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In the modern world, with the surge of usage of the unmanned aerial
vehicles many tasks related to detection of aerial objects have arisen
and also the determination of their type within the cities and the
countryside. Such tasks are the recognition and classification of aeri-
al objects using radar stations. Aerial objects that need to be detect-
ed usually are unmanned aircraft and birds. Processing the signal
received by radar from the aerial object to obtain a proper spectral
signature is needed to solve such tasks. The most informative detail
for determining the type of the aerial object is the presence or
absence of the micro-Doppler effect in the spectral signatures. The
perpose of this paper is to carry out and compare two strategies for
filtering echo signals from interference and obtaining their spectral
signatures. The first strategy involves application of several methods
for filtering the echo signal, followed by a standard spectral analysis.
The second strategy adds to the previous one the use of an autocor-
relation and calculating spectral density. Comparison of the of the
applied strategies for processing echo signals from aerial objects
showed that the use of the autocorrelation results in a more pro-
nounced, regular and refined spectral signature relative to the first
approach with only filtering and spectral analysis . The application of
these strategies for processing signals reflected from aerial objects
will be used in a future research to design a system with deep inte-
gration of the physical and computational components.
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Introduction

In the modern world aerial traffic has arisen within urban de-
velopment in addition to dense but regulated ground traffic. Aer-
ial traffic is a mixture of unmanned aerial vehicle (UAV) and
natural aerial objects, the identification of which requires new
analytical approaches with the available hardware. This creates a
new field of problems requiring modern solutions.

Various tasks of tracking signals from air objects received by
radars while monitoring aerial traffic require to determine their
type. Whether monitored object is artificial or natural needs to be
determined in the most cases. In addition, some of the tasks re-
quire to understand the state of the aerial object and its possible
behaviors in the near future. The tasks of analyzing and predict-
ing the behavior of aerial objects are the most urgent at the mo-
ment and require careful research at all stages of implementation.

Determination of types of aerial objects is divided into two
main classes of tasks:

1) Recognition.

2) Classification.

The main goal of the first class of problems for recognition is
to distinguish in general artificial technological flying aerial ob-
jects from moving objects in midair of natural kind, such as orni-
thological ones. For this class of tasks, no deep processing of the
initial data is required, which are usually presented in the form of
echo signals. Echo signals are the signals which often received
when the aerial object is observed by coherent Doppler radars
[1]. For recognition a rather superficial filtering of the signal is
required without application of more sophisticated methods and
algorithms. The result of the recognition is the output answer of
the system about whether the aerial object monitored by the radar
is artificial or natural. Based on this answer the operator or a
decision support subsystem can proceed to any actions related to
the analysis or making predictions about object's behavior in the
meantime. Then the operator or the decision support subsystem
draws conclusions on the basis of the analysis and makes a deci-
sion appropriate to the situation, which corresponds to the more
general tasks of the entire system.

The goal of the subtype of classification tasks mainly re-
volves around distinguishing between differentiateent types of
aerial objects and automatically and autonomously drawing con-
clusions for determining the state and behavior of these objects.
For this type of tasks more complete filtering is required for the
subsequent identification of all possible features that may be
contained in a burst of echo signal from aerial object received by
radar. Often, developers of the systems for recognizing or classi-
fying aerial natural or artificial objects do not pay enough atten-
tion to filtering and getting rid of the stochastic part in the spec-
tral signatures despite the fact that obtaining a proper signal
without superimposed noise and interference is very important
for analysis and prediction [2].

During filtering echo signals reflected from air objects from
the background noise and performing spectral analysis task of
detecting Doppler and micro-Doppler frequencies appears often.
The micro-Doppler contribution occurs in the spectral patterns of
echo signals reflected from unmanned aircraft being monitored
by radar in various conditions [3]. This means that, besides oc-
currence of the main Doppler contribution which is typical for
any detected moving aerial object, unmanned aircraft also gener-
ates additional frequencies in spectral characteristic due to their
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rotating blades. Occurence of the additional frequencies is usual-
ly called micro-Doppler contribution or effect. Due to the fact
that the spectra of various aerial objects vastly differentiate and
also due to often strong interference, it is necessary to perform
thorough filtering of the signal. This should ensure minimal loss
of the useful information that will be required for further classifi-
cation of differentiateent states and behaviors of aerial objects
monitored by the radar.

The main purposes of this paper are the research of the meth-
ods for proper and accurate filtering and identification of the
parameters of the echo signals received by radar from aerial ob-
jects such as UAVS.

As previously mentioned, most monitored moving aerial ob-
jects are man-made, such as UAVs of various types, and natural,
mainly ornithological ones, or, in other words, birds. UAVs and
birds do not differentiate much in speed characteristics, size.
Even a flight behavior of UAV and birds often do not differenti-
ate very much. Both birds and modern UAVs can, for example,
hover in the air, which makes it difficult to determine the type of
aerial object without analyzing the presence or absence of the
micro-Doppler effect.

Due to the tasks described above, this paper proposes to
study the impact of different methods of obtaining useful infor-
mation from a radar echo signal.

The initial data are the components of a complex packages of
the signals reflected from aerial objects such as the Mavic and
Phantom quadrocopters. These packages are a mixture of signal
and noise. The authors of this paper propose to carry out and
compare two strategies of processing the echo signals:

1) Elimination of the noise from the mixture using filtering
methods.

2) Getting rid of stochastic component of the signal by calcu-
lating the autocorrelation.

Having completed both tasks, it is possible to analyze the ef-
fectiveness of applied concepts, which are schematically present-
ed in Figure 1.
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Figure 1. Two strategies for processing echo signal received by radar
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The first way is to filter the signal, and then calculate the Fast
Fourier Transform (FFT), which will result in the output of a
range-spectral characteristic of the echo signal (S) with elimina-
tion of the white noise. The range-spectral characteristic is a
number of spectra that are distributed over the distance from the
radar. The spectra themselves represent the distribution of fre-
quencies that are present in the echo signal reflected from an
aerial object.

The second concept also involves the use of filtering, but then
an autocorrelation is calculated, which is often used for signals
as time functions, and which will remove the stochastic compo-
nent of the signal.
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Stochastics in a complex signal package are random signals
that do not have a definite correlation with each other, therefore,
after applying calculation of the autocorrelation of the signal,
they should not retain their amplitude, while the periodical nature
of the useful signal, which is needed to obtain the result, will, on
the contrary, appear. Next, an FFT is performed for autocorrela-
tion and the spectral density of the echo signal (G) is therefore
calculated. Moreover, the spectral density is also range-spectral,
because during conversion the dependence of the signal reflected
from an aerial object from the distance will remain. Unlike spec-
trum, which is a frequency distribution, spectral density is a dis-
tribution of power of the frequencies.

1. Application of the filtering methods.

As mentioned above, the experimental data are in the form of
the complex packages of echo signal, distributed by the distance
from the radar observing the aerial object.

The signal is fed for processing in a digital form, since it has
passed through an analog-to-digital conversion. The radar has a
built-in analog-to-digital converter (ADC), which has approxi-
mately 1024 strobes. Each of the 1024 strobes is divided into a
number of the discretes or range counts.

A radar device may have a different number of range counts,
which does not significantly affect further calculations. Range
counts or discretes and ADC strobes are interchangeable in their
dependence to each other in further calculations. An example of
the amplitude (real part) and phase (imaginary part) of a complex
mixture of the white noise and useful part of the echo signal re-
flected from a man-made aerial object, distributed over the dis-
tance and separated by ADC strobes is shown on Figure 2.

(1)
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Figure 2. Real (1) and imaginary (2) parts of the complex mixture
of the noise and echo signal from the UAV

In Figure 2, the number of strobes is represented as the length
of the complex package, while the number of range counts each
ADC strobe is divided into is represented as the height. The
package of the signal reflected from the aerial object is numeri-
cally represented as a matrix, where the strobes are the elements
of each row, and the discretes are the elements of the columns.
The number of discretes or counts in the initial data is D = 240.

Figure 2 clearly demonstrates why due to the high level of
white noise from the complex signal mixture it is impossible to
determine to what type the object currently observed by the radar
belongs to. Therefore, it is necessary to apply various filtering
methods to the mixture of signal and noise, which neutralizes the
effect of the transmission medium and the influence of external
signals on the propagated package. After that it will be possible
to properly carry out a spectral analysis of the signal, which will
be more efficient without the presence of noise.

Each strobe of the digital signal in one discrete can be written as

2, =3 1= 3 @il + j2.0i)
i=1 i=1 , (1)

where Z, — mixture of signal and interference, K — number of the
strobes, n — the current discrete, z[i] — complex number related to
the current strobe in the series, z[i] — real part of the complex
number, zy[i] — imaginary part.

In order to remove noise and obtain only useful information it
is necessary to carry out proper filtering. Applied filtration meth-
ods are given below as follows.

1) Matched filtering.

The digital complex package that the ADC of the radar out-
puts after analog-to-digital conversion is rectangular. Therefore
calculation for a new element, which is obtained during the com-
pression of the echo signal by range can be written as

% z‘[i]=%Z(ZC[i]+J'Zs[i])
= : @)

where z,[i] — element of new filtered matrix, z[i] — element of the
old matrix, h — current row, f — offset which equals 25.

Formula (2) is performed for each element of the old matrix
of the echo signal reflected from the observed aerial object, ex-
cept for those elements that do not fit into the size of the new
matrix. The size of the matrix of the complex package is changed
so that in each column the last elements in the number of f range
counts are excluded from the rectangular pulse.

As a result, the complex signal package is compressed by dis-
tance, therefore the length of the matrix rows remains the same
and the matrix height decreases by 25 and now is N = 215.

Result of the matched filtration is presented in Figure 3.

Z.k [h] =

f
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Figure 3. Real (1) and imaginary (2) parts of the signal
after matched filtration

Figure 3 shows that despite of the performed matched filtra-
tion, the level of white noise did not decrease significantly. But
at the same time, matched filtration ensured a clearer view of the
useful periodic part of the complex signal.

2) Average filtering.

Average filtering consists of calculating the average value for
each discrete and then subtracting it from each element of ma-
trix. Average filtering can be written as

200200 > il = 2.0+ [l 20+ 2

. (3)

where zJn] — element of new filtered matrix, z[i] and z[n] -
elements of the complex package, n — current row.
Result of the Average filtering is presented in Figure 4.
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(2)

Figure 4. Real (1) and imaginary (2) parts of the signal
from the UAV after average filtering

Average filtering method ensured suppression of the scale of
interference in a complex package of the echo signal from aerial
object, but at the same time the useful part of the signal also fad-
ed. This situation requires further refinement in order to add an-
other layer of filtering and get a clearer picture of the periodic
signal.

3) Application of the Butterworth filter.

The Butterworth filter has certain characteristics that are not
found in many other filters. One of a such characteristic is that
this type of filter has the of the flatest frequency response in a
passband. The most interesting characteristic is that Butterworth
filter can be transformed into a linear digital IR filter [4].

The use of the Butterworth filter is necessary in order to re-
duce the effect of noise on the useful signal, despite the fact that
useful information has been already identified and mostly vividly
presented in the complex package of the echo signal.

In the course of the research it was decided to apply the third
order Butterworth filter, because it has the most suitable frequen-
cy response for the filtration task for the situation founded. In
addition, Butterworth filter is easy to implement, but at the same
time has sufficient attenuation. To design the Butterworth filter, it
was decided to use the Scipy library, which allows you to con-
struct a relatively simple characteristic function of a linear filter
based on given parameters [5].

It was decided to apply a digital linear IIR filter to remove
the remaining noise. It’s characteristic function can be written as

by +b Xt +b,x? +bx
A, +aX  +a,X+aX

H(X)
: (4)
where parameters b, = 0.00289819, b; = 0.00869458,
b, = 0.00869458, b; = 0.00289819, a, = 1, a; = -2.37409474,
a, = 1.92935567, az = -0.53207537 are automatically generated
by Scipy software.

Result of this additional filtration is presented in Figure 5.

(1)

(2)

Figure 5. Real (1) and imaginary (2) parts of the echo signal
from the UAV after additional filtration

As a result, after using all the filtering methods a complex
package of signal reflected from the observed aerial object such
as UAV was obtained. Complex matrix at this point has the most
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pronounced and clear useful periodic part of the signal.

4) Spectral a  lysis.

After filtering a noise-free rectangular matrix of echo signal
was obtained. Therefore, it is possible to carry out spectral analy-
sis and obtain a range-spectral characteristic. Thereafter, an FFT
is performed for each discrete or row in the matrix. The range-
spectral characteristic of the signal is obtained for each realiza-
tion S [n], wheren=1 ... N.

The FFT calculation formula can be written as

. p/2-1 _2m oy _27  P/2 2
S[nl= > z,[2ple 72" +e P2° > 7 [2p+1f P72
P P N )

where S[n] — spectrum of each discrete in the matrix, z,[2p] and
z,[2p+1] — even and odd elements in the row of the matrix,
P — length of the row, t — digital transformation for sum of even
and odd indexes.

To represent the result of the FFT it is needed to calculate an
absolute value of spectra. After that the visualization of the
range-spectral characteristic of the complex signal is obtained,
which was reflected from the observed aerial object.

The result of using different filtration methods and subse-
guent spectral analysis is shown on Figure 6.

Figure 6. An example of the range-spectral characteristic
of the echo signal from the UAV

2. Application of autocorrelation.

The second strategy implies calculation of the autocorrelation
that will clear the original data from stochastic component in-
stead of applying additional filtering. For each strobe of the rec-
tangular matrix a new sequence of values is calculated, which
reveals whether there is a dependence between different range
counts of a digital impulse. Absence of this dependance between
random external signals makes it possible to get rid of the sto-
chastic component.

The algorithm for calculating the autocorrelation consists of it-
erating each element of the new matrix to equate it to averaged
sum of the multiplications of the values of the vertical elements of
the complex echo signal filtered from the noise. The initial data for
calculations are the columns of the rectangular matrix and this
elements are iterated for calculations in an amount from 0 to N [6].

The first step is to calculate the values of the signal matrix.
The value of one element of the new spectral matrix calculated
on the base of the complex package of the filtrated signal can be
written as

N-h
RNl = 2, [il[i+N]
N=his , ©)
where Ry[h] — element of the new matrix, z,[i] — elements of the
complex package, h — current offset in amount from 0 to N.
To calculate result of the autocorrelation itself it is needed to
take absolute value of each element of the new matrix after using
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formula (6). The matter of fact is that when calculating the auto-
correlation the phase of the signal disappears, because all of its
complex readings were basically squared at the first stage of
computation. Counting autocorrelation implies multiplying the
signal by the signal itself with different offset. As a result, it
turns out that at the signal after computing its autocorrelation
loses imaginary part of complex element.

Result of calculating the autocorrelation is presented in
Figure 7.

Figure 7. Autocorrelation of the filtered signal

After calculating the autocorrelation the FFT is performed for
each discrete or row in the new matrix. The result of the FFT is
now the range-spectral density of the echo signal for each read-
ing G [n], wheren=1 ... N.

The range-spectral density is calculated similarly to (5) and
can be written as

P/2-1 _2x . _27 P12 27
G[nl= > R [2pk P2 +e P2 > R [2p+1k P
P P (N

where G[n] — spectral density of each discrete in the matrix,
Rn[2p] and R,[2p+1] — even and odd elements in the row of the
autocorrelation matrix, P — length of the row, t — digital trans-
formation for sum of even and odd indexes.

Result of calculating the range-spectral density is presented
in Figure 8.

Figure 8. Range-spectral density of the signal

Figure 8 shows that with the application of the autocorrela-
tion it is possible to achieve full clarity and symmetry of the
spectral characteristic.

3. omparison of the applied strategies

To compare the applied strategies it is necessary to process
numerous examples of the signals reflected from flying aerial
objects monitored by radar. For filtering and spectral analysis
programs were written using Python Shell with application of
such scientific computing and mathematical libraries as Scipy
and Numpy [5]. The Struct software was also used to input sig-
nals from the source files with .dat extensions. The specialized
library for working with images Pillow was used to graphically
represent the results.

The examples of the results of applying both strategies
demonstrate that using autocorrelation gives more flat and pro-
nounced micro-Doppler contributions in the spectral signatures
of the signals. This happens due to the ability of the autocorrela-

tion to remove the phase component from the spectral data. The
image of spectral density is often completely symmetric com-
pared to the spectral characteristic of the first strategy. However,
in general there are not so many differences regarding the sym-
metry of spectral signatures between the results of the first and
second strategies. Due to the flattening after computing autocor-
relation of the signal much less number of informative peaks of
the micro-Doppler contributions appear in spectral density char-
acteristic compared to the resulting spectra of the first strategy.
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Figure 9. Examples of the results of applying filtering strategy
and calculating the FFT (1) and computing the autocorrelation
and FFT (2)

On the other hand, many of the iterative peaks in the range
spectral characteristics as a result of the first strategy could be a
result of the stochastic component that has not been removed
from the mixture of signal and noise properly. This leads to the
fact that the spectral signatures obtained using the first strategy
signals could contain information that is not related to the moni-
tored aerial object. In addition, the range-spectral characteristics
have no regularity of spectral signatures, which could potentially
damage accuracy of determination of the type of aerial object,
since the resulting dataset will not retain the visual resemblance
for different UAV samples.

Conclusion

This paper’s goal of eliminating interference from mixture of
signal and noise using both strategies has been reached. Compar-
ison of the first strategy, that utilizes solely multiple filtering
methods and FFT, and the second strategy, which implies ridding
of the stochastics of the mixture of the signal and noise using
computing the autocorrelation, has been performed.

The calculations has showed the relative efficiency of both
approaches, but the most preferable for further research in this
area is the use of the autocorrelation, since it gives a more accu-
rate, flat and pronounced spectral signature of the signal from
aerial object received by radar. Present research has provided a
proof of concept of using autocorrelation for obtaining proper
spectral signatures, which contain informative micro-Doppler
contributions.

In the future authors plan to create a system with deep inte-
gration of physical and computational components with basis in
this paper’s research [7]. This system should be able not only to
recognize the type of an aerial object, but also to classify it. Such
system should be able to analyze behavior of the aerial object, as
well as to draw conclusions based on the analysis and. Then, on
the basis of the made conclusions made it should be able to make
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predictions about the future state of the object monitored by the
radar station. The interaction of computational elements with
physical ones in this system will manifest itself in the processing
of the mixtures of signal and noise to obtain spectral signatures
more convenient for further analysis.

In this system the close interaction of physical elements with
computational ones will require a thorough study of the method-
ology of the theory of cyber-physical systems for a more specific
and accurate understanding of issues related to deep integration.
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AHHOTauuA

B coBpeMeHHOM MMpe C pOCTOM WUCMOSb30BaHWA GeCNUMNOTHBIX JleTaTellbHbIX anmnapaToB BO3HMKIO MHOXECTBO 3a4aYy CBA3aHHbIX C OBHa-
PY>KeHMEM NIETAIOLLMX BO3AYLLUHbIX OOBLEKTOB U OMpeAeNieHNEM UX TUMa Kak B YepTe ropoga Tak M cefibckoi MectHocTn. OaHuMM 13 Ta-
KWUX 3aJay ABNAIOTCA pacrno3HaBaHWe U KnaccupuKaumsa BO3AYLUHbIX OOBEKTOB C UCMONb30BAaHMEM PaMOSIOKALMOHHBIX CTaHUuiA. JleTato-
LMe BO3AYLLIHbIE OObEKTbI, KOTOPbIX HY>XHO OBOHapY>XWTb U ONpPeAenuUTb UX TUM, OObIYHO MPEeACTaBAAIOT COGOM UCKYCCTBEHHbIE B BUAE
6eCcnUnOTHBIX NIeTaTeNbHbIX annapaTtoB W €CTECTBEHHbIE, KOTOPbIMU MOTYT 6bITb, HanpuMep, NTULbI. YT06bI 3 deKTUBHO peLuaTh AaHHble
337241 Heob6XxoAMMO MpounsBecT 06paboTKy cUrHama OTPaXKEHHOrO OT BO3AYLUHOrO O6BLEKTa M MOMYYUTb TaKyto CMEKTPasnbHYIO CUrHaTY-
Py, KoTopas ByfeT AOCTaTOYHO pernpe3eHTaTUBHOM YTOObI TOYHO onpedenuTb TN obbekta. Hanbonee nHdopmaTmeBHoM AeTanblo B on-
pPefeneHnn TUMa NEeTaloLLEro BO3AyLUHOrO O6beKTa ABMAETCA HaNMU4Me UM OTCYTCTBME HA CMEKTPasSibHbIX CUFHATYPaxX MUKPOZAOMMIEpOB-
ckoro a¢ddekra. Lienbio gaHHOM paboTbl ABAAETCA OCYLLECTBIIEHUE U CPAaBHEHWE ABYX CTPATErUiA MOMYHYEHUA CNEKTPasibHbIX CUrHATYpP 3XO-
CUrHaIOB, OYMLLEHHBIX OT MOMEX MM CTOXaCTUYECKOM cocTaenstoLen. [epBas cTpatervs AefCTBMIM NoApa3yMeBaeT UCMOMb30BaHWe He-
CKOMbKUX MeTOA0B PpUIbTPALIMM 3XO-CUTHASIA NOC/Ie YEro NpPOU3BOAMTCA CMEKTPasbHbIi aHanu3. Bropas ctpartervs BkitovaeT npuMeHeHue
ABTOKOPPESIALMOHHON YHKUMKU ANA YAANIEHUA CTOXACTMHECKOWM COCTaB/AOLLEN CMECU CUrHasma U LyMa, YTO MO3BOSIAET MOMy4uTh B pe-
3ynbTaTe CMeKTpasibHytO NNOTHOCTb MOLHOCTU. CpaBHEHWe pe3ynbTaToB NMPUMEHEHUA ABYX CTpaTeruin ob6paboTKu CUrHaNOB, OTPAXKEHHBIX
OT BO3AyLUHbIX O6BLEKTOB, HabntoaaeMbix npu nomMowwm PI1C, nokasanu, 4To MCNOIb3OBaHWE aBTOKOPPEALMOHHOW PyHKUMK JaeT Bonee
BbIPWKEHHYIO, PErY/APHYIO U OYMLLIEHHYIO CMIEKTPasibHYO CUrHATYpy OTHOCUTENbHO NEpPBOro NOAXOAa C OAHOM Tonbko dunbpauyuent. Mpu-
MeHeHWe [aHHbIX CTpaTeryin Ans ob6paboTku CUrHANIOB, OTPAXKEHHBIX OT BO3AYLUHbIX OGBLEKTOB, ABNAETCA OCHOBOM AJ1A MPOEKTUPOBAHWA
cucTeMbl rMyboKoMn MHTerpaumun GUsnYecKor 1 BbIMUCTIUTENBHON KOMMOHEHT.
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Knroueebie cnoea: mukpodonnneposckull 3¢ppekm, becnunomHhbili JlemamesibHbIl annapam, démoKoppenAuUOHHAA PyHKUUA, punbmpauus,
CNeKMpasbHbIli AHAU3.
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