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Introduction

Multi band reconfigurable filters would be of great use to present era of microwave and wireless communication [START_REF] Hong | Reconfigurable planar filters[END_REF]. Electronically reconfigurable multi band filters could benefit in increased versatility by reducing physical volume and signal processing budget of a system. A number of groups have successfully presented genius designs of electronically reconfigurable filters as in [START_REF] Hong | Reconfigurable planar filters[END_REF]- [START_REF] Psychogiou | Fully-Reconfigurable Bandpass/Bandstop Filters and Their Coupling-Matrix Representation[END_REF]. However, almost all these works utilize an active switching technology like a varactor or PIN diode or other solid state semiconductor switches to achieve the desired characteristics. These switches necessarily require a power source to maintain ON/OFF states and are generally active and volatile devices, and are integrated into the target device by techniques like soldering, which tend to degrade the RF performance of the circuit to some extent.

In this paper for the first time (to the best of our knowledge) we present the design and development of an electronically reconfigurable band stop filter using non-volatile passive solidstate nano-ionic metal-insulator-metal switches integrated to a planar filter topology, without any techniques like soldering. A MIM switch is a memristive switching technology initially identified as memory technology named Conductive Bridging Random Access Memory (CBRAM), derived from the concept of memristive switches called programmable metallization cells (PMC) [START_REF] Michael | Programmable metallization cell structure and method of making same[END_REF]. As indicated by the name a MIM switch is a three layer switch (Metal -Insulator -Metal) similar in construction to a parallel plate capacitor, in which a layer of solid ion-conductor (which is an electronic insulator) is sandwiched by a layer of electrochemically asymmetric electrode pairs. One of the electrodes is an active ion-donor like silver or copper and the other is a relatively inert ion-acceptor like aluminium or gold. The peculiarity of this presented switching technology is that it does not require a power source to maintain its state, once a set(ON)/reset(OFF) state is achieved using short low-power DC pulses, making it a fully nonvolatile and solid-state switching technology.

With highlights to non-volatility, it has been proved recently that MIM switches are promising candidates as next generation of passive RFswitches and renders smooth performance up-to 40GHz [START_REF] Pi | Nanoscale memristive radiofrequency switches[END_REF]. In black and white, non-volatility gives a special contrast to this switching technology in comparison to classic RF switches like MEMS or semiconductor solutions like PIN and Varactors. Possible list of ion-conductors for MIM applications include materials like chalcogenide glass [START_REF] Nessel | Chalcogenide nanoionic-based radio frequency switch[END_REF], Hafnium dioxide [START_REF] Dragoman | Phased antenna arrays based on non-volatile resistive switches[END_REF], mouldable polymers like PMMA [START_REF] Jian | Study and design of resistive switching behaviors in PMMAbased conducting-bridge random-access memory (CBRAM) devices[END_REF], Nafion [START_REF] Jayakrishnan | Nafion-Based Fully Passive Solid-State Conductive Bridging RF Switch[END_REF] and even an air gap with precisely controlled electrode spacing [START_REF] Pi | Nanoscale memristive radiofrequency switches[END_REF]. A recent literature on MIM switches using in house fabrication techniques, reports more than 2000 cycles of operation [START_REF] Jian | Study and design of resistive switching behaviors in PMMAbased conducting-bridge random-access memory (CBRAM) devices[END_REF], which is quite an acceptable number at the budding stage of a technology. CBRAM or MIM switch is identified to have more versatility of application, and lesser complexities in terms of ease of fabrication in comparison to other members of the PMC family like the Phase Change Memory (PCM) [START_REF] El-Hinnawy | Low-loss latching microwave switch using thermally pulsed non-volatile chalcogenide phase change materials[END_REF], [START_REF] Wang | A Low-Loss Directly Heated Two-Port RF Phase Change Switch[END_REF] devices.

Although most of the above cited RF-switching solutions including PCM and MIM require 'clean room' technologies for fabrication, [START_REF] Jayakrishnan | Nafion-Based Fully Passive Solid-State Conductive Bridging RF Switch[END_REF], [START_REF] Jayakrishnan | Solid-State Conductive-Bridging Reconfigurable RF-Encoding Particle for Chipless RFID Applications[END_REF], [START_REF] Methapettyparambu Purushothama | Electronically Re-Configurable, Non-Volatile, Nano-Ionics-Based RF-Switch on Paper Substrate for Chipless RFID Applications[END_REF] report a process for fabrication of Nafion based MIM RF switches using ambient laboratory conditions, similar to an industrial environment, and notably without the need for any 'clean room' technologies, on classic as well as flexible substrates like paper. Such a construction is possible by the unique properties of polymer ionconductors like Nafion [START_REF] Heitner-Wirguin | Recent advances in perfluorinated ionomer membranes: structure, properties and applications[END_REF], which could be easily transformed to layers of required thickness, without any high temperature processes. Another notable feature of this technology is that the switches could be potentially printed layer by layer along with the metallic structures, using polymer and metallic inks. This would be a giant step for the new trend of low power and passive disposable RF electronics [START_REF] Cook | Only skin deep: Inkjet-printed zero-power sensors for large-scale RFID-integrated smart skins[END_REF] in near future.

Here we address the application of MIM switches in electronically reconfigurable band stop filter applications, in which the switch is implicitly integrated and fabricated along with the microstrip filter structure.

Analysis of Proposed Design

Proposed topology of filters is a stub loaded microstrip line as shown in Fig. 1. Load stub is integrated with a MIM switch that tunes the electrical parameters and thus forces the stub to resonate at a particular frequency. The MIM switch is formed between the overlapping sections marked 'w3' and 'w4' in Fig. 1,sandwiching A MIM switch could be represented using an RC parallel network (as shown in Fig. 1) of which C MIM is similar to capacitance calculated from geometry of the switch and R MIM is similar to filament resistance measured across the switch electrodes [START_REF] Jayakrishnan | Nafion-Based Fully Passive Solid-State Conductive Bridging RF Switch[END_REF], [START_REF] Jayakrishnan | Solid-State Conductive-Bridging Reconfigurable RF-Encoding Particle for Chipless RFID Applications[END_REF]. An open circuited resonant stub loaded on to a microstrip transmission line could be modeled as a serial RLC network as shown in Fig. 3 

Photographs of fabricated filters with microphotograph of MIM switch in the inset. (a) Shorted Stub BSF (N1). (b) Open Stub BSF (N2).

Design N1

In case of N1, the device could be approximated as a series RL network in series with parallel RC approximation for the MIM switch as shown in Fig. 3 (a). The stub is not resonant in ON state of the switch, in the targeted bandwidth (or in absence of switchdirect connection between two arms of the cross marked by 'w3' and 'w4' in Fig. 1) and resonates with a surface current pattern much less than a quarterwavelength distribution in OFF state. Mechanism of operation of N1 is as follows. When the switch is in ON state, R MIM is a very small value equivalent to a short circuit and most of the current flow is through this path, which is strong enough to ignore the path through C MIM , thus the stub constitutes a non-resonant path, establishing all pass filter characteristics, as no much power is short circuited to ground through this path. When 

Design N2

For N2, equivalent circuit could be modeled as an RLC serial network [START_REF] Amin | Slow Wave Applications of Electromagnetically Induced Transparency in Microstrip Resonator[END_REF] for open circuit stub, in series with parallel RC equivalent for the MIM switch as shown in Fig. 3 

Results

RF response of both devices is recorded using Agilent ENA E5061B Network Analyzer, using ordinary Short-Open-Load-Thru calibration. N1 shows an insertion loss less than -2dB in pass band and an isolation greater than -11dB, with -10dB bandwidth of 80MHz in stop band.

Similarly N2 shows an insertion loss less than -2dB in pass band, and an isolation greater than -14dB, with -10dB band width greater than 140MHz for both stop bands. One should note that these results are inclusive of effects of associated transmission line, feed lines and SMA connectors.

We could see that the results of experiment are in good agreement with results of full wave simulation and electrical equivalent circuit.

(a) (b)

Fig. 4. Surface current distribution of Open Stub Band Stop Filter (N2): (a) Stop band (2.010GHz, OFF state), (b) Pass band (1.42GHz, OFF state).

Capacitance C MIM is seen to have an acute control over the OFF state resonance frequencies of the filters. C MIM could be varied by controlling the electrode area of MIM cell, determined by the width 'w3' and 'w4' (in Fig. 1), for a given thickness of ion-conductor layer. For N2 this effect could be used to control the shift between ON and OFF state resonances as shown in Fig. 7 (study using the electrical equivalent model). The tune width and tune length chosen here are respectively 'w4' and 'L3' in Fig. 1.

𝐹 𝑟 = 𝑐 4 𝐿 𝑒𝑓𝑓ON/OFF√ 𝜀 𝑒𝑓𝑓 (1) 
𝐿 𝑒𝑓𝑓ON = -0.8𝑤 𝑡 + 𝐿 𝑡 + 25 (2) 𝐿 𝑒𝑓𝑓OFF = -26𝑤 𝑡 2 + 32.7𝑤 𝑡 + 0.5𝐿 𝑡 + 11

Here c is speed of light in vacuum in m/s and 𝜀 𝑒𝑓𝑓 is effective dielectric permittivity of substrate and is calculated to be 3.16 in the presented case.

This equation is optimized through non-linear multiple variable regression analysis using the method of least squares. This model is optimized as a function of simulation data and is valid for 'w t ' in the range 0.1 to 0.7mm and 'L t ' in the range 10 to 18mm. The maximum calculated error is 30 MHz and 110 MHz, respectively for ON and OFF state. Table II shows a comparison of resonance frequency values obtained experimentally and using (1) for the presented device. This result is an acceptable visualization about the time stability of the device. Further analysis on the maximum achievable time of switch state

Fig.7. Dependence of Resonance Frequency on C MIM (N2).

preservation is yet to be investigated and is in progress with the authors. or using hybrid topologies [START_REF] Chen | Dual-band reconfigurable bandstop filter with independently controlled stopbands and constant absolute bandwidths[END_REF], [START_REF] Chaudhary | Harmonic Suppressed Dual-Band Bandpass Filters With Tunable Passbands[END_REF].

However, the operating bandwidth, roll-off rate (order) and stop band isolation in the presented case could be improved by introducing multiple identical resonator sections with integrated MIM switches for N1 and N2 (see Fig. 

Fig. 2 .

 2 photographs of fabricated devices with microphotographs of switch areas in the inset. In N1 the stub is short circuited by connecting it to the ground plane of SMA connector as shown in Fig.2. The MIM switch is fabricated layer by layer using an optimized technique reported in[START_REF] Jayakrishnan | Nafion-Based Fully Passive Solid-State Conductive Bridging RF Switch[END_REF].Copper and aluminium forms active and passive electrodes and Nafion is the ion-conducting and electronic insulating layer, as shown in the inset of Fig.1.

Fig. 1 .

 1 Fig. 1. Topology of Band Stop Filters. (W1=3mm, W2=2mm, W3=0.1mm, W4= 0.3mm, L2=18mm, L4=5mm, L5=2.6mm, L6=5mm. N1: Shorted Stub BSF, L1=28mm, L3=3.85mm, L7=14mm. N2: Open Stub BSF, L1=40mm, L3=14.7mm, L7=30mm). The switch is operated using optimized DC voltage pulses [10] applied directly through the SMA connector for N1 and to the metallic parts using ordinary crocodile clips for N2. Proposed design is first simulated using CST microwave studio. A lumped resistor with values similar to experimented switch resistances is used to operate the MIM switch. Working mechanism of the band

  [START_REF] Amin | Slow Wave Applications of Electromagnetically Induced Transparency in Microstrip Resonator[END_REF].

  switch is in OFF state, R MIM is a large resistance, close to an open circuit. This forces the current to flow only through C MIM (or very negligible current flows through R MIM ) and the stub, resulting in a resonant circuit formed collectively by C MIM , R SS , and L SS . During this resonance, most of the power originating from port 1 (or port 2) of microstrip line is short circuited to ground exhibiting band stop characteristics around resonance frequency.

Fig. 3 .

 3 (b). Surface currents show a distribution similar to quarter wavelength at resonance, for both states of the switch for this design in CST simulation. Fig.4 shows the surface current distribution on the stub at a resonance frequency which constitutes stop band (2.010GHz, OFF state), and at a nonresonant frequency in pass band (1.42GHz, OFF state). Mechanism of operation of N2 is also similar to above theory for different switch state of MIM cell, except that in this case, the stub is long enough to exhibit a resonance, and is approximated by an RLC serial network. This design thus has a band stop behavior in both states of the switch, but at different frequencies, depending on the net value of capacitance due to C MIM and C OS . During ON state of MIM switch, resonance depends only on R OS , L OS , and C OS . When MIM switch is OFF, C MIM is connected in series to C OS thereby reducing net capacitance and shifting resonance to a higher frequency. Electrical Equivalent Circuits. (a) N1. (b) N2.

Fig. 5

 5 Fig.5 and 6 shows respectively the measured RF response of N1 and N2, along with results of full wave simulation and electrical equivalent circuit simulations. A triangular pulse of peak voltage +16V/0.5mA and a negative square pulse of -20V/150mA are used respectively to switch the devices ON and OFF similar to as reported in [10]. ON and OFF state resistance of MIM switch is in range of 1Ω-30Ω and 1MΩ-300MΩ respectively for most of the cycles. Table 1 shows optimized values of lumped components of electrical equivalent model of N1 and N2, through fitting with experimental results. This is done using CST Microwave Studio, in schematic mode. Values of R MIM is similar to experimentally obtained filament resistance values of MIM cell, measured at DC using a source meter, and C MIM is similar to calculated parallel plate capacitance due to geometry of electrodes and dielectric properties of ion-conductor [18] used.

Fig. 6 .

 6 Fig. 5. RF-Response of Shorted Stub Band Stop Filter (N1): (a) S21, (b) S11.

Fig. 8 .

 8 Fig.8. It is observed that the ON/OFF states preserve their states for more than 1000 minutes.

Fig. 8 . 4 .

 84 Fig.8. Time stability of MIM switch.4. Discussions on OvercomingLimitations of Presented Design

9 ).Fig. 9 .Fig. 10 .

 9910 Fig.9. Reconfigurable shorted-stub band-stop filter topology with multiple (identical) resonator elements. L1 = 60mm, L2 =5mm, L3 = 2.5mm, L4 = 5mm, L5=3.85mm, W1=0.1mm, W2=0.1mm, W3=2mm, W4= 3mm.

Fig. 11 .Fig. 12 .

 1112 Fig. 11. Open-stub band-stop filter with multi frequency tuning. L1 = 60mm, L2 =5mm, L3 = 2.5mm, L4 = 5mm, L5 =14.7mm, L6 = L7 = 5mm, W1=0.3mm, W2=0.1mm, W3=2mm, W4= 3mm.

TABLE I

 I 

		Electrical Model of Reconfigurable Band Stop
	Filters			
	Parameters	Shorted Stub BSF	Parameters	Open Stub BSF
	(N1)	(N1)	(N2)	(N2)
	R MIM	21Ω /1MΩ*	R MIM	1Ω/1MΩ*
	C MIM	1.4pF	C MIM	1.48pF
	R SS	9Ω	R OS	5Ω
	L SS	8nH	L OS	8.35nH
	(*Respectively for ON and OFF states)	C OS	1.5pF
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