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Abstract—A microfluidically reconfigurable slow-wave phase 
shifter (MRPS) with integrated actuation is introduced. MRPS 
is based on a selectively metallized plate (SMP) repositionable 
within a microfluidic channel placed in close proximity to a 
microstrip line. SMP repositioning creates a variable capacitive 
loading to alter the speed of the propagating wave. The device 
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exhibits < 2 dB insertion loss (IL) and a reconfiguration time of 
50 ms. The |S21|, |S11|, and phase performances are characterized 

to be stable with respect to gravity by no more than 0.16 dB, 3.02 
dB, and 7.73◦ variations, respectively. Vibration test shows 0.08 
dB in IL, 1.72 dB in return loss, and 4.23◦ in phase variations. 
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The device is expected to handle 5.2 W of continuous RF power. 
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wave, reconfigurable RF devices. 

 
I. INTRODUCTION 

HASE shifters (PSs) are key components of mm-wave 

phased antenna arrays [1]. Low-loss PSs are essential for 

efficiency, whereas PSs with high power handling capability 
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can be critical for applications such as backhauling [2]. Mm- 

wave PSs in the literature are often based on CMOS [3], GaAs 

[4], and SiGe [5] technologies. However, their insertion losses 

(ILs) are high [6] with typical power handling on the order of 
10 dBm. MEMS-based PSs have been reported with lower ILs 
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(1-5 dB) [7]–[9] with power handling capability ∼30 dBm. 
More recently, microfluidics based device reconfiguration 

has attracted interest due to large frequency tuning and 
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power handling. In these devices, liquid metals [10]–[12] 

and dielectrics [13] have been introduced to the vicinity of 

the device to reconfigure its RF response. A microfluidics 

based PS [14] has relied on circulating fluids with different 

dielectric constants and achieved a “phase shift”/ “IL” figure 

of merit (FoM) of ∼9.36◦/dB at 60 GHz. A recent PS [15] has 

also utilized the dielectric property of the circulating liquid 
to archive 9.28◦/dB FoM at 0.9 GHz. On the other hand, 
utilization of liquid metals has remained much below the mm- 

wave band due to the challenges associated with actuation [16] 

and liquid metal oxidization [13] within channels that require 

lossy solutions for encapsulation [17]. In contrast to liquid 

metals, [18], [19] have utilized integrated actuation mechanism 

and selectively metallized plates (SMP) repositionable within 

microfluidic channels to demonstrate mm-wave switches and 

tunable filters. SMP has also been used in [20] to demonstrate 

a reflection type X-band PS; but, actuation was external and 

actuation distance/time was large (9.5 mm / 1.95 s). 
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Fig. 1. MRPS structure and operation principle: (a) Exploded view; (b) Top 
view of SMP and PCB metallizations; (c) Substrate stack-up and vertically 
stacked liquid reservoirs loaded with piezoelectric disk. 

 
 

This manuscript introduces a novel SMP based microflu- 

idically reconfigurable phase shifter (MRPS) that operates at 

28 GHz with integrated actuation and significantly reduced 

actuation time. As depicted in Fig. 1, SMP is encapsu- 

lated inside a photolithographically manufactured microfluidic 

channel made of SU8 (ϵr = 3.25 and tanδ = 0.0270) and 

sealed with fused silica to capacitively and periodically load 

a microstrip line patterned over a printed circuit board (PCB). 

The separation between SMP and PCB is kept constant by 

coating the PCB traces with a 6 µm thick Benzocyclobutene 

(BCB, Cyclotene 3022-46, ϵr = 2.65 and tanδ = 0.002). 

SMP and PCB metallization overlap areas are reconfigured 

by repositioning the SMP using liquid FC40 (ϵr = 1.9, tanδ = 

0.0005), which has also been used in numerous prior work due 

to its low viscosity and dielectric loss [21] [22]. Compression 

and decompression of the fluid reservoirs under the device 

ground plane by a piezoelectric disk are used to actuate FC40 

and reconfigure the SMP. The channel shape constraints SMP 

displacement to 100 µm, while different piezoelectric disk 



2 
 

lineuc 

lineuc 

max 

actuation voltages can be used to generate a continuous phase 

difference. Section II covers the design of the MRPS. Section 

III presents the prototype and measured response. Specifically, 

MRSP exhibits <2 dB IL at 28 GHz with a >10 dB return 

loss (RL). It achieves reconfiguration within 50 ms. The device 

is characterized to handle 1 W of continuous RF power and 

is expected to handle up to 5.2 W. It operates with small 

deviations when subject to different orientations and vibration. 

A prototype is actuated 5 million cycles without damage. 

 

II. MRPS DESIGN 

The substrate stack-up is from hard materials as shown in 

Fig. 1(b). 0.203 mm thick RO4003C substrates (ϵr = 3.55 and 

tanδ = 0.0027) are utilized for both the PCB and SMP. The 

sidewalls of the microfluidic channel are grown over the PCB 

using SU8 photoresist. Additionally, the top seal of the channel 

is a 1 mm thick fused silica substrate (ϵr = 3.28 and tanδ 

 

 
 

Fig. 2. Unit cell details for different SMP positions. From left to right: 0 µm, 
50 µm and 100 µm. Dimensions are in mm. 

 
approximately equal to Cadded. The capacitance and induc- 

tance per UC of the MRPS becomes Cuc ≈ Cadded + C′ 

= 0.0005). The microfluidic channel walls are 242 µm tall. 

The design is initially carried out using Keysight Advanced 

Design System (ADS) Momentum suite with a 2D material 

approximation and validated in 3D by using Ansys HFSS. 

The first design step is the microstrip line width. Similar to 

[23], the line impedance is taken high since capacitive loading 

will reduce its impedance. ADS’s controlled impedance line 

tool is employed to determine the width of the line (w) as 0.12 

mm for 78 Ω impedance. This implies a worst-case reflection 

and Luc = L′   , respectively. Note that Cadded ̸= 0 
for my = 0 due to the parasitic coupling. Fitting the LC 

circuit model to S-parameters of the UC simulated with ADS 
for my = 0 position shows that Cuc = 0.0363 pF which 
implies Caddedmin = 0.0061 pF. Equation (1) can be used to 

calculate maximum Cuc for the desired Bragg frequency. For 

this design, fBragg = 84 GHz (i.e. 3 × 28 GHz) that gives 

Cucmax as 0.0774 pF and Caddedmax as 0.0472 pF. 

1 

of ≈ -10 dB when the line is terminated with 50 Ω. The line 

exhibits L′ and C′ (unit length inductance and capacitance) 

Cucmax 
= 

((f 
 
Bragg )2(π)2)(Luc 

(1) 
) 

of 486.72 nH/m and 79.21 pF/m, respectively. A conductive 

pad that is 0.5 mm wide (0.2mm larger than the diameter of 

the vias) and a length as long as the device is placed near the 

microstrip line and grounded using vias. The distance between 

the pad and the line is reduced (0.35 mm) in a way to avoid 

changes in |S11| of the stand-alone line at 28 GHz. PCB also 

The following design step utilizes Caddedmax and Caddedmin 

in (2) to calculate the maximum overlapping area A as 

0.01 mm2. Assuming a square-shaped overlapping area for 
Caddedmax state, the width of the overlap area and the maxi- 

mum my value become 0.1 mm as depicted in Fig. 2. 

includes metallizations for edge connectors and interconnect 

lines for measurement (50 Ω with w = 0.42 mm). A = my2 = 

′ 
added(Max) 

′ 
added(Min) 

(ϵ0ϵr) 

)(d) 
(2) 

The next design step is concerned with the unit cell (UC). 

As shown in Fig. 2, the UC consists of a microstrip line 

section (on PCB), a grounding pad section (on PCB), and 

a metallization trace (on SMP). The UC length is selected 

as 0.3813 mm, which is 1/15th of a guided wavelength 

and suggests a per unit cell line capacitance and inductance 

of C = 0.0302 pF and L = 0.1856 nH. The section of 

the SMP trace that overlaps with the microstrip line (as 

SMP is repositioned along the y-axis with a displacement of 

my) creates capacitive loading per UC Cadded. Similarly, the 

section of the SMP trace that overlaps with the grounding 

pad creates another capacitive loading per UC Cgrnd. Using 

parallel plate capacitance approximation, the dimensions for 

the overlapping areas over the grounded traces of the PCB 

and the separation between PCB and SMP of 6 µm, Cgrnd 

becomes 0.6257 pF. Additionally, taking into consideration 

that the total displacement of the SMP is limited to 0.12 

mm (i.e. line width), and the width of the overlapping area is 

limited by 0.3 mm (to avoid mutual coupling among UCs), the 

maximum value of Cadded is 0.1408 pF. The series connection 

of the two capacitors is the total loading, and it is therefore 

The final design step is to determine the number of UCs 

required to attain 360◦ phase shift. By using comparison (such 

as a cascade of 15 and 14 unit cells), the phase shift per UC 

is estimated as 15.2◦ when my is changed from 0 to 0.1 mm. 

Therefore, the minimum number of UCs required to achieve 

360◦ is 24, resulting in a total MRPS length lc of 8.88 mm. 

The final dimensions are shown in Fig. 1 and Fig. 2. 

 
III. MRPS PERFORMANCE 

The device is simulated with Ansys HFSS by including 

details pertaining to its 3D nature (SU8 walls, finite substrate 

size). Although the gap d between the SMP and PCB traces 

is deterministic in design as 6 µm, the fabrication tolerances 

place uncertainty. Therefore, parametric sweeps are also per- 

formed on d to correlate the simulated with the measured 

performance. The fabrication of the MRPS utilizes the process 

detailed in [24]. The functional footprint of the MRPS is 

3 × 8.8 mm2 while the total footprint including connectors 

and piezo actuation is 40 × 45 mm2. The piezodisk utilized 

is a T216-A4NO-05 with a rated drive voltage of ±180 V. 

(C − C 
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TABLE I 
COMPARISON OF PS PERFORMANCES WITH THIS WORK* 
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bars is shown in Fig. 3(f) for 20 subsequent measurements. 

SMP position seems to be reset with a 0 V bias. However, a 

negative voltage is applied in tests to ensure my = 0 mm is 

achieved. 

An initial prototype was also tested for reliability. The de- 
vice remained functional after continuous operation of 6 days 

with actuation of 2×0.1 mm per cycle at a frequency of 10 

Hz, for a total of 5 million cycles. The device speed was mea- 

sured using an AmScope Microscope Digital Camera Model 

MU300, which has a limited resolution of 25ms between 

frames. The experimental setup shows total displacement in 

2 frames, corresponding to a reconfiguration time less than 50 

ms. This represents an improvement of 39× when compared 

against previous work in [20]. Actuation times in the order of 

ms could be attractive for applications requiring high power 

handling with low loss. Actuation time may be potentially 

decreased with SMP cross-section and design variations. 

Fig. 3. (a) |S21|, (b) |S11|, and (c) Phase shift at 28 GHz; (d) Prototype; 
(e) Wideband response for my = 0 mm, 0.05 mm, and 0.1 mm; (f) Voltage 
vs Phase shift. 

 
The actuation use vertically stacked reservoirs for achieving 

compact size. The reservoirs are placed at the backside of 

the PCB and constructed from ANYCUBIC 3D printing UV 

sensitive resin using a Stereolithography (SLA) printer. The 

larger size of the 3D printed holder allows for achieving sta- 

bility during testing, which may be compromised due to cable 

weights on connectors. The device also exhibits an internal 

cavity represented as the absence of resin in Fig. 1(c) to allow 

unrestricted movement of the 3D printed inner membrane. 

Fig. 3(a) shows the |S11| at 28 GHz. Simulated and mea- 

sured |S11| are well matched to 50 Ω as my is varied from 

0 to 0.1 mm. Fig. 3(b) presents |S21| at 28 GHz. The IL 
remains < 2 dB in simulated scenarios and measurements. 

Since simulations account for the MRPS operational area, the 

experimental results are compensated for connector and inter- 

connect line losses. Fig. 3(c) depicts phase shift performance 

which is sensitive to d. The measured maximum phase shift 

is 305◦ and it is well predicted with d = 7 µm, which is very 

close to the design value of 6 µm. This fabrication accuracy 

issue can be resolved by adding ∼ 5 unit cells in future 

prototypes. Fig. 3(d) shows the prototype used in experimental 

verification, while Fig. 3(e) shows the wideband measured 

response for my = 0 mm, 0.05 mm, and 0.1 mm. Additionally, 

the phase profile vs. actuation voltage with repeatability error 

The effects of gravity on the device performance were 

studied with |S21|, |S11|, and phase measurements when the 

MRPS was facing up, down, and sideways. These resulted in 

0.16 dB, 3.02 dB, and 7.73◦ deviations, respectively. Power 

handling capability is evaluated in simulations using ANSYS 

Workbench, predicting a maximum temperature of 155◦C at 

the junction of the copper traces and the RO4003 PCB for 5.2 

W of Pin at Port 1, which is the boiling point temperature for 

the FC40 liquid. Experimental verification of the thermal pro- 

file shows 26 C◦ while using 1W of constant RF power, which 

correlates well with simulations. Finally, Table I compares the 

MRPS presented in this document against recent state-of-the- 

art phase shifters. The presented PS has good performance 

with the lowest IL and highest power handling capability and 

best [PS]/[IL] at mm-wave bands. 

IV. CONCLUDING REMARKS 

A microfluidically reconfigurable phase shifter (MRPS) 

with integrated actuation is presented. The presented MRPS 

uses a 100 µm reconfiguration distance to provide 305◦ of 

phase range at 28 GHz band. Future work will consider 

alternative fabrication techniques to increase the speed of 

MRPS and support multiple simultaneous PS actuation for 

application in phased antenna arrays. 
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