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ABSTRACT

A microwave multi level gauging system employ-
ing a FSCW radar measurement technique is de-
scribed. Conventional FMCW radar technique is
normally employed to �nd only the level of the li-
quid surface in storage tanks. The system described
here also detects a second level, caused for example
by an impurity such as water in a petrol tank. For
estimating the time delay and amplitude of each re-

ection from each scatterer an optimal signal pro-
cessing algorithm is derived, based on a reference
model. To determine the physical height of the im-
purity level, in for example petrol tanks, the dielec-
tric constant of the petrol must be known. A novel
algorithm is derived for estimating this from the
same measurement. Measurement uncertainties of
�0:2mm have been achieved for the multi level ran-
ge detection, performed in the frequency range from
1.5 to 3.5GHz. From this measured data the error
of the calculated dielectric constants was about to
1%. This yields an accuracy for the petrol height
of 0.5%.

INTRODUCTION

Measuring and controlling liquid levels contained
in storage tanks and processing vessels is import-
ant in many industrial processes. In the case of
storage tanks impurities or contaminants can sett-
le for example water and sediments in the mineral
oil industries. To prevent these impurities reaching
the next process step the monitoring of this level
is essential. Until now a scheduled maintenance of
the storage tanks was carried out. This scheduled
maintenance could be replaced by on-call mainte-
nance if the contaminant level was well known.
In this paper we describe a microwave FSCW

(Frequency Step Continuies Wave) radar system
which can monitor the liquid surface and the im-
purity level. To extract the time-delays �1 (liquid
surface) and �2 = �1 + �� (impurity level) accu-
rately from the measured data a reference model
algorithm is used [3]. To calculate from these time-
delays the physical height of the impurity level the
dielectric constant of the top liquid must be known

Fig. 1. Schematic diagramof an FSCW radar measuring
a liquid gauge in a storage tank.

limpurity = ltank � (�1 + ��
p
�r) c0. A novel al-

gorithm is derived to determine this unknown con-
stant from the same measurement.

THE REFERENCE MODEL

An FSCW system transmits a sequence of si-
nusoids at di�erent frequencies and measures the
steady-state amplitude and phase shift induced by
the radar channel. One signi�cant bene�t of per-
forming the measurements at discrete frequencies is
the ease with which digital signal processing tech-
nique may be applied to the data. To maximize
the range resolution achievable from an FSCW ra-
dar a reference model technique is applied. By this
technique a signal processing computer produces a
synthesized data set, at the frequencies at which
the measurements were taken, and compares it to
the physical measurements. The computerized da-
ta are based on an underlying physical model of the
transfer function of the radar channel.
Finally the algorithm has to minimize the di�e-

rence between both the measured and synthesized
data. After minimization is performed the parame-
ters of the reference model represent the ranging
results. The best results where achieved with least
squares estimation.
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This algorithm is derived for one re
ection in the
radar channel. On the assumption that the am-
plitude of the re
ection coe�cient is real, which is
justi�ed for liquids where �0r � �00r , the formulation
of the reference model is

Hm(A; �) = Ae�j!m� = Ae�j(!0+m�!)� :
(1)

with A the re
ection coe�cient of the discontinui-
ty and !m the measured frequency which is in the
range from the startfrequency !0 to !0 + m�!
(m = 0:::N � 1). The distance l of the re
ecti-
on in the reference model leads to the time delay
� = 2 l=c.
The general least squares optimization problem

becomes �nding the amplitude A and delay � in
the reference model that minimize

FF (A; �) =
N�1X
m=0

���Mm � Hm(A; �)
���2 (2)

where the summation index m ranges over the
N measured data pairs Mm. This error function
FF (A; �) can be analytically minimized by the am-
plitude A. This yields

FF (�) = EM �

�
<F(�) f<Mmg � =F(�) f=Mmg

�2
N

(3)

where EM denotes the energy of the measured si-
gnalMm and F(�) f:::g represents the Fourier trans-
form operator, evaluated at the time � . The ampli-
tude of the re
ected pulse can be determined as

A =
<F(�)f<Mmg

N
� =F(�)f=Mmg

N
(4)

DETERMINING THE DIELECTRIC
CONSTANT FROM THE MEASURED

REFLECTION COEFFICIENTS

In this section we presents a novel method for
determining the dielectric constant of a low loss li-
quid. On condition that the measured 
uid have no
dispersion (@�r=@f � 0) it is possible to determine
accurately in the time domain the time delay and
amplitude for the re
ected pulse from each scatte-
rer (interface). To derive the algorithm a dispersion
free probe is used. This is not however a restriction
of the algorithm. With modi�cation of the re
ecti-
on model it is also possible to use a waveguide as a
probe. The advantages of this method are that the
attenuation characteristics of the probe need not be
known and no other measurement is required.
Consider the coaxial sensor, which is terminated

by an absorber, and its theoretical bounce diagram
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Fig. 2. Schematic measurement setup with a coaxial
line ending with an absorber termination and the
bouncing diagram for a unit impulse stimulus with
the resulting multiple re
ections.

as shown in �gure 2. The sensor stands in a sto-
rage tank �lled with diesel and water, which is an
impurity of mineral oil and is of course denser.
If �1 denotes the re
ection coe�cient from the

liquid surface and �2 from the diesel/water inter-
face, then we can write for the �rst few re
ection
amplitudes the following relationships

A1 = �1 � expf��1 �1g (5)

A2 = (1 + �1) �2 (1 � �1)

� expf� (�1�1 + �2��)g (6)

The general expression for the nth re
ection where
n> 2 is given by

An = An�1(��1)�2 exp(��2��) :

�1 denotes the loss factor of the air �lled sensor
and �2 of the diesel �lled part. The time delay,
caused by the additional pathlength of the electro-
magnetic wave between the diesel surface and the
diesel/water interface, is indicated by �� .
To eliminate the e�ect of the air �lled part of

the sensor on the re
ection amplitudes we take the
ratio of the �rst two re
ection amplitudes and of the
third and second one. This results in the following
two equations:

A2

A1

=
(1 + �1) �2 (1 � �1)

�1
e��2�� (7)

A3

A2

=
�22(��1)(1 + �1)(1� �1)

(1 + �1) �2 (1� �1)
e��2��

= ��2 �1 e
��2�� (8)

Dividing equation (7) by (8) provides

) � =
A2
2

A1A3

=
�21 � 1

�21
: (9)
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Because this term � depends only on the surface
re
ection coe�cient �1 and is not in
uenced by the
sensor attenuation it can be used to determine the
dielectric constant. Taking into consideration the
fact that

�1 =
Z � Z0

Z + Z0

=
1 � p

�r

1 +
p
�r

(10)

equation (9) can be transformed to

p
�r =

2� � 4

2�
�
s�

2� � 4

2�

�2
� 1 :(11)

Only the plus sign in eqn. (11) gives reasonable re-
sults. With this the physical diesel level is obtained
from the time delay by

ldiesel =
�� c

2
p
�r

: (12)

and the depth of the impurity

limpurity = ltank � (�1 + ��
p
�r) c (13)

EXPERIMENTAL RESULTS

Figure 3 shows the experimental setup. The
coaxial sensor, which has a length of 850mm, stands
in a glass cylinder �lled with diesel. To verify the
algorithm for determining the dielectric constant
from a re
ection measurement the sensor ends with
a short. This short simulates an impurity inter-
face with an ideal re
ection coe�cient. The FSCW
measurements was carried out by the means of a
HP8510C network analyzer. The 
uid level was
changed in 1mm steps. In this way, measurements
were taken in the range of 70 to 450mm above the
end of the probe.
In �gure 4 a comparison of two range algorithms

is shown for the strong re
ection from the short.
The dotted line was processed by the conventional
technique, i.e. performing the inverse FT and de-
termining the time domain delay. The solid line is
the result of the comparison between the measu-
red data and the reference model. Its variation lies
within limits of approximately �0:1mm.
This good result for the range detection of the

short also was obtained for the liquid surface. This
is shown in �gure 5. The range error of the in-
verse FT is about two orders of magnitude higher
(�20mm) than that of the reference model.
After determining the time delays for the surface

and the short, it is possible to calculate the am-
plitudes for the �rst three re
ected pulses. With

Fig. 3. Experimental setup

these amplitudes and equation (11) the dielectric
constant of the diesel can be calculated. As shown
in �gure 6, the uncertainty in �r is about �1%.
With this dielectric constant it is possible to cal-

culate the physical height of the impurity level.
This is done with

limpurity = (ltank � lsurface)=
p
�r (14)

Figure 7 shows the resulting error of the impurity
level which has an uncertainly of about �2 mm.
This error is only caused by the variation of the
determined �r (see �g. 6). With an uncertainty of
1% in determining �r with the novel algorithm an
error of about 1.5 cm will occur for the impurity
depth in a tank of height 3meters.

CONCLUSIONS

A microwave multilevel gauging system for indu-
strial applications requiring sub-millimeter accura-
cy for the surface has been described. With this
gauging system it is also possible to detect a conta-
minant level and determine its physical height.
The algorithm used, the reference model, for de-

termining the time-delays of the di�erent levels is
based on minimizing the least squares estimation of
measured re
ection data and those produced by a
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Fig. 4. Comparison of two algorithm for the distance
measurement. The dotted line shows the result of
the IFT and the thin line of the reference model
(�r = 2; 15).
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Fig. 5. Range error of the diesel surface achieved by the
reference model.

reference model that assumes the echoes from the
radar channel are pulses in the time domain. The
measurement was carried out with a shorted coaxi-
al sensor by an HP8510C network analyzer. The
reference model was clearly able to resolve the time
delays of the �rst two re
ections with high accura-
cy.
To calculate the physical liquid levels from the ti-

me delays the dielectric constant of the top 
uid is
needed. A novel algorithm for determining the re-
quired dielectric constant from the re
ection mea-
surement data has been devised. The advantage of
this algorithm is that for determining the dielec-
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Fig. 6. Dielectric constant of diesel calculated from the
amplitudes of the �rst three re
ection impulses.
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Fig. 7. Calculated level error for the impurity.

tric constant no other measurement or assumption
is needed. This feature could be important in in-
dustrial applications where an impurity level in a
tank exists. For example in the petrochemical in-
dustries water is always present. With an accurate
knowledge of the impurity level regular scheduled
maintenance can be replaced by maintenance as re-
quired.
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