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Abstract— Determination of complex permittivity of bio-

chemical fluid samples have been numerically investigated. The 

samples have been placed within a rectangular W-band 

waveguide enclosed in nanolitre volume microfluidic pipes. The 

effect on the S-parameters is observed by changing the shape, 

diameter, depth, and complex permittivity of the pipe inside the 

waveguide. Pipe depth and pipe diameter has a direct influence 

on the drop in transmission coefficient S21. The system shows the 

viability of measurements of liquid samples inside a waveguide 

at these frequencies. Extraction of the permittivity is not 

covered in this paper, however matching of experimental results 

to empirical dependences obtained by full wave electromagnetic 

solver is one method which can be used. 
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I. INTRODUCTION 

Many methods for microfluidic liquid sensing exist in the 
microwave domain, broadband measurements are possible 
using Quasi-Optical (QO) systems or THz-Time Domain 
Spectrometers, where a liquid cell with low loss windows can 
be used for holding liquid samples in the beampath [1, 2]. This 
method is reliant on skilled loading of the liquid sample holder 
error due to air gaps, and evaporation of the liquid [3]. 
Limitations exist for QO methods, where small volumes of 
liquid are not measured easily due to the diffraction limit 
restricting the smallest beam spot size. 

In literature, for waveguide based methods, most of the 
work focuses primarily on resonant techniques, such as ridge-
gap waveguides, whispering gallery modes, photonic crystal 
resonators, filter based waveguide methods, and waveguide 
slot antenna based sensors [4,5,6,7,8]. These methods are all 
inherently narrowband and hence limit extraction of 
permittivity to a single frequency. Non-resonant work has 
been found in [9] up to Ka-band. 

We propose an approach where a microfluidic pipe is 
inserted inside a standard W-band waveguide, with a slot cut 
out of the broad wall, to allow for a microfluidic chamber to 
be placed inside. This proposed design would potentially 
enable measurement of nanolitre volumes of liquid samples. 
Microfluidics, in general, are not measured inside rectangular 
waveguides. It is important to understand how the dimensions 
of the microfluidics influence the results. Hence this paper 
focuses on sensitivity analysis of the microfluidic pipes to 
determine the feasibility of such a design at W-band. 

II. DESIGN OF THE MICROFLUIDIC INSERT AND WAVEGUIDE 

For the presented study, W-band waveguide has been 
chosen (75-110GHz) with internal wall dimensions 2.54x1.27 
mm. At 75 GHz a guided wavelength in the waveguide is 

�� = 6.5 ��. For the given wavelength a waveguide length 

has to be set in a such way that it ensures that the distance 
between the discontinuity caused by the sample holder, and a 
waveguide port is at least 2��. It allows the evanescent modes 

to decay, hence only the dominant mode TE10 is received. 

The plastic chamber, in future work is to be printed using 
the Nanoscribe 3D printer. For this, the material IP-S will be 
used, the permittivity of which is calculated from measured 
data in [10]. The permittivity at 92.5 GHz is 
�′ = 2.652 and 
tan � = 0.00028. 

To investigate the influence of pipe shape, a U-shaped 
pipe, and a W-shaped pipe are modelled as shown in Fig. 1 a) 
and b). The dimensions of the insert were designed with the 
intention for a single pipe to fit inside. The maximum pipe 
diameters (��) used are 0.4 mm for the U-pipe, and 0.35 mm 

for the W-pipe. The chamber dimensions presented in this 
work are length � = 3.8 ��, width � = 0.6 ��. The height 
ℎ =  2.27 ��  is set such that the height of the W-band 
waveguide is completely filled with the insert, and 1 mm of 
extra material protrudes above the slot for access to the insert. 
These dimensions allow for a minimum of 0.1 mm material 
surrounding the pipe. 

  
a) b) 

Fig. 1. Side view of the a) U-pipe design b) W-pipe design. The chamber 

protrudes above the broad wall slot for access. The length of the insert 
in the horizontal direction l = 3.8 mm, the height in the vertical 

direction h = 2.27 mm. The pipe diameter is 350 ��. 

The transverse current at the centre of the broad wall is 
zero [11], whereas the TE10 mode wave electric field intensity 
inside is maximum at the centre [12]. A slot centred at this 
location would reduce interruption of this current. 
Simultaneously, it places the sample chamber in the high 
intensity region of the wave. The waveguide slot dimensions 
are 3.8x0.6 mm. 

III. SIMULATION 

For all simulations, a parametric sweep of the real 
permittivity, 
�

� ,  of the fluid to be inserted inside the 
microfluidic pipe has been carried out using 1 ≤  
�

� ≤ 6 in 
steps of 0.5. The U-pipe is simulated with varying pipe depths, 
where the depth of the pipe is a fraction of the waveguide 
height, as can be seen in Fig. 2, where the depths are located 



at 3/4, 1/2, and 1/4 of the waveguide height. The W-pipe is 
simulated using only 1/2 and 1/4 the waveguide height are 
used, to avoid the middle of the pipe protruding above the 
waveguide slot. 

a) b) c) 

Fig. 2. A sliced view of the U-pipe insert, where the depth is given as a 

fraction of the waveguide height: a) 3/4, b) 1/2, and c) 1/4.  

With the optimum depth for each pipe shape, the two 
configurations have �� swept, from 0.2 to 0.4 mm and 0.2 to 

0.35 mm for the U-pipe and W-pipe respectively, in steps of 
0.05 mm. 

Further, the configurations with the most prominent 
effects with respect to 
�′  will then be subjected to a 
parametric study. Where 
�′ follows the sweep of the previous 
simulations, and tan � swept from 0 to 1 in steps of 0.1.  

IV. RESULTS 

In Fig. 3, |S11| can be seen for the U-pipe and W-pipe. Each 
resonant curve shows a clear shift for a change in 
�

� . Both the 
U-pipe and W-pipe depths have a clear effect on the resonance 
spacing, lower depths result in a larger shift in frequency when 

�

�  changes. A larger shift would distiguish better between two 
different permittivity values. In Fig. 4, a larger change in |S21| 
trace amplitude is observed as the pipe is positioned deeper. It 
is observed that with increasing 
�

� , in the ideal lossless case, 
the drop in magnitude becomes increasingly larger. This 
change in magnitude is larger for pipes deeper inside the 
waveguide, for this reason the lowest pipe depth has been 
chosen for the later simulations. 

 
Fig. 3. S11 for the (left) U-pipe at the 3 varying depths inside the waveguide, 

and (right) W-pipe at 2 different depths. 
�
�  is swept from 1 to 6 in steps 

of 0.5. 

Fig. 5 shows the resonant frequency vs 
�
� , plotted for 

varying �� , clearly a larger ��  will lead to a larger shift in 

resonance for a change in 
�
� . This is attributed to a larger 

volume of liquid interacting with the propagating wave. 

Fig. 6 displays the spacing between traces for Δ|!"#| , 
which becomes most apparent for the largest ��. At values of 


�
� ≤ 3.5 spikes, rather than a smooth curve, are observed. 

 

Fig. 4. S21 for the (left) U-pipe at the 3 varying depths inside the waveguide, 

and (right) W-pipe at 2 different depths. 
�
�  is swept from 1 to 6 in steps 

of 0.5. 

 

Fig. 5. The S11 resonance vs permittivity, for varying �� . (left) U-pipe, 

(right) W-pipe. The legend applies to both graphs, except 400�� does 
not exist for the W-pipe. 

These are due to ripples in |S21| at these frequencies. These 
ripples can be seen at all depths for the U-pipe and W-pipe in 
Fig. 4. The spacing between |S21| becomes larger with 
increasing 
�

� . The largest �� for both pipes will be used for 

further simulations. 

 

Fig. 6. Difference in |S21| between permittivity traces for varying �� (top) 

U-pipe traces taken at frequencies 107.27, 105.59, 105.28, 104.16, and 

102.51 GHz respectively for increasing ��  (bottom) W-pipe at 

frequencies 101.57, 106.19, 104.58, and 101.57 GHz respectively.  

The influence of increasing tan �  on the |S11| 

resonance frequency, for varying 
�
�  is illustrated in  
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Fig. 7. Location of |S11| resonance frequency vs tan � for varying 
�
� . (left) 

U-pipe, (right) W-pipe. 

Fig. 7, the shift is a result of smoothing of the resonance. 
�
� ≥

4 experience larger frequency shifts, and the W-pipe is more 
sensitive to this effect than the U-pipe. In these configurations, 
volumes below the waveguide slot are: U-pipe & =
0.4122 �� , and W-pipe & = 0.4834 �� , this difference in 
volume is a likely cause for this increased sensitivity. 

Fig. 8 depicts the |S21| traces for swept tan � from 0 to 1, 
for both the U and W-pipe at, 
�

� = 2  and 6. Distinct and 
measurable shifts are present in |S21| between traces for both 
the U and W-pipe, at both values of 
�

� .  

 

Fig. 8. |S21| traces for both the U-pipe and W-pipe, tan � has been swept 

from 0 to 1. The plots show 
�
�  at values of 2 and 6 to show the 

comparison of the trace spacing.  

 
Fig. 9. The relative phase shift with respect to the air filled pipes. The black 

traces are tan � = 0, and the dashed red traces tan � = 1. Looking at 
the highest frequency, from top to bottom the traces signify increasing 


�
�  from 2 to 6 in steps of 0.5.  

In Fig. 9, the traces show phase shift relative to the unloaded 
fluid pipe. From top to bottom, the traces are for ascending 
permittivity from 
�

� = 2 to 6 with 0.5 steps. The black traces 
are tan � = 0, and the dashed red traces are tan � = 1. The 
endpoint of a trace is the most stable point to determine the 
relative shift, this point varies the least with respect to 
permittivity and tan �.  

The current state of this work, shows promising results for 
enabling extraction of both 
�

�  and tan � . Comparing the U 

and W-pipe, with maximum dimensions, the U-pipe is the 
least affected by the |S11| resonance shift caused by varying 
tan �. Hence providing less uncertainty in the analysis. This, 
alongside measurable shifts in S21 magnitude and phase, 
makes it currently the most suitable design for pairing all these 
parameters to determine both 
�

�  and tan �.  

V. CONCLUSIONS 

The presented design shows potential for extraction of the 
complex permittivity of fluids situated inside the microfluidic 
pipe. Where the response of each parameter can clearly be 
seen. The S11 minima is mostly linked to 
�

� , with a smaller 
contribution from 
�

��. Whilst S21 amplitude is influenced by 
both 
�

�  and 
�
��. Using empirical dependences obtained in this 

work, experimental results will be matched and the complex 
permittivity of the fluid under test extracted. For future work, 
the extraction process will use an ABCD matrix approach. 
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