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 Abstract— Microfluidically reconfigurable radio f requency (RF) 

devices in general have been found attractive for low-loss, wide 

frequency tunability and high-power handling capabilities.  

Recently, integrated actuation of microfluidically reconfigurable 

devices have been proposed for compact mm-wave device 

applications. This paper for the first time introduces 

microfluidically reconfigurable frequency and/or bandwidth 

tunable band-pass filters (BPFs) operated at mm-wave band with 

integrated actuation. The BPFs consist of coupled hairpin 

resonators. Frequency tuning is achieved by capacitively loading 

the resonators. Bandwidth tuning is achieved by creating varying 

capacitive loading among the resonators to control the inter-

resonator couplings. The capacitive loading mechanisms are 

realized with selectively metallized plates (SMPs) that can be 

repositioned within microfluidic channels. The microfluidic 

channels are located directly above the stationary metallizations of 

the filter. Piezoelectric bending actuators placed under the filter’s 

ground plane provide the SMP motion capability. The BPFs 

perform with worst -case insertion loss of 3.1 dB. Frequency tuning 

capable filters operate within 28 GHz – 38 GHz band. Fractional 

bandwidth tunability varies from 7.8% to 16.7% at 38 GHz and 

7.6% to 12.5% at 28 GHz for the filter that is capable of both 

tuning mechanisms. The filters are characterized to handle 5 W of 

continuous RF power without needing thick ground planes or heat 

sinks. In addition, the frequency tuning speed is characterized to 

be 285 MHz/ms.  

 
Index Terms—microfluidics; band-pass, bandwidth tunability, 

frequency tunability, mm-wave, reconfigurable filter. 

I. INTRODUCTION 

ICROFLUIDICALLY reconfigurable RF devices have 

attracted interest for providing high-power handling 

capability, high linearity, wide frequency tunability, low-loss, 

high radiation efficiency, and cost-effective implementations 

by eliminating active control components such as diodes and 

varactors [1, 2]. Microfluidically tunable filters [3], antennas [4, 

5], antenna arrays [6, 7] and switches [8-11] have been 

successfully designed and implemented in recent literature to 

demonstrate a set of these advantages. 

Device reconfiguration with microfluidics is primarily 

achieved with the motion of metallic liquids or metallized solids 

within microfluidic channels. The channels are often placed 

within the close proximity of the metallic traces that form the 
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device that is intended to be reconfigured. The metallic liquid 

or solid within the channel typically is used to implement a 

varying capacitive loading mechanism. The use of liquid metals 

within the channels opens the possibility of flexible and self-

healing type of reconfigurable device implementations. 

However, liquid metals exhibit reliability challenges due to 

oxidization and reduced conductivity drawbacks for mm-wave 

applications [1, 2]. Utilizing selectively metallized plates 

(SMPs) within the microfluidic channels alleviates the mm-

wave drawbacks of liquid metals. SMP approach has been 

successfully demonstrated for low-loss performance [12], high-

power handling [3, 4] and mm-wave frequency operation [6, 

13]. In these previous works, SMPs have been repositioned 

within the microfluidic channels by employing external 

micropumps. However, our recent work has demonstrated that 

SMPs can be repositioned with integrated piezoelectric 

actuators [11]. This is possible due to the significantly reduced 

device sizes within the mm-wave frequencies. By carefully 

designing the channel sizes, small deflections generated by the 

piezoelectric actuator can be transformed into larger SMP 

motion. Integrated actuation eliminates the necessity of bulky 

external micropumps and provides a path for utilizing 

microfluidics based reconfiguration techniques within the mm-

wave frequencies.  

The actuation times so far has been shown to be on the order 

of 1.12 – 3.6 ms [11, 14] for the mm-wave switch realizations. 

The actuation time can be potentially decreased with material 

choices, shapes, and design variations. Actuation times on the 

order of few ms could make the microfluidics based 

reconfiguration attractive for mm-wave applications that need 

high power handling, large tuning range, and low loss. 

Moreover, the low actuation time enables to perform reliability 

and repeatability tests in the order of millions of cycles [11].  

The goal of this manuscript is to demonstrate for the first time 

the design and realization of microfluidically reconfigurable 

band pass filters (BPFs) operating in mm-wave bands with 

frequency and bandwidth tunability capabilities. This is 

motivated from our earlier work on frequency tunable 

microfluidic BPFs [3, 12, 15]. These earlier filters required 

external pumps, operated at lower GHz frequencies and 

provided only the frequency tuning capability. As mentioned 
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above, their reliability is not well-established in terms of 

number of cycles the filters could be reconfigured due to the 

slow time response. In addition, there is no prior work on 

providing simultaneous reconfiguration capability for 

bandwidth and frequency (i.e. dual-reconfigurability). 

The proposed filter for dual-reconfigurability is shown in 

Fig. 1(a). Piezoelectric actuators are placed under the ground 

plane to drive two SMPs in two separate microfluidic channels 

for providing independent control of frequency and bandwidth.  

Specifically, this manuscript discusses three separate filter 

designs and prototypes. The first design is a frequency tunable 

band pass filter (FT-BPF). The second design is a bandwidth 

tunable band pass filter (BT-BPF). The third design can be 

considered as combination of the two filters providing 

bandwidth and frequency tuning capabilities simultaneously 

(FBT-BPF). The filter topology is based on a third order 

coupled resonator BPF where resonance frequencies and inter-

resonator couplings must be simultaneously tuned for the 

desired functionalities [see Fig. 1(b)]. Section II presents the 

dual-reconfiguration approach with resonator design. Section 

III presents the FT-BPF design. Frequency tuning range is 

selected to be 28 GHz – 38 GHz band due to emerging interest 

in mm-wave communications. The FT-BPF is designed to 

maintain a constant 7% fractional bandwidth (FBW) within the 

band. This is motivated from the bandwidth of 28 GHz (e.g. 27 

GHz – 29 GHz and 26.5 GHz – 29.5 GHz) and 38 GHz (e.g. 

36.5 GHz – 39.5 GHz and 37 GHz – 41 GHz) frequency bands 

[16, 17]; however, different design specifications can also be 

pursued. Section IV details the BT-BPF design carried out at 38 

GHz. The filter offers 7% to 16% FBW control. Section V 

presents the FBT-BPF design that operates with frequency 

tuning range from 28 GHz to 38 GHz while achieving 

bandwidth tunability from 7% to 12% at 28 GHz and 7% to 

16% at 38 GHz. Section VI provides the fabrication details. 

Section VII details the experimental verification of the filters. 

Section VIII presents the repeatability and power handling 

characterization of the filters. It is shown that the filter 

prototypes perform with worst-case insertion loss (IL) of 3.1 dB 

at 38 GHz. They offer 7.8%–16.7% 3 dB FBW tunability at 38 

GHz and 7.6%–12.5% 3dB FBW tunability at 28 GHz. A 

reconfiguration speed of 285 MHz/ms is achieved and actuation 

cycles up to 12 million are demonstrated. The FBT-BPF is 

characterized to handle up to 5 W of continuous RF power 

without needing thick ground planes or heat sinks. 

II. FREQUENCY AND BANDWIDTH TUNING PRINCIPLES 

The coupling diagram in Fig. 1(b) demonstrates the concept 

of achieving frequency and bandwidth tunability from a third 

order BPF. Resonance frequencies of the resonators and their 

inter-resonator coupling coefficients must be controllable. For 

a symmetrical filter response, the coupling coefficients ὓ  and 

ὓ  need to be equal along with synchronized resonance 

frequencies. External quality factor (ὗ   and coupling 

coefficients can be determined from the coupled resonator filter 

theory [18] to achieve the desired filter response and FBW. For 

well-known filter types (such as Chebyshev and maximally 

flat), the link between low-pass filter prototype and coupling 

coefficients is already established [18].  

Frequency tunability of microwave filters is commonly 

achieved by capacitively loading the resonators or modifying 

the physical dimensions of the resonators. A well-known 

approach for capacitive loading based frequency tunability is 

microstrip combline topologies implemented with varactors 

[19]. A similar capacitive loading approach is demonstrated 

with microfluidics in [15] where the repositionable SMP 

metallizations act as the varactors loading the resonators. A 

well-known approach for physical dimension variation based 

frequency tunability is the semiconductor [20] or MEMS switch 

loaded resonators [21]. Physical variation based frequency is 

tuning is also shown to be possible with microfluidics in [3] 

where repositionable SMP acts as the resonator itself. 

Bandwidth tunability of microwave filters is also commonly 

achieved with capacitive loading to modify the inter-resonator 

couplings. Simultaneous frequency and bandwidth control 

increases the number of the control elements (i.e. varactors 

and/or switches) and penalizes the IL of the filter. This becomes 

high in mm-wave frequencies with IL values reaching up to 9 

dB at 20 GHz (see Table I in Section VIII for comparison of 

state of the art and presented filters). On the other hand, 

frequency and/or bandwidth tunable filters have never been 

implemented in mm-wave frequencies with microfluidics. As 

will be shown, these filters can offer significant advantages in 

IL and power handling capability from a compact footprint.  

Implementing independent control for frequency and 
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(b) 

 
Fig. 1. (a) Substrate stack-up of the frequency and bandwidth tunable filter 

with integrated actuation; (b) Coupling diagram. 

 icrofluidic  hannel

 alls

Piezo

 ctuators

 otto 

 icrofluidic

 hannel  eser oirs

  P for 

 oupling  ontrol

   P    

  P for 

 re uenc   ontrol

   P    

 used  ilica

 o er

 ilter P  



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.  

The final version of the record is available with Digital Object Identifier 10.1109/TMTT.2020.3006869 
3 

bandwidth tunability with microfluidics necessitates to utilize 

two distinct SMPs within two separate microfluidic channels. 

Therefore, the coupled resonator filter topology consisting of 

hairpin resonators is proposed as shown in Fig. 1 and Fig. 2. 

The hairpin resonators allow to use an SMP to simultaneously 

load the open ends of the resonators for achieving frequency 

tunability [see Fig. 2(a) SMP #1]. Another SMP can be used at 

the opposite sides of the hairpin resonators to control inter-

resonator couplings through capacitive loading [see Fig. 2(b) 

SMP #2]. Having SMPs at opposite sides of the resonators 

allows to realize the filter by making use of meandered 

microfluidic channels. The channel layout demonstrating this 

operation is also highlighted with dashed lines in Fig. 2. Each 

microfluidic channel can be interfaced with a piezoelectric 

actuator at the back of the ground plane to provide individual 

control of the SMP positions as shown in 3D perspective view 

of the filter in Fig. 1. These piezo actuators operate with the 

same principle and mechanism as introduced in [11]. 

Fig. 3(a) shows the equivalent circuit of two adjacent 

resonators loaded with the SMPs. In this circuit model, each 

hairpin resonator is represented with a parallel ὒὅ network. 

These resonators in general exhibit mixed magnetic and electric 

couplings. However, for the selected geometry and orientation 

of adjacent resonators, the electrical coupling dominates for 

small resonator spacing [22] and the performance of the 

equivalent circuit gets dominated by the electrical coupling 

capacitance ὅ . Within the circuit, coupling is represented with 

an admittance inverter network. The capacitive loading 

between the two resonators generated by the metal trace of the 

SMP #2 is represented with a variable capacitor ὅ placed in 

parallel with the admittance inverter network. The capacitive 

loading introduced by the SMP #1 metal trace across the open 

ends of the resonator is represented with the variable loading 

capacitor ὅ.  

 

The resonance frequency of the resonator is given by 

  

Ὢ
ρ

ς“ ὒ ὅ ὅ
Ȣ ρ 

 

Keysight ADS Momentum suite is used for electromagnetics 

(EM) simulations to design the unloaded resonator operate at 

38 GHz. Co-simulation is performed and the ὅ value that 

reduces the resonance frequency down to 28 GHz is identified 

as 0.3 pF (i.e. 0.3 pF > ὅ > 0 for 28 GHz > Ὢ > 38 GHz). Co-

simulations and equation (1) is utilized at different operation 

frequencies to extract ὒ and ὅ as 48.314 pH and 0.363 pF, 

respectively. Afterwards, ὅ must be related to the SMP 

metallizations to realize the filter. For design simplicity, in this 

work, the ὅ and ὅ are related to SMP metallizations through 

the parallel plate capacitor equations. As shown in Fig. 3(b), the 

metal trace of SMP #1 overlaps with the open ends of the 

hairpin resonator with an area proportional to Ὓ Ὓ , where 

Ὓ  and Ὓ  denote the maximum horizontal and vertical 

overlap lengths of the SMP #1 metallization with respect to the 

resonator, respectively. Parameter ί defines the position of 

SMP #1 relative to the resonator (e.g. ί = 0 implies no overlap 

and ί Ὓ  implies maximum overlap). The shape of the 

metal traces of SMP #1 is partially trapezoidal to linearize the 

frequency tuning with respect to ί as was similarly employed 

in [3]. The parameters ὒ  and ὒ  shown in Fig. 3(b) describe 

the shape of the partial trapezoidal area. The relationship 

between the total overlap area (ὃ ) and ὅ is 

 
(a) 

  
(b) 

 
Fig. 2. Filter layouts demonstrating (a) frequency reconfiguration with SMP 

#1 (SMP #2 is taken to be not loading the filter); (b) bandwidth reconfiguration 

with SMP #2 (SMP #1 is taken to be not loading the filter). 
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Fig. 3. (a) Equivalent circuit model of a coupled resonator pair and (b) layout 

detail of the resonator pair when loaded with SMP metallizations (ὒ  0.95, 

ύ  0.25, ύ  0.16, Ὣ  0.18, Ὣ  0.1, Ὓ  0.105, Ὓ  0.3, ὒ  

0.055, ὒ  0.15, Ὓ  0.25, Ὓ  0.175, π ί Ὓ , π ί Ὓ ; all 

units are in mm). 
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 ὅ
‐‐ὃ  

τὨ
ȟ ς 

 

where Ὠ is the vertical separation between the SMP 

metallizations and printed circuit board (PCB) traces forming 

the resonators (Ὠ = 10 µm); and ‐ is the relative dielectric 

constant of the material separating the SMP metallizations and 

PCB traces (‐ = 2.15). From the described geometry in Fig. 

3(b), ὃ  is linked to the geometry as 

 

ὃ
ςὛ ὒ ί  

ὒ ί

ὒ
   ÆÏÒ  ί ὒ

ςὛ ί ὒ ὒ     ÆÏÒ  ί ὒ

 Ȣ σ 

 

The factor of 4 in equation (2) appears due to the ὅ being 

formed through the series connection of two capacitors defined 

by the half of the total overlap area.  Fig. 4(a) presents the 

relationship between ί and Ὢ. This relationship is obtained 

from EM simulations. Frequency variation with ί can be 

linearized by utilizing the ὒ  and ὒ  parameters. In the design, 

Ὓ  is selected as 0.11 mm due to the need to include coupling 

compensation traces in SMP #1 (see Section III for coupling 

compensation discussion). With this value of Ὓ ,  ὒ = 50 µm 

and ὒ  = 0.15 mm achieves an almost linear frequency 

variation behavior with respect to ί. Subsequently, Ὓ  is 

determined as 0.3 mm from equations (2) and (3) by making 

using of the maximum value of ὅ = 0.3 pF at ί = Ὓ . 

To achieve the desired minimal FBW tunability of 9.5%  

2.5%, the tunability range of ὅ must be determined. ὅ is 

proportional to the area Ὓ  Ὓ  formed by overlapping metal 

trace of SMP #2 with the hairpin resonator. Here, Ὓ  and Ὓ  

denote the maximum horizontal and vertical overlap lengths of 

the SMP #2 metallization with respect to the resonator. 

Parameter ί defines the position of SMP #2 with respect to the 

resonator (e.g. ί = 0 implies no overlap and ί Ὓ  implies 

maximum overlap). The total overlap area ὃ  for ὅ is 

rectangular since this shape is found to readily provide a linear 

coupling variation with ί. The relationship between ὃ  and 

ὅ is 

 

ὅ
‐‐ὃ  

τὨ
ȟ τ 

 

From the described geometry in Fig. 3(b), ὃ  is linked to the 

geometry as 

 

ὃ ςὛ ί υ 

 

From the equivalent circuit of Fig. 3(a), with the approach 

described in [18], the electrical coupling factor Ὧ is expressed 

as: 

Ὧ
Ὢ Ὢ

Ὢ Ὢ
ȟ φ 

where 

 

Ὢ
ρ

ς“ ὒ ὅ ὅ ὅ ςὅ
χ 

  

Ὢ
ρ

ς“ ὒ ὅ ὅ ὅ
Ȣ ψ 

 

Equations (1) and (6) – (8) show that ὅ  reduces Ὧ while also 

reducing Ὢ. Therefore, dependence of Ὧ to ὅ must be 

extracted for different values of ὅ as shown in Fig. 4(b). To 

determine required Ὧ, a filter topology must be selected. In this 

manuscript, we pursue a third-order 0.1 dB ripple Chebyshev 

filter with minimal FBW tunability from 7% to 12%. From  

[23],  low-pass prototype element values can be obtained as 

Ὣ Ὣ ρ, Ὣ Ὣ ρȢπσρφ and Ὣ ρȢρτχτ. For FBW 

of 7%, ὗ ρτȢχτ, ὓ ὓ πȢπφτστ. For FBW of 12%, 

ὗ ψȢυωχȟὓ ὓ πȢρρπσ.  Therefore, Ὧ needs to be 

tunable within the range of 0.064 – 0.11. Minimum FBW is 

achieved when ὅ = 0. As described in introduction, a design 

goal is to maintain minimum FBW as 7% at all possible center 

frequencies. To achieve this, ὅ π and ὅ = 0 point in Fig. 

4(b) is adjusted with the choice of ὅ  = 23.36 fF to provide the 

minimum required Ὧ of 0.064. As seen in Fig. 4(b), for ὅ
π, ὅ must be varying from 0 to 20 fF to increase the FBW from 

7% to 12%. In the case of ὅ = 0.30 pF, ὅ needs to vary from 

20 fF to 60 fF to tune FBW from 7% to 12%. In the following 

section, coupling capacitive loading ranging from 0 to 20 fF 

will be provided with SMP #1 metallizations to ensure a 

constant FBW filter with minimum of 7% FBW. SMP #2 

 
(a) 

 
(b) 

Fig. 4. (a) Resonance frequency variation of the hairpin resonator as a function 

of SMP #1 position ί with different ὒ  and ὒ  parameters used in defining 

the SMP #1 metallization;  (b) Coupling as a function of ὅ and ὅ.  
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metallizations will be designed to provide coupling capacitance 

tunability ranging from 0 fF to 40 fF. For realizing ὅ, Ὓ  is  

chosen as the resonator arm width ύ  0.25 mm. and Ὓ  is 

calculated from (4) and (5) for ὅ = 40 fF at ί = Ὓ  . Fig. 4(b) 

also demonstrates that Ὧ depends almost linearly to ὅ, thus, 

justifying the use of rectangular area for coupling capacitors.     

Fig. 5 presents the substrate stack-up used to design the filter 

in Keysight ADS Momentum. A 203 µm Rogers RO4003C 

substrate (‐  3.55, ÔÁÎ‏  2.7×10-3) with 17.5 µm copper-

cladding is used for the PCB hosting the resonators. A 5 µm 

thick layer is used to represent the liquid between the PCB and 

SMP metallizations. The liquid is Sigma-Aldrich Fluorinert 

FC-40 (‐  1.9, ÔÁÎ‏  2×10-4). The thickness of this liquid 

layer is due to the fabrication tolerances in realizing the height 

of the microfluidic channels. A 5 µm thick Parylene N (‐  

2.4, ÔÁÎ‏  2×10-4) layer is deposited on the SMP 

metallizations to ensure a dielectric insulation between SMP 

and the PCB metallizations.  A 305 µm thick Rogers RO4003C 

substrate is selected for the SMP. The channel is sealed with a 

500 µm thick fused silica substrate (‐  3.81, ÔÁÎ‏  4×10-4). 

Fig. 3(b) shows the physical dimensions of the resonator 

designed to operate at 38 GHz in its unloaded state within the 

selected substrate stack-up. Through EM simulations, inter-

resonator spacing is determined to be Ὣ  0.1 mm to provide 

the desired Ὧ. The SMP metallization dimensions determined 

from the circuit analysis are slightly tuned in ADS simulations 

to provide the desired frequency and bandwidth tuning. The 

finalized dimensions of the SMP metallization areas are also 

provided in Fig. 3(b). The resonator is expected to provide an 

unloaded quality factor of ὗ  115. The unloaded quality 

factor will be mainly limited by the technology used for the 

resonators, followed by the required capacitances (and their 

inherent dielectric losses) needed to realize frequency and 

bandwidth reconfiguration. Similar as with active varactor 

tunable filter applications. 

III. FREQUENCY TUNABLE FILTER DESIGN 

The design of the resonator is detailed in previous section. 

Fig. 6(a) shows the layout of the FT-BPF with 7% constant 

FBW. As detailed in previous section, SMP #1 includes 

multiple metallization traces for frequency tuning and Ὧ 

compensation as the frequency is lowered with ί motion of the 

SMP #1. The range of the ὅ for Ὧ compensation is 0 to 20 fF 

and should be varying linearly with ί. Therefore, the initial 

dimensions of the Ὧ compensation metallizations can be 

determined from (4) and (5) as Ὓ  0.1 mm and Ὓ  0.3 

mm. The dimensions finalized through EM simulations is 

provided in Fig. 6(a).  

Maintaining 7% FBW across the frequency tuning range 

requires to stabilize the ὗ  variation as well. The filter is fed 

with a capacitively coupled microstrip line that is terminated in 

a shunt open-circuited stub.  The stub serves two purposes: (i) 

stabilize the ὗ  for lower frequencies similarly as in [3]; and (ii) 

provide a point where additional capacitive coupling can 

realized between the input/output line and the resonator through 

the SMP #2 metallizations (see Section IV for bandwidth tuning 

and ὗ  variation discussion). The stub dimensions ὒ and ύ  

are designed to provide a stable ὗ  as ί increases. Without any 

SMP #1 metallization loading, ὗ  increases with the lowering 

of the resonance frequency due to the reduction in coupling 

between the input/output line and the resonator. Therefore, 

additional metallization traces are added into the SMP #1 to 

gradually compensate for the reduced coupling at the input 

ports of the filter. The detailed layout of the input side of the 

filter is provided in Fig. 6(b). For stabilizing ὗ , Ὓ  = 0.4 mm 

is selected to maximize the capacitance between SMP #1 trace 

and input feed line. This allows to use smallest possible overlap 

 

Fig. 5. Substrate stack-up used for Keysight ADS Momentum EM simulations.  

 
(a) 

 
(b) 

 
(c) 

Fig. 6. (a) Layout for the FT-BPF filter with 7% constant FBW; (b) 

ὗ compensation scheme; (c) ὗ and Ὧ with and without SMP #1 coupling 

compensation metallizations. (ὒ  0.6, ύ  0.39, ὒ  0.95, ύ  0.25, 

ύ  0.16, Ὣ  0.18, Ὣ  0.1, Ὓ  0.105, Ὓ  0.3, ὒ  0.055, ὒ  

0.15,  ὒ  0.56, ύ  0.1, Ὣ  0.04, Ὓ  0.4,  Ὓ  0.08, Ὓ  0.11, 

π ί Ὓ ; dimensions are in mm). 
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length Ὓ . Through EM simulations, Ὓ  is found as 0.11 

mm.  

Fig. 6(c) demonstrates the effectiveness of coupling 

compensation traces included in the SMP #1. Specifically, the 

variation of the ὗ  is 16.6±2. Likewise, Ὧ is maintained within 

the 0.058±0.006 range. The simulated S-Parameters of the filter 

are shown in Fig. 7 for ί varying from 0 to 0.3 mm in 0.05 mm 

steps. The filter operates as desired with 28 GHz to 38 GHz 

frequency tunability. The FBW is 7.68±0.39%. The deviation 

from 7% is due to the slight variations in Ὧ and ὗ . The IL of 

the simulated filter is 1.37 dB at 28 GHz and 1.83 dB at 38 GHz.  

IV. BANDWIDTH TUNABLE FILTER DESIGN 

The design of the BT-BPF follows from the constant FBW 

FT-BPF presented in the previous section. The layout of the 

filter is shown in Fig. 8(a). SMP #1 is removed. Hence, the 

center frequency of the filter is 38 GHz. SMP #2 is included in 

the layout for bandwidth tunability. Two of the SMP #2 

rectangular traces are responsible for tuning Ὧ. The size of 

these traces (i.e. Ὓ  and Ὓ ) are designed in Section II to 

provide FBW tuning from 7% to 12% at 28 GHz. At 38 GHz, 

these traces increase Ὧ from 0.062 to 0.12. Therefore, the FBW 

tunability extends to be from 7.6% to 17.6% when ὗ  of the 

input/output resonators are properly adjusted.  

To maintain impedance matching across different values of 

SMP #2 position ί (i.e. across different FBW values), a ὗ  

reduction scheme is introduced. Specifically, SMP #2 hosts 

metallized traces that overlap with the input/output microstrip 

lines/stubs and resonators to provide increased capacitance as 

ί is increased. The overlap area is defined with parameters

  
ύ , Ὓ , and ί. ύ  is set with the design of the coupling stub 

placed at the input/output microstrip lines. Ὓ  is designed 

through simulations to provide the required ὗ  reduction from 

14.74 to 8.6 as Ὧ  and FBW is increased. The layouts used for  

ὗ  extraction and reduction are presented in Fig. 8(b). Designed 

ὗ  and Ὧ variation with respect to SMP #2 position ί is shown 

in Fig. 8(c). Simulated S-parameters of the filter are presented 

in Fig. 9. It is observed that FBW can be tuned from 7.6% up to 

17.6%.  The filter performs with 1.8 dB and 0.95 dB IL in its 

7.6% and 17.6% FBW states, respectively.  

V. FREQUENCY & BANDWIDTH TUNABLE FILTER 

The FBT-BPF can be designed as the combination of the FT-

BPF and BT-BPF presented in above sections. Since FBT-BPF 

is loaded with both SMP #1 and SMP #2, two distinct 

microfluidic channels are needed. Consequently, the 

microfluidic channels are meandered as illustrated in Fig. 2. 

The microfluidic channel dimensions used for prototyping are 

provided in Section VII. Fig. 10(a) presents the layout. The 

simulated performance is shown in Fig. 10(b) for sampled filter 

 
(a) 

 
(b) 

Fig. 7. Simulated performance of the FT-BPF:  (a) ȿὛ ȿ and ȿὛȿ; (b) close-

up view of ȿὛ ȿ as a function of SMP #1 position ί. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. (a) Layout of the BT-BPF; (b) ὗ  compensation scheme; (c) ὗ and Ὧ 

with and without SMP #2 coupling compansation metallizations. (ὒ  0.6, 

ύ  0.39, ὒ  0.95, ύ  0.25, ύ  0.16, Ὣ  0.18, Ὣ  0.1, Ὓ  

0.25, Ὓ  0.175, ὒ  0.56, ύ  0.1, Ὣ  0.04, Ὓ  0.25, π ί

Ὓ ; dimensions are in mm). 

x

y

  

 MP    Metalli ations

 

x

y
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states. The maximum bandwidth is 17.6% and 12.5% at the 

highest (i.e. ί  0 mm) and lowest resonance frequencies (i.e. 

ί  0.3 mm), respectively. The frequency of operation can be 

tuned from 38 GHz down to 28 GHz with near constant FBW 

of 7.68 ± 0.39% for ί = 0. The IL performance of the filter is 

presented in Fig. 10(c). IL is less than 1.8 dB for all states. The 

worst-case IL is observed for the lowest FBW at highest 

operation frequency.  

VI. FABRICATION  

Filter prototypes are fabricated with the substrate stack-ups 

shown in Fig. 1(a) and Fig. 5. The resonators and SMPs are 

realized with standard photolithography. All dimensions of the 

resonators, microstrip lines, coupling stubs, and SMP 

metallizations are oversized by 10 µm in mask generation to 

account for wet etching related undercut. The substrate of the 

resonators is bonded with a double-side copper-cladded 0.762 

mm thick FR4 substrate using silver epoxy and a bonding press 

in order to provide mechanical rigidity. This completes the PCB 

preparation for the resonators. The SMPs are cut with a dicing 

saw from their main substrate. The metallization surfaces of the 

SMPs are deposited with 5 µm thick Parylene N by using a PDS 

2010 Parylene Deposition System. Microfluidic channel walls 

with 360±10 µm height are fabricated on top of the PCB. These 

walls are formed by spin-coating the PCB with SU8 photoresist 

(‐  3.25, ÔÁÎ‏  0.017) and applying standard 

photolithography for patterning. The processing of the walls is 

done in two-steps of spin-coating by following the procedures 

described in [24, 25] for optimal exposure and baking times. 

The holes needed for channel inlets and outlets are drilled along 

with the holes needed for mounting the edge connectors. The 

SMPs are placed within the microfluidic channel walls. Sealing 

the microfluidic channel with fused silica layer is carried out 

with the tenting technique [25]. Specifically, a ~50 µm thick 

film of soft-baked SU8 resist is placed on top of the channel 

walls to form the tented structure. Fused silica slide is coated 

with ~50 µm layer of SU8 photoresist for adhesive bonding. 

PCB and the dry film are heated to 48 °C and brought in contact 

with the coated fused silica slide to complete the sealing. 48 °C 

is below the glass transition of SU-8. It ensures that the dry film 

does not melt and flow inside the channel [26]. Following this 

process, the PCB is exposed and hard baked to complete the 

microfluidic channel sealing process. 

The microfluidic channel reservoirs that will be placed under 

the bottom side of the PCB are fabricated with PDMS using 

soft-photolithography processes [26].  The thickness of the 

PDMS used for the microfluidic reservoirs are 3 mm. A 1 mm 

diameter punch is used to realize the channel filling ports in the 

PDMS substrate that will enable fitting of flexible hoses for 

 
(a) 

 
(b) 

Fig. 9. Simulated performance of the BT-BPF:  (a) ȿὛ ȿ and ȿὛȿ; (b) close-

up view of ȿὛ ȿ as a function of SMP #2 position ί. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. (a) Layout of the FBT-BPF; (b) Simulated ȿὛ ȿ, ȿὛȿ, and (c) close-

up view of ȿὛ ȿ as a function of SMP #2 position ί. (ὒ  0.6, ύ  0.39, 

ὒ  0.95, ύ  0.25, ύ  0.16, Ὣ  0.18, Ὣ  0.1, Ὓ  0.105, Ὓ  

0.3, ὒ  0.055, ὒ  0.15, Ὓ  0.25, Ὓ  0.175, ὒ  0.56, ύ  0.1, 

Ὣ  0.04, Ὓ  0.4,  Ὓ  0.08, Ὓ  0.11, Ὓ  0.25, π ί Ὓ , 

π ί Ὓ ; dimensions are in mm). 

x

y

  

 MP    Metalli ations

 MP    Metalli ations
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introducing the FC-40 liquid into the microfluidic channel. 

Bonding of the PDMS with the copper layer at the bottom 

surface of the PCB is carried out with O2 plasma (50 W, 30 s) 

treatment of the PDMS and APTES treatment of the copper 

layer. The copper layer is submerged in a 5% APTES solution 

for 20 minutes at 70 °C and dried out with a nitrogen gun before 

brought in contact with the plasma treated PDMS to form the 

irreversible bond [27]. In order to place the piezoelectric 

actuators on top of the PDMS based microfluidic channel 

reservoirs, the reservoir areas are first bonded with 25 µm thick 

LCP (Rogers ULTRALAM® 3850 with 9 µm copper cladding 

on both sides) following the APTES process described above. 

The piezoelectric actuators are bonded to the LCP layers using 

silver epoxy (EPO-TEK® H20E). This completes the 

fabrication process. As a final step, the microfluidic channels 

are filled with the FC-40 dielectric liquid. For this, flexible 

hoses are fit into the channel reservoirs, and the FC-40 liquid is 

introduced into the microfluidic channel with syringes 

connected to one-way stopcock valves with Luer connections 

(Cole-Parmer). After filling the channels, the valves are closed 

and Luer sealing plugs are connected to finalize closing the 

fluidic system. Prototypes maintain the valves and the plugs in 

case emptying/refilling of the microfluidic channels are needed. 

These components could be removed for stand-alone operation. 

VII. EXPERIMENTAL VERIFICATION  

FT-BPF and BT-BPF prototypes are shown in Fig. 11. These 

filters are fabricated with a single microfluidic channel that 

contain either the SMP #1 or SMP #2. Fig. 11(a) presents top 

and bottom views of the FT-BPF. The channel, SMP, and SMP 

metallization sizes are shown in Fig. 11 (b)-(e). The measured 

performance of the FT-BPF is shown in Fig. 12(a). It is found 

that SMP #1 completes its motion range with piezoelectric 

actuation voltage varying from 0 V to 129 V. The center 

frequency of the prototype is shifted to 41 GHz for the unloaded 

case (i.e. ί  0 mm). This ~8% resonance frequency shift is 

due to the substrate stack-up used in Keysight ADS (see Fig. 5). 

The substrate stack-up maintains a uniform RO4003C substrate 

inside the microfluidic channel. However, the channel is 

partially filled with this substrate due to the physical size of the 

SMP. In the unloaded case, the SMP is completely removed, 

leaving the channel completely filled with the FC-40 dielectric 

liquid over the resonators. In addition, the channel walls 

partially overlap with resonators and this contributes to 

frequency and IL variation with respect to the simulations. 

Modeling non-uniform 2D substrate-stack-up and substrate 

stack-up variation as a function of SMP position requires 

employment of full-wave 3D EM simulators. However, due to 

the significant simulation times needed by 3D EM simulators, 

the filter designs presented have been carried out with Keysight 

ADS Momentum suite under a fixed substrate stack-up 

configuration. Simulating the unloaded filter layout in Keysight 

ADS with a 315 µm thick FC-40 liquid layer that replaces the 

RO4003C layer in the substrate stack-up shows a resonance 

frequency shift up to 42 GHz. Modeling the unloaded filter in 

3D EM simulator Ansys HFSS v19.2 shows the resonance 

frequency at 41 GHz. These simulations verify the reasoning 

behind the 8% resonance frequency shift observed in 

experiments. The filter is found to be tunable from 28 GHz to 

41 GHz with SMP #1 position varied from ί = 0 mm to ί = 

0.3 mm. The lower end of the frequency band is unchanged 

because the substrate-stack-up chosen in the Keysight ADS 

model is most accurate for the maximally loaded case of the 

resonators.  

The measured IL of the filter is 3 dB and 4 dB at 38 GHz and 

28 GHz, respectively. IL is better than 3 dB in majority of the 

frequency tuning range (i.e. 31 GHz – 41 GHz). The data 

represents ~1.2 dB increase in IL with respect to the 

simulations. This is mostly related to the half of the resonators 

being covered with lossy SU8 side walls. 3D EM simulator 

Ansys HFSS v19.2 determines IL as 3 dB for the unloaded case 

and fits with measurements. Fig. 12(b) presents the measured 

performance within 24 GHz – 64 GHz band. Out of band 

rejection of the filter is better than 25 dB for majority of the 

states. Second harmonic of the resonators are contributing to the 

degradation in the out of band rejection. Improvement may be 

possible by carrying out the design on thinner substrates and 

considering alternative resonators arrangements/types. Fig. 

12(c) presents the close-up view of the IL when SMP #1 is 

actuated with voltages ranging from 0 V to 129 V. The filter 

maintains 7.8% ± 0.75% FBW. This is in very good agreement 

with the simulated performance. 

 

  
(a) 

  

 
(b)   (c) 

  
(d) 

          
 (e) 

Fig. 11. (a) Top-side (left) and bottom-side views (right) of the FT-BPF 

prototype; (b) Microfluidic channel details of the FT-BPF; (c) Microfluidic 

channel details of BT-FPF; (d) SMP #1 of FT-BPF; (e) SMP #2 of BT-BPF. 
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The measured performance of the BT-BPF is shown in Fig. 

13(a) and (b). It is found that SMP #2 completes its motion 

range with piezoelectric actuation voltage varying from 0 V to 

115 V. Fig. 13(c) presents the close-up view of the IL for 

different actuation voltages. SMP #2 can tune the filter 

bandwidth from 7.8% up to 16.7%. This is in good agreement 

with simulations. The filter performs with 2.6 dB IL at the 

lowest bandwidth and 1.9 dB IL at the highest bandwidth. The 

increase in IL and introduction of 1 dB ripple within the 

passband is associated with the differences in simulation-based 

substrate stack-up and the actual fabricated devices. These 

differences have been already explained for the FT-BPF.  

The prototype of the FBT-BPF is shown in Fig. 14(a). A 

detailed view of the microfluidic channel dimensions is given 

in Fig 14(b). The measured S-parameter performance is shown 

in Fig. 15 (a)-(d). The bandwidth can be reconfigured from 

7.8% to 16.7% at 38 GHz. Worst-case IL is 3.1 dB at 38 GHz 

and 1.95 dB at 28 GHz. The measured IL performance matches 

much better with the Keysight ADS simulated IL performance 

due to the minimized SU8 channel walls on the filter resonators 

to host two distinct SMPs. SMP #1 and SMP #2 complete their 

full motion ranges with piezoelectric actuation voltages varying 

within 0 V – 142 V and 0 V – 127 V, respectively. It is noticed 

that the actuation voltages are slightly increased in this filter 

with respect to the FT-BPF and BT-BPF. This can be attributed 

to the shape of the microfluidic channels used within this 

design. Meandering the microfluidic channels within the 

available circuit area has a consequence of employing narrower 

channel widths. This necessitates a larger fluidic pressure for 

mobilizing the SMPs [28], resulting in higher actuation 

voltages.  

VIII.  RELIABILITY AND POWER HANDLING 

CHARACTERIZATION 

The prototypes are tested for their reconfiguration speed, 

reliability, and power handling capability. In these tests, 1.85 

mm end launch connectors were replaced with 2.92 mm end 

launch connectors. Therefore, this section shows the measured 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 12. Measured performance of the FT-BPF prototype for actuation voltages 

ὠ : (a) 26 GHz – 44 GHz response; (b) 24 GHz – 64 GHz response; (c) Close-

up Ὓ  response (ὠ  = 0, ὠ  = 56, ὠ  = 66, ὠ  = 70, ὠ  = 77, ὠ  = 86, ὠ  

= 95, ὠ  = 105, ὠ  = 114, ὠ  = 124, and ὠ  = 129 V). 

 
(a) 

 
(b) 

 
(c) 

Fig. 13. Measured performance of the BT-BPF prototype for actuation 

voltages ὠ : (a) 28 GHz – 44 GHz response; (b) 24 GHz – 64 GHz  response; 

(c) Close-up Ὓ  response (ὠ = 0, ὠ  = 54, ὠ  = 78, ὠ  = 88, ὠ  = 96 

, ὠ  = 104, ὠ  = 115 V). 
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data up to 40 GHz. Reconfiguration speed is measured by using 

the set-up described in [11]. For this measurement, the FT-BPF 

is used. The filter is excited with continuous single tone RF 

signal at 28 GHz. SMP is actuated with a 50% duty cycle 

rectangular waveform (0 V to 127 V) while tracking the output 

of a mm-wave power detector diode (Krytar 203AK) connected 

to the output of the filter. Fig. 16 presents the detected voltage 

from the power detector. With the given setup, the signal 

received at the detector input was measured and set as -10 dBm 

at 28 GHz. This translates into ~46.4 mV received voltage at 

the detector output. At -25 dBm, the detected voltage measured 

is ~5 mV. With this information, reconfiguration speed can be 

estimated after the center frequency of the filter has shifted up 

enough to provide 15 dB attenuation at 28 GHz. This condition 

occurs after approximately 22.8 ms where the filter is estimated 

to have shifted ~6.5 GHz from its center frequency. Thus, 

reconfiguration speed for the filter is calculated as 285 

MHz/ms.  Additionally, the entire SMP actuation is expected to 

be within 35.8 ms.  

For reliability testing, both FT-BPF and BT-BPF prototypes 

are actuated with a 20 Hz 50 % duty cycle rectangular 

waveform (0 V to 127 V) for 7 days. S-parameters of the filters 

are measured approximately after they are actuated 100×103, 

1×106, 5×106 and 12×106 times. Fig. 17 and Fig. 18 show the 

measured performance for the FT-BPF and BT-FPF, 

respectively. For simplicity, the measured response is only 

shown at 3 possible actuation voltages. It is observed that filters 

operate without major degradation in IL performance. For a 

given actuation voltage, center frequency shows variations less 

than 1%. This is likely due to the mechanical nature of the 

reconfiguration scheme used and possible uncertainties of SMP 

position as the plate moves suspended in dielectric liquid. The 

repeatability test is stopped at ~12,000,000 cycles due to the 

frequency tunable filter developing a leak at the bonding 

interface between the fused silica and the SU8 channel walls. 

More investigations and repeatability testing are needed to fully 

understand if this is an isolated case associated with bonding 

parameters.  

The FBT-BPF prototype is used for power handling 

characterization. This is motivated from the fact that this filter 

operates with the lowest measured IL. The experiment setup is 

 
(a) 

 
(b) 

 

Fig. 14. (a) Prototype of the FBT-BPF; (b) Microfluidic channel details. 

 
(a) 

  
(b) 

 
(c) 

 
(d) 

Fig. 15. Measured performance of the FBT-BPF prototype for actuation 

voltages ὠ  and ὠ : (a) 24 GHz – 44 GHz Ὓ  response; (b) 24 GHz – 44 

GHz  Ὓ  response; (c) 24 GHz – 64 GHz Ὓ  response (ὠ  0 V, ὠ  64 

V, ὠ  87 V,   ὠ  125 V, ὠ  142 V, ὠ  0 V, ὠ  127 V). 
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similar to the one described in [14]. The filter is excited with 

continuous RF power at 38 GHz. The actuation condition 

selected for the power characterization is when the SMP #2 

does not load the filter (i.e. smallest possible FBW). SMP #1 is 

actuated to shift center frequency of the filter to 38 GHz. These 

actuation voltage settings make the dual-tunable filter operate 

at its highest IL state to maximize the RF power dissipation. 

The filter is excited with RF power varying from 0.5 W to 2 W. 

Temperature measurements are taken after a steady-state 

condition is achieved for the given input power by using a 

thermal camera (Keysight U5850 TrueIR). Multiphysics 

simulations are performed with Ansys 19.2 Workbench to 

 
verify the experiments. Measured temperatures at filter surface 

and simulated temperatures agree quite well as shown in Fig. 

19. Simulations indicate that at 5 W of input RF power the 

internal temperature of the device rises to 162 °C. This is 

slightly below the boiling temperature of FC-40 (i.e. 165 °C). 

Therefore, 5 W can be considered as the maximum continuous 

RF power handling level. Power handling can further be 

enhanced by resorting to thicker ground planes and/or heat 

sinks. Characterization of intermodulation components is not 

possible with our given measurement setup since we are limited 

to 2 W input RF power. Considering the use of microfluidic 

 
Fig. 16. Measured reconfiguration time for the FT-BPF prototype. 

 
Fig. 17. FT-BPF prototype performance. S21 performance after different 

actuation cycles (ὠ  0 V, ὠ  56 V, ὠ  86 V, ὠ  129 V). 

 

 
Fig. 18. BT-BPF prototype performance. S21 performance after different 

actuation cycles (ὠ  0 V, ὠ  54 V, ὠ  88 V, ὠ  115 V). 

 
Fig. 19. Measured temperatures at different input RF powers for the combined 

frequency and bandwidth reconfigurable filter prototype. 

TABLE I 

PERFORMANCE COMPARISON WITH STATE OF THE ART FILTERS 

Reference Technology 
Frequency 

Range (GHz) 
IL (dB)  Tuning Type 

FBW (%)  Tuning 

Ratio 

Continuous 

Power (W) 

Reconfiguration 

Speed Constant Tunable 

[29] 
Microstrip 

(Varactor) 
0.7–1.1 7–1.5 

Continuous 

(Freq. Only) 
- 7–27 1.6:1 0.32 - 

[30] 
Microstrip  

(PIN Diode) 
20.5–21.3 9–8 

Discrete 

(Freq. Only) 
4.2±0.6 No 1.04:1 - - 

[31] MEMS 18.6–21.4 4.2–3.9 
Discrete 

(Freq. Only) 
7.5±0.1 No 1.15:1 - - 

[32] EVA (MEMS) 20–40 2.9 
Continuous 

(Freq. Only) 
3.3±1.4 No 2:1 - 10–60 µs* 

[33] SIW 20–26.5 3.2–3.4 
Continuous 

(Freq. Only) 
3±0.2 No 1.33:1 - - 

[34] BST 28–34 3.8–2.8 
Continuous 

(Freq. Only) 
12.1±1.1 No 1.21:1 - - 

[35] 
Microfluidics 

(CPW) 
3.4–5.5 2.35–4.8 

Discrete 

(Freq. Only) 
5±0.35 No 1.6:1 10 - 

[36] 
Microfluidics 

(Microstrip) 
3.75–4.75 0.6 

Discrete 

(Freq. Only) 
39±2.5 No 1.19:1 - 70±20 ms 

[3] 
Microfluidics 

(Microstrip) 
1.5–4.0 2.5–4 

Continuous 

(Freq. Only) 
5 No 2.7:1 15 2.5 MHz/ms 

This 

Work  

Microfluidics 

(Microstrip) 
28–41 1.9–3.1 

Continuous 

(Freq. and FBW) 
7.8±0.75 7.8–16.7 1.46:1 5 285 MHz/ms 
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technology however, previous research groups have tried to 

perform such characterization and noted that high power levels 

(>65 dBm) are needed to measure IIP3 products [35].  Table I 

presents a performance comparison of several state-of-the-art 

reconfigurable filters. IL performance of the microfluidic 

reconfiguration approach benefits from the lack of active 

components. Typical IL performance for implementations of 

reconfigurable filters with varactor/PIN diodes is in the order of  

>7 dB, which can be expected to further increase in the 38 GHz 

band. Similarly, power handling capabilities are expected to be 

higher for the microfluidic technology than for varactors. The 

expected DC power consumption for this device is about 18 

mW and similar to the SPST switch introduced in [11]. One 

relevant point of interest to mention is the relative SMP 

sensitivity to vibrations, device tilt, or external pressure forces 

that might cause random and unwanted SMP motion. During 

measurements it was visually observed that external pressure 

applied with a finger on the flexible PDMS membrane, would 

in turn cause SMP motion. This is expected considering that the 

piezo actuator functions with the same principle. This implies 

that design considerations need to be made to avoid unwanted 

forces from activating the membrane. Regarding tilt however, 

device performance remained unchanged as some limited tests 

were performed with the filters on vertical and upside-down 

positions. Further testing is planned to accurately characterize 

these phenomena and their effect on device performance, 

specifically, long-term vibration table tests are expected to offer 

more insight on these effects. 

IX. CONCLUDING REMARKS 

The design, implementation, and characterization of a 

microfluidically reconfigurable coupled resonator filter with 

integrated actuation was presented for the first time. Three 

filters were considered to demonstrate the capabilities of 

microfluidic actuation at mm-wave frequencies. Specifically, a 

constant FBW FT-BPF, a BT-BPF, and an FBT-BPF were 

demonstrated. It was shown that the frequency and bandwidth 

tunable filter performs with worst-case 3.1 dB IL, while 

exhibiting a constant 7.8% ± 0.75% FBW and bandwidth 

tunability within 7.8% to 16.7%. Although third order filters 

were demonstrated, the concepts demonstrated in this paper can 

be extended for higher order filters. Integrated actuation 

mechanism allowed for long-term repeatability tests of 

microfluidically reconfigurable RF devices for the first time. It 

was demonstrated that the filter performs with no major 

degradation in IL performance and can be reconfigured at 285 

MHz/ms, implying about 35.8 ms reconfiguration for the whole 

frequency range of 28 GHz – 41 GHz. Power handling 

characterization shows that the filter could handle up to 5 W of 

continuous RF power without the need of a thick ground plane 

or external cooling. The filters were continuously actuated up 

to 12 M cycles during 7 days of testing. It is possible that the 

device life can be much larger than 12 million cycles and further 

investigations are necessary. In addition, further investigations 

could lead to optimization of reconfiguration speeds by 

employing different channel shapes, fabrication techniques, and 

miniaturized plate sizes. Similarly, required actuation voltages 

can be potentially reduced by these optimizations or with the 

inclusion of a second piezo actuator at the secondary reservoir 

location. Finally, with the presented device performance these 

types of devices could be readily deployed for mm-wave 

applications within the 28 GH to 38 GHz bands since they meet 

the current bandwidth requirements. These filters could be 

employed in any any component that can benefit from the low-

cost, ease of manufacturing, and high-power/high-efficiency 

capabilities of microfluidic reconfiguration. 
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