
scattering. When the observation point moves away from the
incident angle, the incoherent scattering increases and then fluc-
tuates due to the random phase situation. The fluctuations are
characteristic of random scattering, since the bistatic scattering
cross section per unit volume will fluctuate from sample to sample.
When we increase the number of particles in the simulations, the
multiple scattering simulations show increased scattering effects at
the incident angle, which is caused by higher-order scattering.

In Figure 7, the phase function of independent scattering, sticky
particles, and nonsticky cylinders is compared. The sticky cylin-
ders show an angular distribution pattern similar to that of the
nonsticky cylinders, but a stronger amplitude than both indepen-
dent scattering and nonsticky cylinders. The stronger scattering
effect of the sticky cylinders is expected because the cylinders
adhere to each other to form larger aggregates.
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Dr. Moliner, 50
46100-Burjassot, Spain
2 Departament de Fı́sica Aplicada
Universitat de València
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ABSTRACT: Wideband transitions are designed and analysed by using
two different approaches of the finite-difference time-domain (FDTD)
method, in combination with the theory of nonuniform transmission
lines. These transitions consist of a ridged waveguide-based taper be-
tween a shielded microstrip and a standard X-band rectangular
waveguide. In the first step, a full-wave 2D-FDTD scheme is used to
calculate the dispersion characteristics, as well as the geometry depen-
dence of the impedance in the double ridged waveguide. Once these
design curves have been obtained, the stepped transmission line trans-
former theory is used to design the tapers. In a former step, the nonuni-
form 3D-FDTD technique is applied, the transitions are simulated and
the method is validated. © 2003 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 38: 317–320, 2003; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.11048

Key words: microstrip-to-waveguide transition; 2D-FDTD design; inho-
mogeneous FDTD; ridged waveguide; impedance definition

INTRODUCTION

Transitions from microstrip lines to waveguides are essential in
millimetre-wave hybrid and monolithic integrated applications.
Such structures generally involve complicated geometries and thus
their design and analysis are complex. Among the most popular
geometries of transition we can find coupling through slots [1],
antennae [2], and stepped transitions [3]. Most of the previous
work about design and analysis techniques has been mostly em-
pirical and based on the circuit impedance concept. A typical
example is found in [3], where characterisation of both microstrip
and ridge waveguides was described and used to model a micro-
strip-to-ridge waveguide discontinuity and ridge waveguide step
junctions. On the other hand, the finite-difference time-domain
(FDTD) method has been demonstrated to be a feasible and
powerful tool for the analysis of microwave problems where

Figure 7 Comparison of the phase function of sticky and nonsticky
cylinders. The sticky case has stickiness parameter of 0.1. For both cases,
300 cylinders occupy a fractional volume of 10% and ka � 0.1
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arbitrary geometries are involved [4]. Nevertheless, a commonly
known disadvantage is that it requires large amounts of computer
resources, and this fact has limited its use as a design tool. So, it
is not difficult to find FDTD-based analysis of waveguide transi-
tions [5, 6], but the use of FDTD for design purposes is still not
generalised [7].

The present work explores the design of microstrip-to-
waveguide transitions using a compact full-wave 2D approach of
the FDTD method in combination with the stepped transmission
line transformer theory. Specifically a full-wave 2D-FDTD scheme
[8] is firstly applied for obtaining the design curves for the shielded
microstrip. This technique is then extended to the calculation of the
frequency and geometry-dependent parameters for the double-
ridged waveguide that will be used in the transition. Finally, a full
non-uniform 3D-FDTD analysis is performed over the whole
design in order to validate the design process.

The structure that we have selected to test the procedure is
shown in Figure 1. It is built in a mixed technology consisting of
a shielded microstrip zone with upper and lower ridged metallisa-
tions that are gradually matched to a standard waveguide. The
more common parameters are described in the figure’s upper inset,
while a frontal sight of an example of a transition profile is also
displayed in the same figure. Similar geometries have been suc-
cessfully used in the design of radiating elements for radar appli-
cations [9]. Because of the lower dispersive behaviour of both
shielded microstrip and ridged waveguide as compared to the
standard waveguide, a better performance over a wider band can
be expected from this structure.

DESIGN

As previously described, a full-wave 2D FDTD analysis is used
first to calculate the characteristic impedance of a shielded micro-
strip, and then to calculate the dispersion characteristics of the
ridged waveguide and the dependence of the impedance on geom-
etry. This approach uses a 2D mesh that describes the cross section
of the waveguide. The basic equations are derived from the con-
ventional 3D-FDTD equations in which the fields are assumed to
have translational symmetry along the propagation axe. This as-

sumption produces a system of six components of the field, defined
over a 2D grid, in which the derivatives in the propagation axe
have been removed. This procedure is described in detail for the
microstrip case in [8], so we will focus here on the bridged
waveguide region. The first step is to calculate the curves of the
cutoff frequencies against the gap of the ridged waveguide. To do
this, a sharp time-domain pulse excitation is applied on the cross
section of the waveguide. Then the numerical spectrum at a given
point, calculated by means of the Fourier transform, produce peaks
that are associated with the cutoff frequencies of the waveguide
modes. Figure 2 displays the results for a selected ridge width
s/a � 0.1. These curves are very useful in order to state the usage
region of the dominant TE10 mode of the ridge waveguide inside
the operating band of the rectangular waveguide. In addition, this
process allows us the calculation the dispersive relation � � f for
the different modes. The 2D-FDTD simulation is performed again,
now with the appropriated �, to calculate the time-dependent field
components. Then the Fourier transform is used again in order to
calculate all the field components at the cross section of the
waveguide, at a given frequency. These field distributions were
used to identify the modes in Figure 2. Finally, the characteristic
impedance is calculated from these fields. We can do this using
some of the following definitions:

Z0
VI �

V

I
; Z0

PI �
2P

I2 ; Z0
PV �

V2

2P
, (1)

where

I � �H � dl (loop just surrounding the strip),
V0 � �ground

strip E � dl (path voltage between the strip and
the ground plane),

Vm � �V0� (averaged voltage between the strip and the
ground plane),

P � 1/2 Re �S E � H dS (transmitted power through
the cross section).

The above method, with the use of the former characteristic
impedance definitions, was experienced in the analysis of double-
ridged waveguide widths s/a � 0.1 and s/a � 0.2. The results are
displayed in Figure 3. These curves will be used later in the design
of the transition.

Figure 1 Sketch of the microstrip to ridged-to-waveguide transition with
design parameters and an example of taper shape

Figure 2 Cutoff frequencies of the lowest modes in a ridged waveguide
(mono-mode region)
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Once the dependence of the impedance on geometry, at a fixed
frequency, has been stated, a circuital model can be directly used
to design the taper [10]. The transformer is designed for a given
frequency f0 in the X band (8.2–12.4 GHz), and with a maximum
tolerable reflection coefficient. All of them were designed for a
maximum reflection coefficient of r � 0.1, since smaller ones
gave such large tapers. Moreover, the first transversal section of
the taper is selected to perfectly match the characteristic imped-
ance of the shielded microstrip, in order to minimise reflections at
the beginning. As we know from both the dispersion relationship
along the taper and the dependence of the characteristic impedance
of the ridged waveguide with the gap of the ridge, we can easily
calculate the physical length from the electrical length and the gap
of the ridge from the designed impedances. Both quantities will
exactly define the taper shape. In our case, we have experimented
with two typical shapes: linear and Chebyshev. In the first case, we
highlight the mechanical simplicity of its fabrication. In the second
one, we expect to get a better performance with comparable sizes.
After that, and with mechanisation goals in mind, the linear taper
was also considered.

NUMERICAL RESULTS AND DISCUSSION

The proposed scheme was systematically applied to the design of
a number of transitions, by changing different design parameters:
impedance definition, taper shape, frequency of design, and so on.
The different geometries will eventually produce a reflection co-
efficient in the whole waveguide band that may be different in each
case. Thus, the transitions were simulated following the non-
uniform 3D-FDTD method, and the reflection coefficient was
calculated over the whole waveguide band. To simulate the shape
of the curved metallisations with the non-uniform FDTD tech-
nique, a multi-step transition was considered. The excitation pulse
was a spatial TEM distribution with a Gaussian profile in the time
domain, with a 8–13-GHz bandwidth. Perfect matched layers
(PMLs) were used in the termination of the structure, while first-
order Mur’s ABC were considered at the beginning.

As described above, in the shielded microstrip (quasi-TEM),
and especially in the ridged waveguide (TE10), there are different
definitions for the calculation of the impedance that may be con-
ducted for different geometric parameters of the transitions. In
order to quantify the effect of the choice of the impedance defi-
nition, three continuous Chebyshev transitions were designed,

according the different schemes explicated in Eq. (1). Where a
voltage calculation was needed, the averaged voltage value was
considered. The structures designed in this way were simulated
and the results are displayed in Fig. 4. First, it is evident that those
designs involving voltage calculations show much better behav-
iour. We suggest two complementary explanations. At high fre-
quencies and in non-TEM structures, the best defined magnitude
is, obviously, the voltage. The other reason is intrinsic to the
FDTD method. In the Yee’s cell, the electric-field components are
placed on the edges of the cube, while magnetic field components
are centred on the faces. So, current calculations (and thus power
calculations) are systematically shifted by half a cell. In our case,
the best results are for the Z0

PV shape, which gives the widest
passband (about 40% of the central frequency at 10 dB) with the
shorter transition. These results are coherent with those in [8] for
an open microstrip, where the optimum design is achieved with a
Z0

VI definition. In the present case, the calculations are performed
over a closed cross section, where the power transmission is
confined, for a non-TEM structure. In the former case, the calcu-
lations are performed over an open TEM structure, where the

Figure 3 Impedance d/b design curves for the ridged-waveguide tran-
sition

Figure 4 Simulated reflection coefficient of transitions designed follow-
ing different impedance calculation schemes

Figure 5 Simulated reflection coefficient of transitions with different
design conditions
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current is well defined. In summary, we can conclude that, in
impedance calculations, when possible, voltage magnitudes should
be used. Current- or power-based magnitudes will be used, de-
pending on the considered structure.

Moreover, the influence of the ridge width and the frequency of
design were analysed as well. For all these designs, only contin-
uous Chebyshev transitions, designed following the Z0

PV definition,
have been considered. The results are shown in Figure 5. We
include again the reference taper, with s/a � 0.1, designed at 8.2
GHz. In both cases, a similar response can be achieved, but with
longer transitions. As can be found in [9] and corroborated in the
present work, these kinds of transitions display a better frequency
behaviour on the higher region of the band-pass. So, it is a good
practice to design them at the lower usage frequency. When a
mid-band frequency of design is used, a longer transition is needed
to keep the same performance parameters. Regarding the change in
the ridge width, we need to note that the 50� feed microstrip is
about 2.4-mm width, very close to the s/a � 0.1 value. So, the
electrical matching at the beginning of the transition is very good.
When this matching is broken, the behaviour of the transition is
unimproved and the bandwidth is decreased.

Finally, and because a continuous metal taper is expensive in
terms of mechanisation, the possibility of a stepped taper is con-
sidered as well. So, a comparative study is done in which the
performance of Chebyshev and linear tapers is evaluated, with
both having the same number of steps. We plot again the result
from the Chebyshev continuous taper, for reference. All these
results are displayed in Figure 6. In every case, as obvious, the
stepped shapes were longer than their equivalent continuous ones,
for both linear and Chebyshev transitions. However, the length of
the stepped linear tapers was similar to that of the Chebyshev ones,
for identical design parameters. So, when the size is not a limita-
tion or where precision mechanical tools are not available, stepped
transitions can be used with both linear or Chebyshev profiles. On
the other hand, when the size is critical, we should use a contin-
uous Chebyshev taper.

CONCLUSION

A full-wave 2D-FDTD-based design procedure has been presented
for the design of transitions from microstrip to waveguide based on
ridged waveguide transformers. This technique explodes the ad-

vantages of a 2D full-wave technique: it is fast, its computer
resources consumption is reasonable, it takes into account every
dispersive effect, and it can be applied to every structure with
translational symmetry. The non-uniform 3D-FDTD simulation of
the transitions designed thusly has allowed us, on one hand, to
demonstrate the potential validity of the presented transition and,
on the other hand, to obtain some useful design conditions. When
closed non-TEM structures are considered, the Z0

PV definition of
the impedance should be used. It is convenient to geometrically
match the feed microstrip width to the width of the waveguide
ridge. Regarding the frequency of design, it is better to select it
from the lower region of the band pass. Even though an admissible
response can be obtained with a linear taper, easily fabricated,
continuous Chebyshev tapers show better behaviour, with shorter
devices. When bigger devices are assumable, stepped transitions
can also be used, with both linear or Chebyshev profiles.
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ABSTRACT: The dispersion characteristics of the dominant mode in
V-shaped microstrip lines are investigated using the finite-difference
time-domain (FDTD) method. Such V-shaped microstrip lines are as-
sumed to be fabricated on a single-layer isotropic substrate. The hybrid
effects of the inclined angle of the metal wall and the permittivity of the
filling material on the effective permittivity and characteristic impedance

Figure 6 Simulated reflection coefficient of transitions with different
profiles
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