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A Compact and Narrowband Displaced Substrate Integrated E-Plane
Waveguide (SIEW) Junctions Filter

Danyang Huang® *, Xuan Hui Wu?, and Qun Zhang?

Abstract—Substrate integrated E-plane waveguide (SIEW) was invented recently to design E-plane
waveguide devices on printed circuit board, which cannot be achieved by using the conventional substrate
integrated waveguide (SIW). This paper is the first time to present an E-plane displaced SIEW junctions
bandpass filter. The proposed design is shorter than the recently published SIEW septa filter and has
a smaller footprint than several other SIW filters. It is designed by mapping an equivalent E-plane
waveguide filter to its SIEW implementation. A filter prototype is built and measured for validation.

1. INTRODUCTION

In modern wireless communications, researchers strive to design devices that are small, light weight,
and can be highly integrated. Substrate integrated waveguide (SIW) is one of the techniques that
achieve these benefits [1,2]. Due to its compact size, low cost, and ease of integration, SIW has been
extensively studied, and many SITW devices have been designed [3-8|. In particular, multilayer SIW is
used to integrate circuits in the vertical direction by etching coupling slots on the shared waveguide
walls between stacked SIWs. The utilized mode is the same as that in an SIW, with electric field
perpendicular to the circuit board [9-11].

Although SIW and its multilayer version are successful to design an H-plane type of planar
waveguide circuit with electric field perpendicular to the PCB in its utilized mode, they cannot be
used to design an E-plane type of circuit whose electric field is parallel to the PCB. This issue has been
resolved recently by the invention of substrate integrated E-plane waveguide (SIEW) [12]. In SIEW,
two copper strips are inserted at the middle height and intersect all the through holes that emulate
the vertical wall. The additional copper strips allow the longitudinal current flow [12,13]. Since its
invention, SIEW has been used to design an E-plane horn antenna and an array [14, 15], a dual linearly
polarized horn antenna [13], and an SIEW adaptor that excites circular polarization [16].

The invention of SIEW antenna calls for the needs for SIEW filters because SIW filters are difficult
to integrate with SIEW antennas. The first SIEW filter published in [13] was based on metallic septa.
This type of design is normally longer than other filter types because the additional septa widths
increase the filter length. An alternative technique for filter design is to create displaced junctions in
the E-plane [17-21]. Each displaced junction forms a coupling window between neighboring waveguide
sections. Since such coupling windows have zero lengths, they give shorter filter designs. This paper is
the first time to report a displaced SIEW junctions filter. It has a smaller footprint than the existing
SIEW septa filter and several other SIW filters.
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2. SIEW FILTER DESIGN METHOD

The SIEW filter is designed by mapping a conventional displaced waveguide junctions filter into its
SIEW implementation. It has a more compact size, lighter weight, and is easier for integration than
the conventional metallic waveguide filter. Fig. 1(a) shows a third order E-plane displaced waveguide
filter with three narrow-window-coupled waveguide resonators. The electrical field is parallel to the
circuit plane. As seen, a displaced waveguide junction is created in the E-plane between every two
neighbouring waveguide sections. These junctions are inductive, change the field distribution inside the
waveguide, and make the circuit a shunt-inductance-coupled filter. Since the field distribution in the
SIEW is similar to that in a conventional rectangular waveguide, the design method for a Butterworth
type bandpass waveguide filter given in [22] can be used to design an SIEW filter. Fig. 1(b) shows
the equivalent circuit of an nth order displaced waveguide junction filter, where Zy is the waveguide
impedance; X; with 1 <14 < (n+1) is the equivalent reactance of the ith junction; and I; with 1 <i <n
is the length of the ith waveguide resonator. For the filter in Fig. 1(a), its equivalent circuit has n = 3
in Fig. 1(b). A higher filter order gives steeper rolloff as shown in Fig. 1(c).
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Figure 1. (a) A 3rd order symmetrical displaced waveguide junctions filter with three waveguide
resonators and (b) the equivalent circuit of an nth order displaced waveguide junctions filter. (c) Filter
responses with different orders. (d) The perspective view and (e) the middle layer layout of an SIEW
resonator coupled with two SIEW sections.

For the design of a waveguide bandpass filter with the angular frequency band from wy to we, the
ratio of X; over Zy can be calculated as [22]
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In Equation (2), g; with 1 < i < (n+ 1) are the filter prototype parameters. For a third order filter,
go = g1 = g3 = g4 = 1 and g2 = 2 [22]. w) in Equation (2) is the guided wavelength fractional bandwidth

defined as )
_ Agr + Ago wo — Wi (3)
2)\0 wo

where )y, and Ay, are the guided wavelengths at the cutoff frequencies wy and ws, respectively, and Ao
is the wavelength of a plane wave at the center frequency wg defined as

wo = \/@1wz. (4)
Given the value of X;/Zy from Equation (1), the physical length of the waveguide resonator in Fig. 1(a)
or Fig. 1(b) can be calculated as [22]

l; =% [n — = (tanl " +tan! “)] (5)
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where 1 <14 < n and )y is the guided wavelength at the center frequency wg. The ratio of the coupling
window width over the waveguide width o//b can be determined following the numerical calculation
provided in [17]. For the waveguide filter in Fig. 1(a), the design is completed with the values of /; and
b..

' When the waveguide filter in Fig. 1(a) is implemented on the printed circuit board platform, the
vertical metallic wall is realized using a sequence of copper plated through holes together with a copper
strip that is inserted at the middle height. The through holes guide the vertical electrical current, and
the copper strips guide longitudinal electrical current, both of which are required to design an E-plane
waveguide circuit.

Figures 1(d) and (e) show the perspective view and the middle layer layout of an SIEW resonator
that is coupled with two SIEW sections. The top and bottom surfaces of the device are entirely copper
plated. When the waveguide filter in Fig. 1(a) is mapped into its SIEW implementation, the waveguide
width b and coupling window width b} in Fig. 1(a) are used as the initial design values of the strip
edge-to-edge spacings for the SIEW and SIEW coupling window in Fig. 1(e), respectively. However,
the SIEW resonator length I/ will be different from that of its waveguide counterpart because of their
different guided wavelength values. It is obtained as

=19 (6)

where [; is the waveguide resonator length from Eq. (5), and )4 and )‘lgo are the guided wavelengths
of the waveguide resonator and the SIEW resonator, respectively, both at the center frequency. The
values of Ay, and X can be obtained from Fig. 2.

An SIEW and its equivalent conventional waveguide counterpart are simulated to compare their
guided wavelengths. Referring to Fig. 1(e), the SIEW has the through hole diameter of 1 mm, through
hole period of 1.5 mm, copper strip edge-to-edge spacing of b = 3 mm, and the thickness of a = 6.35 mm.
The strip insertion s is either 0.1 mm, 0.3mm, or 0.5mm. For fair comparison, the conventional
waveguide has the same thickness of 6.35 mm and the width of 3mm. The SIEW and waveguide
use the same substrate with ¢, = 3.45 and tand = 0.002. As seen in Fig. 2, the SIEW has a shorter
guided wavelength than the conventional waveguide, so the SIEW resonator length I/ in Fig. 1(e) will
be less than the waveguide resonator /; in Fig. 1(a). Moreover, at a lower frequency, the SIEW’s guided
wavelength depends on the value of the copper strip insertion s. The deeper the strip is inserted into
the waveguide, the shorter the guided wavelength will be. However, at a higher frequency, such an effect
can be ignored. It is because by increasing the s value, the SIEW’s cutoff frequency will be reduced,
which increases the propagation constant and thus reduces the guided wavelength. This also explains
why such an s value effect is more observable when frequency gets closer to the cutoff frequency. At a
center frequency of 17.5 GHz, the SIEW resonator length I, will be scaled from the waveguide resonator
length I; using a factor of 0.902 based on the results in Fig. 2. With the values of b, and I, determined
for each SIEW resonator, an initial design of the SIEW filter is obtained. It will then be optimized
using fullwave simulation to finalize the design.
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Figure 2. Guided wavelength comparison between the conventional waveguide and the SIEW with
different s values.

3. SIMULATED AND MEASURED RESULTS

A displaced SIEW junctions filter is designed using the method presented in Section 2. Its perspective
view and the three layouts on the top, middle, and bottom layers are shown in Fig. 3. The electric field
distribution is also illustrated in Fig. 3(e). The filter is a symmetrical design with two SMA-to-SIEW
transitions incorporated for measurement. The inner conductor of an SMA adapter is horizontally
inserted into the SIEW at the middle height to excite horizontal electrical field. The vector electric
field distributions with different excitation phases of 0°, 45°, 90°, and 135° are illustrated in Fig. 4.
Those with excitation phases of 180°, 225°, 270°, and 315° are not shown because they are simply out
of polarity of the 0°, 45°, 90°, and 135° cases, respectively. As seen, the excited electric fields in the
SIEW are mainly horizontally directed. The T-shape copper sheet is for the soldering of the SMA inner
conductor and also for impedance matching. The outer conductor of the SMA adaptor is soldered onto
the copper strips that are on both sides of the T-shape strip. This design is based on Rogers TMM3
substrate with €,, = €y = 3.40, €., = 3.45, and tan¢d, = 0.002. It is built by stacking and binding two
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Figure 3. (a) The perspective view, (b) the middle layout, (c) the top layout, (d) the bottom layout
and (e) the electric field distribution at 17.65 GHz of the displaced SIEW junctions filter.
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Figure 4. Vector electric field distribution at 17.65 GHz with (a) 0° excitation, (b) 45° excitation, (c)
90° excitation and (d) 135° excitation.
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Figure 5. The SIEW filter prototype (a) before Figure 6. S parameters of the SIEW filter.
and (b) after assembling.

Rogers TMMS3 substrates, each being 3.175 mm thick. Fig. 5 shows the SIEW filter prototype before
and after assembling. In Fig. 5(a), the copper plating pattern on the bottom substrate is a mirrored
image of that on the top substrate except that there are two additional "T’-shape copper strips on
the bottom substrate for the soldering of two SMA connectors’ inner conductors. In addition, the top
substrate has six cutouts to accommodate the inner and outer conductors of two SMA connectors.
During assembling, a thin layer of solder is applied onto the shown copper layers in Fig. 5(a). Next,
the two substrates are stacked face-to-face such that the copper patterns on the two substrates overlap.
Then, the two substrates are bound together in a reflow oven. Lastly, two SMA connectors are soldered
onto the bottom substrate.

The S parameters of the filter prototype is measured and compared to the simulated results in
Fig. 6. The measured minimum insertion loss is 3.59dB that is 1.4 dB higher than the simulated one.
The measured 3 dB bandwidth is 500 MHz from 17.38 GHz to 17.88 GHz. The discrepancy between the
simulated and measured results is mainly attributed to the imperfect alignment of the two substrates
during assembling, the possible roughness of the substrate surface between the two substrates, and the
undisclosed in-plane loss tangent value of the TMMS3 substrate in data sheet.
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Table 1. Filter comparison.

this work  [13] 5] [6] 7] 8]

type SIEW  SIEW SIW SIW SIW SIW
area (\?) 1.3 1.9 24 41 16 26

order 3 3 4 4 3 4
BW* (%) 2.8 33 99 34 65 3.7
f. (GHz) 17.63 11.25 202 92.7 102 125
IL* (dB) 3.59 265 09 43 20 1.4

* BW: Bandwidth, IL: Insertion loss.

Table 1 compares several SIEW and SIW filters excluding the transition structures that are used
for measurement purpose. A filter’s size depends on the operating frequency and the choice of substrate.
For fair comparison, the filter area data in Table 1 are normalized using A% where ) is the wavelength
in the substrate. As seen, the proposed filter has the best frequency selectivity with the narrowest
bandwidth, while achieving the smallest footprint area. Particularly, the new design has a 31.6% size
reduction and 15.2% bandwidth reduction compared to the SIEW septa filter [13]. The measured
insertion loss is higher than most other filters in Table 1 except for the one in [6]. The insertion loss
could be reduced by improving assembly tolerance to minimize substrate misalignment and solder layer
unevenness. Adopting a different substrate with lower loss tangent value will also improve insertion
loss.

4. CONCLUSIONS

A displaced SIEW junctions bandpass filter is presented. It is designed by mapping an equivalent E-
plane displaced waveguide junctions filter onto the SIEW. It is demonstrated that SIEW has a shorter
guided wavelength than its waveguide counterpart, so the filter size could be reduced. A filter prototype
is built and measured for validation. Compared to the SIEW septa filter, the proposed filter has 31.6%
size reduction and 15.2% bandwidth reduction that gives better frequency selectivity. It also has a
smaller footprint and better frequency selectivity than several other SIW filters.
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