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SUBSTRATE INTEGRATED WAVEGUIDES WITH MOATS

R.-B. Hwang and C. Y. Chin

Department of Electrical Engineering
National Chiao-Tung University
1001, Da-Hsueh Road, 300 Hsinchu, Taiwan, Republic of China

Abstract—A substrate integrated waveguide (SIW) equipped with
moats is investigated in this paper. Different from the commonly
used SIW having dense via holes, this new SIW employed sparse
via holes incorporating moats outside the via-hole arrays. Through
numerous experimental studies, we found that it can maintain high
transmission characteristics by introducing additional moats outside
the via-hole arrays. Moreover, it is interesting to notice that such
a new structure can lower its cutoff frequency and thus increase its
operation bandwidth. Additionally, the calculation for the dispersion
relation of such a new waveguide was carried out to understand its
wave-guiding characteristics.

1. INTRODUCTION

The substrate integrated waveguide (SIW) or post-wall waveguide
technique was developed to fabricate an equivalent rectangular
waveguide on a low-loss microwave substrate [1–9]. Such a class
of waveguide was proved to be able to preserve the advantages of
commonly used metallic rectangular waveguide; for example, the
high-Q factor. Since the SIW is fabricated using standard printed-
circuit board (PCB) technique, it is easy to be integrated with a
planar transmission line circuit, such as the microstrip line, coplanar
waveguide and slot line. Moreover, unlike the traditional metallic
waveguide, this waveguide can be fed by a tapered transition microstrip
line instead of a complicated three-dimensional coaxial probe.

Analytical approach to determine the complex propagation
constant of SIW with lossy dielectric was proposed using the

Corresponding author: R.-B. Hwang (raybeam@mail.nctu.edu.tw).
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1102 Hwang and Chin

generalized multipole technique (GMT) [10]. Meanwhile, modal
analysis was adopted to investigate the loss mechanisms including
dielectric, conductor and radiation loss [11]. Recently, SIW has
attracted much interest in the design of microwave and millimeter-
wave integrated circuits. Numerous SIW components such as filters,
multiplxers and power dividers have been studied. A novel SIW
bandpass filter has raised the Quality factor to around 150 [12].
Bandpass filters cooperating cavity or complimentary split ring
resonator (CSRR) on SIW were designed [13–15]. Specifically, the
realization of broadband bandpass filter was achieved by combining
both highpass and bandstop characteristics on half mode substrate
integrated waveguide (HMSIW) [16]. A new generalized Chebyshev
SIW diplexer was presented for high performance which possessed of
the advantages of both SIW and the generalized Chebyshev filters [17].
On the other hand, feeding network utilizing compact SIW binary
divider has also been developed to feed antenna array printed on thick
substrates [18].

Additionally, the theoretical investigation concerning the guided-
wave and leaky-wave characteristics of SIW was treated using
various numerical methods, such as finite-difference frequency
domain method [7] and numerical multimode calibration procedure
incorporating the finite element method [8, 11]. An accurate empirical
formula of the equivalent rectangular waveguide width was developed
to provide design criteria; for example, the ratio of pitch distance to
via-hole diameter. Since the waveguide wall is made by the via-hole
array, energy shall leak from the space between two via holes into the
surrounding substrate if the distance between two adjacent via holes
is too large. To avoid the energy leakage, two or more via-hole arrays
were employed to enhance reflectivity of the waveguide side walls. As
was indicated in [7], when the ratio of p to r is smaller than 4.0 and
that of w to r is larger than 8.0, the SIW can be equivalent to a
commonly used rectangular waveguide; where w, r and p are the width,
radius of via hole and pitch distance (distance between two via holes),
respectively, shown in Fig. 1. In this research, a new structure having
moats outside the sparse via-hole arrays was developed. As depicted in
Fig. 1, we increase pitch distance and add two moats (slits) outside the
via-hole arrays. From the measured and calculated results, we found
this new structure can considerably reduce leakage loss and retain the
high transmission property compared with the waveguide with dense
via holes. Moreover, we found that such a waveguide has a lower cutoff
frequency than that of the commonly used one. Therefore, this new
waveguide provides a wider bandwidth than the traditional one.

Besides, such a new structure can reduce power leakage from the
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Substrate integrated waveguides with moats 1103
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Figure 1. Structure configuration of the post-wall waveguide with
moats where p = 3mm, a = 0.75 mm, r = 0.5 mm, and s = 0.54 mm,
d = 3.74 mm, and w = 9.15 mm, respectively. The dielectric substrate
used here is RO4003 with relative dielectric constant 3.55.

guided channel into the surrounding parallel-plate regions and further
suppress cross-talk (or electromagnetic coupling) between neighboring
waveguides. It provides a possibility for integrating SIWs, passive and
active components in a substrate while mitigating the electromagnetic
interference. In addition to the numerical simulation and experimental
measurement for the scattering parameters of this new waveguide, we
have calculated the dispersion relation of the waveguide including the
phase- and attenuation-constant for understanding the physical picture
of wave process in this guided-wave structure.

2. STRUCTURE CONFIGURATION

The structure and picture of the new SIW under consideration are
shown in Fig. 1. It consists of two tapered microstrip lines transitioning
to SIW for reducing reflection of incident microstrip line mode at two
ends of waveguide. The waveguide side wall was made by realizing
via-hole arrays on the substrate using an electroplating technique.
Different from the commonly used SIW, the new structure contains
two moats with the width denoted by a outside the via-hole arrays.
The microwave low loss substrate used here is RO4003 with relative
dielectric constant 3.55.

3. EXPERIMENTAL STUDIES AND NUMERICAL
SIMULATIONS

Figure 2 demonstrates reflection- and transmission-coefficient versus
frequency for the traditional and new structure developed in this
research with the same length of waveguide (37 mm). The first case
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Figure 2. Distribution of reflection and transmission coefficients
(in dB) versus frequency for the SIW with and without moats,
respectively; (a) measurement, and (b) numerical simulation.

is the commonly used SIW with dense via-hole arrays with 1mm
pitch width shown in Figs. 2(a) and 2(b); the second one is the
new SIW with pitch width 3 mm and moat width 0.75 mm shown
in Figs. 2(c) and 2(d). We obtain the simulation results using time-
domain simulation software: CST Microwave Studio. The results of
the two cases are drawn in black- and red-color, respectively. Due to a
considerable substrate loss for RO4003 after 13 GHz, measurement was
taken up to 13 GHz. Comparing the numerical results with those of
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Substrate integrated waveguides with moats 1105

measured ones, we found that the numerical and measured results, in
general, agree well for the two cases shown in this example. Notably,
in the numerical simulation, the relative dielectric constant is assumed
to be a constant (3.55) for the frequency range of operation. Since the
dielectric constant is frequency dependence (dispersive), the calculated
and measured results in S11 shows an obvious difference in groove.
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Figure 3. Measured reflection and transmission coefficients for three
different SIW structures.

Figure 3 shows the measurement of SIWs fabricated in three
different dimensions. Although two cases have been discussed
previously, we add the third case here to make the comparison between
them more distinguishable, which is the commonly used SIW with pitch
width 3 mm. In this figure, the SIWs having the same pitch width 3mm
with and without moats are shown in red- and blue-color, accordingly.
Even though the via-hole array becomes sparse, the moated SIW
enhances the reflection- and transmission-loss significantly by simply
etching two moats on the printed-circuit board.

We have explored the effect of s and d (their definitions were
shown in Fig. 1) on the S11 and S21, and the results are depicted in
Fig. 4. As shown in Figs. 4(a) and 4(b), the cases with moat width
0.54 mm and 1.54 mm has insignificant changes on their scattering
parameters. However, the last two cases show dramatic fluctuations.
We may conjecture that for the case with large s the destructive
interference between the reflected waves from the moat and via-hole
array is significant. It may cause obvious fluctuation in the scattering
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1106 Hwang and Chin

parameters.
Additionally, the variation of scattering parameters against the

changes in the distance d was shown in Figs. 4(c) and 4(d). Apparently,
for a small distance s the effect of d on the scattering parameters is
inconsiderable. Owing to almost the same position of the via-hole
array and moat, the wave is totally reflected by this perfect reflection
mirror. Thus, the good performance in the return- and insertion-loss
was obtained.
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Figure 4. Distribution of reection and transmission coefficients (in
dB) versus frequency for the SIW where s varies in (a), (b) and d
varies in (c), (d).
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Substrate integrated waveguides with moats 1107
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Figure 5. Measured loss factor of the SIW with and without moats,
respectively.

For the new SIW with moats, the transmission response, generally,
has better performance than that of the commonly used SIW.
Specifically, such a new structure has a lower cutoff frequency
compared with the traditional one, and thus has a wider bandwidth
than that of the commonly used one.

In addition to the return- and insertion-loss, we also calculated
the loss factor of the two waveguides described previously by evaluating
1.0−|S11|2−|S21|2. As was shown in Fig. 5, the new SIW with moat, in
general, has lower loss factor compared with the traditional SIW with
dense via-hole arrays. The physical consequences can be explained in
the following manner. Regarding the traditional SIW without moats,
in addition to the surface current flowing through the via holes into
ground plane, the surface current can also pass through the via-hole
array and into the surrounding parallel-plate region, resulting in an
excitation of parallel-plate waveguide modes. Therefore, the placement
of moats outside the via-hole arrays can break the current path flowing
into the parallel-plate regions and, meanwhile, suppress the excitation
of parallel-plate waveguide modes.

The contour plot of electric field is depicted in Fig. 6, and each
wave packet is half wavelength long in the corresponding guiding
structure. It’s easy to see that β/ko is equal to 300/fλg , where f is the
frequency in GHz and λg is one guided-wave wavelength. As a result,
we can utilize this formula to calculate β/ko to an approximate extent.
Since the pitch width and via radius of these two structures are given,
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1108 Hwang and Chin

(a)

(b)

Figure 6. Contour map of electric field for (a) the traditional (p =
1mm, without moats) and (b) new (p = 3 mm, with moats) SIWs while
the operating frequency is 9GHz.

in this case, pitch widths are 1 mm and 3mm respectively with the
same via radius 0.5 mm. By observation, the guided-wave wavelengths
are 47 mm and 33 mm each. On the other hand, the corresponding
β/ko are 0.71 and 1.01 at 9 GHz which can be verified by Fig. 7.

The substrate integrated waveguide employs the via-hole array as
its waveguide side wall. Therefore, the waveguide modes supported
in this waveguide are rectangular waveguide modes with obvious cuto
phenomenon as shown in the dispersion characteristics. Specifically,
since the via-hole array and moat were utilized simultaneously, the
combination of E-wall (via-hole arrays) and H-wall (moats) results
in the waveguide mode has a cutoff frequency lower than that of the
commonly used rectangular waveguide.

As far as a waveguide is concerned, the guiding characteristic
including phase and attenuation constants is the most important factor
needed to study in detail. In the following example, we calculated the
dispersion relation of the traditional (p = 1 mm, without moats) and
new (p = 3mm, with moats) SIWs for understanding the difference
between them. As depicted in Fig. 7, it is apparent that the SIW with
moats can extend its operation bandwidth to a lower frequency; that is,
the new SIW with moats has a lower cutoff frequency compared with
that of the commonly used SIW with dense via-hole arrays. We may
conjecture that this new SIW has a wider effective waveguide width
than that of the traditional one. Regarding the attenuation constant
distribution, there is no obvious difference in the attenuation constant
between them.
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Substrate integrated waveguides with moats 1109
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Figure 7. Calculated propagation constants, which include phase
and attenuation constants, of the SIW with and without moats,
respectively.
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Figure 8. Calculated phase constants of the SIW with moats, where
width of moat a is sweeped.

Figure 9 demonstrates variations of measured S21 versus frequency
for various widths of moat. Here, the pitch width is 3mm, and the
other parameters are the same as those in the previous examples. From
this figure, we found that the curves with moat width ranging from
0.25 mm to 1.0 mm coincide with one another. Besides, the maximum
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Figure 9. Measured S21 versus frequency for various widths of moats.

variation on the S21 is within 0.8 dB for all cases from 9 GHz to 13 GHz.
It indicates that the effect of the moat width on the transmission
characteristic is insignificant.

In addition to the previous example with 3 mm pitch, in fact,
we have studied various cases with different pitches. Although not
shown here, we found that the placement of moats can effectively
reduce leakage loss into the parallel-plate waveguide regions. For
the case with pitch width smaller or equal to 2mm, the effect of
the moat is insignificant. If the pitch is greater than 5mm, adding
moats could reduce leakage loss; however, the maximum variation on
the transmission coefficient will increase. We may conjecture that the
moat employed in this research is similar to a magnetic wall providing
additional reflectivity in addition to that of the electric wall contributed
by the via-hole array. Although the reflectivity of this magnetic wall
is not as ideal as that of the perfect magnetic wall (open circuit), it
indeed helps the via-hole array to stop the leakage of energy into the
surrounding parallel-plate region.

4. CONCLUSION

In this paper, the new SIW equipped with moats outside the via-hole
arrays were studied theoretically and experimentally. Interestingly, the
placement of moats can maintain a high transmission characteristic
as that of the commonly used SIW with dense via-hole arrays.
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Substrate integrated waveguides with moats 1111

Additionally, from the dispersion relation calculation, it is interesting
to find that such a new SIW with moats can lower its cutoff frequency;
namely, increase its effective waveguide width. Last but not least,
this scheme can further reduce electromagnetic field coupling between
SIWs integrated in the same substrate.
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