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Abstract — Five different models to determine the equivalent
width of substrate-integrated waveguide (SIW) circuits are
investigated. The reflection coefficients between all-dielectric
waveguides of equivalent width and SIW circuits are analyzed by
full-wave techniques. It is found that one of the models yields
consistently inferior results while the others depend on the ratio
of the via-hole diameter and the center-to-center spacing of the
via holes. Moreover, the influence of the substrate’s permittivity
with respect to the via-hole diameter and spacing is
demonstrated. Recommendations are derived as to the use of
respective models for different via diameters and spacings.

Index Terms — Substrate-integrated waveguides, transitions,
waveguides, waveguide modes.

1. INTRODUCTION

Substrate-integrated circuits have become an attractive
option for millimeter-wave applications as they present a
reasonable compromise between planar integrated circuits and
all-metal waveguide technology [1]. Especially the substrate-
integrated waveguide [SIW] has been extensively used to
replace regular waveguide components up to the W-band, e.g.
[2].

In order to make use of the large variety of waveguide
design guidelines for the design of SIW circuits, the
equivalent waveguide width of a SIW is of fundamental
importance. It is also imperative in modeling SIW ports in
commercially available software packages such as CST and
HFSS. Therefore, a number of procedures to determine the
SIW’s equivalent waveguide width “a,” have been proposed
in the literature, e.g., [3] — [8]. These models take into account
(c.f. Fig. 1a) the via hole diameter “d”, the longitudinal center-
to-center spacing “p”, and the transverse center-to-center
spacing “a”. However, they fail to address the fact that the
transition between an equivalent all-dielectric waveguide and
the SIW structure should provide minimum reflections over a
wide frequency range. Moreover, the permittivity of the
dielectric substrate is not included in the models since a
transition to an equivalent waveguide is not considered.

Therefore, this paper compares five different approaches to
calculate the equivalent waveguide width of SIW circuits. The
SIW parameters are chosen according to a range of practical
applications in which the equivalent waveguide width is used
at some stages in the design process, e.g. [3] — [6], [8] — [12].
It will be shown that the different models produce higher or
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lower reflection, depending on the ratio d/p of via diameter to
spacing. Moreover, the influence of the substrate’s
permittivity is demonstrated.

II. EQUIVALENT WAVEGUIDE MODELS

Fig. la shows 20 circular via-hole pairs connected to all-
dielectric waveguides of equivalent width “a,”. Given the via
hole diameter “d”, the longitudinal center-to-center spacing
“p”, and the transverse center-to-center spacing “a”, the
following models from the literature are used to compute the

equivalent waveguide width. Note that the respective

nomenclature has been adapted to the one used here and that
the models will later be referred to by their equation numbers
in this paper.

(b)
Fig. 1.  Substrate-integrated waveguide formed by 20 pairs of via
holes and connected to an all-dielectric waveguide of equivalent
width; (a) circular via holes, (b) square via holes.



A very simple model is given in [3] as
Fp
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A more involved expression is presented in [4]
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The expression presented in [5] is a modification of [1] to
include the SIW width “a”.
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Finally, a more recently published formula in [7] is
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and [7] also discusses methods (1), (3) and (4) above.

Recently, new fabrication techniques have permitted the
designing engineer to use via holes of different cross sections,
e.g. [2], which has led to applications involving square via
holes [13], [14] and a respective modeling technique based on
the mode-matching technique (MMT) [15]. Referring to Fig.
1b, the square via-hole dimensions are straightforwardly
obtained from the circular ones by letting them occupy the
same cross section.

t=0.5dv/n (6)

In order to place a SIW circuit within a certain frequency

range, the equivalent waveguide width is related to the cutoff
frequency by

C
aequ - ch\/a (7)

where “c” is the speed of light and €, the permittivity of the
substrate. For a given d/p ratio, the cutoff frequency of 15
GHz used in this paper is obtained from (7) by iteratively
solving (2) for the transverse center-to-center spacing “a” (c.f.
Fig. 1a). Since the structures in Fig. 1 are symmetric, the next
higher-order mode to be excited in the SIW is the TE;y mode
with a cutoff frequency of 45 GHz.

Among the large number of papers presenting practical
examples of SIW technology, the d/p ratio changes from 0.37
[8] to 0.83 [12] with many others somewhere in between these
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limits. Therefore, this paper investigates ratios of d/p=0.4, 0.6
and 0.8 with the spacing being fixed as p=1.2mm. As far as
substrates are concerned, we opted for RT6002 (£=2.94,
h=762um), RT 6006 (g=6.15, h=625um) and RT6010
(~10.2, h=254pum).

III. RESULTS

Except for the -cutoff frequency of the equivalent
waveguide, the permittivity of the substrate is absent from the
five models presented in Section II. Therefore, we address this
issue first.

Fig. 2 shows the performance of the structure in Fig. 1b and
its dependence of the substrate. The initial design with d/p=0.7
and conversion according to (6) was done for £=2.94 and is
shown as the red solid line. In selecting a higher dielectric
constant, the waveguide width “a” is adjusted (reduced) to
maintain the same cutoff frequency. However, the via
dimension t and spacing p is maintained since neither of the
models (1) - (5) include provisions of €. This results in return
loss performances which are worse than the initial design as
shown as dotted (blue) and dashed (green) lines in Fig. 2 for
permittivities of 6.15 and 10.2, respectively. Only if the via
dimensions and spacing are scaled by the square root of ratios
of the two substrate materials +/2.94/10.2 , then the initial
design is reproduced as shown by the dash-dotted (black) line
for €£=10.2 in Fig. 2 which coincides with the solid (red) line
for =2.94.

Of course, in scaling a design, via diameters and spacing
have to be considered. However, the results presented here
indicate that for a given substrate, the choice of via diameter
and spacing should be adjusted to provide the best return loss
for the transition to the equivalent waveguide. Only then can
components with low return-loss requirements be designed
effectively.
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Fig. 2. Return-loss performance of the structure in Fig. 1b with

square via holes and its dependence on the permittivity of the
substrate (d/p=0.7).



Based on these results, the investigation of the different
models for the equivalent waveguide width is conducted only
for €=6.15 with h=625um. Fig. 3 shows a return loss
comparison of models (1) — (5) computed by HFSS using
circular vias (Fig. 1a) and the MMT with square vias (Fig. 1b),
both for d/p=0.4.

At return loss levels between 30 and 40 dB, it can hardly be
expected that the results are identical. What is more important,
though, is the fact that the trend is the same. Both full-wave
codes show that the return loss obtained with models (1), (2),
(3) and (5) are almost identical and that model (4) yields
inferior results. Thus the equivalent waveguide width
computed by model (4) is less accurate than that of the other
four since its return loss is worse over the entire frequency
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Fig.3. Return-loss performances of the equivalent waveguide

models (1) — (5) for d/p=0.4; (a) circular via holes (Fig. la)
calculated with HFSS, (b) square via holes (Fig. 1b) calculated with
MMT.
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As the via hole diameter increases to d/p=0.6, this trend
changes as predicted by HFSS for circular vias (Fig. 4a) and
the MMT for square vias (Fig. 4b). For this ratio of via-hole
diameter to spacing, model (2) appears to be slightly better
than models (1), (3) and (5), which yield almost identical
results. The results obtained for model (4) are also inferior for
this d/p ratio.
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Fig. 4. Return-loss performances of the equivalent waveguide

models (1) — (5) for d/p=0.6; (a) circular via holes (Fig. la)
calculated with HFSS, (b) square via holes (Fig. 1b) calculated with
MMT.

As shown in Fig. 5, the trend changes again for d/p=0.8.
Here models (1) and (3) are outperforming models (2) and (5),
and all of them are significantly better that model (4). Note
that the peak for model (4) in Fig. 5a, and similar ones in Fig.
3a and Fig. 4a, are due to the fact that model (4) consistently
predicts wider equivalent waveguide width than the other
models. Thus the cutoff frequency falls below 15 GHz and the
next excited higher-order mode appears below 45 GHz.



IV. CONCLUSIONS

The investigation of five different models to determine the
equivalent waveguide width of SIW circuits concludes with
the following recommendations:

First, the substrate’s permittivity influences the return loss
between the SIW and the equivalent waveguide and thus the
via hole diameter and spacing of via holes need to be adjusted
in low return-loss designs. Secondly, one of the models yields
consistently inferior results than the other four. Thirdly, the
remaining four models are by and large equivalent, but best
results are obtained when their dependence on the ratio of the
via diameter and the center-to-center spacing of the via holes

is taken into account.
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Fig. 4. Return-loss performances of the equivalent waveguide
models (1) — (5) for d/p=0.8; (a) circular via holes (Fig. 1la)
calculated with HFSS, (b) square via holes (Fig. 1b) calculated with
MMT.
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