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Abstract—The finite-difference time-domain (FDTD) technique
is applied in the calculation of theS-parameters of diode mount-
ing and waveguide-probe structures. The influence of the critical
geometrical design parameters on the coupling of the coplanar
feedline probe to the waveguide is investigated. A waveguide
absorber based on analytic Green’s functions is used to minimize
the reflections over a wide band of frequencies.

Index Terms—Diakoptics,finite-difference time-domain,Green’s
functions, waveguide absorber, waveguide probes.

I. INTRODUCTION

SIGNIFICANT attention is being devoted these days to the
analysis and design of waveguide probes [1]–[4]. Many

different configurations of waveguide probes are used either to
sense the modal propagation inside the waveguides or to mount
active elements inside cavities. The common design objective
is to maximize the coupling between the probe and waveguide
over the widest possible frequency range. The characterization
of waveguide probes demands an accurate calculation of the
scattering parameters over a wide band of frequencies. In this
paper, the finite-difference time-domain (FDTD) method [5]
is used in the RF characterization of diode mounting and
waveguide-probe structures. The waveguide-probe geometry
analyzed in this paper is shown in Fig. 1. The probe is fed
by a shielded coplanar line and has the shape of a patch. It is
inserted into the waveguide through a slot and is supported by
a dielectric substrate, which is not connected to any waveguide
wall. The dimensions of the probe as well as the thickness and
dielectric constant of the substrate are of critical importance
to achieve broad-band coupling and low reflection loss.
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Fig. 1. Waveguide-probe structure.

Usually more than one mode is excited inside the rect-
angular waveguide, making the numerical simulation tedious
when using the conventional absorbing boundary conditions
(ABC’s) [6], [7]. These ABC’s specify the tangential electric-
field components at the boundary of the mesh in such a way
that waves are not reflected. For TEM structures, the waves
will be normally incident to the boundaries of the mesh, thus
requiring a simple approximate ABC—Mur’s first-order ABC
[6]. The assumption of normal incidence is not valid for the
fringing fields propagating tangential to the walls. For this
reason, for non-TEM structures, the superabsorption boundary
condition [7] is used in conjunction with Mur’s absorber for
better accuracy. This combination results in an improvement
with respect to the reflection coefficient. However, despite the
use of a superabsorber, when the frequency range of interest
becomes large, significant reflections occur, even if there
is only one propagating mode. To overcome this difficulty,
numerous approaches have been proposed. The technique of
diakoptics [8], initially developed for transmission-line matrix
(TLM) [9] and, later, for FDTD [10], used in conjunction with
the modal Green’s function has been successfully applied to
TLM [11]–[13]. In the analogous FDTD approach [14], the
fields are decomposed into incident and reflected wave ampli-
tudes (“TLM” approach) and the characteristic impedance is
used for the calculation of the reflected wave amplitudes. A
similar absorber based on a circuit (voltage–current) approach
has been proposed by Moglieet al. [15]. Due to the field
decomposition, both of these approaches are characterized
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by higher memory and execution time requirements than the
conventional FDTD absorbers.

In contrast to these approaches, we derive the diakoptics
technique directly from Maxwell’s equations following an
approach similar to [16], and we use only total field values.
The absorber proposed in this paper is based on the analytic
Green’s functions of the waveguide modes. These Green’s
functions are used to calculate the tangential electric (for
TE modes) and magnetic (for TM modes) field components
located at the boundary of the mesh. The tangential fields one
cell away from the boundary are decomposed into modes and,
for each mode, the tangential field at the boundary is calculated
by taking the convolution of the mode amplitude and Green’s
function for this mode with respect to time. For simplicity,
we consider only TE propagating modes, while the approach
for the TM propagating modes is dual and straightforward.
A similar approach based on numerical Green’s functions has
been presented in [17]. This approach requires the numerical
evaluation of each mode’s Green’s function that is obtained by
running an FDTD simulation for each mode and/or the appli-
cation of the FD principles. On the contrary, the absorber pro-
posed in this paper analytically evaluates the Green’s functions
by applying the inverse Fourier transform to the well-known
expressions in the frequency domain. Thus, similar accuracy
is obtained without a significant computational overhead.

The Gabor function is used as an excitation for the wave-
guide mounting structures. A parametric study of the scattering
parameters of the waveguide-probe geometry, shown in Fig. 1,
is performed for a number of geometrical parameters, and the
results are verified by data obtained from the finite-element
method (FEM) and measurements.

II. OVERVIEW OF THE FDTD TECHNIQUE

Yee’s FDTD scheme [5] discretizes Maxwell’s curl equa-
tions by approximating the time and space first-order partial
derivatives with centered differences. For the-field, it is
given by

(1)

(2)

(3)

Fig. 2. Yee’s FDTD cell.

The equations for the -field are dual to the above. The six
field components are considered to be interleaved in space,
as shown in Fig. 2. The indexes, , , and are related
to the space and time coordinates via , ,

, and , where , , , and represent
the unit space interval in the-, -, -direction, and unit time
interval, respectively. The electric conductors are assumed
to be perfectly conducting with zero thickness and, as an
excitation, we chose the Gabor function given by

(4)

where , ,
. By modifying the parameters and , we

can practically restrict the frequency spectrum of the Gabor
function to the interval , . As a result, the envelope
of the Gabor function represents a Gaussian function in both
time and frequency domain.

III. A BSORBER DESCRIPTION

For the sake of simplicity in presentation, we consider only
modes, propagating in the-direction, and assume that

the waveguide cross section is located on the-plane. For
the tangential magnetic field adjacent to the boundary of the
mesh at , (1) and (2) are simplified to

(5)

(6)

The absorber is used to calculate the tangential electric-field
components at the boundary of the mesh from the
tangential electric-field components one cell away from the
boundary plane . The tangential magnetic-field
components and are updated using
(5) and (6), and depend both on the values of the electric-
field components calculated by Yee’s FDTD scheme and on
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the values of the electric-field components calculated by the
absorber. Using (3), the normal magnetic-field components at

, may be calculated from
and . Thus, for the modes, the normal
magnetic-field components are also determined so that the
reflection from the boundary is minimized. A similar argument
can be used for the position of the absorber for the TM
modes.

In order to derive the absorber based on the analytic
Green’s functions, we start with the wave equation in Cartesian
coordinates

(7)

where indicates the tangential electric-field components
, , and represents the velocity of

light. The tangential electric-field components in the wave-
guide can be written as

(8)

(9)

where

(10)

, , are the waveguide cross-section area and
and are the modal coefficients given by

(11)

(12)

In (11) and (12), is the Kroenecker delta given by

for
for

In view of the above, (7) yields

(13)

where .
Applying the Fourier transformation

with the angular frequency , the

wave equation is transformed into the frequency domain, and
(13) yields

(14)

Following a procedure analogous to [16] and assuming a
given amplitude of the mode at

, we obtain

(15)

with

for

for
(16)

where is the cutoff frequency
of the mode. The function has exponen-
tially increasing and decreasing solutions with respect tofor

. The exponentially increasing solutions have to
vanish for for , thus, (15) yields

(17)

and

(18)

where is the Green’s function for
the modes. By satisfying (17),
results in an outward propagating solution with respect tofor

only. Thus, computation of according
to (18) requires no backward propagating solution.

Applying the convolution theorem [18], (18) in time domain
reduces to

(19)
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where . As a result, the
tangential electric-field components at the boundary of the
mesh at are expressed in the following form:

(20)

Following a procedure similar to [19],
can be expanded in a series of triangle basis functions in
time-domain. Inserting this expansion in (20) and sampling

using delta functions with respect to time, we
obtain

(21)

where the discrete FDTD Green’s function may be
calculated analytically by

(22)

and . The triangle basis function is given by

for

for

and its Fourier transform is

(23)

Due to causality, we have

(24)

and, as a result,

(25)

which represents the mathematical formulation of the Diakop-
tics technique.

As an example, let us consider the mode. For the -
component of the tangential electric field at ,
(9) and (25) yield

(26)

Fig. 3. Waveguide test structure.

where may be calculated from (12).
The discrete FDTD Green’s function is given by

(27)

with given by (23) and

(28)

where is calculated by (16) for and .

IV. A BSORBER EVALUATION

To validate the absorber presented herein, we calculate the
magnitude of the reflection coefficient in frequency domain
for the waveguide structure shown in Fig. 3. The-plane of
the waveguide at is short circuited and the ABC is
utilized to calculate the electric-field components in the-
plane at . The waveguide cross section is 47.6
mm 22 mm and the cell size is given by mm,

mm, and mm. We use a mesh of the size
10 20 2880 and run the simulation for 25 000 time-steps.
All conductors are assumed to be perfect electric conductors
(PEC’s).

We simulate the wave propagation for frequencies between
3.1–7.4 GHz so that the following three different modes are
excited:

1) ;
2) ;
3) .

To accommodate the presence of these three modes, we use
a superposition of three Gaussian pulses multiplied with the
corresponding mode patterns at to provide
the correct excitation. For the calculation of the reflection
coefficient , we use the formula

(29)
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Fig. 4. Reflection coefficient for theTEz

1;0
mode.

where is the tangential electric field probed at
and is the tangential electric field probed at the same
position of a semi-infinitely long waveguide (no effect from
reflections from the ABC) with the same cross section. The
semi-infinite length of the waveguide is approximated by

and the tangential electric field is probed again at
. The evaluated ABC is replaced by a PEC.

The length of this reference waveguide is chosen such as no
reflections from the PEC plane return to the probe position
for the 25 000 steps of simulation. The absorber based on
the analytic Green’s function is compared to the first-order
Mur’s ABC coupled with the superabsorption condition. The
effective dielectric constant [7] for the superabsorber is chosen
to 0.407.

For practical applications, the infinite summation in (25)
has to be approximated by a finite number of terms. This
approximation corresponds to a truncation of the discrete
FDTD Green’s function according to

(30)

where represents the length of the discrete FDTD Green’s
function with respect to time. We obtain

(31)

and (26) can be written as

(32)

The reflection coefficient is minimized if we truncate the
discrete FDTD Green’s function at its zeros. In Fig. 4, results
for the reflection coefficient for the mode are shown
for three different values of , 616, 1127, and 2646. The
graph for the first-order Mur ABC with the superabsorption
condition is symbolized with (sup). The larger the length
of the discrete FDTD Green’s function, the more effective

Fig. 5. Comparison of Green’s function ABC and PML.

the absorber becomes. For , the amplitude of the
reflection coefficient is less than40 dB for almost the whole
frequency range. Thus, the ABC based on the analytic Green’s
function is effective in a much wider frequency range than the
superabsorbing first-order Mur ABC. This is true even when
we improve the performance of the superabsorbing first-order
Mur ABC by applying it to each waveguide mode separately.
Similar results were observed for the reflection coefficient for
the and modes.

The perfectly matched layer (PML) absorber [20] achieves a
comparable behavior for a wide frequency range. For example,
the length of the discrete Green’s function
offers a reflection coefficient very close to that of a PML layer
of four cells with (see Fig. 5) and
has similar performance with a PML layer of eight cells
with . Generally, considering larger values of
the length is equivalent to increasing the number of the
PML cells. Nevertheless, the memory requirements of the
absorber proposed in this paper are much lower than the
memory requirements for the PML absorber. For each mode,
the convolution of (26) requires the storage of theterms
of the modal Green’s function and of the previous values
of the mode amplitude at the . Thus, the
extra memory requirement of the Green’s function absorber
is real numbers per mode. A PML layer of cells
to the -direction requires new
variables, where is the grid size for the waveguide
cross section. Generally, , especially for large grids.
Due to the details of the waveguide-probe structure analyzed
in Section V, the waveguide cross-section grid has a size of
477 220 cells. That means that even a PML layer of four
cells to the -direction requires the storage of
new variables. Using an absorber based on Green’s functions
with length for the , for the ,
and for the , only 14 592 new variables have
to be stored (0.58% of the PML memory requirements). As
a result, the Green’s-function-based ABC offers a significant
economy in memory, while maintaining similar accuracy with
the PML absorber.
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Fig. 6. Validation data for the reflection coefficient.

V. WAVEGUIDE-PROBE STRUCTURE CHARACTERIZATION

The FDTD technique coupled with the proposed waveguide
absorber is used in the RF characterization of the waveguide-
probe geometry shown in Fig. 1. The probe in the shape
of a rectangular patch is fed by a shielded 50-coplanar
line and is inserted into the waveguide through a slot. The
dielectric substrate carrying the probe is not connected to any
waveguide wall. This type of probe can be used as a coupler
to a rectangular waveguide or as a diode-mounting structure.
The dimensions of the probe, as well as the substrate thickness
and the dielectric constant of the substrate, are of critical
importance in optimizing coupling to the waveguide.

In our simulations, we try to optimize the thickness of
the dielectric substrate carrying a probe which is 3.6-mm
wide. The dielectric constant of the substrate is assumed to
be (GaAs). The width of the dielectric substrate
entering the waveguide is 5.8 mm and its thickness is lim-
ited to less than 2 mm. The probe is designed to feed a
WR-187 rectangular waveguide and, for this reason, excitation
is provided on the coplanar feedline by a Gabor function,
which covers the frequency range of 3.1–7.4 GHz. For the
simulated frequency range, three different modes are excited
inside the waveguide— , , and —with the
cutoff frequencies 3.15, 6.30, and 6.82 GHz, respectively. The
mesh used in the FDTD simulation consists of 480477
52 cells with a time step of ps. The simulation
runs for 20 000 time steps to achieve converging results. The
absorber discussed previously is used to simultaneously absorb
all propagating modes of the waveguide for the simulated
frequency range.

To characterize the probe performance for different dielec-
tric thicknesses, the magnitude of the reflection coefficient

for the dominant mode is calculated. For vali-
dation purposes, the calculated results are compared to data
derived by the FEM assuming a probe width of 3.6 mm and a
dielectric thickness of 2.0 mm (see Fig. 6). For the FDTD
simulation, the waveguide absorber based on the Green’s

Fig. 7. Reflection coefficient for different dielectric thicknesses.

functions for the three propagating waveguide modes is used
at the terminal plane. For the FEM simulation, an artificial
absorber depending on frequency and angle of incidence is
applied to terminate the waveguide. For the whole operating
frequency range (3.1–7.5 GHz), the performance of both
absorbers is comparable, and the results show very good
agreement.

The dimensions of the shield of the coplanar feedline are
chosen to be 5.8 mm 3.8 mm, such as only the coplanar
waveguide (CPW) dominant mode can propagate and the field
patterns are not disturbed by the sidewalls in the frequency
range of the simulation. In this way, the superabsorption
condition can be effectively applied at the input plane of the
feedline.

The performance of the probe has been evaluated for three
different dielectric thicknesses 2.0, 1.2, and 0.0 mm, with the
last value corresponding to a microwave probe printed on a
dielectric membrane [21]. Results in terms of the reflection
coefficient are shown in Fig. 7. As can be observed from
Fig. 7, the value of the reflection coefficient reduces over
a large frequency range and shows symmetrical behavior
around the center design frequency as the dielectric thickness
approaches zero. The electric-field and magnetic-field
distributions for zero dielectric thickness are plotted for

time steps across the probe structure symmetry plane (see
Fig. 8) and across the coplanar feedline plane (see Fig. 9), and
represent the transmitted and the reflected energy, respectively.

The reflection coefficient of the Si-membrane printed probe
has been calculated for four different patch widths 3.6, 9.8,
11.4, and 13.0 mm, and the results are shown in Fig. 10.
From Fig. 10, it can be concluded that the width of 9.8 mm
offers the most symmetrical behavior for the frequency of
operation. The reflection coefficient for widths larger than
9.8 mm is much smaller than that of 3.6 mm for most
of the simulated frequencies, except a small region round
4.6 GHz. Nevertheless, the widths of 11.4 and 13.0 mm offer
no significant improvement over the width of 9.8 mm.

Another geometry parameter of the Si-membrane printed
probe that has been investigated is the distance of the probe
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Fig. 8. E- and H-field distributions across the probe-structure symmetry plane.

Fig. 9. E- and H-field distributions across the coplanar feedline plane.

patch from the short circuit of the waveguide. Lengths of 8.8,
10.4, 12.0, and 13.6 mm have been used, and the results
are plotted in Fig. 11. It can be noticed that the value of
12.0 mm offers the best performance in terms of the value
and bandwidth of the reflection coefficient.

The FDTD results derived by using the absorber presented
in Section III have been validated by comparison to experi-
mental data. The probe has dimensions 13.2 mm4.3 mm on
a dielectric substrate with thickness 2.1 mm, width 28.7 mm,
and . The probe has been inserted in a WR229
waveguide and is located at a distance of 14.7 mm from the
top-surface short circuit. For the FDTD absorber,
time steps have been used. The performance of the probe has
been evaluated for the frequency range of 3.3–4.6 GHz, and the
results are shown in Figs. 12 and 13. The agreement between

the FDTD and experimental results is good, especially in the
frequency range of the optimum performance of the probe. The
abrupt variation in observed for the higher frequencies in
the experiment is perhaps due to calibration or other reasons
related to the experimental setup.

VI. CONCLUSION

The FDTD method has been used to analyze a waveguide-
probe structure. For the analysis, a waveguide absorber based
on analytic Green’s functions has been developed. This ab-
sorber is characterized by a better performance in accuracy and
computational efficiency than the superabsorbing first-order
Mur ABC, and by a better performance in memory require-
ments than the PML absorber. The scattering parameters of
the probe structure have been calculated, and the results have
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Fig. 10. Reflection coefficient for different patch widths.

Fig. 11. Reflection coefficient for different distances from the top surface
short circuit.

Fig. 12. Experimental validation forS11.

Fig. 13. Experimental validation forS21.

been verified by comparison with the FEM and experimental
data. The influence of critical geometrical parameters on the
probe performance has been investigated and optimized.
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