately after its onset. As a
result, it is clear that the signal level at the wave-front arriving
at P at τa;HW must be extremely low. At subsequent instants
τa;HW + Δt, with Δt < τa;BW − τa;HW, the effect of later
(presumably, stronger) parts of the feeding signal will arrive
at P via the HW path. Concomitantly, the effect of previous
parts of the signal will also arrive at P via increasingly slow
paths (akin of the intermediate path in Fig. 2.c). Moreover,
even the effect of secondary sources located at points beyond
y along the interface may be sensed at P . It is now evident
that the aggregate field at P follows as the superposition of a
multitude of propagating rays that is likely to produce both
field enhancements and nulls. In any event, that aggregate
effect contains no BW contributions.
This analysis demonstrates the complexity of the radiated

EM field in the region preceding the arrival of the BW. The
field modulation in the vicinity of the interface, without itself
propagating, is bound to have an effect in the far-field. With
this in mind [24] identified (truly, for a slightly different
situation) an EM field peak between τa;HW and τa;BW that
was shown to present remarkable similarities with features
that are specific to leaky-waves (LW), the arrival time of that
extremum being [24, Eq. (25)]

τa;LW = |y|/
√
2(c−2

1 + c−2
0 )½ + z/

√
2(c−2

1 − c−2
0 )½. (9)

IV. NUMERICAL STUDY OF THE EM PROPAGATION AT THE

WAVE-FRONT

The temporal behaviour of the EM field at the 4 points in
the x = 0 plane of the configuration in Fig. 1 was examined
via simulations performed by means of CST Studio Suite®.
The emphasis was on the interval between the arrival of the
HW and BW constituents. The slot width was w = 0.5mm
and the relative permittivity in the dielectric was εr = 16.
The excitation was taken as the triangular pulse in Fig. 3.
The domain of computation was large enough in the x and y
directions for preventing, within the investigated time interval,
any boundary reflections inside the spatial domain of interest
(l = 40mm � sw > w). Transparent (PML) conditions were
prescribed above and below. The simulated signatures were

smoothed via a moving average over 5 consecutive points
and were time-calibrated such that their onset corresponded to
τa;BW at A (where only BWs exist) and to τa;HW at B, C and
D (where HWs are also intercepted). The resulting signatures
are shown in Fig. 4 in which the time markers for τa;BW and
τa;HW (when applicable) are given. Furthermore, time markers
for τa;LW in (9) are also included, when applicable.

Fig. 3. The employed triangular pulse Δ(t). Its pulse width was tw = 2tr =
5ps, this entailing a spatial pulse extent sw = c0tw = 1.5mm.

A. Numerical determination of the impulse response

For properly examining the EM field behaviour, the configu-
rational impulse response at points A,. . . ,D was extracted from
the signatures in Fig. 4 via Matlab post-processing. To this end,
the Matlab native deconv and an original, Laplace-transform
strategy (see Appendix A) were employed. The deconvolved
signatures were also smoothed and time-calibrated as indicated
above. The deviation between the original (simulated) and
deconvolved signatures is discussed in Appendix B allowing
to conclude that, for the employed excitation, the original
signatures can be safely construed as the configurational
impulse responses at the field points.

B. Interpretation of the numerical results

The examination of the plots in Fig. 4 allows establishing
a number of conclusions concerning the calculated signatures.
To begin with, the signature at A contains, as expected, BW
constituents, only. While the directly yielded information is
minimal, it allows verifying and calibrating the subsequent
signatures. When moving to the points B, C and D, it is clear
that some interesting features become visible. In this respect,
it is important to note that the lower lobe expands steadily
when moving away from the source as a result of the increas-
ingly long interval between τa;HW and τa;BW. Moreover, the
lowermost point on the signatures moves increasingly closer
to the τa;LW marker, which concurs with the observation made
in [24] that this is an extremum in the EM field radiated in
the interval t ∈ (τa;HW, τa;BW). To conclude with, no specific
feature could be identified around τa;BW that is illustrative
for the fact that, unlike in the situation examined in [24], the
BW constituent is engulfed in other contributions and does not
have the prominence for allowing a clear identification. These
observations cogently demonstrate that the detailed analysis of
the field at, and immediately behind, the HW wave-front is a
key building block towards inferring a causal counterpart of
the leaky-wave propagation.
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Fig. 4. Simulated responses at the field points A,. . . ,D indicated in Fig. 1
for the Δ(t) pulse excitation in Fig. 3. The dashed lines correspond to the
arrival times of the relevant wave constituents.

V. CONCLUSIONS

The temporal behaviour at the forefront of the pulsed EM
field radiated by a long slot in a PEC thin sheet was examined.
An interpretation of the HW constituent as the first field
disturbance propagating away from the source and sensed at
field points located at angles exceeding the critical angle was
put forward. The subsequent detailed analysis of the numer-
ically determined signatures at relevant field points allowed

singling out features that pave the way towards inferring a
causal counterpart of the leaky-wave propagation. In particular,
a clear minimum was identified around an arrival time that
was previously shown to be associated with a leaky-wave-like
behaviour in a somehow related configuration.

APPENDIX

A. Laplace-transform deconvolution method

Assume that

y(t) = x(t)
(t)∗ Δ(t). (10)

By taking the Laplace transform of this expression and ac-
counting for the Laplace transform

Δ(t)
LT�−→ Δ̂(s) = [1− exp(−str)]

2
/(tr s

2) (11)

it is found that the Laplace-transforms X̂(s) and Ŷ (s) of x(t)
and y(t), respectively, are related as

X̂(s) =
Ŷ (s)

Δ̂(s)
= tr s

2 Ŷ (s)

[1− exp(−str)]
2

= tr s
2 Ŷ (s)

∞∑
n=0

(n+ 1) exp(−nstr) (12)

in which use was made of the geometric series expansion of
(1 − x)−2. By now inverting (12) to the TD, the following
deconvolution formula is obtained

x(t) = tr

∞∑
n=0

[
(n+ 1) ∂2

t y(t− ntr)
]
. (13)

This expression is extremely useful since it only requires eval-
uating ∂2

t y(t−ntr) that may be either obtained analytically or
calculated from samples. Moreover, the number of intervening
terms is a priori known within any finite interval, implying
that no supplementary approximation is introduced by the
truncation of the series. Nonetheless, the applicability of this
strategy is confined to Δ(t)-type excitations.

B. Validation of the conformity between the simulated and
deconvolved signatures

The comparison between the original and the deconvolved
signatures at all 4 field points are shown in Fig. 5. It is clear
that the relevant plots are remarkably consistent. The agree-
ment between the signatures is conclusively demonstrated by
calculating the deviation over the interval T = {0 � t �
0.2 (ns)} between pairs of quantities A(t) and B(t) via

Dev%(A,B) =

∫
T

∣∣Anorm(t)−Bnorm(t)
∣∣dt

∫
T

∣∣Anorm(t)
∣∣dt

× 100 (14)

in which Anorm and Bnorm denote the normalised (to their
maximum absolute values) versions of A and B, respectively.
The largest discrepancy between any two signatures amounted
to 5·10−6%!
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Fig. 5. Comparison of the simulated responses and the corresponding
deconvolved signatures at the sampling points indicated in Fig. 1.
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