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1 Abstract

Wireless communication systems are more crowded due to multiple standards (WLAN,
WiMAX, 5G, etc). Because of this, there is a huge demand in the design of multi-band
passive devices such as filters, power dividers, diplexers, etc. These devices yield the
benefits of simultaneous operation at multiple frequencies, reduced area and cost of fab-
rication. Compact microwave components have gained much importance due to the size
miniaturization of modern wireless communication systems. This thesis investigates
two methodologies to develop microwave components with multi-band functionality.
One approach is the design of microwave components operating concurrently at sev-
eral distinct bands, including the required frequencies. Another way is the development
of component functioning over a wide and continuous band that covers the supporting
frequency standards.

Substrate Integrated Waveguide (SIW) technology bridges the performance gap be-
tween microstrip and waveguide. It has emerged as a promising platform to develop
components with low loss, low cost, compact size, the capability of easy fabrication
and integration. By loading multiple Complementary split-ring resonators (CSRRs) on
the top of the SIW surface, multiple passbands were obtained below the SIW cutoff fre-
quency. This method develops SIW based multi-band microwave passive components.
The slot-loading mechanism is used to design wideband microwave components.

The first part of the thesis discusses the development of SIW based dual-band
power divider (PD) (for X-band), wideband PD (Ku and K-band), tri and quad-band
PD (WLAN, WiMAX, 5G, INSAT). A highly compact dual-band PD is developed us-
ing the half mode SIW (HMSIW) for SG/WLAN communications. The second part of
the thesis concentrates on the design of SIW based multi/wideband filter and HMSIW
diplexer. A compact SIW filter with good out-of-band rejection is demonstrated for the
5G application. Then a dual-band SIW filter useful for 5G applications is proposed.
The multi-mode resonant behavior of slots and stopband property of defective ground
structure (DGS) is utilized to design a wideband SIW filter useful for X, Ku and K-
band applications. A highly miniaturized diplexer is introduced using HMSIW and is
compatible with WIMAX/WLAN communications.

2 Introduction

Several standards exist in the modern wireless communication system to provide var-
ious communication services like WLAN, WiMAX, 5G, etc. Each of these standards
operates at specific frequencies and differs from country to country. A single-band mi-
crowave component does not satisfy the requirements of modern multi-standard com-
munication systems. The number of RF circuits increases with the number of frequency
bands accommodated increases. Therefore, the design of multi-band microwave pas-
sive components is becoming a hotspot for researchers [[13]]. Recently, the realization of
microwave components by SIW technology has gained more attention due to its com-
bined benefits of both microstrip and waveguide [9]. The development of SIW based
multi-band microwave components poses challenges because these components should
perform similar functions simultaneously at multiple frequencies with low loss, good
performance, and compact size.



The evanescent mode technique is preferred in the design of compact microwave
components because of the ease of etching resonators on the top/bottom metallic surface
of SIW. According to the theory of evanescent mode propagation, when CSRR is loaded
in the SIW due to the resonant nature of CSRR, a forward passband is generated well
below the SIW cut-off frequency [8]. Hence the operating frequency is reduced which
ensures the miniaturization of microwave components.

In literature, most of the SIW power dividers are developed for single-band opera-
tion [8]], [7]. The multi-band functionality is not considered for the multiple standards
available in modern wireless communication systems. The reported HMSIW dual-band
power divider [20] has a higher loss and larger size. The wideband SIW power dividers
reported in the literature lack compact size. [[11]], [15]. Most of the reported SIW filters
do not simultaneously possess low insertion loss, good band rejection characteristics,
and compact size [18], [19], [14]. Some of the reported dual-band SIW filters have
small bandwidth [21], [23] and high insertion loss [21]]. The reported SIW filters have
a wideband but at the cost of a larger size [2], [16]. Most of the reported SIW diplexers
do not have low insertion loss, good fractional bandwidth and compact size [3], [4]. In
this thesis, compact SIW based microwave passive components are implemented that
are useful for multi-standard wireless communication.

3 Objectives

The prime objectives of the thesis are as follows:
(a) To investigate the multi and wideband characteristics of the SIW power divider
supporting multi-band communication.
* To design and develop dual, tri, quad-band and wideband SIW power divider
with equal power division, low loss, better isolation, passband performance
and compact size.

* To design and develop a highly compact power divider based on HMSIW
with equal and unequal power division ratio for dual-band applications.

(b) To investigate SIW based single, dual and wideband filters with the characteristic
of low loss, good out-of-band rejection (OBR) capability and miniaturized size.
* To design and develop a low-profile SIW filter with the characteristic of
good OBR for 5G applications.

* To design and develop a miniaturized dual-band SIW filter useful for 5G
applications.

* To design and develop a compact wideband SIW filter with emphasis on
good OBR.

(¢) To demonstrate a compact diplexer based on HMSIW having low loss, better
bandwidth and isolation.



4 Existing Gaps Which Were Bridged

The literature review reveals that the development of SIW passive components support-
ing multi-band communication is still infancy. For instance, to support three differ-
ent standards: three power amplifiers, three filter blocks, etc., are required, and this is
not an efficient solution in terms of power utilization, area, and fabrication cost [13]].
The optimum solution is to utilize multi-frequency circuit components that operate
simultaneously at several frequencies. This thesis demonstrates the compact, high-
performance SIW-based fundamental microwave components such as power divider,
filter, and diplexer beneficial for multi/wideband communications.

Design procedure:

The following steps are involved in designing SIW-based microwave components de-
veloped in the thesis using the theory of evanescent mode propagation.
* Initially the dominant mode cut-off frequency of SIW is computed by,

C

 2Weprswo/6r

Here c represents the velocity of light in a vacuum, €, represents the relative
permittivity of the dielectric substrate.

fe(rEs,) )

* The effective width of SIW "W, ¢r sy ’, is determined by [[1]
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0.95s
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where Wy is the width of SIW, d and s represents the diameter of the via holes
and spacing between them.

* To avoid leakage through the gap between the vias, d and s have to meet the
following design constraints [[10]].

d
<2 and — <0.1 (3)
Ag

Ul ®

where )\, denotes the guided wavelength at the corresponding operating frequency.

* The electrical length of resonators is initially assumed to be half the guided wave-
length (\,/2) at the corresponding operating frequency and a rough estimate of
the wavelength in an inhomogeneous medium.

c
Ng = 77— 4)
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where €.s¢ 1s the effective permittivity of the substrate which is given by,
€ +1
Ceff = 5 (5)
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Figure 1: Simulated and measured S-parameters of (a) dual and (b) wideband SIW PD.
(with fabricated prototype at the inset)

Multi/Wideband SIW power divider:

As a preliminary study to support multi-standard communication, SIW dual-band
PD is developed. Here the dual resonance is provided by the double-ring circular
CSRRs incorporated on the top of the SIW. The measured results in Fig. [Ta show that
3-dB equal power division happens at 8.4/11.7 GHz with return loss (RL) of >23 dB
and insertion loss (IL) of <0.6 dB.

The wideband approach is used to develop SIW PD to support multi-standard com-
munication. The combined resonance provided by the CSRR and two identical slots
results in 3-dB equal power division over a wideband as shown in Fig. [Ib] with RL of
>15 dB and IL is 0.89 dB. The tri and quad-band capabilities of SIW PD are demon-
strated by utilizing single-ring modified circular CSRRs (MC-CSRRs) on the top cover
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Figure 2: Simulated and measured S-parameters of (a) tri-band SIW PD and (b)dual-
band HMSIW PD.(with fabricated prototype at the inset)



Table 1: Performance comparison of the proposed SIW PD with other related works.

PD Ref. CF (GHz) 3-dB FBW (%) RL (dB) IL (dB) ISL(dB)  Size ()\3)
18] 5.82 15.8 24 1.2 - 0.078
Single  [7] 5.39 13.73 13 13 - 0.043
Dual Proposed 8.4/11.7 4.62/6.55 24.5/23.8 0.43/0.6 >10 0.134
L] 9 223 12 1.1 >20 1.09
Wide [15]] 9.77 70 >12.5 - >10 1.175
Proposed 20.4 54.9 >15 0.89 <10 0.58
L7 3.47/4.73/6.31 - >20 3.8/4.85/4.06 >14 0.03
Tri & 3.34/4.82/6.17/7.66 - > 19 3.5/3.95/4.26/4.85 >12 0.02
Quad Proposed 2.41/3.46/4.65 2.07/4.62/1.94 >19 2.21/1.51/2.11 >12.8 0.0193
ua 2.42/3.78/4.74/5.8  3.31/4.23/2.53/2.75 >17.6 2.72/1.36/1.61/1.7  >10.86 0.0193
[6] 2.45/5.8 11.4/5.9 >34/28 1.3/2.2 - 0.0297
Dual [20] 2.43/3.5 13.3/6.3 >20 1.2/1.75 - 0.261
Proposed 3.5/5.17 (equal) 25.58/6.4 >26.3/18.22 <0.7/0.4 >10 0.0156

CF: Center Frequency; FBW: Fractional Bandwidth; ISL: Isolation.

of SIW. From Fig.[24] it is observed that the tri-band PD operates at 2.41/3.46/4.65 GHz
with IL of <2.21 dB and RL of >19.34 dB.

Dual-band HMSIW power divider:

To further achieve size reduction, HMSIW is utilized to develop miniaturized dual-
band PD by loading MC-CSSR. The S-parameters of equal dual-band HMSIW PD
shown in Fig. 2b] reveals that the tested RL at 3.5/5.17 GHz is >18 dB.The unequal
power division ratio of 2.45 dB is achieved by asymmetric location of output ports.
From the comparison Table [T} it is observed that the proposed multi/wideband SIW
PDs has compact size [[11}, [15], [17], [6], [20], minimum IL [7], [8], [11], [L7], [6],
[20] and good RL [7], [[L1]], [15].

Multi/Wideband SIW filter:

A miniaturized SIW filter incorporated with D-shaped resonators useful for 5G (sub-
6 GHz) applications is developed. The double-stage filter has a tested IL of 1.07 dB
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Figure 3: Simulated and measured S-parameters of (a) single-band and (b) dual-band
SIW filter.(with fabricated prototype at the inset)
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Figure 4: Simulated and measured S-parameters of (a) wideband SIW filter and (b)
HMSIW diplexer.(with fabricated prototype at the inset)

withfor the passband centered at 6.11 GHz as shown in Fig.[3al The stopband rejection
is better than 22 dB throughout the frequencies up to 20 GHz. Then a miniaturized
dual-band SIW filter is developed utilizing the dual resonating behavior of asymmet-
ric double-ring D-shaped resonators. Filter prototype has two passbands centered at
2.82/3.73 GHz withmeasured IL <1.76 dB/1.93 dB and the RL is >13.5 dB/20 dB at
the two passbands, respectively as plotted in Fig. [3a] A compact SIW wide bandpass
filter (BPF) with wide OBR beneficial for X, Ku, and K band applications is proposed.
The wider passband is achieved by the multimode resonance provided by slots loaded
on the top layer of SIW and the bow tie-shaped DGS enhances the stopband perfor-
mance. Fig. #a] shows that the filter has a tested IL of >1.52 dB and RL is >17.6 dB.
Further, the proposed filter has a stopband rejection of 16 dB up to 40 GHz.

HMSIW diplexer:
To support the recent 5G (3.5 GHz) [3] and existing WLAN (5.8 GHz) applica-

Table 2: Comparison of the proposed SIW filter and diplexer with previously reported

works.

SIW Component Ref. CF 3-dB IL RL OBR (dB) Size

(GHz) FBW (%) (dB) (dB) freq. limit. (GHz) (/\3)
119] 8 5 1.7 >11 >30 (11.6-12.6) 0.1764

Single-band filter [14] 3.42-3.52 - <25 >10 >50 (3.5-4) 1.801
Proposed 6.11 8.96 1.07 >20 >22 (7.5-20) 0.116
23] 3.6/6.4 3.3/24 1.3/1.8 >14 > 55(7.7-9) 0.1682

Dual-band filter 121] 13/14 2/1.78 2.86/3.37 >20/10 > 25 (14.4-25) 3.85
Proposed  2.82/3.73 6.38/3.48 1.76/1.93  >13.5/ >20 >16 (3.88-5) 0.0816
21 8.5 42 1.1 11 (11-18.5) 0.7875

Wideband filter 116] 13 48 1.1 >14 (16.5-20) 1.537
Proposed 14.74 76 <1.5 >17.6 (23 - 40) 0.7035

[5] 4.41/5.83 6.06/4.83 2.2/2.5 14/18 >28(ISL) 0.0835

Diplexer [4] 2.4/3.5 8.51/13.3 1.65/1.75 <13/30 18(ISL) 0.029
Proposed 3.5/5.8 9.45/10.38  1.32/1.12 23/24.7 >19.53(ISL) 0.024




tions, a highly compact diplexer is proposed based on the HMSIW. Two HMSIW BPFs
incorporated with MC-CSRR of distinct dimensions are cascaded to function at these
frequencies. Selectivity factor (S.F.) of the proposed diplexer is computed by,

_ Afs
A fooas

Where A f34p is 3-dB bandwidth and A f5045 is 20 dB bandwidth. The measured IL
of the diplexer is 1.32/1.12 dB, isolation between the two output ports is >19.5 dB and
S.F.is 13.2/17.9 % as depicted in Fig.[db| Table[2]shows the performance comparison of
proposed SIW filters and diplexer. The proposed single, dual-band and wideband filter
provide low IL [19], [14], [21], wide OBR [19], [14], [2]] and compact size [19], [14]],
(211, [23]], [2]], [16]. The proposed diplexer has low IL, compact size, and acceptable
ISL [4].

S.F.

(6)

5 Most Important Contributions

The key accomplishments of this research work are as follows:

* The SIW based dual, tri, quad-band, and wideband SIW PDs are demonstrated
for multi-band communications. The proposed PDs yield the benefits of equal
power division, lower loss [[7], [6], [8]], [11], [17], [20], adequate isolation, better
return loss and reduced size [6]], [LLL], [15], [L7Z], [20].

* The miniaturized dual-band equal and unequal PDs with good FBW and low loss
[6], [20] are achieved using HMSIW.

* A dual-band SIW filter is demonstrated for 5G applications with low loss, good
FBW and smaller footprint [21], [22], [23]. A wideband SIW based BPF with
features of low loss, good passband performance, wide OBR and compact size
[2], [L16] is developed.

* HMSIW diplexer with the merits of low loss, good FBW [3], [12], acceptable
isolation [5] and miniature size [, [12] has been developed.

» Equivalent circuits are extracted for the proposed multi-band SIW PDs and fil-
ters. The frequency response of lumped element models validates the full-wave
simulations.

6 Conclusion and Future scope

6.1 Conclusion

The multi-band characteristics of SIW based microwave passive components such as
power divider, filter and diplexer are explored in this thesis to support the modern multi-
standard wireless communication system. Dual, tri, quad-band and wideband PDs are
developed that are useful for multi-band/ wideband applications: including WLAN,
WiMAX (5G), INSAT, X-band, Ku-band, and K-band frequencies. A miniaturized



SIW filter with low loss and good band rejection capability has been developed for
5G communications. Then a compact dual-band SIW filter has been demonstrated for
5G applications. A highly compact diplexer with better isolation is developed using
HMSIW for WiMAX(5G)/WLAN applications. The proposed SIW based microwave
components are compared with the state of arts in literature. The proposed components
outperform others by miniaturized size, low insertion loss, acceptable isolation and
simple structure.

6.2 Future scope

Based on the proposed work, further investigations can be made to enhance the perfor-

mance of the STW based microwave components.
* The design of tri and quad-band SIW PDs with reduced size and arbitrary power

division needs exploration.

* The methods that improve the isolation between the output ports of the proposed
power divider should be investigated.

* The strategies to improve the selectivity and isolation accomplishment of the pro-
posed diplexer need to be examined.

7 Organization of the Thesis

The proposed outline of the thesis is as follows:
(a) Chapter 1: Introduction

(b) Chapter 2: Literature review

(c) Chapter 3: SIW based power dividers
(d) Chapter 4: SIW based filters

(e) Chapter 5: SIW based diplexer

(f) Chapter 6: Conclusion and Future Scope
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