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Abstract 
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Design of New, Compact and Efficient Microstrip Filters for 5G Wireless 

Communications 

Design, Simulation, Implementation and Measurement of Efficient, Compact, 

Multi-standard, and Reconfigurable/Tunable Microstrip Filters and their 

Integration with Patch Antennas for Current and Future Wireless 

Communications 
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The electromagnetic spectrum is becoming increasingly congested due to the 

rapid development of wireless and mobile communication in recent decades. 

New, compact and efficient passband filters with multi-functions and good 

performance are highly demanded in current and future wireless systems. This 

has also driven considerable technological advances in reconfigurable/tunable 

filter and filtering antenna designs.  In light of this scenario, the objectives of this 

thesis are to design, fabricate and measure efficient, compact, multi-standard, 

and reconfigurable/tunable microstrip resonator filters and study the integration 

of the resonators with patch antennas. As a passive design, a compact dual-band 

filter is implemented to cover 2.5 to 2.6 GHz and 3.4 to 3.7 GHz for 4G and 5G, 

respectively. Another design is also presented with the advantages of a wide 

passband of more than 1 GHz. Conversely, new and compact reconfigurable 

filters are designed using varactor and PIN diodes for 4G and 5G. The proposed 

filters are tunable in the range from 2.5 to 3.8 GHz. The bandwidth is adjustable 

between 40 and 140 MHz with return losses between 17 to 30 dB and insertion 

loss of around 1 dB. Also, the thesis investigates the design of cascaded and 
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differentially-fed filtering antenna structures. The cascaded designs operate at 

2.4 and 6.5 GHz and have a relatively wide-band bandwidth of more than 1.2 

GHz and a fractional bandwidth of more than 40%. For the differentially-fed 

structures, good performance is achieved at the 3.5 GHz with a high realized gain 

of more than 7.5 dBi is observed. 
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Chapter 1  

Introduction 

1.1 Background and Motivations 

Recently, wireless communication systems such as wireless transceivers have 

been experiencing an increasingly vital impact in the field of microwave (MW) and 

radio frequency (RF) communications. One of the essential modules in the 

wireless communication system is the microwave filter [1-4]. Microwave filters are 

used in a wide spectrum of communication systems, such as satellites/earth 

stations, base stations, mobile and fixed point-to-point, communication handsets 

and radars. Microwave filters play a critical role in passing desired frequency 

bands and stopping the unwanted ones, including noise signals in the microwave 

field. Figure 1.1 shows the positions of the microwave filters in a generic wireless 

transceiver system. The microwave filters considered in these sessions of a 

generic wireless transceiver need to have low insertion loss and are employed to 

reject adjacent channel interference or out-of-band signals at a receiver input or 

the output of a transmitter [5-8].  

 

Figure 1.1: RF front end system architecture. 

 



2 
 

Moreover, with the requirements in the current increasingly stringent frequency 

spectrum resources and the development of advanced multi-standard wireless 

communication systems [9-13], filters covering multi-standard have gradually 

become a good candidate to meet these demands. Therefore, developing high-

performance multi-standard filters with compact size, low in-band insertion loss 

(IL), and high out-of-band rejection skirts is in urgent need. On the other hand, In 

today's crowded RF environments, tunable microwave filters are attracting more 

attention in research and development because of their increasing importance in 

improving the capability of current and future wireless systems [14, 15]. Common 

applications for tunable filters include multi-band transceivers, cognitive radio 

(CR) systems, next-generation cell phones, wide-band radars, and satellite 

payloads. Generally speaking, such applications put high requirements on the 

performance of the wireless systems, demanding for more functionality, higher 

efficiency, and flexibility in frequency spectrum usage, smaller size, longer battery 

life, and lower cost. Moreover, the integration and coexistence of multi-standard 

(MS) or multi-band operations in a single device are having significant trends. 

 

As we move toward 5G, the complexity of the RF front-end continues to increase 

(as shown in Figure 1.2) and 5G RF front-ends for all wireless-enabled products 

will be driven by cost, power efficiency, and available space within the unit. 

Therefore, they will need to be small, highly efficient, and able to be manufactured 

in large quantities to meet fast-growing global demand. Although the industry has 

made progress over the past few years in packaging technology, a higher level 

of integration is still challenging for today‘s wireless communication systems. This 

is because traditional designers who seek to support multiple operation standards 
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in the same device have resorted to stacked radio architectures with a separate 

radio transceiver for different standards. Also, the passive part (such as filters 

and switches) in RF front-end systems occupies a large board area to hinder 

higher integration. However, considering the alternative architecture of a fully 

reconfigurable/tunable RF front-end, the overall size and complexity of the 

system can be significantly reduced by using active components such as tunable 

filters or filtennas.  

 

Figure 1.2: Growing number of components in the RF front-end systems. 

 

As an example, a newly emerged reconfigurable system is cognitive radio. It is 

well known that the ultimate objective of cognitive radio is to obtain the best 

available spectrum efficiently through cognitive capability and reconfigurability 

[16]. In order to enable the cognitive radio to adapt easily to a dynamic radio 

environment, the network requires several parameters such as the operating 

frequency, modulation, transmission power, and communication technology, 

which can be reconfigured without any modification on the hardware 

components. To this aim, it is certain that tunable filters can ease these 
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challenging requirements. Moreover, wideband receivers are also currently an 

active area of application that can benefit greatly from the use of tunable filters. 

It is hoped that the filter banks in these systems will be replaced by 

reconfigurable/tunable filters at some stage in the future. In overall, the general 

advantages of using reconfigurable/tunable filter can be concluded as: 

 Efficiency and flexibility in spectrum usage are enhanced, 

 RF component count is reduced, 

 System complexity is reduced, 

 System size and cost are reduced, 

 Capacity is increased, 

 Software control can be applied, 

 System performance is optimized, 

 The specifications of other devices in the system can be relaxed. 

 

Besides, with the rapid development of current fourth-generation (4G) and fifth-

generation (5G) applications, compact and reconfigurable structures with a wide 

tuning range are in high demand. Also, the microstrip filter–antenna integration 

(filtenna) designs have become one of the most desired structures because of 

their low profile, compact size, lightweight, and ease of fabrication [17-22]. 

Microstrip filtering antennas are also beneficial because they can be printed 

directly onto the dielectric substrate materials [23]. Filtering antenna designs 

have many applications, mostly in modern wireless communication systems, 

where filtering and efficient radiation pattern responses can be obtained 

simultaneously [24].  
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In recent years, several wireless communication standards have been proposed 

in order to let wireless communication devices and systems use the frequency 

resource more effectively. These communication standards includes GSM850 

(824-894 MHz); GSM900 (890-960 MHz); GSM1800 (1710-1880 MHz);  

GSM1900 (18501990 MHz); UMTS (1920–2170 MHz); GPS (frequency band 

centered at 5.75 GHz); IEEE 802.11a (frequency band centered at 5.8 GHz); 

IEEE 802.11b/g/n (frequency band centered at 2.4 GHz); WIMAX (frequency 

band centered at 3.5 GHz); LTE2300 (2305-2400 MHz); LTE2500 (2500-2690 

MHz) and so on. Also, the office of communication (Ofcom) worked closely with 

national spectrum regulators across Europe, through the radio spectrum policy 

group (RSPG) to develop an opinion on spectrum bands for next-generation 

wireless systems, 5G. The opinion which was consulted upon and formalized in 

2018, identified a strategic roadmap for 5G in Europe. In particular, the roadmap 

identified the following building blocks for 5G [25]: 

 Low bandwidth spectrum at 700 MHz; 

 Medium bandwidth spectrum at 3.4 – 3.8 GHz as a “primary” band, which 

will   provide capacity for new 5G services; and  

 High bandwidth spectrum at 24.25 – 27.5 GHz as the “pioneer” millimeter 

wave band to give the ultra-high capacity for innovative new services. 

 

Therefore, this means when we are designing certain wireless communication 

devices, to meet these wireless communication standards, it is better to make the 

working frequency bands of wireless communication devices cover one or 

several relative wireless communication operating bands. In other words, we can 
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use these wireless communication standards to guide the design of multi-

standard microwave filters. 

1.2 Aims and Objectives   

The main objective of this thesis is to investigate and design of efficient, compact, 

multi-standard, and reconfigurable/tunable microstrip filters for sub-6 GHz 5G 

wireless communications. New planar filtering antennas (filtennas) and 

differentially-fed structures will also be investigated and presented using different 

design techniques. This includes design, simulation, implementation of the 

prototype and its experimental investigations. The main aims and objectives of 

this thesis are: 

 To investigate the state-of-the-art design techniques of the microwave filters 

with focusing on the recent progress in the design of 4G/5G 

reconfigurable/tunable microstrip filters. 

 To understand the basic principles and theory of the microwave and 

microstrip filters.  

 To design, optimize, develop and analyze efficient and compact microstrip 

filters for sub-6 GHz 5G and other multi-band applications using different 

design techniques and new configurations. 

 To design reconfigurable and tunable microstrip filters based on PIN and 

varactor diodes for 5G wireless communications. 

 To investigate the filter-antenna integration and propose new planar filtering 

antennas (filtennas) designs using cascading and differentially-fed 

techniques.   

 To evaluate the printed circuit board (PCB) implementations of the 

structures using state-of-the-art measurement facilities. 
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1.3 Thesis Contributions to Knowledge 

According to the objectives of the research project, the main contributions of the 

thesis are summarized as follows: 

 A new and very compact combline bandpass filter has been designed and 

proposed using three-pole coupled lines to cover the frequency band 3.4 to 

3.8 GHz, which is suitable for 5G wireless applications. 

 A new and very compact open-loop trisection bandpass filter has been 

designed and fabricated for sub-6 GHz 5G systems. The proposed filter has 

also been compared with other similar designs from the literature and has 

offered a simple structure with good performance in terms of return/insertion 

losses.  

 A new and very compact dual-band microstrip bandpass filter has been 

designed, simulated and measured for 4G and 5G applications. The 

measured insertion loss is very low with good return loss and group delay 

have been obtained to cover the 4G (2.5-2.6 GHz) and 5G (3.7-3.8 GHz) 

spectrum. 

 Multi-standard dual-wideband and quad-wideband asymmetric step 

impedance resonators (ASIRs) with wide stopband restriction have been 

analyzed, developed and presented. The wide passbands are attributed to 

the mutual coupling of the modified ASIRs and their bandwidths are 

controllable by tuning relative parameters while the wide stopband 

performance is optimized by the new interdigital cross-coupled line structure 

and parallel uncoupled microstrip line structure. 
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 Mixed-coupling microstrip wideband stepped-impedance resonator filter 

with wide stopband restriction has been analysed, designed and fabricated 

for sub-6 GHz 5G communications. 

 A very compact microstrip reconfigurable/tunable filter using a new hybrid 

co-simulation technique and based on varactor diode has been presented 

for 4G and sub-6 GHz 5G systems. Computer simulation technology (CST) 

is utilized to design and optimize the presented reconfigurable filter, with 

hybrid co-simulation technique, using both CST microwave studio (MWS) 

and CST design studio (DS), is applied to build the model by considering 

the SPICE representation for the varactor switches and all electronic 

elements of the biasing circuit.  

 A new and compact 3-pole tunable bandpass filter based on varactor diode 

has been proposed for green flexible RF for 5G applications. Controlling the 

DC biasing voltage across the varactor diode gives a wide tuning range of 

about 3.4 to 3.8 GHz for the resonant frequency and 50-130 MHz tunable 

bandwidth. 

 A new and very compact reconfigurable bandpass to lowpass/bandpass 

microstrip filter with the wide-stopband restriction and based on PIN diode 

has been proposed for 5G applications. The designed filter can handle dual-

band low pass and bandpass characteristics in the On-state configuration 

targeting the lower- and mid-band of the 5G spectrum at 700 MHz and 3.6 

GHz resonant frequencies, respectively, and the single-band bandpass 

characteristics in the off-state configuration targeting the mid-band 5G 

spectrum. 
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 A new and compact microstrip filtering antenna (filtenna) with modified 

shaped slots to improve the impedance bandwidth has been proposed. The 

proposed microstrip filtering antenna consists of three parts: the monopole 

radiating patch antenna; the stepped-impedance resonator (SIR) filter; and 

the feeding microstrip line. 

 A new and compact wide-band microstrip filter-antenna (filtenna) design 

using a fourth-order planar BPF cascaded with a monopole microstrip 

antenna for 2.4 GHz ISM band and 4G applications has been analyzed and 

presented.  

 A differential-fed dual-polarized microstrip filtering antenna (filtennna) with 

high gain and high common-mode rejection for 5G applications is presented 

and experimentally validated. The filtering response is achieved by 

introducing four symmetrical open-loop ring resonator slots on the top layer 

surrounding the four excitation ports of the patch antenna. 

 A differential-fed dual-polarized high-gain filtering antenna (filtenna) based 

on substrate integrated waveguide (SIW) technology for 5G applications 

has been proposed. The filtering response is achieved by introducing 

symmetrical defected ground structure (DGS) in the ground layer 

surrounding the four excitation ports for dual-polarized antenna. 

1.4 Thesis Outline 

The rest of this thesis is structured as follows: 

Chapter 2 covers an introduction to microwave filters and presents a 

comprehensive review of some of the microwave filters.  In addition, the chapter 

discusses state-of-the-art design techniques of the microwave filters with 

focusing on the recent progress in the design techniques of 5G 
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reconfigurable/tunable microstrip filters. Furthermore, some essential planar 

filtering antennas have also been surveyed and discussed.  

Chapter 3 presents a comprehensive theoretical study of microwave filters. It 

covers the introduction to the diversity of filters including low pass filters, high 

pass filters, bandpass filters, and bandstop filters as well as filter design 

parameters including the center frequency, insertion loss, ripple coefficient, 

bandwidth, rectangular coefficient and the stopband rejection level. Three basic 

classic types of microwave filters and the frequency transformation between them 

are also presented and explained.  

Chapter 4 presents three microstrip passive bandpass filter designs based on 

coupled line resonators. Firstly, a compact size, third-order bandpass filter is 

designed and optimized using the combline technique. Secondly, a design for a 

very compact trisection microstrip bandpass filter is presented and implemented 

with asymmetric frequency response and covering the 3.4 to 3.7 GHz spectrum 

for 5G applications. Thirdly, a very compact planer open-loop bandpass filter 

(BPF) is presented with asymmetric frequency response and covering the 2.5 to 

2.6 GHz and 3.6 to 3.7 GHz spectrum for 4G and 5G applications, respectively.  

Chapter 5 presents two microstrip passive bandpass filter designs based on 

stepped-impedance resonators. Firstly, a new multi-standard wideband filter with 

different modifications and compact sizes is presented for several wireless 

communication applications. Secondly, a mixed-coupled single-wideband BPF 

which is composed of parallel coupling and mixed electric and magnetic coupling 

structure for sub-6 GHz 5G wireless communications is proposed.  

Chapter 6 presents three compact reconfigurable/tunable planar filters. Firstly, a 

varactor-based very compact tunable filter with a wide tuning range for 4G and 
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sub-6 GHz 5G communications is proposed. Secondly, a third-order microstrip 

open-loop ring resonator tunable BPF with a compact size and covering the 

frequency band 3.4 to 3.8 GHz for 5G applications is proposed. Thirdly, a very 

compact reconfigurable planer filter, to realize both the low pass and passband 

characteristics by controlling the switching state of the PIN diode is designed and 

proposed for the lower and mid-band of 5G systems.  

Chapter 7 presents four planar filtering antenna (filtenna) designs using two 

different methodologies. The first two configurations are tackled by cascading 

planar filter resonators with the radiating antennas to provide the required filtering 

performance. Moreover, the differentially-fed technique has been utilized to 

design the other filtering antennas by loading the resonators into the radiating 

patch itself to realize dual-polarized and high-gain properties with filtering 

characteristics for 5G systems.    

Chapter 8 concludes the overall work and briefly describing the work carried out 

in each phase of the study and the corresponding outcomes. Also, it provides 

some suggestions and recommendations for further improvements and studies 

that could be conducted in the future. 
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Chapter 2  

Literature Reviews  

2.1 Introduction   

Filters play essential roles in many RF/microwave wireless systems such as 

radar, wireless communications, radio astronomy, navigation, sensing and 

medical instrumentation [3]. They are employed to separate and combine or 

select and reject signals at various frequencies. With the emerging novel wireless 

communications, more frequency spectrum will be demanded. However, the 

frequency spectrum as a resource is valuable and limited. This continues to 

challenge RF/microwave filters with ever more stringent requirements such as 

low insertion loss, high selectivity, linear phase, small size, lightweight and lower 

cost [3, 26, 27]. Generally, most RF and microwave filters are often made up of 

one or more coupled resonators and the resonator is the basic unit to realize the 

filter. According to the different technologies used in filter realization, filters can 

be divided into lumped-element LC filters [28-31]; planar structure filters such as 

microstrip transmission line filters [32, 33] and coplanar waveguide filters [34]; 

non-planar structure filters such as waveguide filters [35-37] and resonant cavity 

filters [38, 39].  

2.2 Planar Bandpass filters 

2.2.1 Highlighting key sources 

Some useful review papers are presented in [5, 6, 40]. In 1948, Ralph Levy and 

Seymour Cohn presented a survey paper entitled “A History of Microwave Filter 

Research, Design and Development” [40]. The paper provides developments in 

the historical perspective of microwave resonator filters. The reference may 
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resemble a review paper, but this was not the main object of the paper. Also, the 

authors did not include comparatively new subjects such as millimeter waves. 

 

In 2002, Ralph Levy, Richard Snyder and George Matthaei introduced a review 

paper for the main techniques used in the structure of microwave filters. The 

article explained the basic theory of important microwave resonator filters by 

using lumped-elements, adopted practically straightaway for different systems 

with frequencies up to 18 GHz. Several kinds of microwave filters were reported 

in this paper by referring to the most valuable resources, particularly the new 

designs for this topic [6]. In the same year, Ian Hunter, Laurent Billonet, Bernard 

Jarry and Pierre Guillon presented another review paper explaining the 

development of microwave filter technology from the viewpoint of its applications 

[5]. It is an interesting paper in the scope of filter theory, and also investigating 

designs of numerous types of passive elements: couplers, power dividers and 

phase shifters. For example, it shows that military communication systems 

require a wide-spectrum and reconfigurable performance for microelectronic 

maintenance receivers. That led to improving the highly discerning wide-

spectrum cavity filter, coaxial resonator, suspended substrate diplexers and 

reconfigurable microwave filter with DC biasing. Moreover, it shows that satellite 

applications require low-mass and narrow-band filters with low-loss, selective 

amplitude and linear phase properties, which led to the growth of the multi-mode 

cavity and dielectric resonator filter with developments in the structure of 

diplexers and multiplexers. Finally, it concludes that mobile phone base station 

applications require selective filter characteristics with low loss, compact size and 

handling of high power and that they should be able to be designed, implemented 
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and manufactured in hundreds of millions at low cost. In contrast, mobile phone 

handset applications demand the construction of tens of thousands of filters of 

very compact size, low cost, low loss and high selectivity. These requirements 

stimulated the development of reconfigurable filters [5]. 

 

In 2002 also, Jia-Sheng Hong and Michael Lancaster published an important 

book entitled “Microstrip Filters for RF/Microwave Applications” [3]. It provides a 

good and comprehensive study of RF and microwave filters based on the theory 

of microstrip design, as well as a link to the software of computer-aided structure 

tools and the techniques of advanced materials. Many results using the 

computer-aided tool were reported, from fundamental theory to practical 

implementation. This reference is not just a valuable academic reference but also 

a manageable resource for students, researchers and engineers in the scope of 

tunable microwave filters. This source covers the designing of different new 

planar filter structures with progressive filtering properties, novel design concepts 

and miniaturization techniques for microstrip filters. Commercial systems are 

presented with design theory and methodology, which not only apply to planar 

filters but also other types of filters, such as 3D designs and transmission line 

circuits. 

 

In 2007, Richard Cameron, Raafat Mansour and Chandra Kudsia authored the 

book entitled “Microwave Filters for Communication Systems: Fundamentals, 

Design and Applications” [1]. This reference presents important developments in 

network synthesis and practical implementations of microwave resonator circuits 

over previous years. It delivers a handy and clear explanation of system 
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characteristics and focuses on microwave resonator filters, basic requirements in 

the concepts and theory of microwave resonator filters, up to recent techniques 

of network synthesis. This review is the most comprehensive available with 

important design techniques concerning the study of coupling matrices. Thus, it 

is a very useful reference for every microwave filter design researcher. These two 

books mentioned above constitute the most important sources for the designer 

of microwave filters.  

 

2.2.2 Microstrip filter configurations 

Stepped-impedance resonators (SIRs), a concept largely derived from the slow-

wave effect, combines an enhancement of both series inductance and shunt 

capacitance to achieve a slower phase velocity [41]. In either case, in addition to 

compactness, slow-wave resonators, in general, suffer less from spurious 

harmonics. Furthermore, the versatility of this method enables its application to a 

vast range of planar resonator structures. The second, promising approach 

employs a special kind of resonator known as a dual-mode resonator. A dual-

mode resonator behaves in theory as a pair of coupled resonators so that a single 

unit can substitute for two regular (single-mode) resonators. Some compact dual-

mode resonators found in the research literature include the open-loop resonator 

[42], circular ring [43, 44], square loop [12, 45] and patch-based resonators [46-

48].  

 

Besides, another alternative in miniaturizing planar filters is to use multiple layers 

on a printed circuit board [49, 50]. Resonators that comprise the filter can be 

spread over the layers in order to save a significant amount of space. Since the 
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multilayer approach can be applied to all kinds of resonators, a greater emphasis 

is on the resonator footprint. Therefore, this approach is usually combined with 

the selection of either slow-wave or dual-mode resonators in order to gain 

maximum effect. Other possible methods of filter miniaturization include the use 

of high dielectric constant substrates [51, 52] or the use of lumped elements [53, 

54]. However, there are several drawbacks to these methods, including 

excessive loss, which makes them less widely used. 

 

Combline bandpass filters are by far the most structurally compact owing to the 

short-circuited distributed resonators loaded with lumped capacitances [55]. The 

larger the lumped loading capacitance, the more compact the structure and 

resonators as short as λg/8 have been employed in filter development. Another 

significant advantage of this resonator is that spurious harmonics occur at 

frequencies higher than the fundamental resonant frequency, which improves 

further with the size of the lumped capacitance. Another ubiquitous planar 

resonator topology is the open-loop resonator which comes in various forms 

ranging from the square loop, circular loop, to hairpin layouts [56-58]. This type 

of resonator is very much renowned for its versatility in filter design, making it 

possible to achieve Butterworth, Chebyshev, and generalized Chebyshev filtering 

characteristics quite readily by selecting an appropriate coupling scheme. These 

resonators also necessary when combined with SIR techniques as well as inter-

digital capacitors in achieving a highly compact footprint [59].  

 

More recently, there has even been a report of a highly compact dual-mode open-

loop resonator [42]. Although these resonators are generally λg/2 in length, the 

folded form enables the lengthwise dimensions to be reduced beyond λg/4. Unlike 
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the combline structures, these resonators have the added advantage in that there 

are no short circuits. Open-loop filters do however suffer more from spurious 

harmonics which appear at around twice the fundamental resonant frequency. 

However, several reported methods are available in somewhat alleviating this 

issue. Nevertheless, the incredible versatility and compactness of this kind of 

resonator rationalize its widespread use in countless planar BPF applications. 

2.3 Reconfigurable/tunable Filters 

Reconfigurable microwave filters play an important role in several wireless 

communications. Many applications require diversity in filter performance. 

Traditional filter banks occupy much space on circuit boards, fuelling interest in 

replacing them with compact tunable filters, saving space and improving 

performance. The centre frequency is the only tunable parameter in most 

reconfigurable filters and relatively few filter designs offer other tunable 

parameters such as bandwidth, poles, zeros and quality factors. To select the 

suitable technique of reconfiguration for a given application, researchers should 

take into account the following parameters: operating frequency, physical size 

and insertion/return losses performance. Microwave filters can be categorized in 

terms of the position of the poles and their effect on the insertion loss and the 

effect of the zeros on the characteristics of the passband. The zeros are usually 

distributed within the passband to give equiripple or Chebyshev characteristics. 

From the other side, when the poles are analysed, this kind of filter has all these 

positioned at DC or infinity and it is usually called an all-pole Chebyshev filter or 

simply a Chebyshev filter. It is worth mentioning that it is highly recommended to 

place poles where they are most required and also to minimise their number; 

each extra pole complicates systems and increases cost [1, 3, 4]. 
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Some researchers have designed tunable microwave filters using varactor diode 

[60-69]. In these articles, most designs are focussed on bandpass tunable 

resonators [61-65] and tunable bandstop resonators using varactor diodes [66-

68]. Only a few designs of microwave lowpass tunable resonators and highpass 

tunable resonators are presented [69]. That is because of the deficiency of 

practical monolithic reconfigurable inductor solutions that increase the complexity 

of realizing a good performance for the design. In general, research into 

reconfigurable bandpass and bandstop resonator filters generally investigated 

reconfigurable frequency and bandwidth. Among a variety of prototype designs, 

λ/4 and λ/2 tunable filters with varactor diodes, as well as multi-mode filters, are 

mostly used because of their compact size and the simplicity of the tuning circuit. 

For example, by using a λ/4 resonator, Hunter and Rhodes [62] presented a 

microstrip second-order combline filter at 3450-5000 MHz with a 3.2-5.2 dB 

insertion loss using strip lines and varactor diodes as switches. To achieve 

constant impedance bandwidth, the filter was required to have electrical length at 

the mid-point of the frequency band. This technique also used in the design of a 

tunable microstrip combline filter using stepped-impedance resonators with 

varactor diodes [60]. 

2.3.1 Reconfigurable filters for mmWave 5G applications 

RF noise is an increasingly serious issue in modern wireless communication 

applications such as 5G and wide-band radar systems. Nowadays, 5G wireless 

communication technology is being considered for use in 700 MHz, 3.6 GHz and 

26 GHz bands [35]. Bandpass filters are useful units in many 5G systems for 

rejecting unwanted signals. In addition, there are particular requirements for 

bandpass filters in such systems [70]. New wireless applications like LTE, LTE 
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advanced and 5G use several bands of radiofrequency instantaneously to assign 

the bandwidth necessary to increase data rates. Accordingly, the need for 

reconfigurable filters is enhanced. Therefore, many recent resources discussed 

the use of reconfigurable antennas for “green” flexible RF in 5G applications [71].  

 

In [14], a novel concept in the coplanar waveguide (CPW) reconfigurable 

bandstop resonator filter was suggested and investigated, with reconfigurability 

achieved by adjusting the tuning frequency with shortcutting a defected ground 

(DG) layer. The microstrip reconfigurable filter is implemented based on 

complementary metal–oxide–semiconductor (CMOS) techniques with a high 

resistivity silicon substrate of 300 nm thickness and by exploiting a 1 μm × 10 μm 

area with a vanadium oxide switch. The tunable microstrip filter operates in the 

Ka-band and the reconfigurable resonant frequency covers the mmWave 

spectrum from 28.2- 35 GHz. The paper proposed the use of vanadium oxide in 

a coplanar waveguide bandstop reconfigurable microstrip filter in the Ka-band. 

The design was more compact in physical size compared with other coplanar 

waveguide defected ground reconfigurable filters. The microstrip layer is divided 

into the amount of the square of the free-space wavelength. It is implemented 

with the highest tuned frequency while showing reconfigurability of 20%. Figure 

2.1 shows a photo of the filter. 

 

Figure 2.1: A photo of the reconfigurable microstrip filter [14]. 
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In [72], authors reported the design and optimization of reconfigurable cavity 

bandpass filters using MEMS switches with continuously tunable resonant 

frequency over a wide tuning band. The tunable filters are implemented by using 

silicon micromachining methods, which enables them to be tuned with the desired 

frequency in the millimetre wave (28–90 GHz) band. Besides, a novel feeding 

technique is used with fully passive input and output impedance matching over 

the total tuning range. The filters are tested through electromagnetic software and 

practically implemented. Figure 2.2 explains the system installation, where, an 

Agilent E836lA network analyser is used to measure the return/insertion losses 

via a pair of coaxial connectors, which are fixed under the layer of the Au-

metallization. The frequency characteristics of the filters are separately adjusted 

with suitable DC biasing circuits. 

 
Figure 2.2: (a) RF system installation of the two BPF reconfigurable filters;            
(b) The front side of the diaphragm; (c) The front side of the cavity; (d) Side view 
of the DC bias circuit; (e) A cross-sectional view of the installed package system 
[72]. 
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2.3.2 Recent microstrip tunable filter designs 

In this section, we present some important designs published recently in the 

microstrip tunable filter field. Electrically tunable or reconfigurable RF and 

microwave resonator filters are increasingly attractive to researchers and 

developers of RF and microwave circuits because this technique is necessary to 

achieve compact and profitable electronic systems for future generations of 

wireless communication applications. These filters have different applications in 

wireless communication systems, such as in mixers and receiver preselection. 

To include electrical reconfigurability in resonator filters, reconfiguration 

components and switching elements like RF MEMS, semiconductor diodes, 

transistors and optical switches can be used as shown in Figure 2.3 [15, 73]. 

 

Figure 2.3: Electronically-tuned reconfigurable filters [73]. 

 

A novel tunable lowpass filter using varactor diodes with high selectivity within 

the tuning range and wide stopband has been reported in [19]. Stepped-

impedance resonators and low impedance stubs of stepped-impedance 
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resonators are used to achieve a tunable resonator filter by means of varactor 

switches arranged in parallel and reconfigurable coupling lines arranged in 

series. Two semi-circular slots are adopted in the ground layer, while the 

microstrip layers have been connected with feed lines at both terminals to achieve 

a wide stopband for the filter. A stopband is maintained up to 22 GHz for the lower 

frequency with a rejection level of less than 10 dB. The presented tunable 

microstrip filter has a very good performance compared with other LPF filter 

designs. Figure 2.4 shows the structure of the tunable microstrip LPF. 

 

Figure 2.4: The tunable microstrip LPF [19]. 

 

Modern wireless communication applications usually work with multi-bands. A 

novel structure of the miniaturized ring resonator tunable filter is proposed in [63]. 

The filter is designed with a single element, multi-mode, adjustable line 

impedance and microstrip material. The bandwidth of the resonator is enhanced 

significantly to include the entire range of the ultra-wideband (UWB) frequency 

with a wide range of reconfigurability. The filter has a high stopband and good 

performance and as long as the design of the filter is symmetrical, even and odd 

modes analysis has been used to study and analysis the structure. The filter can 
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be adapted to fulfill the required characteristics for various wireless applications. 

In addition, PIN diodes and varactor switches are used to achieve a high-level 

capacity for tunability with good performance is achieved for bandwidths, 

resonant frequencies and stopband frequencies. Figure 2.5 shows a photograph 

of the filter [74]. 

 

 

Figure 2.5: The UWB reconfigurable filter [74]. 

 

Another interesting design is introduced in [75] to operate with a wideband 

bandwidth, covering the frequency range 3.5–10 GHz. Most referenced works in 

this paper were analogue and digital MEMS resonator filters. Open-stub ring 

resonators and advanced microelectromechanical system (MEMS) switches 

were used, giving high selectivity for the passband and adjusted DC biasing 

voltage up to 25 V. A hybrid tunable structure employing both series and shunt 

resonators is employed to achieve the desired characteristics. The switches are 

used for the biasing circuit to drive the required voltage levels. The design 

delivers the exact expected performance with the aid of the equivalent 
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transmission line circuit of the microstrip filter. Compared with the PIN diode 

tunable filters in [76-79], the MEMS tunable filter has a high-quality factor and a 

good rejection in the stopband.  

 

Also, a multi-band reconfigurable filter is proposed in [80]. The filter has a tunable 

resonance frequency and selection of bandpass and bandstop characteristics by 

using a PIN diode switch. Two varactor diodes are also used at the input and 

output of the transmission lines to adjust the quality factor. The centre frequency 

can be tuned continuously from 1.6-2.6 GHz during the bandpass configuration 

or from 1.6-3 GHz during the stopband configuration. The insertion loss in the 

bandpass configuration is adjusted by controlling the biasing voltage across the 

varactor diode, taking into account the loss of the PIN switch [81]. Figure 2.6 

shows the filter configuration.  

 

Figure 2.6: The tunable filter [80]. 
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Table 2.1 summarises performance comparisons for some recent and important 

references in the literature with the scope of microstrip reconfigurable filters. 

Varactor and PIN diodes are used as switches for all these designs. Lowpass 

filters, bandpass filters and bandstop filters are detailed in this comparison with 

different kinds of control such as frequency, bandwidth and selectivity 

reconfigurations. The number of switches, filter size with resulted return loss (RL) 

and insertion loss (IL) are also summarized in this table, giving readers and 

researchers a general overview of the latest designs and achievements in the 

field of microstrip tunable filters. 

 

Table 2.1: Performance comparisons for some recent designs. 

Ref. 
Filter 
Type 

Freq. 
(GHz) 

BW 
(MHz) 

Reconfiguration 
No. of 

Switches 
RL 

(dB) 
IL (dB) 

Filter Size 
(mm3) 

[19] LPF 1–2.2 --- Freq. 4 20 0.6 30 × 30 × 1.52 

[80] 
BPF/ 
BSF 

1.7–2.9 40 Freq. 7 16 4 36 × 35 × 0.8 

[82] BPF 1.1–2.1 40 Freq. 7 15–25 6 12.5 × 52 × 1.5 

[83] BSF 0.66–0.99 80 Freq. 2 0.8 27 41 × 55 × 1.5 

[84] 
BPF/ 
BSF 

0.8–1.5 215–535 
Freq./BW/ 

BS/BP 
3 15/0.5 0.5/15 35 × 12 × 1.6 

[85] BSF 2.8–3.4 0–96 Freq./BW 2 12–25 4 26 × 26 × 3.1 

[86] BPF 1.8/2.9 20 Passband --- 0.5 22/38 35 × 35 × 0.5 

[87] BPF 0.5–1.1 60–230 Freq./BW 6 15 1.4–4.5 15 × 4.6 × 1.27 

[88] BSF 1.25–2.5 184 Freq. 4 2 50 100 × 20 × 0.7 

[89] BPF 0.76–2.6 75–285 
Freq./BW/ 

Selct. 
2 15–30 1.2–4.2 100 × 8 × 0.5 

[90] BPF 2.4 900–1500 BW 4 15 1.1 64 × 64 × 0.81 
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2.4 Planar Filtering Antennas (Filtennas) 

Recently many microstrip filter–antenna designs using different types of substrate 

materials have been proposed [17, 22, 91-99]. In [17], a co-design of a filter–

antenna using a multilayered substrate is introduced for future wireless 

applications. The design consists of three-pole open-loop ring transmission lines 

and a T-shaped microstrip antenna. The multilayer technology is utilized to 

achieve a compact size structure. A Rogers RT5880 substrate with a relative 

dielectric constant of 2.1 and a thickness of 0.5 mm is used in this structure. The 

filter–antenna design operates at 2.6 GHz, with a fractional bandwidth of around 

2.8% and a measured gain of 2.1 dB. While the main advantage of this structure 

is the compact size, it has a complex structure due to the use of a multilayer 

substrate configuration. The design presented in [91] also used the same design 

procedures and achieved similar performance, having a circular polarization 

characteristic. However, the filter–antenna design involves different design 

techniques based on substrate integrated waveguide (SIW) technology. 

 

In [92], a dipole microstrip filter–antenna with quasi-elliptic gain performance 

using parasitic resonators is presented. The parasitic elements were designed 

based on the stepped-impedance resonators and utilized to generate two 

transmission zeros in the in-band transmission, as well as two radiation nulls in 

the out-of-band transmission. The design was fabricated using an F4B-2 

substrate with a dielectric constant of 2.4 and a thickness of 1.1 mm. The design 

also has an air layer located between the radiator and the ground layers, with a 

height of 9 mm. The reported filter–antenna works at 1.85 GHz and has a 

fractional bandwidth of 4.2%. The configuration offers not only good radiation in 
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the passband region but it also efficiently attenuates the noise signals in the 

stopband spectrum.  

 

Moreover, a wideband balun filter–antenna design with a high roll-off skirt factor 

is presented in [94]. The design is composed of a fourth-order quasi-Yagi radiator 

cascaded with a multilayer balun microstrip filter. The balun filter is formed by five 

stepped-impedance resonators, which improves the rejection ratio of the 

passband. The designed filter–antenna operates at 2.5 GHz with a fractional 

bandwidth of 22.9% and generates two transmission zeros at both edges of the 

passband. The structure has achieved 5.4 dBi realized gain, with a high roll-off 

rejection level. Although the configuration has shown some advantages, such as 

the wide bandwidth and high suppression level, it also requires the use of 

multilayer substrate technology.  

 

Recently, a very compact wideband microstrip filtering antenna design with high 

gain and high selectivity was proposed in [22]. The structure consists of a 

rectangular microstrip, four parasitic lines, two strip lines, and three shorting vias. 

The design is printed on an 80 × 80 mm2 F-4B substrate with a dielectric constant 

of 2.6, loss tangent of 0.003, and a height of 4 mm. The center frequency of the 

design is 2.4 GHz, with an impedance bandwidth range of 2.19 GHz to 2.68 GHz 

(fractional bandwidth of 20.1%). The filtering antenna has a realized gain of 9.5 

dBi and flat radiation efficiency of more than 90%. Figure 2.7 shows the simulated 

and measured results with a prototype of the fabricated filtering antenna. 

However, design complexity and system size are other challenges facing 

designers of filtering antenna structures.  
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(a) (b) 

Figure 2.7: The filtering antenna design reproduced from [23]: (a) S-parameter 
and gain; (b) efficiency and a photograph of the fabricated prototype. 

 

As explained in the literature, many design approaches have been carried out to 

offer a simple structure and compact size, which can be easily integrated with 

other RF front end systems. The multilayer structures presented previously have 

not managed these requirements. Therefore, substrate integrated waveguide 

technology and the balun configuration were other notable attempts, as 

presented in [91] and [94], respectively. To summarize these approaches, Table 

2.2 shows the performance comparison between the surveyed microstrip filter–

antenna designs from the literature, which have similar performance. It should be 

noted that the filter–antenna design proposed in [22] has a compact size with a 

simple structure and offers higher gain, higher selectivity, a wider fractional 

bandwidth, and good reflection coefficient characteristics. In summary, without a 

need for extra filtering circuits, the design presented in [22] offers a new solution 

for current and future filtering antenna designs. 
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Table 2.2: Comparison of the presented filter–antenna designs. 

Ref. Year Topology 
f0 

(GHz) 
FBW 
(%) 

Size  
(λ0 × λ0) 

RL 
(dB) 

Gain 
(dBi) 

Extra structure 
(Challenges/Limitations) 

[17] 2020 Coupled lines 2.6 2.6 0.31 × 0.27 > 13 2.2 Multilayer 

[22] 2020 Coupled lines 2.4 20.1 0.60 × 0.60 > 16 9.5 None 

[91] 2019 SIW 11.65 4 2 × 1.1 > 14 5.6 SIW 

[92] 2019 Quasi‐elliptic 1.85 5.4 0.74 × 0.74 > 12 6.2 Multilayer 

[93] 2019 Patch slot 3.6 15 0.92 × 0.86 > 14 10 Metasurface 

[94] 2016 Quasi‐Yagi 2.5 22.8 1.7 × 1.3 > 20 5 balun 

[95] 2014 Ring slot 2.5 15 0.76 × 0.76 > 15 2 Multilayer 

[96] 2011 Quasi-elliptic 5 2 0.90 × 0.90 > 15 4 None 

[97] 2017 Open-loop 2.45 6.4 0.72 × 0.70 > 15 6 None 

[98] 2011 Coupled lines 2.5 16.3 0.70 × 0.70 > 20 2.4 None 

[99] 2015 Ring slot 2.5 8 0.75 × 0.75 > 14 4.5 None 

 

2.5 Current Challenges and Future Developments 

Over the last few years, RF designers, researchers, and engineers have made a 

huge effort to explore passive compact and reconfigurable/tunable filters along 

with developing high-RF front end performance. Compared to the classical and 

passive filters, some essential challenges accompany the design of 

reconfigurable filters and their integration with the planar antennas. These 

challenges lay on how to design the RF elements with low losses, compact sizes 

and simple constructions to be easily integrated with each other to build the entire 

front end systems. Although recent researches show that planar microstrip 

configurations are capable of reducing the structure size, having the ability to 

produce a wider and flexible tuning range with low power and low loss is currently 
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a big challenge. As can be observed from the previous sections, reconfigurable 

filters and their integration with the antennas require a complex configuration, 

which can be considered as a common challenge for all next-generation 

transceivers.  

 

On the other hand, the realization of filtering antenna approaches in RF and MW 

components can improve the multifunctional performance of the entire system. 

As shown, the integration of slots, lumped elements, and surface mount 

components in the radiating patch penetrates the radiation pattern performance. 

To overcome these problems, several research papers in the literature utilize the 

feed line of the antenna to achieve filtering performance with very good 

characteristics [94, 96-99], . Additionally, the filtering antenna designs are 

essential components of future wireless applications to tackling high-speed and 

high data rate transmissions. For these designs, it is noticed that the size, 

insertion loss, and differential-mode bandwidth should also be taken into 

consideration and carefully studied by the designers. Filtering antennas based on 

substrate integrated waveguide technology can also be used for mmWave and 

5G wireless communications to provide lower losses, higher quality factors, and 

more power handling capability when compared with the other surveyed 

approaches. It is anticipated that new design techniques with high efficiency and 

fully reconfigurable characteristics will be seen shortly. 

2.6 Conclusions 

With the rapid development of 4G and 5G wireless communications in recent 

years, compact passive and/or reconfigurable or tunable structures with a wide 

tuning range have attracted more interest. As seen from this chapter, the design 
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of planar filters with compact sizes and low insertion losses will be essential and 

critical for future applications and this requires further research and studies. It is 

also noted that reconfigurable/tunable bandpass filter designs with a wide tuning 

range and simple structure will be in high demand for the next generation of 

mobile communications. Using such devices can reduce the need for many RF 

components and minimize the cost of the whole wireless system since the 

changes in the performance of these applications can be achieved using 

electronic tuning circuits. In addition, the microstrip filter–antenna integration 

design has become one of the most desired techniques because of its low profile, 

compact size, lightweight, and ease of fabrication. Microstrip filtering antennas 

can also be printed directly onto the dielectric substrate materials. Filtering 

antenna designs are required by several modern wireless communication 

systems, where filtering and efficient radiation pattern responses can be obtained 

simultaneously. It has also been shown that integrating planar filters with the 

antennas can provide excellent interference suppression and maintain the 

fundamental radiation properties for the antennas. 

 

To sum up, several important passive and reconfigurable/tunable microstrip filters 

and filter–antenna integrated designs have been discussed by focusing on the 

recent developments and challenges facing the researchers and engineers when 

dealing with these structures. Performance comparisons between the main 

remarkable designs have been presented and discussed. The designs with good 

performance were addressed and highlighted for possible future development 

and further studies to serve RF/MW front end systems.  
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Chapter 3  

Fundamental Theory of Microwave Filters 

3.1 Introduction 

In this chapter, the basic theory behind the microwave filter design is discussed. 

A filter is a two-port network used to control the frequency response at a certain 

point in an RF or microwave system by providing transmission at frequencies 

within the passband of the filter and attenuation in the stopband of the filter. 

Typical frequency responses include lowpass, highpass, bandpass, and band-

reject characteristics. Applications can be found in virtually any type of RF or 

microwave communication, radar, or test and measurement system. Based on 

different transfer functions, there are various kinds of responses, which are 

Chebyshev response, Butterworth response and Quasi-elliptic response [1, 3]. 

Figure 3.1 shows a two-port network representation with network variables 

connected with a source and a load, which is used in a classical methodology for 

filter analysis. In the figure, V1, V2 and I1, I2 are the voltage and current variables 

for the ports; Z01 and Z02 are the impedances of the terminals. Es is the source 

voltage [4]. 

 

Figure 3.1: Typical two-port network layout [4]. 
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a1, b1 and a2, b2 are wave variables. They are introduced because of the difficulty 

in measuring the voltage and current at radiofrequency. a and b indicate incident 

waves and reflected waves, respectively. They are expressed in terms of voltage 

and current and are given by [4] 
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For the same reason as above, the scattering parameters (S-parameters) are 

introduced to indicate the transmitted and reflected energy [1]. The S-parameters 

for the two-port network shown in Figure 3.1 are given as follows [4]: 
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The scattering parameters in (3.2) are determined when the impedances are 

perfectly matched at both terminals. S11 and S22 are the reflection coefficients, 

whereas S12 and S21 are the transmission coefficients. Because the S-parameters 

are complex, they are usually represented in terms of amplitude and phases. The 

amplitudes of the S-parameters are defined as follows [4]: 

  A 2120log| S | dBL   

  (3.3) 

  R 1120log| S | dBL   
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Where LA and LR denote the insertion loss and return loss, respectively. The 

logarithm operation is base 10. Usually, rather than using the phase of S21 (∅21), 

the group delay (𝜏d) is introduced to characterize the phase response of the filter, 

which is defined as follows [1]: 

 



 21

d

d

d
 (3.4) 

where 21 is an angle in radians and  is the angular frequency in rad/s. The 

group delay is the real-time delay between the input port and the output port of a 

filter that a signal travels through it. In a homogeneous medium, or on a uniform 

line, the group delay is equal to the derivative with respect to the angular 

frequency of the difference, at the same time, of the phases at the two points of 

the common limit wave. It is also worthy to mention that for the practical 

consideration for a band of frequencies around 1600 MHz, the signal group delay 

varies from approximately 0.5 to 500 ns. Also, most coax cables use 100% PTFE 

filling, which has a dielectric constant of about 2.2. This works out to a group 

delay of 1.45 ns for one foot of solid PTFE coax, Keeping in mind that some 

flexible cables use PTFE that is partially filled with air; these cables provide group 

delay on the order of 1.3 to 1.4 ns per foot [3]. 

3.2 Filter Transformations 

3.2.1 Lowpass prototype filter 

A lowpass prototype filter is in general defined as a lowpass filter whose element 

values are normalised to make the source resistance or conductance equal to 

one and denoted by g0 = 1. The cut off angular frequency is unity, and is denoted 

by Ωc = 1 (rad/s) as shown in Figure 3.2. Filter design usually can begin with the 

lowpass prototype filter, which can then be transformed into any other form of 
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practical filter, namely highpass, bandpass and bandstop filters. The element 

values for the lowpass prototype were initially obtained by network synthesis 

methods of Darlington et al. [100, 101].  

 

Figure 3.2: Ideal lowpass prototype filter performance. 

However, over the years, more concise equations were derived for ease of 

computer programming, with the element values of the prototype filters being 

obtained [102-104]. Having these prototype values, it is shown in several books 

that these elements' values can be used to design filters of different forms [1, 3, 

4]. Figure 3.3 demonstrates two possible types of an n-pole lowpass prototype 

for realizing an all-pole filter response. Either form may be used because both 

are dual from each other and give the same response. 

 
Figure 3.3: Lowpass prototype filters for all-pole filters with: (a) A ladder network 
structure and; (b) Its dual. 
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It should be noted that in Figure 3.3, gi for i = 1 to n represents either the 

inductance of a series inductor or the capacitance of a shunt capacitor; therefore, 

n is also the number of reactive elements. If g1 is the shunt capacitance or the 

series inductance, then g0 is defined as the source resistance or the source 

conductance. This type of lowpass filter can serve as a prototype for designing 

many practical filters with frequency and element transformations. This will be 

addressed in the next section. The transfer function of a two-port network is a 

mathematical description of the network response characteristics, i.e. a 

mathematical expression for S21. An amplitude squared transfer function for a 

lossless passive filter network can be defined by [1] 
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(3.5) 

where ε is the ripple constant, Fn(Ω) represents a filtering or characteristic 

function and Ω is the frequency variable. It is convenient to allow Ω to be equal 

to the angular frequency variable of the lowpass prototype filter, which has a cut 

off frequency at Ω = Ωc for Ωc = 1(rad/s). 

3.2.2 Frequency and element transformations 

In the previous section, only a lowpass prototype filter is considered, which has 

a normalized source resistance/conductance g0 = 1 and a cutoff frequency           

Ωc = 1. To obtain frequency characteristics and element values for practical filters 

based on the lowpass prototype, one may apply frequency and element 

transformations, which will be addressed in this section. The frequency 

transformation, which is also referred to as frequency mapping, is required to map 
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a response such as Chebyshev response in the lowpass prototype frequency-

domain Ω to that in the frequency domain 𝜔 in which a practical filter response 

such as lowpass, highpass, bandpass, and bandstop are modeled. The 

frequency transformation will affect all the reactive elements accordingly, but no 

effect on the resistive elements. 

In addition to the frequency mapping, impedance scaling is also required to 

accomplish the element transformation. The impedance scaling will remove the 

g0 = 1 normalization and adjust the filter to work for any value of the source 

impedance denoted by Z0. As such, it is convenient to define an impedance 

scaling factor 0
 as follows [1]: 
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where Y0 = 1/Z0 is the source admittance. In principle, we are applying the 

impedance scaling upon a filter network in such a way that has no effect on the 

response shape. 
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Then, we consider g as a generic term for the lowpass prototype elements in the 

element transformation to be discussed. Because it is independent of the 

frequency transformation, the following resistive element transformation holds for 

any type of filter [1]:  

                         0R g        for g representing the resistance  

  (3.8) 

       0G g/       for g representing the conductance  
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3.2.3 Lowpass filter transformation 

The frequency transformation from a lowpass prototype to a practical lowpass 

filter having a cutoff frequency 𝜔𝑐 in the angular frequency axis 𝜔 is simply given 

by [1] 
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(3.9) 

Applying (3.9) together with the impedance scaling described above, yields the 

element transformation as follows [1]: 
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Figure 3.4 shows the principle of the lowpass prototype to the practical lowpass 

filter transformation. 

 

Figure 3.4: Lowpass filter transformation. 
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3.2.4 Highpass filter transformation 

For highpass filters with a cutoff frequency ωc in the 𝜔-axis, the frequency 

transformation is given by [1] 

 


   


c
c

 (3.11) 

Applying this frequency transformation to a reactive element g in the lowpass 

prototype yields [1] 
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It is then obvious that an inductive/capacitive element in the lowpass prototype 

will be inversely transformed into a capacitive/inductive component of the 

highpass filter. With impedance scaling, the element transformation is given by 

[1] 
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Figure 3.5 shows the principle of the lowpass prototype to the practical highpass filter 

transformation. 

 
Figure 3.5: Highpass filter transformation. 
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3.2.5 Bandpass filter transformation 

Assume that a lowpass prototype response is to be transformed to a bandpass 

response having a passband 𝜔2 – 𝜔1, where 𝜔1 and 𝜔2 represent the passband-

edge angular frequency. The required frequency transformation can be given by 

[1] 

   
   

  

C 0

0FBW
 (3.14) 
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where 𝜔0  represents the center angular frequency and FBW is defined as the 

fractional bandwidth. If we apply this frequency transformation to a reactive 

element g of the lowpass prototype, then [1] 
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This indicates that an inductive/capacitive element g in the lowpass prototype will 

transform to a series/parallel LC resonant circuit in the bandpass filter. The 

elements for the series LC resonator in the bandpass filter can be obtained by [1] 
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where the impedance scaling has been taken into account as well. Similarly, the 

elements for the parallel LC resonator in the bandpass filter can be described 

below [1] 
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                                                           for g representing the capacitance (3.18) 
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It should be noted that 𝜔0Ls = 1/(𝜔0Cs) and 𝜔0Lp = 1/(𝜔0Cp) in (3.17) and (3.18), 

respectively. Figure 3.6 shows the principle of the lowpass prototype to the 

practical bandpass filter transformation.  

 

Figure 3.6: Bandpass filter transformation. 
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3.2.6 Bandstop filter transformation 

The frequency transformation from lowpass prototype to practical bandstop filter 

can be achieved by the following frequency mapping [1]: 
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where 𝜔2 – 𝜔1 denotes the bandwidth. This form of the transformation is opposite 

to the bandpass transformation in that an inductive/capacitive element g in the 

lowpass prototype will transform into a parallel/series LC resonant circuit in the 

bandstop filter. The element values for the LC resonators transformed to the 

bandstop filter can be obtained by [1] 
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It should also be noted that 𝜔0Lp = 1/(𝜔0Cp) and 𝜔0Ls = 1/(𝜔0Cs) in (3.21) and 

(3.22). Figure 3.7 shows the principle of the lowpass prototype to the practical 

bandstop filter transformation.  

 
Figure 3.7: Bandstop filter transformation. 

3.3 Microstrip Coupled Lines 

Microstrip coupled lines are widely used for implementing microstrip filters. Figure 

3.8 shows the cross-section of a pair of microstrip coupled lines under 

consideration in this section, where the two microstrip lines of width W are in the 

parallel- or edge-coupled configuration with a separation S. This coupled line 

structure supports two quasi-TEM modes, i.e., the even mode and the odd mode, 

as shown in Figure 3.9.  

 

Figure 3.8: Cross-section of microstrip coupled lines. 
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For an even-mode excitation, both microstrip lines have the same voltage 

potentials or carry the same sign charges, the positive ones, resulting in a 

magnetic wall at the symmetry plane. In the case where an odd mode is excited, 

both microstrip lines have the opposite voltage potentials or carry the opposite 

sign charges, so that the symmetric plane is an electric wall. Generally, these two 

modes will be excited at the same time. However, they propagate with different 

phase velocities because they are not pure TEM modes, which means that they 

experience different permittivities. Therefore, the coupled microstrip lines are 

characterized by the characteristic impedances as well as the effective dielectric 

constants for the two modes. 

 

                                            

Figure 3.9: Even- and odd-mode excitation for a pair of coupled lines. 

3.4 Stepped-Impedance Resonators 

Stepped-impedance resonators consist of two transmission lines with different 

characteristic impedances [4]. The resonance of a stepped-impedance resonator 

E-Wall 
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+ + V V 
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is changed by adjusting the ratio of the low to high impedance step, which is 

defined as follows [3]: 

  2

1

Z
R

Z
 (3.23) 

where Z2 is the low impedance element and Z1 is the high impedance element. 

Since R < 1 then the overall size of the resonator is reduced; using a low value 

of R will increase the frequency of the second resonance, increasing the out-of-

band rejection. Also, it would be practical to initially fix the characteristic 

impedances of high- and low-impedance lines by taking the following points into 

account: 

 Z0C < Z0 < Z0L, where Z0C and Z0L denote the characteristic impedances 

of the low and high impedance lines, respectively, and Z0 is the source 

impedance, which is usually 50 ohms for microstrip filters. 

 A lower Z0C results in a better approximation of a lumped-element 

capacitor, but the resulting line width WC must not allow any transverse 

resonance to occur at operating frequencies. 

 A higher Z0L leads to a better approximation of a lumped-element inductor, 

but Z0L must not be so high that its fabrication becomes inordinately 

complicated as a narrow line or its current-carrying capability becomes a 

limitation. 
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Chapter 4  

Compact Bandpass Filter Designs Based on Coupled-Line Resonators for 

5G Systems 

4.1 Introduction 

RF noise is a serious concern in recent applications of wireless communications 

such as green communications and other wireless systems [105]. The Planar 

bandpass filter is commonly employed to suppress noise and undesirable signals 

in different communication systems [3], particularly in RF and microwave 

applications due to their effective role in filtering out the noise signals. Currently, 

5G application technologies are being considered for use in 700 MHz, 3.6 GHz 

and 26 GHz spectrums [105]. Bandpass filters are useful units in many 5G 

systems for rejecting unwanted signals. BPFs must fulfill specific requirements in 

5G applications [106]. A bandpass filter generally contains a number of coupled 

resonators, and the dimensions of the distributed elements and the number of 

proposed resonators represent one of the important factors to define the filter 

characteristics. Consequently, most microstrip filter miniaturization techniques 

seek to minimize one or other of these quantities. A variety of structures and 

methods have been proposed for microstrip line filters such as combline, hairpin, 

parallel-coupled line, step impedance resonators, and stub impedance 

resonators [8, 107-110].  

4.2 Very Compact Combline Bandpass Filter Design 

In this section, a physically small third-order microstrip combline BPF is designed 

and analyzed using the CST microwave studio software tool to cover the 

frequency band 3.4 to 3.8 GHz, which is suitable for 5G wireless communication 
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applications using an alumina substrate. An excellent insertion loss of 0.1 dB has 

been achieved. The filter design and its performance are presented and 

discussed in the next coming subsections. 

4.2.1 Filter design and configuration 

The filter design procedure starts with a Butterworth lowpass filter prototype that 

is normalized in terms of impedance and frequency. Then, transformations are 

applied to convert the prototype design (LPF) to the desired frequency range 

(BPF). These two steps lead to circuits of lumped elements (capacitors and 

inductors). Finally, Richards’ transformation is used to convert the lumped 

elements into a microstrip transmission line [3]. Firstly, we discuss the design of 

a 3-pole Butterworth lowpass prototype filter with centre frequency 3.6 GHz and 

fractional bandwidth 11% and low ripple insertion loss. Figure 4.1 shows a ladder-

type of the lowpass prototype with lowpass parameters gi for i=0 to n+1. The 

element values of gi in Figure 4.1 can be computed by using the lowpass 

Butterworth filter prototype which gives: g0 = g4 = 1.0 mhos, g1 = g3 = 1.0 H and 

g2 = 2.0 F for Ωc = 1.0 rad/s. 

 

Figure 4.1: Lowpass filter form with degree n. 

 

To obtain the bandpass filter design with element values from the lowpass 

prototype filter (which has a normalized source resistance/conductance g0 = 1 

and a cut-off frequency Ωc = 1.0 rad/s), frequency and element transformations 
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are applied. The frequency mapping affects the reactive values but does not 

affect the resistive values. The impedance scaling factor is γ0 = 50 and the 

angular cut-off frequency is 2π × 3.6 × 109 rad/s. According to [3], we find                

L1 = L3 = 20 nH, L2 = 0.12 nH, C1 = C3 = 0.09 pF and C2 = 16 pF. The obtained 

bandpass filter is shown in Figure 4.2, which is based on the 3-pole Butterworth 

lowpass prototype explained previously. The characteristics of the lumped-

element BPF operating at 3.6 GHz are plotted and shown in Figure 4.3. 

 

Figure 4.2: Bandpass filter based on the transformation. 

 

Figure 4.3: S21 and S11 of the lumped-element bandpass filter. 
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Richards’ transformations are used to allow the inductors and capacitors of the 

lumped element filter designed in the previous sections to be replaced by open 

circuit and short circuit stubs of the transmission line, as shown in Figure 4.4. The 

electrical lengths of all the stubs are the same (λ/8 at ωc). The combline filter 

consists of equal length multi-wire lines with coupling constrained between the 

adjacent lines. The lines are short-circuited to ground at one end, while the other 

ends are terminated with lumped capacitors. At the operation frequency of the 

filter, the lines are markedly less than λ/8. 

 
Figure 4.4: Lumped and distributed element correspondence under Richards’ 
transformation: (a) Inductor; (b) Capacitor. 
 

The optimized dimensions are achieved by using the built-in optimizer embedded 

with the CST software and they are summarized in Table 4.1. By using these 

optimized dimensions, the BPF schematics are transformed into the geometry 

presented in Figure 4.5. CST microwave studio software is used to develop the 

bandpass filter design. The substrate has a relative dielectric constant εr = 9.8 

with thickness h = 1.2 mm. The filter design has a characteristic impedance of a 

microstrip line of Zc = 50 Ω. The thickness of the copper is (t = 0.00254 mm) with 

dielectric loss tangent (tan δ = 0.0001). 
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(a) 

 
(b) 

 

(c) 

Figure 4.5: The proposed combline BPF filter: (a) The layout of the third-order 
design; (b) 2D configuration; (c) 3D configuration. 

Table 4.1: Optimized dimensions in mm of the proposed combline BPF. 

Wsub Lsub W L1 L2 

9 5 1.56 1.23 3.26 
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4.2.2 Return/insertion loss characteristics of the proposed filter 

The characteristics of the proposed combline BPF are plotted and shown in 

Figure 4.6. The BPF has an insertion loss of approximately 0.1 dB across the 

pass-band while the pass-band return loss was better than 15 dB across the 

required band 3.4 to 3.8 GHz. Furthermore, and to improve the selectivity of the 

proposed design, one transmission zero has been successfully introduced in the 

higher stop-band frequency. The performance characteristics are achieved by 

using the CST software, and the results of the parameters are shown. 

 

Figure 4.6: Return and insertion losses characteristics of the third-order combline 
BPF. 

 

4.3 Design and Analysis of Very Compact Open-loop Trisection BPF 

This section presents a very compact third-order microstrip open-loop ring 

resonator BPF with asymmetric frequency response, simulated using CST 

software tool to operate with the frequency band of 3.4 to 3.7 GHz, which is 
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suitable for 5G communications. The proposed trisection bandpass design is 

implemented on a very compact size of 9.5×6×1.27 mm3 using Rogers RO3010 

substrate with a relative dielectric constant of 10.2 and. 

4.3.1 Three-pole lumped-element bandpass filter design 

A three-pole lumped-element lowpass filter prototype is firstly designed using the 

design equation and parameters detailed in [3] with Butterworth characteristics. 

The designed resonating circuit is working on 3.6 GHz and has a fractional 

bandwidth of 12 % and a low ripple factor of 0.002. The design parameters for 

the lumped-element lowpass filter are indicated by (gi) for i=0 to n+1 and, at the 

cut-off frequency (Ωc) of 1 rad/s, they are obtained as follow: g0 = g4 = 1 ʊ, g1 = 

g3 = 1 H and g2 = 3 F. 

 

After achieving these parameters and at the normalized characteristic impedance 

g0 = 1 and cut-off frequency 1.0 rad/s, frequency and element transformations 

are conducted to achieve the lumped-element circuits of the proposed bandpass 

filter. The angular frequency transformation affects only the reactive parameters 

and does not affect the resistive parameters. The impedance transformation 

factor (γ0) and the angular operating frequency are 50 and 2π × 3.6 × 109 rad/s 

and, respectively, that is to realize the best matching at the desired frequency. It 

is also found that L1 = L2 = L3 = 159 nH, C1 = C3 = 12.16 pF and C2 = 0.12 pF. 

Consequently, and in line with the steps shown above, the lumped-element 

equivalent circuit of the introduced bandpass filter can be designed as illustrated 

in Figure 4.7. The return/insertion losses, group delay, and phase of S21 for the 

proposed lumped-element bandpass filter are presented in Figure 4.8. 
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Figure 4.7: Lumped-elements of the filter. 

 

 

Figure 4.8: Lumped-element filter performance from CST. 
 

Also, the input and output external quality factors can be calculated as follows 

[4]: 

 
0 1 2 3

i o

g g g g
Q Q

FBW FBW
    (4.1) 

While the input and output coupling coefficients can be determined by [4] 

 12 23

1 2

FBW
M M

g g
   (4.2) 

where FBW represents the fractional bandwidth of the proposed filter, which is 

selected to be around 12 % for this design.  
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4.3.2 Ring resonator filter design 

As shown in [3], Richards’ formulas are utilized to transform the proposed 

lumped-element bandpass filter into the planar microstrip line model using an 

open-loop ring resonator technique. As shown, the basic configuration of the 

introduced patch filter is depicted in Figure 4.9, where three-ring resonators, 

namely R1, R2 and R3, are used and excited by two input and output transmission 

line ports (port 1 and port 2, respectively) each with 50 Ω impedance and 

therefore providing a compact size structure without requiring the vias. The 

structure is printed on a Rogers RO3010 substrate with h = 1.27 mm, a dielectric 

constant of 10.1 and loss tangent (tan δ) of 0.0018. The design parameters are 

chosen to work on the operation frequency of 3.6 GHz for sub-6 GHz 5G wireless 

communications.  

 

Figure 4.9: The configuration of the basic filter design. 
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By using the CST software, the designed microstrip trisection filter can also be 

implemented by the simple equivalent circuit model, as illustrated in Figure 4.10. 

Similar to what is shown in the analysis of the lumped element filter design, the 

external quality factors for the input and output ports of the designed trisection 

bandpass filter can be denoted by Qi and Qo, respectively. 

 

Figure 4.10: Equivalent circuit of the designed patch filter. 
 

 

Also, M12 and M23 represent the coupling coefficient factors between the 

resonators R1 and R3, while the cross-coupling coefficient between the 

resonators R1 and R3 is denoted by M13. As long as the designed filter is 

symmetric structure, the input and output external quality factors and coupling 

coefficients will also be identical and will be calculated from one terminal. Figure 

4.11 illustrates the configuration and performance used to determine the external 

quality factor. 

 

Then, equation (4.3) has been applied to plot the external quality factors 

corresponding to the feeding point distance indicated by S1 or S2 [1].  

 Q
e
= f

0
/∆f

3dB
 (4.3) 
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(a) 

         
       (b) 

 
            (c) 

Figure 4.11: Filter analysis to find Qe: (a) Loaded configuration; (b) return loss 
performance; (c) Qe. 
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Additionally, the coupling coefficient analysis for the adjacent resonators R1 and 

R3 is determined and analyzed, as shown in Figure 4.12. Equation (4.4) has been 

applied to determine and plot the coupling coefficient factor by changing the gap 

between the resonators (w1) [4]. 

 

 
(4.4) 

Similarly, the coupling coefficient analysis for the non-adjacent resonators R1 and 

R2 is determined and analyzed as shown in Figure 4.13. Equation (4.5) has been 

applied to determine and plot the coupling coefficient factor by changing the gap 

between the resonators (w2) [4]. 

 

             

(4.5) 

Then, according to the above analysis, the proposed trisection filter can be 

designed, as illustrated in Figure 4.14. All the dimensions are also optimized 

using the CST simulator and explained in Table 4.2. The equivalent circuit of the 

trisection open-loop BPF can also be performed, as shown in Figure 4.15. M12 

and M23 denote the coupling coefficients between the adjacent resonators, and 

the cross-coupling coefficient between the resonators 1 and 3 is represented by 

M13. The external quality factors for the input and output couplings are 

represented by Qei and Qeo, respectively. The angular frequency of resonator n 

is ω0n=2πf0n=1/√LnCn for n = 1, 2 and 3. To simplify the design, we can consider 

that M12=M23, Qe1= Qe3 and ω01= ω03. For the proposed filter, it can be seen the 

cross-coupling between resonators 1 and 3 is positive (M13>0), and this denotes 

that the attenuation pole of finite frequency is on the upper edge of the pass-

band. The physical parameters of the planer 3-pole filter can be calculated by 

employing the same design steps detailed in [111]. 
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(a) 

 
(b) 

 
(c) 

Figure 4.12: Filter analysis to find M13: (a) Design used; (b) Return loss 
performance; (c) M13. 
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(a) 

 
(b) 

 
(c) 

Figure 4.13: Filter analysis to find M12: (a) Design used; (b) Return loss 
performance; (c) M12. 
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Figure 4.14: Layout of the designed trisection BPF. 

 

Table 4.2: The optimized parameters of the designed cross-coupled 
microstrip BPF. 

Parameter Value (mm) 

L1 6 

L2 0.24 

L3 3.29 

L4 2.83 

L5 3.3 

W1 2.3 

W2 0.3 

W3 4.8 

W4 0.51 

W5 0.6 

Wf 1.1 
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Figure 4.15: Equivalent circuit of the trisection microstrip BPF. 

 

Besides, the dimensions of the proposed BPF is about 0.27 λg0×0.17 λg0, where 

λg0 represents the guided wavelength of a 50 Ω transmission line on the substrate 

at the resonance frequency. Obviously, the size of the designed filter is very 

compact. The proposed 3-pole cross-coupled bandpass filter has a number of 

attractive properties, which include: (1) The proposed design is very compact in 

size and simply structured. (2) Good stopband rejection and selectivity have been 

achieved. (3) The measured insertion loss is very low with good return loss and 

group delay to cover the mid-band of the 5G spectrum (3.4-3.7GHz). 

4.3.3 Simulation and measurement results 

In this section, the performance of the proposed trisection microstrip BPF filter is 

studied. Figure 4.16 shows the simulated and measured results of the return loss 

and the insertion loss of the designed 3-pole BPF. The simulation results show 

that the proposed filter has an insertion loss of 0.8 dB across the pass-band with 

a return loss of better than 30 dB. Moreover, and to increase the selectivity of the 

pass-band, two transmission zeros have been successfully generated in the 

upper edge of the pass-band. Error! Reference source not found. shows also t

he prototype photo of the fabricated 3-pole open-loop BPF.  
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Figure 4.16: Simulated and measured performance of the proposed filter. 

 

The measured results show that the implemented BPF is resonating at 3.55 GHz 

with -3 dB FBW of 8%. The attenuation characteristics for the fabricated BPF filter 

show more than 20 dB filters up to 6.8 GHz on the higher edge of the passband 

and a stop-band from 0 to 3 GHz with an insertion loss of less than -10 dB can 

be achieved. At the resonant frequency, the measured insertion and return losses 

for the fabricated BPF filter are less than 0.9 dB and greater than 22 dB, 

respectively. The simulation results achieved by CST software and the 

measurements from the vector network analyzer (HP 8510C) show good 

agreement. Figure 4.17 shows the frequency response of the group delay and 

the phase of S21 for the designed bandpass filter. The maximum in-band group-

delay (𝜏g) variation around 2ns for the proposed filter. Table 4.3 compares this 

proposed microstrip open-loop BPF with other BPF designed recently with similar 
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configurations and performances. Moreover, the BPF proposed here has a better  

performance compared with these designs with respect to the filter responses, 

size, and design complexity.   

 

Figure 4.17: Group delay and phase of S21 for the designed trisection BPF. 

Table 4.3: Performance comparison with some other designs. 

Ref. 
f0 

(GHz) 

BW 

(MHz) 

|S11| 

(dB) 

|S21| 

(dB) 

Size 

(λg0×λg0) 

[111] 3 1500 11 1.2 0.7×0.2 

[112] 2.45 100 18 1.3 1.1×0.3 

[113] 5.1 500 28 1.1 1.6×0.31 

[114] 2.5 100 19 1.2 0.31×0.1 

this 

work 

3.5 300 22 0.9 0.27×0.17 
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4.4 Design, Simulation and Implementation of Very Compact Dual-band 

Microstrip Bandpass Filter for 4G and 5G Applications 

To achieve dual-band characteristics, resonator 4 has been added to the 3-pole 

BPF designed in the previous section. The length of the resonator is selected to 

be λg0/2, where λg0 here represents the guided wavelength at the resonant 

frequency 2.5GHz. Figure 4.18 shows the configuration of the designed 4-pole 

dual-band BPF, the geometry of the resonator 4 and the photograph of the 

hardware realization of the proposed filter. Obviously, the size of the designed 

filter is very compact. The optimized parameters are obtained by using the trust 

region framework algorithm embedded with the CST software as detailed in Table 

4.2. The simulated and measured s-parameter results are shown in Figure 4.19. 

The achieved -10dB bandwidth is 100 MHz for both 4G and 5G passbands with 

insertion losses are 0.9dB and 1.1dB, respectively.  
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(a) 

 

(b) 

 

(C) 

Figure 4.18: (a) Layout of the designed 4-pole BPF; (b) Configuration of the 
resonator 4; (c) Prototype photo of the fabricated 4-pole BPF. 
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    (a) 

 
       (b) 

      
             (c) 

Figure 4.19: Frequency response for the 4-pole BPF: (a) Zoom-in s-parameters 
(b) Simulated wide-band frequency response; (c) Measured wide-band frequency 
response. 
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The proposed 4-pole cross-coupled bandpass filter has a number of attractive 

properties, which include: (1) The proposed design is very compact in size and 

simply structured. (2) Good stopband rejection and selectivity have achieved.    

(3) The measured insertion loss is very low with good return loss and group delay 

to cover the 4G (2.5-2.6 GHz) and 5G (3.7-3.8GHz) spectrum. (4) Compared to 

the designed filters in [111-114], the proposed filter has a smaller size and better 

performance with the merit of dual-band characteristics. 

 

4.5 Conclusions 

Three microstrip bandpass filters have been presented in this chapter based on 

coupled-line resonators with the aid of CST software for 5G applications. Firstly, 

a small and compact size, a third-order bandpass filter is designed and optimized 

using the combline technique. The first step of design starts with lumped-elements 

(capacitors and inductors), then the transformation and scaling were applied to 

achieve the desired microstrip BPF. Secondly, a design for a very compact 

trisection microstrip bandpass filter is presented and implemented with 

asymmetric frequency response to cover the 3.4 to 3.7 GHz spectrum for 5G 

applications. One transmission zero with finite frequency is successfully 

generated on the upper edge of the passband to increase the selectivity of the 

proposed BPF. Thirdly, a design for a very compact dual-band 4-pole microstrip 

bandpass filter is presented and implemented with asymmetric frequency 

response to cover 2.5 to 2.6 GHz and 3.4 to 3.7 GHz spectrum for 4G and 5G 

applications, respectively. Three finite transmission zeroes are successfully 
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generated on the upper edge of the passbands to increase the selectivity of the 

proposed BPF.  
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Chapter 5  

Asymmetric Stepped-Impedance Resonator Filters for Multi-Standard and 

5G Front-Ends 

5.1 Introduction 

With the current increasingly stringent limitations on frequency spectrum 

resources and the development of advanced multi-standard wireless 

communication systems, multi-standard internal filters have become a necessity 

for state-of-the-art multifunction “smartphones” and wireless transceivers for 

mobile devices. Such filters are generally required to be capable of covering the 

frequency bands of the Global Positioning System (GPS: band centered at 1.57 

GHz), the Global System for Mobile Communication (GSM: 1800/1900 MHz) and 

the Universal Mobile Telecommunications System (UMTS: 1710-1880/1850-

1990/1920-2170 MHz). Moreover, the ever-expanding implementation of the 

Wireless Local Area Network (WLAN) adds the requirement of a band centered 

at 2.4 GHz and/or 5.2 GHz. Many dual-band filters have recently been designed 

to satisfy such demanding requirements. However, many of these that are also 

miniaturized fail to fully cover all the required bands, especially at the lower 

frequencies due to the narrower dual bandwidth [115-117], or their size or 

thickness makes them difficult to integrate within mobile devices or portable 

wireless modules [118, 119]. Furthermore, modern wireless applications require 

bandpass filters (BPFs) with a sharp roll-off factor, wide stopband rejection, low 

insertion loss, and compact size. To achieve these requirements, appropriate 

transmission zeros (TZs) should be generated. Generally, TZs are produced by 

utilizing source/load coupling, cross-coupling or bypass coupling techniques 

[120-122]. The mixed (electric and magnetic) coupling between two resonators 
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can also generate TZs [4, 5]. With the recent progressively rigorous frequency 

demands in modern society, multi-function filters with multi-band characteristics 

that cover several applications and system standards are very attractive. To meet 

these requirements, several filters have been presented [58, 123-126]. 

5.2 Asymmetric Stepped-Impedance Resonator Filters With Adjustable 

Transmission Zeros 

In this section, we propose multi-standard single/quint-wideband asymmetric 

stepped-impedance resonator (ASIR) filters. The proposed filters are capable of 

generating wide operating bands which could effectively cover the 

GPS/GSM/UMTS/IEEE 802.11a application in wireless communication systems, 

including the GPS (1227 MHz, 1.57 GHz) and the GSM1800/1900 (1710-1880 

MHz, 1850–1990 MHz). These filters share the same original structure, with their 

performance optimized by tuning relative transmission zeros. Therefore, the 

design enjoys advantages of versatility and simplicity, with reduced design 

complexity and cost. 

5.2.1 In-band performance enhancement and transmission zeros 

adjusting methods  

To enhance the filter in-band performance, the skew-symmetrical ASIR (SS-

ASIR) structure is used. In the design, the frequency response transformation 

relationship between the parallel-coupled ASIR and the ASIR unit needs to be 

considered to enhance the performance in the desired frequency band. In Figure 

5.1, the electrical length ratio α equals θ2/ (θ2+θ1), where θ1 and θ2 are the 

electrical lengths of section L2 and L1 in the ASIR, respectively. The characteristic 

impedance ratio K equals Z2/Z1, where Z1 and Z2 are the characteristic 
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impedances of section L2 and L1 in the ASIR, respectively. The transformation 

relationship table is shown in Table 5.1. 

 

Figure 5.1: Structure of an asymmetric SIR. 

 

Table 5.1: The transformation relationship of the in-band performance of 
the SS-ASIR coupled pair and ASIR unit. 

α 

Fundamental 

Frequency 

f0 

First 

spurious 

Frequency 

fs1 

Second 

spurious 

Frequency 

fs2 

Third 

Spurious 

Frequency 

fs3 

Fourth 

Spurious 

Frequency 

fs4 

0.4 Improved NC/DE Improved NC/DE Improved 

0.42 Improved NC/DE Improved NC/DE Improved 

0.5 Improved NC/DE Improved NC/DE Improved 

0.55 Improved NC/DE NC/DE Improved NC/DE 

0.57 Improved NC/DE Improved Improved NC/DE 

0.6 Improved Improved NC/DE Improved NC/DE 

0.65 Improved Improved NC/DE NC/DE Improved 

0.7 Improved Improved NC/DE NC/DE NC/DE 

‘‘Improved’’ means significantly enhanced performance at relative frequency;  
‘‘NC/DE’’ means no significant change or degradation of performance at relative frequency    

point. 
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Figure 5.2 shows the topological structure of the SS-ASIR coupled pair 

rearranged by the meander coupled lines (MCL) to form the (SSMCL-ASIR), 

which is shown as the grey part with width W3 and length L4, respectively. The 

meander coupled section is added at the open end of the high impedance 

coupled line in the SS-ASIR coupled pair.  Figure 5.2 (b) shows the equivalent 

circuit and the coupling routing scheme of Figure 5.2 (a). The main signal is 

coupled to the two half-wavelength resonators at the same time, providing the 

two main paths between the two ports. Each ASIR resonator of the filter consists 

of three cascaded sections. The A-B-C sections form the first resonator (ASIR1) 

and D-E-F sections form the second resonator (ASIR 2). 

 
(a) 

 

 
(b) 

Figure 5.2: A SS-ASIR coupled pair with meander coupled section: (a) The 
schematic diagram; (b) Equivalent circuit and coupling routing scheme for the 
proposed filter. 
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In addition to the usual single coupling route of B-E for the main coupled 

transmission lines represented by section 2, two extra coupling routes, namely 

A-D for section 1 and C-F for section 3, are created by the adoption of meander 

coupled lines. This multi-path coupling routing scheme of the modified SSMCL-

ASIR filter is shown in Figure 5.2 (b). Due to the multi-path coupling routing, more 

transmission zeros (TZs) are created, which are utilized to suppress high order 

spurious frequencies or to help facilitate multi-band performance. Because the 

harmonic frequency performance would degrade when using the SS-ASIR 

structure, the first spurious frequency (fsi) cannot be conveniently deduced by 

simply analysing Yin = 0 in the ASIR unit. However, transmission zero frequency 

(fzi) can still be obtained by setting Zine = Zino, where Zine and Zino are the input 

impedances for the even- or odd-mode equivalent circuits, respectively. The 

necessary and sufficient conditions for Zine = Zino is S21 = 0 and the equivalent Y-

parameter matrix of the even or odd mode equivalent circuit of the proposed 

structure can be expressed as follows: 

0even 0odd 0even 0odd

01 4 01 4
11 12

21 22 0even 0odd 0even 0odd

01 4 01 4

Z Z Z Z
j cot( ) j csc( )

y y 1 2 2

y y Z Z Z ZB
j csc( ) j cot( )

2 2

 
      


 

      

 
  
  

   
  

 

 

where 

 

2
2 0even 0odd

0even 0odd 01 4

(Z Z )
B Z Z cot ( )

4


      (5.1) 

where θ01 and θ4 are the electrical lengths of the original coupled line and the 

meander coupled section, respectively. Z0even and Z0odd are the even and odd 

mode characteristic impedances for each coupled section, respectively. Since all 
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elements of the normalized Y-parameters in (5.1) are purely imaginary, S21 of this 

coupled line can be expressed as: 

 
12

21 2 2

11 12 11

2jIm{y }
S

1 Im{y } Im{y } 2jIm{y }
 

  
 (5.2) 

Substituting from (5.1) into (5.2) gives equation (5.3) as follows: 

0even 0odd

01 4

21 2
2 201 4 01 4

0even 0odd 0even 0odd 0even 0odd2 2

01 401 4 01 4

0even 0odd 01 4

0even 0odd

1
4j(Z Z )

sin( )
S

cos ( ) cos( )1
4 (Z Z ) (Z Z ) 4j(Z Z )

sin( )sin ( ) sin ( )

4 j(Z Z ) sin( )

u jv

4j(Z Z ) si

 
  

 
     

        
       

    
 



 
 01 4

2 2

n( )
(u jv)

v u

  
 



 

where 

 

2 2 2 2

01 4 0even 0odd 01 4 0even 0odd

0even 0odd 01 4 01 4

u 4sin ( ) (Z Z ) cos ( ) (Z Z )

v 4(Z Z ) cos( ) sin( )

           

        







 (5.3) 

 

According to equation (5.3), there are three cases leading to S21 = 0. The first 

case is Z0even = Z0odd. The meander coupled section of length L4 can be seen as 

a shifted coupled line structure that can suppress the spurious peak by 

compensating even-mode and odd-mode phase velocities. When the coupled 

line insertion loss is zero, the coupled length for the shifted coupled line/meander 

coupled line can be obtained from the following: 

 
0even even 4

0odd odd 4

Z sin L

Z sin L





 (5.4) 
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when Z0even = Z0odd, sinβevenL4 = sinβoddL4. Also, 

 even 4 odd 4 1 1L L k (k 0,1,2,3...)      (5.5) 

In this design, 0<βevenL4<π and 0<βoddL4<π, thus k1 = 0 and βeven = βodd. Because 

vp,even = ωeven/βeven and vp,odd = ωodd/βodd, then vp,even = vp,odd when ωeven = ωodd. 

vp,even, ωeven and βeven are even-mode phase velocity, angular frequency and 

phase constant, respectively. vp,odd, ωodd and βodd mean odd-mode phase 

velocity, angular frequency and phase constant, respectively. When the even-

mode and odd-mode phase velocities are equal, transmission zeros are 

generated and the spurious peak can be suppressed. Figure 5.3 compares 

frequency responses with and without a shifted coupled line/meander coupled 

section (SCL/MCS).  

 

Figure 5.3: Frequency response comparison with and without SCL/MCS. 
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As shown in the figure, without an SCL/MCS the unsuppressed spurious 

frequencies fs2 and fs3 exist and seriously limit the stopband bandwidth. With a 

SCL/MCS, fs2 and fs3 are effectively suppressed and a wide stopband is 

generated. Moreover, because the whole coupled line length is extended by the 

SCL/MCS structure, both the fundamental and spurious frequencies are shifted 

to lower frequencies.  

 

The second case is sin(θ01+θ4) = 0, yielding 

 
01 4

k k    ( =1, 2, 3…)      (5.6) 

When k = 1 for the shortest whole coupled line electrical length, θ01+θ4 = π, and 

the corresponding coupled physical line length can be calculated as follows: 

 L1+L4 =
 λg

2
 (5.7) 

where, L1 and L4 are the physical lengths corresponding to θ01 and θ4, 

respectively.  

 

The third case is u=0 and v=0. When u=0; this yields 

 
1 0even 0odd

01 2

0even 0odd

Z Z
2sin

(Z Z ) 4
4

  
 

 (5.8) 

Equation (5.8) shows the relationship between the whole coupled line electrical 

length and odd-mode and even-mode impedance of the whole coupled lines. 

When v=0, sin [2(θ01+θ4)] = 0; this yields 

 
01 4

k
k

2
    ( =1, 2, 3…).  


     

(5.9) 
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In general, the shortest whole coupled line electrical length to realize S21 = 0 can 

be got in the third case when k is equal to 1 and θ01+θ4 = π/2. The corresponding 

coupled line physical length can be described below 

 L1+L4 =
 λg

4
 (5.10) 

 

5.2.2 Single-wideband ASIR filter design 

According to the frequency response transformation relationship discussed in the 

previous section, the electrical length ratio α is 0.57 when L2 is 11.4 mm, thus 

setting the fundamental frequency to around 1.51 GHz. The in-band performance 

of the first band, such as the insertion loss and return loss, is improved when the 

impedance ratio K is 0.48. The dimensions of the resonator are chosen as 

follows: L1 = 14 mm, L2 = 11.4 mm, L1+L3 = 15.2 mm, W1 = 0.4 mm and W2 = 1.6 

mm. Through the design procedure for the coupled resonator circuits, the gaps 

of the whole coupled lines in Figure 5.1 are determined as S1 = 1.2 mm, S2 = 0.2 

mm and S3 = 0.4 mm. The use of different gaps adds more design freedom for 

the filter. For simplicity of design, the meander coupled structure width W3 is 

made 0.4 mm, which is the same as the width of coupled lines. Because the 

fundamental frequency is 1.51 GHz, the relative λg can be calculated as 77.4 mm. 

Therefore, the value of (L1+L4) is about 19.4 mm. L1 is 14 mm, so L4 is set at 

around 5.4 mm. Although sections L3 and H1 would become coupled parts after 

adding the meander coupled section, the effects are small. The influence of these 

sections to the overall performance can, therefore, be disregarded, their coupling 

being much weaker than that involving sections L1 and section L4.           
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The two transmission lines are represented as two half-wavelength microstrip line 

resonators. In the filter, the total length (L) of the resonator is equal to 

L1+L2+L3+L4 = 32.3 mm. So the guided wavelength of the resonator can be 

calculated as λg=64.6mm. Since W/h <1, then the effective dielectric constant can 

be calculated as follows [3]:                

 
εre =

εr + 1

2
+

εr − 1

2
{(1 + 12(W h⁄ ))

−0.5
+ 0.04(1 − (W h⁄ ))

2
} (5.11) 

 

Then the resonant frequency can be calculated as follows [3]: 

 f0(GHz)=
300

λg(mm)×√εre
 (5.12) 

 

Figure 5.4 plots f0 and external quality factor (Qex1) versus against L4 for different 

gap S3 values in an SSMCL-ASIR single band type filter. In the figure, when L4 

ranges from 2.7 mm to 8.7 mm, the fundamental frequency f0 decreases 

continuously while Qex1 increases in general for a fixed S3 value. f0 increases 

when S3 ranges from 0.1 mm to 0.4 mm and does not change much when S3 

ranges from 0.4 mm to 0.7 mm, and Qex1 decreases continuously when S3 ranges 

from 0.1 mm to 0.7 mm in general. Moreover, it is noted that there are two notches 

when S3 = 0.1 mm and 0.7 mm, which means the bandwidth is maximum when 

L4 = 5.7 mm within the range of L4 from 3.7 mm to 8.7 mm. By comprehensively 

considering the bandwidth, resonant frequency location and out-of-band spurious 

frequency suppression performance, S3 is set to 0.4 mm, which is shown as point 

C in Figure 5.4.   Figure 5.5 plots the variation of coupling bandwidth as a function 

of the gap size (S1) between the two resonators. It can be noticed that increasing 

the gap between the resonators reduces the coupling bandwidth of the designed 
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filer and vice versa. Given the required electrical length ratio α, coupling 

coefficients and external quality factor for the proposed filter, one may determine 

the proper specifications based on these analyses and Table 5.1. The proposed 

filters, fabricated on a RO3210 substrate with a relative dielectric of 10.2 and 

dielectric loss tangent 0.003, have been measured using an HP8510 vector 

network analyser. 

       

         Figure 5.4: External quality factor (Qex1) with L4. 

 

 

  Figure 5.5: Coupling Bandwidth (K) with the gap size (S1). 
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The wide-band frequency response for the proposed ASIRs is shown in Figure 

5.6. The simulated s-parameters measured s-parameters and zoom in-band 

performance of the designed single-wideband SSMCL-ASIRs are plotted in 

Figure 5.7. Good agreement can be observed between the simulated and 

measured results and the slight discrepancies are attributed to losing and 

fabrication errors. It can be seen that the single-wideband filter is realized with 

very low insertion isolation of only 0.36 dB at a central frequency and return loss 

of better than 25.5 dB. The passband ranges from 1.18-1.84 GHz with central 

frequency 1.51 GHz, bandwidth 660 MHz and fractional bandwidth (FBW) 43.7%. 

It can be applied in the Global Positioning System (GPS: frequency band 

centered at 1.57 GHz), Global System for Mobile Communication (GSM: 1800 

MHz) and Universal Mobile Telecommunication System (UMTS: 1710-1880 

MHz). Since the adjustable transmission zeros fz1 = 3.38 GHz, fz2  = 5.31 GHz, 

fz3 = 6.71 GHz are close to the spurious frequencies, a wide stopband ranging 

from 2.1-7.32 GHz is realized. 

 

Figure 5.6: Up to 20 GHz frequency response for the proposed ASIRs. 
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Figure 5.7: Simulated, measured results and zoom in-band performance of 
single-wideband type SSMCL-ASIRs. 
 

Figure 5.8 is a photograph of the single-wideband type SSMCL-ASIR, and its 

performance comparison with other single-band BPFs is shown in Table 5.2. 

Furthermore, the proposed structure can be extended to higher-order modes by 

cascading the basic building block, i.e. the ASIR resonator. As an example, a 

three-pole bandpass is shown in Figure 5.9 with two TZs on the high side, giving 

improved out-of-band performance. Higher-order filters are obtainable by 

cascading more building blocks. 

 
Figure 5.8: The single-wideband type SSMCL-ASIR filter. 
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Table 5.2: Performance comparison with proposed Single-Band BPF. 

Ref. 
CF 

(GHz) 

-3dB 

FBW 

IL 

(dB) 

stopband 

suppression 
TZs 

Size 

(λg×λg) 

single-/multi-

band versatility 

[127] 2.4 8% 2.06 up to 5.5 f0 2 0.36×0.13 no 

[128] 1.45 57% 1 1.4 f0-3.3 f0 4 0.664×0.13 no 

[129] 5 40% 0.7 1.2 f0-3.5 f0 2 0.294×0.16 no 

This 

work 
1.51 43% 0.36 1.3 f0-4.8 f0 3 0.06× 0.5 yes 

 

 
(a) 

 
(b) 

Figure 5.9: (a) Three-pole structure of the proposed filter; (b) S-parameter 
performance for a three-pole structure. 
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5.2.3 Quint-wideband ASIR filter design 

As stated above, transmission zeros can be created and utilized to give a multi-

band frequency response. Figure 5.10 plots the effect of L4 on a quint-wideband 

type SSMCL-ASIR. In (a), when L4 varies from 10.1 to 16.1 mm, f0 decreases 

while Qex1, normalized fs2 and Qex2/Qex1 fluctuate. In (b), normalized fs3, fs4 and fs5 

increase slightly, and Qex3/Qex1 fluctuates slightly. In contrast, Qex4/Qex1 and 

Qex5/Qex1 decrease dramatically from 13 to 5.28 and from 7.1 to 1.2, respectively.  

 

 
          (a) 

       
           (b) 

Figure 5.10: The effect of L4 on quint-wideband type SSMCL-ASIR: (a) f0, Qex1, 
fs2/f0 and Qex2/Qex1 versus against L4; (b) fsi/f0 and Qexi/Qex1 (i = 3, 4, 5) versus 
against L4. 
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Moreover, the notch of each Qexi/Qex1 (i = 2, 3, 4, 5) curve happens near L4 = 13.1 

mm, which means that relatively second, third, fourth and fifth bandwidths of the 

proposed quint-band filter can be obtained with L4 = 13.1 mm. Simulated and 

measured results and the fabricated photograph of the quint-wideband type 

SSMCL-ASIR filter are plotted in Figure 5.11. Good agreement can be observed 

between the simulated and measured results, with discrepancies attributable to 

losses and fabrication errors. It can be seen that quint wide bands are realized 

with good in-band return loss performance. The first passband ranges from 1.0 

to 1.38 GHz with a central frequency (CF) of 1.19 GHz, and bandwidth (BW) of 

380 MHz. The second passband ranges from 3.96 to 4.62 GHz with CF of 4.29 

GHz, BW of 660 MHz. The third passband ranges from 5.0 to 5.86 GHz with CF 

of 5.43 GHz and BW of 860 MHz. 

 

Figure 5.11: Simulated and measured results, and the photograph of a modified 
quint-wideband type SSMCL-ASIR. 
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The fourth passband ranges from 6.82 to 7.12 GHz with CF 6.97 GHz and BW 

300 MHz. The fifth passband ranges from 7.96 to 11.84 GHz with CF 9.9 GHz 

and a large BW of 3.88 GHz. Besides, there are five transmission zeros at 1.96 

GHz, 2.98 GHz, 4.89 GHz, 6.68 GHz and 7.58 GHz, which further enhance the 

frequency selectivity. The quint-wideband type SSMCL-ASIR performance 

comparison with alternative quint-band BPFs is shown in Table 5.3. 

 

Table 5.3: Performance comparison with proposed Quint-Band BPF. 

Ref 

CF 

(GHZ) 

3dB FBW 

(%) 

IL 

(dB) 

Size 

(λg×λg) 

single-

/multi-band 

versatility 

extra 

structure 

[130] 
0.6/0.9/1.2/

1.5/1.8 

5.8/5.2/5./8.

2/8.0 

2.8/2.9/2.9/ 

2.6/2.3 
0.04×0.2 no via hole 

[125] 
0.6/1.3/2/ 

2.74/3.4 

28/9.4/2.7/5

.3/5.5 

0.4/1.1/1.8/ 

1.3/1.2 
0.04×0.1 no via hole 

[131] 
1.5/2.5/3.5/

4.5/5.8 

4.5/4.5/3./4.

5/2.7 

1.5/1.8/0.9/ 

1/ 2.5 
0.2×0.1 no multi-layer 

This        

Work 

1.19/4.29/5.

43/6.97/9.9 

31.9/15.4/1

5.8/4.3/39.2 

1.0/0.47/0.

50/1.7/ 0.6 

0.05λg 

×0.40λg 
yes none 

 

5.3 New Mixed-Coupling Microstrip Wideband Stepped-impedance 

Resonator Filter  

In this section, a compact wideband bandpass filter with wide stopband, low 

insertion loss as well as compact size is proposed. Also, the proposed filter has 

no extra complex structure such as via holes or multi-layer, which can simplify 

the design procedure and reduce the fabrication cost. The filter is designed, 

fabricated and measured. A good agreement between simulated and measured 

results is obtained. 
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5.3.1 Proposed circuit model and analysis 

Figure 5.12 (a) shows the configuration of the proposed mixed coupled wideband 

filter. It is composed of two parallel microstrip lines section at both sides of the 

filter and the mixed electric and magnetic coupling structure in the middle. In the 

proposed mixed coupled SIR structure, two stepped-impedance resonators with 

high- and low-characteristic impedance section’s width W1, W2 and height  L1, L2, 

are tapped with the top and base of the middle parallel coupling sections. These 

conducting pins can realize two magnetic coupling paths. In contrast, there is 

capacitive coupling in the gap of the middle parallel coupling microstrip lines, 

which realizes electric coupling. Therefore, the mixed electric and magnetic 

coupling effect can be formed by the proposed structure. The proposed filter’s 

mixed-coupling unit equivalent circuit is shown in Figure 5.12 (b). According to 

[120, 132, 133], magnetic coupling coefficient Mc and electronic coupling 

coefficient Ec can be calculated as follows: 

 
c

m 0

c

M
W W

E
  (5.13) 

 
c c

c c

M E
k

1 M E





 (5.14) 

Where Wm is the coupling resonant frequency and equal to (LmCm)−2
1
, Lm and Cm 

represent the relative coupling inductance and coupling capacitance, 

respectively. W0 is the individual resonant frequency and equal to (LC)−2
1
, L and 

C represent the relative individual inductance and coupling capacitance, 

respectively, which are shown in Figure 5.12 (b). k is the coupling coefficient 

between the resonator 1 and resonator 2. The transmission zeros occur when 

S21=0. 
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(a) 

 

(b) 

Figure 5.12: Filter Configuration: (a) Structure of the proposed single-wideband 
filter; (b) The proposed filter mixed-coupling unit equivalent circuit. 

 

The filter transmission response, with feed line admittance of Y0, can be 

calculated by the following equation: 

 21 2 2 2 2

2u 2jv
S

u v u v
 

 
 (5.15) 

where 
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(5.16) 
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Ls is the inductor value of the L4 section. Cs is twice of capacitor value of the two 

SIR’s open stubs. Cs1 is twice of gap capacitor value at both sides of the electric 

coupling and magnetic coupling structure. By adjusting the parameters, including 

the parameters of L4 section, the parameters of the SIR section and other parts, 

S21 = 0 can be met and wide stopband can be generated. Figure 5.13 shows the 

effect of L4 on the proposed MEMC single-wideband filter. It is seen that when L4 

varies from 6.1 mm to 2.1 mm, the stopband bandwidth becomes wider and the 

suppression level improves from 10.4 dB level to 21.8dB, which means the 

stopband and out-of-band suppression performances become better. This 

conforms to the expression shown in (5.15), which contains the parameter Ls 

which is related to the L4 section. Besides, the transmission zeros TZ1 and TZ2 

are generated by the mixed electric and magnetic coupling effect and are 

influenced by the parameter L4. When L4 becomes smaller, the TZ1 is shifted to 

a higher frequency. This is because the coupling becomes stronger, according to 

the smaller value of L4. 

 

Figure 5.13: The effect of L4 on the proposed MEMC single-wideband filter. 
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Apart from the out-of-band performance, the in-band performance such as 

bandwidth becomes wider when L4 becomes smaller. And insertion loss becomes 

less with the decreasing of L4. In contrast to TZ1 which is formed at a higher 

frequency of the passband, TZ2 is generated at the lower frequency of the 

passband and help to enhance the frequency selectivity and suppress the signal 

interception covering the range of bandwidth from the Global Positioning System 

(GPS:1.57GHz), the Global System for Mobile Communication (GSM: 1800/1900 

MHz), the Universal Mobile Telecommunications System (UMTS: 1710-

1880/1850-1990/1920-2170 MHz) and IEEE 802.11b/g/n operation bands 

centered at 2.4 GHz. 

5.3.2 Mixed-coupling BPF configuration and performance 

To investigate the characteristics of the presented design, the filter is CST and 

fabricated on a Rogers RO4003 substrate with a dielectric constant of 3.55 and 

tanδ of 0.0027. The optimized dimensions of the MEMC SIR filter in Figure 1(a) 

are L1=0.85mm, L2 = 3 mm, L3 = 6.1 mm, L4 = 2.46 mm, W1 = 0.74 mm, W2 = 2.1 

mm, g1 = 0.14 mm and g2 = 0.1 mm. The total size of the proposed cross-coupled 

spiral SIR filter is 0.11λg×0.34 λg, where λg is the guided wavelength in free space 

at the center frequency f0. Simulated and measured results and a photograph to 

the fabricated prototype of the single-wideband filter with the MEMC unit are 

plotted in Figure 5.14. Figure 5.15 shows a photo of the hardware realization for 

the fabricated filter. Good agreement is observed between the simulated and 

measured results and the discrepancies are attributed to the loss factors and the 

fabrication errors. The passband bandwidth ranges from 3.12-4.23 GHz with 

central frequency (CF) of 3.675 GHz, large bandwidth (BW) of 1.11 GHz. Also, 

five transmission zeros are formed to further enhance the frequency selectivity 
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and realize wide stopband with a high suppression level of more than 20 dB. The 

proposed single-wideband ASIR filter performance comparison with currently 

single-band BPFs is shown in Table 5.4. 

 

Figure 5.14: Simulated/measured results and the fabricated photograph of the 
proposed MEMC single-wideband filter. 

 

 

Figure 5.15: Fabricated prototype BPF. 
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Table 5.4: Performance comparison with some other BPFs. 

Ref. CF (GHZ)/FBW IL (dB)/TZs Size (λg×λg) 
Stopband 

Suppression 
Extra 

structure 

[20] 1.98/15.2% 1.3/1 0.088×0.088 NA via-hole 

[21] 2.37/5.4% 3.3/4 0.229×0.338 To3 f0 via-hole 

[22] 2.46/10.2% 2.51/1 0.27×0.27 NA via-hole 

[23] 2.14/2.69% 1.69/3 0.125×0.166 To2.54 f0 multi-layer 

[25] 2.05/0.04 2.2/2 0.08×0.08 To0.8 f0 via-hole 

[26] 1.73/0.05 2/2 0.1×0.231 NA via-hole 

[28] 1.75/0.04 1.5/2 0.1×0.231 NA via-hole 

Prop. 3.675/30.2% 0.31/5 0.18×0.61 To3.5 f0 none 

 

5.4  Conclusions 

Two microstrip bandpass filters based on stepped-impedance resonators for 5G 

and multi-standard systems have been designed, analyzed, fabricated and 

measured in this chapter. Firstly, multi-standard single/quint-wideband ASIR 

filters are proposed. By utilizing a novel modified SS-ASIR coupled pair with 

meander coupled sections, and placing transmission zeros close to resonant 

frequencies, single-wideband and quint-wideband filters with good fractional 

bandwidth, insertion loss and return loss performance are realized. These filters 

effectively cover several applications including GPS, GSM, UMTS, ISM and IEEE 

802.11 a/b/g/n/ac, with controllable bandwidths. The good in-band and out-of-

band behavior, compact size and simple structure make the proposed filters very 

promising for applications in future multi-standard wireless communication. The 

measured results are in good agreement with simulated results for presented 

filters.  
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Secondly, a mixed-coupled single-wideband bandpass filter which consists of 

mixed electric and magnetic coupling structure to realize fundamental mode 

coupling and multiple transmission zeros to realize a wide stopband with high 

suppression level has been presented. The designed BPF has the advantages of 

the applicable wide passband of more than 1GHz, large fractional bandwidth, 

wide stopband with high suppression level, simple structure and compact size, 

which are attractive and versatile for the future sub-6 GHz 5G applications in 

multi-function and high-level undesired signal suppression wireless 

communication.  
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Chapter 6  

Reconfigurable/Tunable Filter Designs for 5G Systems 

6.1 Introduction 

Reconfigurable/tunable RF components have become exciting topics for many 

researchers and design engineers in recent years [134-136]. To reduce the size 

of the entire wireless communication system and tackle miniaturized RF front-

ends with better performance, many research studies have been carried out for 

reconfigurable structures and several microstrip tunable BPFs have been 

introduced recently [80, 82, 83, 89, 135, 137-148]. A reconfigurable microstrip 

BPF using a varactor diode was designed and analyzed to achieve a maintained 

impedance bandwidth in [149]. Reconfigurability was obtained by tuning the 

resonance frequencies for both the odd- and even- modes where there is no 

mutual coupling between these two modes. The practical BPF performance 

depicted a good roll-off skirt on the low edge of the transmission band with an 

insertion loss better than 2.2 dB and a return loss of more than 10 dB.                         

A 2.2–22.0 V reverse biasing voltage was applied across the varactor diode to 

achieve a tuning range of 40% from 0.60 to 1.0 GHz with 91 MHz bandwidth 

throughout all the configurations. Also, a microstrip reconfigurable BPF utilizes 

two varactors to tune two finite transmission zeros (TZs) was presented in [141]. 

The center frequency and the bandwidth were controlled to cover a wide range 

of about 600 MHz (1.4 to 2.0 GHz) by altering the reverse bias voltage across the 

varactors. The measurement results showed that the filter has an insertion loss 

of less than 4 dB, a return loss of more than 18 dB, and a fractional bandwidth of 

about 10%. A stopband rejection level of more than 25 dB was obtained by 

applying two transmission zeros. A 0.21-30.02 V biasing voltage was applied 
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across reverse biased diodes to tune the resonance frequency with about 600 

MHz (1.3-1.9 GHz). While in [80], a reconfigurable dual-band bandpass-to-

bandstop microstrip filter using two sets of half-wavelength resonators integrated 

with three PIN-diodes and four varactors was proposed. The presented filter was 

printed on s Roger substrate with a dielectric constant of 2.56, loss tangent of 

0.003 and height of 0.8 mm, and has a compact area of 36×35 mm2. The center 

frequency of the filter is 2.45 GHz, with an impedance bandwidth of about 40 

MHz. The center frequency was tuned from 1.7 to 2.9 GHz (26% tuning range) 

using seven switches, with a return loss of more than 13 dB and insertion loss of 

about 4 dB. 

6.2 A Varactor-Based Very Compact Tunable Filter Using a New Hybrid 

Technique for 4G and Sub-6 GHz 5G 

In this section, a reconfigurable open-ended bandpass filter with a very compact 

size and a wide tuning range for fourth-generation (4G) and sub-6 GHz fifth-

generation (5G) applications is proposed. Furthermore, a new hybrid co-

simulation technique between CST microwave studio (MWS) and CST design 

studio (DS) is utilized in this structure. The filter is fabricated using a Rogers 

RO3010 material with a relative dielectric constant of 10.2 and printed on a very 

compact size of 13×8×0.80 mm3. Altering the reverse biasing voltage across the 

two switches, a tunable center frequency ranges from 2.5 to 3.8 GHz, with          

95-115 MHz impedance bandwidth. The basic microstrip design uses three 

coupled line resonators with λ/4 open-circuited stubs. 
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6.2.1 Microstrip asymmetrical coupled line BPF 

The basic structure of the introduced microstrip coupled line BPF is illustrated in 

Figure 6.1. The BPF is formed by three-pole transmission line resonators (R1, R2 

and R3) and is excited by two ports of 50 Ω impedance. The resonance frequency 

of 3.7 GHz is selected to design the filter since it is suitable for sub-6 GHz 5G 

applications. The coupled lines are open-circuited at one end and short-circuited 

by vias at the other end. The filter is designed based on a λ0/4 resonator, where 

λ0 represents the free-space wavelength corresponding to the 3.7 GHz resonant 

frequency. The proposed BPF is implemented by using Rogers RO3010 material, 

with h = 0.80 mm, 𝜀𝑟 = 10.2 and loss tangent = 0.0022. The geometry of the 

asymmetrical coupled line BPF is illustrated in Figure 6.1. 

 

Figure 6.1: The geometry of the presented three-pole planar bandpass filters 
(BPF). 
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The lumped elements equivalent circuit of the 3-pole BPF is illustrated in Figure 

6.2, where, C1L1, C2L2 and C3L3 represent the LC lumped-elements for the 

resonators R1, R2, and R3, respectively. M12 denotes the coupling coefficient 

factors between the adjacent resonators R1 and R2, while M23 denotes the 

coupling coefficient between the adjacent transmission lines R2 and R3. The 

mutual coupling factor between the non-adjacent transmission lines R1 and R3 is 

denoted by M13. The external quality factors for the input and output ports are 

indicated by Qei and Qeo, respectively. The angular frequency of the λ0/4 

resonator (n) is 𝜔0𝑛 = 2𝜋𝑓0𝑛 = 1/√(𝐿𝑛𝐶𝑛), for n = 1, 2 and 3. To simplify the 

analysis, and since the geometry is symmetric, we can assume that M12=M23, 

Qe1= Qe3 and 𝜔01 = 𝜔03. For the introduced BPF, it can be noticed that the cross-

coupling between the resonators R1 and R3 is positive (M13>0), and this provides 

that the attenuation poles of finite frequency are on the upper band of the 

transmission passband. 

 

 

Figure 6.2: L-C equivalent circuit model of the presented three-pole filter. 

 

The three-pole BPF is designed based on open-ended quarter wavelength 

transmission line resonators. The lengths of the resonators R1, R2 and R3 are L1, 

L2 and L3, respectively, and the gap between them is G. The 50 Ω input and 
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output transmission lines connected to the first the third resonators produce the 

required input and output coupling routes and can be calculated by [4] 

12 23

1 2

FBW
M M

g g
   (6.1) 

and the external quality factors can be given by [4] 

0 1 2 3
e1 e2

g g g g
Q Q

FBW FBW
    (6.2) 

These equations are obtained using the lowpass prototype filter properties, where 

FBW represents the fractional bandwidth, and g0 g1 g2 and g3 are the Chebyshev 

lowpass filter prototype characteristics used to obtain the external quality factor. 

The external quality factors are calculated and then compared to the value 

achieved by (6.3) with the aid of the CST simulation software [4]. 
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 (6.3) 

The achieved parameters through different configurations of the microstrip 

structure are determined and shown in Figure 6.3 and Figure 6.4. It should be 

noted that the input external quality factor is equal to the output external quality 

factor since the geometry of the presented three-pole planar filter is symmetrical 

on both terminals of the input and output ports. The transmission lines (R1 and 

R3) are excited and designed at a specific feeding point with a distance from the 

open-end (Lf) of 7 mm, to obtain the best value for Qei and Qeo of the two-port 

network. The lengths of the resonator R1 and R3 are 12 mm and the width is 1.1 

mm, while the length for the resonator R2 is 7.2 mm, and the width is 0.6 mm.  
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Figure 6.3: Theoretically calculated input/output external quality factor of the 
presented three-pole planar BPF. 

 

 

Figure 6.4: Theoretically calculated coupling coefficient performance of the 
presented three-pole planar BPF. 
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The width of the resonators (Wf) is 1.78 mm, where it is designed to match the 

50 Ω impedance at both ports/ends. The gap between the adjacent transmission 

lines is determined to be 0.55 mm with the optimum coupling coefficients, which 

provides about 100 MHz impedance bandwidth for the presented planar BPF. 

The frequency response for the three-pole BPF is represented in Figure 6.5. At 

the center frequency (3.6 GHz), the filter gains a good return loss of more than 

25 dB within the targeted sub-6 GHz 5G band and it includes the 3.6 to 3.7 GHz 

spectrum with a fractional bandwidth (FBW) of about 4%. At the center frequency, 

the insertion loss is less than 0.9 dB, as illustrated in Figure 6.5.  

 

Figure 6.5: Simulated insertion and return losses for the basic three-pole planar 
BPF design. 
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Wide-stop bands’ rejections of about 3.85 and 11.5 GHz are obtained for lower 

and upper sides of the transmission band, respectively, each with an insertion 

loss of less than 15 dB. The roll-off skirts rejection of the transmission band can 

be enhanced by increasing the number of poles for higher-order designs, 

although the size of the geometry and the losses will be increased. Figure 6.6 

shows the electric field density of the asymmetrical coupled line BPF at 3.7 GHz, 

which is achieved by the CST simulator. The surface current is mainly focused 

on the first and third transmission line resonators (R1 and R3), with a maximum 

field distribution of about 48 A/m2 at the edges of the resonators. The next section 

elaborates on updating the presented basic design by integrating it with two 

reverse-biased diodes and a suitable DC bias source to provide a reconfigurable 

performance. 

 

Figure 6.6: Simulated surface field analysis for the basic three-pole planar BPF 
design. 
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6.2.2 Tunable filter design using a new hybrid simulation technique  

Frequency reconfigurability (tenability) is an attractive feature for multi-band 

wireless communications to deal with different performance variations at the RF 

front end. The use of varactor diodes is a well-known method for planar tunable 

BPFs. Figure 6.7 presents the structure of the designed reconfigurable filter as 

well as the biasing circuit necessary for tuning the diodes and two RF choke 

inductors (L1 and L2) to stop the RF signal going through the DC circuit. Two DC 

block capacitors (C1 and C2) are used to protect the VNA from the DC current 

component. To realize reconfigurable characteristics, two parasitic transmission 

lines are loaded to the microstrip asymmetrical coupled line BPF presented in the 

previous section. 

 

Figure 6.7: The proposed reconfigurable microstrip planar BPF configuration with 
DC biasing circuit elements. 



102 
 

The dimensions of the parasitic lines are chosen and optimized with a length of 

6.5 mm and a width of 1.5 mm, and the gap between these newly added 

transmission lines and the coupled-line resonators of the basic design is 0.48 

mm. The optimized dimensions of the proposed reconfigurable filter are obtained 

using CST software. Furthermore, to consider all the varactor diode specifications 

as represented by the datasheet of the manufacturer, EM-circuit simulation 

between CST MWS and CST DS is also applied and implemented for the 

introduced tunable planar BPF and illustrated in Figure 6.8. The varactor diodes 

are modeled using the SPICE blocks. The terminals 1-1′ and 2-2′ represent the 

input and output RF feeding ports, while the terminals 3-3′ and 4-4′ are connected 

to the varactor diodes 1 and 2, respectively. The simulation model is also 

considering the SPICE characteristics for the diode switches and the DC biasing 

circuit components. Due to the packaging effect, the manufacturer-indicated 

parasitic inductance is also represented with 0.7 nH inductor for each diode. 

 

Figure 6.8: Integrating the RF reconfigurable microstrip filter with the DC circuit 
and the SPICE representation for the varactors. 
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The two inductors (L1 = L2 = 10 nH) are used as radiofrequency (RF) chokes to 

suppress the RF leakage into the biasing circuit. CST, based on the time-domain 

solver, is applied, with ten lines per wavelength as a mesh density, to design and 

optimize the proposed reconfigurable model to obtain a very compact size and a 

good s-parameter performance over the entire tuning range. The varactor diodes 

can tune both the center frequency and impedance bandwidth. Among different 

varactor models from Skyworks Inc, this filter uses the SMV1234 varactor model 

with a packaging size of 1.5 x 0.7 mm2, since it provides the required range of the 

reverse biasing capacitor for the proposed filter. Increasing the reverse biasing 

voltage (VR) will widen the depletion region of the diode, and then, the 

capacitance value will be decreased, and vice versa, as seen in Figure 6.9.  

 

 

Figure 6.9: Theoretical reverse biasing voltage performance for several models 
of Skyworks varactors. 
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The reconfigurable microstrip BPF DC circuit with the SPICE representation for 

the diode switches is represented, as illustrated in Figure 6.10. It is worthy to say 

that, by changing the biasing voltage across the practical varactor diodes, the 

resistor values of the equivalent circuit will also be altered. Thus, it can participate 

in the entire resonator circuit, leading it to modify the resonating frequency [150]. 

 

 

Figure 6.10: RF and DC biasing circuit for the reconfigurable filter. 
 

6.2.3 Reconfigurable simulation and measurement results 

This section studies and discusses the simulated and measured return/insertion 

losses for the designed reconfigurable BPF. The obtained performance for the 

simulated return losses (shown in Figure 6.11) shows that increasing the reverse 

bias voltages across the varactor diode from 0.5 to 5.6 V will increase the 

capacitance from 2.7 to 8 pF, and thus alters the resonance frequency from 2.5 

to 3.8 GHz with return losses varying between 15 to 30 dB. The tuning range of 

the resonance frequency is around 1.3 GHz, and the impedance bandwidth is 

tunable between 95 and 115 MHz. Figure 6.12 illustrates the simulation insertion 

loss for the values corresponding to those of Figure 6.11.  
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Figure 6.11: Simulated return losses with different DC reverse bias voltages for 
the presented reconfigurable filter. 

 

 

Figure 6.12: Simulated insertion losses with different DC reverse bias voltages 
for the presented reconfigurable filter. 
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A very small insertion loss is observed throughout the entire reconfigurable 

frequency, which is less than 0.8 dB at the passband. Despite that, the introduced 

BPF is tunable with the center frequency; it is found that the bandwidth is slightly 

affected in the range from 95 to 115 MHz. Figure 6.13 and Figure 6.14 show the 

measured return and insertion losses, respectively, for the proposed tunable 

filter. The s-parameter characteristics are obtained using the HP8510C vector 

network analyzer. It should be noted that a very good agreement is achieved 

between the simulation and measurement results, and this is obtained by using 

the co-simulation CST MWS and CST DS technique, which has considered all 

the practical specifications for the varactor diodes and the DC biasing circuit, as 

explained in the previous section.  

 

Figure 6.13: Measured return losses with different DC reverse bias voltages for 
the presented reconfigurable filter. 
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Figure 6.14: Measured insertion losses with different DC reverse bias voltages 
for the presented reconfigurable filter. 

 

As seen in Figure 6.14, the measured insertion losses within the passband are 

smaller than 1 dB, and the impedance bandwidth varies between 95 and 115 

MHz. Figure 6.15 shows a prototype photograph of the hardware realization for 

the printed reconfigurable filter, which is used to obtain the measured s-

parameters. Furthermore, Figure 6.16 shows the wide-band s-parameter 

response for the introduced reconfigurable microstrip filter over the frequency 

band from 0 to 16 GHz. The results show good stopband performance for both 

lower and upper stop-bands of the transmission frequency. Better than 10 dB out-

of-band rejection was obtained on the upper side of the transmission frequency 

with more than 10 dB band. In addition to the infinite transmission zero, three 

finite transmission zeros are successfully created on the upper stopband 
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bandwidth. The three transmission zeros are located at 6, 8.2, and 8.9 GHz; this 

produces a good out-of-band and roll-off skirt rejection.  

 

Figure 6.15: Hardware realization of the fabricated prototype for the proposed 
reconfigurable filter. 

 

 

Figure 6.16: Simulated wide-band s-parameter characteristics for the presented 
reconfigurable microstrip BPF. 
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The group delay and the phase of S21 characteristics are presented in Figure 6.17 

and Figure 6.18, respectively. It is shown that the filter has a group delay that 

varies between 1.8 and 2.6 nS over the tuned center frequency. The presented 

group delay can be controlled by adjusting the S-parameter characteristics, which 

mainly depend on the selected RF filter configuration. The presented filter has a 

linear phase of S21, which is maintained on 178 degrees over the frequency range 

and for different values of reverse biasing voltages. It should be noted that with 

the rapid development of current 4G and 5G applications, a compact, efficient 

and reconfigurable planar filter with a wide tuning range is in huge demand. 

Designing a tunable filter that covers both 4G and 5G spectrum using the same 

configuration will also be required for several wireless applications.  

 

Figure 6.17: Simulated group delay performance with different DC reverse 
biasing voltages for the presented reconfigurable microstrip BPF. 
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Figure 6.18: Simulated phase characteristics of S21 with different DC reverse bias 
voltages for the presented reconfigurable microstrip BPF. 

 

According to what is shown, the proposed tunable filter can offer these 

requirements, where the design has a very compact size and operates at a centre 

frequency range from 2.5 GHz (4G) to 3.8 GHz (5G) with a very low insertion loss 

of 0.8 dB. Moreover, Table 6.1 shows the comparative performance of the 

presented reconfigurable microstrip BPF with other, similar designs from the 

literature. It is shown that the reported filter has a wider tuning range and wider 

impedance bandwidth, smaller insertion losses and a smaller size compared to 

the designs presented in [80, 82, 83, 89, 141, 149]. The tunable filters presented 

in [82] and [80] have an impedance bandwidth of only 40 MHz. The presented 

tunable filter and the filter introduced in [89] use only two varactor diode switches 
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and a simple basing circuit to achieve the tunable frequency characteristics. As 

a result, the filter presented in this work has a relatively very good performance 

in terms of return/insertion losses, group delay and the phase of S21, as well as 

other features such as a compact size, a few tuning diodes and simple structure. 

 
Table 6.1: Performance comparison with some other tunable BPFs. 

Ref. 
Tuning 
Range 
(GHz) 

Fractional 
Tuning 
Range  

(%) 

Tunable 
Impedance 
Bandwidth 

(MHz) 

Tunable 
Fractional 
Bandwidth 

(%) 

No. of 
Switches 

IL 

(dB) 

Filter Size 
(mm3) 

(λg
3) 

[80] 1.7-2.9 52.1 32-40 1-2 7 4 
36×35×0.8 

0.65×0.63×0.02 

[82] 1.1-2.1 62 28-40 1-3 7 6 
52×12×1.6 

0.61×0.14×0.02 

[83] 0.66-0.99 41 92-108 6-8 4 0.75 
72×70×1.6 

0.53×0.53×0.01 

[89] 0.76-2 69.2 75-150 1-7 4 1.2 
100×8×0.50 

0.8×0.06×0.004 

[140] 0.90-1.7 61.5 80-85 4-6 4 4.3 
48×40×0.51 

0.46×0.4×0.005 

[141] 1.5-2.0 28.5 93-110 5-7 4 4 
36×30×0.80 

0.6×0.5×0.013 

[145] 0.97-1.72 55 56-64 3-5 4 4.5 
42×35×0.63 

0.4×0.36×0.006 

[149] 0.6-1.0 50 85-95 8-9 3 2.2 
30×23×1.27 

0.2×0.15×0.008 

this 
work 

2.5-3.8 41.3 95-115 7-9 2 0.8 
13×8×0.81 

0.3×0.2×0.02 
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6.3 Tunable Filter Design for Green Flexible RF 

In this section, a compact third-order microstrip open-loop ring resonator tunable 

BPF to cover the frequency band of 3.4 to 3.8 GHz for 5G applications is 

presented. It is simulated using CST software. The filter is fabricated on a Rogers 

RO3010 substrate with a relative dielectric constant of 10.2 and a compact size 

of 17×5×1.27 mm3. Controlling the DC biasing voltage across the varactor diode 

gives a wide tuning range of about 3.4 to 3.8 GHz for the resonant frequency, 

with 50-130 MHz tunable bandwidth. 

6.3.1 Open-loop trisection BPF design and performance 

The geometry of the proposed 3-pole open-loop BPF is shown in Figure 6.19. 

The filter consists of three open-loop ring resonators and is fed by two ports of   

50 Ω input impedance to minimize the physical size and eliminate the need for 

vias. The filter has a transmission line feed and uses a Rogers RO3010 substrate, 

with h = 1.27 mm, 𝜀𝑟 = 10.2 and loss tangent = 0.0022. The resonant frequency 

of 3.5 GHz is chosen as suitable for 5G applications. The configuration of the filter 

and its dimensions are shown in Figure 6.19 and Table 6.2, respectively. 

 
Figure 6.19: Geometry of the proposed BPF. 
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Table 6.2: The optimized parameters of the proposed filter (units in mm). 

 

 

 

The frequency performance is shown in Figure 6.20. At the resonant 3.45 GHz 

frequency, the filter has a good return loss of 20 dB for the targeted 5G spectrum 

and covers the 3.4 to 3.5 GHz band with fractional bandwidth 3%. At resonance, 

the insertion loss has a minimum value of 0.9 dB, as shown in Figure 6.20. Wide 

stop bands of 3 GHz and 2.5 GHz are achieved for the lower edge and the upper 

edge of the passband respectively, each with insertion losses more than 10 dB. 

The selectivity of the passband bandwidth could be improved in a higher-order 

filter by increasing the number of resonators.  

 

Figure 6.20: Insertion/return loss performance for the proposed BPF. 

L1 L2 L3 L4 L5 L6 W1 W2 W3 

4 0.8 5 0.43 3.7 0.9 1.19 0.4 0.8 
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Figure 6.21 elaborates the current distribution of the filter at the resonant 

frequency of 3.45 GHz, obtained using CST software: the electric field is mainly 

distributed in the first and third open-loop resonators, with maximum current 

density 58 A/m in the first resonator element. The next section discusses the 

filter’s tunability characteristics. 

 

Figure 6.21: Simulated current distribution for the filter. 

 

6.3.2 Three-pole tunable filter design 

Frequency reconfigurability or tunability is important for multi-band systems to 

cover the required variations. The use of varactors is a well-known technique for 

reconfigurable filters. Figure 6.22 shows the geometry of the proposed filter, 

including the biasing circuit required to tune the varactor diode and two RF choke 

inductors to prevent the RF signal passing through the biasing circuit. The biasing 

circuit controls both the resonant frequency and bandwidth characteristics. This 

filter uses the SMV1234 Skyworks Solutions varactor diode, size 1.5 x 0.7 mm2. 

Increasing the reverse voltage widens the depletion region of the varactor, 

decreasing its capacitance, and vice versa: see Figure 6.9. In addition, two 
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inductors (L1 = L2 = 10 nH) are used as radio frequency (RF) chokes to limit and 

reduce RF leakage into the biasing circuit and power leads: they act as open 

circuits to the RF signal at the ends of the switches. The optimized parameters 

are obtained using CST software. The filter dimensions are optimized for good 

matching over the tuning range. The filter’s biasing circuit, with the SPICE model 

for the varactor, is modelled, as shown in Figure 6.10.  

 

 

Figure 6.22: 3D geometry of the proposed open-loop tunable bandpass filter with 
the biasing circuit for the varactor diode. 

 

6.3.3 Three-pole tunable filter performance 

In this section, the return loss and insertion loss of the filter are studied. The 

simulation results for the return loss shown in Figure 6.23 (a), indicate that 

different reverse bias voltages of the varactor between 0 V and 4 V, give 

capacitance values of 2.7, 3.3, 4.8, 6 and 8 pF, altering the return losses in the 
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3.4 to 3.8 GHz range, between -17 dB and -30 dB. Figure 6.23 (b) shows the 

simulated insertion losses for the values corresponding to those of Figure 6.23 

(a). Good insertion losses are obtained over the tuning range, of around 1 dB 

at resonance. In addition to the tunability of the resonant frequency, the 

bandwidth is also altered. Figure 6.24 shows the measured return loss and the 

insertion loss of the filter. 

 
     (a) 

       

           (b) 

Figure 6.23: Simulated S-parameters with different biasing voltages: (a) S11;              
(b) S21. 



117 
 

 
                 (a) 

  
           (b) 

Figure 6.24: Measured S-parameters with different biasing voltages for: (a) S11;      
(b) S21. 

 
The CST simulation results and the measurements from the vector network 

analyser (HP 8510C) show fairly good agreement. Figure 6.25 shows the 

fabricated prototype.   Figure 6.26 shows the frequency response of the group 

delay for all the states of the varactor diode.  
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Figure 6.25: A prototype of the fabricated tunable filter. 

 

   Figure 6.26: Group delays for the proposed tunable filter. 

 

Table 6.3 summarizes the measurements, and Table 6.4 compares 

performances of this microstrip reconfigurable filter with other recent similar 

designs. The filter proposed here has a relatively good performance in respect of 

performance, size, number of switches and design complexity. 
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Table 6.3: Summary of resonant frequency and bandwidth for the proposed 
tunable filter. 

 

 

 

 

 

 
 

 
Table 6.4: Performance comparison with some recent tunable filter designs. 

Ref. 

f0 

(GHz) 

BW 

(MHz) 

No. of 

Switches 

S11 

(dB) 

S21 

(dB) 

Filter Size 

(mm3) 

[80] 1.7-2.9 40 7 -16 -4 36×35×0.8 

[82] 1.1-2.1 40 7 < -15 -6 52×12×1.5 

[89] 0.76-2 75-290 2 <-15 -1.2 100×8×0.5 

this 

work 
3.4-3.8 40-140 1 < -20 > -1 17×5×1.27 

 

 

Reverse 

Voltage 

(V) 

Varactor 

Capacitance 

(pF) 

Resonant 

Frequency 

(GHz) 

Bandwidth 

(MHz) 

S11 

(dB) 

4 2.69 3.8 50 -20 

3 3.3 3.75 70 -22 

2 4.8 3.68 80 -25 

1 6 3.58 105 -27 

0.4 8.1 3.48 130 -38 
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6.4 Design and Analysis of New Reconfigurable Lowpass/Bandpass 

Filter Based on PIN-Diode 

In this section, a new very compact three poles reconfigurable planar filter with 

lowpass and bandpass characteristics is proposed. The filter is designed and 

simulated using the CST simulator. Two configurations with two operational 

bandwidths from 0 to 1 GHz and 3.4 to 3.8 GHz, suitable for sub-6 GHz 5G 

systems, were observed. The presented filter is also printed on a Rogers RO3010 

substrate with a relative permittivity of 10.2 and a loss tangent of 0.002. The filter 

has a very compact size of 10×8×1.27 mm3. 

6.4.1 Reconfigurable lowpass/bandpass filter design  

According to the design and analysis carried out to the passive filter achieved in 

Figure 4.9, another parasitic line can be loaded to tackle the reconfigurability 

property for the reconfigurable filter designed here. The filter is reconfigurable by 

employing an ideal strip line and practical PIN diode with proper designed biasing 

circuits required to control the switching state, as shown in Figure 6.27. With the 

reconfigurability property, the designed filter can handle dual-band low pass and 

bandpass characteristics in the On-state configuration targeting the lower- and 

mid-band of the 5G spectrum at 700 MHz and 3.6 GHz resonant frequencies, 

respectively, and the single-band bandpass characteristics in the off-state 

configuration targeting the mid-band 5G spectrum. The geometry of the designed 

filter is shown in Figure 6.27, and the optimized dimensions are detailed in Table 

6.5. The proposed filter is simulated using CST software and designed on a 

Rogers RO3010 substrate with a relative dielectric constant of 10.2 and with a 

very compact size 10×7.9×1.27 mm3. 
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(a) 

 

 
(b) 

 
(c) 

Figure 6.27: The proposed reconfigurable LPF/BPF: (a) The main configuration; 
(b) On-state; (c) Off-state. 
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Table 6.5: The optimized parameters of the proposed BPF (units in mm). 

W1 W2 W3 W4 W5 L1 L2 L3 L4 L5 L6 L7 

7.9 2.9 2.3 4.8 0.51 6.3 3.3 0.43 2.1 1 2.9 0.3 

 

6.4.2 Simulation and measurement results 

In this subsection, the return loss, insertion loss, group delay and the phase of 

the reconfigurable filter are presented and studied. Figure 6.28 shows the 

simulated results of the return loss and the insertion loss of the designed dual-

band filter in the on-state configuration for tackling the Low pass and bandpass 

filter characteristics. At the resonant frequency 700MHz, the simulation results of 

the first passband show that the proposed filter has an insertion loss of 0.07 dB 

with a return loss better than 20 dB for the low pass filter configuration. On the 

other hand, at the resonant frequency 3.5GHz, the simulation results of the 

second passband show that the proposed filter has an insertion loss of 0.5 dB 

with a return loss better than 30 dB for the bandpass filter configuration. 

Moreover, and to increase the selectivity of the pass-band, some of the finite 

transmission zeros have been successfully generated in the upper/lower edges 

of the passband, as shown in Figure 6.28. Figure 6.29 shows a photograph of the 

hardware realization of the proposed filter in the on-state configuration.           

Figure 6.30 shows the measured results of the return/insertion losses of the 

fabricated LPF/BPF. The measured results show that the implemented BPF is 

resonating at 700MHz and 3.5GHz for tackling the low pass and bandpass filter 

characteristics for 5G. The attenuation characteristics for the fabricated BPF filter 

show more than 15 dB filters up to 8 GHz on the higher edge of the second 
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passband and a stop-band from 1.8 GHz to 3.4 GHz with an insertion loss of less 

than -10 dB can be achieved. 

 
Figure 6.28: Insertion/return loss simulations for the proposed LPF/BPF in the on-
state configuration. 

 

 

Figure 6.29: Photograph of the hardware realization of the proposed filter with on-
state configuration. 
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Figure 6.30: Insertion/return loss measurements for the proposed LPF/BPF in the 
on-state configuration. 
 

At the resonant frequency (700 MHz), the simulation results of the first passband 

show that the proposed filter has an insertion loss of 0.1 dB with a return loss 

better than 15 dB for the low pass filter configuration. On the other hand, at the 

resonant frequency 3.5GHz, the simulation results of the second passband show 

that the proposed filter has an insertion loss of 0.9 dB with a return loss better 

than 20 dB for the bandpass filter configuration. The simulation results achieved 

by CST software and the measurements from the vector network analyzer (HP 

8510C) show good agreement. Figure 6.31 shows the frequency response of the 

group delay and the phase of S21 for the designed LPF/BPF. Figure 6.32 shows 

the simulated results of the return loss and the insertion loss of the designed BPF 

in the off-state configuration for tackling the single-band bandpass 

characteristics. 
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Figure 6.31: Group delay and phase of S21 for the designed BPF in the on-state 
configuration. 

 

 
Figure 6.32: Insertion/return loss simulations for the proposed BPF in the off-state 
configuration. 
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The simulation results show that the proposed BPF has an insertion loss of 0.8 

dB at the resonant frequency of 3.5 GHz, with a return loss better than 20 dB. 

Figure 6.33. shows a Photograph of the hardware realization of the proposed filter 

with off-state configuration. Figure 6.34 shows the measured results of the 

return/insertion losses and prototype photo of the fabricated BPF. The measured 

results show that the implemented BPF is resonating at 3.5 GHz with -3 dB FBW 

of 8%. The attenuation characteristics for the fabricated BPF filter show more 

than 20 dB filters up to 7 GHz on the higher edge of the passband, and a stop-

band from 0 Hz to 3 GHz with an insertion loss of less than -10 dB can be 

achieved in the lower edge. At the resonant frequency, the measured insertion 

and return losses for the fabricated BPF filter are less than 1 dB and greater than 

22 dB, respectively. Figure 6.35 shows the frequency response of the group delay 

and the phase of S21 for the designed bandpass filter. 

 

 

Figure 6.33: Photograph of the hardware realization of the proposed filter with off-
state configuration. 
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Figure 6.34: Insertion/return loss measurements for the proposed BPF in the off-
state configuration. 

 

 

Figure 6.35: Group delay and phase of S21 for the designed BPF in the off-state 
configuration. 
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Of course, the diode is not simply an ideally conducting lump of metal. From the 

manufacturer’s datasheet [151], it can be seen that the chip can be represented 

simply by a certain equivalent resistance or capacitance when operated in 

forward or reverse biased modes respectively, as shown in Figure 6.36. A more 

complex representation is also possible, and many manufacturers will provide 

SPICE models of the diode behavior as shown here. In addition to the chip 

behavior, the packaging of the diode also affects the diode performance. In this 

case, the manufacturer specifies a parasitic inductance and capacitance to 

represent the packaging effects, as shown in Figure 6.37. It is important to note 

that these values are determined by measuring the diode in a particular test 

assembly, which may or may not correspond to how it is being used on the filter. 

This representation can be taken into account simply by using the equivalent 

resistance or capacitance for the ON or OFF states, respectively. 

 
Figure 6.36: An extract from the diode manufacturer’s datasheet. In the simplest 
case, this time it can be represented by a series resistance in the on state or a 
series capacitance in the OFF state. 

SPICE Model Parameters for MSS40,000 Series Diodes 
Parameters for Diode DF 

Part Number 

MSS40,045 
MSS40,341 

MSS40,141 
MSS40,244 

MSS40,255 
MSS40,455 
MSS40,B46 
MSS40,CR46 
MSS40, PCR46 

MSS40,B53 
MSS40,CR53 
MSS40,PCR53 

MSS40,155 

MSS40,048 
MSS40,148 
MSS40,248 
MSS40,448 

3 nA – 4.5pA 

nA – 4.9pA 3.5 

0.7 pA – 1nA 

pA – 2.5nA 3.2 

9.5 nA – 26.5pA 

nA – 11pA 5.5 

 –  8.4 5.6 

8  –  12 

 –  8 20 

10  –  5 

6 4  –  

5.6 8.4  –  

 –  0.11 0.07 

0.05  –  0.07 

0.07  –  0.125 

0.1  –  0.25 

0.2  –  0.3 

0.09  –  0.14 

IS RS 
 

CJO 
) ( pF Parameters for Diode DR 

IS    37.4 nA 
N    20.71 
XTI    4.0 
EG    9.0 
BV    10.0 

N    1.0 
VJ    0.7 
M    0.2 
TT    3.0E    12 
EG    0.6 
XTI    2.0 
BV    10.0 

DR 

DF 

Cathode Anode 
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Figure 6.37: An extract from the diode manufacturer’s datasheet, showing the 
packaging dimensions and equivalent parasitic values for capacitance and 
inductance. Dimensions in mm. 

 

While lumped elements like these can be included directly in the 3-D full-wave 

simulation, their effect can also be considered as a post-processing step by 

performing an EM-circuit co-simulation with an appropriate simulation package. 

Figure 6.38 shows the detailed design of the reconfigurable planar 

lowpass/bandpass filter with the biasing circuit necessary for switching the diode 

for both configurations (on- and off- states). The reconfigurable filter is also 

fabricated and measured and Figure 6.39 shows the hardware realization photo 

for the implemented filter. It should be noted that the size of the design is very 

compact, even with the merit of reconfigurability. 
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Figure 6.38: Detailed view of the designed LPF/BPF along with the biasing circuit 
network for the diode, which shows the DC blocking capacitors and the RF choke 
inductors. 

 

 

Figure 6.39: Prototype photo of the proposed reconfigurable filter. 
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Figure 6.40 illustrates the simulated and measured results of the proposed 

reconfigurable filter for both on- and off-configuration in addition to photographs 

of the fabricated filter. Figure 6.40 (a) shows the s-parameter results of the return 

loss and the insertion loss of the introduced microstrip filter in the off-state 

configuration for tackling the single-band bandpass characteristics as well as a 

photograph of the fabricated structure. Here, the off-state diode is simply 

represented by a gab (without shorting metal). The simulation results illustrate 

that the proposed BPF has an insertion loss of lee than 1 dB at the resonant 

frequency 3.5GHz, with a return loss of more than 20 dB. Figure 6.40 (b) shows 

the s-parameter results of the return loss and the insertion loss of the introduced 

dual-band filter in the on-state configuration for tackling the lowpass and 

bandpass filter characteristics. Here, the on-state diode is simply represented by 

a shorting metal. At the low band resonant frequency, the simulation results of 

the first passband show that the proposed filter has an insertion loss of 0.07 dB 

with return loss better than 19 dB for the low pass filter configuration. On the other 

hand, at the resonant frequency 3.5 GHz, the performance of the second 

passband shows that the introduced structure offers an insertion loss of 0.5 dB 

with a return loss of more than 30 dB for the bandpass filter configuration. 

Furthermore, and roll-off skirt rejection, some of the finite transmission zeros have 

been successfully generated in the upper/lower edges of the passband as shown 

in Figure 6.40. The presented reconfigurable bandpass filter has many 

advantages, and these are including (1) very small size and simple configuration, 

(2) wide-stopband and good selectivity, and (3) very low measured losses and 

good return performance.  
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(a) 

 

 

(b) 

Figure 6.40:  Insertion/return losses for the designed reconfigurable filter: (a) off-
state; (b) on-state. 
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6.5 Conclusions 

Three new compact 5G tunable/reconfigurable microstrip bandpass filters are 

presented in this chapter. In the first design, a very compact tunable BPF with a 

wide reconfigurable s-parameter based on a new EM-circuit co-simulation 

scheme is presented and discussed. CST simulator is utilized to design and 

optimize the presented filter. An integrated model between CST MWS and CST 

DS is utilized to design and construct the RF and DC circuits. This presented 

model is considered the SPICE representation for the varactor switches as well 

as the packaging effect of the electronic components. The proposed BPF is 

tunable in the frequency range from 2.5 to 3.8 GHz by using only two varactor 

diode switches and a simple biasing circuit. The proposed reconfigurable 

microstrip BPF has several attractive features, such as a very compact and 

simple design, wide tuning range, high stopband rejection, and a very low 

insertion loss. The presented reconfigurable filter, covering a wide tunable s-

parameter range, considers both the 4G and sub-6 GHz 5G spectrum and can 

be a good candidate for present and future RF systems. The second filter design 

is tunable in both resonant frequency and bandwidth, covering 3.4 to 3.8 GHz 

under the control of a single varactor diode switch. The bandwidth is adjustable 

between 40 and 140 MHz with return losses between 17 to 30 dB and insertion 

loss around 1 dB. The filter covers the sub-6 GHz 5G spectrum for possible 

application in stationary terminals of cognitive radio systems and other 

applications in future wireless communications. The third design is a very 

compact reconfigurable microstrip bandpass/lowpass filter covering 0 to 1 GHz 

and 3.4 to 3.8 GHz spectrum for sub-6 GHz 5G wireless applications. To achieve 

the lowpass characteristics and reconfigurability property, another transmission 
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line is utilized between the input and output ports for the same 3-pole structure. 

Finite transmission zeroes are successfully realized on the upper and lower 

edges of the passbands to increase the selectivity of the proposed reconfigurable 

filter. Good agreement is observed between the simulation and measurement 

results.   
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Chapter 7  

Filter-Antenna Integration (Filtenna) Designs 

7.1 Introduction 

Generally, the physical dimensions of a microstrip monopole patch antenna are 

small, but the electrical dimensions measured in wavelength λ are not [152]. The 

designers of the microstrip antennas should also consider the electrical 

characteristics of these antennas such as center frequency f0, voltage standing 

wave ratio, return loss, gain and radiation pattern [153]. Rapid data transfer 

requires high channel capacities and needs more complex and bulky systems. 

Modern trends in electronic and communication systems proposed more compact 

and portable systems; therefore the designers of such systems faced a major 

challenge in realizing these complex systems and at the same time making them 

compact and portable enough to meet commercial market needs [154]. One way 

to minimize the overall circuit size and increase the bandwidth is to integrate the 

stepped-impedance resonator filter with the monopole patch antenna in one 

single module [155]. This integration changes the structure of the circuit, 

improves the performance of the circuit and simplifies the connection among 

various components. As such, many microstrip filter-antenna designs using 

different types of substrate materials have been proposed recently [17, 18, 92, 

93, 95-99, 156, 157]. 

 

On the other hand, the introduction of the fifth-generation (5G) of wireless 

communications requires new solutions for miniature and multi-functionality RF 

components such as antennas and filters [158, 159]. The integration of the 

filtering performance in the antenna radiation pattern while maintaining high gain, 
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high isolation, high front-to-back ratio, stable radiation pattern, good common-

mode (CM) rejection level and the unidirectional radiation pattern is considered 

as a potential solution for 5G applications [160-164]. Recently, dual-polarized, 

SIW, and differential-fed techniques have been introduced to improve the 

performance of the microwave and RF systems [165, 166]. Different differential-

fed antennas have been reported, such as planar antennas [167-173], magneto-

electric dipole antennas [174, 175], 3D-backed antennas [176], and so on. 

7.2 Compact Wide-Band Microstrip Filter-Antenna Design  

In this section, a new and compact filter-antenna design with a wide-band 

performance for 2.4 GHz ISM band and 5G wireless communications is 

presented. Unlike other microstrip filter-antenna designs proposed in the 

literature, the design proposed here has some advantages such as compact size, 

simple structure, high gain, and wide bandwidth with good S11 characteristics. 

Also, this work presents and investigates three different types of dielectric 

substrate materials used for the same filter-antenna configuration and also 

checks the obtained performance and its suitability for the application that it is 

designed for. 

7.2.1 Properties of the dielectric substrates 

FR-4 is a low-cost PCB material, made from fibreglass textile implemented in 

epoxy resin. The “FR” in FR-4 refers to “fire-resistant”. It has mostly substituted 

the (flammable) board material G-10 because of this feature. The FR-4 material 

usually works well when designing below 1GHz. However, as frequencies rise 

beyond 1 GHz, the passive circuit elements have to be taken into consideration. 

The main considerations for circuit design in the 3–6 GHz range involve skin 
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effect, surface roughness, proximity effect, and dielectric substrate [177]. The    

FR-4 dielectric constant (εr) has been reported in the range of 4.3–4.8 and is 

slightly dependent on the frequency. The loss tangent (tanδ) of FR-4 is 0.018. 

 

Composite RT/Duroid 5880 microfiber reinforced Poly Tetra Fluoro Ethylene 

(PTFE) is also designed for demanding stripline and microstrip line applications. 

RT/Duroid is a glass microfiber reinforced PTFE composite built by Rogers 

Corporation. It shows excellent chemical resistance, involving solvent and 

reagents utilised in printing and coating; ease of cutting, fabrication, shearing, 

and machining; and environment-friendliness. RT/Duroid 5880 has a low loss 

tangent tanδ of about 0.004 and dielectric constant εr = 2.2 [178]. RO3003 

laminates are ceramic-filled PTFE composite circuit materials with mechanical 

characteristics, which are uniform regardless of the choice of dielectric constant. 

This case allows the designers to develop multilayer board designs, which use 

different dielectric constant materials for several layers, without facing accuracy 

problems [179]. RO3003 has a low loss tangent (tanδ = 0.0013) and a dielectric 

constant (εr = 3.0). 

7.2.2 Microstrip filter-antenna configuration 

The layout of the proposed filter-antenna structure is shown in Figure 7.1. The 

design consists of a four-pole bandpass filter (BPF) and a monopole patch 

antenna. The integration of the BPF with the monopole patch antenna is realised 

by connecting the second port of the BPF with the antenna. A 50-Ω microstrip 

transmission line is used to feed both the BPF and monopole patch antenna, so 

there is no need for an additional matching circuit, and so the size of the 

configuration is reduced. The four-pole bandpass filter is mainly composed of four 
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resonators, which are connected to the microstrip feed-line established on a 

dielectric substrate material. The ground plane of the filter-antenna design has 

an L-shaped slot etched, as shown in Figure 7.2. Also, each resonator consists 

of a square open-loop ring with a longitudinal stripline ending with E-shaped 

arms. Therefore, a compact structure has been achieved with this configuration. 

 

Figure 7.1: Filter-antenna structure layout. 

 

The filtering antenna was established on three different types of dielectric 

substrate material, which are FR-4, RT/Duroid 5880, and RO3003. Firstly, these 

substrate materials were kept at a fixed thickness, and then the thickness of each 

dielectric substrate was changed to investigate which of these three types is more 

suitable for the specifications of a certain application. The absorption of electrical 

energy by a dielectric material that is exposed to an alternating electric field is 

called dielectric loss. 
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Figure 7.2: Four-pole bandpass filter structure layout. 

 

Dielectric loss results from the influence of the limited loss tangent (tanδ), in which 

the losses are increasing and directly proportional to the operating frequency. 

Generally, the dielectric constant of the substrate εr is a complex number and is 

given by [180] 

εr = εr
′ + jεr

”  (7.1) 

where εr
′  is the real part of the dielectric constant and εr

”  is the imaginary part of 

the dielectric constant. Then, the loss tangent is given by [180] 

tanδ =
εr

”  

εr
′
 (7.2) 

The relationship between the tangent loss and dielectric loss is given by the 

following formula [181]: 
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αd =
|εr|

√εreff

∙
εreff − 1

|εr| − 1
∙

π

λo
∙ tanδ (7.3) 

where αd is a dielectric loss, λo is a free-space wavelength, and εreff represents 

the effective dielectric constant of the substrate material and is given by [181] 

reff =  
r + 1

2
+  

r − 1

2
[1 + 12 

h

W
]

−1/2

 (7.4) 

where W is the width of the patch. 

Figure 7.3 shows the dielectric loss for the three types of substrates that are used 

in this work. The microstrip propagation delay tpd is a function of a substrate 

dielectric constant εr and can be given by [181] 

tpd(ns cm⁄ ) = (
1.017

30.48
)√0.475|εr| + 0.67 (7.5) 

 

Figure 7.3: Dielectric loss versus frequency for different types of substrate 
materials at h/w = 0.04. 
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Attenuation sources of practical microstrip lines can be raised due to the 

effect of the radiation mechanism and the finite conductivity of the transmission 

lines. The energy in the microstrip line depends on the dielectric constant εr, 

substrate thickness (h), and the circuit geometry. Using a low dielectric constant 

substrate, which has low concentration energy, leads to high radiation losses. 

Figure 7.4 shows the relationship between the propagation delay and the 

dielectric constant for different types of dielectric substrates. Figure 7.5 shows 

the final filter-antenna structure with its optimised dimensions, as illustrated in  

Table 7.1. It can be seen that the structure has four open-loop resonators 

connected to the microstrip feed-line and established on a dielectric substrate 

material with a defected ground plane that has an L-shaped slot. Figure 7.6 

shows the surface current field analysis of the presented filter. The field current 

density is constrained on the first and second feeding points of the E-shaped 

resonator filters with a maximum value of 10 A/m. Also, a strong current is also 

observed around the C slot of the radiating element.  

 
Figure 7.4: Propagation delay versus dielectric constant. 
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Figure 7.5: The proposed filter-antenna structure with its dimensions. 

 
Figure 7.6: Current distribution of the proposed filtenna. 

 

Table 7.1: The optimised dimensions of the proposed filtering antenna design 
(in mm). 

Par. W Wp Ws Ws1 Ws2 Wm Wr Wdg W1 W2 W3 W4 W5 

Dim. 42 20 15 0.5 0.5 2.4 10 7.5 3.9 6.6 1 8 2.5 

Par. L Lg Lr Ls1 Ls1 L1 L2 L3 Lp Ldg S1 S2 G 

Dim. 45 25 9 0.4 3.5 4 26 3 18 5.4 0.5 0.8 1 
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7.2.3 Simulation and measurement results 

The microstrip filter-antenna is designed at a centre frequency f0 = 2.4 GHz, and 

bandwidth edges f1 = 1.80 GHz and f2 = 3.10 GHz. The proposed filter-antenna 

is suitable for 2.4 GHz ISM band and 4G wireless communications applications. 

Its relatively high bandwidth fits fast data transmission systems, which is required 

in modern and future wireless communications. Figure 7.7 shows the frequency 

response characteristics of the introduced filter-antenna without L-shaped 

defected ground structure (DGS). 

 
Figure 7.7: S11 of the proposed filter-antenna without DGS. 

 

Etching the DGS in the ground plane of the filter-antenna disturbs the current field 

distribution in a waveguide structure. This disturbance will affect the parameters 

of the design, such as the effective capacitance and effective inductance [182]. 

The feature of DGS is a slow-wave impact due to the equivalent LC components 

that may decrease the designed circuit size [183]. Figure 7.8 shows the simulated 

frequency response of the proposed filter-antenna design without a square open-

loop ring resonator (SOLR). Furthermore, a performance comparison of the 
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reflection coefficient parameters for three types of dielectric substrate materials 

at a fixed substrate height (h = 0.8 mm) is presented in Figure 7.9. It should be 

noted that the dielectric substrate material has a significant effect on the design 

performance, especially the centre frequency and reflection coefficient 

characteristics. Table 7.2 explains the performance comparison of the three 

different dielectric substrate types for which the filter-antenna is designed and 

proposed. 

 
Figure 7.8: S11 of the filtering antenna without a SOLR. 

 
Figure 7.9: Comparison of s-parameters for different dielectric substrate materials 
at h = 0.81 mm. 
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Table 7.2: Comparison of different parameters for three different dielectric 
substrate materials. 

Parameters 

Dielectric Substrate Type 

RT/ 5880 RO3003 FR-4 

Centre frequency (f0 GHz) 2.412 2.202 1.924 

Return loss (dB) 15 12.065 6.0314 

Maximum Gain (dB) 4.03 2.43 1.18 

BW (GHz) 1.22 0.922 0.657 

VSWR 1.1937 1.58 2.2 

Figure 7.10 shows the comparison of the reflection coefficient parameters for 

three different dielectric substrate materials on which the filtering antenna design 

is established for different substrate heights. These comparisons are necessary 

to illustrate the effect of the dielectric substrate material type and thickness. Table 

7.3 shows the comparison of some of the important parameters involved in the 

designed filter-antenna circuit on the three different dielectric substrate material 

types. Figure 7.11 depicts the simulated and measured reflection coefficient (S11) 

and gain for the proposed filter-antenna with the practical realisation for the 

prototype, which is fabricated using RT/Duroid 5880 dielectric substrate with a 

height of 0.81 mm and a dielectric constant of 2.2. The structure is printed on a 

compact size of 0.32 λ0 × 0.30 λ0, where λ0 is the free-space wavelength at the 

centre frequency. 
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Figure 7.10: S11 comparison for different dielectric substrate materials and 
different dielectric substrate heights. 

 
Table 7.3: Performance comparison of some of the parameters involved in the 
designed filter-antenna circuit using the three different dielectric substrate 
material types. 

Parameters 

Dielectric substrate properties 

RT/ 5880  
(h = 0.81 mm) 

RO3003  
(h = 1.27 mm) 

FR-4  
(h = 0.81 mm) 

Centre frequency 
(GHz) 

2.412 2.3 2.049 

Return loss (dB) 15 13.063 7.04 

Maximum Gain (dB) 4.1 2.63 2.22 

BW (GHz) 1.22 1.3 1.059 

VSWR 1.1937 1.52 2.24 

 



147 
 

 

Figure 7.11: The performance of the proposed filter-antenna design: (a) 
simulated performance; (b) measured performance with a photograph of the 
fabricated prototype structure. 
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From the obtained results, it should be noted that there is a significant and 

noticeable effect of the DGS and the SOLR on the overall performance of the 

filter-antenna response. The designed filter-antenna operates at a centre 

frequency of 2.4 GHz and has a relatively wide-band impedance bandwidth of 

about 1.22 GHz and a fractional bandwidth (FBW) of about 50%. The 

measurement results show the design also has a maximum realised gain of       

4.9 dB at the operating frequency. Moreover, Figure 7.12 shows the simulated 

and measured far-field radiation patterns of the proposed filter-antenna design at 

a centre frequency f0 = 2.4 GHz. It is clear that the design offers stable and good 

radiation patterns at phi = 0 and 90 degrees. The simulation results from the CST 

simulator and the measurement results from the vector network analyzer (HP 

8510C) and the anechoic chamber [41] show a reasonably good agreement.  

 

 

Figure 7.12: The far-field radiation patterns for the proposed filter-antenna 
design. 
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Table 7.4 illustrates a performance comparison between the proposed microstrip 

filter-antenna and some designs from the literature that have similar structures 

and performances. The proposed filter-antenna design has a compact size with 

a simple structure; it offers higher gain, wider fractional bandwidth, and good 

reflection coefficient characteristics.  

 
Table 7.4: Comparison between the proposed design and others. 

Ref. 

Centre 

Frequency 

(GHz) 

Fractional 

Bandwidth 

(%) 

Size 

(λ0×λ0) 
RL (dB) Gain (dB) 

Extra 

structure 

[17] 2.6 2.6 0.31×0.27 >13 2.2 Multilayer 

[20] 1.85 5.4 0.74×0.74 >12 6.2 Multilayer 

[21] 3.6 15 0.92×0.86 >14 10 Metasurface 

[91] 11.65 4 2×1.1 >14 5.6 SIW* 

[94] 2.5 22.8 1.7×1.3 >20 5 balun 

[95] 2.5 15 0.76×0.76 >15 2 Multilayer 

[96] 5 2 0.37×0.32 >15 4 None 

[97] 2.45 6.4 0.72×0.70 >15 6 None 

[98] 2.5 16.3 0.3×0.25 >20 2.4 None 

[99] 2.5 8 0.45×0.45 >14 4.5 None 

Prop. 2.4 50 0.32×0.30 >16 4.9 None 

* Substrate integrated waveguide 
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7.3 Wide-Band Microstrip Filtering Antenna with Modified Shaped Slots 

and SIR Structure 

In this section, a compact second-order filtering antenna utilizing SIR and 

modified shaped slots on the monopole patch antenna is designed. By using the 

SIR bandpass filter and adopting the modified shaped slots on the monopole 

patch antenna, the performance of the circuit has been improved, especially the 

bandwidth performance. Unlike many microstrip filtering antenna proposed in the 

literature [95-99], the design proposed here is better than others with respect to 

the structure size, design complexity, gain, bandwidth and the reflection 

coefficient characteristics. 

7.3.1 Filtering antenna design and configuration 

The 3-D view of the proposed microstrip filtering antenna is described in         

Figure 7.13. The designed structure is printed on one side of a glass epoxy FR-

4 substrate with dielectric constant 𝜀𝑟 = 4.4 and thickness h = 1.6 mm. The 

microstrip filtering antenna consists of three parts: the monopole radiating patch 

antenna, the SIR filter and the feeding microstrip line. The monopole patch 

antenna has dimensions of wp ×  lp, with lp about 0.863 λg at the operating 

frequency. Notably, the equivalent circuit of the proposed filtering antenna is the 

same as the bandpass filter prototype. By utilizing the filter synthesis technique, 

the filtering antenna can be designed along with the filter response. The design 

procedure of the proposed filtering antenna starts from the second-order 

Chebyshev low pass filter prototype. The design parameters such as the center 

frequency, the fractional bandwidth, return loss and insertion loss are calculated 

and discussed. 
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Figure 7.13: 3-D view structure of the proposed filtering antenna. 

 
The lumped element values of the microwave circuit model shown in                  

Figure 7.14a are available in the literature [184]. The following step is to design 

the resonator via the SIR structure and with a modified slot-shaped monopole 

patch antenna. Finally, the filter and antenna are integrated with fine-tuning to 

improve the performance. The simulation results throughout this research are 

accomplished by using CST software [185], and the measurement results are 

achieved using the vector network analyzer (HP 8510C) and an anechoic 

chamber. The designed structure with its optimized dimensions and photograph 

of the fabricated prototype for the proposed filtering antenna are presented in 

Figure 7.14 and Table 7.5. The proposed filtering antenna can be expressed by 

its equivalent circuits, as seen in Figure 7.15a. The equivalent circuit of the 

proposed filtering antenna is transferred to the conventional second-order 

bandpass filter equivalent circuit and can be implemented, as shown in Figure 



152 
 

7.15 b [186]. The SIR and monopole patch antenna are modeled by parallel L1 

C1 and LA CA RA lumped elements, respectively. According to the filter synthesis 

approach theory, the SIR is considered as a first stage resonator and the 

monopole patch antenna as the second stage resonator with an appropriate load 

impedance of RA. The resistance RA in the equivalent circuit of the monopole 

patch antenna is considered as the load impedance of the bandpass filter to be 

synthesized, and the parallel LA/CA is the last circuit resonator of the filtering 

antenna.  

 

Figure 7.14: Geometry of the proposed filtering antenna with its optimized 
dimensions: (a) Top view; (b) Bottom view; (c) Photograph of the hardware 
realization. 
 

 

Table 7.5: The optimized dimensions of the proposed planar filtering antenna 
design (in mm). 

Parameter W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 

Dimensions 16 2.6 2.6 6.8 3.7 4 2 2.5 24 1.5 

Parameter W11 L1 L2 L3 L4 L5 L6 L7 Ws Ls 

Dimensions 1.5 16.5 8 4 6.5 5 23 6.5 28 30 
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Figure 7.15: Microwave equivalent circuit: (a) The proposed filtering antenna;          
(b) The second-order bandpass filter. 

 
Then [187]: 

fo =
1

2π√LACA
. (7.6) 

The second-order bandpass filter is chosen as a Chebyshev equal-ripple 

response, with the ripple level LA (dB) = 0.5, 𝑓𝑜 = 6.45 GHz, and port characteristic 

impedance of Zo  = 50 Ω. The minimum return loss RL (dB) in passband for an 

ideal Chebyshev bandpass filter is given as [187]: 

RL(dB) = −10 log(1 − 10−LA(dB) 10⁄ )     (7.7) 

where, RL = −18.2 dB, and the FBW = 25.7%. 

 

The quality factor is one of the most critical parameters of the resonant circuit, 

and increasing its value means that lower loss in the resonant circuit will be 

achieved. The quality factor of the monopole patch antenna can be derived from 
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the equivalent circuit of the proposed filtering antenna shown in  Figure 7.15 (a), 

and it is used for synthesizing the filtering antenna [188]. 

QA =
2πfoLA

RA
 (7.8) 

The values of LC components of the resonators are given by [188] 

L =
2Zo

πfo
 (7.9) 

 
C =

1

Lfo
2
 (7.10) 

After solving the above equations, L and C are found to be 4.93 nH and 4.87 Pf, 

respectively. According to the above, for the second-order (N = 2) Chebyshev low 

pass filter prototype with a passband ripple of 0.5 dB, the element values are    

go = 1, g1 = 1.4029, g2 = 0.7071 and g3 = 1.9841. Generally, for the equivalent 

circuit of the bandpass filter shown in Figure 3b, the theoretical values of the J-

inverters can be readily obtained [189] as follows: 

J01 =
1

Zo
√

πFBW

4gog1
 (7.11) 

 

 Jn−1,n =
1

Zo

πFBW

4√gn−1gn

 (7.12) 

 

The second-order Chebyshev bandpass filter parameter values are summarized 

in Table 7.6. 
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Table 7.6: Second-order Chebyshev bandpass filter parameters. 

Parameter Value 

FBW 0.257 

go 1 

g1 1.4029 

g2 0.7071 

g3 1.9841 

J01 7.48× 10−3 

J12 4.688× 10−3 

J23 3.942× 10−3 

 

7.3.2 Simulation and measurement results and discussion 

Defected ground structure (DGS) was commonly used in the microstrip filters and 

antennas to improve the S-parameters performance and achieve compact size 

structure [183]. The realization of the DGS is performed by inserting a defected 

shape on the ground plane to disturb the current shield distribution. Establish the 

shape and dimensions of the DGS, following which the disturbance at the ground 

shield current distribution controls the current flow and the input impedance of the 

proposed filtering antenna [190]. The excitation of the electromagnetic waves that 

propagate inside the dielectric substrate layer can also be controlled by the DGS. 

The S-parameter of the proposed filtering antenna with and without DGS is shown 

in Figure 7.16. Recently, the DGS was used to enhance the stop-band rejection 

characteristics, as illustrated in Figure 7.16. Figure 7.17 shows the S-parameter 

of the proposed filtering antenna for different shaped slots loaded. The 

performance of the proposed filtering antenna, in terms of return losses, radiation 

patterns and gains, has been studied and measured. The simulated and 

measured S-parameter and gain of the proposed filtering antenna are shown in       

Figure 7.19. Moreover, the current charge is mainly focused on the dual SIR 

resonators as well as in the feeding point of the radiatior with maximum density 
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of about 10 A/m as seen in Figure 7.18. This analysis also proves that the s-

parameter can also be effected by the modified shaped radiator slot since the 

current shows considerable values around the slot that could affect the 

impedance bandwidth and radiating characteristics.    

 

Figure 7.16: S-parameter of the proposed design with and without DGS. 

 

 

Figure 7.17: S-parameter of the proposed design for different shaped slots. 
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Figure 7.18: Field current analysis of the proposed SIR filtenna. 

 

 

      Figure 7.19: S-parameter and gain of the proposed filtering antenna. 

 

Based on these results, it is found that at the center frequency fo = 6.45 GHz, the 

filtering antenna has two transmission zeros at 5.4 GHz and 7.7 GHz, with an 
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impedance bandwidth of about 1.66 GHz. Broadband is one of the most important 

requirements for modern digital communication, which requires transmitting and 

receiving a huge bit rate. Therefore, this design is suitable for high-speed data 

communication. Figure 7.20 shows the measured and simulated radiation 

patterns of the proposed filtering antenna at the resonant frequency. Full-wave 

simulation is carried out using CST software and the measurement radiation 

pattern is observed inside the anechoic chamber. Eϕ represents the co-

polarization properties, while Eθ represents the cross-polarization properties. The                     

yz-coordinates are taken into account as the E-plane, and the xz-coordinates as 

the H-plane. 

 

Figure 7.20: Simulated and measured radiation patterns for the proposed filtering 
antenna: (a) xz plane; (b) yz plane. 

 

The simulated and measured radiation pattern characteristics of the filtering 

antenna are roughly invariant, with a good performance of the S-parameter and 

broadside antenna gain on +z-direction. The peak gain of the achieved pattern is 

about 3 dB, which provides good skirt selectivity. Both the simulation results 

generated by using the CST software package and the measurement achieved 

from the vector network analyzer (HP 8510C) and anechoic chamber show fairly 

good agreement. Variations between the simulated and measured results may 
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arise due to the connection of the antenna to the non-ideal absorber by coaxial 

cable in the anechoic chamber. Table 7.7 compares this proposed microstrip 

filtering antenna with other designs that have similar configurations and 

performances. The design proposed here is better than others with respect to the 

structure size, design complexity, gain, bandwidth and the reflection coefficient 

characteristics. 

Table 7.7: Comparison between the proposed design and others. 

Ref. 
CF 

(GHz) 

3 dB 

Fractional 

Bandwidth 

(%) 

Size 

(λg×λg) 
RL (dB) 

Gain 

(dB) 

Extra 

Structure 

[95] 2.5 15 11×11 >15 2 Multi-layer 

[96] 5 2 1.3×1.13 >15 4 None 

[97] 2.45 6.4 9.7×9.5 >15 6 None 

[98] 2.5 16.3 0.8×0.5 >20 2.4 None 

[99] 2.5 8 6×6 >14 4.5 None 

Prop. 6.5 30 1.2×1 >30 3 None 

 

7.4 High-Gain Differential-Fed Dual-Polarized Filtering Antenna 

In this section, a new differentially fed, dual-polarized, and high gain filtering 

antenna is designed, simulated and implemented. Four half-wavelength open-

ring slots are loaded to the radiating patch as resonator filters to provide the 

filtering characteristics. The filtering antenna is designed on a Rogers TMM3 

substrate with a relative dielectric constant of 3.45, loss tangent = 0.002 and 

thickness h = 3.2 mm, and is simulated and optimized using finite element solver 

software CST simulator. Because of the differentially-driven and strict 



160 
 

symmetrical geometry, very good performance including high stability of the 

radiation pattern characteristics, high isolation, good CM rejection, low-cross 

polarization level with filtering characteristics are obtained. All of these merits 

make the presented microstrip antenna suitable for the sub-6GHz 5G 

communications. The proposed dual-polarized filtering antenna is fabricated and 

measured, and good agreement is achieved between the simulated and 

measured results.  

7.4.1 Configuration and analysis of the designed filtering antenna 

Figure 7.21 shows the geometry of the proposed dual-polarized differentially 

driven microstrip filtering antenna. The filtering antenna is designed on a Rogers 

TMM3 substrate with a relative dielectric constant of 3.45, loss tangent = 0.002, 

and thickness h = 3.2 mm. The proposed filtering antenna composites of circular 

dick radiating patch four metallic shorting vias and two pairs of differential feeding 

probes.   

 

Figure 7.21: Top- and side-view of the proposed differential-fed dual-polarized 
microstrip filtering antenna. 
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The differentially fed port 1 is composed of port 1+ and port 1−, whereas the 

differential-fed port 2 is composed of port 2+ and port 2−. Adding slots with different 

shapes to the radiating patch can affect the surface current densities or excite 

specific frequency modes. Therefore, the antenna size can be reduced with 

improved performance. In this work, the slots are loaded on the antennas to 

provide a broadside radiation-pattern nulls at the upper edge of the in-band 

antenna frequency response, providing filtering response with wide stopband 

rejection. The presented antenna consists of four open-loop ring slots, which are 

loaded on the top layer of the radiating patch. The total length of each slot is about 

half the wavelength of the resonant frequency. CST software is used for analyses 

and simulations to obtain optimal design configuration. As the initial parameters 

of the CST simulator, the actual radius of the patch (R) at the resonant frequency 

f0 can be calculated as follows [191]: 

 

 Re = R {1 +
2h

πεrh
[ln (

πR

2h
) + 1.7726]}

1/2

 (7.13) 

For the circular microstrip antenna, a correction factor is applied by introducing 

an effective radius Re, instead of the actual radius R. Then, a first-order 

approximation to the solution of (7.13) for R is given by [191] 

 
R =  

F

{1 +
2h

πεrF [ln (
πF
2h

) + 1.7726]}
1/2

 
(7.14) 

where 

 F =  
8.791 × 109

f0√εr

 (7.15) 
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Where h and ɛr represent the height and permittivity of the substrate, respectively. 

In this work, CST software is used for analyses and simulations to obtain optimal 

design configurations. Table 7.8 summarizes the final optimized dimensions of the 

proposed high-gain differential-fed dual-polarized filtering microstrip antenna. 

Figure 7.22 shows the top- and side-view prototype photo of the fabricated dual-

polarized filtering antenna with two pairs of differential coaxial feeding ports. The 

simulated current distributions of the proposed filtering antenna at differential port 

1 and port 2 excitations at the resonant frequency are illustrated in Figure 7.23. 

By exciting differential port 1 only, the current density is concentrated on the 

longitudinal axis around the two ports (port 1+ and port 1−). On the other hand, by 

exciting differential port 2 only, the current density is concentrated on the 

transverse axis around the two ports (port 2+ and port 2−), and thus, providing two 

different radiation pattern polarizations. 

 

Table 7.8: Dimensions of the proposed filtering antenna (in mm). 

Parameters D D1 S P P1 P2 h 

Values 29 7.5 20 4 0.5 2 3.2 

 

  
(a) (b) 

Figure 7.22: A prototype of the fabricated differential-fed filtering antenna:             
(a) Top view; (b) Side view. 
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(a) (b) 

Figure 7.23: The current distribution of the proposed differential-fed filtering 
antenna at 3.54 GHz: (a) Exciting differential port 1; (b) Exciting differential             
port 2. 

 

7.4.2 Simulation and measurement results 

Filtering antenna characteristics in terms of reflection coefficient, peak realized 

gain, efficiency, and radiation pattern are presented and discussed. The 

simulation results from the CST simulator and the measurement results from the 

vector network analyzer (HP 8510C) and the anechoic chamber show reasonably 

good agreement. The following equations can be used to determine the 

differential- and common- modes s-parameters of the proposed design [192]: 

 

 
S11dd = 0.5 (S1+1+   ̶ S1+1-   ̶ S1-1+ + S1-1-) 

 

 
S22dd = 0.5 (S2+2+   ̶ S2+2-   ̶ S1-1+ + S2-2-) 

 

  (7.16) 

 S21dd = 0.5 (S2+1+   ̶ S2+1-   ̶ S2-1+ + S2-1-)  

 S11cc = 0.5 (S1+1+   ̶ S1+1-   ̶ S1-1+ + S1-1-)  
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As long as the proposed patch antenna has a strict symmetry configuration, 

therefore the characteristics in only one polarization scenario (port 1+ and port 1-) 

are studied to show the filtering performance of the antenna, while the 

performance will be identical on the second state. Figure 7.24 and Figure 7.25 

show the differential reflection coefficients of the presented filtering antenna. The 

obtained performance illustrates that the filtering antenna resonances at the sub-

6GHz 3.54 GHz. The performance shows that the filtering antenna has less than 

-25 dB reflection coefficient at resonance, with a fractional bandwidth of 2% (see 

Figure 7.24). Besides, and under exciting the two differential ports, the isolation 

between the two ports is plotted in Figure 7.25. Good polarization isolation, greater 

than 65 dB, is obtained between the two differential ports.        

 

 

Figure 7.24: |Sdd11| results of the proposed differential-fed dual-polarized 
microstrip antenna. 
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Figure 7.25: |Sdd12| results of the proposed differential-fed dual-polarized 
microstrip antenna. 

 

Figure 7.26 shows the peak realized gain versus frequency of the proposed design 

with and without the ring resonator filter. High gain goes up to 7.5 dBi is observed 

during the operating band with relatively stable performance. More than 20 dB 

wide stop-band rejection is achieved on the low and high edges of the in-band 

transmission. The total simulated efficiency for the presented dual-polarized 

antenna is illustrated in Figure 7.27; it can be shown that the total efficiency is 

greater than 80% through the operating bandwidth, whereas it is less than 10% 

through the stopband spectrum. Next, the far-field normalized radiation patterns 

are simulated and presented under the excitation of the differential-fed port 1 (port 

1+ and port 1-). The radiation patterns are simulated in the xz- and yz- planes at 

the resonant frequency (see Figure 7.28).  
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Figure 7.26: Realized gain performance of the proposed differential-fed dual-
polarized microstrip filtering antenna. 

 

 

Figure 7.27: The total efficiency and gain of the proposed differential -fed 
microstrip filtering antenna. 
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(a) 

 

(b) 

Figure 7.28: Far-field radiation patterns at the resonant frequency for differential 
port 1 excitation of the proposed antenna: (a) xz-plane; (b) yz-plane. 

 

In the xz-plane, the achieved cross-polarization (x-pol) level is calculated to be 85 

dB lower than the corresponding value of the achieved copolarization (Co-pol) 

level.  On the other hand, in the yz-plane, the achieved cross-polarization (x-pol) 

level is calculated to be 70 dB lower than the corresponding value of the achieved 

copolarization (Co-pol) level.    

 

7.5 Differential-Fed Dual-Polarized Filtering Antenna based on SIW 

Technology 

Substrate integrated waveguide (SIW) technology finds an emerging and very 

promising application in recent years, especially for 5G wireless communication 

systems [165]. SIW technologies have attracted high attention and have been 

extensively applied in recent wireless applications due to their lightweight, low 

profile, high-quality factor, and easy integration to microstrip antennas [193]. The 

cavity-backed microstrip antennas use the SIW configuration and provide 
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improved performance, including high gain and unidirectional far-field pattern 

using a single-layer transmission line [194]. In this section, a differentially driven, 

dual-polarized, and high gain filtering antenna using SIW technology is 

presented. The differential-fed microstrip antenna with square SIW generates two 

resonant modes, that is, the patch mode and the cavity mode, and therefore, a 

wide fractional bandwidth is achieved [26-28]. Half wavelength open-ring slots 

are introduced in the ground layer to provide the filtering characteristics. The 

filtering antenna is designed on a Rogers RT5870 substrate with a relative 

dielectric constant of 2.33, loss tangent = 0.0012 and thickness h = 3.2 mm, and 

is simulated and optimized using CST and HFSS simulators. Because of the 

differentially-driven and strict symmetrical geometry, very good performance 

including high stability of the radiation pattern characteristics, high isolation, good 

CM rejection, low-cross polarization level with filtering characteristics are 

obtained. All of these merits make this presented microstrip antenna suitable for 

the sub-6GHz 5G communications. 

 

7.5.1 Configuration and analysis of the designed filter/antenna 

Figure 7.29 shows the geometry of the proposed dual-polarized differentially 

driven SIW filtering antenna. The antenna is designed on a Rogers RT5870 

substrate with a relative dielectric constant of 2.33, loss tangent = 0.0012, and 

thickness h = 3.2 mm. The proposed filtering antenna consists of a square 

microstrip-radiating element, one square SIW resonator, DGS resonators, and two 

pairs of differential feeding probes.  The square SIW resonator is formed by using 

a series of copper pins representing the four sidewalls of the structure. The initial 
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dimensions of the square SIW resonator can be predicted using the following 

closed-form equation [191]: 

 
2 2

mn

r r

c m n
= +

w w2π μ ε
f

   
   
   
   eff eff

 
(7.17) 

 

Figure 7.29: The geometry of the proposed differential-fed SIW antenna:                         
(a) 3D view; (b) Top view; (c) Side view. 
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where μr and ɛr represent the permeability and permittivity of the substrate, 

respectively, and weff is the width of the square cavity and can be determined using 

[191]: 

 

2

eff

d
w = w -

0.95 S  (7.18) 

where w is the real width/length of the square SIW cavity resonator. The diameter 

(d) of the copper pins and the distance (S) between adjacent pins are selected in 

such a manner that there are minimal energy leakages during the sidewalls [176]. 

The DGS can be achieved by loading slots with different shapes on the ground 

surface and can be exploited to vary surface current densities for exciting specific 

frequency modes, minimizing antenna size, or improving design performance. In 

this work, DGS is loaded on the antennas to provide a broadside radiation-pattern 

nulls at lower and higher edges of the in-band antenna performance to improve 

the stopband rejection. The defected ground structure consists of eight open-loop 

ring slots, which are loaded on the ground layer of the square SIW cavity 

resonator. The total length of each slot is about half the wavelength of the 

resonant frequency. The differentially fed port 1 is composed of port 1+ and port 

1−, whereas the differential-fed port 2 is composed of port 2+ and port 2−. 

 

In this work, CST and HFSS software are used for analyses and simulations to 

obtain optimal design configurations. Table 7.9 summarizes the final optimized 

dimensions of the proposed high-gain differential-fed dual-polarized filtering 

antenna. The simulated current distributions of the proposed antenna at two 

resonant modes 3.35 GHz and 3.55 GHz are illustrated in Figure 7.30. At the lower 

mode resonance (fD1 = 3.37 GHz), and due to exciting the first mode, the current 
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density is concentrated on the radiating microstrip layer, whereas at the higher 

mode resonance (fD2 = 3.57 GHz), and due to exciting the second mode, the 

current density is concentrated on the SIW cavity.       

 
Table 7.9: Dimensions of the proposed filtering antenna (in mm) 

Parameters W S C M G N P R 

Values 73 7.8 2 13 18 19 23 18 

 

  

 
(a) (b) 

Figure 7.30: The current distribution of the proposed antenna: (a) fD1; (b) fD2. 

 

7.5.2 Results and discussion 

In this section, filtering antenna characteristics in terms of reflection coefficient, 

peak realized gain, efficiency, and radiation pattern are presented and discussed 

using CST and HFSS simulators. Equation (7.16) can be used to determine the 

differential- and common- modes s-parameters of the proposed design. As long 

as the proposed patch antenna has a strict symmetry configuration, therefore the 

characteristics in only one polarization scenario (port 1+ and port 1-) are studied 



172 
 

to show the filtering performance of the antenna, while the performance will be 

identical on the second state. The proposed differential-fed SIW microstrip 

antenna is designed, optimized and simulated using CST and HFSS microwave 

simulators. Figure 7.31 and Figure 7.32 show the differential reflection coefficients 

of the presented SIW patch filter/antenna.  The obtained performance illustrates 

that the filter/antenna resonances at 3.5 GHz with dual resonant modes, namely, 

the radiator patch mode (fD1) and the SIW cavity mode (fD2). The two resonant 

modes are employed to obtain a wide bandwidth (about 12%) at the resonant 

frequency with a return loss of more than 16.5 dB (see Figure 7.31). Besides, and 

under exciting the two differential ports, the isolation between the two ports is 

plotted in Figure 7.32. Good polarization isolation, greater than    30 dB, is obtained 

between the two differential ports. Figure 7.33 shows the peak realized gain 

versus frequency of the proposed antenna. High gain goes up to 8.5 dBi is 

observed during the operating band with a relatively flat performance. 

 

Figure 7.31: Simulated (HFSS and CST) |Sdd11| results of the proposed 
differential-fed SIW microstrip antenna. 
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Figure 7.32: Simulated (HFSS and CST) |Sdd12| results of the proposed 
differential-fed SIW microstrip antenna. 

 

 

Figure 7.33: Simulated (HFSS and CST) realized gain of the proposed 
differential-fed SIW microstrip antenna. 
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Moreover, the achieved |Sdd11| result is less than 1 dB to obtain a high stopband 

rejection of over 10 dB, with high isolation is also observed through the entire 

spectrum. The total simulated efficiency for the presented dual-polarized antenna 

is illustrated in Figure 7.34; it can be shown that the total efficiency is greater than 

95% through the operating bandwidth, whereas it is less than 20% through the 

stopband spectrum. Next, the far-field normalized radiation patterns are simulated 

and presented under the excitation of the differential-fed port 1 (port 1+ and port 

1-). The radiation patterns are simulated in the xz- and yz- planes at the resonant 

frequency (see Figure 7.35). In the xz-plane, the achieved cross-polarization (x-

pol) level is calculated to be 28 dB lower than the corresponding value of the 

achieved copolarization (Co-pol) level.  On the other hand, in the yz-plane, the 

achieved cross-polarization (x-pol) level is calculated to be 30 dB lower than the 

corresponding value of the achieved copolarization (Co-pol) level.    

 

Figure 7.34: The total efficiency of the proposed differential-fed SIW microstrip 
antenna. 
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(a) 

    
(b) 

Figure 7.35: Far-field radiation patterns at the resonant frequency for differential 
port 1 excitation of the proposed antenna: (a) xz-plane; (b) yz-plane. 

 

7.6 Conclusions 

Four new filtering antenna designs have been presented in this chapter. The first 

two filtering antennas are designed based on cascading planar filters with 

monopole antennas. While the second two filtering antennas are designed based 

on loading the resonator filters on the radiation patch using differentially-fed 
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structures.  Firstly, a compact wide-band microstrip filter-antenna design for 2.4 

GHz ISM band and 5G wireless communications has been presented. The filter-

antenna has been designed, measured, and studied in three different dielectric 

substrate materials, which are Rogers RT5880, Rogers RO3003, and FR-4. The 

analysis was performed by using CST microwave studio software. A performance 

comparison for the designed filter-antenna with different dielectric substrate 

materials and heights has been presented and discussed using the same design 

configuration. The results obtained from each design indicate that the most 

suitable characteristics for a specific application can be achieved by using Rogers 

RT5880 dielectric substrate material. Secondly, a new and compact filtering 

antenna with modified shaped slots has been designed, fabricated and measured 

using a microstrip transmission line. The proposed filtering antenna was analyzed 

by utilizing the filter synthesis approach and based on the equivalent circuit and 

specifications of the second-order Chebyshev low pass filter. The proposed 

filtering antenna structure with the SIR technique provides good skirt selectivity. 

The design shows good performance and is suitable for high-speed 

communication applications. Thirdly, a new differential-fed dual-polarized 

microstrip filtering antenna with high gain and high common-mode rejection is 

presented for 5G application. Filtering performance is achieved by etching a 

symmetrical open-loop ring resonator filter to the top layer of the radiating patch. 

Good performance is achieved at the resonant frequency of 3.54 GHz with a 

realized gain of more than 7.5 dBi around the passband. Furthermore, the 

performance has exhibited a few attractive features of our presented filtering 

antenna, that is, high gain, high efficiency, as well as much lower cross-

polarization level due to the differentially-driven ports, and complete symmetry of 
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the configuration. Finally, a new differential-fed wideband dual-polarized 

microstrip filtering antenna with high gain and high common-mode rejection is 

presented for 5G communication systems. To achieve good performance, the 

microstrip antenna is integrated with the SIW cavity. Filtering performance is 

achieved by etching a symmetrical DGS to the ground plane using open-loop ring 

resonators. The designed antenna is simulated and optimized using CST and 

HFSS simulators.   
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Chapter 8  

Conclusions and Future Work 

8.1 Conclusions 

This chapter summarizes the overall work carried out in the thesis and also 

provides insight to further developments planned for future work. The study starts 

with surveying different bandpass filter configurations and design techniques 

such as stepped-impedance and coupled-line resonators. It also discusses the 

recent progress in the design techniques of reconfigurable/tunable filters as well 

as the integration of planar filters with antennas, followed by performance 

comparisons between some important designs, highlighting challenges facing the 

researchers nowadays. Then, the basic theory for the microwave filters is 

presented and explained. Also, this thesis proposes five passive filters using 

coupled-line and stepped-impedance resonators. Moreover, it presents three 

reconfigurable/tunable filters and four filtering antenna designs. The research 

focuses on the sub-6 GHz bandwidth for 5G front end systems. Each chapter in 

the entire study can be concluded in the following: 

 Chapter two begins with an introduction to microstrip passive bandpass 

filters and highlights the key sources for the microwave filters and their 

design techniques. The chapter is also reviewed the recent developments 

in the design techniques of reconfigurable/tunable filters and their 

integration with planar antennas. Various designs for different applications 

are studied and investigated in terms of their geometrical structures and 

operational performance. Then, performance comparisons between the key 

and essential structures for these aspects are presented and discussed. 

Among several designs and configurations, the most efficient designs with 
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the best attractive features are addressed and highlighted in this chapter to 

enhance the performance of microwave filters as well as the performance 

of the entire microwave systems. 

 Chapter three presents a comprehensive theoretical study of microwave 

filters. It covers the low pass prototype filter, which has a normalized source 

resistance/conductance g0 = 1 and a cutoff frequency Ωc = 1. This type of 

lowpass filter can serve as a prototype for designing many practical filters 

with frequency and element transformations. In addition to the frequency 

mapping, impedance scaling is also required to accomplish the element 

transformation. The frequency transformation from a lowpass prototype to 

a practical lowpass, highpass, bandpass and bandstop is described 

mathematically in this chapter. Filter implementations using stepped-

impedance and coupled resonators are then discussed at the end of the 

chapter. All these can give a brief understanding of the design of microwave 

filters. 

 Chapter four presents the design and analysis of three very compact planar 

filters based on the coupled-line resonator technique for 5G systems. Firstly, 

a compact microstrip bandpass filter covering the 3.4 to 3.8 GHz spectrum 

bandwidth for 5G wireless communications is presented. The planar filter 

uses three resonators, each terminated by a via to hole ground at one end 

and a capacitor at the other end with 50 Ω transmission line impedances for 

input and output terminals. The coupling between the lines is adjusted to 

resonate at the centre frequency with third-order bandpass Butterworth 

properties. The proposed combline filter is designed on an alumina 

substrate with a relative dielectric constant of 9.8 and a very small size of 
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9×5×1.2 mm3. Secondly, a very compact planer open-loop bandpass filter 

with asymmetric frequency response and covering the 3.4 to 3.7 GHz 

spectrum is presented. The microstrip BPF employs three trisection open-

loop ring resonators with 50 Ω tapped lines for input and output ports. An 

attenuation zero of finite frequency is successfully generated on the upper 

edge of the passband to achieve a sharper cut-off frequency for the 

passband. The cross-coupling coefficients between the resonators are 

optimized to resonate at the required frequency with proper bandwidth. 

Thirdly, a very compact planer open-loop BPF with asymmetric frequency 

response and covering the 2.5 to 2.6 GHz and 3.6 to 3.7 GHz spectrum for 

4G and 5G applications, respectively, is proposed. The microstrip BPF 

employs four open-loop ring resonators with 50 Ω tapped lines for input and 

output ports. To achieve sharper cut-off frequencies, one infinite and three 

finite transmission zeros are successfully generated on the upper and lower 

edges of the 4G and 5G passbands. The utilization of the planer four-section 

resonators not only reduces the size of the structure but also provides either 

positive or negative cross-coupling. The cross-coupling coefficients 

between the resonators are optimized to resonate at the required frequency 

with proper bandwidth. 

 Chapter Five proposes two planar filters based on asymmetric stepped-

impedance resonator technique for multi-standard and 5G front-ends. 

Firstly, filter combined with meander coupled-line structures and enabling 

the realisation of finite transmission zeros and the implementation of multi-

band bandpass filters. The meander coupled sections tune the transmission 

zeros and resonant frequencies: with higher-order spurious frequencies 
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canceled by the transmission zeros, a single wideband with a wide stopband 

from 1.18 to 1.84 GHz is possible. Furthermore, by positioning the finite 

transmission zeros between the high order spurious frequencies and 

adjusting the coupling strength between resonators, a quint-wideband filter 

can be realized, with centre frequencies of 1.19, 4.29, 5.43, 6.97, 9.9 GHz 

and fractional bandwidths of 31.9%, 15.4%, 15.8%, 4.3%, 39.2% 

respectively. The good in-band and out-of-band performance, low loss, and 

simple structure of the proposed single/tri/quint-wideband filters make them 

very promising for applications in future multi-standard wireless 

communication. Secondly, A novel mixed-coupled single-wideband 

bandpass filter (BPF) which is composed of parallel coupling and mixed 

electric and magnetic coupling structure to realize fundamental mode 

coupling and wide stopband with high suppression level for sub-6 GHz 5G 

wireless communications is proposed. By utilizing the novel structure, the 

fundamental frequency is located at 3.675 GHz with fractional bandwidth 

(FBW) of 30.2%, insertion loss (IL) with 0.31 dB. In addition, wide stopband 

ranging from 5.13 GHz to 11.3 GHz is presented with high suppression level 

of more than 22 dB, which can effectively suppress the signal interception 

including the GPS, GSM, UMTS, 2.4 G, 5G Wi-Fi and IEEE 802.11a/b/g/n. 

Also, the proposed quint-wideband filter other characteristics are superior 

to the currently proposed single-wideband counterparts. 

 Chapter six introduces two tunable and one reconfigurable planar filter 

designs based on varactor and PIN diodes, respectively, for 5G wireless 

applications. In the first design, a very compact microstrip reconfigurable 

filter for 4G and sub-6 GHz 5G systems using a new hybrid co-simulation 
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method is presented. The basic microstrip design uses three coupled line 

resonators with λ/4 open-circuited stubs. The coupling coefficients between 

the adjacent and non-adjacent resonators are used to tune the filter at the 

required center frequency to cover the frequency range from 2.5 to 3.8 GHz. 

The coupling coefficient factors between the adjacent resonators are 

adjusted to control and achieve the required bandwidth, while the input and 

output external quality factors are adjusted to ensure maximum power 

transfer between the input and output ports. Two varactor diodes and 

biasing circuit components are selected and designed to meet the targeted 

performance for the tunable filter. CST is utilized to design and optimize the 

presented reconfigurable filter, with a hybrid co-simulation technique, using 

both CST MWS and CST DS, is applied to build the model by considering 

the SPICE representation for the varactor switches and all electronic 

elements of the biasing circuit. A compact three-pole planar tunable BPF 

covering the sub-6 GHz spectrum for 5G wireless communications is 

proposed in the second design. The microstrip BPF utilizes three open-loop 

ring resonators with 50 Ω transmission line impedances for input/output 

terminals. The coupling coefficients between the adjacent resonators and 

the external quality factors are controlled to resonate with the designed filter 

at 3.5 GHz with third-order bandpass Butterworth characteristics. The 

varactor diode and biasing circuit are modelled to tune the resonant 

frequency in the desirable band. Finally, a new and very compact planer 

reconfigurable bandpass to bandpass/lowpass filter is discussed. The patch 

filter uses three trisection resonators with 50 Ω transmission lines for input 

and output feedings. To realize high selectivity, finite transmission zeros 
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have been successfully realized on the upper and lower sides of the in-band 

transmission. By employing another resonator between the input and output 

transmission line feedings, lowpass performance and reconfigurability 

characteristics are obtained. The cross-coupling factors between the 

adjacent and non-adjacent resonator lines are optimized to achieve the 

required performance. 

 Chapter seven presents four filtering antenna designs using cascading and 

differentially-fed techniques. In the first design, a new and compact four-

pole wide-band planar filter-antenna design is proposed. The effect of the 

dielectric material type on the characteristics of the design is also 

investigated and presented. The filter-antenna structure is formed by a 

fourth-order planar BPF cascaded with a monopole microstrip antenna. The 

designed filter-antenna operates at a centre frequency of 2.4 GHz and has 

a relatively wide-band impedance bandwidth of about 1.22 GHz and a 

fractional bandwidth of about 50%. The effects of three different types of 

substrate material, which are Rogers RT5880, Rogers RO3003, and FR-4, 

are investigated and presented using the same configuration. In the second 

design, a new compact microstrip filtering antenna with modified shaped 

slots to improve the impedance bandwidth is introduced. The proposed 

microstrip filtering antenna consists of three parts: the monopole radiating 

patch antenna; the Stepped-impedance Resonator (SIR) filter; and the 

feeding microstrip line. The designed structure is achieved on one-sided 

glass epoxy FR-4 substrate with dielectric constant εr = 4.4 and thickness   

h = 1.6 mm. The achieved results show an excellent performance of S-

parameter with broadside antenna gain on +z-direction. Then, a new high-
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gain differential-fed dual-polarized microstrip filtering antenna with high 

common-mode rejection is presented. Two differential pairs of probe 

feeding ports are utilized to provide differentially exciting signals. The 

filtering response is achieved by introducing four symmetrical open-loop ring 

resonator slots on the top layer surrounding the four excitation ports of the 

patch antenna. The resonators can produce nulls at the low edge of the 

passband bandwidth with high gain and wide stopband characteristics. 

Because of the strictly symmetric configuration of the proposed antenna, 

the design is studied and analyzed only in one polarization configuration. 

Compared with other presented filtering antenna designs, the proposed 

design has not only high gain and dual-polarized characteristics but also 

introduces high efficiency and much lower cross-polarization level due to 

the differentially driven ports. Finally, a new differential-fed wideband dual-

polarized microstrip filtering antenna exhibiting high gain, and high 

common-mode rejection is proposed. The presented antenna is composed 

of a square patch radiator mounted on a substrate integrated waveguide 

(SIW) cavity. The structure is excited by two differential pairs of feeding 

probes providing differentially exciting signals. The filtering response is 

achieved by introducing symmetrical defected ground structures (DGS) in 

the ground layer surrounding the four excitation ports for dual-polarized 

antenna. The DGS is optimized to introduce nulls at the high and low edges 

of the passband transmission, maintaining high gain and wide bandwidth. 

8.2 Future Work 

Throughout this thesis, it can be observed that there are areas for further works 

to be carried out. Other significant areas that could be exploited include: 
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 Improve the selectivity of the proposed microstrip filters by creating 

additional finite transmission zeros in both the lower and upper edges of the 

passbands to satisfy the requirements of the future wireless 

communications. The transmission zeros should be calculated and 

analysed mathematically.  

 Design a planar filter reconfigurable by tuning the resonance frequency and 

bandwidth independently. The filter should be operated on the sub 6 GHz 

spectrum for 5G wireless communications. The resonant frequency and the 

bandwidth will be tuned by using varactor diodes. 

 Design microstrip filter for mmWave (26 GHz). The filter should be very 

compact with very low insertion loss, high-quality factor and good selectivity 

with more than 20 dB. 

 Integrate the designed microstrip tunable/reconfigurable filters with an 

FPGA board to control the biasing signals. In addition, integrate the 

antenna, filter, and power amplifier to build a front-end system. 

 The filters designed above use varactor and PIN diode technology, the 

same designs could be carried out using MEMS switches in order to make 

a comparison with performance. It is obvious the performance of the 

components being developed is improving all the time and this in turn 

improves the performance of the reconfigurable filters. 

 In terms of packaging, there is also an issue with the temperature behavior 

of the filters as they are subjected to extreme conditions in some 

applications. This then brings into play other factors when considering 

non-linearity measurements and component selection. The nonlinearity 

behavior would alter depending on the conditions which change the 
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behaviors of components and makes the packaging process more 

complicated as more things need to be taken into account.  
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