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Abstract. In industrial process measurement instrumenta-
tion, radar systems are well established for the measurement
of filling levels of liquids in tanks. Level measurements of
bulk goods in silos, on the other hand, are more challenging
because the material is heaped up and its surface has typi-
cally a relatively complex shape. In this paper, the applica-
tion of synthetic aperture radar (SAR) reconstruction with a
frequency modulated continuous wave (FMCW) radar sys-
tem for level measurements of bulk goods is evaluated. In
the proposed monostatic setup, echo signals are acquired at
discrete antenna positions on top of the silo. Spatially re-
solved information about the surface contour of a bulk good
heap is reconstructed by coherent ’delay and sum’ process-
ing. The concept has been experimentally evaluated with a
24 to 26 GHz FMCW radar system mounted on a linear step-
ping motor positioning unit. Measurements on a thin metal
wire at different range and on a curved test-object with a dif-
fusely scattering surface have been performed to analyze the
system’s point spread function (PSF) and performance. Con-
stant range and azimuth resolutions (−6 dB) of 15 cm and
8 cm, respectively, have been obtained up to a range of 6 m,
and results of further evaluations show that the proposed con-
cept allows more accurate and reliable level reconstructions
of surface profiles compared to the conventional approach
with measurements at a single antenna position.

1 Introduction

The conventional approach in radar and time-domain reflec-
tometry (TDR) level measurement is to perform echo mea-
surements along a fixed radiation beam with an antenna at a
fixed position on top of a tank or silo (Reindl et al., 2001;
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Gerding et al., 2003, 2006; Rabe et al., 2009). In the case
of liquids, this technique usually delivers adequate and suffi-
ciently good results, because the surface of the liquid is pla-
nar and the surface level is the only relevant parameter. Level
measurements on bulk goods are more challenging because
the material is heaped up and its surface profile is aimed with
the measurement.

Figure1 shows the scenario given with radar level mea-
surements ofliquids in tanks in comparison tobulk goodsin
silos. In Fig.1a, microwaves are emitted from an antenna at
afixedposition on top of the tank and arereflectedat the pla-
nar boundary between the air and the liquid. From the time of
flight (TOF) of propagating waves, the distance between the
antenna and the boundary is measured, and the filling level
H of the liquid can be calculated by taking the overall height
of the tank into account. Different from ultrasound based
systems, radar level measurements are largely independent
from the composition of the air, fog, temperature, pressure,
etc., and high precision measurements can be performed. A
single-point measurement delivers sufficient information in
the case of level measurements of liquids, because only a
singleparameter, the filling levelH , is relevant.

Level measurements onbulk goods, on the other hand, are
much more challenging because the material is heaped up
and its surface typically builds a complicated shape, as is
shown in Fig.1b. Microwaves arediffusely scatteredat the
boundary between the air and the bulk good, and, in general,
penetrate into the bulk good and are diffusely scattered inside
the heap. Typically, the amplitude of echo signals from bulk
goods is much smaller compared to echoes from strong re-
flecting surfaces like boundaries between air and water. With
respect to the measurement problem, which is to assess the
bulk good volume inside the silo, a single-point measurement
is insufficiently in many cases because of the more compli-
cated geometry, see Fig.1b.
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Fig. 1. Radar level measurement:(a) Liquid in tank,(b) Bulk good
in silo.

In this paper, the utilization of synthetic aperture radar
(SAR) processing for the imaging and assessment of surface
profiles of bulk goods with a frequency modulated continu-
ous wave (FMCW) radar system is evaluated. In the SAR
approach, echo signals are acquired along a relatively long
azimuth scanning path with a single antenna, and signals are
superimposed after correction for the TOFs the waves need
to travel on the round-trip between the antenna and each in-
dividual image point to be reconstructed. Coherent ‘delay
and sum’ processing in the time-domain is applied for high-
resolution reconstruction of information about reflection and
scattering properties of objects. Calculations and measure-
ments have been performed for the specific test-setup pre-
sented below.

2 Scanning radar system

Echo measurements atmultiple antenna positions on top of
a silo are proposed as a concept to cope with the aforemen-
tioned problems. SAR processing is applied to reconstruct
backscattering and reflection images of the bulk goods from
acquired echo signal data (Brenner and Roessing, 2008; Meta
et al., 2007; Charvat et al., 2006; Ermert and Karg, 1979).

2.1 System setup

In the monostatic radar system configuration in Fig.2, mi-
crowaves are emitted from a horn antenna, and backscattered
and reflected waves are received by the same antenna.

Echo signals at discrete antenna positionsxa are sampled,
digitized and stored for SAR processing and the reconstruc-
tion of two-dimensional (2-D) images of backscattering and
reflecting structures in the 2-Dx/z image plane.

2.2 System’s point spread function (PSF)

Below, time-domain receive signals over TOFt at aperture
positionsxa for a single point-object, i.e. a point-like radar
target, which is small against the wavelength, at a position
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Fig. 2. Scanning radar system in monostatic system configuration.

(x′,z′) are denoted as the system’s point spread function
(PSF)h(t,xa,x

′,z′) (Vogt et al., 2010). For point-objects in
the far field of the antenna, the PSF can be described as fol-
lows, see Fig.2:

h(t,xa,x
′,z′) = s(t −2/c ·r(xa,x

′,z′))

with : r(xa,x
′,z′) =

√
z′2+(xa−x′2) (1)

In Eq. (1), r(xa,x
′,z′) is the radial distance between the

antenna and the point-object,c the speed of light, and the
pulsed signals(t) is the impulse response of the band-pass
radar system. Both, the radial distancer(xa,x

′,z′) as well as
the PSFh(t,xa,x

′,z′) , are invariant against translations of
the point-object along the azimuth directionx (Vogt et al.,
2010):

r(xa,x
′,z′) = r ′(xa−x′,z′)

h(t,xa,x
′,z′) = h′(t,xa−x′,z′) (2)

Echo signals from any backscattering or reflecting radar
target can be described based on the composition of objects
by discrete point-objects and the corresponding superposi-
tion of PSFs, as long as multiple reflections are negligible
and the radar system is linear (Opretzka et al., 2010).

3 SAR reconstruction

In the implemented radar system, SAR processing is per-
formed by ‘delay and sum’ operation in the time-domain.
2-D backscattering and reflection imagesb(x,z) are recon-
structed from the acquired receive signalssR(t,xa) at aper-
ture positionsxa as follows (Vogt et al., 2010):

b(x,z) = |

n2∑
n=n1

w(n−n1)

·sR+(t +τ(xa,n,x,z),xa,n)|t=2/c·z′ (3)

with : τ(xa,n,x,z,xa,n) = 2/c ·(r(xa,n,x,z)−z′)
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In Eq. (3), sR+(t) is the analytical receive signal ob-
tained from the receive signalsR(t) by means of the Hilbert
Transform. SAR reconstruction is performed by delaying
the acquired receive signals at antenna positionsxa,n by
τ(xa,n,x,z) andcoherent summationof delayed signals after
apodization with a weighting functionw(n). The backscat-
tering and reflection imageb(x,z) is calculated as the mag-
nitude of theanalytical focused receive signal obtained af-
ter delay and sum operation. The summation in Eq. (3)
is extended over receive signals from within the antenna’s
main lobe (aperture angle12, see Fig.2), which corre-
sponds to a summation along a synthetic aperture of length
LSAR(z)≈z′

·12 along the azimuth directionx.

4 Evaluation of proposed imaging concept

The proposed imaging concept has been evaluated by mea-
surements with an FMCW radar system, which was mounted
on a linear stepping motor positioning unit.

4.1 FMCW radar system

In Fig. 3a, the block diagram of the utilized FMCW radar
system (25 GHz center frequency, 2 GHz bandwidth, 8 ms
sweep time, 1 MHz intermediate signal sampling frequency)
is shown (Musch, 2003).

With this system, the transfer functionH(jω) of the radar
path is assessed by the intermediate frequency (IF) echo sig-
nal sIF(t). The latter is obtained by mixing the frequency
modulated transmit signalsT(t) with linearly swept instanta-
neous frequencyω(t) with the echo signalsE(t):

sT(t) = a0 ·cos(ϕT(t)), ω(t) = 2π ·(f1+B/T · t)

ϕT(t) = 2π ·(f1 · t +b/(2·T ) · t2)+ϕ0

sE(t) ≈ a0 · |H(jω(t))| ·cos(ϕT(t)+arg(H(jω(t))))

sIF(t) ≈ k ·a0 · |H(jω(t))| ·cos(arg(H(jω(t))))

sIF(t) ∼ Re{H(jω(t))} (4)

It can be seen in Fig.3b that the echo signalsE(t) also
shows a linearly swept instantaneous frequencyωE(t), but
with a constant delayτ for a singleradar target. The receive
signalsR(t) containing the impulse responseh(t) of the radar
path is obtained from the Fourier Transform ofsIF(t) as fol-
lows, see Eq. (4):

SR(ω) = sIF(t)t→ω(t) = Re{H(jω(t))}

SR(ω) =
1

2
·
(
H(jω)+H ∗(jω)

)
sR(t) =

1

2
·
(
h(t)+h∗(−t)

)
(5)

4.2 Measurement setup

The FMCW radar system was equipped with a conical horn
antenna with 75 mm aperture diameter and mounted on a
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Fig. 3. FMCW radar system:(a) Block diagram,(b) Instantaneous
frequenciesf (t) and fE(t) of transmit and echo signal, respec-
tively, for a single radar target.

linear stepping motor positioning unit. Echo measurements
have been performed at 256 equidistant antenna positions
with a distance of 6.6 mm from each other (55% of wave-
length at 25 GHz center frequency), covering a scanning path
with a length of 1.7 m. A thin metal wire (3 mm diameter)
has been imaged at different range in order to assess the sys-
tem’s PSF. Furthermore, a test-object with a curved profile
along the azimuth scanning direction and a diffusely scatter-
ing surface has been utilized to evaluate the proposed concept
with respect to applications in bulk good level measurements.

5 Measurement results

In Fig. 4a, a schematic of the laboratory environment for the
PSF measurements with concrete walls at the sides of the
laboratory room are shown.

The metal wire was positioned along the elevational direc-
tion y at a chosen distancez in range direction mounted on a
tripod with an arm, and scanned along the azimuth direction
x. Under these conditions, the metal wire is a point-like ob-
ject in thex/z azimuth/range image plane. Consequently, the
system’s PSF can be analyzed by echo measurements from
the wire positioned at different rangez. In theunfocused2-D
backscattering and reflection imageb(x,z) in Fig.4b, the en-
velope of the receive signalswithoutdelay and sum focusing
is shown over a dynamic range of 30 dB. Echoes from the
metal wire at a range of 5.5 m are spread along the azimuth
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Fig. 4. Point spread function (PSF) measurement:(a) Schematic of
measurement environment (laboratory),(b) Unfocused radar image,
(c) Focused radar image.

coordinatex due to the diverging beam pattern of the antenna
in the far field. Furthermore, echoes from the corners of the
side wall are visible, as well as strong reflections from the
back wall. In Fig.4c, thefocusedbackscattering and reflec-
tion imageb(x,z) of the same scenario obtained by SAR pro-
cessing is shown. Now, the result is a point-like, focused im-
age of the metal wire in thex/z azimuth/range image plane,
and echoes from the corners of the side walls are suppressed.

The−6 dB-widths of the echo from the wire along the az-
imuth and range coordinatesx andz, respectively, have been
assessed in cross-sectional images at different rangez of the
wire in order to analyze the system’s range and azimuth res-
olutionsδz andδx , respectively (Opretzka et al., 2010). Re-
sults are shown in Fig.5.

Almost constant range resolutions (−6 dB) of 15 cm are
obtained in the unfocused and focused images up to a range
of 6 m (solid line and dotted/dashed line). This is in good
agreement with the expectation that the range resolution only
depends on the pulse-width of the system’s impulse response,
which is inversely proportional to the constant bandwidth of
the system of 2 GHz. The azimuth resolution in unfocused
images (dashed line), on the other hand, is proportional to
depth, because of the diverging beam pattern (constant aper-
ture angle12) in the far field of the antenna. As indicated by
the example in Fig.4c, a much smaller and almost constant
azimuth resolution (−6 dB) of 8 cm is obtained in focused
images up to a range of 6 m with the implemented system
(dotted line).

The setup shown in Fig.6a has been used to evaluate the
proposed concept in the context of level measurements on
bulk goods. A test-object with a curved profile along the
azimuth scanning direction and a diffusely scattering surface
has been created by gluing a crunched aluminum foil on a pa-
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Fig. 5. Results of point spread function (PSF) measurements:
Range resolutionδz and azimuth resolutionδx (FWHM) in unfo-
cused and focued radar images over rangez.

perboard. This structure has been bended along the azimuth
coordinatex, as is shown in Fig.6a, and was positioned at a
mean range of about 5.3 m.

The unfocused2-D backscattering and reflection image
b(x,z) in Fig. 6b again shows the envelope of receive sig-
nalswithoutdelay and sum focusing. It can be seen that the
image contains information about the curved surface profile
of the test-object. As a result of the superposition of dif-
fusely backscattered coherent waves, ‘speckle’ patterns ap-
pear in the image. Furthermore, because of the relatively bad
azimuth resolution, echoes from the surface of the test ob-
ject along the azimuth coordinate, i.e. echoes from different
depths, are superimposed in the unfocused image. Conse-
quently, a precise detection of the object’s surface is diffi-
cult. In thefocusedimage in Fig.6c of the same scenario,
the speckle and the surface profile are less spread over range
and azimuth directions compared to the unfocused image in
Fig. 6b. Consequently, the surface of the object can be more
easily and more accurately detected from the focused image.

6 Summary and conclusions

In this paper, the application of SAR processing has been
proposed and evaluated to cope with the problem of radar
level measurements of bulk goods in silos, which is chal-
lenging compared to level measurements of liquids in tanks.
Echo measurements with a single antenna in a monostatic
configuration along a 1-D scanning path have been discussed
as a concept for the reconstruction of 2-D backscattering
and reflection images of bulk goods. SAR processing in
the time-domain by ‘delay and sum’ operation has been
suggested for this purpose. The concept has been evalu-
ated by measurements with a 24 to 26 GHz frequency range
FMCW radar system, which was equipped with a conical
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Fig. 6. Measurement on curved test-object:(a) Schmeatic of mea-
surement environment (laboratory),(b) Unfocused radar image,(c)
Focused radar image.

horn antenna with 75 mm aperture diameter. In the imple-
mented system, the antenna is scanned along the azimuth co-
ordinate by means of a linear stepping motor positioning unit,
and 2-D backscattering and reflection images inside the az-
imuth/range image plane are reconstructed. Based on echo
measurements on a metal wire, the system’s PSF has been
evaluated, showing that constant range and azimuth resolu-
tions (−6 dB) of 15 cm and 8 cm, respectively, are achieved
up to a range of 6 m. Results of measurements on a curved
test-object with diffusely scattering surface show that the im-
plemented system along with the proposed SAR concept al-
lows to accurately assess curved profiles from reconstructed
backscatter and reflection images. The goal of our future
work is to extend the concept towards a 2-D scanning and
3-D SAR reconstruction and to further evaluate the proposed
concept.
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