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modulation and their application in RF circulator. As illustrated in Figure 1.1, 

varactors are loaded periodically along transmission lines with the transceiver located 

at one end of the line and the antenna at the other end. These varactors are modulated 

with a traveling-wave carrier (pump) signal. In the presence of the carrier, signals 

traveling in the same direction as the carrier (from antenna to receiver) are converted 

to the upper and lower sidebands, while signals propagating in the opposite direction 

(from transmitter to antenna) remain at their original frequency. However, this 

approach is inherently limited by the low modulation index of the varactors, which 

requires wavelength-scale transmission line lengths to achieve sufficient modulation. 

Additionally, high-power and high-frequency pump signals restrict their scalability at 

higher frequencies, and a duplexer is required for separating the transmitter and the 

receiver signals, increasing their size and degrading their bandwidth.  

 
Figure 1.1 Distributed modulated capacitors concept utilized for the realization of an 
RF circulator in [40] © 2014 IEEE. 
 

The aforementioned limitations in DMC approaches motivated the invention of 

the spatiotemporal modulation angular momentum (STM-AM) biasing technique that 

was first proposed by Sounas et al. [41]. It is based on phase-shifted permittivity 

modulation in resonant ring structures, creating distinct propagation paths by breaking 

degeneracy between clockwise and counterclockwise modes. This approach was later 

extended to RF applications by Estep et al. in [42]. Specifically, a circulator was 

demonstrated by connecting three ladder LC resonators in a delta topology and 

modulating their resonating frequencies with 120° phase-shifted signals. An 
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approach was further developed to create bandpass filtering circulators (BPFCs) by 

incorporating unmodulated RF resonators into STM-AM structures to enhance their 

passband and stopband performance [51]. Specifically, the RF filtering circulator in 

[51] achieved a BPF-type TF with minimum in-band IL of 1.75 dB, in-band isolation 

better than 20 dB, and in-band RL better than 20 dB. 

 

 
                    (a)                                    (b)                          (c) 
Figure 1.3. (a) Coupling routing diagram (CRD) and the conceptual S-parameters of 
the proposed in-line isolating filter in [49] © 2019 IEEE. The black circles with arrows 
are STM resonators with a successive phase shift. Below is the equivalent circuit of 
one STM resonator and its general spectral equivalent circuit with ports for all the 
intermodulation frequencies. (b) Circuit topology, photo of the prototype and the RF-
measured S-parameters of the three-pole isolating filter in [49]. The STM resonators 
are implemented using a parallel connection of inductors and sinusoidally modulated 
varactors. (c) The RF-measured S-parameters of the three-pole isolating filter in [49]. 
 

Permeability modulation: Analogous to the capacitance modulation approach, 

permeability modulation is based on the modulation of inductance. While challenging 

to implement in integrated circuits, permeability modulation has been proven to be 

valuable in the quantum-computing community with the use of Josephson junctions 

(JJs) and superconducting quantum interference devices (SQUIDs) which serve as 

tunable inductive elements in cryogenic superconducting platforms. In 2017, Sliwa et 

al. demonstrated a non-magnetic, on-chip circulator using a field-programmable 

Josephson amplifier to parametrically couple three resonant modes. Signal circulating 

with over 20 dB of isolation was achieved by applying pump signals with carefully 

controlled phase difference [52]. In [53], an isolator was implemented by applying 

STM to the inductance of SQUID-based coupled resonators as shown in Figure 1.4, 
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miniaturization [61] and switched transmission lines with BPFs to further increase the 

operation frequency to 60 GHz [62].  

 

 
             (a)                               (b)                              (c) 
Figure 1.5. Conductivity modulation concept for the realization of a circulator in [56] 
© 2017 IEEE. (a) Circuit schematic of the circulator. (b) Microphotograph of the 
standalone 65-nm CMOS circulator. (c) RF-measured S-parameters. 

 

Table 1.1 summarizes the key performance metrics of representative non-

reciprocal devices based on ferrite, active, and STM-based approaches. As evidenced, 

ferrite-based circulators exhibit the lowest IL, the highest power handling, and the 

widest bandwidth. However, they are bulky, costly, and incompatible with standard 

IC technologies. On the other hand, active circulators are compact and compatible 

with IC integration, yet they are limited by low linearity, high noise figure, and have 

substantial DC power consumption. In contrast, STM-based circulators offer a good 

balance of performance metrics. They provide moderate IL, high reverse isolation, 

reasonable power handling, and are inherently compatible with IC technologies. 

Moreover, they exhibit significantly better noise performance and lower power 

consumption than active approaches. Among the three STM approaches, permittivity 

modulation stands out as particularly well-suited for multifunctional unilateral filter 

design. This is due to being compatible with coupled-resonator architectures 

commonly used in filters, without the need for advanced RF circuit elements such as 

JJs (superconducting devices working at cryogenic temperature required for 

permeability modulation) or complex switching networks (as in conductivity 

modulation). Additionally, their straightforward and simple modulation scheme does 

not disrupt the forward signal transmission, allowing seamless incorporation into 

existing co-designed filter architectures.  

In summary, the STM approach offers the most promising route for realizing 

compact, reconfigurable, and multi-functional RFFE components. While recent 
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research has demonstrated the feasibility of STM-based multifunctional filters, 

existing devices remain constrained by limited scalability, restricted tunability, and a 

lack of integration across multiple functions and ports. These limitations motivate the 

following subsections, which review recent advances in STM-based unilateral filters, 

multi-functional filters, and multi-port signal-routing networks, and highlight how this 

thesis addresses these challenges. 
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               (a)                                              (b)  

 
               (c)                                              (d)  

Figure 1.6. The fully reconfigurable unilateral BPF in [66] © 2020 IEEE. (a) The 
CRD. (b) Photograph of the prototype. (c) RF-measured center frequency tuning of 
the unilateral BPF. (d) RF-measured BW tuning and switching-off state of the 
unilateral BPF. 
 

Further implementation schemes facilitated the realization of quasi-elliptic 

responses to improve selectivity [74], [75], or used cascaded multi-resonant cells [67], 

[68] or multimode resonators [76] to support multi-band operability. Additionally, 

balanced unilateral BPF configurations have been explored to suppress common-mode 

interference [77], [78], [79]. In 2022, Simpson et al. introduced a novel unilateral 

balanced BPF using STM to achieve a quasi-elliptic balanced response. The concept 

was validated through a microstrip prototype, demonstrating a remarkable reverse 

transmission isolation of 62.1 dB, and an IL of 3.2 dB in the forward direction. The 

measured common-mode suppression was measured over 45 dB across a bandwidth 

greater than one octave [79]. In summary, most state-of-the-art unilateral STM-based 

BPFIs rely on inline resonator configurations, where tuning elements must be 

incorporated not only within the resonators but also in their impedance inverters to 

achieve fully tunable TFs. This requirement makes their realization complex, lossy, 

and challenging to optimize. 
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                            (a)                            (b) 

 
(c) 

Figure 1.8. The reconfigurable amplitude-variable BPF-VP in [98] © 2022 IEEE. (a) 
Top: the circuit topology of the proposed amplitude-variable BPF-VP. Bottom: the 
experimental prototype. (b) The RF-measured amplitude and phase results when the 
output amplitude is tuned. (c) The RF-measured amplitude and phase results when the 
output phase is tuned. 

 

1.3.3 Multi-port multi-functional filtering routing networks 

In contrast to the single-input/single-output multifunctional BPFs discussed in 

Sections 1.3.1 and 1.3.2, this subsection considers more complex multi-port signal-

routing networks. These systems represent a further step in RF front-end development, 

where multiple ports are leveraged to flexibly route signals across different channels 

while maintaining integrated BPF functionality. In particular, the co-integration of 
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                          (a)                                (b) 

 
                          (c)                                (d) 
Figure 1.9.  The multiband BPFC in [68] © 2023 IEEE. (a) Schematic of a K-band 
BPFC that comprises three Nth-order modulated BPF branches; colored circles: 
frequency tunable resonators, white circle: RF inputs, grey circle: junction, and black 
lines: impedance inverters. (b) Schematic and details of one of the three circulator 
branches. (c) The experimental prototype. (d) The RF-measured power transmission 
and reflection responses when the lower passband is tuned. 

 

Power dividers (PDs) with embedded BPF isolators (PD-BPFIs) using STM 

resonator arrays have been explored. Unilateral transmission was achieved by 

applying progressive phase-shifted sinusoidal modulation to resonators embedded in 

conventional filtering power divider networks. Chaudhary et al. established systematic 

filtering PDs using time-modulated microstrip STM resonators, enabling unequal 

power divisions, arbitrary termination impedances, frequency tunability, dual-band 

operation, controlled transmission zeros, and broadband isolation [103], [106], [107], 

[108]. Zhao et al. demonstrated tunable PD-BPFIs based on substrate-integrated 

waveguide (SIW) cavities [105]. In this approach a common SIW cavity operating in 

mixed static and time-modulated degenerate modes is employed together with four 

triangular branch cavities to realize simultaneous power division, bandpass filtering, 

and nonreciprocal transmission as indicated in Figure 1.10 (a), (b) and (c). The RF-

measured performance of the prototype at 2.4 GHz is presented in Figure 1.10 (d). It 

achieves a measured forward IL of 5.4 dB, a RL better than 13.5 dB, and output 
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(BPF/BPFI-VA). A detailed theoretical framework is provided alongside a variety of 

single-band and multi-band design examples. The methodology is validated through 

the implementation of a single-band prototype and a dual-band prototype at 700 MHz. 

The multi-functional RF devices and contributions of this chapter have been presented 

in [124], [125], [126]. 

Chapter 4 demonstrates for the first time multi-port multi-functional RF signal 

routing networks to support multi-port RF switching (dynamically selecting signal 

paths), circulation and isolation (directional signal flow), and power division (splitting 

or combining signals across ports) within one device. They are based on 

reconfigurable STM resonator arrays that are arranged in star- and box-type 

configurations. Specifically, the star-type block supports three modes of operation: (i) 

a reconfigurable co-designed SPMT-BPFI, (ii) a PD-BPFI, and (iii) a BPFC. The box-

type block supports two modes, namely: (i) a channel reconfigurable (CR) BPFI (CR-

BPFI) mode that can support both concurrent two-channel or single-channel 

transmission, and (ii) a PD-BPFI mode. The proposed multi-port multi-functional 

STM-based array concept is demonstrated through circuit-level simulations and is 

validated by two experimental prototypes. The multi-port and multi-functional RF 

devices and contributions of this chapter have been presented in [127]. 

Chapter 5 summarizes the key contributions of this thesis and provides useful 

insights into further extensions of this work.  

  















29 
 

The tuning capabilities of Topology 1 are examined in Figure 2.4 through 

various design cases. As shown in Figure 2.4 (a), the center frequency of the filter can 

be tuned to lower (higher) frequencies by increasing (decreasing) the capacitance of 

all the four resonators at the same time whilst preserving high isolation between the 

forward and the backward direction. The BW tuning capabilities of the BPFI are 

presented in Figure 2.4 (b). Wider (narrower) BW can be achieved by increasing 

(decreasing) the value of C02 and C06 while decreasing (increasing) the value of C03 

and C07. Furthermore, as shown in Case 4 in Figure 2.4 (b), the BPF can be 

intrinsically-switched off when C02, C06, C03 and C07 have the same value. For all of 

these cases the component element values are provided in the caption of Figure 2.3 

and Figure 2.4. It is noted that the parameters of the time-varying capacitors should be 

adjusted accordingly in different tuning stages to achieve optimal isolation levels. 
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2.3.1 Filter 1: fourth-order cascaded transversal cells BPFI 

The photograph of the manufactured prototype and the utilized lumped element 

components are provided in Figure 2.15 (a). A comparison of the RF measured and 

EM simulated S-parameters for one tuning state is shown in Figure 2.15 (b). They 

appear to be in a good agreement successfully validating the proposed concept. The 

measured 20 dB IS BW (the frequency range when IS> 20 dB) is 647.5 MHz to 659.5 

MHz (12 MHz). The frequency band is marked in light purple. The RF measured 

tuning capabilities for Filter 1 are presented in Figure 2.16. Although a finite number 

of tuning states is shown, the filter exhibits continuous tuning range. Specifically, its 

center frequency can be tuned between 571 MHz to 724 MHz (1.27) with an IL 

ranging from 4.8 dB to 6.5 dB and IS between the forward and the backward direction 

from 21 dB to 33 dB. Figure 2.16 (b) demonstrates the BW tuning characteristics of 

the filter which exhibits a tunable BW between 39.5 MHz to 73.9 MHz (1.87) with IL 

ranging from 5.9 dB to 6.8 dB and IS between its forward and its backward direction 

between 25 dB to 35 dB. The intrinsic switch-off capability of Filter 1 is also 

demonstrated in Figure 2.16 (b) and is represented by the green traces in Case 4. 

 

 
         (a)         (b) 
Figure 2.15. (a) Manufactured prototype of Filter 1 based on the Toplogy 1 CRD. (b) 
Comparison of RF-measured and EM-simulated S-parameters for one tuning state of 
Filter 1. The purple band marks the frequency range when |S12|<-20 dB.  
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       (a)         (b) 

Figure 2.16. RF measured tuning capabilities of Filter 1. (a) Center frequency tuning. 
(b) BW tuning and intrinsic switching-off (green trace). 

 

2.3.2 Filter 2: fourth-order box-like BPFI 

Figure 2.17 (a) depicts the photograph of the manufactured prototype of Filter 2 

and a comparison between the RF-measured and the EM-simulated S-parameters for 

one tuning state are presented in Figure 2.17 (b). For this specific tuning state, the 

measured 20 dB IS BW is 667 MHz to 705 MHz (38.4 MHz). As can be seen from 

Figure 2.18 (a), the center frequency of Filter 2 can be tuned between 630 MHz to 735 

MHz (1.17). For these states IL varies between 4.8 dB to 6.7 dB and the IS between 

the forward and the backward direction between 20 dB and 30 dB. Continuous BW 

tuning between 24.8 MHz to 58.1 MHz (2.34) is shown in Figure 2.18 (b). For these 

states, IL varies between5.4-6.8 dB and the IS between the forward and the backward 

direction between 29-40 dB. Filter 2 can also be switched-off intrinsically as shown 

in Case 4 state in Figure 2.18 (b). 

 
         (a)         (b) 
Figure 2.17. (a) Manufactured prototype of Filter 2 based on the Topology 2 CRD. (b) 
Comparison of RF measured and EM-simulated S-parameters for one tuning state of 
Filter 2. The purple band marks the frequency range when |S12|<-20 dB. 
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       (a)         (b) 

Figure 2.18. RF measured tuning capabilities of Filter 2. (a) Center frequency tuning. 
(b) BW tuning and intrinsic switching-off (green trace). 

 

2.3.3 Filter 3: six-order box-like BPFI 

The experimental prototype of Filter 3 is provided in Figure 2.19 (a). Figure 2.19 

(b) showcases the good agreement between its EM simulated and RF measured 

performance for one tuning state further supporting the effectiveness of the transversal 

resonator-based BPFI concept. For this tuning state in Figure 2.19 (b), the measured 

18 dB IS BW is 670 MHz to 718 MHz (48 MHz). As shown in Figure 2.20 (a), Filter 

3 allows for center frequency tuning between 655 MHz and 760 MHz (1.16). For these 

states, the in-band passband IL varies between 4.5 dB and 5.7 dB and the IS between 

the forward and the backward direction between 30 dB and 45 dB. As illustrated in 

Figure 2.20 (b), the BW tuning range of Filter 3 was measured between 52.9 MHz and 

84 MHz (1.57), with IL ranging from 4.9 MHZ to 6.7 dB and IS from 27 dB to 34 dB. 

Filter 3 can also be intrinsically switched-off as demonstrated in Case 4 in Figure 2.20. 

 

 
         (a)         (b) 
Figure 2.19. (a) Manufactured prototype of Filter 3 based on the Topology 3 CRD. (b) 
Comparison of RF measured and EM-simulated S-parameters for Filter 3. The purple 
band marks the frequency range when |S12|<-18 dB. 
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       (a)         (b) 

Figure 2.20. RF measured tuning capabilities of Filter 3. (a) Center frequency tuning. 
(b) BW tuning and intrinsic switching-off (green trace). 

 

2.3.4 Filter 4: multi-configurable cascaded transversal cell BPFI 

Figure 2.21 shows the manufactured prototype of the multi-configurable Filter 

4. Figure 2.22 (a) and Figure 2.22 (b) provide the comparison between the RF-

measured and the EM-simulated S-parameters when operating at its dual-band and its 

single-band mode of operation which appear to be in a good agreement. The measured 

20 dB IS BW for the dual-band mode is 653 MHz to 657 MHz (4 MHz) for the lower 

band and 733 MHz to 740 MHz (7 MHz) for the upper band. The measured 20 dB IS 

BW for the single-band mode is 681 MHz to 691 MHz (10 MHz).  

 

 
Figure 2.21. Manufactured prototype of Filter 4 based on the Topology 4 CRD. 
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between 4.8-6.2 dB and IS between 25-31 dB. Furthermore, Filter 4 can be 

intrinsically switched-off as demonstrated in Figure 2.27. RL for all prototypes is 

better than 10 dB throughout the entire tuning range. 

 

 
          (a)          (b) 

Figure 2.25. RF measured reconfigurable capabilities of Filter 4 when operating at its 
dual-band mode. (a) Both bands transmit in the same direction. (b) Each band is 
transmitting in a different direction. 
 

 
          (a)          (b) 

Figure 2.26. RF measured fcen tuning capabilities of Filter 4 when operating at its dual-
band mode of operation. (a) Upper band fcen tuning. (b) Lower band fcen tuning. 
 

 
Figure 2.27. RF measured intrinsic switching off tuning state of Filter 4. 
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2.4 Summary 

This chapter reported on a comprehensive design methodology for 

reconfigurable BPFIs using STM transversal cells. The proposed method was applied 

to the design of four filter topologies and demonstrated the potential to achieve single- 

and multi-band unilateral transfer functions with enhanced reconfigurability. Multi-

levels of RF tuning can be obtained for the four topologies using a simple RF tuning 

mechanism where only the resonant frequencies of the resonators are altered. Four 

proof-of-concept prototypes were manufactured and measured and validated the 

effectiveness of the transversal cell-based BPFI concept in achieving wider tuning 

ranges, high isolation levels, and superior reconfigurability compared to state-of-the-

art STM-based BPFIs. These results underline the potential of using STM transversal 

cells in designing multi-functional RF components for emerging RF communication 

systems.  
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k, thus maintaining the TF shape while allowing to alter the power division ratio 

between P3, P4 whose response can be considered equivalent to the one obtained by 

the second-order CRD in Figure 3.2 (b). 

    
 (a)         (b) 

 
    (c)         (d) 

Figure 3.2. (a) CRD of a RFRC functionalizing second-order TFs at its output ports 
P3, P4. (b) CRD of the equivalent filtering network for each of its RF signal 
propagation paths. (c) Synthesized scattering parameters of the RFRC when k =1 and 
M1=1.226, Mc=1.662, Mm=Mn=1.1752. (d) Synthesized scattering parameters of the 
RFRC when k =100 and M1=1.226, Mc=1.662, Mm=1.6538, Mn=0.1654. 

 

To demonstrate this functionality, the RFRC has been designed for a second 

order Chebyshev TF with a 0.043 dB ripple level (RL of 20 dB) and its responses are 

shown in Figure 3.2 (c), (d) for different k =1 and 100, respectively. They have been 

obtained by calculating M1, M2, Mc of the CRD in Figure 3.2 (b) as in any conventional 

second-order BPF as described in [128]. Then Mn and Mm are calculated from (3.5) 

and (3.6). As indicated in Figure 3.2 (c), the input power is equally coupled to P3 and 

P4 when k equals to 1. When k=100, the power delivered to P4 is 20 dB larger than that 

of P3 as indicated in Figure 3.2 (d). Notably, second order Chebyshev responses are 

formed for both cases and the RL remains the same when varying k. 

The RFRC can be scaled to accommodate higher-order, quasi-elliptic as well as 

multi-band TFs as it is further illustrated in Figure 3.3 to Figure 3.6 through its 

corresponding CRDs in Figure 3.3 (a), Figure 3.3 (c), Figure 3.4 (a), Figure 3.5 (a) 
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and Figure 3.6 (a). By applying the same design methodology to these configurations 

and utilizing the coupling coefficients specified in the captions, various types of TFs 

can be realized, as demonstrated in Figure 3.3 (b), Figure 3.3 (d), Figure 3.4 (b), Figure 

3.5 (b) and Figure 3.6 (b). Specifically, the topology depicted in Figure 3.3 illustrates 

a method for scaling the filter order, showcasing how third-order and fourth-order TFs 

can be obtained. Additionally, Figure 3.4 presents a method for implementing a quasi-

elliptic transfer function, highlighting the flexibility of the proposed structure. In these 

cases, all the black resonators are resonating at the same frequency and create the poles 

of the TF. The blue and red resonating nodes, along with the grey non-resonating node, 

form a multi-resonant cell. This cell introduces two TZs and one additional pole. The 

TZs are located at the resonant frequencies of the blue and red nodes. The additional 

pole occurs at the frequency where the two paths in the multi-resonant cell exhibit 

equal magnitude but opposite sign admittances [66]. 

To showcase the versatility and practicality of the proposed synthesis approach, 

two distinct CRDs commonly employed for the realization of multi-band TFs are 

explored in Figure 3.5 and Figure 3.6. The CRD in Figure 3.5 is based on a split-type 

resonator approach [131], whereas the one in Figure 3.6 is using multi-resonant 

resonators [132]. Whereas both topologies lead to identical multi-band responses, the 

CRD in Figure 3.5 based on split-type resonators uses less elements, whereas the one 

based on multi-resonant resonators in Figure 3.6 allows for bands that can be tuned 

independently. Notably, in all the synthesized instances for these five different 

topologies shown in Figure 3.3 to Figure 3.6, the desired responses are achieved with 

well-preserved transfer function at the output ports and |S11| remaining constant as k is 

adjusted. This characteristic facilitates the constant TF characteristics of the proposed 

multi-functional RF component when its phase or amplitude is being tuned as it will 

be discussed in the next sections. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.3. Order scalability of the proposed RFRC. (a) CRD of a RFRC 
functionalizing third-order TFs at its output ports P3, P4 and its equivalent filtering 
CRD for each of its RF signal propagation paths. (b) Synthesized scattering parameters 
of the RFRC when k =1 or 100. When k = 1: Mm=Mn= 0.7295. When k=100: 
Mm=1.0266, Mn=0.1027. The rest of the coupling coefficients are: M1=1.083663, 
M2=Mc=1.0317. (c) CRD of a RFRC functionalizing fourth-order TFs at its output 
ports P3, P4 and its equivalent filtering CRD for each of its RF signal propagation 
paths. (d) Synthesized scattering parameters of the RFRC when k =1 or 100. When k 
= 1: Mm=Mn= 0.4953. When k=100: Mm=0.697, Mn=0.0697. The rest of the coupling 
coefficients are: M1=1.0362, M2=0.9116, Mc=0.7005. 
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(a) 

 
(b) 

Figure 3.4. CRD of the RFRC functionalizing quasi-elliptic third order TFs with two 
zero at its output ports P3, P4 and its equivalent filtering CRD for each of its RF signal 
propagation paths. The nodes in the same color have the same self-resonating 
coefficients. The grey nodes are non-resonating nodes. (b) Synthesized scattering 
parameters of the RFRC for k =1, 100. When k = 1, Mm=Mn= 0.6998. When k=100, 
Mm=0.9848, Mn=0.0985. The rest of the coupling coefficients are: M1=1.05614, 
M2=0.98972, M3=2.0512, Mc=0.98972, M66= M88=3, M55= M77=-3. 
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(a) 

 
(b) 

Figure 3.5. (a) CRD of the RFRC functionalizing a dual-band second-order TFs 

at its output ports P3, P4 using split-type resonators and its equivalent filtering CRD 

for each of its RF signal propagation paths. (b) Synthesized scattering parameters of 

the RFRC when k =1 or 100. When k = 1: Mm=Mn= 1.1752. When k=100: Mm=1.6538, 

Mn=0.1654. The rest of the coupling coefficients are: M1=1.226, M2=1.326, Mc=1.662. 
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Figure 3.13. Manufactured Prototype 2: multi-functional component functionalising 
a dual-band third order TF. 

The measured S-parameters for Prototype 1 are detailed in Figure 3.14 to Figure 

3.16 for the three modes of operation. Specifically, Figure 3.14 shows the comparison 

between simulated and measured results at one tuning state, demonstrating good 

agreement. Figure 3.15 (a) depicts the performance of the multi-functional component 

when STM is OFF and operates in a BPF-VP mode of operation allowing for a full 

360° phase tuning capability. Although nine distinct states are shown, its phase shift 

is continuously tunable. For these states, the IL was measured between 4 dB and 5.6 

dB, alongside an input-reflectionless bandwidth (RBW) spanning from 375 MHz to 

1093 MHz. The intrinsic switch-off mode of operation is also included in this figure 

(green trace). When STM is ON, the multi-functional component operates as a BPFI-

VP, as depicted in Figure 3.15 (c), (d) for the exact same states as in Figure 3.15 (a), 

(b). As evidenced, its measured D is >20 dB at the center frequency for all tuning 

states while exhibiting a 360° phase variation range as observed in Figure 3.15 (d). 

The measured 20 dB isolation BW (the frequency range when |S21|> 20 dB) vary from 

11 MHz to 14 MHz. It can also be observed that when STM is ON, the insertion phase 

is offset for all states due to STM introducing both phase and amplitude non-

reciprocity, a phenomenon has also been discussed in Figure. 3 of [49]. However, this 

phase shift remains constant when the modulation parameters are unchanged, ensuring 

that the STM does not alter the overall phase tuning range of the device. 
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Figure 3.14. Comparison between simulated and measured results for Prototype 1 at 
one tuning state. 
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exhibits low phase imbalance to only 5° at the center frequency. Furthermore, when 

STM is ON, a D > 20 dB can be obtained for all tuning states as depicted in Figure 

3.16 (c).  The TF shape for all these tuning states remain well-preserved. For all these 

states, the IIP3 was measured between 14 dBm to 20 dBm.  

 

 
          (a)                   (b) 

 
            (c)                   (d) 

Figure 3.16. RF-measured performance of the single-band prototype when configured 
in its BPF/BPFI-VA mode. (a), (b) Amplitude and phase responses when STM is OFF 
and is set in its BPF-VA mode of operation. (c), (d) Amplitude and phase responses 
when STM is ON and is set in its BPFI-VA mode of operation. 

 

The measurement results of Prototype 2 are concluded in Figure 3.17 and Figure 

3.18. Figure 3.17 shows the comparison between simulated and measured TFs at one 

tuning state, which are in good agreement. The degradation in the isolation slope, 

isolation level between the two bands, and band flatness is mainly due to the tolerances 

of the lumped components. In the topology shown in Figure 3.8 (b), the static 

resonators (in red) are used to create the notch between the two bands and must 

resonate at the same center frequency. However, tolerances in the corresponding 

capacitors and inductors result in slight variations in the resonating frequencies of 

these resonators. When STM is OFF, it works as BPF-VP with the measured amplitude 
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responses provided in Figure 3.18 (a) and phase responses in Figure 3.18 (b). It can be 

observed from Figure 3.18 (a) that third order dual-band transfer functions are 

generated and the continuously phase tuning is achieved for both bands as indicated 

in Figure 3.18 (b), resulting a 360° phase tuning range in total. IL for both bands varies 

from 4.3 dB to 5.5 dB with a large RBW ranging from 368 MHz to 1200 MHz. The 

measured performance of its switching off mode is also included in Figure 3.18 (a) 

and is represented as the green trace with an isolation level of > 30 dB. When STM is 

ON, the multi-functional device works at its BPFI-VP mode with uni-directional 

transmission for both bands. Figure 3.18 (c) showcases enabled uni-directional 

transmission for both bands. In this case, the 18 dB isolation BW for the lower band 

varies from 6 MHz to 14 MHz. For the upper band, D is more than 10 dB for all the 

tuning cases at the center frequency of 733 MHz. A degradation of the IL and isolation 

can be observed for the upper band due to its higher sensitivity to variations in the 

capacitance and inductance values of the notch resonators. It is noted that across all 

displayed states for both BPF/BPFI-VP modes, the TFs for both bands are well 

preserved. The measured IIP3 across all these tuning states ranges from 17 dBm to 24 

dBm. 

 

 
Figure 3.17. Comparison between simulated and measured results for Prototype 2 at 
one tuning state. 
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prototypes, showcasing the ability to obtain both single- and dual-band bandpass TFs. 

Specifically, Prototype 1 demonstrates three distinct modes of operation: (i) 

BPF/BPFI-VP mode, (ii) RF switch mode, and (iii) BPF/BPFI-VA mode. In the BPF-

VP mode, it features a third order bandpass TF with a 360º phase tuning range and a 

broad RBW spanning 375 to 1093 MHz. The BPF-VA mode offers a third-order 

bandpass TF with an attenuation range from 4.2 dB to 20 dB as well as a low phase 

imbalance of <5º. Both BPFI-VP mode and BPFI-VA mode exhibit unidirectional 

transmission with a D exceeding 20 dB. Prototype 2 is designed to facilitate a third-

order dual-band bandpass TF with BPF/BPFI-VP mode and RF switching off mode. 

A continuously tunable phase shift of 360° with a RBW spanning from 368 MHz to 

1200 MHz is demonstrated for both bands at BPF/BPFI-VP working mode as well as 

a D >10 dB at BPFI-VP mode. It should be noted that the filtering TFs across all 

operational states for both prototypes are well preserved.  
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Chapter 4:  Multi-port Multi-functional RF Routing 

Networks Using STM Resonator Arrays 

This chapter introduces a new type of reconfigurable multi-port multi-functional 

RF signal-routing network based on STM resonator arrays. They are based on the 

reconfigurable STM resonator arrays that are arranged in star- and boxtype 

configurations. Specifically, the star-type block supports three modes of operation: (i) 

a reconfigurable SPMT co-designed BPFI; (ii) a PD-BPFI; and (iii) a BPFC. The box-

type block supports two modes: (i) a CR-BPFI mode that can support both concurrent 

two-channel or single-channel transmission and (ii) a PD-BPFI mode. The proposed 

multiport multifunctional STM-based array concept is demonstrated through circuit-

level simulations and is validated by two experimental prototypes. This approach 

differs significantly from prior STM-based RF devices by exploiting all these three 

modulation states within a unified multi-port architecture to realize a broader set of 

reconfigurable RF functions.  The multi-port and multi-functional RF devices and 

contributions of this chapter have been presented in [127]. 

4.1 Theoretical Foundations 

4.1.1 Multi-port multi-functional RF signal-routing network 

The proposed reconfigurable multi-port multi-functional RF signal-routing 

network was conceptually illustrated in Figure 4.1. It consists of an array of 

reconfigurable STM resonators denoted by black circles with arrows. Each resonator 

operates in one of three states, determined by the modulation index of its time-varying 

capacitance. Specifically, as the modulation index increases from zero, the resonator 

transitions from an unmodulated state (black circle) to a moderately-modulated state 

(blue circle with arrow), and then to an over-modulated state (red circle with arrow). 

As such, the RF signal propagation between a set of interconnected resonators can be 

altered from a bilateral BPF response to a unilateral BPFI response and to an 

intrinsically switched-off response as it will be explained in the next section.  
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(a) 

 

(b) 

 

(c) 

Figure 4.3. (a) CRD of the proposed star-type block with PD-BPFI and BPFC modes. 
(b) Modulation scheme and conceptual S-parameters of the star-type PD-BPFI when 
the RF power is equally divided. (c) CRD and modulation scheme of the proposed 
star-type BPFC. 
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(a) 

 

(b) 

 

(c) 

Figure 4.4. (a) CRD of the proposed box-type topology and its CR-BPFI mode. (b) 
Modulation scheme of the CR-BPFI mode when supporting a dual-channel 
transmission and its conceptual S-parameters. (c) Modulation scheme of the PD-BPFI 
mode and the conceptual S-parameters. 
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signal routing cases in multi-antenna systems demand simultaneous dual-channel 
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transmission is achieved with D>20 dB at the center frequency. Across all 

configurations, the simulated isolation exceeds 17 dB in every isolation path as 

indicated in Figure 4.8 (g), demonstrating the scalability in port count of the proposed 

star-type blocks.  

 
(a) 
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                                             (d)     (e) 
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           (a)      (b) 

Figure 4.9. Star-type network with k = 2 and N = 3 operating as a SPDT-BPFI. The 
coupling coefficients and modulation parameters are M1=1.0146, M2=0.866, 
M3=0.636, FBW=0.07, fm=52 MHz. The modulation index for the moderately-
modulated resonators and over-modulated resonators are 0.042 and 0.42, respectively. 
(a) CRD and modulation scheme. (b) Simulated S-parameters between the two active 
ports and the isolated ports, respectively.  
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in these examples are identical to those in Figure 4.9. To realize the PD-BPFI function 
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Port 2 and Port 3 is more than 20 dB. 
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                                     (a)                      (b) 

 
                                     (c)                      (d) 

 
                                     (e)                      (f) 
Figure 4.11. (a), (b) CRD and modulation scheme to enable the dual-channel 
horizontal transmissions and one channel horizontal transmission, respectively. The 
coupling coefficients are: M1=1.0836, M2= 1.0317. FBW=4% (c), (d) Simulated S-
parameters when two transmission paths are configured as Port1 to Port 2 and Port 3 
to Port 4. (e), (f) Simulated S-parameters when one transmission path is configured as 
Port 1 to Port 2. 
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(a) 

 
                                 (b)                 (c) 
Figure 4.12. (a) Modulation scheme to enable the PD-BPFI mode. (b), (c) Simulated 
S-parameters when power division is configured from Port 1 to Port 2 and Port 3. 

  

4.2 Experimental Validation 

To verify the proposed multi-port multi-functional RF signal routing network 

concept, two prototypes (Prototype 1, 2) were designed using circuit and 
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on a Rogers 5880 substrate (relative dielectric constant: 2.2, loss tangent: 0.0009, 

thickness:1.57 mm) and they were experimentally tested using a Keysight PNA-X 4 

port analyzer. These include a star-type block (Prototype 1) exhibiting the following 

three modes of operation: (i) SPDT-BPFI, (ii) PD-BPFI, (iii) BPFC and a box-type 

block (Prototype 2) enabling: (i) a CR-BPFI and (ii) a PD-BPFI modes of operation. 

4.2.1 Prototype 1: star-type block 

Prototype 1 implements the star-type block with k=2 and N=3, as shown in 

Figure 4.13. The central resonator R0 is an RF-switched resonator that enables three 

different modes of operation: (i) SPDT-BPFI, (ii) PD-BPFI and (iii) BPFC. All 
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Figure 4.13. Layout and photograph of the star-type block-Prototype 1. The 
dimensions (all in mm) and the lumped elements are selected as follows: W1=2.452, 
W2=1.796, W3=2.17, L1=44.78, L2=33.2, L3=14.093, L4=17.33, L5=15.76, L6=30, 
g1=0.5, g2=0.9, Lf=100 nH, Llpf=50 nH, Lm3=18 nH, Lr=2.5 nH, Clpf=27pF, CDC1=47pF, 
CDC2=680 pF, CDC3=50 pF, Cinter=0.2 pF. 

 

 

R0

R1_1

R1_2M1

M2

M3

R2_1

R2_2
M1

M2

M3

M3

R3_1

R3_2

M1

M2

1 2

397.3 mm

96
 m

m

Llpf

ClpfCDC3

D2

Dv

CDC3D1 CDC3

CDC2

Llpf
LR

Lf Lf

Lf

R

CDC1

Inductors

Capacitors
Resistors

MA46H072
SMP1230

P3

P1

P2

g1

L1

W1

W3

L2

L3

L4

L5

L6

W3g2
W2

Lm3

Cinter

Lr





100 
 

 
     (a)                (b) 

 
     (c)                (d) 

 
     (e)                (f) 

 
Figure 4.14. RF-measured S-parameters of Prototype 1 when configured in the SPDT-
BPFI mode of operation. (a), (b) Signal transmission is enabled from Port 2 to Port 1. 
(c), (d) Signal transmission is enabled from Port 1 to Port 3. (e), (f) Signal transmission 
is enabled from Port 3 to Port 2. 
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parameters shown in Figure 4.18 (a) and Figure 4.18 (b). The RF-measured results in 

Figure 4.18 (a) indicate in-band ILs of 4.1 dB (from Port 2 to Port 1) and 3.8 dB (from 

Port 4 to Port 3) in the forward direction and a D of 27 dB for the two transmission 

channels. The measured isolation levels between the two channels are greater than 22 

dB as indicated in Figure 4.18 (b). When facilitating a single-channel transmission 

between Port 3 and Port 4 in the CR-BPFI mode of operation, resonators R1, R2, and 

R3 are also over-modulated, effectively deactivating the RF signal channel between 

Port 1 and Port 2. As shown in Figure 4.19 (a), the measured IL from Port 4 to Port 3 

is 3.8 dB with a D of 26 dB and the transmission between Port 1 and Port 2 is less than 

-30 dB. Additionally, Figure 4.19 (b) shows that the transmission between Port 1 and 

Port 3, Port 1 and Port 4, Port 2 and Port 3, Port 2 and Port 4 are less than -30 dB. 

Figure 4.20 presents the measured RF performances of the PD-BPFI mode, where Port 

4 is isolated and the input power at Port 1 is equally divided between Ports 2 and 3. 

As shown in Figure 4.20 (a) and Figure 4.20 (b), the measured ILs from Port 1 to Ports 

2 and 3 are 4.3 dB and 4.8 dB, respectively, with D being greater than 22 dB. The 

measured isolation levels between Port 2 and Port 4, Port 2 and Port 3, Port 3 and Port 

4, Port 1 and Port 4 are more than 20 dB as illustrated in Figure 4.20 (c). 

 

 
 (a)             (b) 

Figure 4.18. RF-measured S-parameters of Prototype 2 when working at CR-BPFI 
mode and dual-channel signal transmission is enabled from Port 2 to Port 1 and from 
Port 4 to Port 3. (a) Signal transmission of the two horizontal paths. (b) Signal 
transmission of the isolated paths. 
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phase progression. Specifically, the proposed optimization control module in Figure 

5.1 can extract the parameters of the network model of the DUT from the measured S-

parameter data and decide the parameters need to be tuned for achieving the target 

performances. Various algorithm can be applied such as gradient-based method in 

[134], or machine learning techniques such as reinforcement learning in [135], or 

artificial neural network as in [136]. Such an automated platform can significantly 

accelerate device characterization, improve repeatability, and automatically identify 

the optimal responses in terms of IL and directivity. 

 

 
Figure 5.1. Conceptual setup of the automatic RF measurement and optimization 
system. 

 

5.3.2 Alternative modulation elements 

The majority of STM-based devices demonstrated to date rely on varactor 

diodes as the modulation and tuning elements. However, varactors impose significant 

limitations on the overall performance and scalability of STM architectures. Their 

moderate quality factor restricts achievable IL, while their breakdown voltage and 

power handling capability limit device operation at higher power levels. In addition, 

parasitic effects make it challenging to extend varactor-based implementations to 

higher frequencies such as millimeter-wave ranges. Future research should therefore 

focus on alternative modulation technologies that can overcome these limitations. One 

possible approach is to replace varactors with high-speed transistor-based switching 

of capacitors as in [48], [137] to enable operation at higher frequencies while also to 

achieve higher power handling performances. Another promising way is using RF 
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5.3.5 System-level validation and applications 

System-level validation of STM-based unilateral filtering components in 

various application scenarios remains an important step. One target application is FD 

wireless radios, where the transmitter and the receiver operate simultaneously using 

the same frequency. FD has the potential to double the spectral efficiency but requires 

extremely high isolation between the transmitter and receiver to cancel self-

interference. Notably, conductivity-modulation-based STM approaches have already 

achieved system-level demonstrations as shown in [55], [141], [142], highlighting 

both the feasibility and the benefits of STM-enabled FD transceivers. System-level 

demonstrations of such concepts will be critical to quantifying their real-world impact. 

As an example, an STM-based multi-functional module such as the star-type block in 

Chapter 4 can be utilized for connecting the shared antenna, receiver chain and the 

transmitter chain as indicated in Figure 5.3. FD and half duplex applications can be 

realized using the same architecture by configuring the working states of the STM-

based multi-functional module. Specifically, when it functions as a circulator, it allows 

the received signal to transmit to the LNA and transmit the signal from the PA 

simultaneously. Alternatively, time division duplex (TDD) wherein the signals are 

received and transmitted using different time slots, can be achieved when the module 

functions as a single-pole multi-throw switch.  Metrics such as gain, noise figure, 

linearity, self-interference suppression, and power consumption should be evaluated 

in practical environments.  

 

 
Figure 5.3. Conceptual architecture of STM-based highly adaptive RF transceivers.  
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connectivity. Reconfigurable STM-based networks could simplify the structure by 

combining switching, filtering, and isolation in one device. Future work can involve 

deploying STM-based multi-port routing networks (such as the star- and box-type 

blocks of this thesis) in a prototype phased array or MIMO system, to facilitate 

functions like dynamic beam selection or steering. As shown in Figure 5.4,  the multi-

port STM networks can be connected to antenna arrays to facilitate various beam 

configurations. For example, the two arrays in Figure 5.4 can be independently 

selected and controlled by changing the dynamic beam forming network based on 

STM resonator arrays. Moreover, both arrays can facilitate non-reciprocal 

transmission or reception of RF signals as indicated by the red and blue beams. The 

two arrays can also be configured as a whole enabling constructive interference of the 

transmit/ receive signal as indicated by the grey beam. 

Moreover, integrating non-reciprocal filtering functionality directly into antenna 

systems is a promising path to further reduce system size and cost. STM-based non-

reciprocal filtering antennas have been demonstrated in [143] and [144], which 

simultaneously provide directionality, spectral control, and radiation.  Future research 

should therefore explore the co-design methodologies for integrating antenna within 

the multi-port STM resonator array. This could enable flexible beam-steering antennas 

whose transmit and receive patterns differ, providing adaptive interference 

suppression in MIMO systems. These system-level integrations with FD and MIMO 

systems highlights the potential of STM-enabled multi-functional architectures in 

next-generation wireless networks.  

 
Figure 5.4. Conceptual diagram of dynamic beam forming network based on STM 
multi-port network. 
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