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River Surface Analysis and Characterization
Using FMCW Radar

Marc A. Mutschler
Patrick Rippl

Abstract—Today’s warning systems for floods or droughts re-
quire sensor applications that provide a vast array of information.
Current systems provide insight into either the water level or the
river velocity. In order to obtain additional parameters for the
characterization of the flow behavior in a noncontact manner, a
frequency-modulated continuous-wave radar with chirp sequence
is used. Since these sensors provide range and velocity information
but also enable gathering of additional parameters. The presented
measurements in this contribution were performed at four different
rivers with a commercially available radar sensor. The results of
the classical postprocessed 2-D fast Fourier transform are used as
basis for an imagewise processing approach to obtain additional
features for classifying the behavior of the river surface. For this
purpose, the framewise enveloping velocities are depicted in a time
sequence. Due to processing the detected reflection patterns in
relation to time, a characteristic pattern for river flow profiles can
be extracted. By reducing the information using time averaging,
characteristic features for different flows can be extracted from the
spatial envelope velocity distribution. In particular, the resulting
insights lead to characteristic features for single flow distributions
that enable novel monitoring systems with new possibilities to
classify rivers using radar sensors.

Index Terms—Characterization, chirp sequence radar,
frequency-modulated continuous-wave (FMCW) radar, radar
measurements, river hydraulics, surface velocity radars (SVRs).

I. INTRODUCTION

ONTACTLESS measurements offer a significant advan-
C tage over sensor systems, which are in direct contact with
the medium to be measured, especially in harsh environments,
because the maintenance as well as the installation effort are
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reduced. It is evident that earlier intervention is realizable if
warning systems detect a potential flood as early as possible [1].
Contactless radar-measuring systems have an advantage over the
previously proven systems, such as purely mechanical systems
(e.g., propeller current meter [2], [3]) or the frequently used
ultrasonic measuring systems (see, e.g., [4], [5]), which are
always in contact with the measured medium. Radar systems
in particular can be used as an important supplement for flood
early warning systems, as they can quickly and reliably provide
information at critical points.

One of the most important parameters for monitoring natural
river flows as well as artificially created channels is the volume
flow rate, which is also called discharge. However, it is not pos-
sible to directly measure this parameter with sensors. Based on a
detailed insight into the river bathymetry, water level height and
water level velocity, it is possible to calculate the river discharge.
While the bathymetry is roughly given for artificially created
channels, it has to be estimated for natural riverbeds. There are
various approaches to this, which are discussed in [5] and [6].

Radar sensors are able to directly measure the water surface
level as well as the river surface velocity. Nowadays, a Doppler
radar, which has also become established in a wide range of
applications, is used for water surface velocity detection. The
scope of activities range from flow measurements [7] to river
flow monitoring [8], river profiling [9] in the UHF frequency
range and up to 24 GHz [10] or 77 GHz systems [11], [12]
detecting water surface velocities as well as water surface level
determination [13]. Due to the complex hydrological mecha-
nisms of natural rivers, the velocity distribution of the river cross
section consists of a variety of velocities [ 14]. The velocities vary
from zero at the riverbed to the maximum velocity just below
the water surface [15]. Using appropriate modeling on the basis
of entropy models [16], the mean velocity can be estimated as a
function of the maximum occurring velocity [17]. This approach
has also been successfully tested in [18] with a 24 GHz Doppler
radar.

Regarding a flood warning system, the frequency-modulated
continuous-wave (FMCW) radar offers the advantage of de-
tecting the water surface level in addition to the surface ve-
locity [19] compared with a Doppler radar. For a stationary
mounted FMCW radar sensor, the obtained distance information
indicates the surface level of the river taking into account the
observation geometry. In this article, the use of commercially
available FMCW radar sensors for river monitoring in real
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Fig. 1. Principle sketch of the measurement setup from (a) side and (b) top
view to measure the river surface under an angle of view 3 with a radar sensor
installed on a bridge. The observation area depends on the sensor height A and
the beamwidth in elevation ©¢ and azimuth ©,,.

environments will be shown. The main objective is to use
FMCW measurements to determine characteristic features that
contribute further parameters to classify the properties of the
water surface in addition to the simple measurement of surface
velocity and distance. Beside the classical hydrological param-
eters, these features show potential to improve flood warning
systems. Special attention is paid to the information benefit
resulting from the time series of the FMCW data regarding the
temporal change of the water surface.

II. METHODOLOGY

Basically, the river surface is illuminated by a radar sensor to
measure the electromagnetic wave backscattered by the rough
water surface. Therefore, the radar sensor is installed on a bridge
observing the flow of the river under a certain down-looking an-
gle, as shown in Fig. 1. The reflection of electromagnetic waves
from ocean or river waves is often attributed to the phenomenon
of Bragg scattering [20], [21]. However, this theory requires
a very specific situation-dependent relationship between the
electromagnetic wave and a periodic surface structure. As shown
in [22], backscattering does not consist exclusively of Bragg
scattering, it is rather a superposition of the Bragg scattering
and other effects. In [23], Fresnel reflections and multipath
as well as multibounce scattering are used as explanations for
nonBragg backscattering. In [24], Fresnel-Kirchhoff diffraction
was shown to be an applicable approximation to radar backscat-
tering, depending on the surface roughness and the frequency
used. Assuming that random (rough) surfaces have a corre-
sponding statistically distributed complex interference pattern
or backscatter, the more universal Fresnel approach is more
suitable for rough water surfaces of rivers. On river surfaces,
where periodic components can rather be neglected, the Fresnel
approximation allows the consideration of backscatter from a
more statistical point of view, as it is probably the dominant
component of backscatter. In this article, these backscattering
structures are described as reflection centers, which are both
moving and varying in rivers depending on their flow character-
istics. This issue is discussed in more detail in the following.

A. Signal Processing

In contrast to studies with conventional continuous wave
Doppler sensors, where a narrow beam is recommended to
capture the surface velocity (see [18] and [20]), a wider beam is
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Fig. 2. Frequency ramps of a chirp-sequence FMCW transmit signal with

highlighted frequency sweep A f of the center frequency fc, ramp time Tiamp,
time for one frame T¥ame, and the idle time T}g. between two successive frames.

used in this approach to capture further information of the water
surface besides the surface velocity. The detected movement
of the river, represented in the range-Doppler results of the
chirped sequence FMCW sensor, is evaluated with regard to the
distribution of the enveloping velocity. The results are enhanced
by an integration gain due to a time averaging of a number
of frames of the measurements. To obtain the range-Doppler
results, the two-dimensional fast Fourier transform (2D-FFT)
method with the typical intermediate frequency

2A R 2 ¢ “Ymeas
fR 2fv

fir = (1)
co Tenirp Co
——
fe fa

is processed, where A f is the ramp bandwidth, R is the range,
Tenirp is ramp duration, f; is the range frequency, f. is the center
frequency, vmeas 1S the Doppler velocity measured by the radar
sensor, ¢ is the speed of light in vacuum, and fy is the Doppler
frequency. The principle waveform of the transmitted chirp
sequence signal is shown in Fig. 2. The 2D-FFT is performed
using two successive fast Fourier transform (FFT) series. In the
first step of the 2D-FFT, for each frame consisting of N chirps
and a length of Tfane, a distance proportional FFT is calculated
over each chirp of length Ty, to extract f;, as defined in (1).
In the second dimension, subsequently FFTs are computed for
each of the corresponding range cells (respectively, range FFT
bins) to extract the velocity proportional parts f; from (1). Since
aradar can only detect radial velocities, the river surface velocity
Uriver €an be calculated from the geometrical relation

Umeas
Uriver = COSB (2)

with the angle of view (8 and the radial Doppler velocity vmeas
detected by the radar sensor. For the results presented in this
article, all velocity values are converted using this ratio with a
constant 5 = 45° of the line of sight component. This conversion
will be discussed further in Section I'V. The well-known 2D-FFT
signal processing of one data frame leads to the depiction in a
range-Doppler map and represents a snapshot in the time span
Tirame Of the radar field of view. As a result, a range-dependent
velocity distribution can now be visualized for each frame in
this 2-D range-Doppler map. In the following, a special focus
is set on the envelope velocity distribution veny (1) as a function
over range r to be used as a measure for the characterization of
ariver. Since the flow velocity of a river is significantly slower
than one radar frame, the time average of multiple frames is
taken into account for the evaluation in the approach presented
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Fig. 4. Principle signal processing sketch of a single radar data frame.

in this article. In Fig. 3, the scheme of the radar data signal
processing is illustrated.

To extract the envelope of the velocity distribution after the
framewise 2D-FFT, a two-dimensional cell averaging constant
false alarm rate (2D-CA-CFAR) filter is applied to the range-
Doppler map of each frame. This processing step is to blank out
the general noise environment around the actual water move-
ments detected by the radar [25]. For this purpose, CA-CFAR
calculates an averaged threshold around a series of test cells
in the range-Doppler map depending on the signal amplitude of
the surrounding cells (bins). The nearby cells around the test cell
are excluded for the averaging. Only if the value of the test cell
signal amplitude is above the calculated average threshold of the
surrounding cells is it considered a target. Besides the CA-CFAR
method, a modification of the CA or an ordered statistic CFAR
could also be used, but these will not be examined further in
this article. An overview of the different CFAR techniques can
be found in [26], among others. In addition, a blanking of the
zero Doppler line in the range of +0.1 m/s is performed. After
these signal processing steps, the positive and negative envelope
of the resulting detected velocity per range cell is calculated.
By using an FMWC radar, it is possible to obtain positive and
negative Doppler shifts within the range Doppler map after the
2-D FFT. In this article, velocities moving away from the radar
are referred to as positive velocities and conversely, velocities
moving toward the radar are referred to as negative velocities.
The processing of a single frame dataset is given in Fig. 4 for an
exemplary range-Doppler map.

Once the determination of the envelope velocity distribution
over the distance veyy, for each frame k € [1,..., N] of the N
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Fig. 5. Visualization of envelope velocity time averaging processing.

TABLE I
RADAR SENSOR AND WAVEFORM CONFIGURATION

fe Af
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frames is evaluated, a time averaged envelope velocity distribu-
tion

1 N
ﬁenv(r) - N Z Uenv,k(r) (3)
k=1

can be calculated for the entire data set, as shown in Fig. 5.

By averaging the envelope velocity distribution, on the one
hand, a kind of integration gain is achieved, and on the other
hand, a reduction of the information content is realized, which
leads to a reliable statement about the characteristics of a river.
As a measure for the characterization of a river, maximum
velocity of the averaged envelope velocity distribution Teny,max
and the peak width Ary, at %”% of the envelope velocity profile
is used in this approach. A visualization of these measures is
also shown in Fig. 5. The example in Fig. 5 shows a prominent
positive velocity distribution, representing a river flowing away
from the radar.

B. Radar Sensor and Data Acquisition

For the measurements presented, a commercially available
76-81 GHz radar evaluation kit for industrial purpose [27] was
utilized with a related analogue-to-digital converter module us-
ing asampling frequency f; of 10 MHz. The transmit and receive
antennas are realized as microstrip patch antennas. In this article,
only one receiving channel is used. In Table I, all important radar
and waveform parameters of the used configuration related to
Figs. 1 and 2 are summarized. The sidelobe levels of the radar
in elevation are between a range of SLL,; = 10 dB at about 55°
for 76 GHz SLL. = 9.2dB at about 42° for 78.5 GHz. Due
to the mounting angle of the radar 8 = 45°, the first sidelobe
in elevation is perpendicularly directed to the river surface. In
azimuth, the sidelobe levels of the radar are between a range of
SLL,, = 25dB at about 165° for 76 GHz and SLL,, = 28dB
at about 161° for 78.5 GHz. The antenna diagrams can be found
in the manufacturer’s data sheet.
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(b)

(d

Pictures of the four RUT. (a) River Blau with a small flow of water and a little turbulent water surface. (b) River Leibi with a fluctuating water surface and

low water level. (c) Side channel of the river Iller with a high water level and smooth water flow. (d) Turbulent water discharge from a small hydroelectric power

station on the Iller channel.

III. RESULTS

In order to make a statement about the variation of the enve-
lope peak width, four rivers in Southern Germany were analyzed.
These rivers under test (RUTs) have different water surfaces and
hydrological properties. In Fig. 6, photographs of the four RUTs
are shown. In Fig. 6(a), the river Blau with a small flow of water
and only few little turbulences on the water surface is shown. The
river Leibi with a fluctuating water surface and low water level
is shown in Fig. 6(b). In contrast, Fig. 6(c) shows a side channel
of the river Iller with a high water level and smooth water flow.
Finally, in Fig. 6(d), a turbulent water discharge from a small
hydroelectric power station on the Iller channel is shown. The
penetration depth of the radar at 77.5 GHz is very limited, so it
can be assumed that the radar reflections are only affected by the
water surface. In the following, the several intermediate results
of the processing chain are described and explained.

A. 2D-FFT Results

The velocity distributions of the four RUTs after the initial
2D-FFT processing stage are shown in the range-Doppler maps
(see Fig. 7). In Fig. 7, the abscissa shows the distance cells
scaled to meters and the ordinate shows the Doppler velocity
cells scaled to meters per second, as well as the normalized
signal intensity in dB.

The range-Doppler maps illustrate the occurrences of reflec-
tion centers on the river surfaces. It is a momentary record of
a certain time period. Using a set of 255 chirps per frame and
the recovery time 7; given in Table I, the range-Doppler map
represents a time period of 38.2 ms. With the implemented
waveform, it is possible to indicate velocities with a resolution of
AV = Vmeasmin = ﬁ ~ 0.052 m/s, whereby the frame du-
ration Time 1S the influencing factor. The maximum detectable
velocity Umeas.max = ﬁ ~ 6.57 m/s is mainly influenced by
the ramp recovery time 7;. Typically, the flow velocities of rivers
are between 0.1 and 6 m /s. Thus, the range-Doppler map of river,
Fig. 7(a), does not contain high intensities. As expected for a
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Fig. 7. Range-Doppler plots of a single frame for the four RUTs before zero
velocity blanking and CFAR filtering post processing. (a) River Blau. (b) River
Leibi. (c) Iller channel. (d) Hydroplant Iller.

slow flowing river, only low velocities are visible (approximately
—0.5 m/s) and typical for a slow flowing river with a smooth
surface, the range distribution is very limited. The negative sign
here is due to the flow direction of the river, which in this case
is in the direction of the radar. For the other RUTS, the flow
direction is reversed and the sign is, therefore, positive.

As observable in Fig. 6(b), the corresponding range-Doppler
map Fig. 7(b) of river (b) shows considerably more reflection
centers. These reflection centers flow only slowly away from
the radar (approximately 0.5 m/s), but extend over about three
meters.

In the range-Doppler map Fig. 7(c) of river (c), a typical
J-hook like distribution of a water flow is recognizable up to
about 1.4 m/s. According to the smooth water flow pictured in
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Fig. 8. Range-Doppler plot before and after postprocessing (2D-CFAR filter-
ing and zero velocity blanking) exemplary for river Leibi [ see Fig. 7(b)] with
positive and negative envelope velocity distribution veny. (a) Unfiltered 2D-FFT.
(b) Filtered 2D-FFT with vepy.

Fig. 6(b), the intensities are low and limited in range. The lack
of sufficient reflection centers, due to gentle flow of water, leads
to a low intensity, and thus also to a more localized detection
of the water flow compared to the rough water surface at river
(b) in Fig. 7(b) with a rougher river surface, and many reflection
centers spread over several meters.

In the range-Doppler map of the river (d), a broad intensity
distribution in both distance and velocity is clearly visible. As
expected, river (d) contains the highest velocities compared
to the other scenarios. As the river photography in Fig. 6(d)
indicates the corresponding range-Doppler map [see Fig. 7(d)]
shows a high amount of possible reflection centers, which are
detectable over a broad distance range.

B. Zero Velocity Blanking and CFAR Filtering

In order to provide a more accurate indication about the
characteristics of the river flow, and to reduce disturbances and
noise, the zero velocity is blanked for the entire range-Doppler
plots, and a 2D-CA-CFAR filter is used. Typically, a CFAR filter
should be customized for each scenario. In the following, the
same CFAR settings are used for all scenarios for better compa-
rability. Fig. 8 presents the post-processed range-Doppler map
of river flow (b) shown in Fig. 7(b). For a better understanding
of the signal processing, Fig. 8(a) and (b) shows exemplary
range-Doppler maps before and after CFAR filtering and zero
velocity blanking as well as the envelope velocity distributions
Venv, respectively. The envelope velocity is described in more
detail in the following section. Due to the characteristics of the
CFAR filter, after this processing stage, a statement of the exact
maximum values in range or velocity is no longer possible, since
intensity values below the threshold value are filtered out.

C. Envelope Velocity

Measurements with radar sensors are very fast compared with
the flow velocity of rivers. Hence, to identify characteristics
of reflection centers, a longer time interval of the flow must
be observed. For this purpose, 600 consecutive radar frames
or range-Doppler plots are evaluated, which covers a time
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Fig. 9. Two dimensional time series plots of the absolute envelope velocity
Veny (¢, ) in main flow direction over distance and time for each of the four
RUTs. (a) River Blau. (b) River Leibi. (c) Iller channel. (d) Hydroplant Iller.

period of 60 s. As a result, a snapshot measurement of the water
is taken every % of a second. In order to compare each of the
frames with each other, the first step is to extract specific in-
formation of the range-Doppler plots. In the following, only the
positive and negative velocities of the enveloping velocity profile
per frame over range veny, () are used. As an exemplary repre-
sentation, one postprocessed frame with highlighted positive and
negative veny 1, (1) of river (b) is shown in Fig. 8(b). Placing these
enveloping velocities in temporal sequence, one after the other,
which corresponds to a framewise order, the resulting 2-D time
series provides a statement concerning how the reflection centers
of the flow evolve over time. These reflection centers of a RUT
can originate partly from small flow waves or turbulences on the
river surface. Fig. 9 shows the associated envelope velocities
of the 2-D time series of the RUTSs. In each case, the absolute
velocities of the main flow directions are shown as intensities in
range over time.

In Fig. 9(a), the pattern of weak reflection centers can be
seen. It is noticeable that this river is flowing toward the sensor,
and hence, the reflection centers are approaching the radar in
temporal relation. Due to the nature of this smooth river surface,
the detected reflections are rather weak and disappear within
a short period of time. Between 4 m and roughly 5.5 m, a
nearly constant band of the radar main lobe reflection with about
0.5 m/s is present.

In contrast to the abovementioned scenario, Fig. 9(b) shows
a shallow flow. The fast fluctuating surface, which is flowing
away from the sensor, leads to a reflection band between 4 m
and about 8 m with a peak velocity of approximately 0.9 m/s.
On this rapidly changing shallow water surface represented by
the low intensity, no systematic time-depended reflection centers
can be observed. The visible line of relatively low intensity at
about 3 m could be interpreted as branch movements of the
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Fig. 10.  Envelope velocity veny (¢, ) cutout at 6 m of the two flows (a) Leibi
and (b) Iller channel corresponding to the 2-D time series plots in Fig. 9(b)
and (¢).

surrounding trees, also visible in Fig. 6(b). This is supported by
the distance of 3 m between the sensor and branches verified with
a reference laser distance meter and the fact that the movement
is not permanently noticeable in the time series plot. This point
will be discussed in detail later.

While the photography [see Fig. 6(c)] depicts a very smooth
water surface, the time series plot [see Fig. 9(c)] shows clear and
persistent reflection centers flowing away from the sensor over
time. These are visible from mainly 3.2 to 6 m and up to 7.5 m
with a velocity up to 1.4 m/s.

In Fig. 9(d), an envelope velocity time series plot of the
turbulent flow is shown. As it can be recognized in the
photo [see Fig. 6(d)], significant, partially overlapping and
frequently recurring reflection centers can be seen in the time
series plot moving away from the radar sensor. The occur-
ring reflection centers are clearly visible between 3.5 and
7 m up to almost 8 m. Velocities of up to 2.3 m/s were
detected.

In this comparison, the differences between the flow in river
(b) and the other rivers (a, c, and d) are particularly notable.
To take a closer look at these differences, as shown in Fig. 10,
a cut out at 6 m of the time series in Fig. 9 of river (b) and,
representatively, of river (c) over time is shown. In Fig. 10(a),
an almost constant envelope velocity cutout vey, (¢, 6 m) at 6 m
of river (b) at 0.6 m/s can be noticed and varies only slightly
during the measurement time. In contrast, in Fig. 10(b), signif-
icant fluctuations of the envelope velocity of river (c) can be
seen. The corresponding veyy (¢, 6 m) of the reflection centers
varies strongly over time. As a result, the individual values of
Venv(t, 6 m) deviate strongly from the mean value. This is due
to the fact that the detected reflection centers move over time.
Here, in Fig. 10(b), only a section at 6 m is shown as an example,
representing the change over time at this point. Compared with
the other rivers, river (b) shows an almost constant local pattern
of veny (¢, ) Over time at almost any distance, and the reflection
centers do not move locally. In the case of the rivers (a), (c), and
(d), the reflection centers do move spatially over time, which
can be noticed in the 2-D time series plots depicted in Fig. 9 and
results in the noncontinuous graph shown in Fig. 10(b), which
exemplary shows river (c).

In order to create a quantitative measure for the character-
ization of the river flow features, the positive and negative

in m/s
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Fig.11. Mean envelope velocity Ueny (time averaged) over distance for each of
the four RUT. Thereby, the positive part (—) and negative part (—) of the mean
envelope velocities are depicted. The envelope velocity peak width in range
Areny () maximum value Uenymax (marked with ¢) and the radar to water
line of sight 705 (--) as well as the reference height above the water surface
hrer (), which is measured with a laser range finder, are highlighted. (a) River
Blau. (b) River Leibi. (c) Iller channel. (d) Hydroplant Iller.

mean envelope velocity are averaged over the time period of
60 s in the next processing step. The resulting mean envelope
velocity distributions over range ey (') are shown in Fig. 11.
In the respective figures of the RUTs, the features, such as the
width as well as the maximum value (or respectively minimum,
depending on the main flow direction) of the main flow velocity
distribution, are highlighted. For an initial comparison of dif-
ferent RUTSs, the values of the maximum mean velocity Vepy,max
and the mean envelope velocity peak width Are,, at ﬁT'“ are
considered. The results are shown in Fig. 11.

As abovementioned, due to the mounting angle of the radar,
the first elevation sidelobe perpendicularly illuminates the river
surface. Hence, the radar does not detect any movement of
the water smaller than the mounting height above the river
surface. The marked reference height A of the radar in Fig. 11
is measured with a laser rangefinder. The measurements from
these laser rangefinders vary up to 0.1 m relative to the actual
water surface. Due to the physical property of water, the laser
rangefinder cannot be applied to water surfaces, and therefore,
reference points close to the river bank had to be chosen.

In Fig. 11(a), between 4.1 to 5.5 m, the mean envelope veloc-
ity Ueny 18 approximately steady at —0.25 m/s with ey max =
0.3m/s and Are,y = 1.54m. A quasi-symmetrical pattern of
branch movements is noticeable at about 10.2 m. These can also
be noticed in the measurements within the RUT analyzed in the
following and will be discussed in more detail in a later section.

Fig. 11(b) shows a very fluctuating distribution of the
Uenv, Which starts at about 4 m and decreases slowly toward
higher distances with Tenymax = 0.61m/s at 6.4 m and
Areny = 3.09 m. The peaks of positive and negative e,y at 3 m
with a velocity of 0.7 m/s are a distinctive characteristic of
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this RUTSs’ fluctuating water surface. Remarkable is the peak
with —0.14 m/s at 4.13 m. In this case, the peak does not reflect
the velocity of the water surface, it is caused by the up and down
movement of the water level directly under the sensor, which
is detected by sidelobes in the range of the mounted sensors
reference height h.s. Similar patterns can be recognized in the
measurements of the RUT analyzed in following. Especially at
this RUT, where the water level is only a few centimeters, the
water surface changes very quickly in vertical direction. Like in
the previous RUT, a quasi-symmetrical pattern with a velocity
of about 0.1 m/s is detected in this scenario at 3.1 m, which
also results from branch movements.

In Fig. 11(c), the mean envelope velocity begins at 3 m,
rapidly increasing to velocities about 0.6 m/s with Tenymax =
0.68 m/s. Thereafter, the velocity slowly decreases until it
reaches 0m/sat 7 m, and leads to a A7y, of 2.28 m. A noticeable
feature is the peak at 3.25 m with —0.3 m/s of the negative Uepy
curve. This matches the mounted height As of the radar sensor
directly above the water surface. As in Fig. 11(b), a positive
range would also be visible, but this peak is superimposed by
other reflections centers of the flow surface.

Fig. 11(d) shows the vy, distribution of a turbulent flow with
Venvmax = 1.73m/s and Areny = 4.64 m. The positive velocity
distribution ranges from about 3.1 m to almost 9 m. The negative
Teny at 3.4 m with —0.74 m/s represents, as in the previous fig-
ures, the up and down movements of direct sidelobe reflections
corresponding to the height of the sensor above the river surface.

In addition to the water motions shown in the Fig. 11(a)
and (b), movements of stationary surrounding influences can
also be observed. In Fig. 11(a), small velocities in both positive
and negative directions can be detected at about 10.2 m and
in Fig. 11(b) at 3.1 m. These indicate movements of branches
caused by the surrounding environment. This will be discussed
in more detail in Section III-E.

D. Characterization of RUT

Especially the 2-D time series plots of the RUTs in Fig. 9
illustrate the reflection centers behavior of the river surface.
With the introduced information reduction of range-Doppler
series and the extraction of measures, such as maximal mean
envelope velocity Tenymax and mean envelope velocity peak
width Are,y, the shown river flows can be classified. It is also
relevant to know the height at which the radar sensor was
mounted above the RUT in order to indicate the illuminated
area on the water surface. Besides the flow velocity, the water
level has a significant influence on the surface illuminated by
the radar. For shallow rivers, the influence of the riverbed on the
water surface movements becomes more significant, thus, also
affecting the reflection centers detected by the radar. In Table II,
an overview of the measures Uepymax and Areyy as well as the
reference height h..¢ of the radar sensor above the RUT is shown.
Besides the apparent characterization parameters of velocity,
especially Are,, provides a base for the characterization of
the river surface. The gently flowing rivers (a) and (c) show a
narrow Are,, in contrast to the more turbulent flows (b) and (d).
Both turbulent flows (b) and (d) differ, besides the maximum
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TABLE II
RESULTS OF ENVELOPE VELOCITY MEASURES

RUT Rgef IN M Tepymax in m/s  Arepy in m
River Blau 4.1 -0.32 1.57
River Leibi 4.2 0.59 3.2

Iller channel 33 0.7 2.3
Iller hydro plant 32 1.69 4.08
Vreflection centre
Vriver

Ureflection centre

riverbed

(@ (b)

Fig. 12.  Principle riverbed illustration of a (a) shallow water level with spa-
tially constant reflection centers (velocities detected by radar indicated with blue
arrows) and (b) high water level river with moving reflection center (indicated
by the gray dashed arrow).

TABLE III
MEAN VALUE AND STANDARD DEVIATION OF THE CHARACTERIZATION
PARAMETERS AVERAGED OVER FIVE DIFFERENT MEASUREMENT SERIES

‘ Venv ATeny
RUT | n o " o
River Blau -0.35  0.018 156 0.014
River Leibi 059  0.003 320 0.009
Iller channel 0.69 0.033 230 0.037
Iller hydro plant 1.71  0.025 4.13 0.053

occurring velocities, mainly in the way the reflection centers
emerge. The rather shallow flow of river (b) is mainly caused
by the shallow water level and is primarily characterized by
the water flowing over the river bed (e.g. stones) and results in
locally stable reflection centers. In contrast, the reflection centers
on the surfaces of river (d) are not shaped directly by the ground
due to the higher water level. Furthermore, the results in Fig. 9(d)
show indications of spatially moving reflection centers, which
are the dominating part of the measured reflection centers. This is
also the case for rivers (a) and (c). This relationship between the
riverbeds and the differences of spatially constant and moving
reflection centers is schematically depicted in Fig. 12. In order
to analyze the significance and reproducibility as a measure of
the efficiency of the parameters shown, five different series of
measurements were carried out on each RUT. For the four rivers,
the mean value p as well as the standard deviation o averaged
over five measurement series of the characterization parameters
maximum mean envelope velocity ¥e,, and envelope velocity
peak width in range Are,y, are given in Table III. The low
standard deviation o of the parameters ¥e,, and Are,, indicates
a certain reliability and repeatability.



2500

03 1T T T 7 T
[branche movements

| in wind direction
0.1 —

velocity in m/s
o

against wind

—-0.2 u
0.3 | | I
2 4 6 8 10
range in m
(a) (b)

Fig. 13. Mean envelope velocity (averaged in time) over distance for a tree in
a stationary environment. (a) Photography. (b) Envelope velocity.

E. Surrounding Influences

While the surroundings at the rivers (c) and (d) do not have
significant influence on the resulting radar data, branches of trees
and bushes can be seen at rivers (a) and (d) in the camera images
[see Fig. 6(a) and (b)] and the resulting radar data. These can
be separated by the spatial appearance or by the characteristics
of the signals in the mean envelope velocity plot over range. A
reference measurement of a tree moving in a moderate wind is
shown in Fig. 13(b). The received signals are processed the same
way as the river measurements shown before. The movement of
the branches between 6.5 and 10.5 m with the wind creates
a quasi-symmetrical movement in the mean envelope velocity
plot in both the positive and negative velocity distributions over
distance. A closer look reveals that the velocity amplitudes
are not exactly symmetrical. The distribution in the direction
of the wind is thereby more prominent (0.2 m/s) than in the
direction against the wind (—0.17 m/s). One explanation for
this characteristic could indicate that the velocity against the
wind direction is lower than the movement in the wind direction
due to the softer rebounding of the branches. Such characteristic
branch movements can also be seen in the flow measurements
Fig. 11(a) at 10.2 m and in Fig. 11(b) at 3.1 m.

IV. DISCUSSION

Compared with other studies that have already been under-
taken on the topic of detecting the surface velocity of rivers
(see [19] or [20]) or the mapping of the surface velocity to the
actual river flow velocity (see[18]), this article has shown new
opportunities for the use of FMCW radar sensors for river char-
acterization. Especially, the evaluation of range-Doppler plots
and the time-averaged velocity distribution of the envelope ve-
locity distribution based on integration of several range-Doppler
frames provide a deep insight. These evaluations contain a wide
spectrum of information on the actual water surface that goes
beyond the conventional consideration of water level and flow
velocity. The extraction of these features was evaluated on four
different rivers, which finally allow a characterization of these
rivers. Specifically, the time sequence of the envelope velocity
distribution over distance, including all frames allows a detailed
analysis of the progression of the reflection centers at the river
surface. Using this evaluation approach, a specific statement
about the characteristics of the reflection centers detected by the
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Fig. 14.  Tllustration of the measured uncorrected Doppler velocity vmeas, the
interpreted vsiver according the vector decomposition correction of (2) with
Umeas (TLos) and the considered velocity distribution according (5) for the
envelope velocity of the River Leibi according the measurements in Fig. 11(b).

radar can be made. In addition to the temporal course character-
istics of reflection centers, temporal-stationary local reflection
centers can also be distinguished and interpreted accordingly. In
the method of plotting, a characterization of different types of
rivers is possible, as these have different characteristics of the
enveloping velocity distributed spatially and temporally. It was
possible to identify characteristic branch movements in addition
to the water movement. Through this characterization, branch
movements can be separated from the water surface movement.
The branch movement detection has also been proven in a sec-
ond experiment. The river surface velocity results shown were
adjusted as introduced in (2) with a constant factor of the vector
decomposition for the line of sight component. For the purpose
of characteristic extraction, this is an arguable approximation.
For an accurate value of the actual surface velocity, this only
matches for the velocity in the range r = rp g of the line of
sight component. Due to the radiation pattern of the radar, there
are superpositions in the measured radial velocities in azimuth,
and elevation of velocities occurring at the same distances at
different radial angles. Based on the measurement setup, this
superposition in elevation can be corrected by the separability
in range. For this, the measured radial Doppler velocities have
to be interpreted as a function of the range. Therefore, (2) has
to be modified by the trigonometric relations

sin 8 = 7h (C))
r
and

cos B =1/1—sin?p3 (5

out of Fig. 1(a). With these relationships, the correlation

h2

Umeas = Vriver\/ 1 — ﬁ (6)
between the measured radial velocity vye,s and the actual ve-
locity of the river v,y depending on range r, sensor height h,
and the corresponding angle 3 can be obtained. This correlation
becomes problematic for values close to = h. In Fig. 14, the
illustration of the introduced equations for » > h exemplary for
the mean envelope velocity according Fig. 11(b) is shown. For
the case r > h, the measured velocity approaches the actual
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river velocity. However, this effect is unlikely to occur under
real conditions, since for large r almost no radar backscatter can
be expected. The measured uncorrected envelope velocity fits
well into the considered velocity distribution. For this reason, a
drop in the measured radial velocity can be seen after the LOS
component at about 6 m. Environmental factors, such as rain or
wind, would affect the measurements of the surface velocity by
influencing the structure of the river surface. The measurements
presented in this article were performed in rainless and windless
conditions, so the effects on the measurements could not be
investigated. Another effect on the results are too smooth river
surfaces where no water surface roughness is present. Most
of the radar radiation will be reflected due to the dominating
specular reflection. The rivers investigated in this article are
not influenced by surface waves that can be caused by wind
(see, e.g., [28]). However, in contrast to a conventional Doppler
radar measurement, such surface waves could be interpreted
separately from the flow velocity of the river through the repre-
sentation in a 2-D time series. The same CFAR filter was used
for postprocessing on the four different rivers, so there is still
potential for improvement in the evaluation of the individual
rivers through adaptation to the special scenarios.

Nevertheless, a long-term study on one and the same river
would be very useful to consolidate the statements of this article
and to categorize actual changes in the condition of the river
surface in different scenarios, such as snow-melt, rain, or floods.
The knowledge acquired in this way can then be used to improve
flood warning systems or river monitoring.

V. CONCLUSION

The experiments in this article show the benefits that FMCW
radar sensors can offer for river characterization and monitoring.
On four rivers with significantly different characteristics, it
was possible to show and compare several measures for the
characterization of river flows with an FMCW radar. Besides
the obvious features of detecting surface velocity and distance
between water level and sensor, time-integrated features can
provide more guidance to describe the characteristics of a river.
The main objective is to investigate physically traceable param-
eters in a feature extraction that are feasible for averaged radar
data. An essential task of feature extraction is the reduction of
information, which is essential for large amounts of data. For
this purpose, the approach of averaging several range-Doppler
frames has been chosen as a central processing step. A detailed
analysis of the time series plots of the envelope velocity curve
integrated over each frame was performed to show the tempo-
ral progression of the reflection centers detected by the radar.
These results can also be interesting for better understanding
and optimizing common Doppler radar measurements on river
surfaces. In addition, averaging the time series plots results in
a characteristic velocity profile over range, which can be used
for the characterization of river flows by the features maximum
mean velocity and the width of the velocity profile. The re-
sulting images of the reflection centers detected by the radar
show interesting insights into the spatial and temporal changes
and movements of these reflection centers. This provides an
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indication that the major component of radar backscattering on
rivers is the more statistical interference-based Fresnel approach.
Using these 2-D time series plots of the envelope velocities, a
characterization of different river surfaces was realized as well
as the detection of branch movements. By detecting the branch
movement, these curves can be separated from the water move-
ments. Especially the comparison of time varying parameters
of the river surface offer significant additional insights, which
provide more detailed information concerning the field of river
monitoring and flood warning systems. An extended application
of surface classification by radar systems to detect flotsam in
order to identify blockages at an early stage is feasible.
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