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Abstract—This paper describes the development of a rigorous
transmission-line matrix-based modal-extraction approach to ana-
lyze discontinuities in guided-wave structures in general, with par-
ticular attention to the nonradiative dielectric waveguide (NRD).
The motivation for this paper arose from the need to ascertain
the admittance of a slot in the ground plane of an NRD without
relying on experimental data. These data enabled one to design
an NRD-based slot array following the methodology of Malherbe,
Malherbe et al., and Ghoshet al.. Previous work in this area relied
on placing observation points sufficiently remote from the disconti-
nuity in order to ensure the decay of scattered evanescent modes to
appreciably low levels. The method discussed here obviates this re-
quirement and allows the evaluation of generalized scattering-ma-
trix coefficients arbitrarily close to the discontinuity, thus signif-
icantly reducing the computational overhead. Results pertaining
to discontinuities in the NRD and the rectangular waveguide have
been presented and shown to give good agreement with those in the
literature and with measurements. The perfectly matched layer has
been used as an absorbing boundary condition in our simulations.
Finally, the results have been verified using the power-conserva-
tion and Poynting’s theorems.

Index Terms—Discontinuities, modal extraction, NRD, PML,
TLM.

I. INTRODUCTION

T HE nonradiative dielectric waveguide (NRD) has been
recognized as an effective transmission medium for

millimeter waves because of its intrinsic low-loss nature
and its unique ability to suppress radiation from bends and
discontinuities due to the separation between its ground
planes being less than half a free-space wavelength. The
above properties of the NRD have made it possible to develop
NRD-based components with extremely low-loss, reduced
interference, easy integrability with active devices, and ease of
manufacture with increased mechanical tolerances, especially
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in the millimeter-wave range. Time-domain methods like the
transmission-line matrix (TLM) are particularly suited for
the analysis of NRD-based components and discontinuities
because of the inhomogeneity of the structure of the NRD guide
and the hybrid and complex nature of its modes. In this paper,
we describe the development and application of a rigorous and
efficient analytical tool based on the TLM algorithm similar to
the one used in conjunction with the finite-difference time-do-
main (FDTD) method in [4] for the analysis of discontinuities
in the NRD guide. Previous results obtained using the TLM
algorithm in the analysis of discontinuities in guided-wave
structures like the rectangular waveguide [5] required place-
ment of observation surfaces sufficiently remote from the
discontinuity to ensure the attenuation of evanescent waves
scattered from the discontinuity to an appreciable extent. Also,
results in [5] have been presented for the case where only the
dominant mode is above cutoff. The technique described in this
paper, i.e., the TLM-based modal-extraction approach, enables
the extraction of scattering-matrix parameters arbitrarily close
to the discontinuity, thus reducing the size of the computational
domain and simulation time. It also allows the evaluation of
the generalized scattering-matrix coefficients of all scattered
modes. Furthermore, the technique can be readily extended to
the investigation of discontinuities in any kind of guided-wave
structure. Results obtained using this tool for several types
of discontinuities in the NRD including the slot in the NRD
ground plane have been presented and verified with those in
the literature and with measurements. Good agreement has
been noticed for both. The latter results demonstrate that an
NRD-based slot array can be designed taking into account
mutual coupling using the methodology in [1]–[3] without
recourse to empirical data. Moreover, it was found that lateral
power flow through the edges of the NRD ground planes have
to be considered to validate our results using power-conser-
vation and Poynting’s theorems. Two types of discontinuities
in the rectangular waveguide have also been treated using our
approach. It was also found that the perfectly matched layer
(PML) had to be used as an absorbing boundary condition to
obtain adequate absorption levels for the cases under study. The
introduction of the PML obviates the need for precomputation
and large memory overheads involved in storing a time-domain
Green’s function, [6], [7] though the PML parameters have to
be properly chosen to avoid instabilities.

0018-9480/02$17.00 © 2002 IEEE
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Fig. 1. General configuration of the simulation space for the TLM analysis of
a discontinuity in a guided-wave structure.

II. THEORY

In this section, the formulation of the TLM-based modal-ex-
traction approach is discussed. The computational domain for
a discontinuity in a general guided-wave structure is shown in
Fig. 1. Electromagnetic waves, originating from the excitation
plane, propagate down the guided-wave structure and get scat-
tered from the discontinuity. The computational domain was ter-
minated by PMLs on either sides to reduce the reflection from
the boundaries down to extremely low levels. Observation sur-
faces and used to extract the modes incident and scat-
tered from the discontinuity can be located arbitrarily close to
the discontinuity.

The general expression of the transverse electric field in the
frequency domain - obtained from the TLM simula-
tion engine at any location in the guided-wave structure to the
left-hand side (incident) of the discontinuity is as shown in (1)
at the bottom of this page. In the above, and refer to
the amplitudes of the incident and reflected modes, while

refers to the amplitude of the reflected mode of order. It
may be noted that the incident mode might or might not be the
dominant mode for the guided-wave structure under considera-
tion. Also, denotes the propagation constant of the incident
mode, while denotes the propagation constant of the mode
of order . The function describes the transverse
variation of fields at any cross section in the guided-wave struc-
ture. The subscripts used in this notation, which are valid for the
rest of this paper, are explained as follows.

• Subscript “ ” can assume the values of “0” to “” where
“0” refers to the eigenvalue of the guided-wave structure
in the “ ” direction of the incident mode and “” to that
of the th higher order mode in the “” direction.

• Subscript “ ” can assume the values of “0” to “” where
“0” refers to the eigenvalue of the guided-wave structure
in the “ ” direction of the incident mode and “” to that
of the th higher order mode in the “” direction.

• Subscript “ ” can be either “ ” or “ ” and refers to the “”
or “ ” component of the field, respectively.

• Subscript “ ” can be either “” or “ ” and refers to the
electric or magnetic field components, respectively.

• Subscript “ ” can be either “” or “ ” and refers to a wave
traveling in the same direction as the incident or reflected
wave, respectively.

When (1) is evaluated at a surfaceat a location on the
left-hand side of the discontinuity, (2) is obtained, as shown at
the bottom of this page. The unknowns in (2),viz. , , and

’s, can be determined by applying the Lorentz reciprocity
theorem as described below. To determine and , a test
magnetic field on surface is defined as follows:

(3)

-

(1)

-

(2)
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In (3), the subscripts used in the notation are valid
throughout this paper and are explained as follows.

• Subscript “ ” denotes “test field.”
• Subscript “ ” can assume the values of “0” to “” where

“0” refers to the eigenvalue of the guided-wave structure
in the “ ” direction of the incident mode and “” refers
to that of the th higher order mode in the “” direction.

• Subscript “ ” can assume the values of “0” to “” where
“0” refers to the eigenvalue of the guided wave structure
in the “ ” direction of the incident mode and “” to that
of the th higher order mode in the “” direction.

• Subscript “ ” can be either “” or “ ” and refers to a wave
traveling in the same direction as the incident or reflected
wave, respectively.

The integral

-

is computed using (2) and (3). It can be observed that, because
of orthogonality, the only terms that remain on the right-hand
side are those involving and , yielding an equation of
the following form:

- (4)

Using the same technique on another surfaceat a location
, which might be located in close proximity to the sur-

face , another equation similar to (4), involving and
is obtained. Solving these two equations, the two unknowns
and can be determined. To determine , a test magnetic
field is defined on surface as follows:

(5)

The expression

-

is evaluated using (2) and (5), where, again, because of orthogo-
nality, a function involving only remains on the right-hand
side as follows:

- (6)

Equation (6) can be solved for .
A similar approach was used to determine the amplitudes of

the scattered modes on the right-hand side (transmitted) of the
discontinuity at the observation surface.

Some reduction in computation can be achieved while using
the above formulation to extract the scattered longitudinal sec-
tion electric (LSE) modes generated by discontinuities in the
NRD by using the transverse magnetic fields from the TLM
code. It is advantageous to use the transverse electric field as

Fig. 2. Guided-wave structure (front view) with observation surfacesS and
S terminated by PMLs on both sides.

the test field in this case, as the electric field of the LSE modes
lie entirely tangential to the air–dielectric interface.

III. RESULTS

A. Performance of the PML in the Rectangular Waveguide
and the NRD

The PML had to be used as an absorbing boundary condi-
tion in our simulations, as traditionally used boundary condi-
tions like the matched condition for normal incidence, which
has been proven effective in terminating TEM structures like the
microstrip, yielded a reflection coefficient only of the order of

5 dB when used for terminating non-TEM structures like the
rectangular waveguide or the NRD. The PMLs, implemented
in the manner suggested in [8] and [9], were chosen to have
a thickness of 30 cells, a geometric profile of conductivity of
geometric ratio 3.16, and a theoretical reflection coefficient of
0.01, and used in terminating both the rectangular waveguide
and the NRD in our simulations (Fig. 2). These PMLs are de-
noted by the notation (30-G3.16-0.01). The rectangular wave-
guide (cross section: 3.5574 mm7.1148 mm) and the NRD
(distance between the ground planes mm, width
of dielectric mm, and dielectric constant of dielec-
tric ) were excited with the dominant mode
and the mode, respectively. A spatial discretization ()
of 0.1078 mm was used for the case of the rectangular wave-
guide, while mm was used in the case of the NRD.
Fig. 3 shows the results for the reflection coefficient computed
using the modal-extraction approach, treating the PML on the
right-hand side as a discontinuity. It can be seen thatvalues
in excess of 50 dB can be obtained for the rectangular wave-
guide, as well as the NRD; thus demonstrating that the PML can
be used as an effective absorbing boundary condition in case of
both.

B. Discontinuities in the Rectangular Waveguide

Two types of discontinuities in the rectangular waveguide,
viz. a capacitive iris and a half-filled metal plate, are consid-
ered here [10]. For both cases, mm was used in
the simulations. For the 25–40-GHz frequency range under in-
vestigation, the dominant mode was the only propagating
mode in the rectangular waveguide.

1) Capacitive Iris in a Rectangular Waveguide:Fig. 4
shows the configuration of the iris of gapwidth mm
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(a)

(b)

Fig. 3. S versus frequency for a rectangular waveguide and NRD terminated
by PMLs on both sides. (a) Rectangular waveguide. (b) NRD.

in a 3.5574 mm 7.1148 mm rectangular waveguide and the
computational domain for determining its scattering-matrix
parameters using the modal-extraction approach. In order to
verify the technique, two sets of observation surfaces were
used on the left-hand side of the discontinuity. The local
observation surfaces,viz. observation surfaces 2 spaced
apart, were placed at a distance of ( ) from
the discontinuity, while remote observation surfaces,viz.
observation surfaces 1 also spaced apart, were placed
at a distance of ( ) from the discontinuity,
being the guide wavelength of the mode at the center
frequency of 32.50 GHz. (30-G3.16-0.01) PMLs were used
in the simulations. Fig. 5 shows good agreement between the
results of the magnitude and phase of the reflection coefficient
at the local and remote observation surfaces. However, a
difference can be noted between the TLM simulation results

Fig. 4. Computational domain (front view) for extraction of scattering-matrix
parameters in the case of a capacitive iris in a rectangular waveguide.

and the benchmark solution [11] in Fig. 5(a). This difference
has been noted in [5], and can be attributed to the inability of
the TLM method to model the rapid spatial variation in the
field distribution in the vicinity of the singularity at the edge of
the iris [12]. As regards the difference between the TLM results
and the benchmark solution in the value of the phase of the
reflection coefficient [see Fig. 5(b)], a finer mesh was shown to
reduce the discrepancy between the two in [5].

In addition, checking was done for conservation of power for
the incident and scattered waves at the local observation sur-
faces [see Table I(a)]. A third observation surface,viz. observa-
tion surface 3 located from the discontinuity (Fig. 4), was
also used to extract the amplitude of the transmitted dominant
mode using the modal-extraction approach for this purpose. The
following notations have been used in this and all subsequent ta-
bles in this paper:

IPm incident power on the left-hand side of discon-
tinuity, computed using the modal-extraction
approach;

RPm reflected power on the left-hand side of discon-
tinuity, computed using the modal-extraction
approach;

TPm transmitted power on the right-hand side of dis-
continuity, computed using the modal-extraction
approach;

SPm total scattered power computed using the modal-
extraction approach ;

IPmnet net power flow on the left-hand side of discon-
tinuity, computed using the modal-extraction
approach;

IPtnet real part of net power flow on the left-hand side of
discontinuity, computed using Poynting’s theorem;

OPtnet real part of net power flow on the right-hand side of
discontinuity, computed using Poynting’s theorem;

LPt real part of net power flow through lateral sur-
face on the left-hand side (when looking forward
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(a)

(b)

Fig. 5. S versus frequency for a capacitive iris. TLMLC: TLM simulation
results at local observation surfaces. TLMRM: TLM simulation results at remote
observation surfaces. MARCUV: Benchmark solution from [11]. (a) Magnitude.
(b) Phase.

along the direction of propagation), computed using
Poynting’s theorem;

RPt real part of net power flow through lateral sur-
face on the right-hand side (when looking forward
along the direction of propagation), computed using
Poynting’s theorem;

Rrad real part of radiated power from the slot, computed
using Poynting’s theorem.

According to the theorem of conservation of power, the power
in the incident wave must equal the sum of the powers of all the
propagating modes in the scattered waves, which consists of the
reflected and transmitted waves in this case. Table I(a) shows
reasonable convergence in the results of this check.

An additional check was conducted by comparing the net
power flow using Poynting’s theorem [13] with those computed

TABLE I
VERIFICATION OF POWER CONSERVATION IN THE CASE OF A CAPACITIVE IRIS

IN A RECTANGULAR WAVEGUIDE. (a) CONSERVATION FORINCIDENT AND

SCATTERED POWERSUSING ONLY MODAL-EXTRACTION APPROACH.
(b) COMPARISON OFNET POWER FLOW ON THE LEFT-HAND SIDE

OF DISCONTINUITY COMPUTED USING MODAL-EXTRACTION

APPROACH ANDPOYNTING’S THEOREM

(a)

(b)

using the modal-extraction approach at the local observation
surface on the left-hand side of the discontinuity [see Table I(b)].
The computations using Poynting’s theorem were performed by
using the fields as directly output by the TLM simulation en-
gine at the observation surface. It is again seen that a reason-
able agreement exists between the modal-extraction approach
and Poynting’s theorem.

In order to compare the computing resources needed for the
modal-extraction approach with those required in a standard
TLM simulation, the simulation parameters for both have been
shown in Table II. The simulations were run on a Sun Blade
1000 workstation with a 750-MHz UltraSPARC III CPU. The
computational domain in Fig. 4 was shrunk by along
the -axis by removing observation surfaces 1 and the region
between the observation surfaces 1 and observation surfaces 2
while evaluating the TLM-based modal-extraction approach.
Table II shows that a considerable improvement in CPU times
can be achieved using the modal-extraction approach. For all
other simulations discussed in this paper, only observation sur-
faces located close to the discontinuity were used for extracting
modal amplitudes of the incident and scattered modes.

2) Half-Filled Metal Plate in a Rectangular Waveguide:In
this section, power-conservation results with the iris in the pre-
vious section replaced with a half-filled metal plate in the rect-
angular waveguide has been presented. The computational do-
main shown in Fig. 4, which was used in the case of the iris in the
rectangular waveguide, was used again in this case without the
observation surfaces 1 and region between observation surfaces
1 and observation surfaces 2. Thus, on the left-hand side of the
discontinuity, two observation surfaces spaced apart were
placed ( ) from the discontinuity, being the
guide wavelength at 32.50 GHz. The observation surface on the
right-hand side of the discontinuity was also placed from
the discontinuity.
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TABLE II
COMPARISON OF THEMESHSIZE, NUMBER OFTIME STEPS ANDCPU TIMES FOR THETLM-BASED MODAL-EXTRACTION APPROACHWITH STANDARD TLM

TABLE III
VERIFICATION OF POWER CONSERVATION IN THE CASE OF A HALF-FILLED

METAL PLATE IN A RECTANGULAR WAVEGUIDE. (a) CONSERVATION FOR

INCIDENT AND SCATTERED POWERSUSING ONLY MODAL-EXTRACTION

APPROACH. (b) COMPARISON OFNET POWER FLOW ON THE LEFT-HAND

SIDE OF DISCONTINUITY COMPUTED USING MODAL-EXTRACTION

APPROACH ANDPOYNTING’S THEOREM

(a)

(b)

Results involving conservation of power for the incident and
scattered waves in the case of the half-filled metal plate discon-
tinuity ( mm) in a 3.5574 mm 7.1148 mm rectan-
gular waveguide are discussed in Table III(a). It can be seen that
the convergence is not as good as results in case of the iris dis-
continuity in Table I(a). Table III(b) in this case, corresponding
to Table I(b) in the case of the iris discontinuity and computed
at the same observation surfaces as in Table III(a) also shows
that the convergence of results in case of the iris discontinuity
are better as regards net power flow on the left-hand side of the
discontinuity.

C. Discontinuities in the NRD

In the following section, several discontinuities in the NRD,
including the NRD slot, have been characterized using the
modal-extraction approach [14]. The NRD ground plane width
was chosen large enough so that the field amplitudes at the
edges of the ground plane were down to negligible levels for the
incident mode and all scattered modes. The matched condition
for a normal incidence absorbing boundary condition was used
at the edges of the ground planes and PMLs were used at either
ends of the NRD. However, lateral power flow through the
edges of the ground plane of the NRD in a direction normal
to the air–dielectric interface was noticed for these cases, as

Fig. 6. Configuration of a slot in the NRD ground plane (side view on top, top
view at the bottom).

Fig. 7. S versus frequency for a slot in the NRD ground plane
computed using the modal-extraction approach (TLM) and comparison with
measurements (MEAS).

shown in Fig. 6. This sideways leakage of power could possibly
be due to the distance between the NRD ground planes being
more than half a free-space wavelength at the frequency range
under investigation. Coupling between higher order modes like
the with the equivalent slab mode, as discussed in [15]
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TABLE IV
VERIFICATION OF POWER CONSERVATION IN THE CASE OF A SLOT IN THE NRD GROUND PLANE. (a) CONSERVATION FORINCIDENT AND SCATTERED POWERS

COMPUTED AT OBSERVATION SURFACESLOCATED AT DISTANCES OF� =2:78 FROM THE DISCONTINUITY. (b) CONSERVATION FORINCIDENT

AND SCATTERED POWERSCOMPUTED AT OBSERVATION SURFACESLOCATED AT DISTANCES OF2:57� FROM THE DISCONTINUITY.
(c) CONSERVATION FORINCIDENT AND SCATTERED POWERS COMPUTED AT OBSERVATION SURFACES LOCATED AT

DISTANCES OF� =2:78 FROM THE DISCONTINUITY USING ONLY POYNTING’S THEOREM

(a)

(b)

(c)

and [16], could also probably be another cause of this power
leakage.

1) Slot in the NRD Ground Plane:Fig. 6 shows the config-
uration of the slot in the NRD ground plane. The NRD (

mm, mm, ) was excited with the
mode. (30-G3.16-0.01) PMLs were used to terminate

the NRD on either side and (30-G2.15-0.01) PMLs were used
as absorbing boundaries in the air region above the slot.

mm was used in the simulation. Fig. 7 shows the results
for extraction of the reflection coefficient of the mode
from the slot (slot length mm, slot width

mm) at observation surfaces spaced apart and located
( ) from the discontinuity using the modal-ex-

traction approach and comparison with measurements,being
the guide wavelength of the mode at the center fre-
quency of 11 GHz. Two different slot inclination angles (

and ) were considered. It can be seen that the
simulation results agree with measurements reasonably well.

These results were checked for conservation of power, which
implies that the incident power in the mode must be
equal to powers in the reflected and transmitted waves in all
the propagating modes plus the real part of the radiated power
through the slot. For the frequency range under consideration,
the propagating modes were the , , and .

Table IV(a) shows the conservation of power for the
slot ( mm, mm, ) in the

NRD ( mm, mm, ) ground
plane in which the modal-extraction approach has been used
to compute the incident and scattered powers from the slot
and Poynting’s theorem to compute the lateral power flow
and radiated power. For this case, the modal amplitudes of the
incident and scattered waves in the modal-extraction approach
have been evaluated at observation surfaces located at distances
of from the slot. Large discrepancies can be noticed,
especially at lower frequencies, which might be caused due
to not considering the complete lateral power flow through
the edges of the NRD ground planes. To verify this, the net
power flow at several surfaces on the incident and transmitted
sides located at varying distances from the slot were computed
using the modal-extraction approach and Poynting’s theorem
and the results compared. Fig. 8 shows the convergence of the
two approaches as the observation surfaces move further from
the slot. It can be seen that the results using the two methods
approach close to each other with increasing distance of the
observation surfaces from the slot. Table IV(b) also shows
the results for the power conservation when the observation
surfaces were placed ( ) from the slot. The
convergence is now seen to be better than in Table IV(a), as the
complete lateral power flow has been taken into consideration.

Table IV(c) shows the results when the Poynting’s theorem
was used to verify conservation of power for the NRD slot using
observation surfaces at from the slot, taking into ac-
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Fig. 8. Convergence between the modal-extraction approach and Poynting’s
theorem in the computation of net power flow in the case of an NRD slot.
X: Maximum percent difference between the modal-extraction approach and
Poynting’s theorem over 10–12 GHz at the spatial location of the abscissa. INC:
Incident side of discontinuity. TRANS: Transmitted side of discontinuity.

Fig. 9. Configuration of the gap discontinuity in the NRD with gapwidthd
(side and top view).

count the lateral power flow. In this case, power conservation
can be checked by verifying that the net power flow on the
left-hand side of the discontinuity equals the sum of the net
power flow on the right-hand side together with the lateral power
flows and the radiated power. It can be seen that a good degree
of convergence was achieved, as expected, as energy cannot be
lost in the TLM mesh.

2) Gap Discontinuity in NRD:The next type of disconti-
nuity in the NRD examined, called the gap discontinuity, con-
sists of an air gap in the NRD dielectric (shown in Fig. 9). An
NRD with the same geometrical and physical parameters and
operating in the same frequency range as in Section III-C-1 has
been used in this case with the gapwidth mm. Thus,
the only modes above cutoff are the , , and .

mm was also used in this case. Lateral power flow
also in the case of this discontinuity is apparent upon examina-
tion of Table V(a) and (b) with observation surfaces located at
distances of ( ) to the left-hand side and
( ) to the right-hand side of the discontinuity, being the
guide wavelength of the mode at 11 GHz. Table V(a)
verifies power conservation using Poynting’s theorem only, but
without taking into account lateral power flow. It is seen that
the effect of leakage manifests in the increasing difference be-
tween the net power flows on the incident and transmitted sides

TABLE V
VERIFICATION OF POWER CONSERVATION IN THE CASE OF A GAP

DISCONTINUITY IN THE NRD. (a) CONSERVATION FORINCIDENT AND

SCATTERED POWERSUSING ONLY POYNTING’S THEOREM, WITHOUT

TAKING INTO ACCOUNT LATERAL POWER FLOW. (b) CONSERVATION FOR

INCIDENT AND SCATTERED POWERSUSING ONLY POYNTING’S THEOREM,
TAKING INTO ACCOUNT LATERAL POWER FLOW

(a)

(b)

Fig. 10. Configuration of the offset gap discontinuity in the NRD with
gapwidth “d” and offset “w” (side and top view). For this geometry,w = b.

of the gap discontinuity at higher frequencies, which should oth-
erwise be equal by the power-conservation theorem, differing
by as much as 4.29% at 12 GHz. However, Table V(b) shows
that when the lateral power flow is added to the scattered power
on the transmitted side of the gap discontinuity, the sum closely
approaches the net power flow on the incident side of the dis-
continuity, as required by the power-conservation theorem.

3) Offset Gap Discontinuity in NRD:As a further check to
the modal-extraction approach, the technique was applied to
analyze an offset gap discontinuity in the NRD, as shown in
Fig. 10. The results are shown in Fig. 11(a)–(d). For all these
cases, the NRD ( mm, mm, ) was
excited with the mode and the scattering-matrix param-
eters computed both for the reflected and transmitted
and the modes. mm was chosen for the sim-
ulations. In these figures, the following notation has been used.

• denotes the reflection coefficient of the
mode.

• denotes the reflection coefficient of the
mode.

• denotes the transmission coefficient of the
mode.

• denotes the transmission coefficient of the
mode.
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(a) (b)

(c) (d)

Fig. 11. Variation of the magnitude of scattering parameters with frequency for offset gap discontinuity in the NRD. (a)jS j. (b) jS j. (c) jS j.
(d) jS j.

The offset “ ” was maintained to be the same as the width of
the NRD dielectric “” in all cases. Two different values for the
gapwidth “ ” were chosen in the TLM simulations:
and . The results from the TLM simulation (TLM)
have been compared to those obtained using the mode-matching
method (MODMCH) [17], the latter using and

, respectively. The gapwidth “” in the TLM simu-
lations had to be chosen slightly different from that used in the
mode-matching method due to the discretization in the TLM lat-
tice. For the case , two observation surfaces spaced

apart were placed at a distance of ( ) to the
left-hand side and another observation surface was also placed
at a distance of to the right-hand side of the discon-
tinuity, being the guide wavelength of the mode at
27.50 GHz. For the case , two observation surfaces
on the left-hand side spaced apart were located at a distance

of ( ) from the discontinuity and the observa-
tion surface on the right-hand side was placed at a distance of

( ) from the discontinuity. Good agreement can
be seen between the results using the TLM-based modal-extrac-
tion approach and the mode-matching method.

Table VI(a) and (b) presents power-conservation results for
the offset gap discontinuity ( mm, mm),
computed at the observation surfaces located at distances of

from the discontinuity. For the frequency range under
consideration, the only propagating modes are the ,

, and . At the highest frequency (29.5 GHz) under
consideration, the free-space wavelength is 10.17 mm.
The distance between the NRD ground planes being 5.00 mm
( ), the cutoff condition in the air region of the NRD is
maintained over the 25.5–29.5-GHz frequency range. Conse-
quently, less leakage occurs compared to the gap discontinuity
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TABLE VI
VERIFICATION OF POWER CONSERVATION IN THE CASE OF AN OFFSET

GAP DISCONTINUITY IN THE NRD. (a) CONSERVATION FORINCIDENT

AND SCATTERED POWERS USING ONLY POYNTING’S THEOREM

(b) CONSERVATION FORINCIDENT AND SCATTERED POWERS

USING ONLY THE MODAL-EXTRACTION APPROACH

(a)

(b)

or NRD slot case, as is evident from Table VI(a) and (b).
Table VI(a) shows that power conservation could be verified to
within approximately 2.60% using Poynting’s theorem without
considering lateral power flow. Table VI(b) demonstrates that
the maximum error in verifying power conservation using the
modal-extraction approach in the near field of the discontinuity
is only approximately 1.40% without taking into account the
lateral power flow.

IV. CONCLUSION

Results relating to the characterization of several types of
discontinuities in the rectangular waveguide and the NRD
using the TLM-based modal-extraction approach have been
presented in this paper. It was shown that the generalized
scattering-matrix coefficients of a discontinuity in any type
of guided-wave structure can be extracted in the presence of
evanescent modes in the near field of a discontinuity, resulting
in considerable reduction in computational effort, both in
terms of simulation space and time. However, in guided-wave
structures where the modes cannot be expressed as an infinite
series of discrete modes, or where the modes are continuous,
we might have to solve complex integral equations if the
modal-extraction approach is applied to characterize disconti-
nuities. In structures where the modes can be expressed as a
infinite series of discrete modes, the modal-extraction approach
is easier to apply, as has been shown in this paper. The results
obtained show good agreement with those in the literature
and reasonable agreement with measurements. Additionally,
the power-conservation and Poynting’s theorems have been
used in the verification of these results. Thus, the usefulness
of the TLM-based modal-extraction approach as an effective
and rigorous tool for the analysis of discontinuities in the
rectangular waveguide and in the NRD has been demonstrated.
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