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57 ABSTRACT

The present invention relates to a radar level gauge system
comprising a signal propagation device; a microwave signal
source; a microwave signal source controller; a mixer config-
ured to combine a transmit signal from the microwave signal
source and a reflection signal from the surface to form an
intermediate frequency signal; and processing circuitry
coupled to the mixer and configured to determine the filling
level based on the intermediate frequency signal. The micro-
wave signal source is configured to exhibit a phase noise
greater than or equal to =70 dBc/Hz @ 100 kHz offset from a
carrier frequency for the transmit signal.
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LOW POWER RADAR LEVEL GAUGE
SYSTEM WITH INTEGRATED MICROWAVE
CIRCUIT

TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates to a radar level gauge
system, and to a method of determining a filling level of a
product in a tank.

TECHNICAL BACKGROUND

[0002] Since radar level gauging was commercialized in
the 1970’s and 1980’s, frequency modulated continuous
wave (FMCW) gauging has been the dominating measuring
principle for high accuracy applications. An FMCW-type
filling level measurement comprises transmitting into the
tank a signal which is swept over a frequency range in the
order of a few GHz. For example, the signal can be in the
range 24-27 GHz, or 9-10.5 GHz. The transmitted signal is
reflected by the surface of the product in the tank (or by any
other impedance transition) and an echo signal, which has
been delayed a certain time, is returned to the gauge. The echo
signal is combined with the transmitted signal in a mixer to
generate a combined signal, having a frequency equal to the
frequency change of the transmitted signal that has taken
place during the time delay. If a linear sweep is used, this
frequency, which is also referred to as an intermediate fre-
quency (IF), is proportional to the distance to the reflecting
surface. The combined signal from the mixer is often referred
to as an intermediate frequency signal or an IF-signal.
[0003] More recently, the FMCW principle has been
improved, and today typically involves transmitting not a
continuous frequency sweep but a signal with stepped fre-
quency and practically constant amplitude—a stepped fre-
quency sweep. When the transmitted and received signals are
mixed, each frequency step will provide one constant piece of
a piecewise constant IF-signal. The piecewise constant IF-
signal is sampled and the sampled signal is transformed to the
frequency plane, for example using FFT, in order to identify
frequency components of the IF-signal. The frequency com-
ponents may then be translated to distances, for example in
the form of an echo curve or similar.

[0004] Although highly accurate, conventional FMCW
systems—continuous as well as stepped—are relatively
power hungry, which makes them less suitable for applica-
tions where the power (and/or energy) is limited. Examples of
such applications include field devices powered by a two-
wire interface, such as a 4-20 mA loop, and wireless devices
powered by an internal energy source (e.g. a battery or a solar
cell).

[0005] For applications with limited available energy and/
or power, also the cost and size of a level measuring system
are often crucial parameters. Such applications may, for
example, be found in the process industry.

[0006] To allow such applications to benefit from the high
performance of FMCW-type radar level gauging, it would be
desirable to provide for a more compact and cost-efficient
FMCW-type radar level gauge system, which is also capable
of operating on the limited available power/energy with a
reasonable update frequency.

SUMMARY

[0007] Inview of the above, a general object of the present
invention is to provide for an improved radar level gauge
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system enabling accurate filling level determination for appli-
cations with severely limited supply of energy and/or power.
It is a further object of embodiments of the present invention
to achieve this at a lower cost than with currently available
radar level gauge systems of the FMCW-type.

[0008] According to a first aspect of the present invention,
it is therefore provided a loop-powered radar level gauge
system for determining the filling level of a product in a tank
and for providing a measurement signal indicative of the
filling level to aremote device via a two-wire 4-20 mA current
loop the two-wire 4-20 mA current loop being the only source
of external power for the loop-powered radar level gauge
system, the radar level gauge system comprising: loop inter-
face circuitry for providing the measurement signal to the
two-wire current loop and for providing power from the two-
wire current loop to the radar level gauge system; a signal
propagation device arranged to propagate an electromagnetic
transmit signal towards a surface of the product and to return
an electromagnetic reflection signal resulting from reflection
of'the electromagnetic transmit signal at the surface; a micro-
wave signal source coupled to the signal propagation device
and controllable to generate the electromagnetic transmit sig-
nal, the microwave signal source being configured to exhibit
aphase noise greater than or equal to -70 dBc/Hz @ 100 kHz
offset from a carrier frequency for the transmit signal; a
microwave signal source controller coupled to the microwave
signal source and configured to control the microwave signal
source to generate the transmit signal in the form of a mea-
surement sweep comprising a time sequence of discrete and
mutually different frequency steps defining a bandwidth of
the transmit signal; a mixer coupled to the microwave signal
source and to the signal propagation device, and configured to
combine the transmit signal and the reflection signal to form
an intermediate frequency signal; and processing circuitry
coupled to the mixer and configured to determine the filling
level based on the intermediate frequency signal, wherein at
least the microwave signal source and the mixer are com-
prised in an integrated microwave circuit.

[0009] According to a second aspect of the present inven-
tion, it is provided a locally powered radar level gauge system
for determining the filling level of a product in a tank and for
providing a measurement signal indicative of the filling level
to a remote device using wireless communication, compris-
ing: a signal propagation device arranged to propagate an
electromagnetic transmit signal towards a surface of the prod-
uct and to return an electromagnetic reflection signal result-
ing from reflection of the electromagnetic transmit signal at
the surface; a microwave signal source coupled to the signal
propagation device and controllable to generate the electro-
magnetic transmit signal, the microwave signal source being
configured to exhibit a phase noise greater than or equal to
-70 dBc/Hz @ 100 kHz offset from a carrier frequency for the
transmit signal; a microwave signal source controller coupled
to the microwave signal source and configured to control the
microwave signal source to generate the transmit signal in the
form of a measurement sweep comprising a time sequence of
discrete and mutually different frequency steps defining a
bandwidth of the transmit signal; a mixer coupled to the
microwave signal source and to the signal propagation
device, and configured to combine the transmit signal and the
reflection signal to form an intermediate frequency signal;
and processing circuitry coupled to the mixer and configured
to determine the filling level based on the intermediate fre-
quency signal; a wireless communication unit connected to
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the processing circuitry for retrieving the filling level from the
processing circuitry and wirelessly transmitting the measure-
ment signal to the remote device; and a local energy store for
supplying energy sufficient for operation of the radar level
gauge system, wherein at least the microwave signal source
and the mixer are comprised in an integrated microwave
circuit.

[0010] According to a third aspect of the present invention,
it is provided a radar level gauge system for determining the
filling level of a product in a tank, comprising: a signal propa-
gation device arranged to propagate an electromagnetic trans-
mit signal towards a surface of the product and to return an
electromagnetic reflection signal resulting from reflection of
the electromagnetic transmit signal at the surface; a micro-
wave signal source coupled to the signal propagation device
and controllable to generate the electromagnetic transmit sig-
nal, the microwave signal source being configured to exhibit
a phase noise a phase noise greater than or equal to -70
dBc/Hz @ 100 kHz offset from a carrier frequency for the
transmit signal; a microwave signal source controller coupled
to the microwave signal source and configured to control the
microwave signal source to generate the transmit signal in the
form of a measurement sweep comprising a time sequence of
discrete and mutually different frequency steps defining a
bandwidth of the transmit signal; a mixer coupled to the
microwave signal source and to the signal propagation
device, and configured to combine the transmit signal and the
reflection signal to form an intermediate frequency signal;
and processing circuitry coupled to the mixer and configured
to determine the filling level based on the intermediate fre-
quency signal, wherein at least the microwave signal source
and the mixer are comprised in an integrated microwave
circuit.

[0011] According to a fourth aspect of the present inven-
tion, it is provided a method of determining a filling level of a
product in a tank using a radar level gauge system compris-
ing: a signal propagation device; a microwave signal source
for generating an electromagnetic transmit signal coupled to
the signal propagation device, the microwave signal source
comprises a voltage controlled oscillator; a mixer coupled to
the microwave signal source and to the signal propagation
device, wherein at least the microwave signal source and the
mixer are comprised in an integrated microwave circuit,
wherein the method comprises the steps of: controlling the
voltage controlled oscillator to such an operating point that a
phase noise of the voltage controlled oscillator is greater than
or equal to =70 dBc/Hz @ 100 kHz offset from a carrier
frequency for the transmit signal; controlling the microwave
signal source to generate the transmit signal in the form of a
measurement sweep comprising a time sequence of discrete
and mutually different frequency steps defining a bandwidth
of the transmit signal; propagating, using the signal propaga-
tion device, the transmit signal towards a surface of the prod-
uct; returning, using the signal propagation device, a reflec-
tion signal resulting from reflection of the transmit signal at
the surface; combining, using the mixer, the transmit signal
and the reflection signal to form an intermediate frequency
signal; and determining the filling level based on the interme-
diate frequency signal.

[0012] An integrated microwave circuit should, in the con-
text of the present application, be understood to mean a type
of monolithic (single die) integrated circuit (IC) device that
operates at microwave frequencies (such as about 300 MHz to
about 300 GHz).
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[0013] An integrated microwave circuit is often referred to
as an MMIC (Monolithic Microwave Integrated Circuit).
[0014] MMICs may, for example, be fabricated using SiGe,
or a I1I-V compound semiconductor such as GaAs or InP.
[0015] The integrated microwave circuit may advanta-
geously be comprised in a multi chip module together with
one or several other integrated circuits to provide more func-
tionality to a single electronic component (defined by a single
electronic component package).

[0016] The mixer may be provided in the form of any cir-
cuitry capable of combining the transmit signal and the
reflection signal in such a way that an intermediate frequency
signal is formed that is indicative of the phase difference
between the transmit signal and the reflection signal.

[0017] One example of a simple and compact mixer is the
so-called single diode leaky mixer.

[0018] In various embodiments, the electromagnetic trans-
mit signal may have substantially constant amplitude. The
power of the transmit signal may be in the range of =50 dBm
to +5 dBm, typically 0 dBm,ie 1 mW.

[0019] The present invention is based on a number of real-
izations.
[0020] Firstly, it has been realized that a key factor to

reduce the cost of a currently available FMCW-type radar
level gauge system is to reduce the size of the mechanical
parts thereof, since these are often precision manufactured
from high quality materials, such as high-grade stainless
steel. Another important factor is the production yield, in
particular of the microwave signal source (and the mixer).
[0021] Secondly, the present inventors have realized that
both a reduction in size and an increase in the production yield
can be achieved by providing at least the microwave signal
source and the mixer in the form of a single integrated micro-
wave circuit (MMIC). Hereby, a large number of discrete
components can be replaced by a single component or a few
components.

[0022] However, currently available integrated microwave
circuits comprising a microwave signal source are often
intended for communication applications where the phase
noise should be very low or for automotive applications,
where the supply of energy/power is not an issue. It would
therefore appear that integrated microwave circuits are not
suited for the desired applications, where energy/power is
scarce.

[0023] Because of the relatively short distance involved in
radar level gauging for tanks, the requirements on phase noise
is not as strict as for other radar applications for greater
ranges. Furthermore, a reduction in the requirement on phase
noise allows the microwave signal source to be designed to
consume less power. Accordingly, configuring the microwave
signal source to exhibit a phase noise greater than or equal to
-70 dBc/Hz @ 100 kHz offset from a carrier frequency for the
transmit signal allows for reduced power consumption, while
still providing for sufficient measurement performance for
the measurement range of the radar level gauge system.
[0024] Hence, the present inventors have surprisingly
found that, using an integrated microwave circuit comprising
at least the microwave signal source and the mixer, wherein
the microwave signal source is configured to exhibit a phase
noise greater than or equal to —70 dBc/Hz @ 100 kHz offset
from a carrier frequency for the transmit signal, allows a
significant reduction in the energy/power consumption of the
radar level gauge system while maintaining sufficient perfor-
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mance, for example with respect to update rate. For instance,
a filling level measurement may be performed one time per
second.

[0025] Tests and theoretical calculations show that a sweep
duration of about 10 ms should be sufficiently short to fulfill
the energy/power consumption criteria for a two-wire current
loop system, which is currently seen as the most challenging
application.

[0026] Accordingly, all of the above-mentioned inventive
insights contribute synergistically to provide for high accu-
racy FMCW-type radar level gauging using a compact and
cost-efficient radar level gauge system, that can still be pow-
ered using a two-wire communication interface or a local
energy source.

[0027] Advantageously, the microwave circuitry and mea-
surement electronics components may be mounted on the
same circuit board, which facilitates production and reduces
cost.

[0028] In various embodiments of the radar level gauge
system, the microwave signal source controller may be con-
figured to control the microwave signal source to generate the
measurement sweep having a time duration of less than 5 ms.
[0029] This may provide for even lower energy consump-
tion because of a shorter on-time of the microwave signal
source.

[0030] Moreover, the radar level gauge system according to
various embodiments of the present invention may further
comprise a sampler coupled to the mixer and configured to
sample the intermediate frequency signal at less than 500
sampling times during the measurement sweep.

[0031] This provides for a further reduction in the energy
consumption of the radar level gauge system, because the
time used for processing the intermediate frequency signal
can be reduced.

[0032] According to various embodiments, furthermore,
the microwave signal source controller and the sampler may
be controllable independently of each other, in such a way
that a duration of each of the frequency steps comprised in the
measurement sweep can be made different from a sampling
time interval between consecutive ones of the sampling times.
[0033] Hereby, the formation of the measurement sweep
and the sampling interval can be independently controlled to
tailor the operation of the radar level gauge system for an
optimal combination of measurement performance and
power/energy consumption of different applications.

[0034] For example, the microwave signal source control-
ler and the sampler may advantageously be controlled in such
a way that the duration of each of the frequency steps of the
measurement sweep is substantially shorter than the sampling
time interval.

[0035] This may reduce the risk of distortion of the inter-
mediate frequency signal due to large frequency steps, which
improves the reliability and/or accuracy of measurement, in
particular for long measurement distances.

[0036] According to various embodiments of the present
invention, the bandwidth of the transmit signal may be at least
1 GHz, whereby a sufficient resolution can be achieved for
most applications.

[0037] In various embodiments of the radar level gauge
system according to the present invention, the measurement
sweep may be a frequency sweep from a first frequency being
the highest frequency of the frequency sweep to a second
frequency being the lowest frequency of the frequency sweep.
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[0038] This enables improved operation of the radar level
gauge system in embodiments where energy is stored in an
energy store between measurement operations. Typically, the
microwave signal source needs a higher input voltage to pro-
vide a high frequency than to provide a low frequency—this
is particularly the case for a microwave signal source com-
prising a so-called voltage controlled oscillator (VCO). If
energy storage, for example using one or several capacitor(s)
is utilized, the capability to provide a sufficiently high voltage
for the highest frequency of the frequency sweep will be
greater in the beginning of the measurement operation than at
the end of the measurement operation.

[0039] According to various embodiments, furthermore,
the microwave signal source controller may advantageously
comprise PLL circuitry and a crystal oscillator coupled to the
PLL circuitry.

[0040] The PLL (phase lock loop or phase-locked loop)
circuitry may, for example, be a so-called analog or linear
PLL (LPLL), a digital PLL (DPLL), an all digital PLL (AD-
PLL) or a software PLL (SPLL).

[0041] The PLL circuitry may advantageously be com-
prised in the same electronic component package as the inte-
grated microwave circuit, and the crystal oscillator may be
arranged outside the electronic component package.

[0042] In various embodiments, the microwave signal
source controller may further comprise a low pass filter con-
nected between the PLL and the microwave signal source.
[0043] The low pass filter may advantageously be arranged
outside the electronic component package enclosing the inte-
grated microwave circuit.

[0044] According to various embodiments of the present
invention, the radar level gauge system may be controllable
between at least a first sweep mode and a second sweep mode,
wherein: in the first sweep mode, the microwave signal source
controller is configured to control the microwave signal
source to generate a first measurement sweep having a first
time duration and a first bandwidth; and in the second sweep
mode, the microwave signal source controller is configured to
control the microwave signal source to generate a second
measurement sweep having a second time duration and a
second bandwidth, at least one of the second time duration
and the second bandwidth being substantially different from
the first time duration and the first bandwidth, respectively.
[0045] For any sampled FMCW system (continuous sweep
or stepped), the maximum measuring distance (range), L, is
determined as:

L=Nc/4B,

[0046] where N is the number of samples, c is the speed of
light, and B is the bandwidth of the measurement sweep.
[0047] An increased bandwidth B gives an improved reso-
lution, but from the above relation it is clear that an increased
bandwidth B will lead to a reduced range L, unless the num-
ber of samples N is increased. However, as the sampling
frequency is fixed at a reasonable value from an A/D conver-
sion standpoint, any increase of the number of samples will
inevitably lead to an increased sweep time.

[0048] For a given measurement range, there is thus a
tradeoff between resolution (bandwidth) on the one hand, and
power consumption (sweep time) on the other.

[0049] By providing a radar level gauge system that is
controllable between different sweep modes as outlined
above, different tradeoffs can, for instance, be made for dif-
ferent intended measurement ranges. In applications where
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available power is very scarce, such as the loop-powered or
battery-powered radar level gauge systems mentioned in the
Background section, the time durations of the measurement
sweep may be substantially the same in the different modes,
and the bandwidth may be tuned to allow for an increased
measurement range at the expense of measurement resolu-
tion. This extends the number of applications in which
embodiments of the radar level gauge system can be utilized.
[0050] According to various embodiments, the radar level
gauge system of the present invention may advantageously be
controllable between an active state in which the microwave
signal source is controlled to generate the transmit signal, and
an idle state in which no transmit signal is generated.

[0051] The radar level gauge system may further comprise
an energy store configured to store energy when the radar
level gauge system is in the idle state and provide energy to
the microwave signal source when the radar level gauge sys-
tem is in the active state.

[0052] The local energy store may, for example, comprise a
battery, a capacitor, and/or a super capacitor.

[0053] Moreover, the radar level gauge system may further
comprise wireless communication circuitry, such as a radio
transceiver, for wireless communication with a remote sys-
tem.

[0054] It should be noted that the signal propagation device
may be any suitable radiating antenna or transmission line
probe. Examples of antennas include a horn antenna, a rod
antenna, an array antenna and a parabolic antenna, etc.
Examples of transmission line probes include a single line
probe (Goubau probe), a twin line probe and a coaxial probe
etc.

[0055] It should also be noted that the processing circuitry
may be provided as one device or several devices working
together.

[0056] In summary, the present invention thus relates to a
radar level gauge system comprising a signal propagation
device; amicrowave signal source; a microwave signal source
controller; a mixer configured to combine a transmit signal
from the microwave signal source and a reflection signal from
the surface to form an intermediate frequency signal; and
processing circuitry coupled to the mixer and configured to
determine the filling level based on the intermediate fre-
quency signal. The microwave signal source is configured to
exhibit a phase noise greater than or equal to =70 dBc/Hz @
100 kHz offset from a carrier frequency for the transmit
signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0057] These and other aspects of the present invention will
now be described in more detail, with reference to the
appended drawings showing a currently preferred embodi-
ment of the invention, wherein:

[0058] FIG. 1a schematically shows a process monitoring
system comprising a radar level gauge system according to a
first example embodiment of the present invention;

[0059] FIG. 15 schematically shows a process monitoring
system comprising a radar level gauge system according to a
second example embodiment of the present invention;
[0060] FIG. 2a is a block diagram schematically illustrat-
ing the radar level gauge system in FIG. 1a;

[0061] FIG. 25 is a block diagram schematically illustrat-
ing the radar level gauge system in FIG. 15;

[0062] FIG. 3 is a schematic cross-section view of the radar
level gauge system in FIGS. 1a-5;
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[0063] FIG. 4a is a schematic plane view of the measure-
ment module comprised in the radar level gauge system in
FIG. 3,

[0064] FIG. 45 schematically shows the transceiver MCM
(multi-chip module) comprised in the measurement module
in FIG. 4a;

[0065] FIG. 5 is a schematic block diagram of the radar
level gauge system in FIG. 3;

[0066] FIG. 6 is a diagram schematically illustrating the
available voltage level during a measurement sweep in an
example embodiment;

[0067] FIG.7is a diagram schematically illustrating a mea-
surement sweep according to an example embodiment of the
present invention; and

[0068] FIG. 8 is a diagram schematically illustrating the
intermediate frequency signal that is sampled in order to
determine the filling level.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS OF THE INVENTION

[0069] Inthe present detailed description, various embodi-
ments of the radar level gauge system according to the present
invention are mainly discussed with reference to a radar level
gauge system comprised in a process monitoring system and
connected to a remote host by means of a two-wire 4-20 mA
communication loop which is also used for providing power
to the radar level gauge system, and to a battery-powered
radar level gauge system with wireless communication capa-
bilities.

[0070] It should be noted that this by no means limits the
scope of the present invention, which equally well includes,
for example, radar level gauge systems that are not included
in a process management system or radar level gauge systems
that are not loop-powered or battery-powered.

[0071] FIG. 1a schematically shows a process monitoring
system 1 comprising a plurality of field devices, including a
first embodiment of a radar level gauge system 2 and a tem-
perature sensing device 3 connected to a host system 4
through a communication line 5 in the form of a 4-20 mA
current loop. Further field devices connected to the commu-
nication line 5 are schematically indicated as boxes.

[0072] The radar level gauge system 2 and the temperature
sensor 3 are both arranged on a tank containing a product 8 to
be gauged.

[0073] Inaddition to providing signals on the current loop,
typically in the form of a current value being indicative of a
measurement value, the field devices may be powered using
the current provided by the current loop 5. As has been pre-
viously discussed further above in the Background and Sum-
mary sections, this severely limits the power that is available
for operation of the field devices, in particular for active field
devices, such as the radar level gauge system 2 in FIG. 1a.
[0074] Following voltage conversion to the operating volt-
age(s) of the radar level gauge system 2, less than 30 mW may
be available for the operation of the radar level gauge system.
[0075] As a consequence, FMCW-type radar level gauge
systems have so far not been widely used in loop-powered
applications, but so-called pulsed radar level gauge systems
have instead been deployed. Even for such low-power pulsed
radar level gauge systems, measures have been taken to make
more power available when needed in loop-powered applica-
tions. For instance, at least parts of the radar level gauge
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system have been operated intermittently and energy has been
stored during inactive or idle periods to be used during active
periods.

[0076] Solutions for intermittent operation and energy stor-
age are, for example, described in U.S. Pat. No. 7,952,514,
U.S. Pat. No. 8,477,064 and U.S. Ser. No. 12/603,048, each of
which is hereby incorporated by reference in its entirety.

[0077] FIG. 15 schematically shows a process monitoring
system 1 comprising a plurality of field devices, including a
second embodiment of a radar level gauge system 2 and a
temperature sensing device 3 that are wirelessly connected to
the host system 4. In this second embodiment, the radar level
gauge system is powered by a local energy store, such as a
battery with a capacity greater than 0.5 Ah, and comprises a
communication antenna 9 to allow wireless communication
with the host system 4.

[0078] FIG. 2a is a block diagram schematically illustrat-
ing an exemplary embodiment of the loop-powered radar
level gauge system 2 in FIG. 1a.

[0079] The radarlevel gauge system 2 in FIG. 2a comprises
a measurement module 12 for determining the filling level,
and loop interface circuitry 112 for providing a measurement
signal S; indicative of the filling level to the two-wire current
loop 5, and for providing power from the two-wire current
loop 5 to the measurement module 12.

[0080] The loop interface circuitry 112 comprises current
control circuitry in the form of a controllable current source
114, a first DC-DC converter 115 and voltage regulation
circuitry 116.

[0081] During operation of the radar level gauge system 2,
the controllable current source 114 is controlled by the mea-
surement module 12 to provide the measurement signal S; to
the two-wire current loop 5. The measurement signal S; may
be in the form of a the loop current I; (a DC current level)
and/or a an AC signal superimposed on the loop current ;. An
example of the latter case could be communication on a 4-20
mA current loop according to the HART-protocol.

[0082] In the exemplary case that is schematically illus-
trated in FIG. 2a, itis assumed that the measurement signal S,
is provided in the form of a certain loop current I; between 4
mA and 20 mA.

[0083] The first DC-DC converter 115 has input terminals
118a-b and output terminals 119a-b, where the input termi-
nals 118a-b are connected to the two-wire current loop 5 in
series with the controllable current source 114, and the output
terminals are connected to the measurement module 12 to
provide power from the two-wire current loop 5 to the mea-
surement module 12. The power from the two-wire 4-20 mA
current loop 5 is the only external power that is provided to the
radar level gauge system 2.

[0084] The voltage regulation circuitry 116 monitors the
voltage V_, across the current source 114 and controls the
input voltage V,,, of the first DC-DC converter to keep the
voltage V_, across the current source 114 substantially con-
stant at a predetermined value, such as 2 V, when the loop
voltage V; varies. This may be realized in various ways by
one of ordinary skill in the art. For example, the first converter
115 may be a switching converter of the so-called “buck/
boost” type. Such a converter may, for example, be realized in
the form of a so-called SEPIC converter, which is well known
to electrical engineers. The input voltage of a SEPIC con-
verter can be controlled by controlling a switching transistor
in the converter, for example using pulse width modulation.
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[0085] However, practically any switching converter may
be used in the field device according to various embodiments
of'the present invention. For example, a forward converter or
a flyback converter may be used.

[0086] On the output side of the converter 115, additional
circuitry 121 may be provided, which may have different
configurations depending on the desired function. Some
examples of such additional circuitry 121 are described in
detail in U.S. Pat. No. 8,477,064, which is hereby incorpo-
rated by reference in its entirety.

[0087] When a new measurement signal S; should be pro-
vided to the two-wire current loop 5, the controllable current
source 114 is controlled by the measurement module 12 to
provide a new loop current I; to the two-wire current loop. In
order to modify the loop current I, the voltage V_, across the
controllable current source should temporarily be allowed to
be changed. However, the voltage regulation circuitry strives
to keep the voltage V_ across the controllable current source
114 constant. To allow for rapid and accurate changes in the
measurement signal, while at the same time keeping the volt-
age V_, across the controllable current source substantially
constant over time, the control of the controllable current
source 114 may preferably be faster (have a shorter time
constant) than the control of the voltage V,, across the input
terminals 118a-b of the first converter 115.

[0088] With reference to FIG. 25, the second embodiment
of the radar level gauge system 2 in FIG. 15 comprises a
measurement unit (MU) 210, a wireless communication unit
(WCU) 211 and a local energy store in the form of a battery
212. The wireless communication unit 211 may advanta-
geously be compliant with WirelessHART (IEC 62591).

[0089] As is schematically indicated in FIG. 254, the mea-
surement unit 210 comprises a first output 214, a second
output 215, and a first input 216. The first output 214 is
connected to a first input 217 of the wireless communication
unit 211 through a first dedicated discreet line, the second
output 215 is connected to a second input 218 of the wireless
communication unit 211, and the first input 216 is connected
to a first output 219 of the wireless communication unit 211
through a second dedicated discreet line. The second output
215 of the measurement unit 210 and the second input 218 of
the wireless communication unit 211 may be configured to
handle bidirectional data communication according to a serial
or a parallel communication protocol to allow exchange of
data between the measurement unit 210 and the wireless
communication unit 211. The communication between the
measurement unit 210 and the wireless communication unit
211 using the different inputs/outputs is described in more
detail in U.S. patent application Ser. No. 13/537,513, which is
hereby incorporated by reference in its entirety.

[0090] The above examples of a 4-20 mA current loop
configuration and a wireless and locally powered configura-
tion are intended to give the skilled person detailed examples
of how various aspects and embodiments of the radar level
gauge system according to the present invention can be
implemented. It should, however, be noted that there are
many other ways of interfacing a radar level gauge system
with a 4-20 mA current loop and many other ways of config-
uring and controlling a wireless radar level gauge system that
is powered by a local energy store. Such other ways are
widely accessible to one of ordinary skill in the art and can be
implemented without excessive experimentation or undue
burden.
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[0091] Referring now to FIG. 3, which is a schematic and
simplified exploded view of the radar level gauge system 2 in
FIGS. 1a-b, the radar level gauge system 2 comprises, an
upper housing part 11, a measurement module 12, a lower
housing part 13, and a dielectric plug 14.

[0092] The lower housing part 13 comprises a waveguide
portion and a conical antenna portion (not shown), and the
dielectric plug is formed to fill up and seal the opening of the
conical antenna portion and the waveguide portion.

[0093] The measurement module 12, which will be
described in further detail below with reference to FIGS.
4a-b, has a microwave electronics side 19 and a measurement
electronics side 20. On the microwave electronics side 19, the
measurement module 12 comprises components for generat-
ing, transmitting and receiving electromagnetic measurement
signals in the microwave frequency range, and a connector 21
for providing the transmitted signals to the wave guide of the
lower housing part 13. Various components are schematically
indicated as simple boxes in FIG. 2.

[0094] Referring now to FIG. 4a, which is a schematic
plane view of the microwave electronics side 19 of the mea-
surement module 12, the microwave electronics part—the
transceiver—of the measurement module 12 comprises a
crystal oscillator 25, components forming a low pass filter 26,
and a chip radar component 27.

[0095] Asisevident from FIG. 4a, the microwave electron-
ics part of the measurement module 12 is very compact and is
formed by very few components. This is a key factor for being
able to design a very compact FMCW-type radar level gauge
system 2. In particular, referring again briefly to FIG. 3, the
upper housing part 11 and the lower housing part 13 can be
made using considerably less material than was previously
possible, resulting in a cheaper, more compact radar level
gauge system.

[0096] Furthermore, providing most of the functionality of
the transceiver in the chip radar component 27 improves the
production yield of the measurement module 12 and practi-
cally removes the need for time-consuming component trim-
ming and testing in production.

[0097] FIG. 4b schematically illustrates the chip radar
component 27 that is mounted on the microwave electronics
side 19 of the measurement module 12. As is schematically
indicated in FIG. 44, the chip radar component 27 is a QFP
(quad flat pack) type component comprising a package sub-
strate 30, a first IC 31, a second IC 32, an encapsulating
material 33 and a plurality of pins 34 for connection of the
chip radar component 27 to the measurement module 12.
[0098] The first IC 31 is an integrated PLL. component
which is wire-bonded to the package substrate 30. The inte-
grated PLL component may, for example, be HMC 703 from
Hittite or ADF 4158 from Analog Devices. The second IC 32,
which is also wire-bonded to the package substrate 30, is a
custom made application specific integrated microwave cir-
cuit comprising the microwave signal source and the mixer of
the radar level gauge system 2. This integrated microwave
circuit 32, which will be described in more detail below with
reference to FIG. 4, has been designed to exhibit a phase noise
in the range —70 dBc/Hz to =50 dBc/Hz @ 100 kHz offset
from a carrier frequency for the microwave signal generated
and transmitted by the integrated microwave circuit 32.
[0099] FIG. 5 is a schematic block diagram of the radar
level gauge system 2 in FIG. 2. As previously described, the
radar level gauge system 2 comprises microwave electronics
40 (on the microwave electronics side 19 of the measurement
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module 12), measurement electronics 41 (on the measure-
ment electronics side 20 of the measurement module 12), and
communication and power supply circuitry 42.

[0100] Referring to FIG. 5, the microwave electronics 40
comprises VCO (voltage controlled oscillator) 45, current
supply circuitry 46, PLL 31, crystal oscillator 25, low-pass
filter 26, and mixer 48.

[0101] TheVCO 45, the current supply circuitry 46, and the
mixer 48 are comprised in the integrated microwave circuit
(MMIC) 32 (referring also to FIG. 3b). The PLL 31 and the
MMIC 32 are included in the chip radar component 27, and
the crystal oscillator 25 and the low pass filter 26 are provided
as discrete components outside the chip radar component 27.
[0102] The measurement electronics 41 comprises sampler
51, ND-converter 52, and microprocessor 55.

[0103] The communication and power supply circuitry 42
comprises a power supply module 57 and a communication
interface module 58.

[0104] In operation, the VCO 45 is controlled by a micro-
wave signal source controller comprising the crystal oscilla-
tor 25, the PLL 31 and the low-pass filter to generate an
electromagnetic transmit signal.

[0105] The current supply circuitry 46 is configured to bias
the VCO 45 at an operating point at which the VCO 45
exhibits a phase noise in the range —70 dBc/Hz to =50 dBc/Hz
@ 100 kHz offset from a carrier frequency for the transmit
signal. This will allow more energy efficient operation of the
VCO than in existing chip radar components at the expense of
a higher phase noise. As has been previously mentioned,
however, in the particular application of level gauging in
tanks, sufficient (and high) sensitivity can be achieved even at
a relatively high phase noise level due to the relatively short
measurement distance.

[0106] As is schematically indicated in FIG. 5, the transmit
signal TX is provided to the signal propagation circuitry
(antenna or transmission line probe) which propagates the
transmit signal TX towards the surface of the product 8 in the
tank 7. The transmit signal TX is reflected at the surface, and
a reflection signal RX is returned to the microwave electron-
ics 40 of the radar level gauge system 2. In particular, the
reflection signal RX is provided to the mixer 48, where the
reflection signal RX is combined with the transmit signal TX
to form an intermediate frequency signal IF.

[0107] The intermediate frequency signal IF is routed from
the microwave electronics 40 to the measurement electronics
41, where the signal IF is sampled by sampler 51 and the
sampled signal values are converted to digital form by the
A/D-converter 52 before being provided to the microproces-
sor 55, where the filling level is determined. In addition to
determining the filling level, the microprocessor 55 controls
the PLL 31 and communicates with a remote device via the
communication interface module 58.

[0108] Inthe radar level gauge system 2 of FIG. 5, the PLL
31 and the sampler 51 (and the A/D-converter 52) are inde-
pendently controllable, so that the microprocessor 55 can
control the PLL 31 to in turn control the VCO 45 to generate
frequency steps with a certain time duration t,,,,, and at the
same time control sampling to take place with a sampling
interval t,,,,,,;, that is different from the time duration t,,,, of
the frequency steps.

[0109] Moreover, the microprocessor may store, internally
or externally, parameters corresponding to different sweep
modes. Such different sweep modes may, for example, be
adapted for different measurement ranges L. The micropro-

step
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cessor 55 may receive a command via the communication
interface 58 to switch to a different sweep mode. In response,
the microprocessor 55 may then access the stored parameters
related to the requested sweep mode, and control at least the
PLL 31 in accordance with the new parameters.

[0110] Examples of sweep mode parameters are provided
in the table below:

Measurement range (L) Bandwidth (B) Sweep time (t,,,..,)
20 meters 2 GHz 4-5 ms
40 meters 1 GHz 4-5 ms

[0111] The microwave electronics 40 and the measurement
electronics 41 are powered via the power supply module 57,
which may advantageously comprise an energy store, such as
one or several capacitor(s) for storing energy when energy is
available on the current loop 5 and providing energy to the
microwave electronics 40 and/or the measurement electron-
ics 41 when more energy is required than is available on the
current loop 5.

[0112] Due to the limited energy storage capability of a
capacitor or similar, the supply voltage from the power supply
module 57 to the microwave electronics may decrease as a
result of current being drawn from the power supply module
57. This effect is schematically indicated in FIG. 5. During a
measurement operation, the output voltage from the power
supply module 57 may, referring to FIG. 5, decrease from
Vstart to Vend'

[0113] Depending on the amount of energy stored in the
power supply module 57, the voltage V_, ; at the end of the
measurement operation may not be sufficient to control the
VCO 45 to generate the highest frequency (f; in FIG. 6) of the
measurement frequency sweep.

[0114] Therefore, in embodiments of the present invention,
the VCO 45 may be controlled to generate the transmit signal
TX as a frequency sweep from a high frequency f; to a low
frequency f,, instead of in the conventional manner from a
low frequency to a high frequency. This will decrease the risk
of incorrect frequencies being generated due to a depleted
energy store.

[0115] InFIG. 7, a measurement sweep is shown compris-
ing a time sequence of discrete and mutually different fre-
quency steps, defining a bandwidth B of the transmit signal
TX. Referring to FIG. 7, the bandwidth B=f,. The time dura-
tiont,,,,, of the measurement sweep is less than 10 ms. The
duration of each frequency step is, as is indicated in FIG. 7,
tsrep» and the frequency difference between adjacent (in terms
of frequency) frequency steps is 1.
[0116] Due to the relatively short distance from the radar
level gauge system 2 to the surface of the product 8 in the tank
7 (compared to the speed of light), the reflection signal RX
will (almost) always have the same frequency as the stepped
transmit signal TX, but with (in this case) decreasing phase
difference from the start of the measurement sweep to the end
of the measurement sweep.

[0117] This decreasing phase difference will correspond to
the frequency difference that would have been obtained using
continuous FMCW, and the intermediate frequency signal IF
will, in the time domain, look like the stepped sine wave
schematically shown in FIG. 8.

[0118] In the exemplary case illustrated by the IF-signal in
FIG. 8, the PLL 31 has been controlled to, in turn, control the
VCO 45 to generate frequency steps with a step timet,,,, and

step?
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the sampler 51 has been controlled to sample the IF-signal
with a sampling interval t,,,,,. between consecutive sam-
pling times that is considerably longer than the step time t,,,,,.
This may be advantageous since the generation of the trans-
mit signal TX with a relatively short step time t,,,,, does not
“cost” much extra power while considerably reducing the risk
of “false echoes” due to distortion of the IF-signal. On the
other hand, the sampling frequency can be kept down (the
sampling interval t_,, , kept longer) to reduce the power
consumption of the measurement electronics 41.

[0119] The person skilled in the art realizes that the present
invention by no means is limited to the preferred embodi-
ments described above. On the contrary, many modifications
and variations are possible within the scope of the appended
claims.

1. A loop-powered radar level gauge system for determin-
ing the filling level of a product in a tank and for providing a
measurement signal indicative of said filling level to a remote
device via a two-wire 4-20 mA current loop said two-wire
4-20 mA current loop being the only source of external power
for said loop-powered radar level gauge system, said radar
level gauge system comprising:

loop interface circuitry for providing said measurement
signal to the two-wire current loop and for providing
power from said two-wire current loop to said radar level
gauge system,

a signal propagation device arranged to propagate an elec-
tromagnetic transmit signal towards a surface of the
product and to return an electromagnetic reflection sig-
nal resulting from reflection of the electromagnetic
transmit signal at the surface;

a microwave signal source coupled to said signal propaga-
tion device and controllable to generate said electromag-
netic transmit signal, said microwave signal source
being configured to exhibit a phase noise greater than or
equal to -70 dBc/Hz @ 100 kHz offset from a carrier
frequency for said transmit signal;

a microwave signal source controller coupled to said
microwave signal source and configured to control said
microwave signal source to generate said transmit signal
in the form of a measurement sweep comprising a time
sequence of discrete and mutually different frequency
steps defining a bandwidth of said transmit signal;

a mixer coupled to said microwave signal source and to
said signal propagation device, and configured to com-
bine said transmit signal and said reflection signal to
form an intermediate frequency signal; and

processing circuitry coupled to said mixer and configured
to determine said filling level based on said intermediate
frequency signal,

wherein at least said microwave signal source and said
mixer are comprised in an integrated microwave circuit.

2. The radar level gauge system according to claim 1,
wherein said microwave signal source is configured to exhibit
a phase noise smaller than -50 dBc/Hz @ 100 kHz offset
from a carrier frequency for said transmit signal.

3. The radar level gauge system according to claim 1,
wherein said microwave signal source comprises a voltage
controlled oscillator.

4. The radar level gauge system according to claim 3,
further comprising current supply circuitry configured to
maintain said voltage controlled oscillator at such an operat-
ing point that a phase noise of said voltage controlled oscil-
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lator is in the range of =70 dBc/Hz to —=50 dBc¢/Hz @ 100 kHz
offset from a carrier frequency for said transmit signal.

5. The radar level gauge system according to claim 4,
wherein said current supply circuitry is comprised in said
integrated microwave circuit.

6. The radar level gauge system according to claim 1,
wherein said measurement sweep has a time duration of less
than 10 ms.

7. The radar level gauge system according to claim 6,
wherein said measurement sweep has a time duration of less
than 5 ms.

8. The radar level gauge system according to claim 1,
wherein said bandwidth of the transmit signal is at least 2.5
GHz.

9. The radar level gauge system according to claim 1,
wherein said radar level gauge system is configured to pro-
vide a first transmit signal having a first carrier frequency and
a second transmit signal having a second carrier frequency
being at least 1.5 times higher than said first transmit signal.

10. The radar level gauge system according to claim 1,
wherein said microwave signal source controller comprises
PLL circuitry and a crystal oscillator coupled to the PLL
circuitry.

11. The radar level gauge system according to claim 1,
wherein said radar level gauge system is controllable between
at least a first sweep mode and a second sweep mode,
wherein:

in said first sweep mode, said microwave signal source
controller is configured to control said microwave signal
source to generate a first measurement sweep having a
first time duration and a first bandwidth; and

in said second sweep mode, said microwave signal source
controller is configured to control said microwave signal
source to generate a second measurement sweep having
a second time duration and a second bandwidth,

at least one of said second time duration and said second
bandwidth being substantially different from said first
time duration and said first bandwidth, respectively.

12. The radar level gauge system according to claim 11,
wherein said second bandwidth is at least 1.5 times said first
bandwidth.

13. The radar level gauge system according to claim 1,
wherein said radar level gauge system is controllable between
an active state in which said microwave signal source is
controlled to generate said transmit signal, and an idle state in
which no transmit signal is generated.

14. The radar level gauge system according to claim 13,
further comprising an energy store configured to store energy
when the radar level gauge system is in said idle state and
provide energy to said microwave signal source when the
radar level gauge system is in said active state.

15. A locally powered radar level gauge system for deter-
mining the filling level of a product in a tank and for providing
a measurement signal indicative of said filling level to a
remote device using wireless communication, comprising:

a signal propagation device arranged to propagate an elec-
tromagnetic transmit signal towards a surface of the
product and to return an electromagnetic reflection sig-
nal resulting from reflection of the electromagnetic
transmit signal at the surface;

a microwave signal source coupled to said signal propaga-
tion device and controllable to generate said electromag-
netic transmit signal, said microwave signal source
being configured to exhibit a phase noise greater than or
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equal to -70 dBc/Hz @ 100 kHz offset from a carrier
frequency for said transmit signal;

a microwave signal source controller coupled to said
microwave signal source and configured to control said
microwave signal source to generate said transmit signal
in the form of a measurement sweep comprising a time
sequence of discrete and mutually different frequency
steps defining a bandwidth of said transmit signal;

a mixer coupled to said microwave signal source and to
said signal propagation device, and configured to com-
bine said transmit signal and said reflection signal to
form an intermediate frequency signal; and

processing circuitry coupled to said mixer and configured
to determine said filling level based on said intermediate
frequency signal;

a wireless communication unit connected to said process-
ing circuitry for retrieving said filling level from said
processing circuitry and wirelessly transmitting said
measurement signal to the remote device; and

a local energy store for supplying energy sufficient for
operation of said radar level gauge system,

wherein at least said microwave signal source and said
mixer are comprised in an integrated microwave circuit.

16. The radar level gauge system according to claim 15,
wherein said microwave signal source is configured to exhibit
a phase noise smaller than -50 dBc/Hz @ 100 kHz offset
from a carrier frequency for said transmit signal.

17. The radar level gauge system according to claim 15,
wherein said microwave signal source comprises a voltage
controlled oscillator.

18. The radar level gauge system according to claim 17,
further comprising current supply circuitry configured to
maintain said voltage controlled oscillator at such an operat-
ing point that a phase noise of said voltage controlled oscil-
lator is in the range of =70 dBc/Hz to —-50 dBc/Hz @ 100 kHz
offset from a carrier frequency for said transmit signal.

19. The radar level gauge system according to claim 18,
wherein said current supply circuitry is comprised in said
integrated microwave circuit.

20. The radar level gauge system according to claim 15,
wherein said local energy store is a battery having an energy
storage capacity of at least 0.5 Wh, preferably at least 5 Wh.

21. The radar level gauge system according to claim 15,
wherein said measurement sweep has a time duration of less
than 10 ms.

22. The radar level gauge system according to claim 21,
wherein said measurement sweep has a time duration of less
than 5 ms.

23. The radar level gauge system according to claim 15,
wherein said bandwidth of the transmit signal is at least 2.5
GHz.

24. The radar level gauge system according to claim 15,
wherein said radar level gauge system is configured to pro-
vide a first transmit signal having a first carrier frequency,
such as around 6 GHz, and a second transmit signal having a
second carrier frequency being at least 1.5 times higher than
said first transmit signal, such as around 24 GHz.

25. The radar level gauge system according to claim 15,
wherein said microwave signal source controller comprises
PLL circuitry and a crystal oscillator coupled to the PLL
circuitry.
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26. The radar level gauge system according to claim 15,
wherein said radar level gauge system is controllable between
at least a first sweep mode and a second sweep mode,
wherein:

in said first sweep mode, said microwave signal source
controller is configured to control said microwave signal
source to generate a first measurement sweep having a
first time duration and a first bandwidth; and

in said second sweep mode, said microwave signal source
controller is configured to control said microwave signal
source to generate a second measurement sweep having
a second time duration and a second bandwidth,

at least one of said second time duration and said second
bandwidth being substantially different from said first
time duration and said first bandwidth, respectively.

27. The radar level gauge system according to claim 26,
wherein said second bandwidth is at least 1.5 times said first
bandwidth.

28. The radar level gauge system according to claim 15,
wherein said radar level gauge system is controllable between
an active state in which said microwave signal source is
controlled to generate said transmit signal, and an idle state in
which no transmit signal is generated.

29. The radar level gauge system according to claim 28,
further comprising an energy store configured to store energy
when the radar level gauge system is in said idle state and
provide energy to said microwave signal source when the
radar level gauge system is in said active state.

30. A radar level gauge system for determining the filling
level of a product in a tank, comprising:

a signal propagation device arranged to propagate an elec-
tromagnetic transmit signal towards a surface of the
product and to return an electromagnetic reflection sig-
nal resulting from reflection of the electromagnetic
transmit signal at the surface;

a microwave signal source coupled to said signal propaga-
tion device and controllable to generate said electromag-
netic transmit signal, said microwave signal source
being configured to exhibit a phase noise greater than or
equal to —70 dBc/Hz @ 100 kHz offset from a carrier
frequency for said transmit signal;

a microwave signal source controller coupled to said
microwave signal source and configured to control said
microwave signal source to generate said transmit signal
in the form of a measurement sweep comprising a time
sequence of discrete and mutually different frequency
steps defining a bandwidth of said transmit signal;

a mixer coupled to said microwave signal source and to
said signal propagation device, and configured to com-
bine said transmit signal and said reflection signal to
form an intermediate frequency signal; and

processing circuitry coupled to said mixer and configured
to determine said filling level based on said intermediate
frequency signal,

wherein at least said microwave signal source and said
mixer are comprised in an integrated microwave circuit.
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31. A method of determining a filling level of a product in

a tank using a radar level gauge system comprising:

a signal propagation device;

a microwave signal source for generating an electromag-
netic transmit signal coupled to said signal propagation
device, said microwave signal source comprises a volt-
age controlled oscillator;

a mixer coupled to said microwave signal source and to
said signal propagation device,

wherein at least said microwave signal source and said
mixer are comprised in an integrated microwave circuit,

wherein said method comprises the steps of:

controlling said voltage controlled oscillator to such an
operating point that a phase noise of said voltage con-
trolled oscillator is greater than or equal to =70 dBc/Hz
@ 100 kHz offset from a carrier frequency for said
transmit signal;

controlling said microwave signal source to generate said
transmit signal in the form of a measurement sweep
comprising a time sequence of discrete and mutually
different frequency steps defining a bandwidth of said
transmit signal;

propagating, using said signal propagation device, said
transmit signal towards a surface of the product;

returning, using said signal propagation device, a reflection
signal resulting from reflection of the transmit signal at
the surface;

combining, using said mixer, said transmit signal and said
reflection signal to form an intermediate frequency sig-
nal; and

determining said filling level based on said intermediate
frequency signal.

32. The method according to claim 31, wherein said micro-

wave signal source is controlled to generate said measure-
ment sweep for a time duration of less than 10 ms.

33. The method according to claim 31, wherein said step of

determining said filling level comprises the step of:

sampling said intermediate frequency signal at less than
500 sampling times during said sweep.

34. The method according to claim 31, wherein said mea-

surement sweep comprises a first number of discrete and
mutually different frequency steps; and

wherein said step of determining said filling level com-
prises the step of:

sampling said intermediate frequency signal at a second
number of sampling times during said measurement
sweep,

said first number being substantially greater than said sec-
ond number.

101-134. (canceled)
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