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Genealogy of Leaky, Surface, and Plasmonic Modes in Partially Open Waveguides
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The presence of a partially reflecting screen on top of a grounded dielectric slab strongly perturbs its
modal spectrum. The modes supported by such structures have been investigated in the literature for some
specific, yet relevant cases. Here, a comprehensive modal analysis is presented, which emphasizes the
inductive or capacitive nature of the partially reflecting sheet. The results of this analysis not only provide
a clear overview of a wide class of structures of relevance in applied electromagnetics, but also unveil the
presence of some useful propagating regimes so far barely explored.
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I. INTRODUCTION

In electromagnetics as in acoustics, systems exhibiting
parity-time symmetries [1,2] support symmetry-protected,
bounded-in-continuum states that allow for the propaga-
tion of localized, self-trapped modes [3]. The quest for
such topologically protected states has led to the discovery
of unique propagation regimes, such as soleakons [4], i.e.,
solitonlike solutions that interact with each other through
continuum (as leaky waves), line waves [5,6], i.e., the
one-dimensional version of surface plasmon polaritons,
topological edge modes [7], exceptional points of degen-
eracy [8], just to name but a few. In order to show these
properties, the structures usually exhibit peculiar sym-
metries, such as positive or negative nonlinearities [4],
non-Hermitian metasurfaces [5], perfect electrically and
magnetically conducting waveguides [7]. However, even
simpler structures such as planar metallic-dielectric ones
may support unusual propagation regimes.

Planar metallic-dielectric structures are the basic con-
stituents of several electromagnetic waveguiding and radi-
ating devices; in particular, the grounded dielectric slab,
Fig. 1(a) and the parallel-plate waveguide, Fig. 1(c) are
two canonical examples of open and closed structure [9,
10]. The modal spectra of these two configurations are well
known. Assuming lossless media, parallel-plate waveg-
uides support either guided waves, with a real wave num-
ber, or evanescent waves, with a purely imaginary wave
number. Grounded dielectric slabs, on the other hand, sup-
port either surface waves, with a real wave number, or
leaky waves, with a complex wave number that accounts
for radiation losses. As in any open waveguide, a further
classification can be based on the behavior of the modal
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fields at infinity in the transverse direction: if the Sommer-
feld radiation condition is satisfied, modes are said to be
proper, conversely they are improper; if the substrate is
an ordinary dielectric medium, then surface waves can be
either proper (i.e., bound to the substrate) or improper (i.e.,
unbounded), whereas leaky waves are always improper
(unless they are backward leaky waves).

When a partially reflecting sheet or screen is placed
on top of the grounded dielectric slab, thus obtaining a
loaded grounded dielectric slab [see Fig. 1(b)], plasmonic
waves may appear at the air-dielectric interface provid-
ing tightly confined propagation regimes, and leaky waves
may become weakly attenuated [10–12] providing highly
directive radiation regimes [13,14]. Therefore, the pres-
ence of a partially reflecting sheet on top of a grounded
dielectric slab strongly perturbs its modal spectrum and
in turn the fundamental electromagnetic properties of
the structure. Practical realizations of partially reflecting
screens can be, e.g., uniform dielectric superstrates with
high permittivity, distributed Bragg reflectors, or thin peri-
odic patterned metal sheets such as arrays of rectangular
patches or slots etched in a uniform metal plate [13]. It
is worthwhile to stress that, in the latter case, we con-
sider those patterns that are subwavelength and act as a
homogeneous, isotropic, metasurface [15]. Although the
results reported here apply even to more general cases,
the previous assumption allows us to describe the partially
reflecting screen with a single scalar impedance, thus pro-
viding a great simplification of the problem while keeping
sufficient generality.

The complex modal spectrum of grounded dielectric
slabs characterized by ferrite layers, anisotropic and bian-
isotropic materials, has also been widely investigated
[16,17], whereas the specific properties of leaky waves in
several classes of both open and closed planar structures
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(a) (b) (c)

FIG. 1. Cross section of the three reference structures consid-
ered here: (a) a grounded dielectric slab; (b) a grounded dielectric
slab loaded by a partially reflecting screen (PRS); (c) a parallel-
plate waveguide. The acronym PEC stands for perfect electric
conductor.

have been discussed in Refs. [18–20]. The modal spectrum
of the loaded grounded dielectric slab [see Fig. 1(b)] has
been investigated only for certain specific cases, e.g., in
Refs. [21–24] when the sheet is made of graphene, or in
Ref. [25] when a capacitive sheet is employed. Recently,
the effects of the justaxposition of an inductive sheet side
by side with a capacitive sheet revealed the existence of
line waves [5,6]. On the other hand, a comprehensive
and systematic study of the entire complex modal spec-
trum of a loaded grounded dielectric slab distinguishing
between the inductive and capacitive nature of the whole
partially reflecting sheet and the transverse electric (TE)
and transverse magnetic (TM) nature of surface, leaky, and
plasmonic waves is still lacking.

In this work, we show that even the introduction of a
simple partially reflecting sheet made, e.g., from a thin
periodic metal sheet [see Fig. 1(b)] in a grounded dielectric
slab gives rise to a number of intriguing physical phe-
nomena. In particular, it turns out that the inductive or
capacitive character of the partially reflecting sheet plays
a key role in determining the physical properties of the
complex modal spectrum.

An accurate characterization of the latter is crucial in
a number of applications in both physics and engineer-
ing. For instance, leaky modes are typically employed
for the design of traveling-wave radiators with frequency
scannable or shaped radiation patterns, operating at fre-
quencies from the microwave range to millimeter-wave,
terahertz, and optical ranges [13]. A more recent and pecu-
liar application of leaky modes is related to the realiza-
tion of resonant waveguides capable of focusing radiation
in the form of Bessel beams in the radiative near field
(see, e.g., Ref. [26]). The limited-diffraction, self-healing,
and (for higher-order) orbital angular momentum trans-
port properties of Bessel beams find application in various
contexts, spanning from micromanipulation of particles
and medical imaging in optical ranges [27–30], to wire-
less power and information transfer at lower frequencies
[25,31,32].

II. MODAL SPECTRUM OF OPEN AND CLOSED
WAVEGUIDES

An idea of the complexity of this perturbation can be
inferred from Fig. 2, where it is shown how the modal

FIG. 2. Genealogy of the modes supported by a grounded
dielectric slab (GDS) loaded by an inductive and capactive par-
tially reflecting screen or sheet (PRS). Dashed lines are used
for modes that no longer exist for the asymptotic cases Bs →
0, ∞. The following acronyms are used: parallel-plate waveg-
uide (PPW), surface wave (SW), leaky wave (LW), plasmonic
wave (PW), leaky plasmonic wave (LPW), guided wave (GW),
evanescent wave (EW). The asterisk “*” after “LW” is used
to highlight the nonphysical nature of such a leaky wave, as
commented in the text.

spectrum of a grounded dielectric slab turns in a different
way into that of a parallel-plate waveguide as the reflectiv-
ity of the partially reflecting sheet increases (moving from
left to right) to equate that of a perfect electric conductor
depending on whether a capacitive sheet (blue lines) or an
inductive sheet (red lines) is used.

The previous findings and other results are manifest
from a rigorous modal analysis of the structures. Without
loss of generality, in the following we consider the sub-
strate made of a lossless dielectric with refractive index
nr = 1.45 and a lossless partially reflecting sheet described
by a single, scalar, sheet susceptance Bs that fully char-
acterizes its electromagnetic properties (this description
proves to be accurate for a wide class of metallic sheet in
the homogenization limit, i.e., with subwavelength peri-
odic features [15]). The structure is supposed to be of
infinite extent in the transverse direction (y-z plane in
Fig. 1) and invariant along the y axis, thus the dispersion
equations can easily be derived from a standard applica-
tion of the field-matching technique [33] (a time-harmonic
dependence ej ωt is assumed):

(TE) : k̂x0 + j B̄s − j k̂xd cot(k0k̂xdh) = 0, (1a)

(TM) : k̂−1
x0 + j B̄s − jn2

r k̂−1
xd cot(k0k̂xdh) = 0, (1b)

where k̂x0 =
√

1 − k̂2
z and k̂xd =

√
n2

r − k̂2
z are the normal-

ized vertical wave number in vacuum and in the dielectric,
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respectively, and k̂z = β̂ − j α̂ is the normalized longi-
tudinal propagation wave number. The “bar” and the
“hat” refers to normalization with respect to the vacuum
impedance η0 � 120π �, and wave number k0 = 2π/λ (λ
being the vacuum wavelength), respectively.

We recall that the domain of the functions at the left-
hand sides of Eqs. (1a)–(1b) is a two-sheeted Riemann
surface, the proper Im{kx} < 0 and improper Im{kx} > 0
sheets being connected through the Sommerfeld branch
cuts Im{kx} = 0 [11]; we represent the trajectories of
proper modes (such as guided, evanescent, surface, and
plasmonic waves) with solid lines, and those of improper
modes (such as leaky waves) with dashed or dotted lines.
As is well known [33], in addition to the TE and TM
guided and evanescent waves, the parallel-plate waveguide
modal spectrum accounts for a nondispersive TEM guided
mode with k̂z = nr as a consequence of the nonconnected
topology of the structure.

The grounded dielectric slab and the parallel-plate
waveguide can be obtained as asymptotic cases for
|B̄s| → 0 and |B̄s| → ∞, respectively. The thickness of
the dielectric slab is equal to h = λ0/2nr, where λ0 is
the vacuum wavelength at the reference frequency f0 (as
in Fabry–Perot-cavity structures), f0 being the cutoff fre-
quency of the first TM1 and TE1 guided modes’ degenerate
pair, i.e., the frequency at which β = 0 in the parallel-plate
waveguide.

The dispersion diagrams of the parallel-plate waveguide
modes in both the guided-wave and the evanescent-wave
regimes (along with those supported by the grounded
dielectric slab, as we soon comment) are obtained from
the well-known analytic formula k̂zn = nr

√
1 − (nf0/f )2,

n ∈ N and are reported in Video 1 as β̂ vs f̄ = f /f0
(left, guided waves in solid green lines), α̂ vs f̄ (center,
evanescent in dashed green lines), and as trajectories in the
complex k̂z plane (right, solid green lines).

On the other hand, a grounded dielectric slab supports
TE and TM surface waves that have an analytic (complex)

continuation below the surface-wave cutoff (i.e., the fre-
quency for which β = k0), commonly known as leaky
waves. These leaky waves possess a quadrantal symme-
try with respect to the origin of the complex kz plane
[11] (for lossless media), but we consider only the com-
plex conjugate pair with β̂ > 0: the improper, yet physical
(i.e., with α̂ > 0) solutions, labeled as LW in Fig. 2 and
reported with dashed lines, and the improper, nonphysi-
cal solutions (i.e., with α̂ < 0) labeled as LW∗ in Fig. 2
and reported with dotted lines. Exceptions to this symme-
try are the TM0 surface wave, which has no cutoff, and
hence no analytic continuation, and the TE1 surface wave
(as is customary [33], we index TM and TE surface waves
with an even or odd number, respectively), which only has
a real improper surface-wave mode. All higher-order TE
and TM surface waves have instead a pair of physical and
nonphysical leaky modes modes. With an abuse of nota-
tion, real improper surface-wave modes are still labeled as
LW∗ and thus reported with dotted lines as well.

The dispersion curves of TE2n+1 and TM2n, surface-
wave modes are obtained by solving for the roots of the
dispersion Eqs. (1a)–(1b) (see, e.g., Ref. [34]) and are
reported in Video 1 in solid blue and red lines, respectively,
whereas their analytical continuations, i.e., the physical
and nonphysical leaky-wave complex conjugate pair, are
reported in dashed and dotted lines for both the TE (in
blue) and TM (in red) cases.

We recall here the typical evolution of the leaky-wave
complex conjugate pair into surface-wave modes as the
frequency increases. As is known [16], the physical and
the nonphysical leaky modes coalesce at the splitting point
where they enter the so-called spectral gap: a frequency
region where the improper leaky complex conjugate pair
turns into a pair of improper surface waves characterized
by a purely real wave number. As the frequency increases,
one of these improper surface waves (the real improper
surface wave that we refer to as LW∗ and thus represent
with a dotted line) proceeds its trajectory over the improper
Riemann sheet, whereas the other one “jumps” through
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VIDEO 1. Dispersion diagrams of the modes supported by two canonical open and closed structures: the grounded dielectric slab
(GDS) and the parallel-plate waveguide (PPW), respectively. (Left) β̂ vs f̄ , (center) α̂ vs f̄ , and (right) Im{k̂z} vs Re{k̂z}. The acronyms
used in this figure are defined in the captions of Figs. 1 and 2.
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VIDEO 2. As in Video. 1, but for an inductivelike loaded GDS.

the branch points at ±k0 into the proper Riemann sheet
and gives rise to a proper surface wave as the frequency
goes beyond the corresponding surface wave cutoff. An
animation that shows the frequency evolution of the com-
plex modal spectra of the parallel-plate waveguide and
the grounded dielectric slab is available upon clicking on
Video 1. From this animation, one can better appreciate
the evolution of the entire complex modal spectrum of a
grounded dielectric slab and a parallel-plate waveguide. In
this regard it is also worth noting the pole crowding at k̂z =
nr, experienced by all surface-wave modes at frequencies
considerably above their cutoffs.

III. GENEALOGY OF THE MODES IN A
PARTIALLY OPEN WAVEGUIDE

At this point we can introduce the partially reflecting
sheet and see how the modal spectrum of a grounded
dielectric slab transitions into the modal spectrum of a
parallel-plate waveguide. We should distinguish the effects
of the inductive (B̄s < 0) or the capacitive nature (B̄s > 0)
of the sheet as well as the TE or the TM nature of the
modes. Therefore, we have four different cases that are
worth investigating separately. In all cases, the values pro-
vided for B̄s are referred to as the value assumed by the
normalized sheet susceptance at f̄ = 1; for f̄ �= 1, B̄s is
modeled with a capacitivelike or inductivelike dispersive

behavior depending on the sign of B̄s. As for Video 1,
an animation that shows the frequency evolution of the
complex modal spectra of these two structures is available
upon clicking on Videos 2 and 3 for the inductive and the
capacitive cases, respectively.

A. TM modes: inductive case

We start by analyzing the effects of an inductive sheet
with B̄s = −5 on the TM modes (see red curves in
Video 2). Different choices of the B̄s value would give dif-
ferent results, but would lead to the same conclusion; the
choice made here allows only for having a clear distinction
from the two asymptotic cases (viz., the grounded dielec-
tric slab and the parallel-plate waveguide). From Video 2
we see that the use of an inductive sheet introduces a
TM plasmonic wave that asymptotically converges to the
TEM guided mode of a parallel-plate waveguide as the
sheet turns into a perfect electric conductor. This effect
can be easily predicted from the approximate dispersion
equation of a TM plasmonic wave supported by an induc-
tive sheet, which reads k̂z = neff

√
1 + (2neff/B̄s)2, where

neff � √
(n2

r + 1)/2 is the effective refractive index. (Note
that the tight field confinement of plasmonic waves allows
for ignoring the presence of the ground plane, and thus
safely using the previous dispersion equation.) Therefore,
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VIDEO 3. As in Video. 1, but for a capacitivelike loaded GDS.
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if B̄s → −∞ then k̂z → neff, whereas, for B̄s → 0−, k̂z →
∞, hence the TM plasmonic wave becomes extremely
slow and eventually vanishes. The dispersion curve of
the plasmonic wave is represented with a thin solid red
curve with β̂ > nr as is manifest from Video 2 (left). From
Video 2 (left) we can also appreciate another effect of
the inductive sheet perturbation: the dispersion curves of
both the TM2n leaky waves and the TM2n−2 surface waves
“bend” towards higher frequencies to recover the disper-
sion curve of the parallel-plate waveguide TMn guided
and evanescent waves. More precisely, it is noted that, as
|Bs| increases, the cutoff frequencies of TM surface waves
remain fixed, but the leaky cutoff frequencies of TM leaky
waves blueshift, i.e., they increase. (We recall here that
leaky-wave cutoffs correspond to the condition β̂ = α̂.) As
a result, the spectral-gap region narrows and tends to disap-
pear as the sheet becomes a perfect electric conductor. The
contraction of the spectral gap as the sheet becomes more
reflective is also shown by TE modes in both the induc-
tive and the capacitive case, but not by TM modes in the
capacitive case as we soon comment.

B. TE modes: inductive case

In the TE case [see blue curves in Video 2 (left)], as
opposed to the TM case, the surface-wave cutoffs do not
remain fixed, but blueshift [cf. blue solid curves in Video 2
(left) with those in Video 1 (left)]: the net effect is that
TE leaky and surface waves experience a “rigid” trans-
lation towards higher frequencies as |Bs| increases. For
Bs → −∞, the TE2n−1, n ≥ 1 surface and leaky waves
asymptotically recover the parallel-plate waveguide TEn
guided and evanescent waves. Even more interestingly, a
TE1 leaky mode appears to reconstitute the TE1 physical
and nonphysical leaky complex conjugate pair (that in a
grounded dielectric slab is orphan of the physical leaky-
wave solution). Such TE1 physical leaky mode, for the
high value of Bs chosen here, becomes fast and thus can
profitably be used for radiation (as has been done, e.g.,
in Ref. [22]). As for the TM case, the spectral-gap region
narrows as |Bs| increases.

C. TM modes: capacitive case

We now analyze the effects of a capacitive sheet with
B̄s = 2, on the TM modes first (see red curves in Video 3).
In this case we do not have a plasmonic wave, but it is
the TM0 surface wave that asymptotically recovers the
TEM guided mode of the parallel-plate waveguide for
Bs → +∞. In general, and in contrast with the inductive
case, as |Bs| increases the TM surface-wave dispersion
curves “bend” towards lower frequencies, whereas the
leaky-wave cutoffs redshift, i.e., they decrease [cf. red
dashed curves in Video 3 (left) with those in Video 1
(left)]. Since the TM surface-wave cutoffs remain fixed,

the spectral-gap region stretches out as Bs → +∞ [(com-
pare the dashed red curves of Video 3 with those of Video
2)]. This is a remarkable aspect that distinguishes the
behavior of TE and TM modes in capacitivelike loaded
grounded dielectric slabs from that shown in inductive-
like loaded grounded dielectric slabs that we previously
commented. Moreover, the TM2n, n ≥ 1 surface waves and
TM2n+2 leaky waves asymptotically recover the parallel-
plate waveguide TMn guided and evanescent waves for
Bs → +∞. Evidently, the TM2 leaky wave vanishes for
Bs → +∞ since the fundamental parallel-plate waveguide
TEM mode has no cutoff, thus no analytic continuation. In
this regard, it is worthwhile to stress that for large values of
|Bs| the TM2 leaky-wave mode becomes a low-frequency
mode that is in fact profitably used to design radiat-
ing devices characterized by ultrasubwavelength substrate
thickness (see, e.g., Refs. [25,32,35]). This is a key feature
of TM modes in capacitivelike loaded grounded dielectric
slab: in other cases, it is never possible to have radiation
from the electrically thin-loaded grounded dielectric slab
using forward leaky-wave modes and a simple, isotropic
partially reflecting sheet.

D. TE modes: capacitive case

In the TE case (see blue curves in Video 3), both
surface- and leaky-wave cutoffs redshift [cf. blue curves in
Video 3 (left) with those in Video 1 (left)]. Consequently,
TE2n+1, n ≥ 1 surface waves and leaky waves asymptot-
ically recover parallel-plate waveguide TEn guided and
evanescent waves for Bs → +∞. Here, the “rigid” fre-
quency redshift of the modes narrows the spectral-gap
region as Bs → +∞, as it occurs for both TE and TM
modes in the inductive case. Specific attention is given
to the TE1 surface wave for which only an improper
real surface wave exists, not the entire leaky complex
complex conjugate pair is deserved. Indeed, a capacitive
sheet supports a TE plasmonic wave and since there is
no TE mode in a loaded grounded dielectric slab that
asymptotically converges to the TEM guided mode of a
parallel-plate waveguide, this TE plasmonic wave turns
into the TE1 surface wave for Bs → 0+. As for the TM
case, this effect can be easily predicted from the approx-
imate dispersion equation of TE plasmonic waves, which

reads k̂z =
√

n2
eff + (B̄s/2)2. In this case, there might exist

frequency ranges for which 1 < β̂ < nr, and even β̂ < 1.
In open structures, such TE plasmonic waves are said leaky
plasmonic waves as they may “leak” some energy into
the substrate or even radiate into space [20,36]. Interest-
ingly, this happens to be the case even in partially open
structures such as the grounded dielectric slab loaded with
a capacitive sheet considered here, where there exist, in
fact, narrow frequency ranges for which β̂ < 1 [its “leak-
age” into the β̂ < 1 region is also appreciable in Video 3
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(left)]. As opposed to the TM plasmonic wave, the TE
leaky plasmonic wave vanishes for B̄s → +∞, whereas
for B̄s → 0, it transitions into the TE surface wave. One
might be tempted to conclude that, in capacitivelike loaded
grounded dielectric slab, TE plasmonic wave and TE1 sur-
face waves are two sides of the same coin: the former
appearing for high B̄s, the latter appearing for low B̄s.

IV. CONCLUSION

To conclude, we see that although intriguing propagat-
ing regimes are currently being discovered by conceptu-
alizing more and more elaborated structures, or breaking
either geometrical or electromagnetic symmetries, a simple
planar metallic-dielectric structure with a single dielectric
layer and, e.g., a patterned metallic layer opens to a number
of unusual properties so far barely explored. TE leaky plas-
monic waves and low-frequency TM leaky-wave modes
are but two relevant examples. In the future, it would be
useful to extend such a systematic analysis and genealogy
of modes to more complicated three-dimensional struc-
tures, such as those supporting line waves [5], as well as
to nonidealities of the partially reflecting sheet (effects of
losses [37], tensorial formulations [38], etc.) and metama-
terials [39].
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