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Abstract—Industrial radar applications like tank level meas-
urement is an important research and application area in ra-
dar technology. Radar level measurement is a safe solution even
under extreme process conditions (pressure, temperature) and
vapors. Special antennas are required to meet electromagnet-
ic requirements such as high gain, low sidelobe level and high
bandwidth. The small side-beam level and narrow main beam
primarily minimize reflections from the side of the tank, while
the bandwidth determines the distance resolution of the meas-
urement system. Another requirement is a small size and good
manufacturability of the antenna.

The main promising solutions are the use of microstrip, horn
or dielectric lens antennas for tank level measurement systems.
After several tests, we have concluded that the optimal choice
for tank level radar measurement task, in terms of integrability
and antenna parameters, is a dielectric antenna. The dielectric
antenna has many other applications in modern mobile systems
as 5 and 6 G systems where these antennas are elements of an-
tenna arrays of beamforming or MIMO systems.

In this paper, a special dielectric lens antenna is presented,
satisfying main requirements, namely a circular antenna cross
section, high antenna aperture efficiency and low sidelobe level.

The center frequency of the antenna is 26 GHz with a band-
width of 1 GHz. The paper presents the analytic investigation
and design of the dielectric lens antenna and the circular wave-
guide transition in detail. The electromagnetic design of the an-
tenna was carried out using CST Microwave Studio 3D software.

Index Terms—Radar, antenna, lens antenna, 5G

INTRODUCTION

Product quality check, operational safety, and economic
efficiency can only be ensured by continuous measurements
and control systems based on these measurements for the most
important areas, which are the oil industry, transport. Liquids,
pastes, bulk solids, and liquefied gases are most often stored in
tanks, silos, or mobile containers. These tanks are used in the
chemical and petrochemical industries, the pharmaceutical and
life sciences industries, the water industry, the chemical and
petrochemical industries, the water and wastewater, and the
food industries.

There are several classical and modern methods for
measuring the product level in process and storage tanks.
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 from 0.5 m to 37 m.
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In practical applications two main measurement tasks can be
distinguished:

e continuous level measurement, i.e., level indication,
e 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).

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

non-contact level sensor

Fig. 1. Tank with liquid and non-contact sensors on the top of the tank

The commonly used tank-level measurement methods are
based on the next basic principles:

buoyant object floats, RF capacitance, radar, ultrasonic, and
hydrostatic head/tank gauging.

No single principle applies to all measurement areas.
Therefore, measurement systems should be selected based on
what works reliably under the given conditions, and at the same
time meet the accuracy of the measurement.

We developed a sensor antenna for radar-level pulse
measurement, which is based on the principle that the time
required for the propagation of microwaves. It is the time takes
for the wave packet to travel during the entire round trip
between the non-contact transducer detected material level and
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the measuring device. Pulse radar has been widely used for
distance measurement since the early days of radar. Radar level
measurement is a safe non-contact solution even under extreme
process conditions, at high pressure, and temperature, vapors.
For radar measurements, special antennas are required to meet
electromagnetic requirements such as high gain, low sidelobe
level, and high bandwidth.[2]

Another requirement is a small
manufacturability of the antenna. (Fig. 2)

size and good

Fig. 2. Standard level meter house

Many antenna types are promising for contactless tank-level
radar measurements, such as conical horn antennas, parabolic
reflector antennas, dielectric antennas [3—6] and microstrip
antennas.

Recently, theoretical work is conducted applying
metamaterial-based antennas [7] also for tank-level measuring
sensor antennas. These analytical or numerical solutions allow
for the designing and building of useful antennas and devices;
however, more effective fabrication techniques need to be
developed for these devices. Another difficulty of the
metamaterial type antennas is the bandwidth because these
devices show generally narrowband behavior and bandwidth is
not analyzed [7].

In this paper, a special dielectric antenna was designed, that
meets the main requirements, i.e., high gain, low sidelobe level,
high bandwidth, and good manufacturability of the antenna.

CST Microwave Studio was used to simulate and fine-tune
the antenna.

I. ANTENNA CONSTRUCTION

The antenna consists of three main parts. These are: (Fig.3)
e  coaxial to circular waveguide transition,
e air filled to dielectric filled circular waveguide
transition,
e dielectric antenna.
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Fig. 3. Dielectric antenna construction

The first part (coaxial to circular waveguide transition) of the
construction is not under examination, now we focus on the air
filled to dielectric filled circular waveguide transition and
dielectric antenna.

1.1 Analysis and design of the dielectric lens

Dielectric lens antennas are attracting a renewed interest for
millimeter- and submillimeter wave applications where they
become compact, especially for configurations with integrated
feeds usually referred as integrated lens antennas. [8-11] Recent
research and developments are looking at 5G and Terahertz
applications of dielectric antennas. [12-13]

Lenses are very flexible and simple to design and fabricate,
being a reliable alternative at these frequencies to reflector
antennas. Lens target output can range from a simple collimated
beam (increasing the feed directivity) to more complex multi-
objective specifications.

i Aperture

Fig. 4. Rays from excitation point to the aperture.

The operating mechanism of dielectric antennas is most easily
investigated by ray tracing or geometrical optics. In Fig 4 we
have plotted some ray paths between the source point and the
antenna aperture.

Using Fig. 4 it can be express the propagation time from
excitation point to any point of the aperture as

L Jx2+y? L—x 1)
t=——=——t —
v v c
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where the phase velocity in the dielectric with relative
dielectric constant &, is

Bk
;

where
c is the speed of light in air.

The uniform phase on aperture requires the same propagation
time and using this the following expression will be given.

& — 1)? & —1 1
y2=L2(\/_r ) +2xR\/—r +x2(——1)
& & &

2
It can be found, that the equation (2) is equation of an ellipse,
and the excitation point is the focal point of it.
Ellipse semi axes are:

B =R

€

Ao p Ve
&—1

The distance of the focal point and aperture, L is:

_ R 3)
L_(\/‘;-i-l)m

Finally, we can express the ellipse equation using the semi
axis B=R as

y2=gr_1R2+ 2xR 2 4)
&r Er—l

The dielectric lens is made of teflon (Politetrafluoretilén,
FTFE), with a relative dielectric constant &, = 2.1. (Fig. 5)
After defining the geometry that ensures a uniform phase
distribution, in the next section we calculate the aperture
electric field illumination distribution, also using the
geometrical optical principle.

Fig. 5. Elliptic dielectric antenna.
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1.2 Aperture field distribution analysis using Geometrical
Optics

The aperture field distribution analysis will be based on
classical reflector radiation characteristic analysis. There are
two basic techniques for the analysis of the radiation
characteristics of reflectors. One 1is called the current
distribution method, which is a physical optics (PO)
approximation. With the aperture distribution method, the field
is found first over a plane, which is normal to the reflector’s
axis, and lies at its focal point (the antenna aperture).
Geometrical Optics (ray tracing) will be used to determine that.

In the case of our dielectric antenna the GO approximation
can be used. It is assumed that the equivalent sources are zero
outside the dielectric antenna’s aperture, which is a circle with
radius R (Fig. 6).

Aperture

dy A

v Y

y

2R

Fig. 6. GO analysis of elliptic dielectric antenna.

The field distribution at the aperture of the ellipse antenna is
necessary to find, to calculate the far-field pattern, directivity.
Since all rays from the feed travel the same time to the aperture,
the aperture distribution is of uniform phase. However, there is
anon-uniform amplitude distribution. This is because the power
density of the rays leaving the feed falls off as 1/r>. After the
refraction, there is practically no spreading loss since the rays
are collimated (parallel).

GO assumes that the power density in free space follows
straight paths. Applied to the power transmitted by the feed the
power in a conical wedge, stay confined within as it progresses
along the cone’s axis.

The aperture field distribution can be expressed as

1 5)
r»)
where E,, is the electric field strength on aperture.
The distance of refraction r(y) is as follows.

r(@) =22 +y2 =\[f1O)]2 + 2 (©)

where

E,~
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The aperture illumination is rotationally symmetrical and
depends only on radial distance on the aperture. (Fig.7.)

; Aperture illumination
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Fig. 7. Aperture illumination

Fig. 7 clearly shows that the distribution electric field
illumination function of the aperture decreases towards the
edges, resulting in a favorable decrease of the sidelobe level.

The aperture far field approximation using the illumination
function as follows.

21 e JBT (1+cos9)

E(r) = j 5By =2 [FF ) - Jo(B y sin(®)) y dy
(7

where

E(r) the far field electric field strength,

r position vector of observation point, from origin,

A free space wavelength,

E, aperture field maxima,

f(y) aperture illumination as function of radial distance y,

[ free space phase constant,

Jo Bessel function of first kind,

Y angle of observation point, from origin.

(1 + cos¥)/2 Huygens wavelet characteristics

The antenna far field directional characteristics were
calculated using Matlab script. (Fig. 8)

Normalized radiation pattern
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Fig. 8. Aperture far field radiation pattern plane cut

The most important antenna characteristics that can be read
from the directional characteristics (Fig. 8) are the main lobe
beam width and the sidelobe suppression.
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II. AIR TO DIELECTRIC CIRCULAR WAVEGUIDE TRANSITION

In the design of the air dielectric transition, the most
important considerations are low reflection and low attenuation,
and to ensure unchanged propagation of the excitation mode.

Traditionally, the excitation is provided by a probe, formed
from a coaxial connector, and the transition is a continuous
dimensional transition, which in the case of a circular feed line
means a linear tapered transition.

The main elements of this section are shown in the Fig. 9, 10
and 11.

Fig. 9. Coaxial SMA connector attached to the circular waveguide

Fig. 10. Circular waveguide to dielectric antenna.

Fig. 11. Conical transition (linear taper) of air to dielectric in circular
waveguide.

SEPTEMBER 2024 + voLUME XVI « NUMBER 3




INFOCOMMUNICATIONS JOURNAL

To perform the analysis, we built a CST model to study the
linear tapered conical transition (Fig. 12) and to compare
exponential taper (Fig. 13).

The lengths of the structure investigated are 40 mm and only
the transition section lengths differ.

i pg'g

10.00 mm

Fig. 12. Conical (linear taper) transition

W go'g

10.00 mm

Fig. 13. Exponential taper transition

The S11 reflection coefficient was investigated and
compared to the linear (Fig. 14) and exponential (Fig. 15)
tapered transitions.

L, is the length of transition section, which is the parameter
of parametric analysis.

As can be seen in the figures, significantly shorter transitions
were considered for the exponential transitions and still a
significant improvement over linear tapers can be achieved.
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Fig. 14. Reflection coefficient of the linear tapered transition.
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Fig. 15. Reflection coefficient of the exponential tapered transition.

The frequency band of the antenna design is the 25.5-26.5
GHz band, and in this range, by applying the exponential
transition, we achieved 5 dB improvement in the reflection
coefficient using only 11 mm exponential transition length
instead of 25 mm for linear tapered one.

III. RESULTS

Using the experience gained so far, a CST electromagnetic
model of the final dielectric antenna has been constructed for
each of the taper investigated.

Fig. 16. Elliptical dielectric antenna with linear tapered air to dielectric

transition.

MTTTTTTT

Fig. 17. Elliptical dielectric antenna with exponential tapered air to dielectric
transition.

The dimensions of both antennas are identical, the only
difference is the transition taper and its length. (Fig. 16 and 17)
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The Fig. 18 shows the comparison of input reflection of the
dielectric elliptic antenna with two transitions investigated. The
antenna with exponential tapered transition shows at least 5 dB
of reflection decrease in antenna design 25.5-26.5 GHz band.
This result is in good agreement with the similar result obtained
in the transition study in chapter II.
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Fig. 18. Input reflection of elliptical dielectric antenna with linear and

exponential tapered air to dielectric transition.

Reducing the input reflection is only one of the beneficial
properties of the exponential transition, it also offers the
possibility to reduce the overall power line length, which will
be investigated in further research.

The antenna far field pattern has been investigated at the
center frequency of the design is the 25.5-26.5 GHz band, at 26
GHz. (Fig. 19)

Farfield Realzed Gan Abs (Phi=0)

200 -150 -100 50 0 50 100 150 200
Theta / Degree

Fig. 19. Radiation pattern plane cut of elliptical dielectric antenna with

exponential tapered air to dielectric transition.

The dielectric elliptical antenna diameter is d=24 mm,
therefore the geometrical aperture area is

d\? ®)
Ageom = (E) T = 452mm?

The antenna gain is G=15 dB can be determined from Fig.
19.
Based on this the antenna effective area is [14]
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According to the standard definition, Aperture efficiency of
an antenna, is the ratio of the effective radiating area (or
effective area) to the physical area of the aperture. Therefore,
the antenna aperture efficiency is:

At _ aop

geom

T’:

Aperture efficiencies of typical aperture antennas vary from
0.35 to over 0.70, so the dielectric elliptic antenna designed has
a quite significant.

As a final investigation the analytic radiation pattern plane
cut was compared to the simulated result. (Fig. 20)

Farfield normalised pattern plane cut

== Analytic model
===CST simulation

Normalised radiation pattern [dB]
G

-180 -150 -120 90 -60 -30 O 30 60 90
Theta [degree]

120 150 180

Fig. 20. Radiation pattern plane cut of elliptical dielectric antenna (Analytic
and simulated results).

Main results of the comparison
the analytic model gives a quite similar result for the main
beam,
the analytic model underestimates the side lobe levels.

The analytic model therefore can be used for determining the
3 dB beamwidth, which is a good starting parameter to estimate
the antenna directivity. On the other side the side lobe level has
also influence on directivity.

The main reasons of the differences
analytic model uses simplified radiation model for
wavelets, the Huygens elementary radiator,
instead of excitation point, the open circular waveguide
field is more difficult than an isotropic radiator.

Using Fresnel-Kirchoff wavelet element model, the radiation
pattern estimation can be improved, but the finite size open
circular waveguide excitation can be taken account only by
using either more difficult analytic model or by numerical field
solver like CST. [15]
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IV. OTHER APPLICATIONS OF DIELECTRIC ANTENNAS

Another important application of dielectric antennas is as
base station antennas for new generation mobile systems and
automotive radar antenna systems. The main difference in this
application is that the dielectric antenna is used as an element
of an antenna system, which can be beamforming system [16,
17] or MIMO system.

The [16] introduces linearly polarized flat lens antenna (LP-
FLA) for 5G system and [17] a microstrip patch feed dielectric
lens antenna for automotive radar.

Comparing the results of the present design with antennas
proposed in [16, 17] can be concluded that the main parameters
of the antennas are the following.

TABLEI
ANTENNA APERTURE EFFICIENCY AND SIDE LOBE LEVEL
Aperture .
Ref Efficiency Side Lobe Level
5G[16] 60% -20 dB
Automotive radar [17] 10% -16 dB
Present design 74% -18dB

It can be concluded that the proposed elliptical steering curve
antenna provides a similar side beam level with better aperture
efficiency, which is one of the most important aspects.

V. CONCLUSION

We presented a systematic design of a dielectric antenna for
microwave tank-level measurement radar system. The antenna
optimally fills the opening of the tank (Fig 1 and 2), therefore
maximal gain can be reached. The plane wave aperture
illumination ensures the improved sidelobe level to reduce the
side reflections from tank sidewalls. Detailed analysis of
aperture illumination and radiation pattern are introduced.

The main contribution of the article is introduction of the
complete design and analysis of a dielectric antenna for radar
and communications applications. We also optimized a new air
to dielectric circular waveguide transition with which the
matching has been improved by 5 dB in the working frequency
band.

Finally, the theoretical (analytical) radiation pattern is
compared to the simulated one.

We plan to finalize the antenna prototype and perform radiation
pattern measurements. Also 80 GHz band antenna design and
measurement are our next plans.
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