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Abstract— A microwave dielectric resonator based sensor 

system has been investigated with respect to its sensitivity for the 
assessment of aqueous liquids. The system exploits the field 
enhancement of a split ring structure while retaining high and 
tunable quality factors due to weak and adjustable coupling 
between a planar split-ring and a dielectric resonator. The 
proposed sensor with integrated microfluidic channel allows 
investigation of volumes of liquids less than 1 nL and is capable 
of detecting small changes in relative permittivity, as 
demonstrated by measurements of water-ethanol solutions.   
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I.  INTRODUCTION 

Due to the strong interaction of water with electric fields at 
microwave frequencies, sensors operating in this regime have 
shown high sensitivity for the measurement of the complex 
dielectric permittivity (ε*) of  small volumes of aqueous 
solutions [1-9]. This is promising for biosensing applications 
where most liquids to be investigated consist predominantly of 
water. 

Coaxial probe approaches have shown to be sensitive to 
low concentrations of biomolecules over a broad frequency 
range, and concentration-independent differentiation between 
different dissolved protein species was demonstrated based on 
small variations  in the real and imaginary components of ε* 
around the Debye relaxation frequency of water [1]. 
Microwave dielectric resonators (DRs) operating in whispering 
gallery modes at 10-40 GHz have been used to distinguish low 
concentrations of organic liquids and solutions of proteins, 
glucose (<0.1% w/w) and sodium chloride (70 ppt) using sub-
nanoliter volumes of analyte [2], [3]. 

Other approaches using on-chip electrodes and microfluidic 
channels to concentrate electric fields around the liquid under 
test have achieved high sensitivity to ethanol solutions on 
volumes less than 0.5 nL [4] as well as showing promise for 
cell sensing [5]. Resonant split ring structures have also been 
used to demonstrate significant sensitivity for aqueous 
solutions of organic liquids and biomolecules [6]–[8]. 

This paper introduces a system which utilizes the electric 
field confining properties of a split ring and microfluidic 
channel system but avoids the implementation of microwave 
connectors on the microfluidic chip. This allows the 
microfluidic chips to be inexpensive and potentially disposable. 
The wireless method of excitation used in our system also 
helps to maintain relatively high and measurable Q-factors 
despite measurement of liquids with high loss tangents (>0.5).  

II. DESIGN OF COUPLED DIELECTRIC-SPLIT RING RESONATOR 

As shown in Fig 1, the proposed system consists of a 
microfluidic channel passing through the gaps of a metallic 
split ring (SR) deposited on a glass slide which sits on a 
circular aperture in a copper cavity housing a cylindrical 
dielectric resonator. The TE01δ mode in the DR is excited via 
coaxial coupling loops. The coupling loops are adjusted for 
symmetric coupling and about -20 dB insertion loss for the 
case of the dielectric loaded cavity without the split ring in 
order to determine the resonant parameters from simple |S21| 
measurements. Figure 2b shows how the small magnetic field 
of the TE01δ mode, which leaks through the aperture, induces 
an alternating current in the SR (Fig 2a). The displacement 
current across the capacitive gaps between the two half rings 
corresponds to a strong electric field confined in a small 
volume (Fig 3a). By controlling the size of the ring and the 
gap, the electric field can be confined to an arbitrarily small 
volume. 

Fig. 1. Photograph of sensor set up (left), schematic showing the geometry of 
the split ring investigated (inset) and expanded schematic (right) showing,
from bottom to top, copper housing, dielectric puck resonator mounted on a 
quartz column, lid with aperture, glass coverslip with metal split ring and the
PDMS microfluidic channel. 



The SRs are fabricated from gold deposited onto 130 μm 
thick borosilicate glass (BSG) coverslips. A schematic of the 
SR geometry is shown in Fig 1. Microfluidic channels are 
made in PDMS (polydimethylsiloxane) by pouring PDMS 
mixed with a crosslinking agent over a negative of the desired 
shape and leaving to cure overnight. Once removed from the 
mold the PDMS is flexible enough to make a semi-permanent 
seal with the glass coverslip. Connectors are punched through 
the PDMS mold and tubing is attached allowing the use of a 
pressure pump to control the flow of liquid samples through the 
channel. The channel is aligned with the SR gaps using an 
optical microscope and left to create a seal. The SR and 
channel arrangement is then placed on top of the copper cavity 
so that the SR is approximately in the centre of the aperture.  

Placing or flowing liquid samples through the gaps changes 
the permittivity of the space between the gaps which 
dramatically changes the capacitance and the resistive load of 
the gaps, which translates into a directly measurable variation 
of the resonant frequency and quality factor of the coupled DR-
SR assembly. Table 1 shows how different conditions affect 
the measured resonance frequency and quality factor. 

III. RESULTS AND DISCUSSION 

Using a HP 8722 VNA measurements of the resonance 
frequency (fc) and quality factor (Q) were carried out on 
solutions of ethanol in deionized water of 4, 10 and 15% by 
volume by using an algorithm which fits a Q-factor circle in 
the polar S21 plane as described in [10]. Deionized water was 
measured before each sample as a reference. The change in 
resonant frequency f and inverse quality factor Q was 
calculated as: 

  (1) 

  (2) 

Subscripts denote measurements of either ethanol solution 
samples or water, the results are plotted as a function of the 
ethanol concentration in Fig 4. 

The perturbation of the resonance due to the liquid samples 
can be expressed in units of the full width half maximum 
(FWHM) of the resonance. This normalized data helps to 
visualize how significant a shift is with respect to the width of 
the resonance and therefore presents a figure-of-merit for the 
sensitivity. For the normalized frequency shift Eq. 1 becomes 

 (3) 
and for the inverse Q-factor shift Eq. 2 can be expressed as: 

TABLE I.   

THE RELATIONSHIP BETWEEN DIFFERENT CONDITIONS AND THE RESONANCE
PARAMETERS OF THE COUPLED RESONATOR SYSTEM. THE HIGHEST QUALITY
FACTOR RESONANCE IS ACHIEVED WHEN THE DIELECTRIC RESONATOR IS
OPERATED ON ITS OWN, WITHOUT THE SPLIT RING. ADDITION OF THE PDMS
MICROFLUIDIC CHIP DOES NOT SIGNIFICANTLY AFFECT THE RESONANCE. THE
ADDITION OF THE SPLIT RING CAUSES A SIGNIFICANT CHANGE IN QUALITY
FACTOR, AS DOES THE ADDITION OF WATER INTO THE CHANNEL 

Fig. 4. Plot of the measured frequency shift (as a fraction of resonance with
water in the channel) and reciprocal quality factor shift  as a function of the
concentration of ethanol in deionised water (volume %). 

Fig. 3, Simulations (CST Microwave Studio): a) colour plot of the electric
field strength showing enhancement of the electric field in the gaps of the ring
and b) vertical cross section of the channel passing through the split ring gap
(location of cross-section indicated on a) showing the distribution of electric
field in the liquid. 

Fig. 2. a) Visualisation of the currents flowing in the split ring and b) CST
Microwave Studio simulation showing the shape of the magnetic field of the
dielectric puck which can be seen protruding out of the aperture and wrapping
round the split ring. 



(4)   
 

 The measured data is plotted as a function of ethanol 
concentration in Fig 5. 

Literature data for the complex permittivity of the ethanol 
solutions [11] were used to calculate the loss tangent, as shown 
in Table 2, which can then be related to the measured 
normalized inverse quality factor shift, as shown in Fig 6. 
Further investigations of different aqueous solutions with 
different concentrations are currently in progress. 

IV. CONCLUSIONS 

The proposed system shows a high sensitivity to small 
changes in permittivity close to the permittivity of water which 
demonstrates it has potential as a sensor in biological systems. 
For example, a 4% solution of ethanol results in a normalized 
inverse quality factor shift of more than 10% and a normalized 
frequency shift of almost 5% away from that of water. This is a 
change in permittivity of less than 4% and is easily 
measureable. 

As can be seen in Fig. 3 the volume of liquid exposed to the 
high electric field strength is quite small and corresponds 
roughly to the volume enclosed by the split ring. This gives a 
calculated interaction volume of less than 200 pL, showing that 
the system has clear potential for sensing of very small 
volumes of liquids, possibly down to single cell measurements. 

The frequency shift observed from the resonator shows the 
opposite trend to what would be predicted from perturbation 
theory. This may be due to the variation of the coupling 
strength between the DR and the SRR owing to a change of the 
loading of the capacitive gaps caused by the liquid under test. 
This effect, as well as the high losses of the liquids tested 
means that the real and imaginary parts of the permittivity 
cannot be directly related to the changes in resonant frequency 
and quality factor, respectively. Currently an equivalent circuit 
model is being developed which takes into account a coupled 
resonator circuit and a transmission line model for the SRR to 
help explain this behavior. The circuit model could also 

elucidate the dependence of frequency and quality factor on 
real and imaginary permittivity, allowing the determination of 
the complex permittivity of liquids from measured values.   
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