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Abstract

In this paper, a radio frequency sensor for measuring microfluidics dielectric properties is
designed based on microstrip meander line. The meander sensor replaces the straight transmis-
sion lines with meander transmission lines in the part of the half-wavelength path difference
to improve the sensitivity of the sensor and reduce its size. According to the experimental
results, the meander sensor based on the meander line has higher accuracy and a lower rel-
ative error than the straight sensor in measuring methanol-ethanol mixtures with different
molar fractions. The relative error measured by the meander sensor after calibration with an
adjustable cavity is less than 1%. It is easier to detect the very slight variation in dielectric prop-
erties brought about by microfluidics. The detection technique can be further applied for the
accurate detection of dielectric properties of valuable biological samples, providing a more
concise and convenient way.

Introduction

The study of the dielectric properties of trace substances has been a popular research topic in
biomedical applications, such as studies of the normal and malignant breast tissues in xenograft
mice [1], broadband dielectric properties of adrenal gland [2], and the dielectric properties of
the bone at low frequencies [3]. The connection between electronics and life science has become
increasingly close in recent years. The use of electronics to detect the electrical properties of
biological samples and thus obtain their biological properties has become a fundamental and
important measurement way. For example, biosensors [4-8] can detect changes in electrical sig-
nals caused by the changes in the concentration of a substance and thus obtain the properties
of the substance itself or monitor its change process. The rampage of COVID-19 in 2019 has
had a major impact on a wide range of industries. Biosensors can easily measure the electri-
cal properties of viruses and their products [9-12] to obtain hidden signatures, which can be
extremely beneficial for the rapid detection of viruses as well as for vaccine development. The
microwave measurement is introduced into the design of biosensor, which can achieve non-
destructive testing. The interferometer that uses microwave measurement to obtain dielectric
properties of microfluidics can cancel the noise signal on the plane transmission line and thus
improve the sensitivity of the sensor [13-15]. Chemical reagents are often used as test fluids to
validate sensors [16, 17].

In order to improve the performance of the cancellation-type sensor, various improvements
were proposed. In 2008, Song proposed a new approach for parasitic effects cancellation [18].
The method exploits the symmetry of two transmission channels on the chip to extract the
changes of dielectric properties of microfluidics on two channels. The offset effect on sim-
ulation is better than 65 dB and then is optimized in subsequent work [19]. The coplanar
waveguide transmission line structure has a high sensitivity [20-22]. Wideband [21, 23] and
adjustable [22, 24-26] interferometers were designed to improve the sensitivity and detect fewer
microfluidics changes. Adjustable sensors can reduce errors caused by machining, the dielec-
tric substrate, and environmental factors by fine-tuning the electrical length and compensating
transmission losses. But the sensitivity of the sensor with a small cavity is insufficient to detect
more subtle changes in dielectric properties (Ae < 0.1) of microfluids [22].

The introduction of the meander line into cancellation-type sensors (meander sensor) has
the following advantages [21, 27-29]. First, the electrical field intensity is enhanced in the
meander part and the interaction between the test branch and the microfluidics is increased
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because of the meander line [27]. Second, the design of the mean-
der line can increase the contact area between the microfluids
under test and the meander part. Third, it can realize the minia-
turization of the sensors [28]. Therefore, this paper analyzes the
performance changes brought by meander sensor compared with
that of traditional sensors with straight lines (straight sensor). The
relation between the transmission parameters of the meander sen-
sor and the dielectric properties of microfluidics is investigated in
the next part of the paper. Then the simulation model of the mean-
der sensor is constructed to measure the transmission coefficient of
methanol-ethanol mixture with different molar fractions. Finally,
the meander sensor machined according to the simulation model is
used to test the complex permittivity of methanol-ethanol mixture
at different molar fractions and compared with the tested values in
the literature.

The design of meander sensor

The measurement principle of the cancellation-type sensor is that
the signal is evenly divided into two signals with the same ampli-
tude and phase after passing through the first Wilkinson power
divider, one of which is 180° out of phase with the other after
passing through an inverter, and the two signals with the same
amplitude and opposite phase offset each other at the second
Wilkinson power divider, which plays the role of power synthesis.
The design schematic of the conventional cancellation-type sensor
based on the microstrip line is shown in Fig. 1.

The measurement of straight sensor can be divided into three
cases according to the analysis in [30].

(1) When the same substances are added to the test and ref-
erence segments and the losses of the straight sensor are not
considered, the transmission coeflicient can be expressed as

S =0 (1)

(2) When different substances are added to the test and ref-
erence segments and the losses of the straight sensor are not
considered, the transmission coefficient can be expressed as [31]

S1 = Sa1_ga X ASy1_mur
=831 ka X (S21.0 — Sa1p)
5 22, 22,
220+ Z, (w) 275+ Zy (w)
= 242851 _gojwC % (€4 — &)
=B(es— &) 2
where ¢, and ¢, are the complex permittivity of microfluidics

added to test branch and reference branch, C is the channel capac-
itance of the liquid, Z, is the characteristic impedance of the
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Figure 1. The schematic of straight sensor.
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transmission line and the impedance of the upper branch Z, =
1/ ( jwC, + ijlsa), S,1_Eq Tepresents the transmission coefficients
of the remaining signal lines after removing [, section, and S,; ,
and S,; ; are the signal transmission coefficients of branch [, and
I,. The different transmission coefficient of the upper and lower
branches is ASy; yur-

(3) When different substances are added to the test and refer-
ence segments and the losses of the straight sensor are considered,
the transmission coefficient can be expressed as

So1 =S21_ga X ASy1_mut T+ S21_1ado
=2AZ4S;1 gajwCi % (€, — €3) + So1_ka (AClsu + ACP)
+ (S21_£aS21 b + S21 6521 a) (lea + Cp)
=Me, — Ne, + P (3)

The parameters M, N, and P can be obtained by calibrating
sensor based on two microfluidics with known dielectric proper-
ties. When a microfluid of the same known dielectric parameter
is placed at both the test branch I, and the reference branch I,
of the sensor for calibration, ¢, = ¢;,. The non-ideality of the
power divider and synthesizer and the difference between the
two channels are set to Sy; 1,40, Where Sy; g, (AClsa + ACP) indi-
cates the transmission effect due to the difference in the materials
added to the two branches and the unsatisfactory design of the
power splitter. (S,;_g,S21 5 + Sa1_gpS21_a) (Ciga + Cp) indicates the
transmission effect due to the difference between the two branches.

Equation (3) can be rewritten to (S,), = Me, — Ne, + P.
The material at the reference branch [, remains unchanged, and
the material at the test branch [, is changed, €, # &,. Then
($1)a = Me, — Ng, + P. The parameters from Equation (3) can
be approximated as constants when the dielectric properties of the
microfluidics are varied in small ranges. Then (S,;), — (S1), =
M (g, — &), that is,

AS,; = MAe (4)

According to Equation (4), the dielectric parameter of the
microfluidics at the test branch can be acquired by measuring the
variation of the transmission parameters of the sensor. As can be
seen in Fig. 1, the straight sensor is designed to achieve a 180° phase
difference by extending the A/ 4 path on each side of the test side.
Now, this part is replaced by meander line, and the schematic of
the meander sensor is shown in Fig. 2, where |, — [, = 3\ /2.

The derivation process of the meander sensor is like that
of the straight sensor, which gives the relationship between the
transmission parameters of the meander sensor and the microflu-
idics dielectric properties. The difference between two sensors
comes from case 3. The introduction of meander line reduces
impedance at the meander section and at the same time the
length of the meander section is close to three times that of the
straight section, which can be approximated by microwave theory

Figure 2. The schematic of the meander sensor.
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asG,(w)=1/Z, ~ (ijp +ijlsa>3. The materials added to the
test branch and reference branch are not the same, as well as losses
are considered. The non-ideality of the power dividers and the
subtle differences of the two channels are set to S, 1,4. According
to Equation (3), the transmission coeflicient can be expressed as

$o1 = 831 ga X ASy_mut + S21_1ad
=51 50 X (S21.0 — S215) + S21 1ad

P 22, 27, s
— Y21_Ea 2Z0 + Zu (LJ) ZZO + Zb (w) 21_lad
~Ue — Ve, + W (5)

The introduction of meander line changes R, L, C, and G in
the equivalent circuit, so that the impedance of the test branch
decreases, which is about the third power of the reference branch
after approximate analysis. After calibrating the sensor with two
microfluidics of known dielectric parameters, there is

ASy = U(Ae)? (6)

When the dielectric parameters of materials in the test change
in small ranges after calibration, the parameter U is regarded as
a constant. However, when the dielectric parameters of materials
in the test change far from the calibration value, the parameter
U also gradually deviates from the constant value, leading to an
increase in error. This is similar to the parameter M in the straight
sensor. According to Equation (6), a larger variation of the trans-
mission coeflicient S,; is observed in Vector Network Analyzers
after three amplifications. This proves that the meander sensor is
easier for detecting small changes of the dielectric properties of
microfluidics.

Comparative simulation analysis

The simulation models are constructed in Ansoft-HFSS accord-
ing to above straight and meander sensor schematics, as shown
in Fig. 3. The operating frequency of the sensors is 10 GHz, the
dielectric substrate is Rogers 6010 with a relative permittivity of
10.2, the substrate thickness is 0.635 mm, and the microstrip line
is 18 pm thick. The dielectric substrate and size are chosen to sup-
press the high frequency waveform and to avoid the deterioration
of the transmission line performance. The operating frequency of
the sensor is set at 10 GHz in order to achieve a compact design
and reduce the amount of material to be measured at the meander
section. Since chemical reagents are often used as test solutions for
validating sensors, the dielectric parameters of methanol-ethanol

mixtures with different molar fractions in [16] are used as refer-
ence values in this paper. The methanol-ethanol mixture is added
to the test branch in simulation to obtain the transmission coeffi-
cient S,; for the two sensors. The performance of the two sensors
is compared based on the simulation results.

The cancellation-type sensor works by measuring the changes
of the sensor transmission parameter S,; in response to the
changes of the microfluidics dielectric properties. To measure the
unknown dielectric parameters of microfluidics, two microfluidics
with known dielectric parameters are required as calibration fluids
to calibrate the two sensors and obtain the parameters M and U.
Absolute methanol (0.4 pL) is placed at test and reference branch
to calibrate. The straight sensor was calibrated to —108.72 dB at
10 GHz, and the meander sensor was calibrated to —105.78 dB at
9.95 GHz. Calibrating the two sensors to similar positions is to
facilitate the comparative analysis later.

The material under reference branch is not changed, the mate-
rial of test branch is replaced with the methanol-ethanol mixture
with a molar fraction of 0.9 (x); = 0.9). The AS,, obtained
after calibration is substituted into Equations (4) and (6) to
obtain the parameters M and U. Changing the solution at the
test branch to methanol-ethanol mixture with different molarity
(xp = 0.0 ~ 0.8), the S,; values are obtained by simulation and
then are compared with the calculated values through Equations
(4) and (6) as shown in Fig. 4. The error between measured and
calculated values is smaller for both the straight sensor and mean-
der sensor, but the misclassification rate is higher for the straight
sensor than that of the meander sensor. Since the meander sensor
can widen the distance of transfer coefficient S,; between different
molar fraction mixture, it makes the meander sensor more accurate
in determining the molar fraction of the microfluidic mixture, and
the meander sensor does not have the phenomenon that any sub-
sequent determination will be wrong once there is a misjudgment.

Experiments
The design and implementation of sensors

The above simulation models are processed into two physical
sensors, as shown in Fig. 5. In testing the sensor performance,
chemical reagents are often used as test solutions for the sensor
performance. The experiments are conducted with different molar
fractions of the methanol-ethanol mixture as test solution to ana-
lyze the accuracy of the meander sensor in measuring the unknown
microfluidics dielectric parameters. The dielectric parameters of

(a) (b)
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Figure 3. The simulation models of two different cancellation-type
sensors: (a) straight sensor and (b) meander sensor.
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=20+ For absolute ethanol (CH;CH,OH) mass fraction >99.7%, volatile
o Straight residue mass fraction is 0.001%.

-301 ; & Mol In order to fine-tune the electrical length, compensate for the
I & losses and shield the interference from environment, and the
=404 ™ B o adjustable cavity is designed in this paper to fine-tune the offset
=50 4 effect of the sensor. The sensor after adding the adjustable cavity is
M a shown in Fig. 6. The offset effect of the sensor is adjusted by differ-
:9_«_ -60 ent positions, depths, and number of the screws, which is rotated

7N - into the thread holes on the cavity wall.
=101 The size of the meander sensor without the adjustable cavity is
-804 30 mm x 25 mm x 0.635 mm, which is smaller than that of straight
T 3 v o & % sensor. The size of the meander sensor and the straight sensor with
-90 4 ¥ = an adjustable cavity are 38 mm x 31 mm x 36 mm and 38 mm x

® 33 mm x 36 mm, respectively.
-100

0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8
X No-load and calibration testing of sensors

The vector network analyzer after calibrating is used to test the no-
load condition of both sensors without placing microfluidics at the
test and reference branches. The sensors are fine-tuned with the
tuning screws and tuned to a better offset effect. The no-load test
system of sensor with an adjustable cavity is shown in Fig. 7. When
no test materials are loaded on the sensors, the S,; parameter of
straight sensor at 9.88 GHz is —86.64 dB, the S,, parameter of the
meander sensor at 9.94 GHz is —84.86 dB. Both sensors achieve
good cancellation effect after fine-tuning with an adjustable cavity.
An equal amount (0.4 pL) of absolute methanol solution is placed
at the test and reference branch of the sensor using a micro-syringe,
and the sensor is tuned to a better offset point with the help of an
adjustable cavity. The test result of the meander sensor after calibra-
(b) tion with absolute methanol solution is shown in Fig. 8. The offset
Figure 5. Sensors without the adjustable cavity: (a) straight sensor and (b) effect of the meander Sens,or can read,l ~87.75 dB at 9.67 GHz and
meander sensor. the offset effect of the straight sensor is —91.18 dB at 9.73 GHz.
The simulation and test results of the meander and straight sensors
after calibration with absolute methanol are shown in Fig. 9. It can
be seen from the graph that the test values differ from the simula-
tion values by nearly 20 dB due to processing errors, the effects of
welding, and air disturbance. The frequency shift occurs under the
fine adjustment of the cavity.
The no-load and calibration results of the meander sensor
designed in this paper were compared with the experimental
results obtained by previous scholars, as shown in Table 1. Under

Figure 4. The contrastive analysis of simulation and calculation results of two
sensors.

(d)

Figure 6. Sensors with the adjustable cavity. (a) Straight sensor with adjustable
cavity but without shielding cover. (b) Meander sensor with adjustable cavity but
without shielding cover. (c) Front view of the meander sensor with shield cover. (d)
Side view of a meander sensor with shield cover.

AR L

methanol-ethanol mixtures with different molar fractions in [16]
are used as reference values in this paper. This test is conducted in
the room of 23°C, and the type of vector network analyzer is 3672C,
and the sweep range is 9-11 GHz. Among the purchased absolute
methanol (CH;OH) content > 99.5%, non-volatile is < 0.001%.  Figure 7. No-load test system of meander sensor.
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Figure 9. The simulation and test comparison chart of two sensors.

Table 1. Comparison table of no-load and calibration test results for different
sensors

No-load test (dB) Calibration test (dB)

Song [17] - -56
Yang [18] -80 -78
Liu [29] - -70
Wang [20] -78 -71.88
This paper -84.86 -87.75

the fine-tuning of an adjustable cavity with a shield cover, the offset
effect of this paper is improved by more than 9 dB.

The test of minimum measurement volume for meander sensor

The volume of measured solution is tested to explore the effect of
different solution volumes on the transmission parameters of the
sensor, thus facilitating the control of the solution volume in the
subsequent experiments. The meander sensor is calibrated with
absolute methanol solutions of 0.2 pL, 0.4 pL, 0.6 pL, and 0.8 pL,
which laid flat on the measurement end to observe the variation of
the transmission coefficient S,;, and the test results are shown in
Fig. 10. As can be seen from the graph, the offset effect becomes
worse as the liquid increases. This is due to the fact that when the
volume of microfluidics increases, the channel capacitance changes

https://doi.org/10.1017/51759078723001113 Published online by Cambridge University Press

Table 2. Comparison table of minimum measurement volume for different
sensors

Minimum Measurement Volume

Song [17] <28 pL
Liu [29] 160 nL
Lan [32] 10 pL
This paper 0.4 pL
220 -
1
-40 -
-
faa]
= -60-
{_}g‘l
-804
-100 T T T T T 1
94 95 96 97 98 9.9 100
Freq (GHz)

Figure 10. Effect of microfluidics volume on meander sensor.

accordingly, and thus the meander branch senses the change in
liquid volume better, resulting in a larger difference in transmis-
sion between the two branches and a poorer offset effect. When
the solution volume is 0.2 pL, as well as 0.4 pL, it is observed that
the sensors’ offset effect do not change significantly. However, the
meander test branch is not completely covered by fluid if the solu-
tion volume is below 0.4 pL, so that the transmission coefficient S,,
variation AS,; detected by the meander sensor is less than the true
value. Therefore, the volume of microfluidics should be controlled
in the subsequent experiment to reduce the error. The minimum
volume of fluid that ensures that the microfluidics can spread
over the meander test branch of the meander sensor is 0.4 pL
(Table 2). In order to reduce the volume of the microfluidics mea-
sured, the design of reducing the meander line width can be further
explored.

The reagent test of two sensors

After calibrating both sensors with 0.4 pL absolute methanol solu-
tion (xy = 1.0), the (S,;),, =1 .o Values of both sensors are obtained.
The material under reference branch remains unchanged, and the
material under test branch is replaced with methanol-ethanol mix-
ture with a molar fraction of 0.9 to obtain the test values (S,; ), .9
of the two sensors. The parameters M and U are found by sub-
stituting (S,1),=1.0 and (Sy1)y,—0.9 into Equations (4) and (6),
respectively, where e, _yoande, _;, are obtained by calculation
in the literature [16]. The methanol-ethanol mixture with differ-
ent molar fractions (x;;, = 0.0 ~ 0.8) is changed at the test
branch. The complex permittivity ¢, (e,, = & — je”’) of the
methanol-ethanol mixture at different molar fractions is obtained
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Figure 11. The complex permittivity of mixture from test and reference.
(a) The test results of straight sensor. (b) The test results of meander sensor.
(c) Comparison of the relative error measured by two sensors.

by substituting the measured AS,, into Equations (4) and (6). The
complex permittivity measured by the two sensors is compared
with the reference values to obtain Fig. 11.
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As shown in Fig. 11, the complex permittivity measured by the
two sensors after calibration with mixture solution in literature is
close to the reference value. Except the x); = 0.1 group, the relative
error of the meander sensor in measuring the complex permittiv-
ity of the methanol-ethanol mixture is less than 1% for all groups,
which is smaller than that of straight sensor (less than 3%). In the
simulation analysis of the methanol-ethanol mixture with a molar
fraction of 0.1, the relative error is also larger than that of the other
groups. The characteristics of the mixture solution at this molar
fraction (x;; = 0.1) is different from other groups, or the error in
the data from the reference compared in this group is larger than in
the other groups. It can be seen from the experimental results that
the meander sensor has a smaller test error and a higher test accu-
racy than straight sensor, which is more likely to detect the subtle
changes of dielectric property from the precious and rare samples.

Conclusion

In order to improve the sensitivity of the cancellation-type sensor
and apply it to small changes in the dielectric properties of bio-
logical sample such as cell, we proposed to introduce the meander
line into the cancellation-type sensor. It is found that the mean-
der transmission lines have a more concentrated field distribution
at the meander section and are better able to sense changes in the
dielectric properties of microfluids. A traditional straight sensor
based on straight transmission lines is designed to compare and
analyze the performance of the meander sensor. The relationship
between the transmission coeficient of the two sensors and the
dielectric properties of the microfluidics shows that the meander
sensor can enlarge changes brought by microfluidics and thus make
these weak changes more detectable. The simulation analysis shows
that the meander sensor has a lower misclassification rate in deter-
mining methanol-ethanol mixtures with different molar fractions.
Experiments show that the meander sensor is more accurate and
the relative error is less than 1% in measuring the complex per-
mittivity of unknown microfluidics. In addition, the offset effect
of sensor after calibrating with an adjustable cavity is improved by
more than 9 dB compared with that of previous research. Therefore,
the meander sensor can be used for the test of weak dielectric
parameter changes in microfluidics such as viruses in next work.
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