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Pulsed Operation of a Weakly Dispersive,
Leaky Wave Antenna: A Causal Numerical Study

Junhong Gu , Student Member, IEEE, Martin Stumpf , Senior Member, IEEE, Andrea Neto , Fellow, IEEE,
and Ioan E. Lager , Senior Member, IEEE

Abstract— A strictly causal numerical study of the pulsed
operation of a weakly dispersive, leaky wave (LW) antenna is
presented. The intricacies at the forefront of the electromagnetic
(EM) field radiated from a gap-fed slot in a perfectly electrically
conducting (PEC) sheet are evidenced for the first time. The
radical effect of a free-space gap separating the PEC sheet
from the dielectric half-space into which the slot radiates is
demonstrated, thus providing time-domain (TD) arguments for
the effectiveness of this essential element of leaky-lens antennas
(LLAs). The response of the gapped structure to an excitation
consisting of pulse trains is evaluated. The discussed results pave
the way toward building a genuine TD counterpart of the LW
radiation from gap-fed slots. Furthermore, they are conditional to
understanding the transients occurring in between intervals when
a steady-state, time-harmonic (TH) operation can be assumed,
an extremely relevant ingredient to implementing highly complex
modulations in carrier-based, wireless transfer.

Index Terms— Leaky wave (LW) antennas, numerical analysis,
time-domain (TD) analysis.

I. INTRODUCTION

THE surging demand for ultrahigh data throughput and
low latency that drives the evolutions in wireless commu-

nication demands disruptive physical-layer innovations, with
terahertz technology being widely seen as pivotal to both
present and upcoming (6G) networks [1]. At channel level,
the viability of any approach hinges upon the availability of
high-performance radiators. In this respect, the planarly fed,
leaky-lens antenna (LLA) introduced in [2] established itself
as the reference for (sub-)terahertz, nondispersive purposes,
with a large selection of implementations of this concept [3],
[4], [5], [6], [7], [8] conclusively demonstrating its adequacy.
Functionally, LLAs make effective use of the radiation from
a gap-fed slot located at a free-space–dielectric interface, this
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canonic configuration being extensively examined in [9] and
[10]. The decisive achievement of [2] was inserting an air gap
between the slot and the dielectric half-space, thus resolutely
improving the beam focusing.

It is noted that [2], [9], [10], [11], [12], and [13], much
like the majority of the literature on leaky wave (LW) radia-
tion, opted for a frequency-domain (FD) analysis, a choice
stemming from the effectiveness of the pertaining analytic
instruments. However, this avenue’s adequacy becomes prob-
lematic in ultrahigh data rate systems: irrespective of code
optimization [1], exceptionally high-frequency digital modula-
tion of the carrier is unavoidable, this raising serious concerns
about the validity of a steady-state, time-harmonic (TH)
assumption. These concerns will be aggravated in multiuser
scenarios by the agile beam scanning, an extreme situation
being that of the networks of unmanned aerial vehicles (UAVs)
discussed in [14].

The alternative is resorting to the time-domain (TD) analysis
of the radiators, an avenue presenting the additional benefit of
providing clear, justifiable bounds for the applicability of FD
strategies. However, such approaches are remarkably scarce in
the literature concerning LW radiation, with [15] being one of
the isolated exceptions. To remedy this situation, Štumpf et al.
[16] examined some configurations associated with LW radia-
tion and established correspondences between typical TH LW
features and their TD counterparts. For focusing on conceptual
clarifications, that paper explored exclusively electromagnetic
(EM) problems that lend themselves to an analytic handling.
It then excluded the LLAs specific structures, namely, the
gap-fed slot at a free-space–dielectric interface and the one
containing an additional free-space gap, since an analytic TD
treatment of these two EM problems is not available at this
moment.

This article presents, for the first time, a numerical, rig-
orously causal, TD analysis of the LLA-related canonical
configuration in [2] and of its precursor [9]. Placing the
examined EM problems within a fully controlled numeri-
cal environment establishes the appropriate framework for
revealing the intricacies of the temporal evolution and spatial
distributions at the forefront of any time-windowed-excited
EM field radiated by a slot in the presence of a free-
space–dielectric interface. In the process, the validity of the
theoretical predictions formulated in [16] and, subsequently,
in [17] will be confirmed. At the same time, the experiments
will give credible evidence and justification for the influence
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of the air gap on the field penetration into the dielectric
half-space. To conclude with, the effect of the EM field buildup
in the case of a pulse train will be exemplified. Apart from
their intrinsic practical applicability, the presented results offer
compelling incentives for attempting the construction of TD
analytical models of the field behavior at the wave’s forefront
(a decidedly hard EM problem) and, at the same time, readily
supply the needed reference results for the assessment of those
models.

This article proceeds by presenting the configurations under
study and cataloging a number of features the occurrence
of which will be programmatically monitored in the numer-
ical experiments. The next step will be examining these
configurations via illustrative TD signatures and field snap-
shots in relevant cross sections. The field buildup for pulse
trains will be evaluated for the air-gapped configuration, only.
This article will be rounded off by outlining the practical
impact of the study’s main findings and by drawing the final
conclusions. This article is complemented by an online Sup-
plementary Material [18] comprising a detailed description of
the employed pulse shapes, an analysis of the configurational
impulse response, and an extended set of simulation results.

II. ANALYSIS METHODOLOGY

A. Investigated Configurations

This study concerns layered structures. Position is specified
with respect to a Cartesian reference frame with origin O
and three mutually orthogonal unit vectors {i x , i y, i z}, and
the time coordinate is t . Position vectors are denoted as r =

x i x +y i y +z i z . The EM field is examined via its representative
electric field E(r, t) = Ex (r, t)i x + Ey(r, t)i y + Ez(r, t)i z

(the compact Ex,y,z notation will be henceforth employed).
The embedding consists of free space with permittivity ε0 and
permeability µ0, this entailing a wave speed c0 = (ε0µ0)

−1/2.
All configurations contain the following: 1) a perfectly elec-
trically conducting (PEC) sheet of vanishing thickness located
in the z = 0 plane and 2) a lossless, dielectric semi-infinite
domain D = {−∞ < x < ∞, −∞ < y < ∞, z > h}, with
h ⩾ 0, inside which ε1 = εrε0 (with εr > 1 being the relative
permittivity). The EM wave speed in the dielectric half-space
is c1 = (ε1µ0)

−1/2 < c0. The choice for the dielectric medium
being lossless is dictated by the programmatic objective to
experimentally verify the analytical results established in [2],
[9], and [16] that were derived for lossless media, only.
Accounting for the effect of the technologically unavoidable
losses is deferred to future research.

The examined configuration is shown in Fig. 1. The EM
field is radiated by a slot S = {−w/2 < x < w/2,−∞ <

y < ∞, z = 0} cut in the PEC sheet at z = 0 and
fed by a current-source port I of vanishing cross section,
located at {−w/2 < x < w/2, y = 0, z = 0} (the slot’s
length will be truncated to 2l in numerical experiments).
The port injects a causal, preferably time-windowed, current
pulse i(t). The first configuration, henceforth referred to as
Configuration A, corresponds to h = 0. It will be used for
demonstrating the validity of the conclusions of [16] and
establishing correspondences with the observations in [9].

Fig. 1. Two-media configuration comprising two homogeneous and isotropic
half-spaces and a PEC sheet of negligible thickness in which a narrow slot is
cut. The dielectric half-space is spaced from the PEC sheet by h = ξ w, with
0 ⩽ ξ < 2. The slot is fed by a current-source-type port injecting a causal
current pulse i(t).

Its analysis will comprise illustrative TD signatures at four
equidistant field points A–D, spaced at 1y , and field snapshots
in the x = 0 and y = 0 planes. The feature part of the
study concerns Configuration B that is obtained by elevating
the dielectric half-space at h > 0. The gap between the
PEC sheet at z = 0 and the dielectric half-space D is filled
with free space. The EM field analysis will again consist of
representative TD signatures at field points A–D (inasmuch
as located inside D) and, primarily, field snapshots in the
x = 0 and y = 0 planes.

Most reported experiments will examine the field behavior
in the slot’s symmetry plane (x = 0), where Ey,z vanish.
Consequently, only Ex will be henceforth inspected. Clearly,
Ey,z may become nonzero outside the symmetry plane. How-
ever, for maintaining the coherence of the account, their
investigation is deliberately deferred to future studies. Further-
more, for compensating the effect of the selected (relatively
high) εr, the field snapshots will plot the normalized εr Ex

quantity.
The nature of the weak dispersion properties of the exam-

ined slotted structures depends on the value of h. For h ↓ 0
(Configuration A), the propagation constant of the dominant
LW is almost constant as a function of frequency, while
the attenuation constant increases with frequency. Mean-
while, for h significant in terms of the wavelength (as in
Configuration B), the propagation constant equals the average
of that in the upper and lower media for low frequencies and
decreases to the value in the less dense medium for higher
frequencies. As for the attenuation constant, it reflects the
effective distance between the slot and the denser medium,
with lower attenuation (radiation) for larger distances.

B. EM Features in the Investigated Configurations

The present exploration will focus on singling out specific
EM field features that are associated with the (guided) prop-
agation along a plane free-space–dielectric interface. In this
respect, Štumpf et al. [16] cataloged, for the gap-excited slot
in Configuration A, three types of waves occurring inside the
dielectric half-space (z > 0).
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Fig. 2. Explicative for the angles corresponding to the waves occurring inside
the dielectric half-space (cross section in the x = 0 plane). The three types
of waves (HW, LW, and BW) that arrive at a point P beyond θc;L are shown.
Their respective arrival times are τa;B > τa;L > τa;H. The shown angles are
represented at scale for the case of εr = 16, as used in this article.

1) Body Waves (BWs)1: Such waves exist always. Their
wave speed is c1, and the arrival time of a wave excited by I
and sensed at (0, y, z) is

τa;B =
(
y2

+ z2)1/2
/c1. (1)

2) Head Waves: Such waves only arise outside a cone given
by the critical angle θc defined by (see Fig. 2)

sin(θc) = c1/c0 = 1/
√

εr (2)

amounting for points of coordinates (0, y, z) to the condition

|y|/
(
y2

+ z2)1/2
> sin(θc). (3)

In [17], it was shown that HWs excited by I and sensed at
(0, y, z) propagate along a path that minimizes the propagation
time, the entailed arrival time being

τa;H = |y|/c0 + z
(
c−2

1 − c−2
0

)1/2

=

(
|y| + z

√
εr − 1

)
/c0. (4)

That paper also showed that the HW wavefront is tilted with
respect to the plane interface at an angle (see Fig. 2)

αH = arctan
(

1/
√

εr − 1
)

= θc. (5)

3) Leaky Waves: Štumpf et al. [16] evidenced a field
extremum appearing at points where HWs are intercepted,
its occurrence being between the arrival of the relevant
HW and BW. This extremum shares certain commonalities
with phenomena associated with FD LW-type radiation, most
importantly the same decay with respect to the distance to the
interface. The complex physics leading to this enhancement
was discussed in detail in [17, Sec. III.B]. A characteristic
feature of these LWs is their arrival time at (0, y, z), with
z > 0

τa;L =
|y|

c0

(
c2

0/c2
1 + 1
2

)1/2

+
z
c0

(
c2

0/c2
1 − 1
2

)1/2

=
|y|

c0

(
εr + 1

2

)1/2

+
z
c0

(
εr − 1

2

)1/2

. (6)

1BWs are commonly referred to in FD publications as space waves [10],
[19], [20]. Following a terminology established in [21, Ch. 2], head waves
(HWs) are designated in the FD literature as lateral waves (see also the
discussion on the terminology in [22] and the definitions in [10]).

As shown in [16], LWs are also associated with a critical angle
θc;L defined by (see Fig. 2)

sin
(
θc;L

)
=

(
1 + c2

1/c2
0

2

)1/2

=

(
εr + 1

2εr

)1/2

(7)

which is identical to the LW cone’s limit given in [10]. Their
wavefront tilting with respect to the interface can be derived
by repeating the reasoning in [17] for a propagation speed
along the interface

cL = c0

(
2

c2
0/c2

1 + 1

)1/2

= c0

(
2

εr + 1

)1/2

(8)

the value of the relevant (acute) angle being (see Fig. 2)

αL = arctan

(√
εr + 1
εr − 1

)
= θc;L. (9)

It must be stressed that expressions (6)–(9) were derived in
[16] for a very narrow, weekly dispersive slot.

This study will endeavor to identify the manifestation of the
arrival times τa;B, τa;H, and τa;L in TD field signatures, and the
wavefront angles αH and αL in field snapshots.

4) Phenomenological Discussion of the Wave Types: The
phenomenological interpretation of the three types of waves
was dealt with in [17, Sec. III.B]. The main elements
therein are reiterated by examining the waves radiated by the
current-source port I and received at an arbitrary observation
point P beyond θc;L (see Fig. 2). The first wave arriving at P
is the HW, its path minimizing the travel time by having the
longest possible fast propagation along the interface, followed
by the shortest path through the dielectric. Its corresponding
wavefront is tilted with respect to the air–dielectric interface
at αH = θc. The second wave arriving at P is the LW, that
has a (substantially) shorter fast travel along the interface and
a longer slow travel through the dielectric. Its corresponding
wavefront is tilted at αL = θc;L, this giving supplementary
support to the fact that the LWs evidenced in [16] are only
possible beyond a critical angle. The last wave to arrive is the
BW, which travels along a straight path situated exclusively
inside the dielectric.

C. Computational Choices

All numerical experiments were performed by means of
the finite-integration technique (FIT) as implemented in CST
Microwave Suite®. A relatively large relative permittivity,
namely, εr = 16, entailing a wave speed in dielectric c1 =

c0/4, was intentionally adopted for allowing a clear distinction
between HWs and the trailing BWs (the chosen value is
comparable with the relative permittivity of silicon εr,Si =

11.9). For the chosen εr, the critical angles are θc = 17.6◦

and θc;L = 47.6◦, respectively. With reference to Fig. 1,
w = 1 mm, and field points A–D were at z0 = 1 mm
and 1y = 4 mm. The feeding current-source port I was
placed at the center of the chosen domain of computation.
For both configurations |x | ⩽ 20 (mm) and |y| ⩽ 25 (mm)

(l = 25 mm), the dielectric slab had a height of 5 mm, and
the free-space region under the PEC was 5-mm high. The
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domain’s extension in the positive z-direction depended on h,
varying between 15 mm (Configuration A) and 16.5 mm (Con-
figuration B, for maximum h). The parallelepipedic domains
of computation were discretized via nonuniform hexahedral
meshes designed to ensure eight cells in the slot, the highest
mesh density accommodated by the resources of the employed
computer. To this end, the software’s automatic mesh generator
was set to a (conventional) maximum reference frequency
fmax = 40 GHz, in conjunction with a 15 cells/λ minimum
step, the resulting meshes comprising between 6 860 532 cells
(Configuration A) and 7 507 752 cells (Configuration B, for
maximum h). All boundary conditions were of the perfectly
matched layer (PML) type. However, correlating the domain
sizes with the employed time-windowed excitation (see [23])
largely precluded boundary reflections from reaching the area
of interest within the examined time window.

As indicated above, the port I injects a time-windowed
current pulse i(t). Two unipolar shapes were considered,
namely, the triangular 1(t) and the windowed-power WP(t)
ones (see [18, Sec. II] for details). The former shape was
only used for testing the deconvolution of the FIT-calculated
signatures at field points A–D in Fig. 1, as explained in
[18, Sec. III]. Owing to the similarity of the signatures
obtained by feeding with either 1(t) or WP(t), combined with
the superior smoothness of the latter, all numerical experiments
reported in this article employ a WP excitation with raising
power ν = 6.

Simulations were run on an Intel Core i5-9600KF at
3.7-GHz system with 9-GB RAM, and analyzing each config-
uration required approximately 10 min, the time for generating
the output files excluded. The FIT data were subsequently
graphically processed in MATLAB®. As concerns the TD
signatures at the field points, it was observed that the FIT-
calculated data were affected by extraneous high-frequency
oscillations that were attributed to local resonance inside mesh
cells. These oscillations were smoothed out via a strategy
making use of a moving average over five consecutive points—
in some cases, this strategy was applied twice. The smoothed
signatures were then aligned by taking the arrival of the HW
as a reference, except at point A where the BW was used
instead (no HW occur at A). All field snapshots were generated
via custom-built, color-coded, plotting functions. Additional
elements were superposed in the plots for highlighting some
important field features (such as the wavefront tilting). To con-
clude with, the response to pulse trains was obtained by
superposing successive snapshots taken at equally spaced time
samples.

III. CONFIGURATION-A STUDY

Configuration A replicates the one discussed in [9], its
analysis focusing on the field evolution near the slot. First,
TD signatures at field points A–D in Fig. 1 will be extracted
from the FIT solution—as demonstrated in [18, Sect. II], these
signatures are an excellent approximation of the structure’s
impulse response. This exercise aims at validating some pre-
dictions formulated in [16] for a resembling, but not identical
situation, the focus being on identifying features associated
with the arrival times in (1), (4), and (6). The next step will be

preparing field snapshots in the x = 0 plane, in the proximity
of the slot. A special attention will be given to observing the
tilting of the wavefront and comparing it with the prediction
in (3). Finally, the field distribution in planes orthogonal to
the slot will be briefly examined.

A. Representative TD Signatures

The twice smoothed FIT signatures at A–D are shown
in Fig. 3. As documented in [18, Table I], these signatures
concur extremely well with those corresponding to a 1(t)
excitation, which, in turn, allows concluding that the WP(t)-
excited, FIT signatures are adequate approximations of the
configurational impulse response, as well. This observation
justifies the choice to effectuate all simulations with a WP(t)
excitation (see Section II-C).

For identifying possible features associated with the arrival
times in (1), (4), and (6), the relevant instants were marked
in Fig. 3. The following observations can be made: 1) the
signature at A contains BWs, only and is used for calibration
purposes; 2) examining the behavior at B–D evidences the
steady elongation of the first lower lobe when moving away
from the source, as a result of the increasingly long interval
between τa;H and τa;B; at the same time, the lowermost point
on the signatures moves increasingly closer to the τa;L marker;
and 3) there is little evidence of an event around τa;B, with the
BW constituent being engulfed in other contributions. In view
of the similarity between the 1(t) and WP(t) excited EM
fields, these observations coincide with those made in [17].

B. Field Distribution Analysis

The EM field distribution was first examined by means of
field snapshots along the slot. The investigation had a twofold
focus: 1) the field behavior at the perturbation’s forefront, this
providing details on the space–time evolution of the HWs and
2) the interval between the arrival of the HWs and that of
BWs, where signatures of the LW phenomenon were expected
to be recognized. The TD traces in Fig. 3 also offered handles
for interpreting the information contained in the snapshots.
In addition, the field confinement in the slot region was
assessed via orthogonal snapshots.

The space–time propagation in the configuration’s symme-
try plane x = 0 is shown in Fig. 4, the snapshot instants being
selected such that to highlight the HWs arrival at B–D. The
critical angles θc and θc;L, and the wavefronts at the relevant
instants are given in the plots as reference. The plots illustrate
the clear disjunction between the “HW zone,” namely, the
blue region at the front, and the trailing “BW zone,” in
which the cylindrical wave pattern is evident. A hallmark of
these plots is the remarkable agreement between the predicted
LW wavefront and the field maxima in the “HW zone”
(corresponding to the darkest shades of blue in the relevant
region). The slight standing wave pattern forming behind the
first BWs in Fig. 4(b) and (c) was attributed to interferences
caused by the late ringing along the slot. The snapshot at
80 ps also allows recognizing the TD signature in Fig. 3(b),
with the characteristic damped oscillations that are expected
in view of the δ(t)-like excitation. To conclude with, the field
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Fig. 3. Responses at the points A–D in Fig. 1 for a WP(t) excitation and a
gap height h = 0.5 mm: (a) response at point A, (b) response at point B,
(c) response at point C, and (d) response at point D. The dashed lines
correspond to the arrival times of the relevant wave constituents.

propagation in the slot is also visibly reproduced—here, one
must bear in mind that BWs propagate above the interface at
c1 = c0/4, whereas the waves propagate under the interface at
c0, the sharp discrepancy necessarily yielding strong surface
currents whose effect reflects in the damped-oscillating field
distribution in the vicinity of the slot, its cyclicity following
closely that of the BWs.

The snapshot at t = 40 ps is detailed in Fig. 5. First, the
field behavior at the wave’s forefront is shown in Fig. 5(a). The
image cogently validates the phenomenological interpretation

Fig. 4. Field distribution in the x = 0 plane at three instants: (a) t = 40 ps,
(b) t = 80 ps, and (c) t = 110 ps. |εr Ex |max is the maximum of |εr Ex | over
all snapshots. Points A–D in Fig. 1 are given for reference.

of the HWs in [17], with the field in the dielectric being
“pulled” by the fast wave in the free-space underneath. As a
result, the wavefront in the dielectric becomes an almost
straight line inclined at the slope predicted in (5), the simulated
wavefront (as inferred by highlighting the limit of the lowest
represented value) practically overlapping the predicted one.
Furthermore, τa;H at C, as indicated in Fig. 3(c), is perfectly
replicated in the simulation. To conclude with, after the HW
arrival, the different wave speeds in the two media induce
discrepancies along the interface, the field “turbulence” being
evident in the snapshot. This type of field propagation cannot
but reflect in the wave impedance that, in turn, will influence
the radiation properties of the structure, as a whole. The
second zoomed-in view focuses on the transition region from
the LWs to BWs propagation [see Fig. 5(b)]. The critical
angles, the wavefront, and the BW wavefront at 40 ps are
given as reference. The plot clearly illustrates two important
features: first, there is a manifest field enhancement2 along
the boundary at θc;L, this being construed as an evidence of
the maximum anticipated in [16]. Note also that an alignment

2Here, and in subsequent analyses, the “field enhancement” is considered
with respect to the field values in the examined plane, in the region where
the BW radiation is predominant.
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Fig. 5. Zoomed-in view on the field distribution in the y = 0 plane at
t = 40 ps [see Fig. 4(a)]. (a) Wave’s forefront; points C and D in Fig. 1
are given for reference; the exact and simulated wavefronts are also shown.
(b) Transition region from the LWs to BWs propagation; the exact HW and
LW wavefronts, and the BW front at 40 ps are also shown. |εr Ex |max is the
maximum of |εr Ex | over all snapshots in Fig. 4.

of the maxima locations can be recognized in the plot, this
alignment being associated with a wavefront. This wavefront is
(almost) orthogonal to the θc;L line, which, again, concurs with
the prediction in (5). Second, the cylindrical pattern clearly
bends and becomes increasingly blurred in the region beyond
θc;L as a result of the complex interaction between various
delayed HWs and the BWs. This induces a modulation of
the propagating BWs whose effect is comparable with that
examined in [9] and [10].

The last study concerned the field distribution in the y =

0 plane (see Fig. 6). Since Ex = 0 along the PEC sheet,
this structure only supports BWs in the Ex propagation, their
characteristic signature being obvious in Fig. 6(c). In the
dielectric, Ex propagates upward, but vanishes rapidly in
sideway directions. Furthermore, the wave propagating in the
free-space underneath induces currents in the PEC, this being
evidenced by the field pattern immediately under the sheet.

IV. CONFIGURATION-B STUDY

The limitations of Configuration A when used for feeding
lens antennas were solved in [2] by adding a free-space (air)

Fig. 6. Field distribution in the y = 0 plane at two instants: (a) t = 10 ps
and (b) t = 40 ps. |εr Ex |max is the maximum of |εr Ex | over all snapshots.
Point A in Fig. 1 is given for reference.

gap above the slotted PEC sheet. This approach relied on the
existence of a “shadow boundary” marking the transition from
the space waves (BWs in TD terminology, see [16, Appendix])
radiation to the LW-type one. A pronounced field enhancement
manifests itself along the boundary, the angle γsb at which
it occurs (see [10, Table II]) depending on the wave speed
underneath the interface. By introducing the air gap, the wave
speed increases from cL in (8) to, practically, c0, this resulting
in the boundary coming nearer to the normal and, thus, to an
improved illumination of the dielectric lens.

While the analysis in [10] and the innovations inferred in [2]
relied entirely on FD arguments, the underlying phenomena
should have a TD counterpart. In this respect, elevating the
dielectric half-space at h (see Fig. 1) allows the waves guided
in the slot to travel at c0. Furthermore, the exciting current
source is shifted away from the interface, and the field in
the dielectric is produced exclusively by secondary sources
induced at the interface by the waves propagating along the
slot. As a result, this field consists of a superposition of
HWs and BWs created by the moving secondary sources, this
mechanism being expected to produce a much more extended
“HW zone” at the forefront of the pulsed field.

Configuration B replicates the one at the core of [2], and its
examination aims at elucidating the impact of the gap on the
radiation properties. The analysis will start by repeating some
of the previous experiments, will then proceed to performing
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Fig. 7. Responses at the points A–D in Fig. 1 for a WP(t) excitation:
(a) response at point A, (b) response at point B, (c) response at point C, and
(d) response at point D. The dashed lines correspond to the arrival times of
the relevant wave constituents, as shown in Fig. 3.

a parametric study of the gap height, and will be concluded
by an investigation of the field radiated by pulse trains.

A. Representative TD Signatures

The gap height in Fig. 1 is first set to h = 0.5 mm = w/2.
The TD signatures evaluated at A–D are shown in Fig. 7—the
time references in Fig. 3 are marked for facilitating compar-
isons. Similar to Section III-A, the FITsignatures were twice
smoothed via the moving average procedure. The resulting
signatures are entirely different from those in Fig. 3, the traces
at A–D being, in this case, remarkably similar. This likeness

Fig. 8. Field distribution in the x = 0 plane, for h = 0.5 mm, at three
instants: (a) t = 20 ps, (b) t = 40 ps, and (c) t = 60 ps. |εr Ex |max is the
maximum of |εr Ex | over all snapshots. Points A–D in Fig. 1 are given for
reference.

is in line with the radiation mechanism described above, with
the field propagating unrestrained along the slot and producing
secondary sources at the interface that, in turn, launch the field
inside the dielectric. This complex interaction intermingles
HW–BW-type radiations, making their identification hard, if at
all possible. The time scale in Fig. 7 was kept the same
as in Fig. 3 for underlining that the pulse response is now
extremely narrow (its significant part is mostly confined to
the excitation’s pulsewidth—see [18, Sec. II]).

B. Field Distribution Analysis

To further validate the radiation mechanism, the field is now
examined via longitudinal snapshots in the x = 0 plane (see
Fig. 8). The critical angles θc and θc;L, and the wavefront at the
relevant instants are again marked in the plots for reference.
Apart from the overall similarity, which was not the case in
Fig. 4, these new plots illustrate a quite regular propagation in
the free-space region, at least at the wave’s forefront. Even
more noteworthy, the field propagation in the dielectric is
extremely regular, with an almost laminar,3 extended front

3The term “laminar” is used here in the sense of the spatial distribution
of the field having a layered aspect, with the amplitude curves appearing as
almost straight lines.
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Fig. 9. Zoomed-in view on the field distribution in the x = 0 plane at
t = 40 ps. Points C and D in Fig. 1 are given for reference. The exact and
simulated wavefronts are also shown. |εr Ex |max is the maximum of |εr Ex |

over all snapshots in Fig. 8.

region, followed by a wave pattern that is typical for the
BWs propagation, an arrangement that is reminiscent of the
characteristic juxtaposition of “space waves” and “LWs” in FD
analyses [2], [20]. It is also important to observe the abrupt
laminar-to-BWs transition (roughly, along θc;L), while the
HWs-to-BWs transition was gradual in Fig. 4—this transition
will be examined in more detail in Section IV-D. It should
be observed that the simulated wavefront in the pre-BWs
region starts extending beyond the HW theoretical front, this
being most visible in Fig. 8(c). This effect is interpreted as a
computational artifact, as explained in Section V.

A zoomed-in view of the wave’s forefront at t = 40 ps is
shown in Fig. 9. As already observed, the wavefront tilting
predicted by (5) is less accurately replicated than in Fig. 5(a).
Nonetheless, this deviation remains limited, and one must
recall that αH was calculated for a purely HWs propagation,
whereas the field is now a complex combination of (retarded)
BWs and HWs! Furthermore, the zoomed-in view manifestly
illustrates the “pulling” of the wave in the dielectric, with
well-outlined first waves in free space, followed by increas-
ingly disturbed ones, due to the different wave speeds one side
and the other of the interface.

As elaborated upon in Section V, the FIT snapshots’s timing
induces incongruence between the simulated and theoretically
predicted HW wavefronts, when the latter is placed according
to the wave’s travel over the indicated time (in this case,
40 ps). For facilitating comparisons, the HW wavefront was
translated in Fig. 9 in the y-direction such that its intersection
with the free-space–dielectric interface to coincide with that
of the simulated one.

The last step consists of examining the field distribution
in the y = 0 plane (see Fig. 10). At variance with the
behavior exemplified in Fig. 6, the free-space gap allows now
the field to propagate sideways, this yielding a dielectric field
distribution inside the dielectric that resembles the one along
the slot. Another interesting element captured in Fig. 10(b)
is the characteristic-guided wave pattern of the free-space
propagation in between the PEC sheet and the dielectric.

Fig. 10. Field distribution in the y = 0 plane, for h = 0.5 mm, at two
instants: (a) t = 10 ps and (b) t = 40 ps. |εr Ex |max is the maximum of
|εr Ex | over all snapshots. Point A in Fig. 1 is given for reference.

C. Air-Gap Analysis

For assessing the effect of the gap height on the radiation
from the slotted PEC sheet, the experiments in Section IV-B
were repeated for h = 1 mm = w and h = 1.5 mm = 1.5w.
The corresponding longitudinal field distributions are shown in
Figs. 11 and 12, respectively. Comparing these plots with those
in Fig. 8 evidences similar patterns. However, the contour plots
shades indicate increasingly similar peak values of the normal-
ized εr Ex above and below the interface as h increases. Since
the field strength under the interface is largely unchanged, the
peak values leveling convincingly prove the decrease in field
penetration as h increases, a trend already documented by FD
analyses [2, Sec. III]. As in Fig. 9, the simulated wavefront
deviates from the theoretically predicted αH. Although the
deviation remains small, the angle between the z-axis and the
normal to the simulated wavefront diminishes as h increases.

Performing this analysis in the transverse direction, in the
y = 0 plane (see Figs. 13 and 14) yields alike observations.
By comparing Fig. 10 with these figures, it is also noted that
the propagation becomes increasingly turbulent as h increases
(from an FD perspective, this corresponds to a multimodal
propagation, but, evidently, a modal distinction based on cutoff
does not apply to a TD analysis [24]). In any event, such a
propagation will quite likely affect the radiation efficiency in
the configuration and should be avoided.

A fine analysis of the h dependency will plausibly yield an
optimum height, but it is clear that h = 1.5w is already too
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Fig. 11. Field distribution in the x = 0 plane, for h = 1 mm, at three instants:
(a) t = 20 ps, (b) t = 40 ps, and (c) t = 60 ps. |εr Ex |max is the maximum
of |εr Ex | over all snapshots.

large for being technically interesting. Consequently, this gap
height will be skipped in the subsequent tests.

D. Field Buildup for Pulse Trains

All previous tests were carried out for single-pulse exci-
tations. While such an exercise is extremely relevant from
a conceptual point of view, the corresponding energy of the
signal will undeniably be very low. Consequently, pulse trains
are usually employed in practical applications for ensuring
the signal’s detectability. By gradually increasing the length
of these trains, the system will progress toward a steady-state,
periodic operation, thus providing grounds for comparisons
with standard, steady-state, TH results.

The field excited by pulse trains is examined by superposing
pulse responses at equally spaced instants, this corresponding
to an ideal, nonringing, periodic pulse feeding. The longi-
tudinal field distribution obtained by combining four pulsed
responses is shown in Fig. 15 for h = 0.5 mm and h = 1 mm
(the critical angles θc and θc;L are given for reference). Note
that, for the chosen domain of computation, extending the
analysis beyond 80 ps will result in boundary reflections that
will alter the field in the region of interest, and thus, this study
is confined to superposing at most four pulse responses.

Fig. 12. Field distribution in the x = 0 plane, for h = 1.5 mm, at three
instants: (a) t = 20 ps, (b) t = 40 ps, and (c) t = 60 ps. |εr Ex |max is the
maximum of |εr Ex | over all snapshots.

The plots show, for the chosen pulse repetition rate, a regular
wave propagating into the dielectric (in 3-D, this corresponds
to a conical wave). A highly relevant feature is the clear-cut
division of the field distribution into circular, BWs-type, and
laminar-type zones, with an abrupt transition in between.
The pulse-train analysis allowed delineating the limit of the
laminar propagation (the “LW simulated” lines in Fig. 15), that
corresponds remarkably well with the θc;L line! Corroborating
these observations and accounting for the conclusions drawn
in Section III allow conjecturing that this pre-BWs zone is,
in fact, a region of LW-type radiation.

Examining the superposition of more responses also allowed
inferring an alignment of field enhancement (the “enhance-
ment” lines in Fig. 15). While in the gapless case the
enhancement manifested itself along the θc;L line [see
Fig. 5(b)], the maxima alignments now move closer to the
z-axis, the relevant angles being 33.7◦ and 29.9◦ for h =

0.5 mm and h = 1 mm, respectively. This evolution is in
striking accordance with the “shadow boundary” analysis in
[2] and confirms the validity of using pulse-train studies as a
buildup toward constructing the link between the single-pulse,
TD investigation and traditional, FD studies. To conclude
with, the contour plot shades reflect a noticeable diminishing
of the field radiated into the dielectric in Fig. 15(b); this
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Fig. 13. Field distribution in the y = 0 plane, for h = 1 mm, at two instants:
(a) t = 10 ps and (b) t = 40 ps. |εr Ex |max is the maximum of |εr Ex | over
all snapshots.

suggesting that the optimum gap height is, probably, close
to h = w/2.

An interesting attribute in the FD description of LW is
the field’s “improper” character (its exponential increase away
from the interface, up until the “shadow boundary”). Capturing
the field’s “improper” character via TD, causal study is an
intriguing topic of future research, and field buildup exper-
iments as those reported in Fig. 15 may give clues on the
physical mechanism behind this unusual behavior.

Similar numerical experiments were conducted for the trans-
verse propagation in the y = 0 plane. The aggregation of
four pulse responses is illustrated in Fig. 16, with the pulse
repetition being deliberately halved for examining possible
frequency-induced effects. The critical angles θc and θc;L are
again given for reference. These graphs illustrate a similar
division of the field distribution into circular, BWs-type, and
laminar-type zones. The limits of the laminar propagation
regions were marked as “LW simulated,” those lines being
again close to θc;L, although they tend to lean away from
the z-axis as h increases. No frequency-induced effects were
noticed. Corroborating the information in Fig. 16 with that
following from Fig. 15 conclusively shows that the BWs-type
propagation will be confined to an elliptical region and, thus,
will be highly propitious for illuminating a lens.

V. PRACTICAL IMPACT OF THE SIMULATION RESULTS

As stated in Section I, LW antennas are currently stud-
ied and designed exclusively in the FD, this requiring an

Fig. 14. Field distribution in the y = 0 plane, for h = 1.5 mm, at two
instants: (a) t = 10 ps and (b) t = 40 ps. |εr Ex |max is the maximum of
|εr Ex | over all snapshots.

Fig. 15. Aggregate field in the x = 0 plane, combining the effect of four
pulses spaced at 20 ps. The gap height is (a) h = 0.5 mm and (b) h = 1 mm.
|εr Ex |max is the maximum of |εr Ex | over all snapshots.

established steady-state TH operation. However, the current
trend toward higher data rates and increasingly sophisticated
modulations constantly compress the interval of validity of the
steady-state, TH assumption. The results of this article allow
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Fig. 16. Aggregate field in the y = 0 plane, combining the effect of four
pulses spaced at 10 ps. The gap height is (a) h = 0.5 mm and (b) h = 1 mm.
|εr Ex |max is the maximum of |εr Ex | over all snapshots. Point A in Fig. 1 is
shown in (a) for reference.

understanding the transient EM effects after the steady-state
was interrupted and predicting the behavior of the LW anten-
nas during the transition to a new steady state.

The performed fully numerical analysis can intrinsically
yield total fields, only. At this point, it is observed that
FD analysis may allow distinguishing between different field
constituents, as demonstrated in [11], [12], [25], [26], and [27].
In the realm of TD formulations, the Cagniard–de Hoop tech-
nique [28] provides the analytic instruments for distinguishing
between HWs and BWs. Although these constituents never
occur simultaneously for the same ray, the conjunction of all
rays propagating within a finite time window offers structural
information on the radiated field at any location and instant.
By separating the EM field into constituents (either via FD
instruments or via ray decomposition), it becomes possible
to optimize separately the features of the radiating structures
that, in turn, yields additional design degrees of freedom.
Alternatively, the total field estimation is equally relevant—
for example, the total field at given reference planes can be
further propagated through overlay structures, as habitually
done in the design of lens antennas. Whichever of the two
paths (component decomposition versus total field calculation)
is more effective depends, eventually, on the design problem.

To conclude with, a purely computational observation must
also be made. During constructing the field snapshots, it was
noticed that significant field values were recorded in the FIT

data beyond the limit where the EM wave should arrive at the
snapshots’ timing. While finite-difference, TD (and, implicitly,
FIT) solutions can be, potentially, affected by supraluminal
artifacts caused by grid dispersion [29], [30], [31], such effects
are extremely unlikely in the present experiments due to the
employed mesh density. Consequently, the observed spurious
values may originate from either one of the following: 1) the
cell size (0.5 mm in the y-direction along the slot) in combina-
tion with the interpolation at intermediate locations; 2) small
deviations in the selection of the frame for which the FIT code
generates the plot data; and 3) specific choices in the FIT
marching-on-in-time implementation. The entailed inconsis-
tencies translate into the actual timing of the retrieved datasets
being affected by some degree of uncertainty, definitely at the
sub-ps-level demanded by this study. These inconsistencies
have a twofold negative effect: 1) They may lead to visible
discrepancies between theoretically predicted and observed
features in zoomed-in plots; to circumvent suchlike discrep-
ancies, the theoretical wavefronts were consistently aligned
to the simulated ones and 2) they may result in jitter-type
errors when combining data for assembling the response to
pulse trains. This type of error was deemed acceptable for
the (preliminary) studies reported in this article, but can
become a matter of concern when an extremely accurate
combination of sequences is aimed at. Methods for improving
the accuracy of the timing of the retrieved datasets are under
investigation.

VI. CONCLUSION

Weakly dispersive, LW configurations encountered in LW
antennas were subject to a causal, TD, numerical investigation.
First, some important analytical results were conclusively
validated by examining the radiation from a gap-fed slot in
a PEC sheet at a plane dielectric–free-space interface. The
first result was demonstrating the EM field enhancement along
a direction that coincided with the structure’s LW critical
angle calculated in [16]. In a second phase, a similar con-
figuration, with the dielectric being slightly elevated above
the PEC, was examined in view of generating insight in the
TD operation of LLAs. In this respect, typical FD features
of the radiated EM field could be recognized in pulsed-field
snapshots. The experiments revealed a field partition into a
laminar, conical-wave-type zone at the wave’s forefront and
a spherical-waves-type zone above the feeding gap, separated
via a narrow, abrupt transition. Remarkably, the limit of the
conical-wave-type zone was, practically, at the LW critical
angle. Moreover, a clear field enhancement was evidenced in
the transition zone, the direction along which this enhancement
manifested itself coming closer to the normal to the interface
for increasing dielectric-to-PEC spacing. This behavior could
be put in correspondence with the so-called shadow boundary
inferred via FD instruments, thus giving additional, this time,
TD arguments for the crucial role of the air gap in the
operation of LLAs. To conclude with, studying the response
to trains of equally spaced pulses laid the first steps toward
building a conceptual bridge between the TD and FD models
of the LW radiation.
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