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Abstract 

    Composite signals can be represented as a combination of multiple sinusoidal signals 

with varying frequencies, phases, and amplitudes. In general, these critical features can 

be manipulated by microwave components for different applications. As the 

indispensable part of most microwave components, microwave resonators play a 

significant role in functional circuit designs. Single resonance (single mode) circuit in 

one order or higher orders have dominated industry’s usage of microwave circuits and 

systems. For high-power applications such as base stations, satellite communication, 

and aerospace communication, conventional SMR waveguide components have the 

advantage of achieving high performance and meeting required precision performance 

specifications. However, their bulky circuit volume and high fabrication cost hinder 

their implementation in many space-constrained scenarios. There is a need to tackle 

these challenges by means of a novel approach. MMRs, with more than one resonant 

mode in a single resonator, have been investigated by several research groups over the 

last decade. Compared to SMR, besides the merits of circuit miniaturization, low-loss, 

and low-cost, MMR has an inherent advantage of diverse topologies with better out-of-

band signal attenuation, due to the generation of additional transmission zeroes (TZs).  

In addition, MMR provides more design freedom and flexibility in function integration, 

which might not be possible using single mode resonators. The main contents are as 

follows: 

1. Cavity filtering magic-T and its integrations into balanced-to-unbalanced (B2U) 

power divider (PD) and diplexing power divider.  

2. Single-band and dual-band filtering antenna arrays (FAAs) based on high-order 

mode resonators.  

3. In-band full-duplex (IBFD) filtering antenna arrays based on high-order mode 

resonators for narrowband and wideband applications.  

4. Two-way waveguide diplexer and its application to diplexing IBFD antenna using 

quadruple-mode resonators.  

5. Inline waveguide bandpass filter using bandstop resonator pairs.  

 

Keywords: Waveguide filter, multiple-mode resonator, transmission zero, slot antenna, 

in-band full-duplex, filtering antenna array, magic-T, balun, high-order mode, multi-

mode resonator, millimeter-wave, terahertz. 
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Chapter 1 Introduction 

1.1 Research Background 

   Waveguide components have been widely explored for several decades due to their 

inherent advantages of low insertion loss, high unloaded quality factor (Qu), and high 

power handling capacity. Historically, cavity-based narrowband filters and 

multiplexers have been explored and designed for base stations or satellite 

applications. Compared with the planar low Qu resonators lumped elements, 

microstrip and relative high Qu coaxial resonators, dielectric resonators, the 

waveguide takes up the largest Qu and lowest insertion loss as shown in Fig. 1.1. 

Fig. 1.1.  Comparison of Qu values among different resonators. 

 

There are multiple mode resonators (MMRs) in a single waveguide, including 

fundamental modes and high-order modes. They possess the characteristics of modal 

orthogonality among degenerate modes, out-of-phase performance for each mode, and 

in-phase with the same amplitude for high-order modes. MMR has an inherent 

advantage of diverse topologies with better out-of-band signal attenuation, due to the 

generation of additional transmission zeroes (TZs).  In addition, MMR provides more 

design freedom and flexibility in function integration. 
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Fig. 1.2.  Categories of microwave passive components. 

 

  MMR can be used in many microwave component designs [1] as shown in Fig. 1.2. 

A microwave filter can be achieved by using MMR with improved bandwidth and 

out-of-band signal suppression. Further expanding this concept, out-of-phase and in-

phase performance can be achieved in a three-port network for implementations of 

baluns and power dividers, respectively, while maintaining the merits of in-band and 

out-of-band performance. These three components are fundamental ones that focus on 

the manipulation of a single signal with one operational frequency, f. In the case of 

several signals resonating at different frequencies, multiplexing is a 1-to-N system 

that separates desired signals from corresponding channels, where the outputs are 

isolated from each other. Conversely, an N-to-N system can be considered as a 

combination of multi-channel filters for the reason that the same/different signals from 

N inputs transmit to their respective outputs.  The antenna can be regarded as a one-

port system while the electromagnetic waves on the other side are radiated. This thesis 

aims to investigate the characteristics and potential uses of multiple-mode resonators, 

and to study the mechanism of highly integrated and multi-functional circuits. The 

state-of-the-art research will be conducted as follows. 
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1.2 Literature Review 

1.2.1 Waveguide MMR-Based Filters 

1.2.1.1 Narrow-Band Filters 

  Filters are primarily used in microwave components, which can be generally 

categorized as: narrow-band filters, wide-band filters, and multiple-band filters. Due 

to the high Qu of cavity resonators, cavity-based narrow-band filters have long been 

investigated. In this section, we introduce narrowband filters based on different 

MMRs differentiated by the number of intrinsic operating modes: 1) dual-mode 

resonators, 2) triple-mode resonators, and 3) quadruple-mode resonators. 

  Typically, there are two types of modes used in dual-mode resonators: 1) 

TM120/TM210 harmonic modes [2]-[5], 2) TE011/TE101 fundamental modes [6]-[8].  

First we discuss TM120/TM210 modes. Fig. 1.3(a) presents a 6th-order filter topology 

based on three TM120/TM210 doublets connected by non-resonating nodes (NRNs), 

while a photograph of the proposed filter is shown in Fig. 1.3(a). As explained in [2], 

each of this type of doublet can generate two transmission zeros (TZs) at maximum. 

Fig. 1.3(b) illustrates that the filter passband is centered at 10 GHz with a fractional 

bandwidth of 1.5% and measured insertion loss of 0.6 dB. A maximum of six TZs are 

generated and located beside the passband to increase the filter’s high selectivity. 

In [3], instead of using doublet topology, this pair of TM120/TM210 modes are 

arranged by a direct-coupling topology to form an 8th-order filter with eight TZs 

symmetrically located at the lower and upper stopbands. In [4], a dielectric resonator 

(DR) is installed within the cavity to further decrease the structure volume; thus an 

8th-order symmetric filter composed of four DRs is designed at 1.95 GHz with 

bandwidth of 67 MHz and measured insertion loss of 0.5 dB.  

Here we discuss the use of TE011/TE101 modes. In [6], tuning screws are inserted 

the cavity resonator to excite the proposed dual modes simultaneously. While in [8],  
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                            (a)                                                             (b)                         

Fig. 1.3. TM dual-mode 6th-order filter with: (a) doublet topology connected by NRN 

and photograph using three cavity resonators. (b) Comparison between simulated and 

measured results [2]. 

 

without any additional elements installed in the cavity, a pair of cross-rotated slots are 

placed at the surface center of the cavity resonator, to excite the TE011/TE101 doublet 

with the generation of one TZ. This TZ can be placed at the lower or upper stopband 

depending on the rotated angle of the slots. 

Another type of structural topology, namely a TE011/TE101/TM110 triplet, is depicted 

in the inset of Fig. 1.4(a). It can be seen that three fundamental modes are located in 

parallel and coupled with source and load, respectively. The narrowband filter designs 

based on triple-mode resonators can be found in [7]-[15]. 

According to this topology, a geometrical configuration of the designed triple-mode 

filter is proposed in Fig. 1.4(a) and explained in [8]-[9]. Three fundamental modes in 

this cavity resonator can be excited simultaneously by virtue of a pair of rotated and 

offset slots. Fig. 1.4(b) depicts the implementation of a third-order frequency response 

with one TZ on the left and the other one on the right-hand side of the passband. This 

filter resonates at 2.99 GHz with the fractional bandwidth of 1% and measured 

insertion loss of 0.5 dB. The out-of-band attenuation at both sides of the desired 

passband gets sharp skirt and achieves an attenuation level that is better than 30 dB.    

Another approach to realizing good narrowband is to install a dielectric resonator  
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                            (a)                                                             (b)                         

Fig. 1.4. Triple-mode filter with: (a) Geometrical configuration using one triple-mode 

resonator. (c) Comparison between simulated and measured results [9]. 

 

(DR) in the metal cavity [10]. The proposed filter resonates at a center frequency of 

2.53 GHz with a fractional bandwidth of 2.7% and a measured insertion loss of 0.4 

dB. 

Furthermore, in [14], this triplet topology is extended and enriched by adding four 

more resonators, to achieve a 7th-order narrow-band filter. Based on a slab-slab-cube-

slab-slab structure, the silver-plated ceramic cavity filter achieves 1 dB of band-edge 

insertion loss with fractional bandwidth of 4% and more than 50 dB of attenuation. 

Several researchers have investigated in detail quadruple-mode resonators [16]-

[19]. In [16], as presented in the inset of Fig. 1.5(a), a quadruplet is shown that 

combines two doublets: a TE011/TE101 doublet and a TM120/TE210 doublet. Therefore, 

two TZs are generated and controlled independently. The geometrical configuration 

is depicted in Fig. 1.5(a); a pair of cross-rotated slots are placed at the left-hand and 

right-hand side of the cavity resonator. By properly arranging the resonant frequencies 

of four modes within a frequency range, a 4th-order response forms up with one TZ at 

the lower stopband and one TZ at the upper stopband, as shown in Fig. 1.5(b). 

In [17], the proposed quadruple-mode resonator is made up of four inner metal 

posts within a single cavity, which improves the unloaded Q values. Furthermore, four 

TZs are generated due to multiple cross-coupling and source-to-load direct coupling. 
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                               (a)                                                             (b)                         

Fig. 1.5. Quadruple-mode filter with: (a) Geometrical configuration using one 

quadruple-mode resonator, (b) simulated results [16]. 

 

Based on this summary of different types of MMRs, it can be seen that use of more 

modes in a single cavity has the obvious advantages of better miniaturization. 

However, design sensitivity is also increased since more parameters are required to 

control the relevant internal and external couplings. 

 

1.2.1.2 Wide-Band Filters 

  Decreasing the external quality factor Qe of a cavity resonator is the key to designing 

a wideband cavity filter with a fractional bandwidth that is more than 20%, which is 

still a challenging research topic. A novel wideband bandpass filter using simple 

perturbation in a single metal cavity is presented in Fig. 1.6(a) and explained in [20]. 

A perturbation metal cylinder is fixed at the bottom of the intra-cavity with off-

centered position. The extracted Qe of three resonant modes in the cavity are 5.13, 

11.60, and 26.88, respectively, which satisfy the requirements of wideband filter 

designs. Fig. 1.6(b) depicts the simulated and measured results showing that this kind 

of filter resonates at a center frequency of 3.2 GHz with a fractional bandwidth of 30% 

and measured insertion loss of 0.5 dB. The group delay within the passband varies 

within 0.6 ns, demonstrating good linearity. 
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                                (a)                                                             (b)                         

Fig. 1.6. (a) Photograph of the wideband filter using one metal perturbation. (b) 

Comparison between simulated and measured results [20]. 

 

Furthermore, one and two more perturbation metal rods [21] are installed at the 

bottom of the intra-cavity. Therefore, besides three fundamental modes, one and two 

more modes are excited and resonated at the central frequencies, so that the bandwidth 

of the filter can be further enlarged.   

We next focus on the relationships between fundamental modes and their harmonic 

modes. In [22], center conductors of the two coaxial feed lines are perpendicular to 

the bottom sidewall of the cavity. They are extended into the cavity as coupling probes 

for exciting three TM resonant modes, namely, TM110, TM210, and TM310. Compared 

with wideband filters using three fundamental modes, the proposed filter achieves 

wider bandwidth, showing the fractional bandwidth of 58% at the center frequency of 

5.5 GHz with about 0.5 dB measured insertion loss. 

1.2.1.3 Multiple-Band Filters 

  In the state-of-the-art, multiple-band waveguide filters based on MMRs can be 

classified into two categories: dual-band filters [24]-[27] and triple-band filters [9], 

[28]-[30]. 

Generally, two bands of the designed dual-band filter are separately and 

independently dominated by two resonant modes of the cavity resonators. Both modes 

are excited at the first order and separated at the last order, which can dramatically  
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                                 (a)                                                                (b)                         

Fig. 1.7. (a) Photograph of the fabricated dual-band 8th-order filter. (b) Comparison 

between simulated and measured results [27]. 

 

decrease the circuit volume. In [27], the structure of the eighth-order dual-band filter 

comprises six TE112 modes and two TE113 modes. Elliptical cavities are designed to 

meet the requirement of Qu and the spurious-free window. The filter was 

manufactured from invar alloy with silver plating and is depicted in Fig. 1.7(a). The 

ratio of the horizontal and vertical axis length of the elliptical cavity is around 1.15. 

An average value of Qu of 18000 and a spurious-free window from 10 to 12.5 GHz is 

achieved. The measured return loss is better than 24 dB, and the insertion loss is 0.38 

dB, as is shown in Fig. 1.7(b). 

In [24], two fundamental modes, TE011 and TE101, are used to independently control 

each band of a dual-band filter. In [26], to achieve widely separated passbands, one 

fundamental mode and its first-order harmonic mode are used; the frequency ratio in 

this design can reach 1.5. 

Three fundamental modes, TE011, TE101, and TM110, are adopted to independently 

control each of the three bands of a triple-band filter. In [30], an elliptical-cavity triple-

band filter with 3rd-order response is designed with an in-line configuration shown in 

Fig. 1.8(a). Three sub-bands are set at the lower band: 3.6–3.9 GHz, middle band: 

3.9–4.1 GHz, and higher band: 4.1–4.4 GHz, respectively. The measured return loss 

is better than 20 dB, and the rejection between adjacent channels is more than 50 dB. 

The measured insertion loss is 0.22–0.25 dB.      
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                                 (a)                                                               (b)                         

Fig. 1.8. (a) Geometrical configuration of the triple-band 3rd-order filter. (b) 

Comparison between simulated and measured results [30]. 

 

In [29], a 4th-order C-band triple-band filter is manufactured at the center 

frequencies of 3.6, 3.8, and 4.0 GHz, respectively, where the absolute bandwidths are 

all 20 MHz. The measured insertion losses, ranging from 0.38 to 0.46 dB, reflect a 

loaded Q in the 7800 to 8500 range. 

1.2.2 Waveguide MMR-Based Multiplexers 

   MMR inspired multiplexers can be categorized into four types: 1) diplexer, 2) 

triplexer, 3) multiplexer, and 4) three-state diplexer. 

1.2.2.1 Diplexers 

  According to conventional diplexer design, the first step is to implement two 

bandpass filters (BPFs), one at the lower band and the other at the upper band. 

Therefore, BPFs play a key role in determining the performance of a diplexer using 

traditional design methods. Herein, we present a variety of diplexers [31]-[34] based 

on MMR BPFs. 

Fig. 1.9(a) presents the internal view of a manufactured diplexer which is explained 

in [31]. The diplexer has been confirmed as operating in two prescribed bands with 

the central frequencies of 2.55 and 2.66 GHz, and each passband has an absolute  
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                                (a)                                                             (b)                         

Fig. 1.9. (a) Photograph of the narrow-band DR-based diplexer. (b) Comparison 

between simulated and measured results [31]. 

 

bandwidth of about 80 MHz. Three TZs are located at the lower and upper stopbands 

to achieve a sharp roll-off rate. The measured minimum insertion losses are 0.63 and 

1.10 dB in the two passbands, respectively. The output isolation (|S32|) is also 

measured, which is better than 18 dB from 2.4 to 2.7 GHz.  

 

1.2.2.2 Triplexers 

  In this section, a triplexer is investigated and designed using the triple-mode 

approach. The presented topology is depicted in the inset of Fig. 1.10(a), and three 

fundamental modes in a TMR are simultaneously excited at port 1. Due to modal 

orthogonality, they can be propagated into their respective loads, which act as the 

outputs of the proposed triplexer. In addition, each channel dominated by these modes 

of the triplexer will be isolated from each other. Based on this, a geometrical 

configuration with 2nd-order filtering response is presented in Fig. 1.10(a) and fully 

explained in [35]. Fig. 1.10(b) illustrates the simulated and measured results of the 

proposed triplexer. Three passbands operate at the central frequencies of 2.87, 3.06, 

and 3.23 GHz, with 3-dB bandwidths of 15 MHz, 11 MHz, and 9.5 MHz, respectively. 

The measured insertion losses in these three passbands are equal to 0.6 dB, 1.0 dB, 

and 1.0 dB, respectively, while the isolation among these three bands is better than 20  
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                                (a)                                                             (b)                         

Fig. 1.10. Triplexer based on triple-mode resonators with: (a) geometrical 

configuration with 2nd-order response, (b) comparison between simulated and 

measured results [35]. 

 

dB.  

Furthermore, as presented in [35], the port-to-port isolation of a triplexer can be 

further improved by adding more resonators. A geometrical configuration of a 

triplexer with one TMR and three SMRs is proposed to implement the 2nd-order 

response triplexer, and three fundamental modes are separated in the first order. The 

presented triplexer design approach has the advantage of requiring fewer resonators 

and omitting the occupation of channel division junctions. 

1.2.2.3 Multiplexers 

  Research by the authors of [36]-[38] shows that a multiplexer can be composed of 

MMRs and a manifold matching junction, as shown in Fig. 1.11(a). Due to the high 

selectivity and sharp out-of-band rejection of the filter components, they can be placed 

close to each other to prevent waste of frequency resources. A broadband waveguide 

contiguous output multiplexer (OMUX) is presented in [37]; two utilized dual-mode 

resonators are coupled inline to form a 4th-order filter with two TZs. The proposed 

filters also possess at least 30% more spurious-free range in both the Ku-band and the 

C-band, which ensures enough frequency space for multiplexer design. A  
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(a)   

   
           (b)                                                              (c) 

Fig. 1.11. (a) Illustrated topology of 17-channel multiplexer. (b) Photograph of 

fabricated 3-channel multiplexer based on dual-mode resonators, (c) Comparison 

between results [37]. 

 

manufactured 3-channel multiplexer is shown in Fig. 1.11(b); measured results show 

excellent agreement with the theoretical EM designs, as plotted in Fig. 1.11(c). 

In [38], a dual-mode super Q resonator is utilized to implement the filter and 

multiplexer design. A 20-GHz two-channel (Q > 25000) vertical multiplexer with 32-

MHz channel bandwidth is fabricated and tested. 

1.2.2.4 Three-State Diplexers 

A new concept and approach for the integration of a three-state cavity diplexer is 

presented in [39]. The functions of a three-state diplexer can be summarized as: 

State I: Excitation of port 1 corresponds to the generation of channels f1 and f2. 

State II: Excitation of port 2 corresponds to the generation of channels f1 and f3. 
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                                    (a)                                                             (b)                         

Fig. 1.12. Three-state diplexer based on triple-mode resonators with: (a) geometrical 

configuration with 3rd-order response, (b) Separated S-parameter responses [39]. 

 

State III: Excitation of port 3 corresponds to the generation of channels f2 and f3. 

Fig. 1.12(a) shows the geometrical configuration of a three-state diplexer with a 

3rd-order response which consists of four identical TMRs. For all three states, all the 

excited modes propagate through the TMR 2 cavity into the corresponding output 

ports. Three fundamental modes can be propagated through three of four TMRs 

simultaneously to form a miniaturized 3rd-order three-state diplexer structure. Fig. 

1.12(b) shows the separated simulated three-state S-parameters of the three diplexers 

in the three-state diplexer. All three passbands are designed with absolute bandwidths 

of 20 MHz, and isolation between the three channels can be implemented under 27 

dB. 

In order to achieve higher isolation among the channels of the three-state diplexer 

presented in [39], a geometrical configuration with 3rd-order response comprising six 

TMR cavities is proposed. Unlike the TMR 2 in Fig. 1.12(b) as a shared TMR for 

three fundamental modes, in the proposed structure, each of the three modes has its 

own path to be propagated. Compared with the former case using four TMRs, the 

latter has a better isolation among all the channels, but increases the resonator amounts 

and circuit volume. 
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1.2.3 Crossovers and Balun Circuits 

1.2.3.1 Crossovers 

  It is crucial to prevent interaction among multiple channel integrations in an N-to-N 

system. Modal orthogonality among multiple modes can address this issue.  

    In [40], two types of three-way crossovers are presented for different applications. 

Depicted in Fig. 1.13(a), a geometrical configuration of a wide-band crossover with 

5th-order response is presented. It is noteworthy that two slots between ports and 

cavities, and one slot between cavity and cavity, are considered as three resonant 

windows. Hence, along with two cavity resonators, the 5th-order filtering response can 

be achieved with five resonators. The S-parameter curves of the three-way wide-band 

crossover are demonstrated in Fig. 1.13(b). Three fundamental modes resonate at the 

same frequencies, and the bandwidth is enhanced to 24%, from 2.66 to 3.38 GHz.  A 

perfect performance of isolation with more than 50 dB is reached.   

A narrow-band three-way crossover is also presented in [40]. Using a similar 

structure but different physical dimensions, this kind of crossover possesses a 

fractional bandwidth of 1.4% at 2.91 GHz central frequency, and isolation among the 

three-way crossover can reach 60 dB. Furthermore, this wideband crossover unit can 

be extended to a 2×2 three-way crossover array.  

Refs. [41]-[43] present two-way crossover components. In [41] and [42], a dual-

channel dielectric-resonator (DR) crossover is implemented using two pairs of HEH11 

and HEE11 harmonic modes. The proposed crossover resonates at 3.525 GHz with an 

absolute bandwidth of 19 MHz (0.54%) and insertion loss of 0.32 dB. Furthermore, 

the integration with a Doherty power amplifier (DPA) into 5G massive MIMO system 

applications is also designed. 
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                                (a)                                                             (b)                         

Fig. 1.13. Three-way crossover based on triple-mode resonators with: (a) geometrical 

configuration with 5th-order response, (b) comparison between simulated and 

measured results [40]. 

1.2.3.2 Balun and Balanced Circuits 

 A series of cavity-based balun and balanced circuits are designed by means of out-

of-phase performance of the resonant modes in [44]-[48].  

Refs. [44]-[47] present balun and balanced filter designs that are achieved by 

properly mounting a DR in the metal cavity. In [47], a balanced filter is designed using 

a dual-mode cross-shaped DR, which is dominated by a pair of TE11Ᵹ orthogonal 

modes. The proposed balanced filter resonates at 1.78 GHz with a fractional 

bandwidth (FBW) of 1.3% and insertion loss of 0.8 dB. Similarly, the proposed balun 

resonates at 1.78 GHz with FBW of 1.3%. The amplitude imbalance and phase 

imbalance are within 0.25 dB and 180 ± 1.2º across the passband, respectively.    

In [48], a total of four types of balun and balanced diplexers are presented and 

explained in detail; they utilize the out-of-phase performance of each of three 

fundamental modes. It is noted that, to achieve balun function simultaneously in both 

channels of the diplexer, these two modes excited by the balanced input ports should 

be reversed at the same time. As is depicted in Fig. 1.14(a), a pair of coupling slots 

form a cross with offsetting along the y-axis to excite the out-of-phase TE011 and 

TM110 modes, simultaneously. The TM110 mode propagates into port 2 while the TE011  
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                                (a)                                                                (b)                         

Fig. 1.14. Balun diplexer based on triple-mode resonators with: (a) geometrical 

configuration with a 2nd-order topology, (b) mixed-mode S-parameter responses [48]. 

 

mode propagates into port 3. 

   Fig. 1.14(b) depicts the mixed-mode S-parameters of the balun diplexer. It can be 

seen for the differential-mode response that the TE011 mode resonates at 2.61 GHz 

with a 3-dB bandwidth of 30 MHz, while the TM110 mode resonates at 2.78 GHz with 

a 3-dB bandwidth of 43 MHz. The isolation between port 2 and port 3 is 25 dB from 

2.5 to 2.9 GHz. 

 

1.3 Conclusion 

   In summary, a series of waveguide components based on MMRs are presented and 

categorized. Compared with the planar structure using PCB technology, waveguide 

device has its merit in 3-D topology, which has one more direction and can control 

more resonating modes. Due to the frequency resonances and inherent characteristics 

of multiple modes in a single cavity, several novel circuits are presented with the 

advantage of miniaturized circuit volume and low in-band insertion losses. Good 

matching between simulated and measured results verifies the accuracy of the 

proposed design methodology. The relationship between different chapters is shown 
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in Fig. 1.2, which contains a variety of different microwave components for various 

application scenarios. 

The thesis is organized as follows: 

Chapter 2: Cavity filtering magic-T and its integrations into balanced-to-

unbalanced power divider and diplexing power divider. The proposed filtering 

magic-T is based on three fundamental modes, namely TE011, TE101, and TM110, in a 

single triple-mode resonator (TMR). In banlanced-to-unbalanced power divider, 

balanced functions are integrated at input ports. Three fundamental modes provide the 

odd- and even-symmetric field distributions so that in-phase and out-of-phase 

responses at output ports can be achieved. In diplexing power divider, isolated ports 

are applied for magic-Ts to achieve all ports impedance matched and high isolation 

between channels. 

 

Chapter 3: Single-band and dual-band filtering antenna arrays (FAAs) based on 

high-order mode resonators. It is found that each unit of filtering antenna array in 

the proposed high-order mode resonator is in-phase with the same amplitude, which 

helps to enhance the antenna gain and reduce the side-lobe level. Meanwhile, the 

filtering function is integrated into the design for frequency selectivity and harmonic 

mode suppression. A single-band 3rd-order 4×5 filtering antenna array using a TM450 

mode resonator and a dual-band dual-polarized 3rd-order 4×3 filtering antenna array 

using TM430 and TM340 mode resonators are designed, fabricated and tested. 

 

Chapter 4: In-band full-duplex (IBFD) filtering antenna arrays based on high-

order mode resonators. The pairs of degenerate high-order modes in a single cavity 

resonator, TM1n0, and TMn10 (n is even), are suitable for IBFD filtering antenna array 

designs due to their advantages: 1) In-phase and same amplitude for each magnetic 

loop, which helps to enhance the gain and reduce the sidelobe level; and 2) The modal 

orthogonality, which guarantees the isolation and cross-polarization level between 

two channels. A 2nd-order IBFD filtering antenna array with 6×5 elements, using a 

pair of degenerate modes TM610 and TM160, is designed with 1% overlapped 10-dB 

bandwidth and 18.4 dBi realized gain. Second, a 5th-order IBFD filtering antenna array 

using TM410 and TM140 modes is implemented with an overlapped 10-dB bandwidth 

of 15.6% and a realized gain of 12.5 dBi. The measured isolation between the two 



   

18 
 

channels is better than 40.4 dB. 

 

Chapter 5: Two-way waveguide diplexer and its application to diplexing IBFD 

antenna. Four waveguide modes, namely TE011, TE101, TM210 and TM120, are 

primarily used. These four modes are modal orthogonal to each other in a single 

quadruple-mode resonator. Each of the quadruple modes can be independently 

manipulated with low mutual interference with other modes. Based on the proposed 

two-way diplexer concept, a diplexing IBFD antenna with a turnstile junction is 

designed by replacing the inputs with a cross-coupled radiating slot. It integrates the 

filtering, diplexing, orthomode transducing, and radiating functions into a single 

element. 

 

Chapter 6: Inline waveguide bandpass filter using bandstop resonator pairs. The 

synthesis and design of microwave filter is an established art. However, when 

frequency goes higher, it requires different theory to synthesize and design the filter. 

This chapter presents the synthesis and design of a well-performed THz filter using 

proposed multi-mode bandstop resonator, to verify the potential use of MMR in 

terahertz region. The resonators are implemented by E-plane stubs and resonated at 

the lower and upper stopbands of the designed BPF, respectively, to provide sharp 

roll-off and out-of-band rejection. Both stopbands can be controlled independently 

and cascaded in parallel from source to load without mutual interference. A 5th-order 

BPF with 11% fractional bandwidth at 250 GHz and five TZs at the lower stopband, 

five TZs at the upper stopband are constructed, fabricated, and measured. 
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Chapter 2 Cavity Filtering Magic-T and Its Integrations 

Into Balanced-to-Unbalanced Power Divider and Diplexing 

Power Divider 

2.1 Introduction 

  Power combiners/dividers provide the function of combining/splitting the signals 

from/to multiple devices with the required power level. It needs to process the property 

of low insertion-loss, high isolation, low magnitude and phase imbalance. Many 

different kinds of technologies and design methods are introduced to construct power 

dividers (PDs) with good characteristics. As a commonly employed approach, 

microstrip structures designed on planar circuit boards (PCBs) are widely used for 

power divider designs [1]-[5]. In addition, dielectric resonator [6], integrated passive 

device (IPD) process [7], substrate integrated waveguide [8], rectangular waveguide 

[9], as well as low temperature co-fired ceramic technology [10], have been 

comprehensively applied to design power dividers in the last decade. However, signal 

isolations between the output ports are still an obvious design challenge among these 

works. Usually, lumped elements or lossy resistors are adapted to construct an isolation 

network of a power divider. For example, reference [11] presents an isolation network 

composed of several combined RLC and LC networks, while reference [12] introduces 

an air-bridge resistor and two slot-lines with resistors to improve the isolation 

performance of the power divider.  

In general, other than applying lumped elements or resistors among output ports, 

solutions to obtain a power divider with good port-isolation are still limited. Especially 

in cavity circuits, isolation resistors are often difficult to integrate on a metal cavity. 

Magic-T, one type of four-port impedance-matched network, can provide power 

combining/splitting also with in-phase and out-of-phase signals. Due to the existence 

of the isolation port, the output ports of the Magic-T can be isolated automatically, 

which inspires us to create a novel method that can realize high-isolation power divider 

without the need for a resistor. It has been widely implemented in balanced mixers, 

amplifiers, diplexers, and antenna systems. 



  

26 
 

Conventional waveguide-type magic-T has been widely investigated in [13]-[18]. 

They all focus on broadband impedance matching as a transmission junction, by means 

of the following methods: 1) off-centered metallic posts [14], 2) stepped conducting 

cone [15], 3) four coplanar arms inspired waveguide-to-microstrip transition [16], and 

4) ridge waveguide coupling structure [17]. For the purpose of reducing interconnection 

loss, manufacturing cost, as well as circuit miniaturization, integration of multiple 

functions in a single structure has been further investigated and developed. For example, 

filtering magic-T has been achieved in [19] and [20]. In [19], two orthogonal modes, 

namely TE201 and TE102 modes, are adopted to design a kind of 3rd-order filtering 

magic-T operating at 24 GHz with 6% bandwidth. In [20], vertical and horizontal TM110 

modes in a circular SIW cavity are adopted to achieve 2nd-order bandpass response 

operating at 9 GHz with 70 MHz bandwidth. However, aforementioned multiple 

functions can only accommodate two integrated functions. Integration of three or more 

functions has not been reported, according to the open literature, to the best of the 

author’s knowledge. 

In this chapter, cavity filtering magic-T integrated with multiple functions is 

investigated by using triple-mode resonators (TMRs). Two applications of filtering 

power divider in integrations with balanced and duplexing functions are also presented. 

The first application is balanced-to-unbalanced (B2U) power divider. This power 

divider connects a pair of balanced inputs and two single-ended outputs. Thus, it has an 

attractive feature of high immunity to common mode environmental noise and 

electromagnetic interaction. It can be divided into two categories: out-of-phase power 

divider [21]-[25] and in-phase power divider [26]-[29]. All of them are designed using 

printed-circuit-board (PCB) technology with high-performance, but the isolation and 

common-mode (CM) suppression are quite limited. In [30], for the first time, a method 

of achieving in-phase and out-of-phase power divider functions at outputs, 

simultaneously in one structure, is proposed. 

The second application is duplexing power divider. Duplexer is a device that can 

transfer different frequency-bands into different channels. Integrating power dividers 

and diplexers together can obtain a device owning both duplexing capability and power 

division capability. [31] proposes duplexers with integrated power division capabilities 

that do not require isolation resistors. However, both of them cannot generate isolation 

between output ports of power divider under the same frequency channel of the 

duplexer. Reference [32] presented three novel duplexing power dividers based on 
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microstrip line to achieve the function of duplexing power division, but the layouts of 

these duplexing power dividers are complex and isolation between different channels 

are not relevant high. To the best of the author’s knowledge, duplexing power divider 

with high-isolation realized by magic-T has not yet been reported before in literature. 

For both of the presented power divider designs, multiple functions, including 

filtering, duplexing/balancing, power division, are integrated into one cavity structure 

simultaneously, which further miniaturizes the circuit volume and decreases the 

insertion loss and fabricated cost. Furthermore, all ports in the designs are impedance 

matched and the isolation between outputs is high without any installation of isolation 

resistors 

2.2 Waveguide Filtering Magic-T Design 

  Fig. 2.1(a) depicts the topology of a magic-T based on triple-mode resonators (TMRs). 

Port 4 acts as a difference port which is coupled with electromagnetic (EM) waves of 

TE101 mode. EM waves propagate evenly into two outputs port 1 and port 2 with 180 

degree phase difference. Conversely, port 3 acts as a sum port which is coupled with 

EM waves of TM110 modes. EM waves propagate evenly into port 1 and port 2 with 0 

degree phase difference. According to this topology, the geometrical structure of a 

cavity filtering magic-T with 2nd-order response is presented in Fig. 2.1(b). It consists 

of three TMRs, the slot coupled with waveguide port 4 is placed on the yoz plane and 

perpendicular to y-axis, hence this excites the electric-field 𝐸𝑦
⃑⃑ ⃑⃑  (marked as solid line) in 

accordance with that of TE101 mode [33], [34]. Due to the modal orthogonality of three 

fundamental modes [35], the long-side orientation of slot 2 is perpendicular to the y-

axis so that only TE101 mode can propagate through this slot while other fundamental 

modes are prohibited.   

Therefore, EM waves of TE101 mode are coupled with port 4 and propagate into TMR 

3, then pass through slot 2 into TMR 1. Herein, due to the offsetting of port 1, port 2 

and their respective slots, TE101 mode is evenly transmitted into these ports. In terms of 

phase performance, as depicted in Fig. 2.1(b), electric-field orientations of slots at port 

1 and port 2 are opposite, which means that out-of-phase performance can be achieved 

when TE101 mode propagates. Similarly, the orientation of the slot coupled with port 3 

is perpendicular to the z-axis, hence exciting the electric-field 𝐸𝑧
⃑⃑⃑⃑  (marked as dashed 

line) in accordance with that of TM110 mode. The long-side orientation of slot 1 is 

perpendicular to the z-axis so that TM110 mode can propagate through it. Finally, the  
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(a)                                                                      (b) 

 

(c) 
Fig. 2.1. Cavity magic-T with: (a) topology, (b) 2nd-order geometrical structure, (c) 

simulated S-parameter curves. 

 

EM waves of TM110 mode are transmitted into port 1 and port 2 evenly, and in-phase 

performance at two output ports can be achieved when TM110 mode propagates.  

Fig. 2.1(c) illustrates S-parameters of the proposed 2nd-order cavity magic-T. 

Differential response |S44| is dominated by TE101 mode. It has the same resonant 

frequency with common response |S33| dominated by TM110 mode, both of which 

resonate at 2.75 GHz with 3-dB bandwidth of 40 MHz. Isolations between two response 

ports are better than 50 dB denoted as |S34|, while isolation between two output ports 

denoted as |S12| can reach 20 dB in the resonant frequency range.  

2.3 The Theory and Design of Balanced-to-Unbalanced Power Divider 

  Balanced-to-unbalanced (B2U) magic-T, which includes B2U in-phase power divider 

and B2U out-of-phase power divider, is demonstrated. According to the schematics 

shown in Fig. 2.2, it is regarded as the integration of two baluns and one single-ended  
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Fig. 2.2. The schematic diagram of B2U magic-T. 

 

(SE) filtering magic-T component. Subsequently, it includes six ports categorized as 

two groups: four input ports (port 1, port 2 and port 5, port 6), and two output ports 

(port 3 and port 4). In addition, port 1 and port 2 are a pair of balanced ports A, port 5 

and port 6 are a pair of balanced ports D, while port 3 and port 4 are single-ended output 

ports B and C, respectively. Due to the inherent property of magic-T, as analyzed in 

Section II, port B and port C are isolated. Based on this, two achieved functions are 

summarized as： 

1) In-phase B2U power divider with balanced input ports A, SE output ports B and 

C, and isolated ports D. 

2) Out-of-phase B2U power divider with balanced inputs D, SE output ports B and 

C, and isolated ports D.  

In this B2U magic-T, the relevant mixed-mode scattering matrix (Smm) of the 
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differential model can be expressed as shown in equation (2-1), where s is the single-

end response, d is the differential-mode excitation and c is the common-mode excitation. 

The first and second letter of the subscript represents the response and stimulus modes, 

while the last two letters of the subscript represent the response and stimulus ports, 

respectively. For instance, ScsDB denotes the S-parameter with single-end response 

excited at Port B and common-mode excitation at Port D. 

To achieve impedance matching of the proposed B2U magic-T, the relative 

conditions are plotted as: 

The equal power division with in-phase and out-of-phase response can be generated 

when the following conditions are met: 

The input and output isolation should follow the condition below: 

The common-mode (CM) suppression should be considered when the following 

conditions are met: 

To achieve the standard matrix [Sstd] derived from the mixed-mode matrix [Smm], the 

translation between standard S-matrix and the mixed-mode scattering matrix are 

defined as: 

                                             0ddAA ssBB ssCC ddDDS S S S                                                      (2-2a) 

                                                          1/ 2dsAB dsACS S                                                           (2-2b) 

1/ 2dsDB dsDCS S                                                      (2-2c) 

                                                     0ddAD ccAD ssBCS S S                                                            (2-2d) 

                                  1ccAAS  , 0dcAA csAB csACS S S                                         (2-2e) 

                                 1ccDDS  , 0dcDD csDB csDCS S S                                         (2-2f) 

                                 0cdAD dcADS S                                                                  (2-2g) 
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Where N = A, D and M =B, C, plus sign and minus sign represent positive and negative 

of balanced ports, respectively. Combining (2) and (3) into the standard matrix, which 

can be finally simplified as: 

The [Sstd] matrix is the standard matrix derived from the mixed-mode scattering matrix 

[Smm] and it meets the property of B2U magic-T. 

Three fundamental modes, TE011, TE101, and TM110, in a single TMR cavity, are  

                              2ddNN N N N N N N N N
S S S S S          

                                (2-3a) 

                               2ccNN N N N N N N N N
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(a)                                                                      (b) 

 

(c) 
Fig. 2.3. Cavity B2U 2nd-order magic-T with: (a) topology, (b) geometrical structure, 

(c) photograph of the fabricated structure with assembled waveguide ports.  

 

adopted to implement this schematic diagram as illustrated in Fig. 2.3(a). Still, port B 

and port C act as two single-ended output ports. However, single-ended input ports A 

and D in Fig. 1(a), are converted into balanced ports A+, A- and D+, D-. Fig. 2.3(b) 

presents the geometrical structure of the cavity B2U 2nd-order magic-T according to 

this topology. Port B and port C are shifted s1 upward from the surface center of TMR 

1 to absorb EM waves of TM110 and TE101 modes.  

To achieve balanced functions, out-of-phase mode needs to be excited at two pairs 

of input ports, respectively. In [36], two methods to achieve out-of-phase mode 

performance are presented by means of “rotation” and “offsetting”, respectively. For 

the balanced input ports A, by adopting “offsetting” method, they are shifted s2 from 

the surface center versus xoy plane of the TMR 2 cavity, with long-side orientation of 

the slot perpendicular to the x-axis. Therefore, two fundamental modes - TE011 and 

TM110 - are excited. Out-of-phase mode TM110 is adopted to propagate through the slot 

with a length of l2 while in-phase mode TE011 is prohibited. Similarly, by adopting  



  

33 
 

 

Fig. 2.4. Variation of Qein and Qeout versus varied parameters: l1, l4, l5, s1 and s2. 

 

“rotation” method, balanced input ports D+, D- are rotated with the angle of θ on the 

surface center versus xoy plane of TMR 3 cavity to excite TE011 and TE101 modes. The 

out-of-phase mode TE101 propagates through the slot with a length of l3 while in-phase 

mode TE011 is prohibited. 

In the proposed B2U magic-T structure, both channels are dominated by TE101 and 

TM110 modes resonating at the same frequency, following the filter synthesis theory. 

Considering the specifications of the fractional bandwidth of the channel are set as 1.5% 

at 2.75 GHz, the formulas of external quality factors Qe and coupling coefficients K are 

depicted as: 

where g0, g1 and g2 are the low-pass prototype element values of filter synthesis which 

can be set as g0=1, g1=g2=1.4142. After substituting the chosen values, the calculated 

external quality factor and coupling coefficient are Qe=94.3 and K12=0.01, respectively. 

In [34], the physical models to extract Qe and K so as to match the theoretical values 

are presented. The variations of input external quality values Qein and output external 

quality values Qeout versus varied parameters: l1, l4, l5, s1 and s2, are plotted in Fig. 2.4. 

By properly setting the suitable values, the prescribed Qein and Qeout can be implemented 

to satisfy the required filtering response of each channel. 

                                                                  0 1
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(a)                                                                      (b) 

 

(c)                                                               (d) 
Fig. 2.5. Simulated and measured S-parameters of the 2nd-order B2U cavity magic-T. 

(a) SdsAB & ScsAB & SddAA. (b) SdsDB & ScsDB & SddDD. (c) SdcAD & SddAD. (d) SssBB & SssBC. 

 

A photograph of the fabricated magic-T is presented in Fig. 2.3(c). Silver-plated 

aluminum is the material for fabricating the proposed full-metal cavity filtering Magic-

T using computer numerical control (CNC) technology. WR284-type rectangular 

waveguides are used to feed the ports. The simulated and measured results are plotted 

in Fig. 2.5. It is noted in Figs. 2.5(a)-(b) that two differential-mode channels, denoted 

as SddAA and SddDD, have the same resonant frequencies. They both resonate at 2.74 GHz 

with a 3-dB bandwidth of 40 MHz and measured insertion loss of 3.17 dB, while the 

common-mode suppression can reach 35 dB. Depicted in Fig. 2.5(c), the differential-

mode isolation between two inputs can reach 20 dB and common-mode isolation is 

better than 55 dB. It is also clear that, according to Fig. 2.5(d), the isolation between 

two single-ended outputs can reach 20 dB. The physical dimensions of the proposed 

structure are summarized in Table 2.1. The width and thickness of all coupling slots are 

3 mm and 5 mm, respectively. 
TABLE 2.1 

PHYSICAL DIMENSIONS OF THE B2U CAVITY MAGIC-T  
a = 70 mm b = 80 mm c = 81 mm S1 = 37 mm 

θ = 43 ° l1= 45 mm l2= 39.8 mm S2 = 19 mm 
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l3 = 39.2 mm l4 = 47.6 mm l5 = 48.4 mm  
 

2.4 The Theory and Design of Diplexing Power Divider 

As reported in Section II, the proposed magic-T component can also be used to 

design a duplexing power divider. As illustrated in Fig. 2.6, it integrates one duplexer 

and two power dividers, port 1 acts as input port, while output ports can be divided into 

two groups, i.e., group 1 (port 2, port 3) and group 2 (port 5, port 6), which work in 

different channels of duplexing power divider. To achieve isolation between output 

ports of the duplexing power divider, instead of installing lossy resistors, extra isolated 

ports are added to construct two magic-Ts in a duplexing power divider. Consequently, 

isolation between output ports of a same frequency channel can be realized in the 

duplexer automatically. As explained in Fig. 2.6, port 4 is installed as the isolated port 

in the downlink magic-T, while port 7 is installed in the uplink magic-T. Finally, a 

duplexing power divider with good isolation between two pairs of output ports is 

achieved, including the isolation between the outputs at the same frequency channel 

and at different frequency channels.  

 

Fig. 2.6. The schematic diagram of duplexing power divider. 
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(a)                                                                      (b) 

 

(c) 
Fig. 2.7. Cavity 2nd-order duplexing power divider with: (a) topology, (b) geometrical 

structure, (c) photograph of the fabricated structure. 

 

As illustrated in Fig. 2.7, a duplexing power divider composed of three TMR cavities 

is designed and simulated. The proposed duplexing power divider contains seven ports 

including one input port (port 1) and four output ports, which are divided into group 1 

(port 2 and port 3), group 2 (port 5 and port 6), and two isolated ports (port 4 and port 

7), respectively. TE101 mode and TM110 mode of the TMR are excited by an offset slot 

at port 1 to compose the two channels of the proposed duplexing power divider. The 

offset slot, coupled with the EM waves from port 1, is set as s3 away from the center 

position to excite the electric-field orientation 𝐸𝑦
⃑⃑ ⃑⃑  which is in accordance with the 

directions of TE101 mode. Offsetting of this slot is contributed to obtain the maximum 

magnetic energies of the TE101 mode. Simultaneously, since the long-side orientation 

of this slot coupled with port 1 is vertical to z-axis, which is in accordance with the 

orientation of TM110 mode with the electric-field 𝐸𝑧
⃑⃑⃑⃑ . Accordingly, TM110 mode of the 

triple-mode resonator is excited. After being excited at TMR 1, the resonant energies  
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(a)                                                                 (b) 
Fig. 2.8. Value variation of Qein and Qeout versus varied parameters: (a) l6, s3, (b) l8, s4 

and l11, s5. 

 

of TM110 mode propagate into TMR 2 and transmit to port 2 and port 3 evenly due to 

their symmetrical structures. The EM waves of the TE101 mode propagate into TMR 3 

evenly at two symmetrical ports, port 5 and port 6, respectively. Therefore, the function 

of a duplexing power divider is implemented. To achieve isolations between two pairs 

of output ports, port 4 and the slot with a length of l9 are installed on the surface center 

versus xoz plane of TMR 2 cavity and perpendicular to x-axis. Thus, TE011 mode is 

excited. Therefore, ports 1-4 compose a single-ended (SE) magic-T, where port 2 and 

port 3 are isolated. Similarly, port 7 and the slot with a length of l12 are installed on the 

surface center versus xoy plane of the TMR 3 cavity which is perpendicular to x-axis. 

Thus, TE011 mode is excited. Port 1, port 5, port 6 and port 7 compose a SE magic-T, 

where port 5 and port 6 are isolated. 

To further develop the design theory, the related equations 5(a)-(b) are used to 

calculate external quality factor and coupling coefficient versus frequency response, of 

the proposed duplexing power divider. For the fractional bandwidth (FBW) 

specification of two channels set at 0.7% and 1%, the external quality factors and 

coupling coefficients of the first and the second channels can be deduced as 202, 0.0049, 

141.4, 0.007, respectively. 

The physical model in [34] is used to extract Qe and K of each channel of the 

proposed duplexing power divider. The parameters l6 and s3, shown in Fig. 2.8(b), are 

used to control and balance the input external quality values of two channels dominated 

by TM110 (QeI) and TE101 (QeII), respectively. For output external quality values, l8 and  
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(a)                                                                      (b) 

 

(c)                                                             
Fig. 2.9. Simulated and measured S-parameters of the proposed 2nd-order duplexing 

power divider. (a) |S11|, |S21|/ |S31|, |S51|/ |S61|, (b) |S41|, |S71| and (c) |S23|, |S56|. 

 

s4 are used to control that of lower channel dominated by TM110 mode, while l11 and s5 

are used to control that of upper channel dominated by TE101 mode. To meet the filtering 

response for each channel, the values in Fig. 8 should be properly considered. 

Fig. 2.7(c) presents photograph of the fabricated duplexing power divider. Silver-

plated aluminum is the material for fabricating the proposed full-metal cavity duplexing 

power divider using CNC technology. WR284-type rectangular waveguides are used to 

feed the ports. Figs. 2.9(a)-(c) illustrate the simulated and measured S-parameter 

responses of the proposed duplexing power divider. As can be seen from Fig. 2.9(a), 

TM110 mode resonates at 2.58 GHz with a 3-dB bandwidth of 20 MHz and a measured 

insertion loss of 3.2 dB. While TE101 mode resonates at 2.76 GHz with a 3-dB 

bandwidth of 32 MHz and a measured insertion loss of 3.3 dB. In Fig. 2.9(b), the 

isolation between input port 1 and two isolated ports, namely port 4 and port 7, are 

better than 45 dB and 30 dB, respectively, as shown by |S41| and |S71|. In Fig. 2.9(c), the 

isolation between port 2 and port 3 can reach 14 dB, while the isolation between port 5 
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and port 6 can reach 14 dB, within the whole 2.5 GHz to 2.9 GHz frequency range. 

Table 2.2 shows the physical dimensions of the proposed duplexing power divider. 

Width of each coupling slots are chosen as 3 mm. 

TABLE 2.2 
PHYSICAL DIMENSIONS OF THE DUPLEXING POWER DIVIDER 

a1 = 80 mm b1 = 70 mm c1 = 80 mm S3 = 34 mm 
S4 = 25 mm S5 = 29 mm l6= 49.6 mm l7= 36.6 mm 
l8= 45.6 mm l9= 51.4 mm l10= 37.6 mm l11= 45.6 mm 
l12= 54 mm    

 

Table 2.3 presents a comparison between the proposed power divider and other 

reported structures. Waveguide-based broadband magic-Ts have been implemented in 

[15]-[17], but neither filtering nor duplexing capacity has been integrated. It is noted 

that PD with duplexing capacity based on PCB process and lossy resistors are adopted 

to achieve isolation between outputs [31]-[32]. Due to the integration of a dual-band 

filter for high selectivity, the duplexing PD in [32] suffers serious insertion loss at two 

different operational channels, respectively. Our proposed duplexing power divider has 

the advantages in lower frequency ratio, better filtering capability, narrower FBW, 

lower measured insertion loss and higher power handling due to full-metal circuit. 

TABLE 2.3 
COMPARISON BETWEEN THE PROPOSED POWER DIVIDER AND OTHER REPORTED ONES. 

 Implemented 
Material 

Filtering 
Capability 

Duplexing 
Capability 

Central 
Frequency 

(GHz) 

Achieved 
Bandwidths 

(%) 

Isolation 
Between 
Outputs 

[15] Metal Cavity No No 9.3 20 - 
[16] Metal Cavity No No 30.8 21 - 
[17] Metal Cavity No No 8.6 18 - 
[19] LTCC Yes No 24 6 - 
[31] PCB No Yes 1.0/2.5 N.A.  N.A. 
[32] PCB Yes Yes 1.8/2.4 4.4/2.7 20/20 
This 
work 

Metal Cavity Yes Yes 2.58/2.76 0.7/1 14/14 

N.A. means not available.    

2.5 Conclusion 

 In this chapter, a novel magic-T component is proposed for designing in-phase and 

out-of-phase power dividers, where all ports are impedance-matched with good port-
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isolations between outputs, without using any lossy resistors. It is worth noting that, for 

the first time, multiple functions are integrated into a multiple-mode resonator cavity 

structure, which further miniaturizes the circuit volume with an improved insertion loss 

and a reduced fabrication cost. For validation, two design examples are presented. The 

first design is a balanced-to-unbalanced filtering magic-T, it integrates baluns, filters 

and magic-T in one structure. The second design is a duplexing filtering power divider, 

it integrates duplexer, filters and power dividers in one structure. The two designs are 

fabricated and measured. The results of measurements and simulations are well 

matched, so our predicted design methodology is verified. 
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Chapter 3 Single-Band and Dual-Band Filtering Antenna 

Arrays Based on High-Order Mode Resonators 

3.1 Introduction 

  Antenna arrays with the properties of high gain, wide bandwidth, and low side-lobe 

level are highly demanded in today’s wireless communication systems. Conventionally, 

an antenna array consists of a feeding network and radiation elements. Source signals 

go through the feed lines and power dividing network before arriving at the radiation 

elements [1]-[6]. When the number of radiation elements is large, the required feeding 

network will be complicated and challenging to achieve. Apart from this, a bulky 

feeding network often causes high insertion loss and introduces design complexity.  

To tackle this challenge, the elimination of a feeding network by using high-order 

modes has attracted much attention [7]-[9]. A 3 × 3 slotted antenna array based on TE330 

high-order mode is firstly presented in [7] with an impedance bandwidth of 26% and a 

maximum gain of 13.8 dBi at the millimeter-wave band. TE440 high-order mode is 

adopted in [8] to support 16 radiation slots by achieving a single-feed circularly 

polarized cavity antenna. In [9], the feeding network and high-order mode are combined 

to implement 20 × 24 and 40 × 48 antenna arrays using TE560 high-order mode. In these 

studies, well-functioning high radiation gain and low side-lobe levels are achieved. 

However, the unwanted high-order mode resonances may affect radiation performance, 

which needs to be suppressed to retain the purity of the desired resonance mode. 

As a practical solution, the filtering function can be integrated into the antenna array 

to eliminate the unwanted high-order modes. A pair of high-order modes, TM230 and 

TM320, are used to realize the high-Q cavity filter in [10]. As implemented in the printed 

circuit board (PCB) [11]-[13] and slotted waveguide techniques [14]-[16], filtering 

antenna arrays have the advantages of high selectivity, compact size, low-loss, and high 

gain. For conventional filtering antenna array designs [11]-[16], a feeding network 

formed by power dividers is essential, which usually consists of resonators. The last-

stage resonator serves as not only a resonant element but also an antenna unit. This 

method helps to integrate the filtering function into the feeding network. However, it is 

challenging to apply this to a cavity array with a large number of radiation elements, 

for example the designs described in [15]-[16]. According to the open literature, 
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filtering cavity array antennas with more than 16 elements is difficult to achieve.  

In our previous studies, the fundamental modes of the multimode cavity resonators 

were investigated in designing filters [17]-[18], multiplexers [19]-[20], and functional 

microwave circuits [21]-[22]. Compared with high-order modes, the fundamental mode 

is a better candidate in designing compact microwave components. However, when 

designing an antenna array using the fundamental mode cavity resonators, the feeding 

and power dividing network are essential [15]-[16]. A high-order mode resonator is 

more suitable for cavity slot array design because the radiation elements of a single 

high-order mode cavity resonator can produce in-phase outputs with the same 

amplitude. For this reason the power splitting network is not required. 

In this paper, a series of filtering cavity slot arrays are proposed based on high-order 

mode resonators. The cavity resonator, excited in a high-order mode, serves as a key 

component generating filtering response. Each loop of the magnetic field inside the 

cavity is opened by a slot, which acts the radiation element of the array. Therefore, a 

cavity slot array antenna can be realized by a single cavity resonator operating at the 

high-order mode. For example, a single cavity resonator, operating at TM450 mode, can 

form a 4 × 5 cavity-slot array. Furthermore, it emerges that the unloaded quality factor 

(Qu) is higher when operating at high-order mode, which results in a smaller fractional 

bandwidth (FBW) and a higher radiation gain. A cavity slot array with a large number 

of elements can be easily realized, taking advantage of the high-order mode of a single 

cavity resonator.  

Section 3.2 briefly discusses the high-order mode cavity resonators, including their 

characteristics and compares their performance. Based on the high-order mode theory, 

section 3.3 presents the design of a single-band filtering antenna array using TM450 

mode. Furthermore, a dual-band dual-polarized filtering cavity slot array antenna using 

a pair of high-order modes TM340 and TM430 is presented in section 3.4. 

3.2 Concept of Resonant Modes 

Fig. 3.1(a) depicts the geometrical configuration of a standard rectangular cavity, 

whose length, width, and height are denoted as a, b and c, respectively. The resonant 

frequencies of the proposed rectangular waveguide modes can be expressed as: 
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(a)                                                            (b) 

Fig. 3.1. (a) Geometry of TMmn0-type rectangular cavity resonator (c<< a and b). (b) Extracted 

Qu value versus cavity height c based on 10 GHz TM110 resonator. 

where m,n,l stands for the resonant angular frequencies of the specific modes (m, n, and 

l = 0 or 1), while v stands for the speed of light in the vacuum. r   and ru  are the 

permittivity and permeability of the air in the cavity, respectively.  

When height c of the proposed cavity is reduced to satisfy the condition: c << a and 

b, it means that the frequencies of resonating modes controlled by c become higher. 

According to formula (1), only one kind of resonant mode remains unchanged, which 

is defined as TMmn0-type modes. Regarding the TMmn0 modes, the length a and width b 

of the rectangular cavity serve to control the resonant frequency of the proposed modes, 

while the height c is a parameter which controls the value of Qu of the cavity resonator 

[23]. The relationship between Qu and height c, based on TM110 mode resonator at 10 

GHz, is plotted in Fig. 3.1(b). When height c decreases, the achieved Qu gradually 

wanes, resulting in a wider bandwidth.  

For TMmn0 modes, TM110 is the fundamental one at the lowest resonant frequency. 

However, it only possesses one magnetic-field loop. High-order modes have more 

magnetic-field loops as shown in Fig. 3.2. Each of the magnetic-field loops is in-phase 

with the same amplitude, which plays a key role in designing antenna arrays.  

To achieve the pure boresight radiation pattern with low side-lobe level, it is better 

for the feeding port to be placed at the geometry center of the cavity surface, while the  
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(a)                           (b)                                            (c) 

 
                            (d)                                                      (e) 

Fig. 3.2. Magnetic field distributions of higher-order modes with slot etched (denoted 

as blue rectangle) in the TMmn0-type resonator. (a) TM210, (b) TM230, (c) TM430, (d) 

TM450, (e) TM650. 

 

radiating elements on the radiation surface should be symmetrical. Furthermore, the 

numbers of columns m and rows n of proposed antenna arrays should be close to each 

other so that the x-axis side-lobe level is similar to that of the y-axis. However, when 

TMmn0 (m = n =2, 3, 4, ……) is considered, the radiating units on the radiation surface 

are asymmetrical to the x-axis and y-axis, which results in the offset radiation patterns 

[7]. Given this, a series of TMmn0 (m = n-1, n = 2, 3, 4……) modes are adopted in the 

proposed filtering antenna arrays for discussions. Fig. 3.2 presents magnetic field 

distributions of some high-order modes with etched slots, for the scenarios of TM210, 

TM230, TM430, TM450, and TM650 modes. It can be seen that each magnetic field loop 

requires one slot to excite the radiation for that unit. Therefore, a cavity resonator 
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operating at TMmn0 mode requires m × n slots to form the array.  

To integrate the filtering and radiating functions, several crucial performance indices 

based on these adopted resonating modes are discussed in Table 3.1. When 10 GHz 

frequency is considered, the length a and width b of fundamental mode TM110 resonator 

are 21 mm and 21 mm, respectively. The size of TMmn0 mode cavity is m×n times the 

size of TM110 mode. On the radiation side, the radiating slots have to be properly 

allocated at the positions, where the magnetic fields of the loops are in-phase with same-

amplitude. Fig. 3.2 depicts the etched slot distributions corresponding to the magnetic 

field loops of the high-order modes. 

 
TABLE 3.1 

SPECIFICATIONS AMONG DIFFERENT HIGH-ORDER MODES AT 10 GHZ. 
(5MM CAVITY HEIGHT). 

 Size (a×b 
mm2) 

Radiating 
Units 

Qu-
value 

Spurious-mode 
Ratio 

Stopband 
Range 

Gain 
(dBi) 

TM210 21 × 42 2 5548.9 - / TM410 (1.6f0) - / 0.6f0 10.1 
TM230 42 × 63 6 6202.9 TM210 (0.75f0) / 

TM250 (1.39f0) 
0.25f0 / 
0.39f0 

13.9 

TM430 63 × 84 12 6405.1 TM230 (0.8f0) / 
TM630 (1.29f0) 

0.2f0 / 
0.29f0 

16.7 

TM450 84 × 105 20 6605.3 TM430 (0.83f0) / 
TM470 (1.23f0) 

0.17f0 / 
0.23f0 

19.5 

TM650 105 × 126 30 6692.7 TM450 (0.86f0) / 
TM850 (1.19f0) 

0.14f0 / 
0.19f0 

20.4 

f0 means resonating frequency of proposed mode.    

 

Table 3.1 shows the specifications of different high-order modes at 10 GHz. It is 

apparent that the more units the array has, the higher gain the array can achieve. In 

Table 3.1, TM210 achieves the lowest gain of 10.3 dBi using 2 radiating units, while 

TM650 achieves the highest gain of 20.4 dBi using 30 radiating units. Regarding filtering 

performance, when the resonant mode is getting higher, the value of Qu is getting bigger. 

Since the cavity resonator is a type of high-Q resonator, it tends to show a narrow-band 

performance. The higher Qu of resonating modes results in a narrower frequency 

bandwidth.  The stopband range is also a crucial index to perform a filtering function. 

As summarized in Table I, when the mode is higher, the spurious mode ratio becomes  
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(a)                                                                  (b) 

Fig. 3.3. Initial design of 3rd-order filtering antenna array using TM450 mode cavity 

resonator: (a) Geometrical configuration, (b) Simulated S-parameters. 

 

smaller, and the stopband range is getting narrower. 

3.3 3rd-Order Filtering Antenna Array Using TM450 Mode 

The initial geometrical configuration of a 3rd-order filtering antenna array is shown 

in Fig. 3.3(a).  It is based on a TM450 mode cavity resonator with 4 × 5 radiating units. 

The electromagnetic (EM) waves are coupled from WR-90 to three consecutive TM450 

mode resonators and radiate at the end of the slot arrays. For the specified resonant 

frequency of 10 GHz, the length a1 and width b1 of the TM450 mode cavity resonator 

are 84 mm and 105 mm, respectively.  

The simulated S-parameter of the proposed structure is given in Fig. 3.3(b). It can 

be seen that the expected band resonates at 10 GHz with a bandwidth of 60 MHz. At 

the lower stopband, the closest spurious mode is TM430, which is located at 8.25 GHz. 

However, the nearest spurious mode, at the upper band, is TM270, which is located at 

10.56 GHz. Then the next spurious modes are TM610, TM630, and TM470, respectively. 

To eliminate the unwanted high-order modes around TM450, an improved coupling 

method is devised to suppress a series of spurious modes to enlarge the stopband range.  

The improved version of the geometrical structure is shown in Fig. 3.4. Compared 

with the previous version, as indicated in Fig. 3.3(a) where coupling slots are placed at 

the surface center of the cavity resonator, a pair of coupling slots with a distance of λ0  
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Fig. 3.4. Improved geometrical configuration of 3rd-order filtering antenna array using 

a TM450 mode cavity resonator. 

 

are placed along the x-axis of the cavity resonator surface, as shown in Fig. 3.4.   

Considering the specification of a center frequency of 10 GHz, FBW of 0.6%, and 

ripple level of 0.2 dB, the formulas of external quality factors Qe and coupling 

coefficients K of 3rd-order Chebyshev response are depicted as: 

where g0, g1, g2, and g3 are the low-pass prototype element values of filter synthesis, 

which can be set as g0= g4=1, g1=g3=1.5963, and g2=1.0967 [24]. After substituting the 

chosen values, the calculated external quality factor and coupling coefficient are 

Qe=266.05, and K12=K23=0.04, respectively. 

The values of Qe and K of the proposed design can be obtained from the filter 

extraction in EM simulation. In the improved geometrical configuration of Fig. 3.4, the 

slot with a length of l1 and a width of w1 are used to control Qe from the feeding to the 

structure, while the slots with a length of l3 and a width of w2, and an offset of s1 are 

used to control Qe from vacuum to structure. The Qe value can be obtained using  
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(a)                                           (b)                                           (c) 

                     
(d)                                           (e)                                           (f) 

Fig. 3.5. H-field distributions of the resonant modes: (a) TM430, (b) TM450, (c) TM270, 

(d) TM610, (e) TM630, (f) TM470. 

 

following calculation [25]: 

where τs11(f0) represents the group delay at the resonance. Meanwhile, the coupling 

coefficient K between cavity resonators is controlled by a length of l2. The K value can 

be obtained using the following equation [25]: 

where f0, fp1, and fp2 represent the two resonant peaks. It is noted that the slotted array 

also serves the third resonator in the filter network. The input Qe value from WR-90, 

Qein, should have the same value as the radiation Qe value, namely Qerad. 
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To suppress the unwanted spurious modes for an improved stopband range, it is 

essential to analyze the resonant modes' field distributions. Table 3.2 lists a series of 

resonant modes located from 8.3 GHz to 12.3 GHz. Since the waveguide port is adopted 

as the feeding structure in this design, several resonant modes are degraded and 

prohibited to pass through, which are labeled as ‘feed suppressed’ in Table 3.2.  

 
TABLE 3.2 

RESONANT MODES FROM 8.3 GHZ TO 12.3 GHZ  
Modes Frequency 

(GHz) 
Suppression Method 

TM160 8.75 Feed suppressed 
TM350 8.93 Feed suppressed 
TM510 9.04 Feed suppressed 
TM440 9.14 Feed suppressed 
TM260 9.28 Feed suppressed 
TM520 9.37 Feed suppressed 
TM530 9.90 Feed suppressed 
TM450 10.10 N.A. 
TM360 10.11 Feed suppressed 
TM170 10.16 Feed suppressed 
TM540 10.60 Feed suppressed 
TM270 10.62 Coupling suppressed 
TM610 10.81 Coupling suppressed 
TM620 11.09 Feed suppressed 
TM460 11.16 Feed suppressed 
TM370 11.35 Feed suppressed 
TM550 11.44 Feed suppressed 
TM630 11.54 Coupling suppressed 
TM180 11.57 Feed suppressed 
TM280 11.98 Feed suppressed 
TM640 12.15 Feed suppressed 

 

For other modes passing through waveguide feeding, the H-field distributions are 

shown in Fig. 3.5. TM450 mode is expected to remain while the others should be 

suppressed. If the coupling slot is placed at the surface-center of the cavity resonator, 

as presented in Fig. 3.3(a), all of these modes can pass through since H-field directions 

of these modes correspond to the long-side of the coupling slot. However, when a pair 

of slots with a distance of λ0 are placed along the x-axis as depicted in blue circles in 

Fig. 3.5, it is evident that the H-field directions of TM270, TM610, and TM630 modes are  
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Fig. 3.6. Simulated S-parameters of the models in Fig. 3(a) and Fig. 4, and the measured 

results of the model in Fig. 4 (fabricated prototype shown in Fig. 7(a)). 

 

opposite in the coupling slots, so that H-field energy density should be null. 

Consequently, these three modes would be prohibited from passing through. For TM430, 

TM450, and TM470 modes, they can still transmit through the structure using the 

proposed coupling method. At this point, TM270, TM610, and TM630 modes are 

suppressed by the coupling method and labeled as ‘coupling suppressed’ in Table 3.2. 

Fig. 3.6 presents the S-parameter comparison among the initial version of the model 

in Fig. 3.3(a), the improved version of the model in Fig. 3.4, and the measured results 

of the prototype. It can be seen that, for the measured prototype, TM450 mode resonates 

at 10 GHz, while TM430 and TM470 modes resonate at 8.3 GHz and 12.3 GHz, 

respectively. However, TM270, TM610, and TM630 modes have been significantly 

suppressed using the model presented in Fig. 3.4.  

Fig. 3.7(a) is a photograph of the fabricated filtering antenna array prototype using 

several brass layers assembled together. A standard WR-90 waveguide is used to feed 

the structure. The measured S11 and realized gain of the prototype are shown in Fig. 

3.7(b), along with the corresponding simulation results. It has three reflection poles 

with a return loss level of 15 dB, indicating a 3rd-order filtering response. The prototype 

resonates at 10 GHz, and the 10-dB bandwidth ranges from 9.97 GHz to 10.03 GHz. 

The measured average gain within the passband can achieve 19.5 dBi, and the achieved 

radiation efficiency is 90% within the band. As shown in Figs. 3.7(c) and (d), the side- 
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(a)                                                              (b)                                    

           
(c)                                                               (d)                                        

Fig. 3.7. 3rd-order filtering antenna array using TM450 mode with: (a) Photograph of 

manufactured prototype – model shown in Fig. 4, (b) Measured S-parameter and 

realized gain, (c) E-plane and (d) H-plane radiation patterns at 10 GHz. 

 

lobe suppressions are -15.6 dB and -13.3 dB at E-plane and H-plane, respectively, while 

the cross-polarization levels are -53.4 dB and -56.3 dB at E-plane and H-plane, 

respectively. The measured 3 dB beamwidth is 15 degrees at E-plane and 18 degrees at 

H-plane. The measured radiation patterns agree well with the simulated ones. The 

physical dimensions of the proposed prototype are tabulated in Table 3.3. 
 

TABLE 3.3 
PHYSICAL DIMENSIONS OF THE FILTERING ANTENNA ARRAY USING 

TM450 CAVITY RESONATOR (all in mm) 
a1 = 84  b1 = 105  c1 = 5 S1 = 1.5 l1= 13.4 
w1 = 3 w2 =1.8 l2= 10.8 l3 = 13.6 t1 =3 
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3.4 3rd-Order Dual-Band Filtering Antenna Array Using TM430 and 

TM340 Modes 

Based on the design methodology discussed above, a dual-band filtering cavity 

antenna array can be achieved using a pair of degenerated modes, i.e., TMmn0 and 

TMnm0 (m ≠ n, and m, n = 1, 2, 3……), which always remain in the high-order mode 

cavity resonators.  In this section, a pair of degenerated high-order modes, TM430 and 

TM340, are adopted to design a dual-band dual-polarized filtering antenna array with 3 

× 4 radiating units.  

 
(a)                                                                  (b) 

Fig. 3.8. 3rd-order dual-band dual-polarized filtering antenna array using TM430 and 

TM340 mode cavity resonators with: (a) Geometrical configuration, (b) H-field and 

radiating slot distributions.  

 

Fig. 3.8 presents the geometrical configuration of the proposed 3rd-order array 

prototype. It comprises three dual-mode cavity resonators, each being shared by TM430 

and TM340 modes. The WR-90 waveguide is rotated at an angle of θ to excite these two 

modes. In order to understand this better, the proposed dual-band structure can be 

divided into two individual parts geometrically: TM430 mode band part and TM340 mode 

band part, as shown in Fig. 3.8(a). Each of these two bands is dominated by relevant 

mode and not affected by the other. Therefore, when rotated angle θ = 0°, as depicted 

in the right-hand side bottom of Fig. 3.8(a), only the coupling slots and radiating slots 

with their long-side direction parallel to x-axis work, it forms a TM340 mode single- 
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(a)                                           (b)                                           (c) 

         
(d)                                           (e)                                           (f) 

Fig. 3.9. H-field distributions of modes with: (a) TM430, (b) TM340, (c) TM520, (d) TM250, 

(e) TM610, (f) TM160. (slots with solid line for TM430, slots with dotted line for TM340.) 

 

band filtering array performance. Similarly, when rotated angle θ = 90°, as depicted in 

the left-hand side bottom of Fig. 3.8(a), TM430 mode single-band filtering array 

performance forms up. Therefore, the rotated angle θ becomes a key parameter to 

allocate Qe of the proposed two bands.  

In the dual-band prototype design, it is crucial to ensure that the parameters working 

on one band have little effect on the other so that both bands in the design can be 

individually controlled. For this reason, radiating slots of each band should be allocated 

at the maximum H-field energy density of the proposed mode and minimum H-field 

energy density of the other mode. As H-field distributions of two modes presented in 

Fig. 3.8(b), the slots with their long-side direction parallel to the y-axis are the working 

slots of TM430 mode, which are denoted as the solid blue line. These 4 × 3 radiating 

slots should be allocated at the null H-field energy density of TM340 mode. As shown 

in the right-hand side of Fig. 3.8(b), there are three null H-field density rows in TM340 

field distribution, which corresponds to the number of rows in the 4 × 3 array. Similarly, 

the working slots of TM340 mode, denoted as a dotted line, are placed at the null H-field 

density of TM430 mode distribution. In this way, two bands of the proposed prototype 

can be independently controlled at radiation layers with individual Qerad, respectively.  
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Considering the specification of a center frequency of 9.87 GHz and 10.13 GHz, 

FBW of 0.6% and 0.8%, and ripple level of 0.2 dB, respectively, according to the related 

equations 2(a)-(b), the external quality factors Qe and coupling coefficients K of 3rd-

order Chebyshev response in the first and the second channels can be deduced as 

QeI=266.05, K12I=K23I=0.04, and QeII=199.54, K12II=K23II=0.06, respectively. 

Similar to the analysis above, to suppress the unwanted spurious modes for an 

enlarged stopband range, it is essential to analyze the field distributions of resonant 

modes. Table 3.4 lists a series of resonant modes from 8 GHz to 13.1 GHz. WR-90 is 

adopted as the feeding structure and to suppress several harmonic modes, which are 

labeled as ‘feed suppressed’ in Table 3.4. 
TABLE 3.4 

RESONANT MODES FROM 8 GHZ TO 13.1 GHZ  
Modes Frequency (GHz) Suppression Method 
TM330 8.58 Feed suppressed 
TM420 8.77 Feed suppressed 
TM240 9.31 Feed suppressed 
TM510 9.83 Feed suppressed 
TM430 9.97 N.A. 
TM340 10.25 N.A. 
TM520 10.50 Coupling suppressed 
TM150 10.77 Feed suppressed 
TM250 11.27 Coupling suppressed 
TM440 11.44 Feed suppressed 
TM530 11.52 Feed suppressed 
TM610 11.72 Coupling suppressed 
TM350 12.06 Feed suppressed 
TM620 12.28 Feed suppressed 
TM160 12.86 Coupling suppressed 

For other modes passing through WR-90, the coupling method is employed again in 

this design. Two pairs of coupling slots are placed along the x-axis and y-axis, 

respectively, as depicted in the blue circles appearing in Fig. 3.9. Thus, the H-field 

directions of two pairs of harmonic modes - TM250 and TM520, TM610 and TM160 - are 

opposite in the coupling slots so that H-field energy density should be null. Based on 

this, these modes are filtered out. The nearest spurious modes are TM230/TM320 modes 

at the lower stopband and TM630/TM360 modes at the upper stopband.  

Fig. 3.10(a) is a photograph of the manufactured filtering antenna array prototype 

using several brass layers assembled together. The measured S11 and realized gains of 

the prototype are shown in Fig. 3.10(b), along with the corresponding simulation. It has 

three reflection poles with a return loss level of 15 dB in each channel of dual-band  
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(a)                                                                                            

           
(b)                                                               (c)                                        

Fig. 10. 3rd-order dual-band dual-polarized filtering antenna array with: (a) Photograph 

of manufactured prototype, (b) Simulated and measured S-parameter results and 

realized gain, (c) S-parameter results in a wide range. 

 

prototype, indicating a 3rd-order filtering response. The prototype resonates at 9.87 GHz, 

10.13 GHz, and the 10-dB bandwidth ranges from 9.84 GHz to 9.9 GHz, and 10.09 

GHz to 10.17 GHz, respectively. The measured average gain in the first and second 

channels can achieve, respectively, 16.7 dBi and 15.8 dBi. The achieved radiation 

efficiency is 90% in the lower band and 85% in the upper band. As shown in Figs. 

3.11(a) and (b), the side-lobe suppressions in the first channel are -14.1 dB and -16.4 

dB at both E-plane and H-plane, respectively, while the cross-polarization levels are -

53.6 dB and -48.4 dB at E-plane and H-plane, respectively. The measured 3 dB 

beamwidth is 29 degrees at E-plane and 20 degrees at H-plane. As shown in Figs. 3.11(c) 

and (d), the side-lobe suppressions in the second channel are -14.4 dB and -26.7 dB at 

both E-plane and H-plane, respectively, while the cross-polarization levels are -36.9 dB 

and -36.6 dB at E-plane and H-plane, respectively. The measured 3 dB beamwidth is 

29 degrees at E-plane and 23 degrees at H-plane. The measured radiation patterns are 

in good agreement with the simulated ones. 

The physical dimensions of the proposed prototype are documented in Table 3.5. 
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(a)                                                              (b)                                    

           
(c)                                                               (d)                                        

Fig. 3.11. (a) E-plane and (b) H-plane pattern results at 9.87 GHz frequency. (c) E-plane 

and (d) H-plane pattern results at 10.13 GHz frequency. 
 

TABLE 3.5 
PHYSICAL DIMENSIONS OF THE FILTERING ANTENNA ARRAY USING 

TM430 AND TM340 CAVITY RESONATOR (UNIT: mm) 
a2 = 70.8 b2 = 78 c3 = 5 S2 = 1 
S3 = 1.35 θ = 41 w3 = 1.5 w4 = 1.5 
w5 = 1.5 l4= 14.1 l5= 10.1 l6= 14 
l7= 10.2 l8= 14.2   

3.5 Conclusion 

In this chapter, a series of filtering cavity slot array antennas are proposed to take 

advantage of high-order mode cavity resonators. The characteristics and performance 

of high-order modes, inside a single cavity, are summarized and presented. The greater 

the thickness, the higher the achieved Qu value of TM mode resonator. For validation, 

two design examples are presented. The first design is a single-band filtering cavity slot 

array using a TM450 mode resonator with a realized gain of 19.5 dBi. The second design 

is a dual-band dual-polarized filtering cavity slot array using a TM430 and TM340 mode 
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resonator with realized respective gains of 16.7 dBi and 15.8 dBi. The two designs are 

fabricated and measured. The results of measurements and simulations are well 

matched, which helps to verify our predicted design methodology. Compared with the 

waveguide array using the fundamental mode, the advantages of the proposed array 

adopting the high-order mode are reduced design complexity, ease in implementing a 

large number of array elements, and can easily achieve high-order dual-band dual-

polarized performance. 
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Chapter 4 In-Band Full-Duplex Filtering Antenna Arrays 

Based on High-Order Mode Resonators 

4.1 Introduction 

  In-band full-duplex (IBFD) transceiver systems, capable of simultaneously 

transmitting or receiving dual-polarized signals, can improve the spectral efficiency to 

resolve the congested frequency spectrum of the wireless communication systems. A 

suitable choice for these systems includes a dual-polarized antenna, along with an 

orthomode transducer (OMT) [1]-[7]. The latter provides the required combination or 

separation of the orthogonally polarized signals. The most common OMT structure 

consists of the four branch ports and one common port with a square [1], [2], or circular 

cross-section [3], [4]. Besides linear polarization, the circular polarization duplexing 

concept was first introduced in [5] and developed in the terahertz [6], and sub-

millimeter-wave [7] bands.  

To further improve the gain and sidelobe level of the radiating performance, a single 

antenna element tends to be replaced by the antenna arrays in the IBFD systems [8]-

[14]. They can be classified into different categories: microstrip patches [8]-[10], 

substrate-integrated waveguides (SIW) [11], and waveguide cavities [12]-[14]. Limited 

radiating elements in the reported designs [8]-[12] suffer a low gain and wide 3-dB 

beamwidth, which can be further improved. [13] and [14] presented the 16 × 16 high-

performance waveguide slot arrays with a realized gain of 32.3 and 31.4 dBi, 

respectively. The overlapping bandwidth and isolation between two channels are 5%, 

17.1%, and 52 dB, 40 dB, respectively. However, the large number of radiating 

elements requires a bulky and complicated power splitting network, which causes high 

insertion loss and means that design will be a complex process.  

To tackle this issue, the elimination of the power splitting network by adopting high-

order mode resonators has been investigated [15]-[18]. In [15], a 3 × 3 slotted antenna 

array based on TE330 high-order mode was designed with an impedance bandwidth of 

26% and a maximum gain of 13.8 dBi at the millimeter-wave band. In [16], a TE810 

mode is adopted to achieve an 8 × 8 slot array with an FBW of 10.17% and a realized 

peak gain of 24.5 dB. Recently, a 3rd-order single-band filtering antenna array (FAA) 
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using TM450 mode and a 3rd-order dual-band dual-polarized filtering antenna array 

using TM430 and TM340 modes were demonstrated with the featured capability of 

unwanted high-order modes suppression [18], which shows advantages of reduced 

design complexity and ease-of-implementation comparing with the filtering antenna 

arrays using fundamental modes [19], [20]. However, to the best of the author’s 

knowledge, there is no related literature in the IBFD systems.  

Previous work [18] demonstrated that a single high-order mode cavity resonator 

could produce in-phase outputs with the same amplitudes simultaneously so that the 

power splitting network is not required. Furthermore, recent advances in multiple-mode 

resonators (MMRs) [21] demonstrate that the modal orthogonality among multiple 

modes can provide high isolation among channels [22]-[25]. Therefore, high-order 

MMRs are ideal for IBFD filtering antenna arrays in microwave transceiver systems, 

as presented in [26]. This paper is the extended version of [26], which discussed the 

TM120 and TM210 modes for narrowband applications. This paper is the extended 

version of [26], which covers a comprehensive investigation of design concepts and 

theoretical analysis. Additionally, the proposed method is extended to both narrowband 

and wideband application scenarios by introducing higher-order modes (TM140/TM410 

and TM160/TM610). A higher realized gain and better isolation level are achieved, taking 

advantage of higher-order modes.  

In this paper, we propose a novel IBFD filtering antenna arrays based on high-order 

MMRs. The advantages of the proposed IBFD filtering antenna arrays can be 

summarized as follows: Firstly, single-element radio frequency (RF) frontend with 

multifunctions, includes integrated bandpass filters (BPFs), OMT, power splitting 

network, and cavity slot arrays, which can avoid the interconnection loss with reduced 

dimensions. Secondly, reduced design complexity is realized. Two orthogonal channels 

share the same cavity resonator without interaction. Furthermore, the cavity resonator 

is also adopted to integrate array elements for radiation, where the power splitters for 

both channels are not required. Thirdly, perfect full-duplex bandwidth overlapping is 

possible. Due to the identical characteristics for a pair of degenerate modes, both 

channels have identical frequency responses and radiation patterns. With this in mind 

the fully overlapped bandwidth can be achieved for the efficient use of spectrum 

resources. Fourthly, high gain and high selectivity with in-band flatness can be achieved. 
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4.2 Orthogonal Modes and Their Applications  

 

(a) 

 

(b) 
Fig. 4.1. Schematic of (a) Conventional radio frequency frontend of a communication 

system, including cascaded BPFs, an OMT, power splitters, and antenna arrays, and (b) 

The proposed single-element filtering IBFD array. 

 

  Fig. 4.1(a) shows the schematic of a conventional RF frontend filtering IBFD array 

system. It consists of two bandpass filters (BPFs), an OMT, two power splitters, and 

two antenna arrays cascaded by matching circuits. Horizontal port (H-port) and vertical 

port (V-port) signals are transmitted separately in the proposed system without mutual 

interference. A very compact structure integrating all of them into one microwave 

circuit, namely IBFD filtering antenna array, is shown in Fig. 4.1(b). The proposed 

IBFD antenna does not require interconnection and matching circuits, leading to a 

miniaturized system with reduced insertion loss. 

In [18], the TMmn0 modes cavity resonators were comprehensively discussed. The 

TMmn0 MMRs satisfy the condition: c << a and b (a, b, and c represent the length, width, 

and height of a rectangular cavity resonator, respectively). For a single resonator, the 

length a and width b serve to control the resonant frequency of the proposed modes, 

while the height c is a parameter to adjust unloaded quality factor Qu of the cavity 

resonator [27].  
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(a)                                                              (b)                                    

               
(c)                                                               (d)                                        

Fig. 4.2. Magnetic field distributions of each pair of degenerate modes with slots etched 

in the TM1n0 and TMn10 resonators. (a) TM120 & TM210, (b) TM140 & TM410, (c) TM160 

& TM610, (d) TM180 & TM810. 

 

Based on this concept, a series of TMmn0 (m = n-1, n = 2, 3, 4……) modes were 

adopted in [18] for single-band and dual-band dual-polarized filtering antenna array 

designs. However, the adopted degenerate modes are not suitable for the IBFD array 

designs. They are not purely modal orthogonal to each other, so this cannot guarantee 

good isolation between the two channels.  

To tackle this challenge, a series of degenerate modes, TM1n0 and TMn10 (n is even), 

are explored to achieve the high gain, reduce the sidelobe level, and enhance the 

isolation and cross-polarization level between channels. The first four pairs of proposed 

degenerate modes TM1n0 and TMn10 (n = 2, 4, 6, 8) with radiating slots etched are 

depicted in Fig. 4.2. It is observed that the radiating slots on the radiation surface are 

symmetrical, which guarantees the pure boresight radiation pattern. In addition, for 

each pair of degenerate modes, the etched radiating slots for one mode have a minimal 

effect on the other, which can realize the independent radiating elements control for 

each channel. According to [18], the more units the array has, the higher gain the array 

can achieve. The Qu value increases when adopting a higher-order mode regarding 

filtering performance. 
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4.3 Narrow-Band IBFD Filtering Antenna Array Using TM160 And 

TM610 Modes 

 
(a)                                                                (b)                       

 

(c) 

 
(d)                                                     (e) 

Fig. 4.3. 2nd-order filtering full-duplex slot array using TM160 & TM610 modes cavity 

resonator: (a) Initial geometrical configuration, (b) Magnetic-field distributions with 

WR-90 location, (c) S-parameters and realized gains, (d)-(e) E- and H-plane normalized 

radiation patterns at 9.97 GHz. 

 

  In [26], a 2nd-order IBFD slot antenna is presented with a bandwidth of 3.3% and a 
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realized gain of 10.3 dBi. The isolation between two channels is 15 dB. To further 

enhance the realized gain and improve the isolation level between channels, the IBFD 

filtering antenna arrays using high-order modes with more radiating elements are 

investigated. This part presents the design of a narrowband IBFD filtering antenna array 

using TM610 & TM160 modes, the implemented Qu value of both modes is 6566. 

Fig. 4.3(a) presents the initial geometrical configuration of the proposed array 

prototype. Two dual-mode cavity resonators are cascaded to form a 2nd-order filtering 

response. Each of them is shared by TM160 and TM610 modes. As is shown in Fig. 4.2(a), 

two orthogonal 1 × 6 arrays are located at the upper dual-mode resonator's surface, and 

each of them is dominated by TM160 and TM610 modes, respectively. The horizontal 1 

× 6 array is distributed evenly at the maximal magnetic-field loops of TM610 mode, 

where the field intensities of TM160 mode are relatively weak. In contrast, the case for 

the vertical 1 × 6 array is vice versa. In Fig. 4.3(b), two WR-90 ports, namely H-port 

and V-port, are adopted to feed this structure. Similarly, the feeding port should be 

located at the maximal energy distribution of one mode, where the other mode is very 

weak. For this reason, the H-port is located at a distance of 1/3b along the negative y-

axis, while V-port is located at a distance of 1/3a along the active x-axis. As is shown 

on the left-hand side of Fig. 4.3(b), the H-port is located at the maximal magnetic-field 

loop of TM160 to excite this mode. In contrast, the V-port is located at the symmetrical 

magnetic-field distribution of TM160, leading to a zero-energy output due to the opposite 

magnetic-field directions. Similarly, as shown on the right of Fig. 4.3(b), the V-port 

excites the TM610 mode.  

Considering the specification of a center frequency of 10 GHz, 10-dB bandwidth 

(FBW) of 0.6%, and ripple level of 0.2 dB, the formulas of external quality factors Qe 

and coupling coefficients K of 2nd-order Butterworth response are depicted as: 

where g0, g1, g2, and g3 are the low-pass prototype element values of filter synthesis, 

which can be set as g0= g3=1 and g1=g2=1.4142 [28]. After substituting the chosen 

values, the calculated external quality factor and coupling coefficient are Qe=1.4142, 
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and K12=K23=0.007, respectively. 

The values of Qe and K of the proposed design can be obtained from the filter 

extraction in EM simulation. In the geometrical configuration of Fig. 4.3(a), the length 

l1 and width of the coupling slot are used to control Qe from the WR-90 port to the 

structure, while the parameters of slots on the radiation surface are used to control Qe 

from vacuum to structure. The Qe value can be obtained using the following calculation 

[29]: 

where τs11(f0) represents the group delay at the resonance. Meanwhile, the slots between 

two high-order dual-mode resonators control the coupling coefficient K between cavity 

resonators. The K value can be obtained using the following equation [28]:  

where fp1, and fp2 represent the two resonant peaks. It is noted that the slotted array also 

serves as the second resonator in the filter network. The input external quality factor 

from the waveguide feed can be represented as Qein, which should have the same value 

as the radiation external quality factor, namely Qerad. 

Fig. 4.3(c) presents the simulated S-parameters and realized gains of the initial 

configuration in Fig. 4.3(a). Both channels resonate at 9.97 GHz with a 10-dB 

bandwidth of 60 MHz. The isolation level |S21| is better than 22.1 dB for both channels, 

while the peak gain is 13.1 dBi within the frequency range. The E- and H-plane 

normalized radiation patterns for TM160 mode channel at 9.97 GHz, as shown in Figs. 

4.3(d)-(e), identical to that of the TM610 mode channel. It can be seen that the 3-dB 

beamwidths are 17.6 degrees at E-plane and 79.1 degrees at H-plane, respectively. The 

cross-polarization level is -24.1 dB for both E-plane and H-plane. 

To further integrate with more radiating elements for a higher realized gain and a 

narrower H-plane 3-dB beamwidth, the improved geometry of the proposed IBFD 

filtering antenna array is presented in Fig. 4.4(a). Compared with the initial geometry 

with 1 × 6 arrays for both channels in Fig. 4.3(a), the proposed design can implement 5 

× 6 arrays in each channel without an increased circuit size. To realize this array, the 

distributed array elements dominated by one mode should have little effect on the other 

mode in a dual-mode resonator. TM160 mode is taken as an example in Fig. 4.4(b). As  
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(a)    

               
                                  (b)                                    

               
(c)                                                (d)                                        

Fig. 4.4. 2nd-order IBFD filtering antenna array using TM160 & TM610 modes cavity 

resonator: (a) Final geometrical configuration, (b) Simple slot distributions for TM160 

mode, (c) Slot distributions based on TM160 mode, (d) Slot distributions based on TM610 

mode. 

 

discussed above, a 1 × 6 array (6 rows) can be implemented based on TM160 mode as 

depicted on the left-hand side of Fig. 4.4(b). In terms of column number, the added 

array elements should be located where the magnetic field energy of TM160 is zero.  
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(a)                                                                 (b)                                    

               
(c)                                                     (d) 

           
(e)                                                     (f)                                        

Fig. 4.5. 2nd-order narrow-band IBFD filtering antenna array using TM160 & TM610 

modes cavity resonator: (a) Photos of fabricated prototype, (b) S-parameters and 

realized gains, (c)-(d) E- and H-plane normalized radiation patterns at 9.97 GHz for V-

port, (e)-(f) E- and H-plane normalized radiation patterns at 9.97 GHz for H-port. 

 

Therefore, 5 columns satisfy this condition, as depicted on the right in Fig. 4.4(b). The 

lengths of the first, third, and fifth slot columns are denoted as l3, while the lengths of 

the second and fourth slot columns are denoted as l4. In other words, 5 × 6 arrays can 

be implemented to radiate the EM energy of TM160 mode while they have little effect 

on that of TM610 mode. 
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A 5 × 6 array for TM160 mode band and a 6 × 5 array for TM610 mode band can be 

implemented simultaneously on the surface of the last resonator order in the proposed 

design. Figs. 4.5(c)-(d) show the radiating slot distributions on the magnetic-field loop 

of TM160 mode and TM610 mode, respectively. These slot elements do not interfere with 

each other, which guarantees the isolation level between channels. 

The physical model in [24] is used to extract Qe and K of each channel of the 

proposed full-duplex array. The length l1, width, and thickness of the slot between WR-

90 and resonator are adopted to control Qein of the channels, while the lengths l3, l4, and 

offset s of the radiating slot elements are adopted to control Qerad of the channels. The 

length l2, width, and thickness of the slot between resonators are adopted to control K 

of the channels. The parameter values are appropriately allocated to meet the filtering 

response for each channel, which are tabulated in Table 4.1. To achieve the identical 

resonant frequencies for both high-order degenerate modes, the length a is equal to the 

width b. The width and thickness of the slots are set as 1.5 mm and 3 mm, respectively. 

Fig. 4.5(a) shows a photograph of the fabricated full-duplex array prototype using 

three brass layers assembled together. The measured S-parameters and the realized 

gains of the prototype are shown in Fig. 4.5(b), along with the corresponding simulation. 

It has two transmission poles with a return loss level of 15 dB, indicating a 2nd-order 

filtering response. Both channels resonate at 9.97 GHz with a 10-dB bandwidth of 60 

MHz. The isolation |S21| between channels is better than 22.6 dB, while the realized 

gain has been enhanced to 18.4 dBi with an increment of 5.3 dB, compared with 13.1 

dBi in Fig. 4.3(c). The achieved total efficiency is 90% within the band. The E- and H-

plane radiation patterns for TM160 mode channel at 9.97 GHz are shown in Figs. 4.5(c)-

(d), which are quite similar to those of TM610 mode at 9.97 GHz in Fig. 4.5(e)-(f). It 

can be seen that the 3-dB beamwidth is slightly reduced to 16.2 degrees at E-plane, 

compared with 17.6 degrees in Fig. 4.3(d), while the 3-dB beamwidth is significantly 

reduced to 21.3 degrees at H-plane, compared with 79.1 degrees in Fig. 4.3(e). The 

cross-polarization levels are better than 24.1 dB at E- and H-plane, respectively. 

 
TABLE 4.1 

 PHYSICAL DIMENSIONS OF THE PROPOSED IBFD FILTERING ANTENNA ARRAY (UNIT: 
MM) 

a1 = 90 b1 = 90 c1 = 5 l1 = 13.7 
l2 = 11.4 l3 = 14.3 l4= 11 s = 1 
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(a) 

 
(b)                                                     (c) 

Fig. 4.6. 3rd-order narrow-band IBFD filtering antenna array using TM160 & TM610 

modes cavity resonator: (a) S-parameters and realized gains, (b) E- and (c) H-plane 

normalized radiation patterns at 10.03 GHz. 

 

A 3rd-order IBFD filtering antenna array prototype is presented in the inset of Fig. 

4.6(a) for higher-order filtering response verification and further isolation improvement. 

Compared with the 2nd-order prototype in Fig. 4.4(a), one more cavity resonator is 

cascaded, and the H-port is shifted to the center of the resonator surface.   

The simulated S-parameters and realized gains are shown in Fig. 4.6(a). Both 

channels resonate at 10.03 GHz with a 10-dB bandwidth of 60 MHz, and they have 

three transmission poles with a return loss level of 15 dB, indicating a 3rd-order filtering 

response. |S11| and |S22| are slightly different due to the offsetting of H-port, but they are 

mostly overlapped. The realized gain of the channels achieves 18.4 dBi with better 

selectivity. However, the isolation between channels |S21| is significantly reduced to -

54.1dB, compared with -22.6 dB in Fig. 4.5(b). The E- and H-plane radiation patterns 

for TM160 mode channel at 10.03 GHz are shown in Fig. 4.6(b)-(c), thus indicating the 
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3-dB beamwidth of 15.8 degrees at E-plane and 21.1 degrees at H-plane, respectively, 

which are quite similar to those in Fig. 4.5(c)-(f). However, the cross-polarization level 

is significantly reduced to -54.4 dB at E-plane and -54.1 dB at H-plane, respectively, 

compared with 24.1 dB at E- and H-plane in Figs. 4.5(c)-(f). 

4.4. Wide-Band IBFD Filtering Antenna Array Using TM140 And 

TM410 Modes 

 

Fig. 4.7. 3-D view of 5th-order wide-band IBFD filtering antenna array using TM410 and 

TM140 modes with resonator part and transition part. 

 

In [30], a novel high-mode resonator is investigated to provide wideband 

performance. Two TM410 mode resonators and three TM410-like modes are placed in 

parallel to form a transversal quintuplet topology with two transmission zeroes (TZs). 

Therefore, a pair of degenerate modes TM410 and TM140, with their respective TM410-

like and TM140-like modes, are suitable for wideband IBFD filtering antenna array design. 

Fig. 4.7 shows the 3-D view of the proposed wideband full-duplex array 

configuration. It can be regarded as a combination of the resonator part and transition 

part. The resonator part consists of two cross-shaped resonators, eight radiating slots,  
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(a)                                                                (b) 

Fig. 4.8. Simulated S-parameters for: (a) Port 1 to virtual port 3, (b) Port 2 to virtual 

port 4. 

 

and five coupling slots. The long-edge of the cross-shaped resonators with its direction 

parallel to the x-axis produces the resonances of TM410 and TM410-like modes. The 

coupling slot is placed in the center and matched to port 1 through the transition. Four 

radiating slots are placed in a line along the x-axis. Similarly, the long edge of the 

resonators parallel to the y-axis produces the resonances of TM140 and TM140-like modes. 

One coupling slot is placed in the center between two cross-shaped resonators, while 

the other two coupling slots are placed symmetrically and finally combined into port 2 

through the transition. Four radiating slots are placed in a line along the y-axis. 

As shown in Fig. 4.7, there are two groups of radiating slots, namely group 1 for four 

radiating slots along the x-axis and group 2 for four radiating slots along the y-axis. To 

verify the filtering capacity at two orthogonal ports, when port 1 works, the radiating 

slots in group 1 are represented by the virtual port 3 as shown in the inset of Fig. 4.8(a). 

There are five resonating modes, namely TM4101, TM4102, TM4103, TM4104, and TM4105.  

When they satisfy the conditions that: Ms1 = M1L, Ms3 = M3L, Ms5 = M5L while Ms2 = -

M2L, Ms4 = -M4L, 2) Ms2 > Ms1 and Ms4 > Ms5, a transversal quintuplet topology can be 

achieved with two TZs one at lower stopband while the other one is at the upper 

stopband. The relative coupling matrix response for the prototype in the inset of Fig. 

4.8(a) is shown below: 

                     

0 0.35 0.52 0.554 0.541 0.39 0
0.35 1.42 0 0 0 0 0.35
0.52 0 0.891 0 0 0 0.52
0.554 0 0 0.087 0 0 0.554
0.541 0 0 0 0.775 0 0.541
0.39 0 0 0 0 1.217 0.39

0 0.35 0.52 0.554 0.541 0.39 0

M

 
 
 
 
 

  
 
 
 
 
 

-

- -
-

- -

                                     (4-4) 
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(a) 

 
                                                               (b) 
Fig. 4.9. 5th-order wide-band IBFD filtering antenna array using TM410 and TM140 

modes: (a) Photos of the fabricated prototype, (b) S-parameters and realized gains. 

 

The S-parameters in Fig. 4.8(a) show that it possesses a 1-dB fractional bandwidth 

of 17.2% at 9.3 GHz and two TZs with one at 8.2 GHz and the other one at 10.8 GHz, 

respectively. Similarly, when port 2 is excited, the radiating slots in group 2 are 

represented by a virtual port 4. There are as well another five resonating modes, 

specifically TM1401, TM1402, TM1403, TM1404, and TM1405. They are orthogonal to the 

former five modes, respectively. They also satisfy the same conditions and coupling 

matrix to have a similar S-parameter response. Port 2 also resonates at 9.3 GHz with a 

1-dB bandwidth of 17.2% and two TZs with one at 8.2 GHz and the other one at 10.8 

GHz, respectively. Therefore, when port 3 and port 4 are replaced by two groups of 

radiating slots, wideband performance can be also possessed at port 1 and port 2, 

respectively. 

Fig. 4.9(a) is a photograph of the fabricated wideband full-duplex array prototype 

using five silver-plated brass layers which are assembled together. The measured S- 



  

78 
 

               
(a)                                                (b)                                    

               
(c)                                                (d)       

               
(e)                                                (f)                                    

               
(g)                                                (h)         
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(i)                                                (j)                                    

               
(k)                                                (l)                                          

Fig. 4.10. 5th-order wide-band IBFD filtering antenna array using TM410 and TM140 

modes: E- and H-plane normalized radiation patterns at 8.5 GHz for (a)-(b) Port 1 and 

(c)-(d) Port 2. E- and H-plane normalized radiation patterns at 9.2 GHz for (e)-(f) Port 

1 and (g)-(h) Port 2. E- and H-plane normalized radiation patterns at 9.9 GHz for (i)-(j) 

Port 1 and (k)-(l) Port 2. 

 

parameters and the realized gains of the prototype are shown in Fig. 4.9(b), along with 

the corresponding simulation. Port 1 resonates at 9.23 GHz with a bandwidth from 8.51 

GHz to 9.96 GHz. The realized gain is smooth and flat, with a peak gain of 12.5 dBi 

within the passband. Two radiation nulls also occur at 8.2 GHz and 10.8 GHz, 

respectively. While port 2 is excited at 9.2 GHz with a bandwidth from 8.5 GHz to 9.9 

GHz. The realized gain is also flat, with a peak gain of 12.2 dBi within the passband. 

However, two radiation nulls are missed, which might be the function of four radiating 

slots that could not replace the virtual port 4. However, port 2 still possesses a high roll-

off beside the passband. The measured isolation |S21| between channels is better than 

40.4 dB, compared with 51.3 dB in simulation, the discrepancy of 10 dB may be 

attributed to the sensitivity of fabricated prototype. The achieved total efficiency is 90% 

within the band. The E- and H-plane radiation patterns at 8.5 GHz, 9.2 GHz, and 9.9 

GHz, excited at port 1 and port 2, are shown in Fig. 4.10. It is evident that both E- and 

H-plane patterns for port 1 and port 2 remain stable within the resonant frequencies. 

The 3-dB beamwidth is narrower at E-plane for port 1 and port 2 because of the 

integration of more radiating slots. The cross-polarization levels are better than 30 dB 

at E- and H-plane, respectively. 

The relative physical dimensions of the proposed wideband filtering full-duplex 

array prototype are optimized and finally presented in Table 4.2. The thickness of all 

the coupling slots is set as 3 mm. 

 



  

80 
 

 
TABLE 4.2 

 PHYSICAL DIMENSIONS OF THE PROPOSED IBFD FILTERING ANTENNA ARRAY (UNIT: 
MM) 

a2 = 92 b2 = 23 c2 = 7.5 l5 = 16.1 
l6 = 21.7 l7 = 17.2 l8 = 17.6 w1 = 2.46 
w2 = 2.46 w3 = 1.9 w4 = 2.42 w5 = 4 
s1 = 3.6 s1 = 5.5 h1 = 10 h2 = 22 

 

The comparisons between the proposed designs with other reported ones are 

summarized in Table 4.3. The array element number is quite limited in [8], [10], and 

[12], which achieves a not very high peak gain. This paper presents a novel design 

method to use a series of high-order modes to design narrowband and wideband IBFD 

filtering antenna arrays. In the narrowband application, a 5 × 6 full-duplex array using 

TM160 & TM610 modes with an FBW of 1% and a realized gain of 18.4 dBi. While in 

the wideband application, 1 × 4 full-duplex array using TM140 & TM410 modes with an 

FBW of 15.6% and a realized gain of 11 dBi. [13] and [14] implemented a quite high 

peak gain within the passband. However, the bulky power splitter network is adopted, 

which occupies a quite large circuit volume and results in insertion loss. In this work, 

the power splitter network can be omitted due to utilizing a high-order mode resonator. 

Furthermore, filters are integrated into the circuit to provide the high selectivity of both 

channels. The fully overlapped bandwidth avoids the waste of spectrum resources. In 

other words, the proposed IBFD filtering antenna arrays possess the merits of high gain, 

high selectivity, high isolation, high efficiency, high power handling capacity, and 

compact circuit volume, which are suitable for wireless front-end communication 

systems.  

 
TABLE 4.3 

COMPARISONS WITH REPORTED FULL-DUPLEX ANTENNAS 

Ref. 
Freq. 
(GHz

) 

Structur
e 

Element
s 

Filtering 
Capacity

? 

OBW (Fully 
Overlapped?

) 

Peak 
Gain 
(dBi) 

Isolatio
n 

(dB) 

Need 
Power  
Splitter 

Network
? 

[ 8 ] 5.69 Patch 1 × 4 No 19.3% (No) 14.3/13.
2 > 57 Yes 

[ 10 ] 10 SIW  1 No 19% (No) 5.3 > 28 No 

[ 12 ] 3.47 Full-
metal  1 × 2 No 5.8% (No) 8.8 > 72 No 
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[ 13 ] 62 Full-
metal  16 ×16 No 5% (No) 32.3 > 52 Yes 

[ 14 ] 13.6 Full-
metal  16 ×16 No 17.1% (No) 31.4 > 40 Yes 

Prototyp
e in Sec. 

III 
10 Full-

metal 5 × 6 Yes 1% (Yes) 18.4 > 54.1 No 

Prototyp
e in Sec. 

IV 
9.3 Full-

metal 1 × 4 Yes 15.6% (Yes) 12.5 > 40.4 No 

OBW: Overlapping bandwidth of two ports. NG: Not given. 

4.5. Conclusion 

  In this chapter, a series of high-order degenerate modes are summarized to implement 

the design of IBFD filtering antenna arrays. Discovered here is that the pairs of 

degenerate modes in a single cavity resonator, TM1n0 and TMn10 (n is even), are suitable 

for the full-duplex array designs due to their advantages: 1) in-phase and same 

amplitude for each magnetic loop, which helps to enhance the gain and reduce the 

sidelobe level; and 2) the modal orthogonality, which guarantees the isolation and cross-

polarization level between channels. First, TM160 & TM610 modes are utilized to design 

a narrowband 5 × 6 IBFD filtering antenna array with an FBW of 1% and a realized 

gain of 18.4 dBi. Then, the purpose of TM140 & TM410 modes is to help design a 

wideband 1 × 4 IBFD filtering antenna array with an FBW of 15.6% and a realized peak 

gain of 12.5 dBi and 12.2 dBi, respectively. Both designs are fabricated and measured 

to verify the proposed design methodology. The advantages of proposed designs can be 

summarized as follows. Firstly, a very compact structure is produced. Secondly, since 

the filters, OMT, and antenna arrays are integrated into one circuit, this reduces design 

complexity. Two individual channels share the same cavity resonator without 

interaction. Thirdly, fully overlapping bandwidth is achieved and it significantly avoids 

wasting spectrum resources. 
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Chapter 5 Two-Way Waveguide Diplexer and Its 

Application to Diplexing In-Band Full-Duplex Antenna 

5.1 Introduction 

  Microwave transmission links usually reuse frequencies using polarization diversity. 

In particular, an in-band full-duplex (IBFD) communication system possesses the 

capacity of simultaneously transmitting/receiving dual-polarized signals. One of the 

best alternatives for this system includes a dual-polarized antenna, along with an 

orthomode transducer (OMT) [1]-[5]. The latter provides the required combination or 

separation of the orthogonally polarized signals [1]. The most common OMT structure 

consists of four branch ports and one common port with a square [2], [3], or a circular 

cross-section [4], [5].  

Generally, IBFD systems require high isolation between two duplexing channels [6]-

[11]. 16 × 16 dual-polarized antenna arrays are achieved in [8] and [9] with a realized 

gain of 32.3, 31.4 dBi and channel isolation of better than 52 dB, 40 dB, respectively. 

OMT-fed horn antenna in [11] achieves a peak gain of 11.7 dBi and an isolation of 

better than 45 dB throughout the operating band. Multiple-mode resonator (MMR) 

technology is an excellent candidate for designing high-isolation components [12]-[16] 

taking advantage of the modal orthogonality among different resonating modes. For 

example, two pairs of harmonic modes (HEE11 and HEH11) are used for two-way 

crossovers [12], the fundamental modes (TE011, TM110 and TE101) for triplexers [13], 

three-way crossovers [14], [15], and quadruple modes for four-way waveguide 

crossovers [16].   

Furthermore, diplexing IBFD systems [17] require two more diplexers to comply 

with the interface of the OMT part. Conventionally, a waveguide twist is attached 

between the OMT and diplexer so that the whole structure is bulky and fabricating it is 

complicated. In [18], [19] for dual-polarized diplexer design, a Turnstile junction is 

implemented to achieve the impedance matching between the dual-polarized antenna 

and both diplexers, which serves to eliminate the OMT and twist parts. This 

miniaturizes the circuit size and avoids the complicated assembling process. However, 

there is no published literature on the diplexing IBFD frontend system, to the best of 

the author's knowledge.   
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Fig. 5.1. Diagram of the proposed diplexing IBFD system. 

 

To directly integrate multiple functions in a single element in the diplexing IBFD 

system, a diplexing IBFD antenna based on quadruple-mode resonators (QMRs) is 

presented in this paper. A diagram for this concept is shown in Fig. 5.1. Recent advances 

in the MMR technique confirm that it provides more design freedom to integrate 

multiple functions, as summarized in [20]. Using quadruple-mode resonator as a 

fundamental element, the proposed circuit integrates filtering, diplexing, orthomode 

transducing, and radiating functions. Firstly, a two-way waveguide diplexer integration 

is presented where two identical waveguide diplexers are integrated into a single circuit 

with negligible mutual interference. Each diplexer channel is dominated by four modes 

(TE011 and TE101 – fundamental modes, and TM210 and TM120 – high-order modes). 

Secondly, the proposed two-way diplexer does not require a matching network such as 

OMT or twist for the inputs and outputs since the channels of each diplexer share a 

common quadruple-mode resonator. 

Furthermore, two diplexers share the same quadruple-mode resonators without 

interaction due to the modal orthogonality characteristic among the four modes in a 

quadruple-mode resonator. A 2nd-order diplexing IBFD antenna using a turnstile 

junction is proposed, fabricated, and tested based on this two-way waveguide diplexer. 

Two input ports of the two-way diplexer are combined into one radiating element. This 

element possesses two dual-polarized signals, horizontally (H1 and H2) and vertically 

(V1 and V2). Each signal can be dominated by the quadruple modes in the proposed 

quadruple-mode resonator. 
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5.2 Concept of Resonant Modes  

 
Fig. 5.2. Model of the multi-mode resonator in a single rectangular cavity. 
 

 
(b) 

 
(c) 

Fig. 5.3. Frequency sequence of fundamental, first- and second-order high-order modes. 

(a) Case of a ≈ b ≈ c, (b) Case of c ≈ 1/2b ≈ 1/2a. 

 

Fig. 5.2 shows a rectangular waveguide cavity, of which the dimensions are 

represented by a, b and c. The resonant frequencies of the proposed rectangular 

waveguide modes can be expressed as: 

When the values of length a, width b, and height c are close to each other, a ≈ b ≈ c, 

the sequence of the resonant modes can be shown as demonstrated in Fig. 3(a). Setting 

the resonant frequency of the first fundamental mode TE011 as f0, the resonant 

frequencies of its first-order and second-order harmonic modes would be 1.58f0 and 2f0, 

respectively. Therefore, there are three fundamental modes TE011, TE101 and TM110 at 

around frequency f0, six first-order high-order modes TE012, TE021, TE102, TE201, TM120  
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(a)                                                              (b)                                    

               
(c)                                                               (d)                                        

Fig. 5.4. The electromagnetic field distributions of quadruple modes in a cavity 

resonator. (a) TE011, (b) TE101, (c) TM120, (d) TM210. 

 

and TM210 at around frequency 1.58f0, while three second-order high-order modes TE022, 

TE202 and TM220 appear at around frequency 2f0. The higher-order harmonic modes are 

at a higher frequency range, which is not shown in Fig. 5.3. 

When the value of height c is decreased, the resonant frequencies of TE101 and TE011 

and their harmonic modes, determined by c, will move to a higher frequency range. As 

shown in Fig. 5.3(b), when it satisfies the condition that c ≈ 1/2b ≈ 1/2a, the resonator 

shows unchanged frequency points of TM110 and its harmonic modes, while the 

frequencies of TE101 and TE011 are shifted to around frequency 1.58f0, and their first-

order high-order modes will locate at around frequency 2.91f0. Therefore, a pair of first-

order high-order modes (TM120 and TM210) and a pair of fundamental modes (TE011 and 

TE101) are located around frequency 1.58f0, which can be independently controlled and 

placed within a frequency range [21], [22].  

Fig. 5.4 presents the electromagnetic (EM) field distributions of the proposed 

quadruple modes in a single cavity resonator. By properly setting the location and 

orientation of the coupling slots, simultaneous or independent excitation and coupling 

of the resonant modes can be achieved in a single quadruple-mode resonator. The 

achieved Qu values of quadruple modes TE011, TE101, TM120, and TM210 are 7344, 7344, 

7087, 7087, respectively. 
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5.3 2nd-Order Two-Way Waveguide Diplexer 

 
(a)                                                       

 
                                   (b)                       

Fig. 5.5. A 2nd-order two-way waveguide diplexer prototype with: (a) Schematic, (b) 

Geometrical configuration. 

 

  A two-way waveguide diplexer is designed based on fundamental modes TE011, TE101, 

and a pair of first-order high-order modes TM120, TM210 in a single quadruple-mode 

resonator. It can be regarded as the integration of two identical diplexers with one 

vertical diplexer and the other horizontal diplexer, as shown in the schematic depicted 

in Fig. 5.5(a). In the vertical diplexer, Port 1 excites TE011 and TM210 modes 

simultaneously. It excites TE011 mode resonated at the lower-band frequency L-V to 

port 2 while exciting TM210 mode at upper-band frequency U-V to port 3. In the  
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(a)                                                        (b)                                    

                   
(c)                                                        (d)                                        

Fig. 5.6. H-field distributions of the four modes and the WR-90 arrangement in a single 

cavity. (a) TE011, (b) TM210, (c) TE101, and (d) TM120.  

 

horizontal diplexer, Port 4 excites TE101 and TM120 modes simultaneously. It transmits 

TE101 mode at lower-band frequency L-H to port 5, which has the same frequency as 

TE011 mode, while it also transmits TM120 mode at upper-band frequency U-H at the 

same frequency as TM210 mode to port 6. Due to the modal orthogonality, high 

isolations among the output ports 2, 3, 5, and 6 are achieved.  

A 2nd-order waveguide two-way diplexer prototype is shown in Fig. 5.5(b), which is 

composed of three quadruple-mode resonators and six WR-90 ports. Port 1, port 2 and 

port 3 are placed at the top center surface of each quadruple-mode resonator on the xoy 

plane with their long-edge orientations to the y-axis, while port 4, port 5 and port 6 are 

placed at the bottom center surface of each quadruple-mode resonator with their long-

edge parallel to the x-axis, respectively. As depicted in Figs. 5.6(a)-(b), the WR-90 port 

(with the long edge parallel to the y-axis) generates TE011 and TM210 modes 

simultaneously since the H-field distribution corresponds with that of TE011 and TM210 

modes. Similarly, the WR-90 port (long-edge parallel to the x-axis) can generate TE101 

and TM120 modes due to H-field orientations. Therefore in Fig. 5.5(b), port 1, port 2,  
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(a)                                                        (b)                                    

                   
(c)                                                        (d)                                        

Fig. 5.7. H-field distributions of the four modes and the arrangement of a coupling slot 

between the two quadruple-mode resonators. (a) TE011, (b) TM210, (c) TE101, (d) TM120.  

 

and port 3 can produce both TE011 and TM210 modes, while port 4, port 5 and port 6 can 

produce both TE101 and TM120 modes in their respective quadruple-mode resonators, 

respectively. To implement the schematic in Fig. 5.5(a), TM210 mode is prohibited from 

propagating between port 1 and port 2, while the TE011 mode is prohibited from 

propagating between port 1 and port 3. Similarly, TM120 mode is prohibited from 

propagating between port 4 and port 5, while TE101 mode is prohibited from 

propagating between port 4 and port 6. Therefore, in Fig. 5.7, the varied orientations of 

the coupling slots between quadruple-mode resonators control the transmission of the 

designated resonating modes.  

It can be seen in Fig. 5.7(a) that a coupling slot is placed on the xoz plane with its 

long-edge parallel to the z-axis, so that the H-field orientation of this slot is 

corresponding only with that of TE011 mode; so it couples the EM energy of TE011 mode 

while prohibiting the signal transmission of the other three modes. Similarly, a coupling 

slot (long-edge parallel to the y-axis) is applied to couple TM210 mode in Fig. 5.7(b). In 

contrast, two coupling slots (long-edge parallel to the z-axis and x-axis, respectively) 

are applied to couple TE101 mode in Fig. 5.7(c), and TM120 mode in Fig. 5.7(d), 
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respectively. Finally, as shown in Fig. 5.5(b), two cross-coupled slots are placed 

between the two quadruple-mode resonators to control the coupling coefficient (K) of 

both channels at L-V and U-V. In contrast, two cross-coupled slots are placed between 

quadruple-mode resonators 1 and 3 to control K of both channels at L-H and U-H. 

Since both diplexers in the proposed prototype are completely identical without 

coupling in between, each one’s frequency responses are identical. We take the diplexer 

with port 4, port 5, and port 6 as an example for discussion. Setting the center 

frequencies of f1=8.61 GHz and f2=9.43 GHz, 3-dB fractional bandwidths (FBWs) of 

0.9% and 1.1%, and a ripple level of better than 0.2 dB, the external quality factors Qe 

and K of a 2nd-order Butterworth response can be expressed as: 

where g0= g3=1 and g1=g2=1.4142 [23], based on which we can obtain Qe=141.42 and 

K12=0.007. 

In the inset of Fig. 5.8(a), the length l1 and the width w1 of the slot between a 

quadruple-mode resonator and the WR-90 port are used to control Qe of both TE101 and 

TM120 modes from the feeding port to the structure. Qe is expressed as [24]: 

where τs11(f0) is the group delay at f0. It can be deduced in Fig. 5.8(a) that both length l1 

and width w1 have similar effects on Qe values of the TE101 and TM120 modes. When l1 

and w1 are bigger, Qe values of TE101 and TM120 will be smaller. 

Meanwhile, K of the TE101 mode is controlled by the length l2 and the width w2 of 

the slot between two quadruple-mode resonators as shown in the inset of Fig. 5.8(b). K 

is expressed as [24]: 

where fp1, and fp2 are the two resonant peaks. It can be deduced from what is shown in  

                                                                  0 1
e

g g
Q

FBW
                                                                   (5-2a) 

12

1 2

FBWK
g g

                                                              (5-2b) 

                                                               4
)(2 0110 ffQ s

e



                                                                 (5-3) 

                                                               
2
1

2
2

2
1

2
2

pp

pp

ff
ff

K





                                                                 (5-4) 



  

93 
 

           
(a)                                                               (b)                                    

Fig. 5.8. Variation of (a) Qe value versus length l1 and width w1, (b) K value versus 
length l2 and width w2. 
 

               
(a)                                                               (b)                                    

Fig. 5.9. Photographs of the manufactured 2nd-order two-way diplexer prototype: (a) 
External view, (b) Internal view. 
 

Fig. 8(b) that the smaller length l2 or bigger w2 will result in a bigger K of TE101 mode. 

Figs. 5.9(a)-(b) illustrate the external and internal view of the proposed manufactured 

model. It is made of brass using Computer Numerical Control (CNC) technology.  

Since the two implemented diplexing functions of the proposed two-way diplexer 

prototype are completely identical, the S-parameters for port 1 will be the same as port 

4. Therefore, the S-parameters for the first diplexer, port 1, port 2 and port 3, are shown 

in Fig. 5.10. The downlink channel resonates at 8.61 GHz with a measured insertion 

loss of 0.8 dB and an 80 MHz 3-dB bandwidth. The uplink channel resonates at 9.43 

GHz with a measured insertion loss of 0.5 dB and a 100 MHz 3-dB bandwidth. It can 

be seen in Fig. 5.10(b) that port 1 is isolated from port 4, port 5, and port 6. The 

minimum isolation (from 8.4 GHz to 9.8 GHz) for |S41|, |S51|, and |S61| can reach -25 

dB, -25 dB, and -33 dB, respectively. Fig. 5.10(c) and (d) show the S-parameters at port  
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(a)                                                             (b)                                    

             
(c)                                                             (d)                                        

Fig. 5.10. Comparison between the simulated and measured S-parameters of the 2nd-

order two-way diplexer prototype for: (a)-(b) port 1, (c) port 3, (d) port 2.  

 

3 and port 2, respectively. The isolation level to other ports, i.e., |S32|, |S42|, |S52|, |S62|, 

|S43|, |S53| and |S63|, are all better than 22 dB, respectively. In each diplexer, the isolation 

level between two channels can be improved by expanding the two channels’ frequency 

ratio. 

The physical dimensions are elaborately optimized, as shown in Table 5.1. All widths 

and thicknesses of the slots are set to 2 mm and 3 mm, respectively. 

 
TABLE 5.1 

 PHYSICAL DIMENSIONS OF PROPOSED TWO-WAY WAVEGUIDE DIPLEXER (UNIT: MM) 
a1 = 38 b1 = 38 c1 = 17 l1 = 13.8 
l2 = 14.8 l3 = 12.2 l4 = 13.8 l5 = 13.8 
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5.4. 2nd-Order Diplexing IBFD Antenna 

 
(a) 

 
(b) 

Fig. 5.11. A 2nd-order diplexing IBFD antenna prototype with: (a) Schematic, (b) 
Geometrical configuration with vertical diplexer part and horizontal diplexer part. 

 

This section presents a 2nd-order duplexing IBFD slot antenna based on the two-way 

waveguide diplexer, as shown in Fig. 5.11(a). Two common input ports 1 and 4 are 

combined into a common radiating element compared with a two-way waveguide 

diplexer. It can possess two pairs of dual-polarized signals, horizontally (H1 and H2) 

and vertically (V1 and V2). Each signal can be dominated by the quadruple modes in 

the proposed quadruple-mode resonator, respectively. Therefore, the proposed two-way  
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(a)                                                      (b)                                    

                 
(c)                                                      (d)                                        

Fig. 5.12. H-field distributions of proposed design at 8.6 GHz with: (a) port 1 excitation, 

(b) port 2 excitation, (c) port 3 excitation, (d) port 4 excitation.  

 

waveguide diplexer is converted into a vertical one and a horizontal one, respectively. 

The downlink channels of both diplexers have the same frequency with orthogonal 

signals L-V and L-H, while the uplink channels of both diplexers resonate with 

orthogonal signals U-V and U-H.  

The geometry of the 2nd-order diplexing IBFD antenna prototype is shown in Fig. 

5.11(b). It consists of one quadruple-mode resonator, four single-mode-resonator (SMR) 

cavities, and four WR-90 ports. Four quadruple-mode resonators surround the 

quadruple-mode resonator by using a turnstile junction. A pair of cross-coupled 

radiating slots implements the single radiating element. It can be regarded as a 

combination of two identical diplexing antennas. Referring to the vertical diplexing 

antenna, the radiating slot with its long-edge parallel to the y-axis is used to 

simultaneously transmit/receive the L-V and U-V signals. The U-V signal is dominated 

by the TM210 mode and transmitted between the radiating slot and port 1. 

In contrast, the L-V signal is dominated by the TE011 mode and transmitted between 

the radiating slot and port 2. Similarly, in the horizontal diplexing antenna, the radiating 

slot with its long-edge parallel to the x-axis controls V-H and U-H signals. The U-H  
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(a)                                                      (b)                                    

                 
(c)                                                      (d)                                        

Fig. 5.13. H-field distributions of proposed design at 9.4 GHz with: (a) port 1 excitation, 

(b) port 2 excitation, (c) port 3 excitation, (d) port 4 excitation. 

 

signal is dominated by the TM120 mode at port 4, while the TE101 mode at port 3 

dominates the L-H signal. 

Figs. 5.12(a)-(d) present the H-field distributions for all the ports at the 8.6 GHz 

downlink channel. As can be observed in Figs. 5.12(a) and (d), the EM energies excited 

at port 1 and port 4 are trapped in SMR cavities 1 and 4, respectively. They cannot 

propagate through the radiating slot due to the orientation of the coupling slot between 

quadruple-mode resonator and single-mode resonator. In Figs. 5.12(b)-(c), EM energies 

at port 2 and port 3 can be propagated into the radiating slot to form L-V and L-H 

signals, respectively. Similarly, at 9.4 GHz uplink channel, as shown in Figs. 5.13(b)-

(c), most EM energies excited at port 2 and port 3 are trapped in SMR cavities 2 and 3, 

respectively. Consequently, minimal energy can be coupled into the radiating slot. 

Meanwhile in Figs. 5.13(a) and 5.13(d), EM energy at port 1 and port 4 can be coupled 

into the radiating slot to form U-V and U-H signals. It is evident that each of the two  
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(a)                                                                       

           
(b)                                                              (c)                                        

Fig. 5.14. Diplexing IBFD antenna with: (a) Photos of the fabricated prototype, realized 

gains and S-parameters in simulation and measurement at (b) port 2 and (c) port 1. 

 

pairs of dual-polarized signals is independently controlled by each of the quadruple 

modes in the proposed quadruple-mode resonator. 

Figs. 5.14(a) presents a photo of the diplexing IBFD antenna prototype with four 

assembled silver-plated brass layers. Figs. 5.14(b)-(c) show the realized gains and 

measured S-parameters at port 2 and port 1, along with the corresponding simulation. 

|S22| dominated by TE011 mode and |S33| dominated by TE101 mode resonate at the same 

frequency of 8.62 GHz with a 70 MHz 10-dB bandwidth. In contrast, |S11| dominated 

by TM210 mode and |S44| dominated by TM120 mode resonate at the same frequency of 

9.4 GHz with a 100 MHz 10-dB bandwidth. The measured realized gains for port 2 and 

port 3 are flat within the passband with the achieved peak gain of 6.5 dBi, while the 

measured peak gains for port 1 and port 4 are 4.5 dBi. For each diplexing function, the 

isolation level between output ports |S12| and |S43| are the same. The isolation is better 

than 22.5 dB within the 8.4 GHz to 9.8 GHz frequency range. The downlink channel 

isolation |S32| is better than 30 dB for each OMT function, while the uplink channel  
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(a)                                                        (b)                                    

                   
(c)                                                        (d)       

                   
(e)                                                        (f)                                    

                   
(g)                                                        (h)                                        

Fig. 5.15. Simulated and measured radiation patterns at 8.6 GHz: (a) Port 2 at xoz plane, 

(b) Port 2 at yoz plane, (c) Port 3 at xoz plane, (d) Port 3 at yoz plane, and at 9.4 GHz: 

(e) Port 1 at xoz plane, (f) Port 1 at yoz plane, (g) Port 4 at xoz plane, (h) Port 4 at yoz 

plane. 

 

isolation |S41| is superior to 26 dB. The isolation level |S31| and |S42| are the same, better 
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than 45 dB. Figs. 5.15(a)-(h) show the simulated and measured radiation patterns at 8.6 

GHz (port 2 and port 3), and 9.4 GHz (port 1 and port 4), respectively. Since port 2 and 

port 3 form a dual-polarized function at the downlink channel, the radiation pattern at 

xoz plane for port 2 is similar to that at yoz plane for port 3 with the measured cross-

polarization of 27 dB. The radiation pattern at yoz plane for port 2 is similar to that at 

xoz plane for port 3 with the measured cross-polarization of 25 dB. Similarly, we can 

obtain the same radiation patterns at port 1 and port 4. They achieve the cross-

polarization of 26 dB and 25 dB, respectively. 

Table 5.2 shows the dimensions of the proposed duplexing IBFD antennas. The slots 

widths and thickness are all set to 2 mm and 3 mm, respectively. 

 
TABLE 5.2 

 PHYSICAL DIMENSIONS OF PROPOSED DIPLEXING IBFD ANTENNAS (UNIT: MM) 
a2 = 38 b2 = 38 c2 = 17 l6 = 13.8 
l7 = 13.8 l8 = 13.8 l9 = 13.8 l10 = 10.4 

 

5.5. Conclusion 

  In this chapter, the characteristics and EM properties of quadruple modes, namely 

TE011, TE101, TM120, and TM210, in a quadruple-mode resonator cavity are investigated 

and summarized. Based on the proposed quadruple-mode resonator, a two-way 

waveguide diplexer and a diplexing IBFD antenna are designed, fabricated, and tested. 

The isolation level among the channels can be achieved using the modal orthogonality 

of quadruple modes. In the diplexing IBFD antenna design, the two common input ports 

in the two-way diplexer are combined with cross-shaped radiating slots, acting as the 

horizontal port (H-port) and the vertical port (V-port) in the OMT function, while each 

port dominates both channels in the diplexer function. The proposed designs integrate 

multiple diplexing channels into a single device, significantly reducing the transceiver 

hardware volume and simplifying the design methodology. Revealed here are potential 

applications in the waveguide dual-band dual-polarized wireless communication 

systems. 
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Chapter 6 Inline Waveguide Bandpass Filter Using 

Bandstop Resonator Pairs 

6.1 Introduction 

  Recently, the terahertz (THz) frequency region has attracted much attention due to its 

broadband spectrum, high spatial, and temporal resolution. As an essential component 

of the front-ends in the THz systems, the bandpass filter (BPF) [1]-[8] with high 

selectivity and low insertion loss is highly desirable. To achieve very sharp rejection 

skirts, transmission zeroes (TZs) are usually generated beside the passband. There are 

several well-established techniques to realize the generation of TZs, i.e., the cross- 

coupling between nonadjacent resonators [9]-[12], transversal topology based on 

multiple-mode resonators (MMRs) [13]-[16], cascaded singlets [17]-[20], and the 

extracted pole technique [21]-[25].  For the cross-coupling technique, the generated 

TZs are very sensitive and not easy to control, which will degrade the electrical 

performance. For the MMR technique, it is hard to excite multiple modes 

simultaneously in a single cavity, and the coupling between MMRs is very complex 

and still a challenge for designers to solve. Cascaded singlets and extracted pole filters 

can successfully generate TZs by using bypass coupling or dangling the resonators, and 

each TZ can be controlled independently since it is uniquely linked to the frequency of 

the resonator. However, the whole circuit layout would become large when oversized 

H-plane resonators are used.  

Another candidate is a dual-band bandstop filter (DBBSF) having reciprocal 

frequency characteristics of a BPF. Generally, a bandstop filter (BSF) [26]-[29] has 

lower transmission loss and group-delay variation than a BPF since the resonators in 

the BSF resonate at the rejection band, but not at the passband. The DBBSF concept is 

originally from [30], and there are mainly two approaches to synthesize the DBBSF. 

One method is to apply the frequency-variable transformations to a low-pass filter [30]-

[32]. The other one is based on the cul-de-sac configuration and the coupling matrix 

[33], [34]. They are all based on high unloaded quality factor (Qu) bandstop resonators, 

which results in narrow bandwidths of dual stopbands. Meanwhile, the order number 

of DBBSF cannot produce the same number of reflection zeroes (RZs) in the passband. 

For this reason, they are not suitable for the BPF design because of the limited out-of-
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band rejection and different synthesis procedure. Recently, an E-plane BPF [35] was 

designed by introducing transmission zero resonator pair, a 2nd-order BPF at 33 GHz 

with 6% fractional bandwidth (FBW) and four TZs is measured. However, inserting a 

microstrip into the waveguide will degrade the Qu of the waveguide and introduce the 

conductor and dielectric loss. 

In this paper, a very compact waveguide BPF resonating at 250 GHz is designed 

based on two pairs of BSF elements to determine the lower and upper stopbands, 

respectively. They are based on E-plane stubs to miniaturize the whole circuit volume. 

Compared with the conventional dual-band BSF designs [30]-[34], two pairs of BSF 

elements are coupled in parallel to source and load, so they can be independently 

controlled and apply to LPF to single-band BSF transformation, respectively. Since the 

Qu of E-plane stubs can be varied for a wide range, the narrowband and wideband 

performance of the proposed BPF are also presented. Finally, a 5th-order BPF with 10.9% 

FBW is fabricated and measured. The advantages of the proposed waveguide BPF are 

as follows. Firstly, there is a very compact size with the utilization of E-plane stubs. 

Secondly, simplified design procedure, easy fabrication, and flexible bandwidth are 

achievable. Dual stopbands can be controlled independently, and they follow the 

filtering function with lowpass filter (LPF) to BSF transformation, respectively. 

Narrow-band or wideband performance can be realized employing different resonant 

modes in the E-plane stubs. Thirdly, insertion loss is reduced since the resonators in the 

design resonate at the rejection band instead of the passband. Fourthly, multiple TZ 

generation is possible. Up to 2N TZs can be generated beside the passband in the Nth-

order filter design. 

 

6.2 Circuit Analysis of Proposed Bandpass Filter 

The proposed BPF equivalent circuit is shown in Fig. 6.1, where two groups of BSF 

elements are connected in parallel and terminated by input and output admittance. Since 

there is no coupling between two groups of BSF elements, they can be independently 

controlled and each of them follows the frequency-variable transformation to the LPF 

to conduct the lower stopband and upper stopband, respectively. When the order 

number n of proposed BPF is set, unlike the previous DBBSF designs [30]-[34] which 

require 2n order number, a nth-order lower-band single-band BSF and a nth-order 

upper-band single-band BSF are required in the proposed synthesis.   
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Fig. 6.1. Proposed BPF equivalent circuit. (n equals the order number of BPF.) 

 

The circuit synthesis for a single-band BSF is conducted taking an example of the 

lower stopband BSF in Fig. 6.1. By applying frequency-variable transformation to the 

LPF,  

 Where LS , 1LS and 2LS represent center frequency, left edge, and right edge of the 

stopband. 1 2LS LS LS   is chosen for equation simplification.  

When inductive input low-pass prototype filter is adopted, the series inductors of the 

low-pass prototype are converted to parallel LC circuits having element values given 

by: 

Where LSig denotes the ith-order element value of the prototype filter, and Y0 stands for 

the input and output admittance. 

In the proposed BPF with a center frequency of 0  , left edge and right edge 

frequencies of the 3-dB bandwidth 1 and 2 , center frequencies of lower stopband LS

and upper stopband US , the 3-dB bandwidths of the lower and upper stopbands can be 

conducted using the following equations: 
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By applying 3(a) and 3(b) to their respective low-pass prototype circuits, the element 

values of proposed BPF in Fig. 6.1 are given by the following formulas: 

When the order number n of the lower stopband is equal to that of the upper stopband, 

it has LSig = USig = ig , which is the ith-order element value of the low-pass prototype filter. 

The transmission line lengths LS and US can be calculated by the formulas: 

Where c stands for the speed of light in the vacuum. 
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6.3 Bandstop Resonator Analysis 

     
(a)                                                          (b)                                                       

 
                                   (c)                       

Fig. 6.2. The geometries of (a) H-plane stub, (b) E-plane stub, and (c) S-parameter 

responses of both models.  

 

  The E-plane stubs and H-plane stubs are usually used to function as the resonators for 

BSF design or the dangling resonators for the extracted pole BPF design. In this section 

a detailed characteristics analysis for both resonators are presented. Here WR-3 is 

adopted to feed the structure. 

The resonant frequencies of the E-plane and H-plane waveguide modes in Figs. 

6.2(a)-(b) can be expressed as: 
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Fig. 6.3. Frequency and Qu values versus variations of h1 and w1 in the E-plane stub 

model. 

 

where (0, , )E m n  and ( , ,0)H m n stand for the resonant angular frequencies of E-plane and H-

plane modes, while v stands for the speed of light in the vacuum. r and r are the 

permittivity and permeability of the air of the waveguide, respectively. For both models, 

the length and height of the stub are used to control the resonant frequencies while the 

width is adopted to vary the unloaded quality factor (Qu) of the stub. When m=1 and 

n=1, to set the fundamental modes TE011 of H-plane and TM110 of E-plane at the same 

frequency of 243 GHz as can be seen in Fig. 6.2(c), the first spurious mode of H-plane 

stub is located at 320 GHz, while that of E-plane stub is located at 395 GHz with a 

frequency ratio of 1.62. It is obvious that E-plane stub has wider spurious range than 

H-plane stub. Furthermore, it requires a smaller size than H-plane stub when resonating 

at the same frequency. Therefore, E-plane stub is a better candidate for our design. The 

length l1 is usually equal to the long side of the waveguide port, thus the height is used 

to control the resonant frequency while width serves to vary the Qu of the stub, 

respectively. 

Fig. 6.3 shows the parameter analysis of the first two resonant modes TM110 and 

TM120 in the E-plane stub model. It can be seen that both modes have a similar 

frequency and Qu curves when height h1 and width w1 change. When h1 increases, TM110 

and TM120 modes shift to the lower frequencies. TM120 mode always requires a bigger 

h1 value than TM110 mode when resonating at the same frequency. When w1 increases, 

both modes have a bigger Qu value and TM120 mode always has a bigger Qu value than 

that of TM110 mode when w1 is fixed. It can be concluded that miniaturization and  
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(a)                                                          (b)                                                       

 
                                   (c)                       

Fig. 6.4. 5th-order BSF with: (a) All stubs are on the same side, (b) Stubs are on the 

opposite side, (c) S-parameters. 

 

wideband performance can be implemented by using TM110 mode, while narrowband 

performance can be achieved by using TM120 mode or higher.  

Fig. 6.4 presents 5th-order waveguide BSF prototype using E-plane stubs. In Fig. 

6.4(a), five stubs are all placed on the same side of the waveguide with a distance of 

1/4 0  between them, and 0 is the wavelength of the center frequency. Meanwhile in 

Fig. 6.4(b), the first, third, and fifth stubs are still on the same side, and the second and 

fourth stubs are placed on the opposite side of the waveguide. The distance between the 

adjacent stubs is still 1/4 0 . S-parameters in Fig. 6.4(c) show that the prototype in Fig. 

6.4(b) has a wider BSF bandwidth than what is shown in Fig. 6.4(a), which means there 

is a wider spurious bandwidth in the BPF design. For this reason the comb-type E-plane 

prototype will be adopted in the following designs. 
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6.4. Proposed Inline Waveguide Bandpass Filter Design 

 

Fig. 6.5. S-parameters of 1st-order narrow-band BPF (LS: lower stopband, US: upper 

stopband).  

 

The bandwidth of the proposed filter design synthesis is flexible, which can be 

applied in the narrowband and wideband range. Two 5th-order BPFs with different 

bandwidths will be discussed separately in the following section. They are constructed 

and simulated using CST studio suite and based on brass material with a conductivity 

of 2.74×107 S/m. The inner length and width of WR-3 are 0.8636 mm and 0.4318 mm, 

respectively. 

Narrowband performance requires the utilization of high Qu resonators. TM120 E-

plane stub is adopted as 1st-order BPF prototype shown in the inset of Fig. 6.5. Two 

TM120 E-plane stubs are centered on the opposite sides of the waveguide. One is used 

to generate a transmission zero (TZ) at the lower stopband while the other is to generate 

a TZ at the upper stopband. One reflection zero (RZ) will be generated between these 

two TZs as plotted in Fig. 6.5.  

A specification for the narrow-band BPF is set: center frequency: 247 GHz, fractional 

bandwidth: 2.2%, out-of-band rejection: better than 25 dB. A 5th-order narrowband BPF 

is designed with its geometry presented in Fig. 6.6(a). A total of ten TM120 mode E-

plane stubs are adopted with five dominating at the lower stopband while the other five 

dominate at the upper stopband. They follow the arrangement discussed in Section 6.3 

that a cross-finger BPF prototype is formed. These two groups of the bandstop elements 

are geometrically parallel and can be independently controlled.  
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                               (a)                      

 
                                   (c)                       

Fig. 6.6. 5th-order narrow-band BPF with: (a) Geometry, (b) S-parameters. 

 

The widths of lower stopband stubs and upper stopband stubs are denoted as w2 and 

w3, respectively. They are used to control the Qu values of stub elements. The lengths 

of all the stubs are equal to that of the waveguide. For 5th-order BPF case, in the lower 

stopband, the height of middle stub, first adjacent symmetrical stubs and second 

adjacent symmetrical stubs are denoted as h2, h3, and h4, respectively. The distance 

between the middle stub and first adjacent stubs are s1, middle stub and second adjacent 

stubs are s2. Meanwhile in the upper stopband, they are denoted as h5, h6, and h7, and 

the distance between the middle stub and first adjacent stubs is s3. For the  middle stub 

and second adjacent stubs the distance is s4. 

Fig. 6.6(b) shows the S-parameters of the designed 5th-order BSF. It resonates at 247 

GHz and 3-dB simulated insertion loss frequency range is from 244.5 GHz to 250 GHz 

with 5.5 GHz 3-dB bandwidth and a minimum insertion loss of 0.7 dB. It has five RZs 

and the return loss is better than 15 dB within the whole passband. It also has ten TZs 

with five at lower stopband and five at upper stopband. 11 GHz spurious-free range at  
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                               (a)                      

 
                                   (c)                       

Fig. 6.7. 5th-order moderate-band BPF with: (a) Geometry, (b) S-parameters.  

 

the lower stopband where S21 is lower than 20 dB is achieved, while at the upper 

stopband it can achieve 14 GHz spurious-free range. The whole structure is very 

compact with an inner circuit size of 01.12 × 01.63 × 00.59  . The implemented 

physical dimensions of the proposed 5th-order BPF are listed in Table 6.1.  
 

TABLE 6.1 
 PHYSICAL DIMENSIONS OF PROPOSED 5TH-ORDER NARROW-BAND BPF (UNIT: MM) 

w2 = 0.2 w3 = 0.07 h2 = 1.055 h3 = 1.04 
h4 = 1.06 h5 = 0.99 h6 = 0.98 h7 = 0.97 
s1 = 0.38 s2 = 0.77 s3 = 0.36 s4 = 0.72 

 

Unlike the narrowband BPF design which uses TM120 mode E-plane stubs as the 

resonant elements, TM110 mode stubs are chosen to design the moderate-band BPF due 

to its relevant lower Qu value.  

We set the specification of designed moderate-band BPF as: center frequency: 247  
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(a)                                                               (b)                                    

               
(c)                                                               (d)                                        

Fig. 6.8. S-parameters of the 5th-order moderate-band BPF versus varied parameters: 

(a) h_LS, (b) h_US, (c) w_LS, (d) w_US. 

 

GHz, fractional bandwidth: 11%, out-of-band rejection: better than 30 dB. The 5th-order 

moderate-band BPF prototype is presented in Fig. 6.7(a). Although it includes ten E-

plane stubs, they are all dominated by TM110 mode which has shorter stub length 

compared with TM120 mode. The implemented widths of stubs at the lower and upper 

stopbands will be wider than those in the narrowband design, which can enlarge the 

bandwidth of the passband.  

Fig. 6.7(b) presents the simulated S-parameters of the designed 5th-order moderate-

band BPF. It resonates at 247 GHz and 3-dB simulated insertion loss frequency range 

is from 233 GHz to 260 GHz with 27 GHz 3-dB bandwidth. The minimum insertion 

loss is 0.15 dB within the passband. It also has ten TZs with five at lower stopband and 

five at upper stopband. 31 GHz spurious-free range at the lower stopband where S21 is 

lower than 20 dB is achieved, while at the upper stopband it can achieve 41 GHz 

spurious-free range.  

To directly reflect the parameter effects on the S-parameter changes, the width w_LS  
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                               (a)                      

 
                                   (c)                       

Fig. 6.9. The proposed 5th-order BPF with: (a) Photograph of the fabricated model, (b) 

Simulated and measured S-parameters. 

 

= w2 and length h_LS = h2 = h3 = h4 of lower stopband stubs, and the width w_US = w3 

and length h_US =h5 = h6 = h7 of the upper stopband stubs are adopted and plotted in 

Fig. 6.8. As discussed in Section 6.3, then stub length is used to control the resonant 

frequency of the bandstop resonator, while the width helps to adjust the Qu values of 

the resonator. Therefore as shown in Fig. 6.8(a), when h_LS decreases, the lower 

stopband shifts to the higher frequency with constant fractional stopband bandwidth, 

while the upper stopband remains unchanged. Similarly in Fig. 6.8(b), the smaller h_US 

values, the higher upper stopband frequencies. When w_LS increases, the achieved 

lower stopband bandwidth is becoming narrower, and it will slightly affect the upper 

stopband performance. When w_US increases, the upper stopband bandwidth is also 
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narrower, and the lower stopband performance remains unchanged. Basically, these 

four parameters can individually determine the resonant frequencies and bandwidth of 

both stopbands. The distances between the resonators for both stopbands, s_LS and s_US, 

can be used to slightly adjust the impedance matching within the passband.   

Finally, the 6th-order moderate-band BPF is fabricated and tested. Fig. 6.9(b) presents 

the simulated and measured S-parameters comparison of the 5th-order BPF prototype. 

The measured results show that it resonates at a center frequency of 250 GHz, a 

frequency offset of 3 GHz from the simulated center frequency of 247 GHz. The 

minimum measured insertion loss is 0.2 dB, and the average insertion loss is 0.35 dB. 

The measured 1-dB bandwidth is from 238 GHz to 265 GHz. The attenuation level is 

better than 18 dB in the lower stopband and 30 dB in the upper stopband. Due to the 

operating frequency range of WR-3, here we show the test range from 220 GHz to 320 

GHz. Three TZs in the lower stopband and three TZs in the upper stopband are achieved 

in this range, which shows a good agreement compared with the simulated results. 

The whole internal circuit volume is 01.36 × 00.8 × 00.9  . The implemented 

physical dimensions of the proposed 5th-order BPF are listed in Table 6.2.  

 
TABLE 6.2 

 PHYSICAL DIMENSIONS OF PROPOSED 5TH-ORDER MODERATE-BAND BPF (UNIT: MM) 
w2 = 0.24 w3 = 0.2 h2 = 0.348 h3 = 0.348 
h4 = 0.348 h5 = 0.185 h6 = 0.185 h7 = 0.185 
s1 = 0.37 s2 = 0.765 s3 = 0.395 s4 = 0.66 

 

Comparing the proposed BPF based on the BSR pair and other reported THz BPFs 

is summarized in Table 6.3. The conventional BPFs have more insertion loss since their 

elements resonate at the passband. Meanwhile, the generation of TZs using traditional 

topologies, i.e., extracted pole resonator, singlets, and high order mode resonator, have 

complicated structures with limited TZs. The design complexity can be a challenging 

issue when achieving a higher-order response. The proposed BPF design approach is 

very flexible; it can be applied to achieve both narrowband and wideband designs. 

Because of the utilization of BSF elements that resonate in the stopband, it has less 

insertion loss than the conventional BPFs. A 5th-order moderate-band BPF designed at 

250 GHz has an FBW of 11% and minimum measured insertion loss of 0.2 dB. 

Furthermore, the proposed design can produce a maximum of 2N TZs in the Nth filter 

response, which improves the rectangle coefficient and out-of-band rejection. This 5th-

order BPF generates 10 TZs with a square factor of 1.22. 
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TABLE 6.3 
COMPARISON WITH REPORTED THZ BANDPASS FILTERS 

Ref. Frequency 
(GHz) 

FBW 
(%) 

IL 
(dB) 

Filtering 
Order 

No. of 
TZs  

25dB

3dB

BW
BW

  
Comments 

[ 1 ] 140 14.3 2.44 4 0 1.75 LTCC 
[ 2 ] 300 8 1 5 0 1.67 Chebyshev 

[ 3 ] 286.6 5.58 0.41 3 2 N.G. Extracted 
pole resonator 

[ 4 ] 258 8.8 0.7 4 2 1.54 High order 
mode cavity 

[ 5 ] 140  9.29 0.52 5 2 1.29 Singlets 
[ 6 ] 141.9 10.22 0.61 5 0 1.68 Chebyshev 

[ 7 ] 102 5 1.2 4 2 N.G. Extracted 
pole resonator 

[ 8 ] 140 17.18 0.33 8 2 1.18 High order 
mode cavity 

This work 250 11 0.2 5 10 1.22 DBBSF 
* FBW: 3-dB Fractional Bandwidth, IL: Minimum Insertion Loss, No. of TZs: Number 
of Transmission zeroes, BW25dB/BW3dB: ratio of 25-dB bandwidth to 3-dB bandwidth 

0 : waveguide wavelength of the center frequency in the vacuum, NG: Not Given. 

 

6.5. Conclusion 

  In this chapter, we present a novel BPF design methodology based on BSR pair. They 

are topologically in parallel with little mutual interference and follow the frequency-

variable transformation to the LPF to conduct the lower stopband and upper stopband, 

respectively. A passband is created with controllable bandwidth and filtering order. 

Finally, a 5th-order BPF with 10 TZs are designed, fabricated, and tested. The proposed 

method is very simple and flexible and parameters in the design are not very sensitive, 

the circuit values can be realized by different types of physical model resonators. It can 

be easily applied to higher frequencies, including millimeter wave and terahertz wave 

communication systems.  
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Chapter 7 Conclusion and Future Work 

7.1 Conclusion  

  Historically, cavity-based narrowband filters and multiplexers have been explored and 

designed for base stations or satellite applications. Compared with single-mode 

resonators (SMRs), the implementation of MMRs in waveguide structures is a 

promising solution to dramatically reduce circuit volume and improve frequency 

selectivity. Taking advantage of MMR techniques, a variety of innovative waveguide 

structures have been proposed for a wide range of application scenarios. The thesis first 

summarized the state-of-the-art MMR-based works in Chapter 1, including filters, 

multiplexers, crossovers, and balun circuits. 

  Chapter 2 explores the modal orthogonality and out-of-phase performance of three 

fundamental modes. It presents the designs of waveguide filtering magic-Ts. 

Furthermore, it can integrate more functions in a single circuit, i.e., balun and balanced 

functions, diplexing function are demonstrated in this chapter. The first design is a 

balanced-to-unbalanced filtering magic-T, it integrates baluns, filters and magic-T in 

one structure. The second design is a duplexing filtering power divider, it integrates 

duplexer, filters and power dividers in one structure. The related content entitled 

“Cavity Filtering Magic-T and Its Integrations Into Balanced-to-Unbalanced Power 

Divider and Duplexing Power Divider” has been published in IEEE Transactions on 

Microwave Theory and Techniques.  

  Chapter 3 focuses on investigating the characteristics of high-order mode resonators. 

Each magnetic loop of the utilized high-order modes is in-phase with the same 

amplitude, which is a good candidate for filtering antenna array designs. It significantly 

reduces the design methodology of filtering antenna array, and also reduces the 

interconnection loss and eliminates the power splitting network. The related content 

entitled “High-Order Modes Analysis and Its Applications to Dual-Band Dual-

Polarized Filtering Cavity Slot Arrays” has been published on IEEE Transactions on 

Microwave Theory and Techniques.  

  Chapter 4 proposes in-band full-duplex filtering antenna arrays based on a pair of 

degenerate high-order mode resonators. Narrow-band and wide-band performance are 

designed at the same time for different application scenarios. Firstly, a very compact 
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structure is produced. Secondly, since the filters, OMT, and antenna arrays are 

integrated into one circuit, this reduces design complexity. Two individual channels 

share the same cavity resonator without interaction. Thirdly, fully overlapping 

bandwidth is achieved and it significantly avoids wasting spectrum resources. The 

related content entitled “Filtering Full-Duplex Waveguide Slot Arrays Using High-

Order Mode Cavity Resonators” has been published on IEEE Transactions on 

Microwave Theory and Techniques.  

Chapter 5 proposes diplexing in-band full-duplex antennas based on quadruple-mode 

resonators. A two-way waveguide diplexer is implemented by using a pair of degenerate 

fundamental modes and a pair of high-order modes. Then a diplexing IBFD antenna 

with a turnstile junction is designed by replacing the inputs with a cross-coupled 

radiating slot. The proposed designs integrate multiple diplexing channels into a single 

device, significantly reducing the transceiver hardware volume and simplifying the 

design methodology. The related content entitled “Two-Way Waveguide Diplexer and 

Its Application to Diplexing In-Band Full-Duplex Antenna” has been published on 

IEEE Transactions on Microwave Theory and Techniques. 

Chapter 6 focuses on 250 GHz inline waveguide bandpass filter designs. They are 

implemented by E-plane stubs and resonated at the lower and upper stopbands of the 

designed BPF, respectively, to provide sharp roll-off and out-of-band rejection. Both 

stopbands can be controlled independently and cascaded in parallel from source to load 

without mutual interference. Finally, a 5th-order BPF with 10 TZs are designed, 

fabricated, and tested. The related content entitled “Inline Waveguide Bandpass Filter 

Using Bandstop Resonator Pairs” has been submitted to 2023 IEEE MTT-S 

International Microwave Symposium (IMS).  

In addition, Chapters 2-5 implement a variety of multi-functional filtering designs 

using multi-mode resonators, the design methodology and mechanism are discussed in 

detailed. These circuits would be very challenging to achieve using planar structure in 

PCB technology.  They have the potential applications in wireless systems that handle 

high power or imaging/sensing systems that require high efficiency, i.e., gateway feeder 

links for high-throughput satellites and the point-to-point or backhaul links for 

terrestrial networks. 

7.2 Future work  

The millimeter-wave and terahertz frequency regions will be my next topic. The use of 



  

122 
 

3-D metal printing and high precision CNC fabrication will be the key points. The 
following three issues will be focused on: 
 
1. Inline Bandpass Filters Based on Bandpass-Bandstop Resonator Section. A novel and 

generic modular section to contain both bandpass resonator and bandstop resonator, 

namely composite bandpass-bandstop resonator (CBPBSR) section, will be 

investigated in the next step. The CBPBSR section is a general resonator expression 

form, which covers the single-mode and multiple-mode BPRs and BSRs, respectively. 

The BPRs are placed in parallel between the J inverters while the BSRs are dangled on 

the BPRs. BPFs with arbitrary RZs and TZs can be synthesized using different BPBSR 

sections. For a given specification, this equivalent model can systematically identify 

the scaling properties of the structures. This leads to completely new filter structures 

that can be designed in a more convenient and modular fashion. This novel concept of 

composite resonator sections will provide a new paradigm for the otherwise established 

art of filter design.   

 

2. Tunable mm-wave and THz devices. Tunable or reconfigurable devices have a wider 

range of applications, but switches commonly used in the microwave region, such as 

pin diodes, cannot be used in the millimeter-wave and terahertz regions. Therefore, 

exploring phase-change materials such as graphene to dynamically control the state of 

the device may be a good approach and individual control of each band based on multi-

mode resonators, which deserves research attention. 

 

3. Investigation of 3-D metal printing for mm-wave and THz waveguide fabrication. 3-

D metal printing technology offers a new manufacture solution where waveguide 

structures with complex geometry may be produced monolithically or using a reduced 

number of separate pieces with reduced need for assembly. The free-forming capability 

of the 3D printing will also be utilised to implement more intricate resonator structures 

that are difficult or impossible for traditional CNC machining. This will allow to realise 

the full potential of the composite BPBSR structures (of either a simple or intricate 

geometry structure) and demonstrate demanding transfer functions such as multiple-

band filters.
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