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Abstract. The influence of millimeter-wave radar receiver noise on the
probability of unambiguous determination of unmanned vehicles speed and
range in the intelligent transportation system of the «smart city» is
investigated. For the proposed new multi-target detection method for
FMCW radar, the effect of the technical parameters of the vehicle radars
on the required signal-to-noise ratio (SNR) of the receiver is estimated to
ensure the probability of true determination of target parameters at 98%.

1 Introduction

Usually when problems of unmanned vehicle are discussed the two type of vehicles are
mentioned: aerial and ground. The applications of Unmanned Aerial Vehicles (UAVs) are
attracting increasing attention in recent years because of rapidly growing usage in a wide
range of industrial sphere, including regional planning and mapping [1], forestry [2],
environmental monitoring [3], logistics [4], agriculture [5] and many other civil application
[6, 7]. Autonomous ground vehicle technology is making a prominent appearance around
the world in many forms and related research, testing, and deployment of autonomous
vehicles is escalating in many parts of economy [8-10]. One of the main problems remains
the determination of the speed, position and other parameters of such moving objects [11-
14]. For solving such problems, sensor systems based on radar technology are currently
widely used [15, 16]. In this regard, the urgent task is to detect and filter false targets when
using millimeter-wave radars [17-20]. Millimeter-wave radar systems for automotive
application include pulse radar, frequency- modulated continuous-wave (FMCW) radar and
spread spectrum radar.

The main problem of millimeter-wave radar usage for intelligent transportation systems
(ITS) are related to signal depolarization, significant attenuation, changes in phase and
amplitude during a propagation of such waves, and atmospheric attenuation tends to be
higher if the frequency increases, and this also depends on weather conditions [21].
Choosing of a specific frequency band depends on a number of factors such as
environment, the backscatter properties of the targets and many others [22]. The basic tasks
for millimeter-wave radar usage in ITS are following [23]: detection: decision about the
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presence or absence of some targets; target tracking: tracking of the specific target;
measurement. a process to estimate the coordinates and parameters the target/targets;
recognition: the target belongs or not to the specific class of targets; resolution: detection
and measurement of the specific target. Typical key issues that need to be solved for a
successful implementation are: cost, number of sensors, problems with choosing the right
frequency, installation parameters, sensor fusion, low false positives / targets, etc. [20-24].

There are many methods for solve mentioned tasks. For example, for measurement and
position localization several common methods [25, 26] such as time difference of arrival
(TDOA), differential Doppler (DD) and triangulation are used. An essential challenge that
remains open and need to solve is the object detection and classification problem. Radar
sensors are a reliable choice for this task, but radar sensors classification capabilities are not
optimal, for example, small objects can be easy to confuse with birds, and in most cases
they are difficult to distinguish [27]. The most commonly used characteristic of a radar
signal for automatic target classification is the micro-Doppler signature [28]. A surveillance
radar is operating with a rotating antenna to detect and track multiple target [29]. Deep
learning based methodologies has some success for tasks concerning radar data. But such
approaches require a large amount of ground truth annotated data and can only be
performed by an expert in the field. Also acquired raw data from a radar sensor may not be
enough and sophisticated radar signal processing is required to extract spatiotemporal and
intrinsic information for a deep learning process [28, 30].

Freight and logistics of transport in the «smart city» determines the need to determine
the position of vehicles and UAVs and predict their course of movement. A distinctive
feature of the real situation of unmanned vehicles (UV) and UAV movement is the
simultaneous presence of a significant number of vehicles in the «smart city», which
determines the need to distinguish vehicles in radars by location and speed. To solve this
problem, in [14] we proposed a method for estimating speeds and distances to targets in
multi-target mode, which allowed us to significantly expand the range of uniquely
determined vehicle speeds.

The objective of the paper is a study of the noise properties of the proposed multi-target
detection method for FMCW radar [14], namely, the influence of the technical parameters
of vehicle’s radars in intelligent transport systems on the required signal-to-noise ratio
(SNR) of the receiver and providing the probability of true determination of target
parameters at the level of 98%.

2 Multi-target Detection Method for FMCW Radar

To solve the issue of determining the location and speed of vehicles, various forms of radio
signals are used. Based on the form of the radio signal shown in figure 1, which is quite
effective for realizing in the radar, we proposed a method for eliminating incorrect
correspondences of the locations and speeds of targets in the multiple target mode [14].
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Fig. 1. Proposed Waveform [14].
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In the mixer of the vehicle’s radar receiver, an intermediate frequency (/F) signal is
generated equal to the frequency difference between the transmitter and receiver at each
time point. The intermediate frequency, called the beat frequency, is digitized by the
analog-to-digital converter (ADC) with the sampling frequency of the f;. The beat
frequencies fz; and f,, i.e. the frequency of the signal at the output of the mixer in the
quadrature channels / and Q of the intermediate frequency of the radar receiver for chirps
with numbers & = 0 and k = I, respectively, are determined by the expressions
Af ZVR
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The problem of determining the parameters of targets in multi-target mode is that for
each speed from the set of speeds of all targets, it is necessary to match the true range to the
target from the set of all ranges to the targets. Based on the refined model of the radar
signal IF [18] we found [14] that the minimum of functional Z(fz,, fz,) correspond to a true
pair of speed—distance of targets
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The implementation of the method in vehicle radars consists of a sequence of calculations:
1. one-dimensional fast complex Fourier transform of the samples of the intermediate
frequency signal, 2. estimation of the frequencies of the maxima of the obtained amplitude
spectrum, 3. calculation of the ranges and speeds of the targets by estimating the
frequencies of the maximums of the amplitude spectrum, 4. search of the minimum
functional (3) for various combinations of pairs of Doppler frequency and beat frequencies
corresponding to the range R to the target. The Doppler frequency determines the speed of
the vehicle in accordance with the expression f, =2-V- f, / c, where f; is the radio

frequency of the radar, and c is the speed of light.

Of practical interest for vehicle radar developers is the conscious choice of the technical
parameters of the radar, which ensures its high-quality operation at reasonable production
costs. As a characteristic of the quality of work, it is possible to use the probability of a true
determination of the P,z parameters. The cost of manufacturing a radar vehicle is
reduced, including when using the elemental base of electronic components that perform
their functions not at the currently limiting signal processing frequencies.

3 Result and discussion

The shape of the radar signal, its radiated power and radio frequency, as well as the range
and propagation conditions of the radio waves to the vehicle, determine the signal-to-noise
ratio in the radar radio receiver. It is the signal-to-noise ratio that determines the quality of
the radar, which can be estimated as the probability of a true determination of the target
parameters.

Recommendations on the selection of technical parameters for vehicle radars are based
on modeling the operation of a vehicle radar in multi-target mode in the LabVIEW
programming environment. The carrier frequency f, was taken equal to 76,5 GHz, sweep
bandwidth Af; =450 and Af; = 1000 MHz respectively. The technical parameters of the
radar - the duration of the waveform segments, the sampling frequency of the ADC and the
number of simultaneously recognized targets varied during the computational experiments.
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The signal-to-noise ratio was determined in accordance with the expression
P

SNR =10-1g 2, 4)
20

where P, — beat signal power, 6> — Gaussian noise variance. Noise was determined by
integration over the entire frequency band of the fast Fourier transform (FFT).

For a given signal-to-noise ratio and waveform parameters of the radio signal, 500
computer experiments were conducted to determine the true values of the speed and range
of many targets. If the parameters of at least one of the targets were determined incorrectly
in the experiment, the result was recorded as negative. If the parameters of all N goals were
determined without errors, the result was recorded as positive. The criterion for
distinguishing between positive and negative experimental results was the condition that the
standard deviation of the velocity value for five hundred experiments did not exceed 1
km/h and the standard deviation of the range did not exceed 1 m. Probability of target
velocity and distance true estimation was calculated as the ratio of the number of
experiments with positive results to the total number of experiments equal to 500.

A strong dependence of the probability of the true determination of the target
parameters on the sampling frequency, the duration of the waveform segments and the
number of simultaneously determined targets is revealed. Figure 2 shows the dependence of
the probability of the true determination of the parameters on the SNR at various sampling
frequencies of the ADC. With an increase in the sampling rate, to achieve a high probability
of true determination of the target parameters (at the level of P,z = 98 %), a significantly
lower corresponding SNRys., value is required. The probability of the unambiguous
determination of parameters is especially degraded when the sampling frequency is reduced
from 500 kHz to 250 kHz. With such a change in the sampling frequency, to achieve
Piievr = 98 %, an increase in SNR of 7 dB is required, which inevitably leads to the need to
increase the power of the radar transmitter, or to reduce the maximum detectable range to
the target. Tuning the radar to a sampling frequency above 1 MHz results in a not so strong
reduction in the required SNR. So when you increase the sampling frequency from 1 to 5
MHz, the SNR will drop by only 2 dB. But an increase in the sampling frequency entails an
increase in the cost of vehicle radars and an increase in energy consumption, which is very
important for stand-alone battery radars. Thus, there is a certain optimum in the choice of
the sampling frequency of the vehicle radar, which also depends on the maximum range
determined by the radar to the target. In our computational experiments, for the chosen
simulation parameters, the optimal sampling frequency of the ADC of the vehicle radar was
in the vicinity of =1 MHz.
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Fig. 2. The dependency of probability of unambiguous determination of the P,,,.;z from
SNR for various ADC sampling frequencies (7= 8.192 ms, N =4).
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The dependency of probability of unambiguous determination of the P,z from SNR at
various lengths of radar waveform segments of vehicle radar (7,=7,=7,=T on figure 1) is
shown on figure 3.
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Fig. 3. Probability of unambiguous determination of the P,y from SNR at various
segment lengths (fs=1 MHz, N=4)

A doubling of the duration of the segments leads to a decrease in the required SNRggo,
by 2-3 dB. However, it is not possible to significantly increase the duration of the segments,
since in this case, at high target speeds, the target moves a significant distance during the
measurement. So, for example, at a target speed of 100 km/h during a measurement time of
50 ms (three segments of 16.384 ms), the target will travel a distance of 1.4 m, which can
be unacceptably crude accuracy. Due to this reason, the reasonable duration of the segments
does not exceed 16.384 ms. Such an exact value of the segment duration is determined by
the number of samples of the Fourier transform multiple of degree 2. In this case, a fast
Fourier transform is used, which significantly reduces the conversion time compared to a
simple discrete Fourier transform.

The dependence of the probability of unambiguous determination of parameters P,...;z
from SNR with various amounts of simultaneously recognized targets N from 2 up to 12 is
shown on figure 4.
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Fig. 4. Dependence of the probability of unambiguous determination of parameters P.,.yz
from SNR with various amounts of simultaneously recognized targets (7= 8.192 ms, fs =1
MHz).
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With an increase in the number of simultaneously evaluated targets, the probability of a
true determination of the speed and range of targets, which is 98%, is achieved with a larger
signal-to-noise ratio. For example, for 2 targets the 98 % probability of target velocity and
distance true estimation equals to SNRg., =-20 dB, and for 12 targets SNRs., =-10 dB.
Thus, adding each target to the multi-target algorithm makes it necessary to increase the
SNR by approximately ASNR =1-2 dB for N in the first ten and more than 4 dB for N in the
second ten. As the number of targets increases, the ASNR value increases.

The decrease of probability of target velocity and distance unambiguous estimation near
SNRyso; values happen dramatically, when changing SNR by 4 dB probability of target
velocity and distance unambiguous estimation falls from one to zero. Identified
dependencies for probability of target velocity and distance unambiguous estimation
determine the need for a significant reserve in SNR when designing radars for multi-target
mode, that remotely senses the parameters of small unmanned vehicles.

Conclusion

The determination of the UV and UAV motion parameters in the intelligent transport
systems of the «smart city» technology is carried out using millimeter-wave radars. A
distinctive feature of the real situation of UV and UAV movement is the presence in the
zone of analysis of the transport situation at the same time of a significant number of
vehicles, the parameters of which must be determined. This article investigates the
dependence of the probability of unambiguous determination of target parameters in the
multi-target mode on the signal-to-noise ratio in the radar receiver. Quantitative patterns of
the influence of the technical parameters of radars on the probability of an unambiguous
determination of target parameters are identified. Recommendations on the selection of
technical parameters for vehicle radars are based on modeling the operation of a vehicle
radar in multi-target mode in the LabVIEW programming environment and can be used by
developers to create radars optimized in terms of price / quality.
The reported study was funded by RFBR, project number 19-29-06034.
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