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Abstract—This paper presents a new microwave device—a non-
radiative dielectric (NRD) waveguide with a dielectric pseudochi-
ral 
-slab—the
-NRD waveguide. A rigorous full-wave analysis
is presented and the modal equations for the longitudinal-section
magnetic (LSM) and longitudinal-section electric (LSE) modes
are derived. The dispersion curves and operational diagrams for
the first hybrid LSM modes are presented. The effect of the pseu-
dochiral 
-medium is discussed. New interesting modal features
are revealed, showing that the propagation characteristics may
differ considerably from the common isotropic case.

Index Terms—Modal analysis, nonradiative dielectric wave-
guide, 
-media, pseudochiral.

I. INTRODUCTION

PSEUDOCHIRAL -media have recently generated (due
to their new electromagnetic characteristics) considerable

attention in the literature [1]-[6]. The applications of the
pseudochiral or -medium in the microwave and millimeter-
wave regimes have prompted a renewed interest over the last
years. This new type of complex medium, which is nonchiral,
can be obtained by doping a host isotropic medium with

-shaped conducting microstructures where both the loop and
stamps lie in the same plane. As a result, the electric field
induces not only electric, but also magnetic polarizations.

The field displacement phenomena occurring in pseudochi-
ral -media has been reported in [6] and electromagnetic-wave
interaction with pseudochiral materials has suggested several
new applications such as a reciprocal phase shifter [2].

On the other hand, the nonradiative dielectric (NRD)
waveguide technology is very promising for microwave
and millimeter-wave integrated circuits [7]–[12]. As is well
known, the NRD waveguide (using an isotropic dielectric)
was proposed to overcome the radiation losses at curved
sections and discontinuities of most dielectric waveguides.
It resembles the usually termed H-guide [13], but with the
parallel metal plates separated by a distance smaller than a
half-wavelength. In this way, the electromagnetic field cannot
propagate between them due to the cutoff condition. Therefore,
the suppression of undesirable radiation is achieved with the
advantage of a strong reduction in interference and radiation
problems in integrated circuits.
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Fig. 1. Geometry of an NRD waveguide with a pseudochiral
-slab—the

-NRD-guide. The surrounding medium is the air.

The devices which have been proposed so far with the
NRD technology use isotropic, ferrite [11], [14] or anisotropic
materials [15].

This paper, which is an extension of [16], addresses for
the first time the problem of electromagnetic-wave propaga-
tion in an NRD waveguide where the isotropic slab is re-
placed by a pseudochiral-medium slab—the -NRD wave-
guide. It is shown that this type of waveguide supports
longitudinal-section electric (LSE) and longitudinal-section
magnetic (LSM) hybrid modes. In this paper, the modal
equations for the LSE and LSM modes are derived, and the dis-
persion curves and the corresponding operational diagrams are
presented. The effect of including-shaped microstructures
is analyzed, and new interesting modal features are revealed,
showing that the propagation characteristics may considerably
differ from the common isotropic case.

II. FIELD EQUATIONS

The structure proposed for consideration consists of a pseu-
dochiral rectangular -strip located between two parallel metal
plates, as depicted in Fig. 1. The electromagnetic properties
of the pseudochiral -medium are better represented by the
following constitutive relations [1]:

(1a)

(1b)

However, by introducing a normalized magnetic field
along with normalized electric displacement and normal-
ized magnetic flux density —all with electric-field dimen-
sions—such that

(2a)
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Fig. 2. Uniaxial pseudochiral
-medium—spatial orientation of the two
ensembles of
-shaped conducting microstructures in the hosting isotropic
material.

(2b)

(2c)

with , the constitutive relations (1) can be
rewritten as in [19] and [20], i.e.,

(3a)

(3b)

where , , , and are dimensionless constitutive tensors,
which obey the following relations:

(4a)

(4b)

(4c)

(4d)

Using normalized distances marked with primes (e.g.,
, , with ) and assuming

time-harmonic field variation of the form , then from
Maxwell’s curl equations for source-free regions together with
(3), one may write

(5a)

(5b)

where .
Hereafter, we only consider the particular case of a pseu-

dochiral medium where two sets of-shaped microstructures
with different orientations are included in the host isotropic
medium. The relative orientation of these two ensembles is
depicted in Fig. 2.

For this geometry, the relative electric permittivity and
relative magnetic permeability tensors have the following
uniaxial form:

(6a)

(6b)

Moreover, the dimensionless magnetoelectric tensorsand
have the following dyadic representation [18]:

(7a)

(7b)

where is a pseudochiral dimensionless coefficient which is
related with the pseudochiral admittance [1] according to
the following expression:

(8)

In accordance with Fig. 2, one always has . For ,
the structures of Fig. 2 should be drawn turned around.

Therefore, the pseudochiral medium has no preferred direc-
tion in the – plane. Such a medium can be termeduniaxial

-medium [17], [18] since there exists only one particu-
lar direction—normal to the interfaces—i.e., the-direction.
Moreover, since one has , the pseudochiral uniaxial

-medium is reciprocal, as was expected.
Considering forward plane-wave propagation of the form

, where is the normalized longitudinal
wavenumber, one has

(9)

where stands for and for . After substitut-
ing (6) and (7) into Maxwell’s equations (5), one obtains (for
the field in the pseudochiral slab) the following relations:

(10a)

(10b)

(10c)

and

(11a)

(11b)

(11c)

respectively.
It can be easily shown that for this type of geometry and

with these constitutive relations, the-NRD waveguide only
supports LSE (i.e., with ) and LSM (i.e., with )
hybrid modes. In fact, as is well known, in the case of a
uniaxial -slab with the same configuration, the guided modes
are pure TE and TM modes [17], [18]. Moreover, the perfectly
conducting planes to be located at , will not affect the

-directed field components. Hence, from (10) and (11), one
can see that there is no coupling between and field
components.

Therefore, for the LSM modes (former TM modes), taking
in (10) and (11) and choosing as the supporting

field component, the following differential equation can be
easily derived:

(12)
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Moreover, taking in (11), all the other field
components can be expressed in terms of the supporting field
component according to

(13a)

(13b)

(13c)

(13d)

On the other hand, for the LSE modes (former TE modes),
taking in (10) and (11) and choosing as the
supporting field component, the following differential equation
is derived instead:

(14)

In this case, all the other field components can be expressed
in terms of , by taking in (10)

(15a)

(15b)

(15c)

(15d)

III. M ODAL EQUATIONS

As is well known from the isotropic case, the LSM
mode is the most interesting mode for applications due to
its monotonous decrease in wall attenuation with frequency.
However, for the new pseudochiral structure, we will also
proceed to the analysis of modes.

Starting with the modes, one may express as a
product of two separate-variable functions in the form

(16)

such that

(17a)

(17b)

with and , and substituting back
into (13), the following relations between the normalized
wavenumbers can be obtained:

(18)

(19)

One has for while for , one should
take with . According to the boundary
conditions on the perfectly electric conductor planes, i.e.,

(20a)

(20b)

one may write

(21)

where

(22)

with . The index gives the number of half-
waves along . All the NRD waveguide components usually
preserve the vertical symmetry, so that, in general, a
-dependence may be assumed.
Equations (13c) and (13d) show that the electric-field com-

ponents and are asymmetric with respect to the ge-
ometrical symmetry plane of the waveguide—i.e., .
Therefore, one should write

(23)
In order to obtain the modal equations, it is necessary to use
continuity conditions at both planes . Enforcing the
boundary conditions at , one obtains, according to
(13b) and (13d)

(24a)

(24b)

Hence, the modal equation for the LSM hybrid modes can be
easily derived

(25)

For the LSE hybrid modes, a similar derivation could be
done. However, for the boundary conditions at ,
instead of (24), the following relations apply:

(26a)

(26b)

leading to a dual modal equation for the LSE modes

(27)

However, in this case, the normalized transverse wavenumber
in the slab, i.e., , should be given by

(28)

instead of (18).
The boundary conditions (24) and (26) once again show that

there is no coupling between the LSE and LSM hybrid modes,
since (24) and (26) can be satisfied by each one of these type
of modes independently.

One should stress that when the pseudochiral effect van-
ishes, i.e., when , (25) and (27) become a product of two
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Fig. 3. Operational diagram for theLSM01 andLSE01 hybrid modes of a

-NRD waveguide with"k =2, "? = 3, �k = 1, �? = 2, and
 = 1:

elementary modal equations. Henceforth, in that case, the even
and odd LSE and LSM modes appear in the waveguide—i.e.,
the plane becomes a symmetry plane.

Finally, the index (with ) appearing in
the descriptors and gives the order of the
eigensolution in (25) and (27).

IV. NUMERICAL RESULTS

The numerical results presented in this section were ob-
tained by solving modal equations (25) and (27) together with
(18) and (19). Since this waveguide is asemi-openstructure,
the cutoff can be determined either by the closed-waveguide
cutoff condition (NRD-guide regime), i.e., , or by
the open-waveguide cutoff condition (H-guide regime), i.e.,

, depending on the value.
In this example and for the sake of numerical application,

a pseudochiral -slab with , , , ,
and with arbitrary pseudochiral parameter is considered.
In fact, if one inserts -inclusions uniaxially (as described in
Fig. 2) into an isotropic host medium, there will be an increase
in the permittivity and permeability in the lateral directions
[18]. It thus follows that and .

An accurate choice of the geometrical and physical param-
eters of the waveguide, such as the dielectric strip height
and width as well as the permittivity and permeability of
the dielectric is required in order to optimize the transmis-
sion characteristics of the NRD waveguide. The operational
diagrams are usually employed for that purpose [7].

Therefore, Fig. 3 shows the operational diagram for the first
LSM and LSE hybrid modes when . One should note
that there is a crossing point between the two curves. This
shows that, in fact, there is no coupling between the two types
of modes. Moreover, only for some values of the parameter

, the mode is the fundamental mode.

Fig. 4. Variation of the cutoff parameterl=�c with 
 for the first LSM
modes of an
-NRD waveguide with"k = 2, "? = 3, �k = 1, �? = 2,
and b=� = 0:4:

The variation of the cutoff parameter with the pseu-
dochiral parameter for the first modes is shown in
Fig. 4 for . Hence, in this case, the cutoff of each
mode is determined by the closed waveguide cutoff condition
(i.e., ). The vertical dashed line corresponds to ,
and sets a limiting value for above which there is no guided
wave propagation

(29)

where is given by (21) with .
The variation of the cutoff parameter with is

depicted in Fig. 5 for the same modes considered in Fig. 4.
In this case, the form factor is . The thin line
corresponds to an under-limiting value for , which is
reached whenever . This value is given by

(30)

and was obtained by making in (17) when . Above
, the cutoff is determined by the open waveguide

mechanism (i.e., ), and the vertical thin line corresponds
to the following maximum value for :

(31)

This value was now obtained by making in (17) and
taking .

The operational diagram for the -NRD waveguide is
depicted in Fig. 6 for several values of the pseudochiral
parameter. Above the radiation-suppression condition (i.e., for

), all the curves are independent from . The
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Fig. 5. Variation of the cutoff parameterb=�c with 
 for the first prop-
agating LSM modes of an
-NRD waveguide with"k = 2, "? = 3,
�k = 1; �? = 2, and b=� = 1:2.

Fig. 6. Operational diagram for the first propagating LSM modes of an

-NRD waveguide with"k = 2, "? = 3, �k = 1, and�? = 2 for several
values of
. The thinner line corresponds to the nonpseudochiral case.

thinner line represents the nonpseudochiral case, i.e., ,
when the medium simply becomes uniaxial anisotropic.

If the LSE modes are not taken into account, the bandwidth
for single-mode operation in the-NRD waveguide is limited
below by the -mode cutoff, and above by either the

-mode cutoff or the radiation-suppression condition
( ). As one can see, even with the inclusion of-
shaped microstructures, the fundamental mode is the
only mode that has no cutoff frequency for . All the
other modes suffer an increase of their cutoff frequency due
to the pseudochirality. Therefore, under certain circumstances,

Fig. 7. Variation of the longitudinal wavenumber� with l=� for the first
propagating LSM modes of the
-NRD waveguide of Fig. 4. The thick lines
correspond to
 = 1:0, while the thin lines correspond to the nonpseudochiral
case.

the bandwidth for single-mode operation (defined in accor-
dance with [7]) may be increased by the use of a pseudochiral

-slab.
In Fig. 7, the variation of the longitudinal wavenumber

with is depicted for and . The thin lines
again correspond to the nonpseudochiral case. In the high-
frequency regime (i.e., when ), one has .
Hence, from (17), the longitudinal wavenumber converges to
its maximum value

(32)

One should note that due to an increased value of the cutoff
parameter for the mode, the range for monomodal
operation is increased compared to the nonpseudochiral case,
thus allowing a larger bandwidth for single-mode operation.

The variation of the longitudinal wavenumberwith is
shown in Fig. 8, where and were taken. The
upper thin line corresponds to the loci, i.e., whenever

. In that case, where will assume the same value
as in (32). On the other hand, the lower thin line is related to
the open-waveguidecutoff condition , in which

(33)

In this case, near cutoff, only the first mode, i.e., the
mode, behaves like aclosed-waveguidemode.

Finally, Fig. 9 shows the variation of with for
and . One should note that for any LSM mode,

there is an upper bound for the magnitude of the pseudochiral
parameter , beyond which the mode is at cutoff.
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Fig. 8. Variation of the longitudinal wavenumber� with b=� for LSM modes
of an
-NRD waveguide, with"k = 2, "? = 3, �k = 1, and�? = 2 when
b=� = 4:0 and
 = 1:0.

Fig. 9. Variation of the longitudinal wavenumber� with 
 for the first
propagating LSM modes of the
-NRD waveguide of Fig. 4 whenl=� = 0:5.

V. CONCLUSIONS

In this paper, we have presented a new microwave device: a
pseudochiral NRD waveguide, i.e., an NRD waveguide where
the usual isotropic slab is replaced by a uniaxial pseudochiral

-slab. It was proven that this waveguide supports uncoupled
LSE and LSM hybrid modes.

After developing a rigorous full-wave analysis and deriving
the modal equations for both LSE and LSM hybrid modes, we
focused our attention on the LSM modes. In fact, the is
the most promising mode from the point of view of practical
applications.

As this pseudochiral waveguide is a semi-open structure,
the cutoff of a given mode can be determined—depending on
the value—either by a closed-waveguide or by an open-
waveguide cutoff condition. In the NRD mode of operation
(since the distance between the metal plates is less then half a
wavelength), the cutoff is determined by the closed-waveguide
condition. Dispersion curves as well as operational diagrams
were shown for the first LSM propagating modes.

In particular, we have shown that due to the inclusion of
-shaped conducting microstructures into the isotropic host

medium, new propagation features can be exploited. Namely
that, for any LSM mode, there is a bound for the magnitude
of the pseudochiral parameter, beyond which the mode is
at cutoff. Moreover, there is an upper limit forabove which
there is no guided-wave propagation. Due to pseudochirality,
the bandwidth for single-mode operation can be increased. In
fact, whenever , with the inclusion of the -shaped
microstructures there is an increase in the cutoff frequency
of the higher order modes (mainly of the second mode, i.e.,

), while the fundamental mode keeps a null
cutoff frequency.
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