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Microfluidic Reconfigurable Filter Based on Ring Resonators
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Abstract—In this letter a novel microfluidic reconfigurable filter is presented at 1, 1.4 and 1.8 GHz.
This triple band filter is based on dual-mode ring resonators where metal-liquid switches are used for
interconnection of different resonators and feed lines, therefore, allowing tuning of its center frequency
as well as of its external Q. Simulated and experimental results are shown with good agreement.

1. INTRODUCTION

Modern communication systems require miniaturized RF filters with high performance. In order to meet
the challenging multifrequency capabilities of these communication systems, adaptive and reconfigurable
RF filters are a way forward [1-3]. However, current technologies face challenges such as linearity (as
it is the case for solid state devices) and reliability as it is the case for MEMS filters [4, 5].

One technology that promises to overcome these shortcomings is microfluidic liquid metal filters
such as the ones mentioned in [6-9]. In [10-12] SIW filters are presented with liquid metal tunability.
In [13], eutectic Gallium-Indium is used to reconfigure a microstrip hairpin-based band-pass filter with
a 60% tuning range. In [14] a microstrip reconfigurable comb-line filter is shown at 7 different bands.
However, in none of these filters, the external Q can be independently tuned. Therefore, as frequency
increases, the resonator couplings increase at a higher rate than the external Q, giving large ripples at
higher frequencies.

In this letter we present a novel liquid metal reconfigurable filter based on dual band square ring
resonators. The structure operates at 3 bands (1 GHz, 1.4 GHz and 1.8 GHz). Eutectic Gallium-Indium
based switches are used to shift to different frequencies, where different resonator and feed line pads
can be interconnected. The advantage of this configuration is that it allows independent external Q
tuning, which is achieved by switching different tap coupling feed lines. This structure is realized in
Rogers UL2000 with ¢, = 2.5 and A = 0.762 mm. For the liquid metal switches micropumps are used.
Sodium hydroxide was used to improve the liquid metal fluidity. Table 1 shows a comparison between
our proposal and the available literature.

2. FILTER DESIGN

The design starts with three conventional square ring resonators centered at 1 GHz, 1.4 GHz and 1.8 GHz,
as shown in Figure 1(a), where L; is given by Eq. (1)
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Table 1. Comparison of different metal-liquid reconfigurable filters.

Reference [13] [6] [14] | [10] [12] This work
Resonator type Hairpin WG A/2 | SIW | SIW Ring
Operational frecuency (GHz) | 0.8-1.5 NA 1.5-4 | NA | 2.2-25 1-1.8
Response type BP BR-BP | BP BP BP BP
External QQ tuning No No No No No Yes

where f is the central frequency, and e, is the effective permittivity. At each frequency we obtain
L1 =50mm, Ly = 35mm and Lg = 27 mm, with a linewidth of W = 2.5 mm.

The filters are chosen to have a 15% fractional bandwidth (FBW) with a 2-pole Chebyshev response.
The low pass coefficients g are g = 1, g1 = 0.8431, go = 0.6220 and g3 = 1.3554. From these values,
the external (), and mutual coupling coefficients can be calculated using Equations (2) and (3) [15].
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The final values are Qe+ = 5.6 and k1o = 0.21.

In order to build the triple band miniaturized filter, the double band ring resonators with a notch
are placed inside one another as shown in Figure 1(b), where meandering is performed accordingly. Tap
coupling is utilized. As seen from Figure 1(b), 8 gaps are left inside the resonators and coupling lines.
In these gaps, liquid metal switches will be placed to reconfigure the desire band.

To extract the external coupling coefficients, a full wave simulator is utilized, using the technique
described in [15]. For the 1 GHz filter, three tap couplings are used as seen in Figure 1. The gaps
S1,59,53,54 and Sy, are connected with transmission lines, and the rest are left unconnected. The
opposite side of the circuit is weakly-coupled, and the notch is removed. To obtain ().,; we use Equation
(4). to is kept constant to 0 mm, and we vary ¢; (see Figure 2). For our required value of Qcyt = 5.62
we obtain ¢ = 3.5 mm.
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Figure 1. (a) Conventional ring resonator; (b) Proposed filter based on three dual mode ring resonators
inside one another showing gaps for metal liquid switches and notch for dual mode operation.
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Figure 2. Simulated results of external coupling (Q..¢) and resonator coupling (k) at various distances
(t3,t1,t4,dy,dy and d3).

where f, is the resonant frequency; A f34p is the 3dB bandwidth; f; and f5 are the resonant frequencies
of the coupled resonators.

For the 1.4 GHz filter, S4, S5, .55, 5¢ and Si, are connected and the rest unconnected. In this case,
we fix t; = 3.5 mm and change t3 (Figure 2). Our required value is t3 = 3.5 mm.

For the 1.8 GHz filter, S7, Sg and S7; are connected and the rest unconnected. By fixing ¢t; = 3.5 mm
and changing t4, we obtain t4 = 4mm (Figure 2).

To obtain the coupling coefficient k of the dual band resonator, the notch size (d) is optimized using
a full wave simulator. The structure is weakly coupled at both ends. For the 1 GHz filter, S1, S, S3 and
Sy are connected (the rest left unconnected). Using the simulator, the distance d; is changed and the k
extracted using Equation (5). For 1.4 GHz S, S3, S5 and Sg are connected, and for 1.8 GHz S; and Sg
are connected leaving the rest unconnected. Figure 2 shows the extracted values giving d; = 11.2 mm,
do = 9.5mm and d3 = 8 mm.

It is seen that the 1 GHz resonator presents a harmonic resonance at 1.7 GHz, therefore interfering
with our third passband. For this reason, a resonant suppression open stub of length L was added to
the structure (Figure 1). This stub is designed to be A\/4 at 1.7 GHz; hence, forcing a virtual short on
the outer resonator and attenuating the undesired resonance. The length of the stub was optimized,
and the final dimension is L = 19 mm.

3. SIMULATED AND EXPERIMENTAL RESULTS

The final structure (Figure 1(b)) was simulated with the respective connections for each band (Table 1).
The circuit was constructed using conventional photolithography on a Rogers UL2000 substrate with
h = 0.762mm. To implement the metal liquid switches, thin pipes of 2.5 mm diameter are connected
to syringes where Gallium/Indium eutectic is made to flow. It is important to note that pipes should
be thin enough to have little impact on the filter response. For our case, liquid metal thickness is
about 1.5 mm, which did not cause any apparent filter response degradation. To achieve proper flow,
the metal liquid is mixed with a small amount of sodium hydroxide [10]. Switches are shown in Figure
3(b), where a dielectric capsule is placed on the desired transmission lines. When an ON connection is
needed, metal liquid is pumped through, hence, connecting the lines. A picture of the final circuit with
all the switches and manual pumps is shown in Figure 3. The switching for all the bands is shown in
Table 2.

The results are measured using a vector network analyzer. Simulated and experimental results
are presented in Figure 4. As seen from the figure, there is good agreement between simulation
and experiment. The center frequencies for the three bands are: 1GHz (simulation), 0.91 GHz
(experimental); 1.4 GHz (simulation), 1.37 GHz (experimental); and 1.8 GHz (simulation), 1.75 GHz
(experimental). There is a slight shift to lower frequencies for the experimental results for the three
bands. This is thought to be due to fabrication errors and material tolerances. The experimental
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Figure 3. (a) Picture of fabricated filter; (b) Filter setup showing a schematic of metal switch and a
picture of the final experimental setup with syringes used as micropumps.
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Figure 4. Simulated and experimental responses corresponding to: (a) Return Losses, and (b) Insertion

Losses.

Table 2. Switching for triple band filter.

f(GHz) | Sy | So | S3| Sa | S5 | Se | S7 | S8 | Sta | S2a | S3a | Saa | S1p | Sic
1 On [ On | On | On On | On | On | On
14 On On On | On On On
1.8 On | On On | On

insertion losses are 0.68 dB for the first band, 0.69 dB for the second band and 0.47dB for the third

band.

4. CONCLUSIONS

A new type of reconfigurable filter has been successfully presented using dual-mode ring resonators and
metal liquid switches for reconfigurability. The filter was measured, and experimental results show good
agreement with simulations. The filter passbands are centered at 1 GHz, 1.4 GHz and 1.8 GHz.
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