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Abstract— A noncontact liquid level sensor using a cylindrical
coplanar waveguide (CCPW) is proposed. The concept is
demonstrated using a prototype device made by directly
spraying conductive paint on the outer surface of a glass
cylinder. The position of the air-liquid interface is measured
using the time domain reflection signal from the CCPW. The
geometric parameters of the prototype sensor were optimized
using a full-wave simulation tool. The experimental results show
that the prototype CCPW-based liquid level sensor has a
resolution of 29.8 pm over a range of 210 mm at the sweeping
frequency bandwidth of 500 MHz - 4 GHz. The tradeoff between
the resolution and the measurement range was discussed. The
proposed sensor provides a low-cost, easy-to-fabricate, and
noncontact method for liquid level measurement, which has
potential applications in fuel storage, chemical production, and
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I. INTRODUCTION

LIQUID level measurement plays an essential role in many
industrial applications, such as gas-petroleum storage [1],
chemical production [2], and wastewater treatment [3]. Various
techniques such as mechanical float [4], pressure [5], and
capacitive methods [6] have been developed to meet the
demands. In general, these sensors have a low cost, and their
installations are also straightforward. Fiber optic sensors have
also attracted interest for liquid level sensing because of their
electromagnetic immunity and resistance to chemical corrosion
[7, 8]. However, many existing sensors require direct contact
with liquids. These contact-type measurement techniques could
result in contamination to the sample and damage to the sensor,
especially when the liquid is hazardous or corrosive. Therefore,
it is of great interest to develop a noncontact liquid level sensor
that is insensitive to the nature of liquids.

Many non-contact liquid level sensing techniques have been
proposed including nuclear radiation, ultrasound, and
microwave methods. Nuclear radiation-based sensors have
been used for level measurement of highly corrosive or toxic
process fluids in the oil refining industry, but their accuracy is
generally low, and the radiation-based sensors themselves also
have perceived hazards associated with radioactive sources [9].
Ultrasound sensors measure the liquid level by computing the
flight time of the pulse-echo signal. They have been used to
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monitor the petroleum level in liquefied petroleum gas industry
and control the level of chemical percol fluid due to their low
cost and high accuracy [1, 10]. However, most ultrasound liquid
level sensors need to be mounted on top of the liquid surface
and installed inside the liquid vessel [11]. Repair and
replacement of these sensors can be troublesome once they are
sealed inside the vessel. In addition, the ultrasound sensor’s
reading can be affected by the surface foam.

Microwave techniques such as microwave radars and
resonators have also been used for liquid level sensing [12, 13].
Radar sensors use the signal’s travel time to find the liquid
level. Conventional radar sensors operating at frequencies up to
24 GHz have been reported for measuring the filling level of
liquids such as oil, gasoline, and chemicals in storage or process
tanks [14]. Melnikov et al. proposed a reflex-radar sensor for
level measurement of the nuclear reactor coolant [15]. Radar
sensors have the advantages of a wide measurement range and
insensitivity to the ambient humidity and temperature.
However, the signal processing can become complicated, and
the cost can be high in order to achieve high accuracy.

In general, microwave resonator-based sensors have simple
structures, low cost, and long lifetime. They have been reported
for liquid level measurement and liquid-liquid interface
detection [16-18]. For example, Moghadas et al. proposed a
noncontact resonance sensor for liquid interface detection. The
sensor is composed of a pair of parallel wire loops wrapping
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around the container [19]. The sensor is equivalent to a
microwave transmission line whose resonant frequency is
affected by material in proximity, thus it can be used to measure
the position of the liquid-liquid or liquid-gas interface. Chen et
al. reported a liquid level sensor by implementing a microwave
Fabry-Perot resonator (FPR) along a hollow coaxial cable [20].
The coaxial cable FPR has a high quality-factor (Q-factor) and
a good resolution of 5 um. Planar microwave resonators, such
as microstrip ring resonators (MRRs) and complementary split
ring resonators (CSRRs), are among the popular choices for
noncontact measurements. They are small in size and can be
easily fabricated using the printed circuit board (PCB)
technique [21]. The measurement sensitivity of the traditional
planar microwave resonator is low because of the limited depth
of electric field penetration into the liquid. Kazemi et al. and
Abdolrazzaghi et al. proposed two planar resonator sensors for
non-invasive continuous monitoring of the blood glucose level
and liquid mixture sensing, respectively [22, 23]. Machine
learning methods were applied to analyzing the measurement
results, which not only provide better characterization of the
liquid type but also minimize environmental effects such as
temperature, humidity, or proximity of an adjacent objects.
Karimi et al. proposed a noncontact also nonintrusive liquid
level sensor by directly 3D printing a planar microwave
resonator (microstrip-based T-resonator) on the pipe’s outside
surface [24]. The sensing principle is similar to that of a
conventional planar microwave resonator where the change in
liquid level results in a change of the resonance frequency.
Compared with the traditional planar microwave resonator, the
microstrip T-resonator exhibits a minimal radiation loss and
improved measurement accuracy.

Inspired by the microwave resonator-based sensor, in this
paper, we report a coplanar waveguide (CPW) based liquid
level sensor by directly implementing (e.g., printing, taping, or
spraying) a microwave circuit on the external surface of the
container. The CPW configuration is preferable over the
microstrip configuration for liquid level sensing because the
CPW has a small dielectric loss as a result of the shallow
penetration of the electrical field into the liquid. This reduction
in dielectric loss helps expand the measurement range.
Moreover, the sensor can be implemented after the construction
of a liquid tank by directly spraying conductive paint or taping
conductive strips on the external surface of the tank. The
retrofitting capability does not disrupt the ongoing processes
inside the container. While the microwave-circuit based sensor
is not suitable for measuring the liquid level inside a metallic
container, it can be applied to nontransparent and sealed storage
containers made from materials such as plastic, fiberglass, and
concrete. Besides, the proposed device is insensitive to the
liquid’s type and can be applicable to a conductive, toxic,
corrosive, or flammable liquid. Because the CPW is essentially
a microwave transmission line, the liquid level (i.e., the position
of the air-liquid interface) can be easily determined by time-
domain-reflectometry (TDR) measurements. The working
principle of the sensor is described, and a simulation study is
conducted to guide the selection of sensor design. To
demonstrate the concept, a prototype sensor is fabricated by
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Fig. 1. Proposed CCPW liquid level sensor (a) Longitudinal section view
of the sensor (b) Schematic of the sensor

masking and spraying a thin coper layer onto the external
surface of a glass graduated cylinder. In principle, the sensor
can work with any container made of nonmetallic materials.
The choice of a glass container in our experiments is for easy
visualization of the liquid-air interface and accurate
measurement of the liquid level for the purpose of validation.

Il. SENSOR PRINCIPLE, DESIGN, AND SIMULATION

The longitudinal section view of the proposed liquid level
sensor is illustrated in Fig.1(a). The sensor consists of a
cylindrical coplanar waveguide (CCPW) implemented on the
outside surface of a cylinder-shaped vessel. The CCPW is
effectively a coplanar waveguide wrapped around a cylinder,
where a thin signal strip and the ground strip are parallelly
aligned along the axial direction of the cylinder. Microwave
pulses launched into the CCPW from the top will be reflected
where the impedance discontinuity occurs. As shown in the
longitudinal section view, there are two impedance
discontinuities of interest, denoted by /7 and /. The first
reflection /7 is generated at the connection between CCPW and
the SMA connector because of the impedance mismatch. The
second reflection I is produced at the air-liquid interface due
to the difference in their dielectric constants. The liquid level is
referred to as the position of the air-liquid interface, and it can
be in reference to either the top or the bottom of the CCPW.
That is the air-liquid interface can be measured from either the
top or the bottom of the CCPW. In this work, we register the
liquid level from the top of the CCPW by measuring the
distance between the SMA-CCPW connection (where 77 is
generated) and the liquid interface (where I is generated). This
section of the container (between /; and 1) is empty and not
filled with the liquid. Therefore, the measurement is relatively
independent on the type of liquid because the medium between
I'7and I is air.

The travel time, ¢, which represents the time consumed by
microwave pulses to travel from I to 1>, can be written as [25]
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t=%J§ (1)

where d is the physical distance between /; and 17, e,y is the
effective dielectric constant of the CCPW with the container
filled with air and c is the speed of light in free space. When the
liquid level increases by 4d, the physical distance between /7
and 7/ decreases by 4d and the travel time from 77 to 1>
decreases correspondingly according to the following relation.

Ad

_T Eeit (2)
Eq. (2) indicates that the sensitivity (|4#/4d|) is proportional to
the square root of the effective dielectric constant (Vey) of the
insulating medium. The change in travel time A4¢ can be
obtained by tracing the reflection pulse of I'; in the time domain
reflection (TDR), which is obtained by performing the Complex
Fourier Transform of the S11 spectrum. Once the effective
dielectric constant is obtained, e.g., by simulation or calibration,
Eq. (2) can be used to find the change of liquid level.

At =

A. Sensor Design

The design of the CCPW is presented in Fig. 1(b). The
CCPW has two strip conductors wrapped around the cylinder.
One is the signal strip which has a smaller width, and the other
is the ground strip. In our example design, a glass cylinder
serves as the liquid container, enabling a direct visual
assessment of the liquid level. The inner and outer diameters of
the glass cylinder are 51 mm and 55 mm, respectively. The
lengths of the glass cylinder and the signal strip are 300 mm and
280 mm, respectively. The characteristic impedance of the
CCPW is designed to be close to 50 Q so that most energy is
transmitted through the CCPW instead of being reflected back
at the SMA-to-CCPW’s connection. The analytical expressions
of the CCPW’s characteristic impedance based on the
conformal-mapping technique are given by [26]:
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where &, is the effective dielectric constant (relative
permittivity) of the CCPW filled with air, ¢, is the relative
permittivity of the CCPW’s substrate (glass cylinder), S is the
signal strip width, W is the ground-to-signal spacing, a and b
are the inner and outer diameters of the liquid container (glass
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Fig. 2. Relationship between the simulated characteristic impedance and

ground-to-signal spacing. (Inset: 3D model for the simulation)

cylinder), respectively, and K is the complete elliptic integral of
the first kind. Based on (3) for any container, the characteristic
impedance of CCPW can be adjusted by tuning the signal strip
width and the ground-to-signal spacing. To achieve a 50Q
characteristic impedance based on the glass cylinder used in the
experiment, the signal strip width and the ground-to-signal
spacing are found to be 30 mm and 1.5 mm, respectively.

Theoretically, the results calculated based on the equations
are valid only for quasistatic TEM approximation, which is
supported by the CCPW at low frequencies [26]. Using the
calculation results as initial values, we proceeded to optimize
the design further by employing the CST Microwave Studio, a
full-wave simulation tool. As shown in (3) the coefficient
associated with W (which is 2) is larger than the coefficient of
S (which is 1). As such, the characteristic impedance is more
sensitive to # than to S. Thus, the optimization is performed by
sweeping W from 1.5 mm to 5 mm with a step of 0.5 mm while
keeping the other parameters unchanged. The sweeping
frequency range is from 500 MHz to 4 GHz.

Fig.2 shows the correlations between the ground-to-signal
spacing, W, and the characteristic impedance, Zy, at 500 MHz
(red markers) and 4 GHz (blue markers), respectively. The
characteristic impedance increases as the frequency increases
because the dielectric constant (&,) of the glass tends to decrease
as the frequency increases, leading to a smaller effective
dielectric constant (ecy) at 4 GHz. The simulation results also
show that the characteristic impedance of the CCPW is
increased as the ground-to-signal spacing increases. When a
ground-to-signal spacing of 3 mm is selected, the characteristic
impedance varies from 44.1 Q at 500 MHz to 51.9 Q at 4 GHz.
Based on the simulation results, we chose the dimensions of the
CCPW to be S=30 mm, W=3 mm, and length=280 mm,
respectively.

B. Simulation

Using the physical dimensions selected above, simulations
have been conducted to study the proposed liquid level sensor
in response to the liquid level changes. The swept frequency
range was from 500 MHz to 4 GHz. The measured liquid was
water, and the water level was increased from 0 mm to 220 mm
with a step of 13 mm. Fig. 3(a) shows the TDR of the CCPW at
several water levels. In Fig. 3(a), the x-axis shows one-way
travel time taken by microwave pulses, originating from where
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Fig. 3 Simulation response of the prototype sensor as water level increased.

(a) Time domain response of the sensor device (b) Travel time as a function

of water level
microwave pulses are introduced, and the y-axis represents the
magnitude of reflection coefficients. In the simulation, /7 is not
zero because perfect impedance matching can only happen at a
specific frequency, not the entire frequency range. As the water
level increases, I shifts closer to the I';. The travel time of
microwave pulses from /7 to /> exhibits a linear relationship
with the water level, as shown in Fig. 3(b). The slope of the
linear regression (also the measurement sensitivity of the
sensor), -0.0045 ns/mm, times the speed of light in free space is
the simulated square root of the effective permittivity (\/agff) in
Eq. (2). The simulation results validate that the CCPW structure
can be used to measure the liquid level.

Ill. EXPERIMENTS, RESULTS, AND DISCUSSION

To validate the sensor design experimentally, a sensor
prototype was fabricated with the dimensions based on the
simulation results. The CCPW was constructed by masking and
spraying copper conductive paint (MG Chemicals 843AR) on
the outer surface of the glass cylinder (¢,=4.6). Two waterproof
tape strips, each 3 mm in width, were applied along the axial
direction of the cylinder's exterior surface. The distance
between the two tape strips, following the curve of the cylinder,
measured 30 mm. After spraying and curing the conductive
paint at room temperature, the two tape strips were carefully
removed to produce the desired CCPW which has a signal-to-
ground spacing of 3 mm. The inner pin of the SMA connector
(SMA female PCB edge mount) was attached to the signal strip

(7777 TS

Fig. 4. Schematic of experimental system setup for measuring the sensor’s

response with respect to liquid level.
using silver epoxy (MG Chemicals 8331D). The outer shell of
the SMA was soldered to a copper coil, which was wrapped
around and secured to the glass cylinder, as shown in Fig. 1(b),
to enhance the mechanical strength of the SMA-to-CCPW
connection. The spacing between the copper coil and the
ground strip was covered with silver epoxy to secure the
electrical conduction between the SMA’s outer shell and the
CCPW’s ground strip.

Fig. 4 shows the experimental setup to test the prototype
sensor. The microwave signal from the Port 1 of the vector
network analyzer (VNA, Keysight Technologies E5080B)
traveled to the sensor via a coaxial cable (FL086-24SM+) with
a characteristic impendence of 50Q. The S11 spectrum was
acquired over the frequency range of 500 MHz (f,i») to 4 GHz
(fmax)- The swept frequency range was selected to achieve a
balance between the measurement resolution and measurement
range. The intermediate frequency bandwidth (IFBW) of the
VNA was set to be 3 KHz, and the number of sweep points was
5000. A personal computer was connected to the VNA via an
ethernet cable to acquire, process, and store the data from the
Sensor.

Fig. 5 plots the sensor’s response to the increase in water
level from 0 to 211.2 mm. While the liquid level can be known
by reading the markers on the graduated cylinder, the scale is
not fine enough to provide the required accuracy. In order to
obtain a high accuracy reading of the liquid level, we used a
high-precision syringe (Hamilton 1000 series syringe) to add
water into the cylinder. At each increment, 27 mL of water was
added to the cylinder using the syringe, corresponding to an
increment step of 13.2 mm in water level calculated by dividing
the liquid volume to the cross-section area of the glass cylinder.
The S11 spectrum of the CCPW sensor was recorded at each
incremental increase of water level, and the TDR signals were
obtained by performing the Complex Fourier transform to the
S11 signals acquired by the VNA.

Fig. 5(a) shows some example reflection signals of the sensor
at different water levels, where the x-axis is the time taken by
microwave pulses, traveling from the VNA and the y-axis
represents the magnitude of reflection coefficients. As the water
level increases, the location of /; doesn’t move, and the
location of I, shifts to the shorter distance region. Although by
design the characteristic impedance of the CCPW is 50Q to
match the characteristic impedance of the coaxial cable and the
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Fig. 5 Experimental response of the prototype sensor as water level
increased. (a) Time domain response of the sensor device (b) Travel time
as a function of water level

SMA connector, /7 still shows up and is higher than simulation
because of the solder joint and the silver epoxy used at the
SMA-to-CCPW connection. /77 occurs at the top-end of the
CCPW, which serves as a reference point to the air-liquid
interface (/2) and effectively minimizes the influence of
variations along the length of coaxial cable. As shown in Fig.
5(a), the reflection coefficient of I'; varies between 0.13 and
0.15 in the measurements, indicating that over 85% of energy
has been transmitted to the CCPW waveguide. The slight
variation of /7 might be caused by the uneven and unstable
silver epoxy at the SMA-to-CCPW connection. When there is
no water in the glass cylinder, /7 is about 0.31, representing a
strong reflection because the bottom end of the CCPW is open.
After adding water into the glass cylinder, 7> occurs at the air-
liquid interface and reduces to about 0.18. After adding water
to the cylinder, the reflection generated at the CCPW’s bottom
end (I'3) becomes weak because most electromagnetic energy
has been absorbed by water.

Fig. 5(b) plots the travel time from /7 to /> as a function of
the water level in the glass cylinder. A linear regression is
applied to the measured datasets. The R-squared value of 0.999
indicates a good linear relationship between the travel time and
the water level. When the water level approaches the input port
and the distance is less than c/2\/§ (fom — fuin) > the shape of I
peak may be distorted due to the overlap of 7 and I [27].

Consequently, the measurement is expected to be nonlinear
when I, is close to /7; or the end of the waveguide. The

measurement range is also limited by the overlapping effect.
One way to minimize the influence is to extend the CCPW
endpoint further down so that the endpoint reflection does not
overlap 7. We can also eliminate or minimize the CCPW
endpoint reflection by impedance matching using a 50Q
terminator. The linear regression of the measured data has a
slope of -0.0045 ns/mm, revealing that the measurement
sensitivity of the sensor is 0.0045 ns/mm (travel time /water
level). The slope obtained from the experiment matched exactly
with that from the simulation, indicating an excellent agreement
between the experiment and simulation.

Both simulation, Fig. 3(a), and experiment, Fig. 5(a), show
no significant decrease in /> when the water level varies,
indicating that the measurement is relatively insensitive to the
liquid level. The electromagnetic attenuation of the CCPW is
mainly caused by the conductor loss of the conductive paint and
the dielectric loss of the cylinder wall and the medium inside
the cylinder. Because the medium between I; and I in the
sensor structure is air and the cylinder is made of glass
materials, the dielectric loss between /7 and I is negligible.
However, in real applications, the dielectric loss of container
materials may not be negligible and needs to be considered
when designing the sensor to achieve a certain measurement
range. The conductor loss of the CCPW has been expressed in
[28], where the equations indicate that the conductor loss
decreases as the conductor thickness increases or the surface
resistance decreases. To reduce the loss and increase the
measurement range, we can increase the thickness of the
sprayed conductive paint or use the silver conductive paint
(surface resistance: 0.015 /sq) instead of copper conductive
paint (surface resistance: 0.08 €/sq). Surface roughness would
also affect the conductive loss due to the skin effect of the signal.
At the swept frequency from 5S00MHz to 4GHz, the skin depths
are 2.92 pm and 0.92 um, respectively. In comparison, the
thickness of the sprayed conductive paint was around 200 pm,
much larger than the skin depths. Consequently, the influence
of surface roughness on the conductive loss was negligible in
the experiment. Another way to expand the measurement range
is by using a power amplifier to increase the power of the
signals input into the sensor. When the attenuation per unit
length along the CCPW is fixed, increasing the input power
allows for the maintenance of an adequate level of the
reflectivity of I, which is crucial to achieve the desired
measurement accuracy. By increasing the input power and
decreasing the electromagnetic loss, the measurement range of
the sensor can be extended.

Another experiment was conducted to estimate the resolution
of the sensor based on the standard deviation of the
measurement results at a constant water level. 300 mL of water
was injected into the CCPW glass cylinder, which produced a
water level of 146.86 mm. The top opening of the glass cylinder
was sealed to avoid evaporation. Over a continuous 5-hour
period, the S11 spectrum was recorded, and water level was
measured at one-minute intervals, with the cylinder positioned
at room temperature. Fig. 6 shows the measured water level
during the 5-hour test. The calculated standard deviation of the
measurements is 29.8 um, suggesting that the prototype sensor
has a resolution uncertainty of 29.8 um when it is used to
measure the water level.
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Fig. 6. Water level measured by the sensor over five hours.

The measurement resolution of the proposed sensor depends
on the spatial resolution of the time domain reflection signal.
Based on the analysis given in [27], the spatial resolution of the
time domain reflection signal is related to the sweeping
frequency bandwidth. A wider sweeping frequency bandwidth
leads to a narrower width of the reflected pulse in the time
domain. The narrower the pulse width is, the higher the spatial
resolution becomes. Thus, the measurement resolution of the
proposed sensor can be improved by widening the sweeping
frequency bandwidth.

The sweeping frequency bandwidth also affects the sensor’s
measurement range. A large sweeping frequency bandwidth
could increase the overall loss in the CCPW. At high
frequencies, the contribution of dielectric loss to the overall
attenuation of the CCPW will become dominant due to high
levels of energy dissipation in the dielectric material. Hence,
the choice of sweeping frequency bandwidth should consider a
balance between the measurement resolution and the
measurement range.

Fig.6 shows a drift behavior over the 5-hour testing period,
which we believe, is most likely caused by the thermal
expansions of the water inside the glass container. Water has a
volumetric thermal expansion coefficient of 0.00021 at 20°C.
The graduated cylinder used in the experiment as the container
is made of borosilicate glass, which has a much smaller thermal
expansion coefficient of about 5x10-6. The water level changes
about 0.02% per degree Celsius as the temperature fluctuates.
Therefore, the thermal expansion of the water accounts most of
the drift of the sensor reading in Fig. 6.

IV. CONCLUSION

A noncontact and simple-to-manufacture liquid level sensor
based on the structure of a cylindrical coplanar waveguide is
proposed and demonstrated. The coplanar waveguide is formed
by directly masking and spraying conductive paint on the
outside surface of a liquid container. The liquid level can be
measured by interrogating the time domain reflection signals.
Design requirements and dimensions are derived based on
mathematical calculations and numerical simulations. A
prototype sensor was constructed to verify the concept. The
simulation and experimental results proved that the sensor had
a good linearity over the measurement range. The resolution
uncertainty of the prototype sensor was found to be 29.8 um

over a measurement range of 210 mm. A higher resolution can
be achieved by widening the VNA’s sweeping frequency
bandwidth. During the 5-hour test, the sensor demonstrated
good stability with a drift of about 0.03% of the nominal value.
The proposed technique can be modified for liquid-liquid (e.g.,
oil-water) interface detection. With features of non-contact,
cost-effectiveness, ease of fabrication, and high resolution, the
sensing technique may find a wide range of applications
involving liquid-level measurement such as fuel storage,
chemical production, and wastewater treatment.
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