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Abstract 

 

In the article we examine the results of theoretical and experimental studies of the 

statistical characteristics and of the parameters of the Doppler signal spectrum for  
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different models of extended objects – transport means. Analysis and 

generalization of the obtained results was carried out based on a big selection of 

fragments of the Doppler signal spectrum that allows us to consider these results 

as statistically reliable. It is shown that acceleration motion of the extended object 

has the greatest influence on the width of the spectrum of the Doppler signal and, 

consequently, on the accuracy of the measurement of its speed of movement.  
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1. Introduction 
 

Short-range radar systems (SRRS) are widely applied in various systems for 

measurement of movement parameters, protection systems of various objects, 

classification identification systems using the principle of short-range 

radar-location [1, 8, 12]. Consequently, they should also use other characteristics 

than those applied in the theory of long range radio systems. 

Doing the theoretical justification and practical implementation of any devices 

belonging to the class of SRRS, for example, measuring device of motion 

parameters of various objects, you should consider a number of specific features 

for short range, such as the extended nature of the detected object, the 

comparability of geometric dimensions of the object with the distance to it, 

multipath nature of the reflection of signals from such objects, etc. 

As a result, it is necessary to analyze the characteristics of reflection of the 

emitted signal, to define the width of spectrum of the Doppler signal (SDS), to 

select the method of definition and experimental determination of the scattering 

cross-section, and also to create on their basis mathematical models corresponding 

the real physical phenomena in SRRS taking into account the extended nature of 

the detected objects, constantly changing range, various laws of instantaneous 

detection probability, a priori uncertainty about the position of the object and its 

motion parameters [2, 11]. 

A priori knowledge of the statistical characteristics of signals and disturbing 

influences allows us to formulate more accurate mathematical models of the 

reflected signal as well as interferences influencing this signal and reasonable 

approach to the development of devices of SRRS. Previously the authors [3] have 

selected and justified models of disturbing influences on electronic detection 

devices (EDD) of high frequency type, which is a special case of SRRS taking 

into account multipath nature of the signals reflected from extended objects. It 

was noted that the probability density of the envelope of such a signal is well 

approximated by the Nakagami probability density distribution (PDD), and the 

PDD of the instantaneous values at specific values of the distribution parameters 

is clearly bimodal. 

To create effective SRRD it is necessary to analyze the characteristics of the 

reflection of the probing signals from extended objects, to define the width of the  
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Doppler spectrum of the signal, to choose the definition method, to determine 

experimentally the effective surface (area) of the scattering, and to determine the 

statistical characteristics of signals received by SRRD. A priori knowledge of the 

statistical characteristics of signals and disturbing influences allows us to 

formulate more accurate mathematical models of the reflected signal and of the 

interference influencing this signal, similar to real physical phenomena in SRRD 

taking into account the extended nature of the detected objects, constantly 

changing range, different laws of instantaneous detection probability, a priori 

uncertainty about the position of the object and its motion parameters [4, 13, 14], 

and also to get a reasonable approach to the development of SRRD. 

Characteristics of the received signal not only influence the range of SRRD, but 

also largely determine the number of other important indicators of the quality of 

their work, for example the probability of correct detection, the probability of 

skipping, the false alarm probability, the accuracy of measurement of speed and 

acceleration, the resolution, etc. 

Note that here by received SRRD signals we will mean low-frequency (Doppler) 

signals generated at the output of the high-frequency part of SRRD (microwave 

sensor) after their conversion. 

It should be noted that the analysis and generalization of the results of statistical 

processing was carried out by the numerous fragments of the received signal 

obtained during the detection of the extended object by SRRD (for each 

experiment transport means of the same model were used). Thus, the number of 

considered fragments from one model of each type of the extended object was 

500...600. In this case the received signal of SRRD was recorded on more than 

fifty similar sets of radar devices of the microwave type. 

To obtain the most complete statistical data the experimental studies were 

conducted under different climatic conditions: clear, sunny weather, dusk, rain, 

fog, frost and snow. 

One of the objects of detection, changing motion parameters, ensuring traffic 

safety in the group, etc. SRRS are various transport means of railway transport 

and road transport, which by their structure can be attributed to the extended 

objects of complex shape. Particularly interesting is the study of the above 

mentioned transport means in connection with the special character of the 

reflections of the sounding signal coming from them. It is known [5] that a 

transport means as an object of detection is a complex spatially distributed radar 

target. Characteristics of the signal reflected from such a target, not only affect the 

range of SRRS, but also largely determine the number of other important 

indicators for such systems as: the accuracy of measurement of speed, resolution 

and other. 

In general case, the signal reflected from objects of complex shape, contains two 

components: specular and diffuse. Specular reflection, i.e., the reflection in 

accordance with the laws of geometrical optics, is characteristic of smooth 

surfaces. Their characteristic size of roughness h is much less than the wavelength 

 of the fluctuation generated by SRRD (i.e. h  ) [6]. 
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2. Spectrum of Doppler signal  
 

As it is known [7], when measuring motion parameters of any extended object 

with radio methods the speed of its movement is determined by the Doppler 

frequency shift (DFS) of the signal: 
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where Vr is the radial velocity of movement of the detected extended object; λ0 is 

the wavelength of the probing signal;  is the angle between the direction of the 

axis of the main lobe of radiation pattern (RP) of the antenna and the direction of 

movement of the extended object. 

Statistical properties of the received signal can be described [6] by the correlation 

function 
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defined as the mathematical expectation of the product of samples of a random 

process, taken at time points t and t1, or by the spectral density S(), defined as 

the Fourier transformation, of the correlation function, or by the spectral width of 

the received signal 

c/1 f ,                          (1) 

 

where с is the correlation interval characterizing the rate of change of a random 

process in time [5]. 

A width of SDS can be estimated by the formula 

cos2dF F   , 

where 2Δα is the angular size of the transport mean (in the horizontal plane). 

The power of SDS can be determined from the expression: 

 
2sin 8d arp rrP P S k H    , 

 

where Parp is the average radiated power; SΔ is area of the aperture; k = 0,5…0,8 is 

the utilization factor of the antenna; σrr is the specific effective scattering surface 

(ESS) of extended object characterizing the reflective properties of the irradiated 

surface and is a function of the angle to the axis of the trajectory of an extended 

object ; Н is the distance (perpendicular) from the radar meter to the surface of 

the irradiated object. 

The main factors determining the spectral and correlation characteristics of the 

received signals are the difference in velocities of the elemental reflectors located 

on the transport mean body and of SRRD, and changing the ESS of the elemental 

reflectors in time. The difference in velocities is caused by the large angular size 

of transport mean, exceeding in some cases the width of the radiation pattern (RP) 

of the SRRD antenna. 
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One of the most important statistical characteristics of the signal reflected from 

the extended object, affecting the accuracy of its speed measurement [7], is SDS 

[11]. The main parameters of the SDS are the average frequency of spectrum fd.a, 

the envelope, the effective width few and the power Рd [6]. 

The envelope and the effective width of the spectrum few are determined by the 

resulting RP of the antennas in the plane of the angle . Also the effective width 

few, as it was noted above [1], is affected by the correlation interval c (1). 

The effective width of the SDS is equal to its width at the level 0,5 by power and 

depends on the random fluctuations of the initial phase r with the reflection 

r/dt  0 [10], and on the differences of Doppler frequencies of the elemental 

reflectors within the RP of final width. The second factor is dominant. 

For the case when the signal phase is changed according the polynomial law [15] 
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where the first summand Ωd characterizes the speed of movement of the object, 

the second summand d  characterizes its acceleration.  

The energy spectrum of signal (2) can be described by the expression [1]: 
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where –T/2 < t < T/2. 

Using [9], we represent the expression (3) in the form 
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In turn, the expression (4) can be represented as: 
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 is the Fresnel integrals. 

It is known that C(–X) = –C(X) и S(–X) = –S(X). 

Previously [6] we obtained the expressions for the amplitude and phase spectra of 

the Doppler signal, respectively: 
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The amplitude S(f) and the phase F(f) spectra calculated from the expressions (5) 

and (6) and built some of the values d  that characterize the magnitude of the 

acceleration of the object with the processing interval Т = 0,2 с; f = ω/2, 

presented in Figure 1. 

 

 
а) 

 

 
b) 

Figure 1. Amplitude S(f) (а) and phase F(f) (b) spectrum with Т = 0,2 с 
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It should be noted that the amplitude spectrum of the signal oscillates around 

some constant value. The number of periods and the amplitude of the oscillations 

depends on the product Тd [5]. 

From the graphs it is seen that the width of the spectrum is influenced by two 

parameters d  and Т. With a relatively large processing time, the influence of 

the parameter d on the width of the SDS is predominant, which in this case has 

a trapezoidal shape with the oscillating amplitude. 

With decreasing T, the expansion of the spectrum, caused by the value d , tends 

to zero, and the amplitude oscillations of the peak of the spectrum decrease, and 

its shape assumes a bell-shaped appearance. In this case, the decrease of the value 

Т leads to expanding the spectrum and reducing its amplitude, and the peak of the 

curve of the dependency S(f) becomes flat, and the edges assume a slightly 

sloping look. 

 

3. Results of Doppler signal spectrum study  
 

Next, let us proceed to study results of SDS parameters. 

It should be noted that the methodology we use now was proposed by the authors 

before [1, 15]. Also earlier on the basis of the proposed method the authors 

experimentally determined the average values of scattering cross section (SCS) 

tm transport means, the width of the SDS is Ftm and root-mean-square deviation 

of the SCS on the example of different types of transport means. To summarize 

the obtained results it was interesting to carry out the research of more extended 

objects such as transport means of railway transport, as well as the study of the 

influence of acceleration of these objects on the parameters of the SDS. 

An experimental study of the parameters of the SDS reflected from extended 

objects (train rolling-stock, single cars, in some cases for a shunting locomotive), 

was performed using microwave oscillations of serial radar speed gun with 

wavelength  = 8 mm. Analysis and generalization of the study results of the 

parameters of the spectrum produced from the numerous fragments of the Doppler 

signal reflected from the transport mean of the same model. The number of the 

considered fragments from the transport means of each type was 380...400. 

All of the spectra of the reflected signals can be divided into three groups. The 

first group will include the SDS under irradiation of the transport mean (train 

rolling-stock) at an angle close to zero when the transport mean is at a relatively 

large distance of about 50...60 m. For this case is characteristic the spectrum of 

the reflected signal, potentially providing a good accuracy of measurement of 

speed and, consequently, acceleration and high resolution. 

The spectral width at the level of 0,707 is ΔF = 8…10 Hz. 

The second group of spectra corresponds to positive angles of irradiation of the 

transport mean α0 ≥ 17о. In this case, the width of SDS increases significantly and 

is ΔF = 20...25 Hz, which corresponds to the location the transport mean at 

relatively small distances of about 10...20 m from the velocity meter. The angular  
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dimensions of the transport mean often exceed the beam width of the antenna. 

Moving transport mean rapidly changes its angle, which is accompanied by rapid 

fluctuations of reflecting centers, which leads to the expansion of the SDS, the 

deterioration of the accuracy potential of the velocity meter and frequency 

resolution. In addition, this case is characterized by a sharp decrease in the SDS 

for some types of cars caused by the oblique fall of the ray on a smooth surface of 

the transport mean (mirror reflection), as well as some decrease of scatter of the 

values of SCS for different types of cars, due to the fact that the narrow beam of 

antenna irradiates only a part of the surface (projector mode). 

The third group of spectra corresponds to the deceleration mode of the transport 

mean from the trigger point to the moment of release the car retarders. In this case 

the body of a railroad car as well as the velocity meter is exposed to strong 

vibration. In this case the spectrum of the reflected signal is expanded so that its 

width reaches ΔF = 30…40 Hz. Under these conditions the accuracy of the 

velocity measurement is the worst. 

A significant expansion of the range is observed in Doppler signals reflected from 

shunting locomotives, because their body continuously vibrates from the running 

engine. Moreover, SDS does not only expand, but also has a «parasitic» 

harmonics, the amplitude of which is comparable with the spectrum of the main 

signal, which significantly affects the measurement accuracy, and can lead to 

errors in the velocity measurements. 

The width of the spectrum of the Doppler signal at the level of 0,707 reflected 

from different models of wagons, are given in table 1, where dsds FF  is the 

relative measurement error of Doppler signal. 

 

Table 1 

The width of the spectra of the Doppler signals 

reflected from various models of rail cars 

 

The model  

of car 

The width of the SDS signal F, Hz (the level 0,707) 

The first group The second group The third group 

F, Hz  ds , % F, Hz  ds , % F, Hz  ds , % 

11-066 8 1,0 25 1,8 38 3,5 

12-515 12 1,25 23 1,6 34 2,8 

15-1443 8 1,0 23 1,6 38 2,8 

11-715 12 1,25 26 1,8 36 3,5 

13-470 12 1,25 23 1,6 39 3,5 

refrigerator 10 1,25 25 1,6 40 3,64 

shunting 

locomotive 

12 1,5 26 1,6 42 3,9 

 

Each part of the table reflects the average over many realizations of the spectrum 

reflected from an uncoupling of the Doppler signal of moving in the area of the 

radar meter.  
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The results of processing of the experimental data show that when rotating wheels 

of the transport mean or its oscillating parts (for example, the rear and side doors, 

hatches, covers and accessories for fastening cargo) are irradiated, in the spectrum 

of the reflected signals appear additional components. Moreover, the frequencies 

of these components can be both above and below the frequency of the main 

signal, and their level is 10...40 dB below the main signal. It should be noted that 

the results obtained in this part of the study are absolutely identical to the earlier 

obtained results of study of similar parameters of SDS for road transport [3]. At 

low speeds of rolling of the transport mean the spectrum of the reflected signal is 

exposed to stronger «parasitic» effects than the spectrum of the signal reflected 

from the transport mean at a higher speed. This is because at low speeds of rolling 

of the transport mean the spectrum of the reflected signal falls within the 

frequency domain of additive noise, whose spectrum and the SDS «overlap». As a 

result of this not only the expansion of ΔF can occur, but its «splitting» as well, 

which greatly reduces possibility of accurate measurement of the Doppler 

frequency signal. As a result of experimental studies it has been shown that the 

transport mean movement acceleration has the greatest influence on the width of 

the SDS and, consequently, on the accuracy of speed measurement of the 

extended object movement (railway cars, transport means in general). Moreover, 

the bigger is its absolute value, the wider is the energy spectrum of the reflected 

signal, which is fully consistent with the theoretical analysis. 

 

4. Conclusion 
 

Considering a good compliance between theoretical and experimental results we 

can draw the following conclusions. The average value of the acceleration of 

railway cars rolling into brake position is within (+0,45)…(+0,55) м/с2.  At the 

time of braking, the acceleration is in the range of  (–1,9)…(–2,1) м/с2; 

respectively, in the output of the moderator it is(–0,05)…(+0,05) м/с2. It should 

be noted that while technically implementing the  tracking velocity meter for 

increasing accuracy of measurement of the average frequency of spectrum of the 

reflected signal, the time constant of the measurement must be chosen from the 

condition of minimum width of the Doppler reflected signal at the maximum 

possible acceleration value of the transport mean, taking into account the required 

processing speed of the meter in receiving and issuing information about velocity 

of the transport mean movement. As can be seen from the presented results, the 

time constant of the measurement must be within 80...120 ms. 
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