174 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.19, NO.2 JUNE 2021

Analysis of Narrow Slot Loading on a Half
Guided Wavelength Folded Substrate
Integrated Waveguide

Sheelu Kumari!’, Vibha Rani Gupta', and Shweta Srivastava®, Non-members

ABSTRACT

This paper presents the effects of varying the
position, width, and length of a narrow slot loaded
onto the central metal septum of a half guided
wavelength folded substrate integrated waveguide
(FSIW) segment. The study shows that the most
significant effect is due to variation in slot length
and that slot loading can be used both for bandwidth
enhancement /slow-wave effect and filtering, depend-
ing on the length of the slot. Both phenomena
are explained with the help of field diagrams for
different propagating modes and an extracted cir-
cuit equivalent to the slot loaded folded substrate
integrated waveguide (SFSIW) segment. The results
indicate that for the designed FSIW structure, the
bandwidth enhancement/slow-wave effect continues
until the slot length is 3mm (0.18\.), beyond which
filtering is exhibited. All the developed structures
can be used for space/satellite communication. This
study will help in deciding the best dimensions of
the slot according to the application. The measured
scattering parameters of the fabricated structure are
compared with the simulated results obtained from
the HFSS and the circuit simulator in the ADS and
considered to be in good agreement.

Keywords: Filter, Folded Substrate Integrated
Waveguide, Slot Loading, Slow-Wave Structure

1. INTRODUCTION

There has been rapid growth in millimeter wave
technologies for use in diverse applications, such as
short-range communication, future mm-wave mobile
communication for fifth-generation (5G) cellular
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networks, sensor imaging systems, and space commu-
nication. The substrate integrated waveguide (SIW),
due to its low loss, planar nature, high integration
capability, and compactness, is a good candidate
for developing the operation of components and
circuits in the microwave and millimeter wave region.
The SIW is beneficial to both conventional high @
waveguides and low-profile planar circuits and can
integrate a planar structure such as a microstrip line
and non-planar structure like a waveguide, combining
their advantages [1, 2]. Since the introduction of STW
technology, various SIW-based circuit components
have been developed such as bends, filters, couplers,
power dividers, as well as resonant cavities and an-
tennas [3, 4]. Folded substrate integrated waveguides
(FSIWs) is a compact version of the SIW [5].

Many of the microstrip based components re-
ported in literature, utilize metallic-vias [6], defected
microstrip structures (DMSs) [7], defected ground
structures (DGSs) [7-11], and complementary split
ring resonators (CSRRs) [12] to obtain compactness,
enhanced bandwidth or stop-band characteristics.
However, due to high radiation loss, microstrip
based components are not suitable for high frequency
applications. The SIW-based components, which are
better suited for high frequency applications, also ex-
ploit the characteristics of CSSRs [13, 14], EBGs [15],
DGSs [15-17], and fractals [18] to improve component
performance. Slots have also been used in microstrip
based [19] and SIW-based [20] structures, which is
the simplest reported technique for improving the
performance of components. However, to the best of
the authors’ knowledge, no detailed analysis of slot
loading in FSIW, based on slot size has yet been
reported in literature.

In this paper, a half guided wavelength FSIW
segment is obtained by folding an SIW designed for
a cut off frequency of 12 GHz. A slot is loaded on
the central metal septum with its position, width,
and length varied to study the various effects. The
slot loaded folded substrate integrated waveguide
(SFSIW) segment is analyzed in detail with the help
of an electric field diagram and a lumped equivalent
circuit. It is observed that the dimensions of the slot
define the behavior of the structure as an enhanced
bandwidth FSIW segment or a stop-band filter. This
study focuses on the FSIW structure and will be
useful for space communication [21]. Transitions
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Fig. 1: Configuration of (a) SIW and (b) FSIW.

using the concept of simultaneous transformation in
field and impedance to match the requirements of a
50 2 microstrip line are integrated at both ends of the
designed SFSIW segment.

2. DESIGN DETAILS

The SFSIW segment is obtained by loading a
narrow slot onto the central metal septum of the
FSIW. The required FSIW is derived from the
designed SIW where f. = 12 GHz.

2.1 Designing a FSIW

Initially the SIW is designed for the Ku-band with
the cut off frequency f. = 12 GHz and the operating
frequency fo = 14 GHz using Duroid 5870 substrate
with relative permittivity of €, = 2.33 and height h =
0.787mm using the equations documented in [22].
The propagating mode considered is the fundamental
TEqp.

In the next step, the proposed SIW (Fig. 1(a))
is folded into about half its width and double its
height to constitute FSIW, as shown in Fig. 1(b).
In Fig. 1(b), the distance between two rows of vias
T/2 is 4.2mm and height 2h = 1.574 mm, while the
calculated [5] and optimized distance between the
center of one vias row and one edge of the central
metal septum is ¢ = 0.3mm. The pitch dimensions
w = 1mm and the via diameter d = 0.5 mm are the
same as for the SIW. The length of the transmission
line Ly is retained at half the guided wavelength,
which is 8 mm for the designed FSIW.
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Fig. 2:  SFSIW with back-to-back transitions at
two ends. (Guided wavelength of SFSIW L, =
8 mm, width of central metal septum Wy = 4.35 mm,
length of the perpendicular bisector of the base of
the isosceles etched triangle Ly = 3.2 mm, length of
microstrip L,, = 2mm, and microstrip width W,, =
2.4mm)
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Fig. 3: S-parameter response of FSIW segment with
transitions at two ends.

2.2 Designing Transition

Proper transitions are essential for planar circuit
integration. Moreover, transitions play an important
role in realizing impedance matching between the feed
and circuits.

Therefore, in the next step, transitions are in-
tegrated at both ends of the designed FSIW. The
central septum is tapered to a 502 impedance
microstrip width over a length of L; with part of
the upper ground plane precisely above it removed
in a triangular shape for field matching. In addition,
the upper substrate with an upper ground plane
dimension of L,, x W,, is cut and removed to
constitute microstrip segments at both ends. The
SFSIW, with the integrated transition at both ends,
is shown in Fig. 2.

Fig. 3 shows the S-parameter response for the
designed half wavelength FSIW segment with tran-
sitions at two ends. The designed FSIW covers
almost the entire Ku-band with a bandwidth of
9 GHz (12.7-21.7 GHz) and minimum insertion loss of
0.73 dB. Current distribution on the central septum
and electric field variation over the designed FSIW
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Fig. 4: (a) Current distribution in central metal
septum of FSIW with transitions and (b) electric field
transition between FSIW and microstrip.

with transitions at 14 GHz are shown in Figs. 4(a)
and 4(b), respectively. The current distribution is
almost uniform and the field between the FSIW and
microstrip line exhibits smooth transformation.

2.3 Cutting a Slot on the Central Metal
Septum of the Half Guided Wavelength
FSIW

In this section, the SFSIW segment is designed
and the effects on the position (distance between one
of the edges of the central septum and center of the
slot), width, and length of the slot are analyzed.

2.3.1 Variation in the slot position

A slot 0.5mm in width and 3mm in length is
inserted onto the central metal septum of the FSIW
segment as shown in Fig. 2. The position ‘P’ of the
slot varies according to the different values, keeping
breadth ‘0> and length ‘a’ constant. For clarity,
S-parameter responses for only three slot positions
are shown in Fig. 5 where P = 1.175mm, P =
2.175mm (center), and P = 3.175mm. As the slot
position moves away from the septum edge (shown
in Fig. 2), the cut off frequency shifts toward the
higher end of the frequency spectrum, thus reducing
the bandwidth. A maximum shift of 7.2% is observed,
which is negligible.
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Fig. 5: S-parameter response of the SFSIW struc-
ture with varying values of slot position ‘P’ (in mm,).
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Fig. 6: S-parameter response of the SESIW struc-
ture with varying values of slot width b’ (in mm).

2.3.2 Variation in slot width

In the next step, the slot width is varied from 0.25
to 1.0 mm, keeping the position and length fixed at
P = 2.175mm (center) and a = 3mm, respectively.
Fig. 6 shows the S-parameter response for width
values b = 0.25, 0.5, and 1mm. With an increase
in the slot width, the cut off frequency shifts toward
the lower end of the frequency spectrum, thereby
increasing the bandwidth. However, the maximum
shift is only 3.6% which is insignificant.

2.3.3 Variation in slot length

Next, the length of the centrally placed slot on the
central septum is varied, keeping the position and
width constant at P = 2.175mm (center) and b =
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Fig. 7: S-parameter response of the SFSIW struc-
ture with varying values of slot length ‘a’ (in mm).

0.5 mm, respectively. Length ‘a’ is varied through a =
Omm (no slot) to ¢ = 8 mm (maximum length of the
FSIW). Fig. 7 shows the S-parameters of the SFSIW
segment with different slot lengths. A shift in cut
off frequency toward the lower end of the frequency
spectrum is observed with an increase in slot length.
In this case, the cut off frequency shifts by 50.39%,
from f. = 12.7GHz for a = Omm to f. = 6.3GHz
for @ = 8mm. It is also evident from the graph that
for lower slot lengths @ = 0 to 3mm the structure
shows a single band, whereas for higher slot lengths
the band is bifurcated into two, due to the reactive
impedance of the inserted slot.

It can be inferred from the study that the
variation in slot length has a significant effect on
the performance of the SFSIW structure, whereas
the position and width can be used for fine-tuning if
required. The increase in length response is therefore
further investigated using the lumped equivalent
circuit and electric field analysis.

2.4 Detailed Analysis of Length Variation in
a Centrally Placed Slot

The following sections present a detailed analysis
concerning the effects of length variation on a
centrally placed slot. The HFSS and ADS simulation
software are used for the electric field and lumped
equivalent circuit analysis, respectively.

2.4.1 Deriving a lumped equivalent circuit

Initially an approximate lumped equivalent of the
SESIW structure is derived, as shown in Fig. 8.
For the metal plates, two plate transmission line

Portl Port2

G

b

Fig. 8: Approzximate equivalent circuit of the
proposed SESIW structure.
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modeling is used, and via wires modeled as inductors
[17, 23], whereas ohmic losses are neglected. Plate
inductors are referred to as L; with Lo representing
via wire inductors. Capacitors C; represent the
capacitance between the central metal septum and
two grounds in the central part of the FSIW
segment along with fringing capacitance due to slot
edges. Capacitors C5 represent capacitance between
the central septum and two ground planes at the
ends of the FSIW segment along with fringing
capacitances at plate edges. Capacitors C3 represent
the capacitance between via wires and metal plates.
Circuit component values for the FSIW segment
consist of Ly = 0.7nH, Ly = 0.351nH, C; =
0.005pF, Cy = 0.175pF, and C5 = 0.32pF.

Introduction of the slot provides additional capac-
itance and inductance into the circuit. Babinet’s
principle is used to find the reactance value [24].
Slot capacitance comes in parallel with C5 capac-
itors, increasing its overall value. For lower slot
lengths, capacitance between the two metal plates
is dominant, decreasing the overall value of C; due
to the removal of the metal from the central part of
the SFSIW septum. Whereas for higher slot lengths
fringing capacitance plays a dominant role resulting
in an overall incremented value for capacitor Cf.
Capacitors C; which include the central septum to
ground capacitances at both ends of SFSIW and
fringing capacitance at the edges are not affected by
slot loading. The effect of inductance is negligible
for these slot lengths. Fig. 9 shows the response of
equivalent circuits in the structure with increasing
slot length.

Using HFSS and ADS, two frequencies fp; and fps
at which return losses are minimum for various slot
lengths are compared in Table 1, and the C; and Cj
values presented.

The lower peak shifts toward the lower end of the
frequency spectrum with an increase in the slot length
due to the rising value of Cj3, thereby explaining
the slow-wave effect. Whereas a decrease in the C4
value for the lower slot lengths shifts the higher peak
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Fig. 9: S-parameter response of the equivalent

SESIW circuit structures with varying slot length
values ‘a’ (in mm).

Table 1:  Comparison of two peak frequencies of
SESIWs with varying slot lengths, simulated in HFSS
and ADS.

HFSS ADS
a for foz2 for foz2 C1 | Cs
(mm) | (GHz) | (GHz) | (GHz) | (GHz) | (pF) | (pF)
0 14.6 19 14.6 18.8 [0.005 | 0.32
2 14 19.4 13.8 19 0.003 | 0.37
3 12.6 19.8 12.6 19.4 |0.002 | 0.45
4 11.2 20.2 11.2 19.6 [0.001| 0.6
6 8.2 19.2 8.2 19.2 10.003| 1.2
8 6.6 17 6.6 17 0.15 2

toward the higher end of the frequency spectrum
while an increase in C; for the higher slot lengths
shifts the higher pass band toward the lower end
of the frequency band. The variations in circuit
components with slot lengths deteriorate the Si;
response in the middle of the frequency spectrum,
causing a filtering effect. All the effects mentioned
result in a decrease in the cut off frequency and an
overall increase in the bandwidth with a rise in the
slot length until it reaches 3mm. For higher slot
lengths, the structure acts as a dual band structure.

2.4.2 Propagating modes in SFSIWs

To study mode propagation, the following electric
field patterns are observed: 15GHz for the FSIW
segment, 12.6 GHz for the SFSIW where ¢ = 3 mm,
19.8 GHz for the SFSIW where ¢ = 3mm, 6.6 GHz
for the SFSIW where ¢ = 8mm, and 17 GHz
for the SFSIW where ¢ = 8mm, as shown in
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Fig. 10: Electric field pattern of TE;p mode
propagating in FSIW segment at 15 GHz.
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Fig. 11: Electric  field pattern of TE;p mode
propagating in SESIW where a = 3 mm at 12.6 GHz.
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Fig. 12: Electric  field pattern of TE;p mode
propagating in SESIW where a = 3 mm at 19.8 GHz.

Figs. 10-14, respectively. The TE;y mode propagates
in a complete passband of FSIW and SFSIW with
a slot length of 3mm. Figs. 10-12 show similar
patterns. Whereas in the SFSIWs with slot lengths
of 8 mm the two passbands have two different modes;
TE19 and TEg. Mode TE;g propagates in the lower
passband as shown in Fig. 13, while TEy, propagates
in the upper passband as shown in Fig. 14.
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Fig. 13: Electric field pattern of TE;p mode
propagating in SFSIW where a = 8 mm at 6.6 GHz.
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Fig. 14: Electric field pattern of TEsy mode
propagating in SESIW where a = 8 mm at 17 GHz.

3. RESULTS AND DISCUSSION

The FSIW segment and the SFSIW with a
centrally placed slot, where ¢ = 3mm and b =
0.5mm, are fabricated and their S;; and S9; pa-
rameters measured to validate the simulated results.
Photographs showing different layers of the structure
during the fabrication process for the SFSIW are
presented in Fig. 15. The measured results are
compared with the simulated S-parameter responses
obtained from HFSS and ADS for FSIW and SFSIW
in Figs. 16 and 17, respectively. Responses are shown
until 20 GHz is reached, as indicated by the available
VNA measurement.

The measured and simulated results are in good
agreement using both HFSS and ADS, except at
higher frequencies. The discrepancies in the mea-
sured results are mainly due to fabrication and
alignment errors. Even a small deviation during
fabrication can result in significant errors at higher
frequencies.

The FSIW and all SFSIWs cover useful frequencies
for space communication. The SFSIW with slot
dimensions where ¢ = 3mm and b = 0.5 mm provide
the best wideband response and the SFSIW where
a = 8mm and b = 0.5 mm exhibit the most compact
filter when compared with different microstrip lines
and SIW-based filters.

Fig. 15: Photographs showing SFSIW fabrication,
(a) upper substrate layer with top ground plane,
(b) lower substrate layer with a slot (a = 3mm,
b = 0.5mm) on the central metal septum, and
(¢) fabricated SFSIW with transitions and SMA
connectors.

Table 2: Comparison of SFSIW where a = 3 mm
with different reported wideband structures.
Ref. Structure Center S21 | Size | Bandwidth
Frequency | (dB) | A2 (%)
(GHz)
[13] STW 6.88 <2 [1.69 40
[15] SIW 1484 |<2.06]| 4.3 415
[17] SIW 898 | <15 |1.18] 474
6] Microstrip 4.3 <0.9 |0.61 37.2
SFSIW SIW 16.6 <2 1094 67.5
(a = 3mm)

It is evident from Table 2 that the slot loaded
FSIW where ¢ = 3mm, exhibits the highest band-
width, whereas Table 3 shows that the slot loaded
FSIW where a = 8 mm provides the smallest size and
lowest insertion loss. Moreover, the structures are
very simple to implement.
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Fig. 17: S11 and Sa1 responses of the SESIW (a =

3mm, b= 0.5mm) with transitions.

4. CONCLUSION

Slot loading in a central metal septum of the
FSIW segment exhibits two phenomena: slow wave
and filtering, which are explained in detail with the
help of equivalent circuits and field diagrams in this
paper. Both phenomena have been exploited for
various structures applicable to space communication
by using the appropriate slot size and position. The
discussed phenomena can be used to develop various
structures such as filters and antennas for different
frequency bands.
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