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Abstract
Due to increasingly complex and automated manufacturing processes, the demands on the
control parameters of these processes are also increasing. One parameter is the fill quantity of,
e.g., liquids in production plants, whose precise determination is of ever-growing importance.
Up to now, the exact level of determination under difficult conditions, such as high ambient
temperatures, has been a particular challenge. This paper demonstrates a novel method by
which an M-sequence UWB radar can determine levels of low-permittivity materials in small
metal containers. For this purpose, hot melt is used as an example. Thus, the influence of large
temperature differences on the long-term stability of level measurement can also be investi-
gated.Themeasurements show that the level of hotmelt can bemeasured to be long-term stable
with an accuracy of better than 3 mm. Furthermore, the precise determination of the empty
state is highly important for many applications. For this reason, this paper shows a method
for determining the empty state without complex calibration procedures. For the empty level
indication, an accuracy of up to 0.5mm could be achieved for molten hot glue and 3% of the
tank volume, independent of the shape or aggregate state of the medium.

Introduction

In the course of the trend toward the intelligent factory as part of the future project of Industry
4.0, manufacturing companies are faced with considerable challenges. Sales markets demand
greater flexibility, products must be customizable and of ever higher quality, and at the same
time products and their manufacturing processes are becoming more complex.

In order to achieve a consistently high production quality even with small consumption
quantities in dynamic processes, all relevant control variables of an automated manufacturing
process must be permanently available. These include the filling quantities of liquids, viscous
substances, and free-flowing bulk materials in an increasing number of small and application-
specific geometrically adapted storage and process containers, which must be continuously
recorded by sensors.

These level of measurements are realized with a wide variety of measuring methods, all of
which have their advantages and disadvantages [1–3].

Contact-based measurements, such as guided wave radars [4–6] or capacitive probes [7, 8],
have a significant disadvantage that debris can settle, as seen in Fig. 1, which significantly affects
the accuracy and dynamic response to fast fill level changes. In addition, these sensors are sub-
jected to a great deal of material stress on and in the probe, if, e.g., the medium or environment
temperature is very high.

In [4], we have already investigated contact-based measurements using a guided wave radar.
However, for the reasons mentioned above, these are not suitable for every application.

In this paper, the accuracy of fill level measurement of low-permittivity material in small
metallic tanks is analyzed using anM-sequence ultra wideband (UWB) radar. An earlier version
of this paper presents our first results in this direction and was published in the Proceedings of
the EuCAP2022 Conference [9].

The great advantage of UWB radars is the possibility of noncontact measurements,
even under difficult conditions, such as high temperature differences, where, e.g., ultra-
sonic probes would have a reduced accuracy [10]. But contactless radar measurements also
have a main disadvantage. Due to the propagation of electromagnetic waves in free space,
a number of multipath reflections are generated, which can negatively affect the measure-
ment. To reduce this effect, electrically large [11, 12] or lense antennas [13] are often used
to focus the beam of the electromagnetic waves. However, this is only possible to a limited
extent in small containers, since the installation space does not allow for large antennas.
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Figure 1. A capacitive-level probe located in a hot melt container and is being
pulled out slowly (from left to right).

In the future, it is planned to be able to analyze the material
properties of the filling material more closely by contactless mea-
surement. For the analysis of stratifications, e.g., it is important
to be able to look inside the material. The penetration depth of
the electromagnetic wave is directly dependent on the frequency.
The lower the frequency, the deeper the electromagnetic wave can
penetrate into the filling material. However, common radar-level
sensors use a very high center frequency [14–16]. For this reason,
this paper investigates the feasibility and achievable accuracy of
radar measurements with low frequencies and an electrically small
patch antenna under the influence of large multipath components
as a basis for further investigations.

First, the principle of level measurement using radar is
explained and the experimental setup is described. Afterward,
measurement results of hot melt are shown and discussed as an
exemplary application. Overall, two methods are considered. The
first method is used for level measurement over the complete con-
tainer height based on a time of flight or distance measurement
of the transmit signal. By means of the presented method, a lower
accuracy is to be expected, especially close to the empty level, as
interference effects between the ground reflection and the reflec-
tion of the fillingmaterial surface occur here in particular.Thereby,
the distance measurement is distorted due to deformations of the
transmitted signal caused by this interference. However, high accu-
racy is required for industrial applications, e.g., hot glue, where
the container can be overheated when the container is completely
emptied. For this reason, an additional method is shown that
specifically considers the empty state.

Formulation of the problem

The basic principle of the UWB radar level measurement is based
on a time-of-flight or distancemeasurement.When the wave emit-
ted by the radar hits a medium such as water or hot melt, part of it
is reflected and another part penetrates the medium. The amount
of the reflected part depends on the permittivity of the medium
and the frequency. The reflected signal is received again and the
level can be inferred by measuring the time of flight. This prin-
ciple is shown in Fig. 2. On the left, there is the resulting signal
with the reflection of the antenna connection due to imperfect
matching, the reflection of the hot melt surface, the reflection of
the bottom as well as some multiple reflections. The width of the
pulse is directly dependent on the bandwidth of the signal. The
wider the bandwidth of the signal, the narrower the pulse. Thus,
with wider bandwidth, different reflections, such as the ground
reflection and the multipath components, can be resolved. For this
reason, it is advantageous to use a radar with a large bandwidth for
level measurement.

It is easy to see that the reflection of the hot melt surface has
a very low amplitude or signal-to-noise ratio (SNR). In addition,

M-sequence UWB radar

T
est container Air

Medium

Multiple reflections

Reflection

Antenna

F
ill lev

el F

Time position of 

bottom reflection tBF

t
h

gi
lf

f
o

e
mi

T
(n

s)

Normalized amplitude

5
0

-1
     

-0
. 5

0 0
5

Figure 2. Resulting signal reflections of an UWB radar inside a tank without side
wall reflections and illustration of the principle of level measurement.

the static reflection of the antenna feeding point and the level-
dependent bottom reflection are dominant and would strongly
influence the reflection by interference if the fillingmaterial surface
comes close to these reflections. For this reason, a determination of
the temporal position of the bottom reflection is more suitable in
order to calculate the level, analyzing the signal component that
has been transmitted in the filling medium and reflected from the
bottom.

This so-called transmission measurement is usually used to
determine the electromagnetic properties, e.g., the permittivity, of
a medium [17]. Thereby, the level or thickness of the medium to be
investigated is known. We assume that the permittivity is known
and the level or thickness is unknown. Thus, the transmission
measurement can be adapted to determine the level.

Electromagnetic waves have a lower propagation speed in the
medium than in the air. Accordingly, the temporal position of the
reflection tBF changes as a function of the level.

tBF = tB0 − 2F
c0⏟

air

+ 2F
c0

√
𝜀1⏟

filling material

, (1)

where tBF is the temporal position of the bottom reflection at the fill
level F, tB0 is the bottom reflection of the empty tank, c0 is the prop-
agation speed in the air, and 𝜀1 is the permittivity of the medium
filled in the tank.
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Figure 3. Signal processing chain represented as a flow graph.

With the relation in (1) and the known permittivity of the
material, the level can be determined as follows:

F(tBF) = tBF − tB0
2(√𝜀1 − 1)

c0. (2)

It should be noted that this formula must be considered carefully
for 𝜀1 very close to 1, since in this case, the smallest errors of the
permittivity value would cause large measurement deviations.

Method of signal processing

In the last section, it was described that the level measurement is
based on a radar time-of-flight or distance measurement. In this
section, the individual steps of the signal processing are briefly
described and discussed. An overview of the different steps from
the raw sensor data to the level calculation is shown in Fig. 3.

In time-of-flight measurement, the temporal position of a
received pulse or impulse response (IR) is determined. There are
different ways to generate the receiving pulse to be analyzed, e.g.,
by sending a pulse directly or by sending a continuous signal and
appropriate post-processing of the receiving signal to get a pulse to
be evaluated. All possibilities have their advantages and disadvan-
tages [18, Chap. 4.7]. A detailed consideration of these advantages
and disadvantages is beyond the scope of this paper. For the actual
signal processing described in this paper, it is not relevant how the
temporal pulse was generated for the analysis.

Here, anUWBradar sensor is used,which uses a binary pseudo-
randomM-sequence generated by a shift register as the transmitted
signal. This has several advantages over impulse signals, such as a
low crest factor and less influence of jitter. To obtain the raw IR of
the scenario for further analysis, a broadband correlation is per-
formed between the transmit and receive signals [18, Chap. 4.7].

Background subtraction

To subtract static and slowly changing background components,
e.g., due to temperature drift effects, the background must be
continuously recalculated. A real-time capable background sub-
traction (BS) method is given by an exponential averaging [21].
We estimate the background ̄h for each observation time indexed
by k with

h̄k(t) = (1 − 𝛽 ⋅ 𝛼) h̄k−1(t) + 𝛽 ⋅ 𝛼 ⋅ hk(t), (3)

where h̄k and ̄hk−1 are the estimated backgrounds for time indices
k and k − 1, hk is the IR, 𝛼 ∈ [0, 1] is a scalar weighting factor, and 𝛽

is a binary value that is based on the calculated difference between
two consecutive IRs. The optimal value for 𝛼 was experimentally
determined to be 𝛼 = 0.99 for the analyzed measurements. As ini-
tial background, we use the measurement of the empty container,
where the reflection of the bottom and subsequent multiple reflec-
tions are set to zero. Therefore, these reflections are not part of the
initial background. The resulting signal ĥk is now

ĥk(t) = hk(t) − ̄hk(t). (4)

A special case arises if the fill level does almost not change a
moment. In this case, ̄hk approaches hk with (3) and ĥk only con-
sists of noise if 𝛽 is not introduced. Therefore, we set 𝛽 according
to the calculated intensity of level change 𝛾k inspired by [22]

𝛾k =
T

∑
t=0

|hk(t) − hk−1(t)| . (5)

We set 𝛽k = 1 if 𝛾k is above a certain threshold and 𝛽k = 0 other-
wise. In the latter case, no update of the background is performed.
To minimize the influence of the slow occurring temperature drift,
the current temperature at the antenna is compared in parallel with
the temperature at the time of the last update of the BS, if 𝛽k = 0.
If the temperature difference near the feeding point exceeds 1K,
𝛽k = 1 is set for one measurement to be able to compensate for
very slow temperature drift effects even at long-lasting levels.

Delay time estimation

A physically realizable signal always has a temporal extension
and can also consist of several maxima, as can be seen in Fig. 2.
Accordingly, several definitions exist for the time position of an
impulse, e.g., by exceeding a threshold value, a local maximum
of the impulse, or the energetic center [19]. We have used the
time position of a selected local pulse maximum. UWB radars can
determine distance changes with very high precision by tracking a
selected maximum over the observation time. In principle, it does
not matter which maximum is used for the measurement as long
it can be ensured that there is no jumping between two maxima.
This could lead to an error of several centimeter. For this reason,
it is best to choose the maximum according to a criterion that is
as unique as possible. The measured absolute temporal position of
the pulse depends on the choice of the maximum and the method
for determining the maximum. For this reason, it is also clear that
a calibration measurement is necessary for an exact assignment of
pulse maximum and level. In our case, this is the measurement of
the empty tank, since we also want to use the bottom reflection for
level determination.

Without further signal processing, the accuracy of the level
measurement is limited by half the sampling interval of an IR.
In this case, this would be approximately 1.1 cm. If better accu-
racy is desired, further signal processing steps are necessary, which
increase the computational complexity. A trade-off must be found
at this point. Radar sensors can be expected to achieve an accuracy
in the millimeter range over the entire height of the container. For
this reason, the resolution of the signal processing should also be at
least in themillimete range. However, a resolution in themicrome-
ter range is advantageous in order to detect even small level changes
quickly and thus make the system more dynamic.

In order to achieve an accuracy of the delay estimation below
the sampling interval Δt, the data usually is interpolated first. The
fast Fourier transform (FFT) method using zero padding in the
frequency domain is suitable for this.
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Figure 4. Maximum estimation of a function f, comp. [20]

Using the zero padding approach, however, still ties the reso-
lution to a grid. Applying additional methods promises subsample
estimation, so that higher accuracy can be met with little further
processing complexity. One such algorithm is introduced in [20],
where it is used to estimate the exact sinusoid frequency of a signal.
The therein proposedmethod for estimation of a localmaximum is
not limited to the frequency realm and can be applied in two steps
to any discrete signal with the objective of finding a localmaximum
independent of the discrete grid. The intention of the first step is to
ensure the points are not located on a side lobe of the signal before
introducing them into the second step. Since the sample grid of the
UWB radar is known to always be finer than the width of the max-
imum, this calculation can be omitted completely. In the second
step, the exact time delay of the maximum is obtained by fitting a
parabola in the chosen set of points as shown in Fig. 4.

The parabola can be described as p(t) = At2 + Bt + C,
generating the system of equations

⎛⎜⎜
⎝

t20 t0 1
t21 t1 1
t22 t2 1

⎞⎟⎟
⎠

⎛⎜⎜
⎝

A
B
C

⎞⎟⎟
⎠

= ⎛⎜⎜
⎝

P0

P1

P2

⎞⎟⎟
⎠

,

where Pn is the respective amplitude at time sample tn. This system
can be solved for the parabola coefficients, which in turn can be
used to calculate its vertex with tmax = − B

2A
, resulting in

tmax = 1
2
t22(P0 − P1) + t21(P2 − P0) + t20(P1 − P2)
t2(P0 − P1) + t1(P2 − P0) + t0(P1 − P2)

.

This tmax is an accurate temporal position estimation of the IR.
It should be noted that this algorithm performs better when the
closer the chosen points are to each other and the true apex of the
signal. Therefore, with regard to the grid spacing in relation to the
observed maximum width, an r interpolation with the factor 5 is
performed prior to the parabolic interpolation described above.

A consistently high accuracy of the level measurement over the
complete container height has, however, further prerequisites. The
signal shape must not change during the observation time and
fill level. If the shape of the pulse changes even minimally, the
position of the maximum used for estimating the time delay also
changes. The consequence is a falsification of the level measure-
ment. Reasons for the signal deformation can be interference with
other reflections or even temperature drift. However, in Fig. 2, it
is easy to see that there are interfering solid reflections that affect
the measurement. Particularly disturbing is the direct reflection of
the antenna due to mismatch, which can be assumed to be quasi-
static. Static or quasi-static interfering reflections are also called
background and can be subtracted, reducing the influence to a
minimum.

Figure 5. Experimental setup for the evaluation of hot melt level measurements by
an M-sequence UWB radar.

Level calculation

After the time of flight has been estimated, the actual level F is cal-
culated according to (2). To be able to calculate the level by means
of the bottom reflection according to (2), the permittivity of the
medium 𝜀1 and a calibration measurement of the empty vessel are
required. If the permittivity of the material 𝜀1 is not known, it can
be determined by, e.g., a transmissionmeasurement [17]. In princi-
ple, the same setup can be used as for the actual level measurement
if the levels are clearly defined. In this case, the level is known and
(1) is converted according to the permittivity.

𝜀1 = √(tBF − tB0)c0
2F + 1. (6)

If this measurement is repeated for different levels, the accuracy of
the permittivity measurement (6) can be improved accordingly.

Measurement setup

The actual measurement setup is shown in Fig. 5. The basic setup
is a hot melt dispensing system, which is designed for the pre-
cise delivery of a wide variety of hot melt adhesives. Hot melt was
chosen as the medium to be investigated, as this is extremely inter-
esting from a scientific and also industrial point of view. Due to
the high-temperature differences of over 100K and relative per-
mittivity close to 1, an accurate measurement of the level is a great
challenge.
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Table 1. Specifications of the UWB radar used

Parameter Value

10 dB frequency range (radar) 0.1–6 GHz

10 dB frequency range (antenna) 1.2–9 GHz

10 dB frequency range (system) 1.2–6 GHz

Sampling frequency 13.312 GHz

Measurement speed (max.) 130 Hz

Measurement rate (chosen) 10 Hz

Timebase jitter <20 fs (rms)

Crest factor 2.6

Samples 4095

Ambiguity time 307.6 ns

Ambiguity range (2 way) 46.1 m

Container volume 7 dm3

At the bottom of the hot melt container, there are heating rods
that heat the melt to 150∘C. At the bottom right of the figure, there
is a sketched representation of the tank. The heating rods go down
inclined and there may be filling material between the rods. In
order to show results that are as relevant to practice as possible,
a container with a flat bottom is not used. The bevelling of the bot-
tom serves to melt the hot glue more quickly and is common in
industrial plants of this type. This makes it difficult to observe an
absolute fill level, as there are several definitions of an empty con-
tainer. Therefore, this paper also discusses one possible definition
of an empty tank.

An electrically small diamond-shaped patch antenna is inte-
grated into the lid of the container. It is fed via a 12th order
M-sequence radar with a clock frequency of 13.312GHz featur-
ing 6GHz bandwidth. It has various advantages compared to pulse
signals such as low crest factor and high temporal stability. For
better illustration, the variable and fixed system parameters and
characteristics of the measurement setup used for the analyzed
measurements are shown in Table 1.

To get the raw IR of the scenario for further analysis, a wideband
correlation between transmit and receive signal is performed. A
more detailed description of the principle can be found in [23] and
[18, Chap. 4.7].

The measurement signal is sent continuously and is periodic.
Due to the periodicity of themeasurement signal, several measure-
ments can be averaged. This increases the SNR. A prerequisite for
an accurate measurement is that the IR must have decayed before
the new sequence starts. Since we are in a closed metal container
in this application, the decay distance can be many times longer
than the container height. For this reason, a high ambiguity range
is important.

The temperature is constantly measured at the antenna and at
the vessel wall to be able to compensate for drift effects using BS.

Measurement results

The analysis of the level measurement is divided into two cases in
this paper. First, the results of the level measurement are consid-
ered over the complete container height and analyzed with regard
to accuracy. Since a precise empty state estimation is particularly
important for many industrial applications, the next part analyzes

Figure 6. Radargram of a container being emptied recorded by an M-sequence
UWB radar without background subtraction.

Figure 7. Radargram of a container being emptied recorded by an M-sequence
UWB radar after background subtraction.

what accuracy can be achieved here. The focus is on the detection
of whether or not there is material in the container.The actual level
measurement plays no role in the second case.

Measurement data

For the analysis of the hot melt level measurement, several mea-
surements were carried out. As an example, the measurement data
of an emptying tank is shown in Fig. 6. For reasons of better visu-
alization, only a section of the measurement data is shown. The
actual length T of the IRs is about 300 ns.

The reflection of the antenna feeding point is so strong that
dynamic effects are hardly identifiable. This also makes level mea-
surement difficult. For this reason, a BS according to (4) is per-
formed. The result is shown in Fig. 7. For a better overview, the
selected parameters of the signal processing chain for the analysis
of the measurements are listed in Table 2.

Two peaks from the reflection of the container bottom are
clearly visible, whereas the reflection of the hot melt surface is
barely noticeable. As soon as the heating rods are only minimally
exposed, any change in the radargram is hardly noticeable. In
addition, a large number of multiple reflections can be seen.

The reflection caused by the bottom has a different slope
because the propagation speed in the medium is lower than in
the air. A closer look at the ground reflection shows that it is
insignificantly influenced by the multipath components, as these
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Table 2. Paramater of the signal processing described in the Section
“Formulation of the problem” and Part “Delay Time Estimation”

Parameter Value

𝛼 0.99

𝛾 0.009

Interpolation factor 5

only appear after the ground reflection. For this reason, the level
measurement accuracy is not expected to be influenced by the
multipath components.

The measurement data show that BS is indispensable; other-
wise, static reflections, such as those of the feeding point, would
significantly worsen the accuracy of the measurement.

Fill level measurement

Section “Formulaton of the problem”Part “Delay TimeEstimation”
establishes that a constant pulse shape is crucial to achieve high
accuracy in level measurement. Any deformation of the pulse, e.g.,
due to interference, would affect the accuracy of the measurement.
In Fig. 7, it can be seen that the reflections of the hot melt surface
and that of the bottom interfere with each other at low fill levels.
The second local peak of the bottom is visibly less affected by this
interference than the first local peak of the bottom reflection.

In general, it does notmatter which local peak is selected for the
fill level measurement since a calibration measurement is always
required to determine the absolute fill level. For this reason, the
second local peak of the bottom reflection can be used for the
calculation of the fill level. In the measurement, this selection is
realized by taking the second local peak, which has a threshold
value of 60%of the global pulsemaximumof the corresponding IR.
This criterion was stable across all measurements. Furthermore, it
was apparent that the influence due to the high number of multi-
path components could be neglected, as these always appear after
the ground reflection. Thus, they do not influence the selected
peak. Bymeans of the selected threshold as a unique selection crite-
rion, jumping between different local maxima could be prevented
and further tracking was not necessary.

To be able to calculate the level by means of the bottom reflec-
tion according to (2), the permittivity of themedium and a calibra-
tion measurement of the empty vessel are required. The permittiv-
ity wasmeasured by a transmissionmeasurement in a well-defined
container with a flat metal bottom and calculated according to
(6). To increase the accuracy of the measurement, several levels
were measured as a function of temperature. The average permit-
tivity over the complete covered frequency range up to 6GHz is
1.7 at 25∘C and 2.5 at 150∘C.The temperature dependence is nearly
linear.

For the purposes of the investigations in this paper, it is assumed
that the hot melt has an approximately homogeneous temperature
of 150∘C. This assumption was confirmed by holding a tempera-
ture probe in the liquid at various points and depths. A prerequisite
for this assumption is that the hot melt is completely liquefied.
Further investigations with different temperature profiles are cur-
rently being carried out.

The fact that the bottom consists of heating rods inclined down-
wards raises the question of how to define the empty or zero fill
level. This is defined as the moment when the heating rods are
minimally exposed, as this is a very critical case for industrial

Figure 8. Results of the fill level measurement of an emptying hot melt container.

applications. A completely empty tank was used for the calibration
measurement, as this condition was the most defined to achieve.

To rate the accuracy of the fill level determination, a reference
measurement was conducted.The vessel was emptied stepwise by a
fixed volume fraction, resulting in a uniform level change of 2mm
until the heating rods are exposed. In Fig. 8, the referencemeasure-
ment and results of the fill level measurement are shown. It can be
seen that the container was emptied in 2mm increments, and each
fill level was kept for a short time. In addition, the measured fill
level does not follow a straight line as expected.

Thismay be due to strong interference or asymmetric geometry
of the tank. Once the heating rods are only minimally exposed, a
level change is hardly noticeable. In addition, the zero level is indi-
cated 2.5mmbefore the heating rods are exposed.However, despite
the fact that the investigated hot melt has such low backscatter
properties that the level is calculated indirectly via the bottom
reflection, an accuracy of better than 5% of the container height,
limited to an absolute accuracy of better than 3mm, could be
achieved.

The accuracy refers to the complete container height. It is also
interesting to see the precision with which a level change can be
detected. Thus, how much must a specific level change in order for
this change to be detected? To rate the precision of the level change
detection, a reference measurement was conducted. The level was
held at a total of 30 different levels. Then the container was emp-
tied stepwise by a fixed volume fraction, resulting in a uniform level
change of 0.1mm. A more precise analysis is not possible with the
measurement setup. For amore precise analysis, a correspondingly
precise reference systemmust be installed, whichwas not available.
Using the fittingmethod described in the section “Method of signal
processing” Part “Delay Time Estimation”, a precision of 0.1 mm in
the detection of level changes could be achieved.Thefittingmethod
described is a variant for high-resolution time-of-flight estimation.
Other methods can be expected to achieve similar or even better
resolutions. The trade-off between achievable accuracy and com-
putational complexity always plays a role.There is no perfect choice
but always depends on the intended application.

Empty limit state

Depending on the application, the accuracy of the level measure-
ment mentioned above may not be sufficient, especially for limit
levels. Hot melt containers, for example, are not allowed to run
empty at any time; otherwise, they could overheat or the suc-
tion pump would draw air. Both can severely damage the unit.
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For this reason, an empty state measurement or warning should
be as precise as possible.

What is a big disturbing factor in the exact determination of
the filling level is of utmost advantage in the determination of the
empty state. The reflection of the metal is so characteristic that a
minimal exposure of the container bottom will greatly change the
IR of the system. This effect is used here.

As mentioned above, an empty state calibration is made for the
level calculation. For the estimation of the empty limit state, the IR
of this calibrationmeasurement ̄hE(t) is stored and subtracted from
the currently measured IR hk(t) and the mean squared deviation
MSDk compared to the empty state is calculated

MSDk = 1
T

T

∑
t=0

(hk(t) − ̄hE(t))2
(7)

The investigations have shown that the IR of the empty tank is
only slightly dependent on the temperature.Thus, it was possible to
define a temperature-independent threshold MSDthresh = 0.3 for
MSDk, below which the container is assumed to be empty.

Hot glue can occur in several states in the container. These are
shown in Fig. 9. In operation, the adhesive is often liquid like in
Fig. 9(a). However, it is also possible that the container is filled
with granules. This can be seen in Fig. 9(c) and 9(d). When filled
with hot melt granules, a bulk cone is usually formed. The posi-
tion of the cone determines how large the minimum quantity of
granules must be in order to be detected by the radar. For this
reason, several cone positions were investigated. Furthermore, it
is also common in industrial plants to use blocks such as the one
shown in Fig. 9(b) from other hot-melt adhesives that have been
heated up but not used. This is done in particular to save material
and should therefore also be investigated.

Melted hot melt.
The results for the melted hot melt are exemplified in Fig. 10.
At higher fill levels, MSDk is large and approximately indepen-
dent of the fill level. As the fill level approaches the bottom, a
proportionality between the fill level and MSDk can be seen.

As soon as the heating rods at the bottom are only slightly
exposed, the change inMSDk is only slight.The steadily decreasing
course of the deviation after the release of the heating rods at the
bottom is due to the fact that the completely empty container was
taken as a reference.

Granules.
In many applications, there are bulk materials in the container.
Thus, the delivered form of hot melt for industrial plants is usually
also granules.

The analysis results of the granules are shown exemplarily in
Fig. 11. Depending on the position of the bulk cone, the granules
are only reliably detected fromaminimumquantity. In all positions
of the cones, stable detection of the granules was observed as soon
as a heating rod was partially covered. In this case, as soon as a
volume of 0.2 dm3 was filled in. This corresponds to approximately
3% of the container volume. Similar accuracy was foundwith other
containers up to a volume of 69 dm3. Larger containers have not yet
been investigated.

Blocks.
Next, we consider the detection of glue blocks, which are so com-
mon in industrial plants. These glue blocks occur, for example,

Figure 9. Investigated states of the hot glue for the empty state estimation.

Figure 10. Results of the empty state estimation of an emptying hot melt
container.

when the plant has to be completely emptied for cleaning.However,
the adhesive is to be reused. One block has a volume of 0.2 dm3.
As expected, the MSDk depends strongly on the position of the
block. For this reason, a block was placed at several positions.
The results of the analysis can be seen in Fig. 12. Already one
block is detectable independent of position. This analysis was also
performed for container sizes up to 69 dm3. Here, too, an achiev-
able minimum filling quantity of 3% of the container volume was
found.

https://doi.org/10.1017/S1759078723000739 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078723000739


1306 Tim Erich Wegner et al.

Figure 11. Results of detection of adhesive granules at different bulk cone
positions in the investigated container.

Figure 12. Results of detection of a block of solid adhesive at different positions in
the investigated container.

Summarized.
Themeasurementwas repeated several times over the course of half
a year to test the long-term stability of the system. An accuracy
of up to 0.5mm for melted hot melt and 3% of the tank volume
independent of the form or aggregate state of the medium could
be achieved for the empty state indication, whereby the threshold
value was not changed. The calibration measurement of the first
measurement runwas used for the analysis.Thus, it could be shown
that the calibration is also long-term stable. This is particularly
interesting for practical applications.

Conclusion and outlook

Thispaper presented a novelmethod of using anM-sequenceUWB
radar to determine the level of materials with extremely low per-
mittivity. The main idea is to infer the level by measuring the
time the electromagnetic wave needs to be reflected by the con-
tainer bottom given a different wave velocity in the fill medium.
An accuracy of better than 5% of the complete container height,
limited to an absolute accuracy of better than 3mm, could be
achieved. No significant disturbing influence of multipath com-
ponents was observed. Furthermore, an independent possibility
of precise long-term stable empty state estimation was shown,
since especially the empty state is very critical for many indus-
trial applications and therefore should be determined especially
precisely. The only requirement for this estimation is an empty

state calibration, which is very easy to perform by measuring the
empty container. Therefore it is especially interesting for industrial
applications.

In addition to the filling level, the detection of layers is also very
important. For example, the hot melt in the container under inves-
tigation is heated from below. The pump could therefore already
start emptying the container when the lowest layer of glue has
melted. However, this layering must be detected by radar. Further
investigations in this direction would be of great practical inter-
est. Here, the integration of data fusion [24] or machine learning
[25–27] could also be of great relevance.
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