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A Microfluidic-Integrated SIW Lab-on-
Substrate Sensor for Microliter Liquid
Characterization

Evans Silavwe, Student Member, IEEE, Nutapong Somyjit, Member, IEEE and lan D. Robertson,
Fellow, IEEE

Abstract— A novel microfluidic-integrated microwave sensor
with potential application in microliter-volume
biological/biomedical liquid sample characterization and
quantification is presented in this paper. The sensor is designed
based on the resonance method, providing the best sensing
accuracy, and implemented by using a substrate-integrated-
waveguide (SIW) structure combining with a rectangular slot
antenna operating at 10 GHz. The device can perform accurate
characterization of various liquid materials from very low to high
loss, demonstrated by measurement of deionized (DI) water and
methanol liquid mixtures. The measured relative permittivity,
which is the real part of complex permittivity, ranges from 8.58 to
66.12, which is simply limited by the choice of test materials
available in our laboratory, not any other technical considerations
of the sensor. The fabricated sensor prototype requires a very
small liquid volume of less than 7 ul, while still offering an overall
accuracy of better than 3 %, as compared to the commercial and
other published works. Key advantages of the proposed sensor are
that it combines 1.) a very low-profile planar and miniaturized
structure sensing microliter liquid volume; 2.) ease of design and
fabrication, which makes it cost-effective to manufacture and 3.)
noninvasive and contactless measurements. Moreover, since the
microfluidic subsystem can potentially be detached from the SIW
microwave sensor and, afterward, replaced by a new microfluidic
component, the sensor can be reused with no life-cycle limitation
and without degrading any figure of merit.

Index Terms — Biological,
resonance, slot antenna, SIW.

permittivity measurements,

I. INTRODUCTION

ESONANCE methods are the most accurate in liquid material

detection and quantification compared to the other
available alternatives such as transmission-line techniques [1]-
[5]. The resonance methods are normally used to characterize
materials at either a single frequency or a narrow band.
Previously, resonance methods were restricted to measurement
of low loss materials due to broadening of the resonance curve
as the loss increased. However, the methods have recently been
adapted to measure and characterize high-loss liquids through
various modeling techniques [6]. Due to the high sensitivity of
resonance methods, they particularly allow for reduction of

This work was supported by the Commonwealth Scholarship Commission.
The authors are with the Institute of Microwave and Photonics, School of
Electronics and Electrical Engineering, University of Leeds, UK, (e-mails:
el07es@leeds.ac.uk, n.somjit@leeds.ac.uk, i.d.robertson@leeds.ac.uk). An

sample volume and enhance sensor compactness [7].

With the advancement of substrate integrated waveguides
(SIWs) in the last decade, it is now possible to design planar
devices offering functionality for what was previously reserved
for traditional waveguides. This reduces cost, offers reduced
size and makes for easy integration with other planar circuits
[8], [9]. Recently, in [10], an SIW resonator sensor for liquid
permittivity measurements was presented. However, the sensor
requires substantial liquid volume as well as sensor immersion
in liquid. The immersion exposes the sensor to possibilities of
contamination as well as corrosion. In [2] a planar resonator is
presented, although compact, it is only able to characterize
liquids with relative permittivity extending from 20 to 40 as
these are the limits of the predictive model employed.

In this paper, we present a novel liquid sensor with
application for liquid mixture solutions detection, identification
and quantification, e.g. cell quantification, that combines the
following advantages compared to the state-of-the-art: 1)
measurement of relative permittivity, real part of complex
permittivity, with &'’- ranging from low &', to high &’- materials
with no technical restriction, 2) noninvasive and contactless
characterization, 3) compact liquid volume, with only 7 x/ being
sufficient, and 4) potentially reusable sensor requiring only a
replacement of the microfluidic subsystem in the plug-and-play
fashion. The sensor is made reusable by creating guiding holes
on the microfluidic subsystem and the microwave subsystem.
Furthermore, a mathematical model is developed to analyze and
synthesize the SIW sensor. Based on the proposed analytical
model, a program implemented by using MATLAB is
developed to transform the measured return losses and resonant
frequencies to various interesting liquid material properties, e.g.
dielectric constants. In [11], the authors presented the basic
sensor structure with preliminary measurement results. In this
paper, intensive design study, in-depth measurement results and
performance comparisons as well as mathematical modeling are
introduced for the first time. The frequency choice of 10 GHz
is a compromise between sensor sensitivity and cost. At much
lower frequency, the sensor would become less sensitive, while
at very high frequency the sensitivity would increase but so
would the fabrication cost and measurement challenge.

earlier version of this paper was presented at the European Microwave
Conference 2016 and was published in its Proceedings.
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II. WORKING PRINCIPLE AND SENSOR DESIGN

Figure 1 and Table I show the 3D structure and important
design parameters of the SIW microfluidic-microwave sensor.
The sensor is implemented using an SIW structure integrated
on top with a longitudinal slot antenna, designed to operate at
the center frequency of 10 GHz. The SIW is implemented based
on a RT/Duroid 5880 substrate that is copper plated on the top
and the bottom surfaces. Vertical copper plated via holes
electrically connect the top copper layer to the bottom copper
layer, thereby forming both side walls of the SIW. One edge of
the SIW, as shown in Fig. 1, is short-circuited by using a series
of vertical copper plated via interconnections. A longitudinal
rectangular slot cavity antenna is then created into the top
metallic layer with its center position located at a quarter-
wavelength distance from the short-circuited end of the SIW.
For the measurement, an additional 50-Q microstrip feed line is
integrated to the design with a tapered microstrip transition that
matches the SIW impedance of 72-Q to that of the 50-ohm
microstrip. Electromagnetic (EM) field radiation from the
rectangular slot antenna occurs because the slot cavity
interrupts the transverse surface currents in the metallic wall of
the SIW, thereby creating an electric field in the slot. The
induced electric field can be viewed using its equivalent
magnetic sheet and radiates into the outer space [12]. To create
a contactless sensor, a dielectric layer is used to cover on top of
the SIW slot antenna, acting as an isolation layer between
microwave and microfluidic subsystems. A micro-fluidic
subsystem, consisting of a micro-channel and liquid in and
outlets, is then created in another substrate, which is
subsequently bonded on top of the isolation layer. The final
substrate layer, performing as a liquid-channel cover, was then
bonded on top of the microfluidic subsystem to encapsulate the
liquid inside the microfluidic channel. The microfluidic channel
is transversely located above the center of the antenna slot
where the radiated EM near-field is maximum in order to get
the best sensing accuracy and sensitivity. The sensing principle
is to track any changes in resonant frequency and return loss of
the slot antenna as a result of an interaction between the radiated
near-field and the encapsulated liquid in the micro-fluidic
channel.

The SIW design procedure follows the steps given in [13].
The important design consideration is that the pitch (p) is less
than or equal to twice the vias post diameter (d) and that the
post diameter is less than a fifth of the guided wavelength (4,)
as given in (1). Under this condition the field leakage can be
negligible and the performance of the SIW structure is similar
to the conventional rectangular waveguide. The SIW width
(asiw) is then the equivalent dielectric waveguide width (a.)
given by (2), where agrwc is the width of a conventional
rectangular waveguide and &, is the relative permittivity of the
substrate.

d<%"andp$2d (D
asiw = ajzv_rc 2

Channel cover
layer
Microfluidic
layer
Isolatio
layer
Microfluidic subsystem

Microfluidic
channel

Slot cavity :
Microwave subsystem

Substrate circuit

Copper layers

Fig. 1. 3D drawing of SIW waveguide integrated with a single
slot antenna and microfluidic subsystem.

TABLE I
SUMMARY OF THE DESIGN PARAMETERS
Parameter Description Length (mm)
d Via post diameter 0.5
p pitch 0.8
asiw SIW width 154
b SIW height 1.575
Iy Slot length 11.7
w Slot width 0.5
X Displacement from 1.85
centre of SIW to
centre of slot
I Microstrip  taper 6.7
length
W, Microstrip  taper 5.4
width
W 50-Q  microstrip 4.62
width

The Rogers RT/Duroid 5880 substrate used in implementing
the SIW structure has a dielectric constant of 2.2 and a loss
tangent of 0.0009 at 10 GHz. RT/Duroid 5880 has low moisture
absorption, very good chemical resistance and offers the lowest
electrical loss for reinforced Polytetrafluoroethylene (PTFE)
material making it a good substrate for the dielectric
encapsulating the liquid [14]. The optimum design parameters
of the SIW waveguide are summarized in Fig. 1.

A single slot antenna is well sufficient to achieve highly
accurate tracking of the resonant frequency changes and the
return loss variations when different types of liquid samples are
encapsulated in the channel above the antenna slot. The slot
length (/) and the slot displacement from the SIW center (x) in
Fig. 1 are optimized to obtain the lowest voltage standing wave
ratio (VSWR). The displacement of the slot from the center of
the SIW plays a critical role in the design, since it directly
impacts on the effective resonant slot conductance. The
displacement is calculated by using the Stevenson formula [15]
that gives the effective resonant slot conductance.
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of Copper plated

Via holes SMA female

Microfluidic channel connector

Substrate
Fig.2 Fabricated prototype, before (top) and after (bottom)
mounting the microfluidic subsystem.

9(x) = goSin? (=) 3)
9o = (2.09ag;yA5/bA,)Cos*(A,m/2A4) 4)

where g(x) (=G4/Gsw) is the normalized conductance of a
resonant longitudinal shunt slot, gy is a constant, 4, is the guide
wavelength, Ao is the free-space wavelength, x is the slot
displacement from the center of the guide and as;w and b are the
waveguide width and height [16]. G, is the slot conductance and
Gsiw is the guide characteristic conductance. The slot length (/)
is impacted by the permittivity of the dielectric filling the
waveguide. This was calculated by (5), [17].

Ao

Iy = J2(er+1) ®)

For the design frequency of 10 GHz and substrate relative
permittivity of 2.2, the calculated slot length is 11.86 mm. The
parameter was further optimized with HFSS to 11.7 mm in
order to achieve the lowest VSWR.

A tapered microstrip transition from a 50-CQ input microstrip
line to the SIW was designed to achieve good matching over
the whole operation band of the SIW [18]. The tapered
microstrip line converts the TEM propagation mode of the
microstrip to the TE o, which is the fundamental mode, in the
SIW.

The position of the microfluidic channel is determined based
on the design rule that the radiated EM near-field is maximum
at the quarter-wavelength distance from the short-circuited end
of the SIW. In this design, the microfluidic channel is located
at 6.7 mm from the short-circuited end of the SIW, in order to
achieve the best sensing accuracy. The microfluidic subsystem
is made up of three layers, the isolation layer, the microfluidic
layer and the channel cover layer. All layers are precisely cut
out using the LPKF 200 Protolaser machine in our laboratory.
The three layers are aligned as shown in fig.3 for bonding. To
ensure that the slot cavity is not in physical contact with the
liquid sample

Channel cover
layer

Microfluidic

Microfluidic channel
Isolation

layer
Fig.3 Precisely cut Microfluidic subsystem layers aligned at the
edges.

under test, the isolation layer consisting of a low-loss dielectric
substrate is bonded on top to cover the SIW antenna slot. The
thickness of the isolation layer is 790 um. However, adding a
dielectric isolation layer on top of the slot results in a slight
resonant frequency shift [19]: in this design from 10 GHz to 9.6
GHz. After integrating the isolation layer, the microfluidic
subsystem is implemented on top by using another dielectric
substrate containing a micro-channel. The height of the
microfluidic channel is 790 um, which equals the thickness of
the substrate. Another dielectric substrate is then bonded on top
to cover the microfluidic channel, ensuring the liquid is well
encapsulated inside the microchannel. Epoxy bonding was used
for all three substrate layers. All three dielectric substrates
forming the microfluidic subsystem are implemented by using
Rogers Duroid 5880. The width of the microfluidic channel is
optimized by HFSS to 500 um for the best sensing accuracy and
sensitivity.

Fig. 2 shows the fabricated sensor prototype before (top) and
after (bottom) integrating the microfluidic subsystem to the
microwave SIW sensor, respectively.

III. MODEL ANALYSIS

An equivalent circuit model for the radiating area of the slot
antenna was developed as shown in Fig. 4. It is developed by
considering that because the slot interrupts the transverse
currents of the SIW, the EM-wave radiation is induced from the
slot both in the upward direction into the isolation layer and
microfluidic channel as well as in the downward direction into
the SIW. Fundamentally, if we can find the impedance or
admittance attributed to the measured liquid, we can also
accurately determine the relative permittivity of the liquid
under test at the resonant frequency.

This becomes clear when it is considered that the slot cavity
represents a rectangular waveguide. Similarly, the isolation,
microfluidic and channel cover layers can be seen as dielectric
waveguide slabs. The material properties of the unpatterned
isolation and channel cover layers is sufficiently provided by
the manufacturer, i.e. the Rogers Duroid 5880. The microfluidic
layer, on the other hand, is composed of a micro-fluidic
channel, filled with the liquid under test, embedded into the
Rogers Duroid 5880 substrate. This means that only the
permittivity of the liquid under test is unknown and must be
determined. Understanding this enables the relative permittivity
of the liquid to be calculated using transmission line analysis of
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Fig. 4 SIW Sensor radiating area equivalent 2-D circuit

the conductance of the whole equivalent two-dimensional
circuit model in Fig. 4, in relation to the measured resonant
frequency and return loss.

The total conductance (G) of the equivalent circuit can be
calculated as in [19] by

Ge =Yy + Yy + G+ (wC - =) 6)
where G, is the total conductance of the entire equivalent model,
G; is the resonant conductance due to the thin slot, with C and
L being capacitance and inductance of the slot cavity. Y,, and Y,
are respectively the admittance seen from the slot looking into
the SIW and also from the slot looking into the isolation layer.
This implies that Y, is the effective admittance due to the
isolation layer, the microfluidic layer and the liquid channel
cover layer.

Resonance occurs when the slot admittance presented to the
SIW is real [15]. In [19] it was investigated that the conductor
wall thickness introduces a resonant frequency shift but leaves
the resonant conductance of the antenna slot unaffected. The
total conductance of the equivalent circuit can therefore be
reduced to (7) at the resonance while still giving accurate
results.

G, =Y, +Y,+G, (7)

where G, is the resonant conductance of the entire equivalent
model. The slot resonant admittance, Gy, has already been
defined in (3) and (4).

Assuming that the standing wave for the electric field across
the slot is symmetrical, the return loss at the input port can be
represented in the form of the equivalent shunt admittance
(G/Ysiw) as a result of the longitudinal slot in the broad wall of
the waveguide [20].

__Gr
Ysiw 8)

G
24—
Ysiw

S1llc =

where Ygw is the characteristic admittance of the waveguide,
which, in this case, is the equivalent characteristic admittance
of the SIW, tapered transition and the 50-Q microstrip. S is

the calculated reflection coefficient at the input port. The
expressions of the impedance variables in Fig. 4 were
developed as follows. From transmission line theory,

Y, = —jYosiwcot(kspyb) 9)

where the characteristic admittance in the guide below the slot
is given by

(10)

— d
YOSIW - koTo

2 . . . e
and kg = % with &s being the relative permittivity of the
o

dielectric filling the SIW. B, is the propagation constant in the
dielectric given by

bu = Jecka® = (5)

where [, is the length of the slot cavity.

Y, is equally calculated using the transmission line theory.
This is done by considering the impedance due to the isolation
layer and a combination of the microfluidic layer and the
impedance due to the liquid channel cover layer.

Y4 can then be defined as

Y

1+jZeqYoqtan(kogh)

Y, = -
d od ZeqYoqt+jtan(kogh)

12)

where Z., is the total impedance seen looking into the
microfluidic layer from the isolation layer, given in (13) and Yos
(which in this case is the same as Ypgw) is the characteristic
admittance of the isolation layer and koq is equal to ksw since
the dielectric used in both cases has similar properties.

ZoatjZygtan(kyigh)

7. =27, :
ed liq ZjiqtiZoatan(kyigh)

13)

komo\ - o
where Zj, (= ;no) is the characteristic impedance due to the

2m eory
Ao
constant in the microfluidic layer. e, is the effective
permittivity, which is the permittivity as a result of the liquid
under test and the dielectric forming the microfluidic channel
given by Maxwell-Garnet relationship as

microfluidic layer, while ki, (= ) is the propagation

& —E&li Es—E
eff"%liq _ iq (14)
Eeff+2£liq £S+2‘Eliq

where &, and ¢, are the relative permittivity of the liquid and
the dielectric forming the microfluidic channel respectively,
while f'is the fractional volume occupied by the dielectric in the
microfluidic layer. The Maxwell-Garnet model was used
because the electric field is considered constant across the
mixture of the dielectric substrate and the liquid under test. The
Maxwell-Garnet is also designed for small volume fractions of
inclusions [21] and is easy to solve.
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Fig. 5 Equivalent model of the feed network.

To calculate the characteristic impedance of the waveguide
feed network, the three sections of the feed network, consisting
of the SIW, tapered microstrip transition and microstrip
feedline, are considered as a cascade as shown in Fig. 5.

Each section of the feed network in Fig. 5 is designed using
HFSS and their S-parameters are obtained. The S-parameters
are converted to ABCD parameters so that the total ABCD
parameters of the cascade can be obtained as

[Tin] = [Tn]. [T¢]- [Tsiw] (15)
where [Ti,] represents the total cascade ABCD parameters of
the feed circuit with [T,], [T:] and [Ts;w] representing the ABDC
parameters for the 50-Q microstrip, the tapered microstrip and
the SIW sections, respectively. The ABCD parameters for the
entire feed network are then converted back to S-parameters
and used to obtain the equivalent characteristic impedance of
the whole feed structure as

’(1"'511)2—5212
Zsiw = 2o (1-511)%-521°

Substituting (3), (9) and (12) in (7) and then using (8) and
(16), an expression for S;;. can be written with the effective
relative permittivity of the liquid and dielectric forming the
microfluidic subsystem as a variable.

The calculated S;c is then iteratively compared with the
measured S;;, to get the effective relative permittivity of the
liquid and dielectric sample holder as in (17a) and (17b). In this
particular case, the solve system, fsolve, of nonlinear equations
in MATLAB was used, together with the MATLAB program
developed by the authors, to numerically calculate the effective
relative permittivity of the liquid at the resonant frequency. The
known relative permittivity of the dielectric material forming
the microfluidic subsystem was used as the initial value.
Therefore, the relative permittivity of the liquid under test can
be numerically calculated at the resonant frequency of the
measurement using (14). The relative permittivity of various
liquids and liquid mixtures characterized by the SIW sensor is
compared to that measured by the KeySight 85070E dielectric
probe sensor [22], under the same environment control. The
measurement result comparisons are shown in the results
section.

(16)

f(geff) = Re(S11m — S11¢)
f(feff) = Im(S11m — S11c)

(17a)
(17b)

O -
_10 4
—_
93
v_20- ............ fm
: —3511 (Air Measured)
72} ——=511(Methanol Measured)
30 ——3S11 (DI Water_Measured)
-V — = S11(Air Simulated)
----- 511 (DI water Simulated)
—-++=S11 (Methanol Simulated)
'40 T T T T T 1
8.5 9.0 9.5 10.0

Freq. (GHz)

Fig. 6 Si; plot for simulated and measured Air, Methanol and
DI water samples.

IV. MEASUREMENT RESULTS

A. Measurement setup, sensor calibration and basic
measurement

The liquid under test is, prior to each measurement, injected
into the microfluidic channel using a 100 u/ syringe with one
end of the microfluidic channel well capped. The liquid is let to
overflow at the inlet before the microchannel inlet is capped to
ensure complete liquid filling. When the microchannel is
completely filled by the liquid under test without any air gap or
bubble, the liquid inlet of the microchannel is then sealed. The
S-parameter measurement is done by using the Keysight
E8361A Network Analyzer. One-Port reflection calibration was
done using the Keysight Electronic Calibration (ECal) N4691-
60006 module prior to the measurement. All liquids were
maintained at 25°C by using a warm water beaker that was
maintained at 25°C.

Three sample materials, which are air, Methanol and DI
water, were measured and characterized. Air is measured in
order to calibrate the measurement for an empty microfluidic
channel, while the other two materials had their respective
liquids filled in the channel.

Fig. 6 shows that with the empty, air-filled, microfluidic
channel, the measured resonant frequency of the SIW sensor
was 8.96 GHz with a return loss of 20.02 dB. With methanol
and DI water samples, the resonant frequency was 8.94 GHz
with a return loss of 24.51 dB and 8.85 GHz with a return loss
of 38.21 dB, respectively. A resonant frequency shift of 110
MHz was observed between DI water and air (empty channel),
while a shift of 20 MHz was observed between methanol and
air.

The resonant frequency shifts between the empty channel
and liquid-filled channel are significant and; therefore, it is
clear that well accurate characterizations and discriminations
between each different liquid material under test can be
obtained.

For all simulations, HFSS used the default meshing setting
with the lambda target set at 0.3333. HFSS then used auto-
adaptive meshing based on the fields for it to obtain the final
mesh. Fig. 6 shows that the simulated results are shifted in
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frequency and return loss because the epoxy effect was not
included, difference in conductor loss used, and also the
simulation uses approximated properties for the samples under
test. The measured values are used for subsequent calculations.

B. Quantification Measurement of liquid mixture

The SIW sensor demonstrated liquid quantification by
measuring liquid mixtures of DI water and methanol with
methanol to DI water composition varying from 0-100 % by
volume. An increment of methanol volume by 20 %
corresponding to an equal decrease of DI water by volume for
each measurement step was conducted. Zero percent methanol
constituent in the liquid mixture indicated 100 % DI water. Fig.
7 shows the measurement result indicating the reflection
coefficient (Si1) of the different liquid mixtures.

Varying mixture concentration gives an equivalent change in
resonant frequency and return loss. This change is mostly
because a high loss liquid has more perturbation effect on the
radiated near-field than a lower loss liquid and hence having a
lower resonant frequency. Therefore, by starting with 100 %
methanol and decrement each measurement step downwards by
20 % by volume, it was observed that the resonant frequency
correspondingly shifted downwards as more water by volume
dominated the test sample.

This is illustrated in Table II and Fig. 8, with values for the
mixture characterization model, developed by a fitting curve
method, included. This characterization model therefore
embodies the behavior of this particular mixture and can be
subsequently be used to determine the composition of any given
DI water — methanol mixture.

The equation characterizing the mixture measurement is
given as
V; = 1.47x10%f,* — 5.22x10°f,° + 6.94x10°f,% —
4.1x107 f, + 9.1x107 (18)
Where Vyis the fractional volume of methanol and f is the
measured resonant frequency.

C. Relative permittivity measurement

Using the software program developed from the
mathematical model in section III, it is possible to determine
the relative permittivity (real part of the complex permittivity)
of the liquid under test. This was achieved by solving iteratively
the equations given in (17a) and (17b). The relative permittivity
was calculated for the DI water and methanol mixtures
mentioned in the preceding subsection. These liquids and liquid
mixtures were also measured using the Keysight 85070E
dielectric probe under the same environment control and
condition. As shown in Table III, the results showed good
agreement between the SIW sensor and the commercial probe,
with the percentage difference between the two sensor devices
varying from 0.4 % to 3 %. However, for the SIW sensor, only
7 wul of the sample liquid is required for an accurate
measurement while the commercial probe requires more than
100ml for the same accuracy. In Table IV, key figure-of-merit
and parameter comparisons between this work and the state-of-
the-art [2] and [23]-[25] are presented.

0
—~ 10+
= -10
T P
-
= -20 /
w 7/ ——$11 (0% Methanol by vol )
—-—511(20% Methanal by vol
-304 S$11 (40% Methanol by vol
= 511 (60% Methanol by vol.)
—— 511 (80% Methanol by vol.)
511 (100% Methanol by vol.)
-40

86 88 90 92 94 96
Freq. (GHz)

Fig. 7 Measured Si; plot for Methanol and DI water mixtures.

TABLE II
DEIONISED WATER-METHANOL MIXTURE
MEASUREMENT
Methanol Methanol Percentage
Frequency fractional  fractional difference
(GHz) volume volume
(measured) (Model)
8.86 0 0.00067215 0
8.88 0.2 0.20378764  1.89382
8.90 0.4 0.39054383  2.364042
8.92 0.6 0.61892344  3.153907
8.93 0.8 0.78270568  2.16179
8.94 1.0 1.0047337 0.47337
1t + =
2 - Measured plot
_2 08l —Fitted plot
g
F
3

886 887 888 88 89 891 892 893 8§94
Frequency (GHz)

Fig.8 Methanol fractional volume against resonant frequency.

TABLE III
RELATIVE PERMITTIVITY MEASUREMENT OF
METHANOL/DI WATER MIXTURE USING SIW SLOT
ANTENNA AND THE KEYSIGHT DIELECTRIC PROBE

Test sample Freq. Relative *Relative Y%
(by volume) (GHz) Permittivity  permittivity  diff.
(this work)  (Keysight
probe)

100%Methanol ~ 8.94 8.58 8.37 2.44
80% Methanol 8.93 11.92 11.63 243
60% Methanol 8.92 23.55 22.86 2.93
40% Methanol 8.90 34.54 34.39 0.43
20% Methanol 8.88 48.67 48.44 0.47
100% DI water ~ 8.85 66.12 65.67 0.68

(0% methanol)
*Measured using Keysight 85070E probe sensor.

Simulations were performed to analyse the sensitivity of the
sensor. Three test samples with relative permittivity of 10,



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

10.01 and 10.1 were used, low &’ values are used here to prove
good sensitivity for low relative permittivity liquids. The
sensitivity of the sensor can be approximated to be +0.1 €.

V. CONCLUSION

The developed microwave microliter sensor in this work has
shown some of its potential range of usage leading to accurate
quantification of liquid mixtures and further liquid
characterization through measurement of the relative
permittivity. The accuracy in measurement was enhanced by
the resonance operation of the sensor. This ensured that with
only 7 ul of the liquid, sufficiently accurate results were

obtained. Furthermore, the developed model based on a
dielectric covered waveguide fed slot antenna enhanced
confidence in the obtained results. The quantification
measurements of DI water and Methanol mixtures with
methanol varying in increments of 20 % by volume gave a good
indication of how this sensor could be applied. Equally the
measured relative permittivity of the liquids affirmed the
universal nature of the characterization range, therefore lending
this sensor to potentially vast applications. This microwave
microliter sensor consequently has potential in the
characterization of biological liquids.

TABLE IV
KEY PARAMETER COMPARISON OF MEASUREMENT OF THIS WORK AND OTHERWORK

Key Parameter [2] [22] [23] [24] [25] This work
Relative Reported 65.67 63 63.5 66.5 66.12
permittivity (¢’y) of  only Sai results
deionised water
Liquid volume nl 100 ml 1.8 ml 1.16 ml Not Tul

indicated
Freq. for DI water 17.9-19.34 8.85 9.7 9.7 8.5 8.5
measurement (GHz)
Fabrication Moderate Moderate Moderate Moderate N/A** Low
complexity
Lab-on-substrate Yes No No No N/A Yes
suitability
Characterisation Resonance Reflection Transmission Transmission N/A Resonance
method
Permittivity 20 —40%* Not limited Not limited Not limited Not Not limited
measurement range limited
Planar structure Planar Non-planar Non-planar Non-planar N/A Planar
Measurement setup Non-invasive Non-invasive Non-invasive Non-invasive N/A Non-invasive and
and contactless contactless
Fabrication Cleanroom Standard Standard Standard N/A Standard PCB
machining machining machining

Design complexity Complicated Moderate Moderate Moderate N/A Moderate

*Limited to indicated range because of the predictive model.
**Results obtained using developed interpolation function.
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