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Abstract— In this paper, a sizeminiaturized bandpass filter
based on the half-mode substrate integrated waveguide (HM-
SIW) and embedded E-shaped detected ground structure (DGS)
is presented. Two pairs of embedded E-shaped DGSs are face-to-
face configured and loaded into the conventional HM SIW section
to constitute a HM SIW-DGS unit cell. First of all, the HMSIW is
with inherent highpass characteristic, while the embedded E-
shaped DGS is with bandgap function. By integrating these two
characteristics together, the proposed HM SIW-DGS unit cell will
exhibit bandpass transmission response, as the cutoff frequency
of the HM SIW islower than the resonant bandgap frequency of
the DGS. Utilizing HMSIW instead of SIW can help to reduce
size of the unit cell. Meanwhile, the electrically small DGSis also
useful for the size miniaturization. Subsequently, the stepped-
impedance structure is introduced into the E-shaped DGS to
decrease its electrical size, which will effectively improve the
tuning flexibility of the unit cell, and can consequently make the
DGS with same physical size operate lower bandgap frequency.
That isto say, the stepped-impedance structure can contribute to
further size reduction of the DGS. Thirdly, the proposed unit cell
is systematically investigated by using the theory of guided
waves, with its propagation constant and dispersion
characteristic being studied in detail, from which the bandpass
transmission response can be captured obviously. To verify the
transmission properties of the proposed unit cell, a bandpass
filter with three cascading unit cells is implemented. The
fabricated prototype achieves a central frequency of 10GHz, a
fractional bandwidth of 23%, an insertion loss of 1.2dB and a
return loss of 20dB. As compared with some reported SIW
filters, the proposed one is with smaller size and similar
performance, which illustrates its suitability for the wideband
communication and radar applications.
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I. INTRODUCTION

In the past nearly two decades, the substrate integrated
waveguide (SIW) has attracted lots of attention from academic
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and industrial communities, and various radio frequency (RF),
microwave and millimetre wave components, circuits, systems
and antennas have been developed in this technology [1].
However, most of the SIW components suffers the problem of
bulky physical size, which constrains their applications in
practical microwave systems, especially for system packaging
and large-scale integration applications. In order to improve
the practicability of SIW, its derived structure, the half-mode
substrate integrated waveguide (HMSIW), which achieves
about 50% size reduction and similar operation performance
as SIW, has been developed and investigated systematically
[2], [3]. However, compared with the microstrip and coplanar
waveguide circuitry, the physical size of HMSIW s till too
large, particularly for the lower frequency range of microwave.
For instance, HMSIW only miniaturizes the transverse width
of SIW, while their longitudinal lengths almost keep the same.
Hence, extra technologies or approaches need to be introduced
into to further reduce sizes of SIW circuits.

On the other hand, the defected ground structure (DGS),
early derived from the photonic bandgap (PBG) structure, has
also been widely used in the miniaturized microwave circuits
[4], [5]. A narrow dlot has been used to connect two adjacent
rectangular-shaped PBG structure, which can greatly improve
the quality factor of the defected structure and consequently
enhance the bandgap response [4]. Meanwhile, the DGS is
electrically small, which will be extremely helpful for size
reduction of the entire circuits. In [5], a novel DGS shape is
proposed and utilized in the implementation of the compact
lowpass filter.

Based on the aforementioned situations, the DGS has been
incorporated with SIW or HMSIW to realize size reduction,
and some microwave bandpass filters has been reported in the
literatures [6]-[9]. Five pairs of circular complementary split-
ring resonators (CSRRs) are etched on the top metal cover of
SIW to implement a filter with a fractional bandwidth (FBW)
of 30% [6]. In [7], the square CSRRs and double-bell-shaped
DGS are loaded on the top and bottom metal cover of SIW,
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respectively, to broaden the stopband as well as enhanced the
out-of-band rejection. A SIW filter utilizing a newly-proposed
DGS shape to achieve more compact size [8]. More recently,
the DGS has been combined with HMSIW to acquire further
size reduction [9]. Nevertheless, physical sizes of all the filters
mentioned above are still relatively bulky. Moreover, for the
works reported in [6] to [9], most attention are focusing on the
size reduction, while the steepness of their selectivity, and the
width and rejection of their stopband, still need to be further
improved.

In this work, a HMSIW-DGS unit cell is proposed and
utilized to realize a bandpass filter with miniaturized size and
broadened stopband performance. Operation principle of the
proposed unit cell, and its application to wideband filter, is
studied with the theory of guided waves in Section Il. Section
Il discusses experimental results and comparison with some
reported similar works, with a conclusion given in Section 1V.

I1. HMS\W-DGSFILTER

A. HMSIW-DGS Unit Cell

Geometry and operation principle of the proposed HM SIW-
DGS unit cell is given in Fig. 1. First of all, as shown in Fig.
1(a), the DGS consists of four single E-shaped DGS unit, of
which the two inner ones are with uniform width while the
two outer ones are with stepped-impedance width. As depicted
in [10Q], the introduction of the stepped-impedance structure
can bring in extra tuning flexibility to the DGS, which can be
used to enhance the production of its equivalent inductance
and capacitance, and decrease the bandgap frequency
eventually. Since the proposed unit cell consists of a HMSIW
and the DGS, its transmission properties is aso mainly
determined by these two structures. As shown in Fig. 1(b), the
proposed HMSIW-DGS unit cell can exhibit bandpass
transmission response since it integrates the inherent highpass
property of the HMSIW and the unique bandgap response of
the DGS. Moreover, the lower cutoff frequency of the unit cell
is mainly controlled by the HMSIW, while its upper cutoff
frequency is mainly determined by the DGS.
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Figurel. (a) Geometry, (b) simplified equivalent circuit model, and (c)
simplified operation principle of the proposed HM SIW-DGS unit cell.
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Figure2. Simulated (a) attenuation and phase constants, and (b) magnitude
of the transmission coefficient of the dominant mode in the proposed
HMSIW-DGS unit cell.

To understand characteristics of the proposed HMSIW-
DGS unit cell better, it can be theoretically analysed by using
the theory of the guided waves and the ABCD matrix theory.
Moreover, in practical applications, the three-dimensional
full-wave electromagnetic simulation is more preferred in
analysing the proposed HM SIW-DGS unit cell. And simulated
results of its propagation constant, including the attenuation
constant « and the phase constant 4, and the magnitude of the
forward transmission coefficient of its dominant mode, are
given in Fig. 2. In these three-dimensional full-wave
simulations, the substrate is set with a thickness of 0.254mm,
a relative permittivity of 2.2, a relative permeability of 1, a
dielectric loss tangent of 0.001, and a magnetic loss tangent of
0. And all smulations are carried out by using a commercial
simulator based on finite element method, with geometrical
parameters used for simulation shown in the inset of Fig. 2(b).

As shown in Fig. 2(a), the phase constant is equa to zero
at 8.5GHz, and larger than zero as the frequency is higher than
8.5GHz, which means the dominant mode of electromagnetic
wave will be cutoff at 8.5GHz, and can propagate at higher
frequencies. On the other hand, the attenuation constant is
quite large as the frequency belongs to 12GHz to 17GHz,
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which means the electromagnetic energy will attenuate fast
along the proposed HMSIW-DGS unit cell. As the frequency
belongs to 8.5-12GHz, or 17-20GHz, the attenuation constant
is near zero, and the phase constant is larger than zero, which
means the electromagnetic energy can propagate through the
unit cell effectively. Furthermore, as shown in Fig. 2(b), the
magnitude of the forward transmission coefficient (|S21]) is
near 0dB from 8.5GHz to 12GHz, while the value is much
lower than 0dB as the frequency is below 8.5GHz or above
12GHz. That is, the electromagnetic signal can propagate
through the unit cell with low loss over 8.5-12GHz, but with
high low as frequency is below 8.5GHz or above 12GHz.
Particularly, the transmission loss reaches its peak value near

14GHz, which is the bandgap frequency of the DGS. With Fig.

2(a) and 2(b) together, it can also be obtained that the
electromagnetic wave can propagate along the proposed unit
cell over 17-20GHz. However, the transmission loss is
relatively high, which means the electromagnetic waves
attenuates quickly along the proposed HMSIW-DGS unit cell,
and consequently it is unacceptable for practical microwave
applications.

B. Filter Design

0000 OGOOOCECEHCT
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Figure 3. Detailied configuration and optimized dimensions of the proposed
HMSIW-DGS bandpass filter.

In order to verity transmission properties of the proposed
HMSIW-DGS unit cell, a bandpass filter is implemented. Fig.
3 shows detailed configuration of the proposed HMSIW-DGS
bandpass filter, which mainly consists of three proposed unit
cells, two 50ohm microstrip lines and the taper transitions
between them. The three HMSIW-DGS unit cells are with
various size, which can contribute to different bandgap
frequency and so that to broaden the stopband of the filter.
The 500hm microstrip lines are utilized for convenience in
connection and integration with other planar transmission line
forms. Taper transitions are significant for the filter design,
since it can influence the impedance matching between the
unit cell and the 50ohm microstrip line. Hence, the taper
transitions have obvious effect on the return loss performance
of the entirefilter. Finally, the proposed HMSIW-DGSfilter is
simulated and optimized by using the same aforementioned

full wave simulator. The optimized dimensions of the filter are:

a=5.5, p=0.7, R=0.2, ws=0.76, t=1.5, wt=2.6, c=0.2, s1=0.9,
s2=53=1, el=e2=0.2, g=0.22, 11=1, 12=5.2, 13=0.5, 14=1, |15=5,
16=0.5, 17=1.1, 18=4.2, 19=0.6, w1=0.6, w2=0.2, i1=0.5, i2=2,
i3=0.2, wi=0.2, si=0.3 (unit: mm).
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I11.EXPERIMENTAL RESULTS

Using a standard single layer printed circuit board (PCB)
process, a prototype of the proposed HMSIW-DGS filter is
fabricated, with a 2um-thick gold layer plated outside. The
fabricated filter, with its photograph shown in Fig. 4, is
measured by using a Keysight PNA-X vector network
analyser N5245A and a self-designed test fixture, with the
default short-open-load-thru (SOLT) calibration method is
utilized to move out the influence from the coaxial cables. Fig.
5 shows comparison between the simulated and measured
results of the fabricated filter. It can be captured easily from
Fig. 5(a) that the fabricated filter is with a central frequency (fc)
of 10GHz, a fractional bandwidth of 23%, a return loss better
than 20dB, and an insertion loss of 1.2dB. The insertion loss
includes the loss of two 2.4-mm connectors and only about
0.2dB higher than the simulated one. Moreover, the fabricated
filter achieves a stopband rejection over 20dB from 12.5GHz
to 45GHz, which means the higher stopband is up to 4.5 times
of the central frequency. Fig. 5(b) gives the simulated and
measured forward transmission group delay (group delay of
S21). Obvioudly, in the passband, the absolute group delay is
lower than 0.5ns, and deviation of the group delay is lower
than 0.15ns, which indicates that the fabricated filter is with
linear phase property.

Figure 4. Photograph of the fabricated HM SIW-DGS bandpass filter.

In addition, the overall size of the fabricated filter is
13.5x6.5mm, corresponding to an electrical size of 0.25745,

where /s is the substrate wavelength of the central frequency
and can be calculated as:

A= o i, )

Where 4 and & are the relative permeability and permittivity
of the substrate, and Ao is the wavelength in free space at the
central operation frequency. By normalized the wavelength in
free space with the relative permeability and permittivity of
the substrate, the influence from substrate can be moved out.
Moreover, using substrate wavelength instead of guided wave
length can set all the comparison under the same standard,
avoiding the situation that different guided-wave structures are
with different definition on guided wavelength.

Table 1 shows comparison between the fabricated filter and
some reported similar works. According to Table 1, compared
with the HM SIW-dlot filter in [3] and the HMSIW-DGS filter
in [9], the fabricated filter is with smaller size and wider
stopband. The SIW-CSRR filter in [6], the SIW-CSRR-DGS
filter in [7] and the SIW-DGS filter in [8] are all based on
SIW sgtructure, which shows larger electrical size as compared
to their corresponding SIW counterpart. For these three works,
if they were implemented in HMSIW technology, their sizes
would be till larger than that of the proposed one. And their
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TABLE 1. COMPARISON BETWEEN THE FABRIATED HM SIW-DGS FILTER AND SOME REPORTED FILTERS IN SIW AND DGS TECHNOLOGIES

Ref. Unit cell Cell number fc (GHZ) FBW | Stopband (suppression>20dB) | Size(A?)
[3] HMSIW-Slot 3 7.8 22% 2.5f¢ 0.544
[6] SIW-CSRR 5 55 30% 2.4 1 1.391
[7] SIW-CSRR-DGS 3 9.4 30% 2.1f¢ 1.033
[8] SIW-DGS 3 9.0 32% 241 0.772
[9] HMSIW-DGS 3 8.8 29% 2.0fc 0.351
Thiswork HMSIW-DGS 3 10.0 23% 4.5fc 0.257

stopbands with 20dB suppression are all less than 2.5 times of
the central frequency, which is much narrower than that of the
proposed one. Above al, the fabricated HMSIW-DGS filter
achieves the smallest size and widest stopband, which is quite
promising for wideband microwave communication and radar
applications.
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Figure5. Simulated and measured (a) insertion losses and return losses, and
(b) transmmission group delay of the fabricated HM SIW-DGS bandpass
filter.

V. CONCLUSIONS
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In this paper, a wideband filter made of the proposed
HMSIW-DGS bandpass-transmission-type unit cell for X-
band applications is designed, fabricated and measured. The
measured results indicates that the fabricated filter has
achieved good performance, which illustrates the availability
of the proposed unit cell. Compared with some similar
reported works, the proposed one exhibits lower insertion loss,
smaller size and much wider stopband. All the aforementioned
results refer that the proposed HMSIW-DGS filter is suitable
for the microwave and millimetre wave communication, radar,
and sensing applications in the future.
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