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Abstract— Microwave microfluidics is an emergent technique 

for characterizing conductivity and permittivity of fluids and has 
wide-ranging applications in the materials science and biomedical 
fields. The electrical properties of fluids as a function of frequency 
can be leveraged to characterize interface effects such as electrical 
double layers (EDL), solvent-mediated ion interactions, and 
bound water molecules. However, extraction of quantitative elec-
trical properties over a wide range of frequencies (100 kHz-67 
GHz) is nontrivial, and calibrations are required. Here, we utilize 
a microfluidics device with incorporated coplanar waveguides to 
characterize buffer solutions in situ and non-destructively. With a 
two-step fitting procedure, we fit relaxations associated with the 
EDL, water molecules, and ion-pairing in solution. We compare 
the three-Debye relaxation (water loss, ion-pairing and EDL re-
laxations fit to a Cole-Cole/Debye (water loss Cole-Cole and EDL 
Debye relaxations) model which does not include the ion-pairing 
relaxation, and find improved goodness of fit. This technique is 
broadly applicable to ionic solutions, and provides critical infor-
mation about solvated ions in biological systems. 

Index Terms— Permittivity measurement, Microfluidics, 
Transmission line measurements, Coplanar waveguides, Circuit 
testing 

I. INTRODUCTION  

Broadband dielectric measurements of fluids have been used 
detect the electrical properties of proteins, particles, and cells in 
solution.[1]–[3] Integration of microfluidics with on-chip mi-
crowave devices and calibration techniques enables quantita-
tive measurements of nanoliter volumes of fluids for pharma-
ceutical, chemical and biotechnology applications. Advances in 
microwave metrology have enabled on-chip broadband dielec-
tric measurements from DC to 110 GHz. Measuring a wide fre-
quency range allows us to characterize charge-based phenom-
ena in fluids including electrical double layers (EDL), ionic 
conductivity and molecular re-orientations.[4]  

Here, we utilized coplanar waveguides (CPW) integrated into 
microfluidics devices to measure the broadband electrical prop-
erties of Tris-acetate-ethylenediaminetetraacetic acid buffer 
with magnesium (TAE-Mg2+), which is commonly used in bio-
logical systems. Characterizing the electrical properties of ionic 
solutions is critical to advancing understanding of the interac-
tions of biological systems with ions in solution. The frequency 
range (100 kHz-67 GHz) covered by our devices and calibra-
tion protocol captures both the low-frequency regime where 
EDL effects are strong, and the high-frequency regime where 
the solvent properties dominate. We extracted the electrical 
properties of bulk fluid, the EDL, and a weak signal that we 
associated with ion-pairing in the buffer [5]. We compared the 

goodness of fit for a function without an ion-pairing relaxation 
(Cole-Cole/Debye), and found that it improved the goodness of 
fit for the broadband fluid properties when the ion-pairing re-
laxation was included. 

II. METHODS 

A. Device Fabrication 

The device fabrication for the microwave microfluidics de-
vices is described in detail in Ref. [4]. Briefly, all CPW struc-
tures were designed with 50 μm-wide center conductors, 5 μm-
wide gaps and 200 μm-wide ground planes. In addition to 
CPWs of different lengths, devices including series resistors, 
series capacitors and short-circuited reflects were fabricated on 
the reference chip (bare device) to perform multiline-TRL [6] 
and series resistor calibrations [7]. We designed devices with 
two-layer microfluidic channels (test chip) consisting of ∼50 
μm of SU-8 photoresist, covered with an upper channel layer 
(~50 μm) of patterned polydimethylsiloxane (PDMS) (see Fig. 
1B). The SU-8 microfluidic channels were ∼80 μm wide, and 
exposed lengths of CPW to directly to fluid (0.5, 0.85, 1.55, and 
3.314 mm). The CPW gap width and SU-8 height were chosen 
so that the electromagnetic fields interact with fluids and SU-8, 
not the PDMS layer. An acrylic press bar screwed into an alu-
minum chuck clamped the PDMS block to the chip (see assem-
bled chip in holder in Fig. 1A).   

B. Microwave Measurements 

We measured the CPWs with a vector network analyzer 
(VNA) on a microwave probe station (Fig. 1A-B). We meas-
ured the S-parameters at 640 frequency points from 100 kHz to 
67 GHz on a logarithmic frequency scale, at an RF power of 
−20 dBm, and with an intermediate frequency (IF) bandwidth 
of 10 Hz. We performed our measurements on a temperature 
controlled stage programmed to 25 °C ± 2 °C. We performed a 
multiline thru- reflect-line (TRL) calibration to determine the 
propagation constant of the bare-CPW lines (��), followed by 
the series-resistor calibration to compute the capacitance per 
unit length of the bare CPW section (��). For frequencies below 
1 GHz, we use the series resistor calibration to determine  ��, 
and average the extracted circuit parameters across five line 
lengths. The propagation constant for the bare CPW lines is: 

�� = �(�� + �	
�)(�� + �	��),  (1) 
where ω is the angular frequency and ��, 
�, ��, and �� are the 
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distributed resistance, inductance, conductance, and 
capacitance per unit length of the bare-CPW lines, respectively. 
Here we assume that the CPW waveguide mode is TEM and 
that there are no magnetic materials present. Under these 
conditions, �� and 
� are not sensitive to the dielectric 
properties of the surrounding materials. We derived the 
propagation constant of a non-magnetic loaded line: 

��
� = �(�� + �	
�)(��
� + �	��
�), (2) 
where G��� and C��� are the distributed conductance and capac-
itance per unit length of the fluid-loaded CPW lines, respec-
tively. Then we solved for the ��
� and ��
� by taking the square 
of the ratio (1) divided by (2) as, 

��
� + �	��
� =  ����
�

��
� ⋅ �	�
.  (3) 

For our measurement devices (Fig. 1A), the conductivity of 
quartz is negligible, thus  �� is approximately zero. In practice, 
we obtain ��
� and ��
� two different ways. For high frequen-
cies (1-67 GHz), we used the microfluidic-multiline TRL cali-
bration on the microfluidic test chip to obtain ��
� and �
. For 
lower frequency measurements (less than 1 GHz), we de-em-
bedded our raw measurements to the fluid-loaded portion of the 
line by accounting for the effect of cables, probes, and the CPW 
sections leading up to the fluid. Next, we performed a nonlinear 
least squares optimization to extract the propagation constant of 
the fluid-loaded and bare CPW test structures. 

C. Equivalent Circuit Model 

We developed a circuit model to describe total admittance 
��
� =   ��
� +  �	��
� of the TAE-Mg2+ buffer (Fig. 1C): 

�

����
= �

����
+ �

��
,  (3) 

where Y��! and Y" are the admittances of the EDL and fluid, 

respectively. The fluid admittance, Y", is described as four par-
allel distributed circuit components (Fig. 1d):  

�" =   Y#$ + Y% +  G& + iωC*  (4a) 

�" = iω -./

�0(123./)
+  iω -4

�0(1234)5678
+ �9 + �	�* (4b) 

where C* is the capacitance of the suspension far above the re-
laxation of water, C% is the dipolar contribution of the water, 
G& is the conductance due to ions, and C#$ is the dipolar contri-
bution of ions in the suspension. G#$ and G% (Fig. 1D) represent 
the loss (imaginary part) of the Debye relaxations (Y% and Y#$) 
and are related to C% and C#$ via the Kramers-Kronig relations. 
The time constants τ% and τ#$ correspond to the rotational re-
laxation times of the water and the ion-counterion pair, respec-
tively. We describe the EDL as operating in series with the ad-
mittance of the fluid for fluids with dissolved ions (Fig 1C). The 
EDL can be modelled as a Cole-Cole relaxation[4], where C��! 
is the capacitance associated with the EDL, α��! is a shape-
broadening parameter and τ��! is the characteristic relaxation 
time associated with the formation of the EDL under electric 
field. The Cole-Cole relaxation is in parallel a constant phase 
element Y-$� (Fig. 1E). [4] By developing an equivalent circuit 

Fig. 1 Device design and measurement setup. (A) Image of microwave microflu-
idics device. (B) Composite microscope image of microfluidic channels with mi-
crowave probes landed. (C-E) Circuit model that describes the admittance of (C) 
the CPW, (D) fluid Y", and (E) the EDL Y��!. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (A) Broadband capacitance � and (B) conductance � per-unit-
length of air, DI water and TAE-Mg2+ buffer. (C, D) Fitting procedure of high-
frequency response of TAE-Mg2+ (dark blue solid line) with regions of fitting 
assigned for the water, ion and relaxations. Fit of (C) �< and (D) �< (black), fit 
of �> and �> (light gray), fit of �?
@A and �?
@A (medium gray), ion contribu-
tion (difference between data and �> + �9, light blue), and �9 (gray in (D)). 
(E, F) Fit of ��
� and ��
� (black), fit of �< and �< (gray) and fit of �BDE and 
�BDE (light gray). Shaded regions indicate regions of data not included in the 
fitting step. 
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model based on Debye-type relaxations, we can utilize broad-
band microwave measurements to extract physical parameters 
associated with these relaxations. Here we compare a three 
Debye model where F> = 0 with a Cole-Cole/Debye model, 
where C#$ = 0 . 

III. RESULTS 

D. Broadband Microwave Measurements: ��
� and ��
�  

The calibrated distributed conductance and capacitance for 
measurements of air, de-ionized water (DI water), and TAE-
Mg2+ buffer is shown in Figs. 2a and 2b. To interpret the elec-
tromagnetic properties of the buffer over six decades of fre-
quency, we assign regions of the frequency spectrum physical 
meaning for C��� and G���. Below 10 MHz, there is a peak in the 
conductance and a drop in the capacitance in the buffer, which 
we attribute to the relaxation of the EDL. The capacitance con-
tribution from the EDL was significant compared to the fluid, 
approximately two to three orders of magnitude larger than the 
capacitance of the DI-loaded CPW. The bulk ionic conductivity 
G���/ω (region of constant slope from 10 MHz-1 GHz) in-
creases in ionic solutions much like behavior of the TAE-Mg2+ 
buffer. At approximately 20 GHz, the relaxation is due to the 
cooperative relaxation of water molecules.  

E. Fitting Procedure for ��
� 

To fit each relaxation with a Debye model, we performed a 
two-step fitting process. First, we modeled the high-frequency 
data (70 MHz- 67 GHz) to extract the water and ion relaxations, 
as well as the bulk fluid conductance G&. From this, we con-
structed the fluid capacitance and conductance (where Y" =
  G" +  iωC"), pictured in Figs. 2C-D (black dotted line). This 
model is the sum of the water Debye relaxation, the ion-pairing 
Debye relaxation and conductance associated with the ions. We 
propagated the fit parameters of Y" to lower frequencies (100 
kHz-10 MHz) to fit the EDL region and extract Y��! (fit pic-
tured in Figs. 2e-f). The fit of the suspension Y��� agrees with 
the calibrated measured C��� and G��� from 100 kHz to 67 GHz. 
The relaxation of the EDL was also pictured (light gray dotted 
line). Because we propagated fit parameters from the high fre-
quency regime to the EDL regime, the overall fit was sensitive 
to small relaxation peaks at intermediate frequencies, which 
perturbed the EDL fit.  

F. Goodness of Fit 

Including the ion relaxation peak was necessary in TAE-
Mg2+ buffer measurements to produce Debye-type relaxations 
for the EDL and resulted in overall lower residuals across the 
high frequency regime. Fig. 3 compares residuals for a Cole-
Cole/Debye (Fig. 3A) model versus the three-Debye model 
(Fig. 3B). Including the ion-pairing relaxation results in smaller 
residuals more centered around zero along the full frequency 
spectrum. Systematic errors are smaller for the fit in both the 
high-frequency and the EDL regimes with the three-Debye 
model. 

IV. CONCLUSION 

In this report, we demonstrated broadband electrical meas-
urements of TAE-Mg2+ buffer. We extracted physical parame-
ters associated with dipolar relaxations in the fluid, and com-
pared two models to fit the data (Cole-Cole/Debye and three-
Debye). The three-Debye model has a better fit over the entire 
data range, demonstrating the necessity of including the ion-
pairing relaxation. These broadband measurements can inform 
more sensitive narrowband measurements, which may be more 
cost-effective and lead to real-time assessment of biological 
systems.  
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Fig. 3. Residuals of Y��� fit normalized by the fit for (A) Cole-Cole/Debye 
fit of water with no ion-pairing for the high-frequency fit and (B) Three Debye 
fit with water, ion-pairing and EDL relaxations).  
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