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Abstract— One important application and research area of 

radar technology is tank-level measurement and detection. Radar 
contactless level measurement is a safe solution even in extreme 
process conditions, such as significant overpressure, high 
temperatures, and the presence of corrosive vapors. The main 
categories of these principles are ultrasonic, and electromagnetic
wave radars.

We will now consider only radars using electromagnetic waves.
The use of millimeter radio waves, which we use, is nowadays 
becoming more and more common also for automotive radars, 
human presence detection and human vital signs.

To meet electromagnetic requirements such as high gain, low 
spurious levels, and high bandwidth, special antennas are 
required. 

The low sidelobe level and narrow main beam mainly reduce 
reflections from the side of the tank while the bandwidth 
determines the distance resolution of the measurement system. A
further requirement is the small size and reliable 
manufacturability of the antenna. In the presence of corrosive 
vapors, antennas must be resistant to corrosion.

The article briefly summarizes the material parameter 
measurements required for the design of the radar, and the design 
of the main components. We analyzed the possible dielectric 
materials that can be used as random or dielectric lenses for such 
antennas. In the next part of the paper, we present a conical horn 
antenna design for the 80 GHz band and compare the parameters 
of an open horn antenna with those of a horn antenna with a
dielectric lens. Finally, a tank-level radar designed with the Texas 
Instruments IWR1443 radar chip is presented.

I. INTRODUCTION

Product quality control, production safety, and process 
economy can only be guaranteed can only be ensured by 
continuous measurements and the monitoring and intervention 
systems based on them. The main fields of application are the 
oil industry, petrochemical industry, chemical industry, food 
industry, pharmaceutical industry, transport, wastewater 
storage and treatment. Liquids, pastes, bulk solids, and 
liquefied gases are most stored in tanks, silos, or mobile 
containers.

There are several classical and modern methods for 
measuring the product level in process and storage tanks. Such 
systems use microwave contactless radar, guided microwave 
radar, capacitive, magnetostrictive, and ultrasonic sensors.
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Antennas for contactless microwave sensors are microstrip 
antenna systems, horn antennas, dielectric antennas, and slot 
antennas on waveguides.

Applications are in the chemical, petrochemical, 
pharmaceutical, water, and food industries, mobile tanks on 
vehicles and ships, and natural reservoirs such as seas, dams, 
lakes, and oceans. Typical tank heights for these applications 
are in the range of 0.5 m to 37 m.

In practical applications, two main measurement tasks can be 
distinguished:

• continuous level measurement, i.e., level indication,
• level detection, i.e., detection of an alarm limit to 

prevent overfilling.
Many level measurement devices are mounted on top of the 

tank and measure primarily the distance between their 
mounting position and the product’s surface (Fig. 1).

The sensor is placed in an opening on the top surface of the 
tank. As shown in the figure, the position of the sensor must be 
shifted laterally due to the fluid flowing through the inlet. This 
in turn causes reflections and consequently multiple reflections 
and makes level measurement difficult. (Fig. 1.)
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Fig. 1.  Tank with liquid and non-contact sensors on the top of the tank
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A typical horn antenna design is shown in Figure 2. The 
diameter of the antenna must be adapted to the size of the tank's 
opening to allow installation of the antenna.

For level measurement, a significant number of different 
principles measurement techniques are available [1,2], and it is 
advisable to select the optimum technique and sensor.

There is a recent trend for contactless radio sensors to operate 
in the increasingly higher microwave band.

Radio regulations distinguish between “tank level probing 
radar” inside closed metallic tanks or silos and “level probing 
radar” outside with more restrictions.

Tank Level Probing Radar (TLPR) applications are based on 
pulse RF, FMCW, or similar wideband techniques. TLPR radio 
equipment types can operate in all or part of the frequency 
bands as specified in Table I.

TABLE I
TANK LEVEL PROBING RADAR (TLPR) PERMITTED 

FREQUENCY BANDS [3]

TLPR assigned frequency bands (GHz)
Transmit and receive 4,5 to 7
Transmit and receive 8,5 to 10,6
Transmit and receive 24,05 to 27
Transmit and receive 57 to 64
Transmit and receive 75 to 85

For aperture antennas, there is a clear relationship between 
the geometrical area of the aperture and the effective aperture
area. This relationship is the aperture efficiency, which is 
typically between 0.4-0.7. The operating free-space wavelength 
gives the relationship between effective aperture area and 
antenna gain.

𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝜂𝜂𝐴𝐴 = 𝐴𝐴𝑔𝑔𝑒𝑒𝑒𝑒 =
𝜆𝜆2
4𝜋𝜋 𝐺𝐺

(1)

where

𝐺𝐺 the antenna gain,
𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 the geometrical area of the aperture,
𝜂𝜂𝐴𝐴 aperture efficiency,
𝐴𝐴𝑔𝑔𝑒𝑒𝑒𝑒 effective aperture area
𝜆𝜆 operating free space wavelength.

For antennas considered lossless, the gain of the antennas can 
be expressed in terms of the main beam cone angle.

𝐺𝐺 ≈ 16
Θ2

(2)

where
Θ the antenna main beam cone angle.

It is easy to see from equations (1) and (2) that for the same 
aperture geometrical area, the main beam cone angle of the 
antenna decreases with increasing frequency.

Θ~𝜆𝜆 = 𝑐𝑐
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(3)

where
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 operating frequency,
𝑐𝑐 the speed of light in a vacuum.
From the relationship in equation (3), it is clear, that for the 

same antenna aperture size, as the frequency increases, the 
beamwidth decreases, and the narrower antenna foot reduces 
the reflection from the tank sides. In addition, increasing the 
frequency has the further advantage of improving the radar 
distance measurement resolution and reducing the circuit 
dimensions. For these reasons we have chosen the 75-85 GHz
frequency band from the allocated TLPR bands. [18, 19]

From relation (3), the main beam widths at 25 and 80 GHz 
can be compared. (Fig. 3)

Fig. 3. Measurement in narrow tanks or silos [4]

In practice, the footprint size is often used to compare the size 
of the tank or silo and the main beam at each frequency. (Fig. 
4.) The simulation parameters are aperture geometrical area 
0.01m2, aperture efficiency 0.6, distance 10m.

Antenna diameter is the same.
D1=D2

D1

freq2=80GHz

Θ1
D2Θ2

freq1=25GHz

Fig. 2.  Horn antenna with house contains signal processing and 
communications circuits.
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In summary, the antenna radiation field is inversely 
proportional to the aperture diameter of the antenna and the 
center frequency. Beam width decreases with increasing center 
frequency if the diameter of the antenna is kept constant. 
Furthermore, in the case of keeping the frequency constant, the 
beam width also decreases with the increasing diameter of the 
antenna. In conclusion, the beam width does not simply depend 
on one single parameter, but both parameters—center 
frequency and antenna diameter are degrees of freedom for 
determining the angular beam width. The choice of one specific 
antenna from a set of available antennas with different beam 
widths must be made dependent on the given application 
conditions.

II. DIELECTRIC MATERIALS AND PERMITTIVITY 
MEASUREMENTS

The most common plastic materials used as radomes and 
dielectric lenses for antennas are Polypropylene (PP), 
Polyvinylidene Fluoride (PVDF), and Polytetrafluoroethylene
(PTFE). The electrical parameters, permittivity, and loss of 
these materials are examined below.

II.1 Dielectric materials

Polypropylene (PP) is one of the most widely used and low-
cost thermoplastics with adequate physical properties, such as 
low density and high heat resistance [5]. PP is generally found 
as a homopolymer and copolymer. The first one consists of 
propylene monomers, and it has a high strength-to-weight ratio 
and good chemical resistance. The second one includes 
monomers in the PP backbone, and it is tougher and more 
flexible, with a lower melting point and high-impact resistance 
at low temperatures than PP homopolymer [6]. Because of all 

these advantages, polypropylene-based composites have been 
extensively used for automotive, construction, and packaging 
applications.

Polyvinylidene fluoride (PVDF) is a highly non-reactive and 
pure thermoplastic fluoropolymer material. Below 150 ºC, 
PVDF becomes ferroelectric. Thus, PVDF is an electroactive 
and semicrystalline polymer with pyro and piezoelectric 
properties at room temperature, which can be used for many 
applications [7]. It exhibits high mechanical strength, good 
chemical resistance, thermal stability, and excellent aging 
resistance [8]. Moreover, PVDF is an attractive polymer matrix 
for composite material with superior mechanical and electrical 
properties.

Polytetrafluoroethylene (FTFE) is a synthetic fluoropolymer 
of tetrafluoroethylene and is a PFAS that has numerous 
applications. The commonly known brand name of PTFE-based 
composition is Teflon. Polytetrafluoroethylene is a 
fluorocarbon solid, as it is a high-molecular-weight polymer 
consisting wholly of carbon and fluorine. PTFE is hydrophobic: 
neither water nor water-containing substances wet PTFE, as 
fluorocarbons exhibit only small London dispersion forces due 
to the low electric polarizability of fluorine. PTFE has one of 
the lowest coefficients of friction of any solid. PTFE is used as 
a non-stick coating for pans and other cookware. It is non-
reactive, partly because of the strength of carbon–fluorine
bonds, so it is often used in containers and pipework for reactive 
and corrosive chemicals. When used as a lubricant, PTFE 
reduces friction, wear, and energy consumption of machinery.

In the literature [9], the electrical properties of materials are 
generally known at lower frequencies (1 kHz, 1 MHz), and 
some materials are manufactured in several versions, so it is 
necessary to carry out measurements that give the electrical 
properties of materials in the millimeter waveband.

TABLE II
ELECTRICAL PROPERTIES OF PLASTIC MATERIALS [9]

Material Dielectric
constant

@1MHz

Dissipation
factor @
1MHz

Volume
resistivity

Ohm/cm
PP 2.2-2.6 0.0003 - 0.0005 1016 -1018

PVDF 8.4 0.06 1014

PTFE 2.0-2.1 0.0003 - 0.0007 1018 -1019

In the following, such a measurement procedure is presented 
and the results of electrical parameter measurements for the 
three materials are reported.

II.2 Material Parameter Measurements

In practice, microwave measurements of electrical material 
parameters are based on transmission and reflection 
measurements. (Fig. 5.) [10,11]

Fig. 4. Antenna footprint diameters for different frequencies
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In the following, such a measurement procedure is presented 
and the results of electrical parameter measurements for the 
three materials are reported.

II.2 Material Parameter Measurements

In practice, microwave measurements of electrical material 
parameters are based on transmission and reflection 
measurements. (Fig. 5.) [10,11]
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In summary, the antenna radiation field is inversely 
proportional to the aperture diameter of the antenna and the 
center frequency. Beam width decreases with increasing center 
frequency if the diameter of the antenna is kept constant. 
Furthermore, in the case of keeping the frequency constant, the 
beam width also decreases with the increasing diameter of the 
antenna. In conclusion, the beam width does not simply depend 
on one single parameter, but both parameters—center 
frequency and antenna diameter are degrees of freedom for 
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widths must be made dependent on the given application 
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reactive, partly because of the strength of carbon–fluorine
bonds, so it is often used in containers and pipework for reactive 
and corrosive chemicals. When used as a lubricant, PTFE 
reduces friction, wear, and energy consumption of machinery.

In the literature [9], the electrical properties of materials are 
generally known at lower frequencies (1 kHz, 1 MHz), and 
some materials are manufactured in several versions, so it is 
necessary to carry out measurements that give the electrical 
properties of materials in the millimeter waveband.
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According to the setup shown in Figure 5, the material 
parameter measurement is performed with 2 ports Vector 
Network Analyzer, and the sample is placed between two 
corrugated horn antennas for measurement. Properly sized 
corrugated horn antennas provide plane-wave excitation for the 
sample.

Measurements are preferably carried out using the Swissto12 
Material Characterization Kit (MCK). (Fig. 6.) MCKs are used 
for measurement of the permittivity and loss tangent of planar 
specimens, foams, and multilayered materials at room 
temperature. The MCKs are available to cover the frequency 
range 50 GHz to 750 GHz.

To model the measurements, a microwave signal flow graph 
network model of the measurement setup is presented. (Fig. 7.)
[12-14]

The VNA measures the reflection and transmission between 
PORT1 and PORT2.

We introduce the evaluation of transmission parameters from 
signal flow graph of the measurement setup. The equations 
below can be used to express the transmission between PORT1 
and PORT2.

𝑒𝑒10𝑎𝑎0 + 𝑒𝑒11𝑏𝑏1 = 𝑎𝑎1
𝑆𝑆11𝑎𝑎1 + 𝑆𝑆12𝑎𝑎2 = 𝑏𝑏1
𝑆𝑆21𝑎𝑎1 + 𝑆𝑆22𝑎𝑎2 = 𝑏𝑏2

𝑏𝑏3 = 𝑒𝑒32𝑏𝑏2
𝑒𝑒22𝑏𝑏2 = 𝑎𝑎2

The measured Sm,21 parameter 𝑆𝑆𝑚𝑚,21 = 𝑏𝑏3/𝑎𝑎0 can be 
expressed as.

𝑏𝑏3
𝑎𝑎0

= 𝑆𝑆21𝑒𝑒10𝑒𝑒32
1 − 𝑆𝑆11𝑒𝑒11 − 𝑆𝑆22𝑒𝑒22 + 𝑒𝑒11𝑒𝑒22(𝑆𝑆11𝑆𝑆22 − 𝑆𝑆12𝑆𝑆21)

The measured Sm,11 parameter 𝑆𝑆𝑚𝑚,11 = 𝑏𝑏0/𝑎𝑎0 can be 
similarly expressed.

Finally, the permittivity and loss factor of the sample are 
calculated from the 𝑆𝑆𝑖𝑖𝑖𝑖 scattering coefficients of the MUT.

Fig. 5.  Measurement set-up for transmission and reflection measurements of 
electrical material parameters.

Fig. 6.  Measurement set-up with Swissto12 MCK and Vector Network 
Analyzer.

Fig. 7. Microwave signal flow graph of the measurement setup

Fig. 8. Measured reflection parameters for PP, PVDF and PTFE samples.

Fig. 9. Measured transmission parameters for PP, PVDF and PTFE samples.
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The two material parameters (permittivity and loss tangent) 
for dielectric materials can be evaluated using S11 and S21. These 
are introduced for PP, PVDF and PTFE in Figure 10 and 11.

From the measurement results it can be concluded that the 
permittivity of PTFE can be considered constant over the entire 
frequency range investigated, and its loss factor is also 
essentially constant and can be the lowest.

For the horn antenna design with a dielectric lens, we use 
PTFE in the next sessions.

III. SINGLE CHIP INTEGRATED FMCW RADAR IWR1443

The IWR1443 device [15, 20] is an integrated single-chip 
millimeter wave (mmWave) sensor based on FMCW radar 
technology capable of operation in the 76- to 81 GHz band with 
up to 4 GHz continuous chirp. The device is built with TI’s low-
power 45-nm RFCMOS process, and this solution enables 
unprecedented levels of integration in a tiny form factor. The 
IWR1443 is an ideal solution for low-power, self-monitored, 
ultra-accurate radar systems in industrial applications such as 
building automation, factory automation, drones, material 
handling, traffic monitoring, and surveillance. The IWR1443
device is a self-contained, single-chip solution that simplifies 
the implementation of mmWave sensors in the 76 to 81 GHz
band. The IWR1443 includes a monolithic implementation of a
3TX, 4RX system with built-in PLL and A2D converters. The 
device includes fully configurable hardware accelerator that 

supports complex FFT and CFAR detection. Additionally, the 
device includes two ARM R4F-based processor subsystems: 
one processor subsystem is for master control, and additional
algorithms; a second processor subsystem is responsible for 
front-end configuration, control, and calibration. Simple 
programming model changes can enable a wide variety of 
sensor implementations with the possibility of dynamic 
reconfiguration for implementing a multimode sensor.

Automotive radar applications use generally all three Tx and 
four Rx channels for radar imaging but for our tank-level radar 
only one Tx and one Rx channels we apply.

The Fig. 13. shows demo layout of IWR1443 chip with 
microstrip transmit and receive antennas.

Fig. 10.  Relative permittivity for PP, PVDF and PTFE samples.

Fig. 11.  Loss tangent for PP, PVDF and PTFE samples.

Fig. 12.  RF sub-system functional block diagram of IWR1443 [15].

Fig. 13.  FMCW radar layout (IWR1443BOOST) using IWR1443 [16].
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For the planned radar, the microstrip antennas of the 
IWR1443BOOST demo board cannot be used and new antenna 
should be designed for the next reasons.

The antenna gain should be increased, and conical beam 
angle should be decreased to suppress multiple reflections.

The antenna chosen for the design must also be resistant to 
pressure and corrosive humid media.

Due to these requirements, the antenna type chosen for the 
analysis was a conical horn antenna. Two types were 
investigated, the open horn antenna and the closed horn antenna 
with dielectric lens.

IV. HORN ANTENNA DESIGN

Cross-sectional images of the analyzed horn antennas are 
shown in Figure 15 and 16. The material used for the lens was 
PTFE, which was found to be the best material based on a 
material parameter test in II. section.

The simulations were performed using the CST MWS 
electromagnetic field simulator and the results of the two main 
simulations (input reflection and radiation pattern) are shown in 
Figures 17 and 18.

The design requirement for input reflection generally below -
10 dB, so each of the assumed antennas fulfill that. The antenna 
gain is optimized using lens on horn aperture and the gain is 
G=29.5dB. The half power conical beam angle, Θ3dB=6 
degrees.

V. RING HYBRID DESIGN

In radar technology, hybrid ring duplexers often are 
transmit/receive (TR) switch based on a simple rat-race coupler.

The rat-race coupler has four ports, each placed one-quarter 
wavelength away from each other around the top half of the 
ring. (Fig. 19.) A signal input on port 1 will be split between 
ports 2 and 4, and port 3 will be isolated. [17]

The full simulation has been performed for all gate input 
reflections and transmissions between gates. Of these, only the 
simulation results for the transmission between ports 2-3 and 
port 3 input reflections are reported for different ring radius 
r=0.5, 0.55 and 0.6 mm. (Fig. 20 and 21)

Fig. 14.  Microstrip antenna radiation pattern for IWR1443BOOST Evaluation 
Module [16].

Fig. 15.  Cross-sectional image of the analyzed open horn antenna.

Fig. 16.  Cross-sectional image of the analyzed closed horn antenna with 
dielectric lens.

Fig. 17.  Input reflection of the horn antennas.

Fig. 18. Radiation pattern of the horn antennas.

Fig. 14 shows the main parameters of the antenna. The 
antenna gain, G=9.59dB, half power conical beam angle, 
Θ3dB=25 degrees, sidelobe suppression ratio, SLSR=26dB.
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The RX1 port is used for reception, while the RX2 port is 
only used as a matched termination. The TX1 port of the chip's 
transmit channels is used. (Fig. 22 and 23.)

Fig. 19.  Rat-race coupler CST simulation model.

Fig. 20.  Rat-race coupler isolation between port 2 and 3 (CST simulation).

Fig. 21. Rat-race coupler input reflection for port 3 (CST simulation).

Fig. 22.  Rat-race coupler in the radar layout.

Fig. 23.  Rat-race coupler and microstrip-conical waveguide transition.

Fig. 24. Measured range-profile characteristics.

The radar sensor was tested with a flat target surface. The 
range-profile characteristics are shown in Fig. 24. for a target 
with distance of 22m.
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VI. SUMMARY

We presented a new systematic design of an 80 GHz radar 
sensor for contactless tank-level measurement. The reason for 
choosing this frequency band, mainly to reduce the main 
beamwidth of the antenna, has been presented. Detailed 
analysis of possible lens dielectric materials, horn antenna 
design results and ring hybrid for transmit-receive separation 
are introduced.
Layout of the antenna and the implemented tank level radar is 
introduced. Finally, field test was performed, and the measured 
range-profile test result is presented for the radar to demonstrate 
the correct functioning of the design.
As a continuation of this work, we plan to increase the range of 
radar measurements, both near and far.
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