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The first results of data processing of the experiment on the Nizhny Novgorod cable car are presented.
A pulsed X-band radar was installed on a technological trolley and performed measurements while
moving in two modes that worked sequentially. In the radio altimeter mode, the reflected waveform was
measured and the distance to the scattering surface was determined. In the Doppler mode, the Doppler
spectrum of the reflected signal was measured, which contains information about the statistical
parameters of the surface. Data processing was carried out and the first results confirmed the
assumption that the Doppler spectrum can be an effective tool for classifying the type of the underlying
surface according to the “ice/water” criterion. Subsequent data processing will allow us to evaluate the
accuracy of the developed algorithms.
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1 Introduction

One of the most effective methods of remote
sensing of the sea surface is radar sounding. Plac-
ing radars on satellites makes it possible to ob-
tain operational and global information, in partic-
ular, on the wave parameters and the surface wind
field, regardless of the time of day and cloudiness.
The most well-known orbital radars are scatterom-
eters that measure the near-water wind field [Bren-
nan et al., 2009; Quilfen et al., 2001; Ricciardulli
and Wentz, 2015; Rivas et al., 2014; Stoffelen et al.,
2017], radio altimeters that measure the signifi-
cant wave height, wind speed and the mean sea
level [Elfouhaily et al., 1998; Freilich and Challenor,
1994; Karaev et al., 2002; Lillibridge et al., 2014] and
synthetic aperture radars (SAR) that have high spa-
tial resolution [Fisher et al., 2008; Furevik and Ko-
rsbakken, 2000; Horstmann et al., 2000; Shen et al.,
2014].
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Growing requirements for expanding the num-
ber of measured parameters incentivize develop-
ment of new radar equipment. It is planned to
install a Ku-band radar on the promising Rus-
sian oceanographic satellite “Ocean”, which will
perform measurements in a channel near nadir
sounding [Karaev et al., 2010, 2018]. It will be the
first orbital radar that performs measurements in
two modes:

• during nadir sounding, measurements are
performed in the radio altimeter mode and
the significant wave height along the flight di-
rection is retrieved;

• in the scanning mode (±13 deg.), a radar im-
age of the surface is formed and the field of
the mean square slopes (MSS) of large-scale in
comparison with radar wavelength, sea waves
is retrieved [Karaev et al., 2021b; Panfilova
et al., 2020]. The frequency of switching be-
tween modes and their duration are chosen so
as to form a full radar coverage of the sea sur-
face (without gaps).
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The measurement scheme is shown in Figure 1.
Due to the use of knife-like antenna beam (1.5◦ ×
30◦) at an altitude of 500 km, each spatial element
(14 km×14 km) in a 230 km swath will be observed
for more than 30 seconds. This has never been
done before.

Figure 1: Radar measurement scheme.

2 Developed radar with knife-like an-
tenna beam

In contrast to the middle incidence angles, mea-
surements at small incidence angles are difficult
to implement in the course of a field experiment.
One of the options for solving the problem is to in-
stall a radar on the bridge, and such a measuring
complex was installed on the metro bridge across
the Volga River (Nizhny Novgorod) to measure the
current velocity. In the experiment, the Doppler
spectrum of the reflected radar signal was mea-
sured and the dependence of the Doppler spec-
trum parameters on the angle of incidence and az-
imuthal angle was studied [Karaev et al., 2021a;
Ryabkova et al., 2020]. However, the measurements
were performed from an immobile carrier and only
in the Doppler mode.

The possibility of measuring from an airplane is
discussed in the following papers [Nekrasov et al.,
2013, 2017]. However, the experiment was not car-
ried out in these works. Installing a radar on an
airplane is a technically difficult task. So, a differ-
ent way was chosen for carrying out “flight” tests.

To carry out the experiments, JSC “Micran” [Mi-
cran JSC, 2022] developed and manufactured an
X-band radar by order of the IAP RAS. Measure-
ments in altimeter and Doppler modes are per-
formed in a cycle of 10.285 s (0.285 s and 10 s).
On Figure 2 shows a photo of the radar. The elec-
tronics are inside in a metal box rigidly connected
to the antenna (knife-like antenna beam), which is
on the top in the figure.

The scan mode wasn’t implemented due to the
complexity of the design, so the Doppler mode will
also be tested in nadir sounding. Radar parameters
are given in Table 1.

Figure 2: Photo of the X-band knife-like antenna
beam (30◦ × 3.6◦).

The radar operates in two modes, and in order
to test them, it is necessary to fulfill a number of
requirements for the measurement scheme.

The Doppler spectrum of the reflected radar sig-
nal contains information about the distribution of
the radial component of the surface velocity. For
ice or land, there is no proper surface motion, so
measurements must be made from a moving car-
rier to test the Doppler mode.

The altimeter mode measures the significant
wave height. Wind waves on the river have a small
height. The range resolution is about 50 cm, so
it will be extremely difficult to test algorithms for
measuring wave height.

The best option for measuring and testing both
modes was the installation of a radar in the tech-
nological trolley of the Nizhny Novgorod cable car.
The first experiment was performed on December
2, 2020. The news show “Vesti Povolzhya” aired
a piece about it [Vesti, 2022].

Table 1: Parameters of the X-band radar
manufactured by Micran JSC

Carrier frequency 9.2–9.5 GHz
Frequency deviation 289.99 MHz
Beamwidth 30◦ × 3.6◦

Output power 1 W
Pulse duration 2.85 ms

Output data
Doppler spectrum

Reflected pulse waveform

3 Experiment at theNizhnyNovgorod
cable road

The experiment was conducted on December 4,
2021. The cable car passed over the Grebnoy Kanal
(Grebnoy Channel), an enclosed reservoir (see Fig-
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ure 3) that is located near the higher bank of the
Volga River.

The first substruction of the Nizhny Novgorod
cable car is located on a small river island (see Fig-
ure 3). By the time the experiment was started,
an ice cover had formed over the Grebnoy Kanal,
and the Volga River has not yet frozen, so when
the technological trolley moved, the measure-
ments were carried out over the ice cover (Grebnoy
Kanal) and the open water surface (Volga River).

To carry out the experiment with the new radar
for the first time, a data processing software pack-
age was developed. Detailed analysis and compar-
ison of model estimates for the ice cover and the
water surface deserves a separate publication on
each mode of operation of the radar and will be
carried out in the future. In this paper, we give ex-
amples of processing for the Doppler and altimeter
modes of the radar.

The installation of the radar on the technolog-
ical trolley of the Nizhny Novgorod cable car en-
sures the movement of the radar over the water
surface and ice, which makes it possible to test the
Doppler mode.

The trolley moves along a rope that sags between
the supports. As a result, movement is “simulated”
over an “rough” surface. This can be interpreted
as moving over a “large-scale” wave. The height
of the “wave” can be chosen by setting the average
time of the reflected pulses and knowing (measur-
ing) the change in the coordinates of the techno-
logical trolley. Thus, it is possible to test the radio
altimeter mode.

Figure 4 shows the change in the height of the
technological trolley, measured by the geodetic re-

Volga River

Bor

Nizhny Novgorod

Grebnoy Canal

Figure 3: The scheme of the experiment. Cable
car shown as a straight line. In the south of the
track is the Nizhny Novgorod station. In the north
is Bor station.

ceivers of navigation signals during the experi-
ment. The measurements began on the lower bank
at the Bor station and continued during the ascent
to the higher bank at the Nizhny Novgorod station.
The height difference is about 80 m. GNSS receiver
measures altitude relative to sea level.

During the experiment, three full laps were
made during which the orientation of the antenna
relative to the direction of movement of the radar
and the operating modes changed. The duration of
the lap is about 30 minutes. The radar installed on
the technological trolley is shown in Figure 5.

“Household” GNSS receivers measure the height
and speed of movement with a large error, there-
fore, to ensure the required accuracy, the EFT
M1 Plus geodetic receiver manufactured by EFT-
GROUP (Moscow) was used. It provides a mea-
surement accuracy of about 2–4 cm. Employees of
the company took part in the experiment and pre-
pared the data for further processing.

4 Data processing

The data is currently being processed. The first
results are shown below. In radio altimeter mode,
a short pulse is emitted. Due to the frequency de-
viation of about 300 MHz, a range resolution of
about 50 cm is achieved. The height of the radar
above the reflecting surface can be calculated by
measuring the propagation time of an electromag-
netic wave from the radar to the reflecting surface
and back. An example of reflected pulses is shown
in Figure 6. The delay time has been converted to
range and the reflected pulse plotted on the range
axis (horizontal axis). On Figure 6a different col-
ors show single pulses from a burst of 100 pulses
(burst duration 0.285 s). The waveform of the re-
flected pulse varies greatly from pulse to pulse.
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Figure 4: Changing the height of the technological
trolley (radar) during the experiment.
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Figure 5: Technological trolley with installed
radar before the experiment.

Figure 6b shows the average pulse for the emitted
burst. It has a stable waveform and can be used to
restore the distance to the reflective surface. Time
of repetition is approximately 10.285 s.

Doppler mode measures the spectral character-
istics of the reflected signal and the movement of
the radar results in a Doppler spectrum even for
a stationary surface. The width of the Doppler
spectrum depends on the velocity of the radar, the
antenna beam and the parameters of the reflect-
ing surface. An example of a Doppler spectrum
calculated from a record with a duration of 0.7 s
is shown in Figure 7. The red curve corresponds
to a Gaussian with mean and variance calculated
from the measured Doppler spectrum. The mea-
sured Doppler spectrum aligns well with the mod-
eled one, and it will be possible to use the devel-
oped processing algorithms to restore the statisti-
cal characteristics of the scattering surface.

The radar looks down vertically and the ob-
served Doppler spectrum shift is associated with
the movement of the technological trolley between
the supports. Sagging of the rope leads to the ap-
pearance of a vertical velocity component. In this
case, the movement is up (technological trolley ap-
proaches the support) or down (moves away). The
width of the Doppler spectrum depends on the
velocity vector and the width of the antenna pat-

Figure 6: An example of a reflected pulse:
a) single reflected pulses; b) average pulse. The
height of the technological trolley is about 64.5 m.

Figure 7: Doppler spectrum of the reflected
signal: black curve – measured Doppler spectrum,
red curve – Gaussian model. Time record is 0.7 s.

tern. The coordinates of the technological trol-
ley were recorded simultaneously by the geodetic
receiver EFT M1 Plus. In the future, the recon-
structed height will be compared according to the
radar data with the measurements of the geodetic
receiver. In addition, it will be possible to clas-
sify the type of underlying surface (land, ice, wa-
ter) and compare Doppler spectra.

5 Discussion

On Figure 8 examples of average reflected im-
pulses (averaging time 0.285 ms) when moving
technological trolley over the Volga river (open wa-
ter) are presented. During processing, the pulses
were numbered and the time interval between ad-
jacent pulses is 10.285 s. The observed momentum
shift with increasing number is due to the lifting of
the technological trolley when approaching a sub-
struction located on the island.
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Figure 8: Changing the position of the pulse when
moving over the Volga River.
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Figure 9: Dependence of the height of the
technological trolley on time: GNSS is solid line,
radar data is dots.

The GNSS receiver measures the height of the
cart relative to sea level, and the radar measures
distance from the technological trolley to the re-
flective surface. Therefore, when plotting Figure 9
height (from GNSS) and distance to surface (from
radar) were combined in the first maximum. The
difference was calculated and this made it possi-
ble to go from the distance measured by the radar
to the height of the trolley (radar) point above sea
level, measured by GNSS.

You can see a good match, and quantitative es-
timates will be obtained after processing is com-
pleted and presented in the next article on the al-
timeter mode.

In the second mode, the radar measured the
Doppler spectrum of the reflected signal. For
the same cycles measurements (see Figure 8), the
Doppler spectra were calculated and presented in
Figure 10.

For nadir sounding and horizontal motion, the
DS shift should be equal to zero. The appearance
of a bias usually says that there is a vertical veloc-
ity component. This also affects the width of the
Doppler spectrum.

Now consider the change in the Doppler spec-
trum upon transition from one type of under-
lying surface to another. As shown in [Karaev
et al., 2022a,b], Doppler spectrum can significantly
change its parameters when moving from the ice
cover to the water surface if the knife-like antenna
pattern is oriented along the direction of travel.
For ease of comparison, the spectra were normal-
ized.

Figure 11 shows a comparison of the measured
Doppler spectra with the duration of 1 s that are
smoothed by a moving average with a window of
0.97 Hz. The black curve is the Doppler spectra
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Figure 10: Examples of Doppler spectra of the
reflected radar signal.

from the water surface and the blue curve is from
the ice cover.

It can be seen that the Doppler spectrum re-
flected from the water surface is wider than the
Doppler spectrum measured on the ice cover. This
is explained by the fact that the roughness of the
ice cover (MSS) is significantly less than the rough-
ness of the surface waves.

As is known, at small angles of incidence,
the dominant backscattering mechanism is quasi-
specular. Reflection occurs from areas of the sur-
face oriented perpendicular to the incident radia-
tion. The width of the Doppler spectrum depends
on the velocity carrier motion. The Doppler spec-
trum over the water surface is wider than over the
ice because MSS of waves is larger and the reflected
signal is collected from a larger area and the inter-
val of incidence angles involved in the formation
of the reflected signal will be more. This result in
more spread radial velocities and the width of the
Doppler spectrum will be greater for the water sur-
face.

Let’s consider another interesting effect that was
studied in the experiment. It is associated with ori-
entation of the antenna pattern relative to the di-
rection of movement. During the experiment mea-
surements were performed for two antenna pat-
tern orientations:

1. knife-like antenna beam was oriented along
the direction of movement;

2. knife-like antenna beam was oriented across
the direction of movement.
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Figure 11: An example of Doppler spectra
reflected from the water surface (black curve) and
from the ice cover (blue curve).

The orientation of the antenna will not affect the
shape of the reflected pulse, but the orientation is
important for Doppler spectrum. For an example,
see Figure 12. Black curve corresponds case the
footprint was oriented along the direction of mo-
tion, and red curve corresponds case the footprint
was oriented across movement. This result con-
firms the theoretical conclusions of [Karaev et al.,
2022a,b].

6 Conclusions

The paper discusses setting up and conducting
the first experiment with an X-band pulsed radar
on the Nizhny Novgorod cable road. The radar
operated in two modes: 1) altimeter mode and
2) Doppler mode.

A set of programs for data processing has been
developed and the first results of processing are
being discussed.

In the first mode, the waveform of the reflected
pulse is measured, the propagation time of the
electromagnetic wave from the radar to the scatter-
ing surface (two way) is determined, and the dis-
tance is calculated. The range resolution is about
0.5 m.

In the second mode, the Doppler spectrum of
the reflected radar signal is measured, and inde-
pendent information about the movement velocity
(GNSS receiver), it will be possible to retrive the
MSS of the large-scale surface waves.

Data processing and subsequent comparison
with GNSS data showed that in the altimeter mode
the distance from the radar to the reflecting sur-
face is successfully measured.

An analysis of the Doppler spectra showed that
the width of the Doppler spectrum is a reliable in-
dicator of the type of underlying surface.

This paper presents the first results of experi-
mental data processing. In the course of further re-
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Figure 12: Doppler spectra of the reflected radar
signal over the water surface for orienting the
knife-like antenna across the direction of
movement (red curve) and along the direction of
travel (black curve).

search, quantitative estimates of the accuracy of al-
gorithms will be obtained and compared with the
developed models of the Doppler spectrum.
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