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ANALYSIS OF THE OPERATION OF A CORRELATION RANGE METER AGAINST
NON-GAUSSIAN INTERFERENCE WITH K-DISTRIBUTION

Introduction

Modern aviation navigation and automatic flight
control systems for both manned and unmanned air-
craft critically depend on highly accurate altitude and
distance data. Radio rangefinders are a fundamental
component of these measurement systems [1, 2].

Problem statement

For safe and accurate execution of maneuvers at
low altitudes — during automatic landing, terrain avoi-
dance, or navigation in complex urban conditions —
it is required to minimize the error in range measure-
ment. Any inaccuracies at these stages can lead to cat-
astrophic consequences, therefore, increasing the ac-
curacy of radar measurements is a key factor in reduc-
ing risks and increasing overall flight safety [2, 3].

A special problem is the operation of radio range-
finders in harsh real-world operating conditions. The
useful signal is distorted not only by intense thermal
noise, multi-beam propagation of radio waves, and
the growing influence of active intentional interfer-
ence (EW devices), but also by intense reflections
from the underlying surface. In such situations, the
noise background acquires a pronounced non-Gauss-
ian character, for the adequate statistical description
of which (in particular, when modeling reflections
from the sea surface), the K-distribution is actively
used. Classical methods of reception, calculated on
Gaussian noise, lose their effectiveness in such con-
ditions, which causes critical errors in range
estimation [4].

In addition, today in radar, intelligent data pro-
cessing methods based on deep neural networks are
rapidly developing [7]. The effective operation of ma-
chine learning algorithms (for example, for target
recognition or compensation of complex nonlinear in-
terference) in the architecture of peripheral compu-
ting is possible only if the quality of the initial signal

processing is high [8]. Errors made at the stage of
basic measurement significantly reduce the effective-
ness of subsequent neural network filtering and make
the use of such intelligent systems impractical.

Thus, there is an urgent scientific and technical
need to develop and improve computationally effi-
cient methods for processing radar signals based on
the theory of optimal correlation reception (taking
into account non-Gaussian interference models) in or-
der to maximize the accuracy of range measurement
in modern radio rangefinders.

Review of latest articles

Studies [9-17] consider the use of correlation pro-
cessing and broadband signals in radar. The authors
of these publications emphasize that such principles
of signal formation and processing are a promising
direction for the development of radar.

In works [9—-12] it is stated that the application of
correlation processing to broadband sounding signals
can significantly increase the spatial resolution and
accuracy of measuring the distance to objects.
Accordingly, such advantages open up broad pro-
spects for the development of new radar complexes
with improved parameters.

Objectives of the article

The purpose of the article is to analyze the noise
immunity of a correlation radio rangefinder with a
broadband sounding signal against the background of
K-distributed interference. To achieve the goal, the
following tasks are solved in the work: consideration
of the structural diagram of the radio rangefinder and
explanation of the basic principles of its operation;
computer modeling of the system in the presence of
K-distributed interference to assess its noise immunity.

Presentation of the main material
Basic principles of radar measurements

The operation of radio rangefinders is based on the
basic laws of electrodynamics, in particular, on the
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ability of electromagnetic waves to reflect from
physical bodies and propagate in space in a straight
line at a constant speed. This property allows using
radio waves as a tool for non-contact determination
of spatial coordinates of objects. Determining the
radial velocity of an object is based on the Doppler
effect [18].

To calculate the range to an object and its radial
velocity, it is necessary to measure the reflected signal
delay t and the Doppler frequency shift fp, respec-
tively.

Method description

According to the results of research [9-12], the use
of broadband signals with their correlation processing
is an effective method for increasing the resolution
and accuracy of distance measurement. The hardware
implementation of this concept in the form of a
structural diagram of a radio rangefinder is shown in
Fig. 2. This illustration details the entire signal path:
from the moment of its formation to the final
calculation of the distance. In Fig. 2, the transmitting
antenna is designated as A1, the receiving antenna as
A2, the power amplifier as PA, the phase modulator
as FM, the high-frequency generator as HFG, the
linear path as LP, the multiplier is designated by the
symbol "X", the integrator is designated by the
symbol "[", the peak meter as M, the range calculation
unit as D.
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Fig. 2. Structural diagram of a correlation meter

The basis of the system is the use of a complex
probing signal with noise-like phase modulation. The
formation process occurs as follows: a high-
frequency generator (HFG) creates a basic harmonic
oscillation with a carrier frequency f.,. The signal
passes through a phase modulator (PM), where its
phase changes according to the law of a pseudo-
random sequence — an array of samples p. Analyti-
cally, such a signal is described by the equation:

uc(t) = Ugo " sin(21 - frot+Bope),
where U, — is the amplitude; By =1 — is the
modulation index; p; — is a random sample from the
array p at time t. The spectrum of the probing signal
with a carrier frequency f.q = 4 GHz is presented in
Fig. 3.
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Fig. 3. Probe signal spectrum

After formation, the signal is amplified by a power
amplifier (PA) and radiated into space through the
transmitting antenna (Al). Reflected from the
observation object, the electromagnetic wave returns
to the radio rangefinder and is captured by the
receiving antenna (A2).

The reflected signal undergoes a time delay t and
acquires a Doppler frequency shift fp (if the target is
moving), which is described by the expression:

uc(t+1) = Ue - sin(2m - (feo + fp)
(t+ +1)+BoPr+d),
where U, — is the amplitude of the signal reflected
from the object; T — is the time delay of the signal;
fp —is the Doppler frequency shift; p;, —is arandom
sample from the array p at time t + T.

After passing through the linear path of the
receiver (LP), the received signal enters the
multiplier, where it is mixed with the reference
(probe) signal u.(t). Next, the integrator calculates
the cross-correlation function (CCF) of these two
signals:

9@ = [ ue(®) - uc(t + Ddt.

For a stationary target (when f, = 0) on the graph
of the cross-correlation function (Fig. 4) a clearly
pronounced peak is formed at the point corresponding
to the delay time 7. The peak meter (M) records this
value and transmits it to the block D for calculating
the exact range.

If the target has a radial velocity, a Doppler
frequency shift (fp # 0), occurs, which critically
affects the operation of the system. Even small shifts
lead to blurring and loss of clarity of the peak of the
cross-correlation function. This makes direct
measurement of the delay impossible [12].
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Fig. 4. Cross-correlation function g(t)

To eliminate this problem, the Doppler shift
compensation circuit is used in Fig. (5) [12]. In this
figure, the low-pass filter is designated as LPF, the
frequency analyzer as FA, and the exponential
multiplication block is designated by the symbols

\l/ (1)

u(t + 1)

The frequency analyzer (FA) evaluates the spec-
trum of this signal and accurately determines the
value of the Doppler frequency fp. Knowing fp, the
system performs phase correction: the signal is
multiplied by the exponent e /2™/p¢_ This eliminates
the influence of the object's velocity, allowing the
integrator to form a clear CCF peak for calculating
the range. In addition, the measured Doppler shift is
used in parallel by the V. (Fig. 8) to calculate the
radial velocity of the target.

The CCF with Doppler shift compensation
fp = 8300 Hz is shown in Fig. 7.
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The signal from the multiplier is passed through a
low-pass filter (LPF). The LPF extracts a low-
frequency information component with amplitude

ULpr:
uLPF(t + T) = ULPF - COS(_ZT[f/‘Jt - ZT[(fCO +
+fz[)T+BO(pt - Pt+r))-

The spectrum of the signal u;pp(t + 1) is pre-
sented in Fig. 6; the Doppler shift is f, = 8300 Hz.
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Fig. 7. Cross-correlation function after f;, compensation

The scheme of a radio rangefinder that implements
the shift compensation function is shown in Fig. 8.
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Fig. 8. Structural diagram of a correlation meter
with f, compensation

If the rangefinder is built on the basis of digital
processing, its accuracy directly depends on the
signal sampling frequency. The smaller the sampling
step Atg, the higher the accuracy and resolution of the
measurement. For example, with a sampling step
Atg = 1,25 ns the distance determination error is:

AD = %A% — 009375 m.

Impact of noise on system operation

In today's harsh operating conditions of radio
rangefinders, the useful signal is distorted by intense
reflections from the underlying surface, which often
acquire a pronounced non-Gaussian character. One of
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the recognized models for describing complex
scattering, particularly from rough sea surfaces, is the
K-distribution [19].

Physically, the K-distribution describes the
processes of scattering of electromagnetic waves on
surfaces with a complex, multi-scale spatial structure.

The model is based on the concept of complex
(composite) scattering, which is considered as a
superposition of two independent processes:

e Fast fluctuations (speckle noise) — caused by the
interference of waves reflected from a large number of
small local scatterers within a single resolution ele-
ment. This component traditionally has Rayleigh
statistics.

e Slow fluctuations (modulation process) — reflect
large-scale changes in the effective scattering area
(ESA) of the surface itself (e.g., large sea waves). This
component is usually described by a gamma
distribution.

The mixture of these two processes (Rayleigh
scattering, the dispersion of which is randomly
modulated according to the gamma law) forms the
resulting K-distribution.

The probability density function (PDF) of the
K-distribution has the following form [20]:

2 ,Lvx Ltv 1 Lvx
fwv L) =~ (T) 2 Tore Kv-L (2 /T)

where I'(.) — Gamma function; K,,_;(.) — modified
Bessel function of the second kind of order v — L;
v — shape parameter, on which the “sharpness” of the
distribution depends: the smaller v, the heavier the
“pointedness” of the distribution; g — scale parameter;
L — speckle shape parameter.

Fig. 9-11 shows the probability density functions
(PDF) of the K-distribution for different values of the
shape parameter v, scale parameter pu and speckle
shape parameter L.

Fig. 12-21 shows the signal spectra at the output
of the low-pass filter and the cross-correlation
functions in the presence of noise with a K-distri-
bution with different values of the shape parameter v.
he signal-to-noise ratio in all cases is SNR = —3 dB.
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Fig. 9. PDF of K-distribution for different values of v
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Fig. 21. Cross-correlation function in the presence of
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As can be seen from Fig. 12-21, the peaks are clear
even against the background of interference.

Conclusions

The paper describes the architecture and algorithm
of the radio rangefinder, the operation of which is
based on the correlation analysis of broadband signals
with noise-like modulation. The specificity of such a
probing pulse and its processing methods guarantee
reliable identification of the maxima of the cross-
correlation function, which is a direct indication of
the high accuracy of the measurements.

It is noted that the location of targets with
significant radial velocity requires mandatory
leveling of the Doppler frequency shift. The structural
diagram of the algorithm for compensating for this
shift is demonstrated.

The behavior of the system under the influence of
K-distributed interference was investigated by compu-
ter modeling. The obtained graphical data (Fig. 12-21)
confirm the ability of the device to confidently isolate
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the useful signal (spectral and correlation peaks) even
in the presence of strong background noise, proving
its high noise immunity.

In conclusion, the use of noise-like signals in
combination with correlation processing is a promi-
sing direction for creating the latest radio rangefin-
ders with optimized accuracy and immunity to inter-
ference. The integration of these developments into
modern navigation and rangefinder complexes will
significantly increase the safety and efficiency of
navigation systems.
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AHAJII3 POBOTH KOPEJANIMHOT O BUMIPIOBAYA JTAJIBHOCTI
HA TJII HETYACIBCBKHUX 3ABA/] 3 K-PO3IIOA1IJIOM

YV oanin cmammi ananizyemocs 3a8a00cmitikicms KOPeIAYilIHO20 paodiodanekomipa, AKUll SUKOPUCMOBYE WUPO-
KOCMY2081 30HOY8ANbHI CUSHANU 13 WYMONOOIOHOI (DaA308010 MOOYIAYIEIO, HA MIIL He2aYCIBCLKUX 3a6a0, W0 ONUCYIOMbCS
K-posnoodinom. Axmyanvuicme pobomu 3yMo61eHA KPUMULHOIWO NOMPeDoIo 6 be3nepeperHUx i BUCOKOMOYHUX OAHUX NPO
danbHicmb 0151 cucmem Hagieayii ma YnpaeniHHs Nilomoanux mimanvHux anapamie i BIIJIA 6 ocopcmkux ymosax
excniyamayii, 30Kpema nio 6NaueoM IHMEeHCUGHUX 8I00UmMmIi6 6i0 NIOCMULAY0l NOGePXHL. Y makux cumyayisax 3a6aou
Habysawms 8UpAd#CeHo20 He2ayciecbko2o xapaxkmepy. OOHI€I0 3 8USHAHUX MOOeell O ONUCY CKIAOHO20 PO3CIIOBAHHA, €
K-posnodin. ¥ pobomi nasedeno cmpykmypny cxemy paoio0aniekomipa ma onucaro 6a3osi NPUHyYunu o2o GyHKYiony-
BAHHS, BKAIOUAIOYU ANOPUMMYU POPMYBAHHS 30HOYBANLHO20 CUSHATY, 0OPOOKU 8i0OUMO20 CUSHATY, BUMIDIOBAHHS HACY
3ampumky ma padianbnoi weuoxocmi 06 ekmy. Hagedeni ionogioni mamemamuyni popmynu. Ilpeocmasneni epaghix
CHeKmpy 30HOYBANLHO2O CUSHATY Md 83AEMOKOpenayilinoi QyHKyii onopnoeo ma 8idbumoeo cuenanie. Pozenadaemocs
CmpyKmypHa cxema KOHmypy Komnencayii OOnniepiecbkozo 3cysy wacmomu ma npunyun iiozo pobomu. Hozo
@DYHKYIOHYBAHHA € KPUMUYHO HEOOXIOHUM OJIsL YCYHEeHHS pO3MUmMmS KOpelsyitino2o niky nio wac pyxy yini. Hasedeno
gopmyny LPI K-posnodiny ma tioeo epagixu ona pizHux sHaueHvb tioco napamempis. OCHOSHY y6azy npuoiieHo
KoM 10mepHoMY MOOETO8AHKI0 pOOOMU CUCMEMYU Npu HAAGHOCHIT wiymy 3 K-po3nodinom i3 pisHumu 3HavyeHHamu napa-
mempa opmu. Pesynomamu mooentosanus npedcmasieni y ueisioi 8i0n06ioHux epaghikie 3aemoxopensyiinol GyHKkyii
Ma cneKxmpy cUsHay, sIKi 008005iMb, WO Kopenayilina 06podka 3abesneyye yimke UOLIEHHA MAKCUMYMIB 63AEMOKOPEIs-
yiunoi Qynryii Hasimev Ha Ml CUILHO20 POHOB020 WyMY. Bionosiono, sukopucmanms wymonooiOHUx CUSHAI Y NOEO0-
HAaMHI 3 KOPETAYIUHOIO 00POOKOIO € NEPCHEKMUBHUM HANPIMKOM 051 CTNBOPEHHSL HOGIMHIX PAdio0aieKomMipie 3 ONmumi-
308AHOI0 MOYHICMIO, PO30LILHOI 30AMHICMIO MA CMIUKICIIO 00 3a8a0, a iHme2payis yux po3poookK y Cy4acHi HagieayitHi
ma 0aneKoMIpHi KOMIIEKCU 003600UMb NIOGUUMU OE3NeKy ma 3a2albHy eqheKmuUsHicms pobomu cucmem Hagieayil.

KniouoBi cnoBa pagionokauiiHa cuctema; pafioTexHidHa cuctema; BUMIpIOBaHHS; kopensuis; obpobka curHany; ae-
poHaBirauifiHa cuctema; pagioenekTpoHHa cucTema.
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Prokopenko I., Ilin O.
ANALYSIS OF THE OPERATION OF A CORRELATION RANGE METER AGAINST
NON-GAUSSIAN INTERFERENCE WITH K-DISTRIBUTION

This article analyzes the noise immunity of a correlation radio rangefinder that uses wide-band sounding signals with
noise-like phase modulation against the background of non-Gaussian interference described by the K-distribution. The
relevance of the work is due to the critical need for continuous and high-precision range data for navigation and control
systems of manned aircraft and UAVs in harsh operating conditions, in particular under the influence of intense reflec-
tions from the underlying surface. In such situations, interference acquires a pronounced non-Gaussian character. One
of the recognized models for describing complex scattering is the K-distribution. The paper presents a structural diagram
of the radio rangefinder and describes the basic principles of its operation, including algorithms for forming a sounding
signal, processing the reflected signal, measuring the delay time and radial velocity of the object. The corresponding
mathematical formulas are given. The graph of the spectrum of the sounding signal and the cross-correlation function of
the reference and reflected signals is presented. The structural diagram of the Doppler frequency shift compensation
circuit and the principle of its operation are considered. Its functioning is critically necessary to eliminate the blurring of
the correlation peak during target movement. The formula of the K-distribution SHR and its graphs for different values
of its parameters are given. The main attention is paid to computer modeling of the system operation in the presence of
noise with the K-distribution with different values of the shape parameter. The simulation results are presented in the form
of the corresponding graphs of the cross-correlation function and the signal spectrum, which prove that correlation pro-
cessing provides a clear separation of the maxima of the cross-correlation function even against the background of strong
background noise. Accordingly, the use of noise-like signals in combination with correlation processing is a promising
direction for creating the latest radio rangefinders with optimized accuracy, resolution, and resistance to interference,
and the integration of these developments into modern navigation and rangefinder complexes will increase the safety and
overall efficiency of navigation systems.

Keywords: radar system; radio engineering system; measurement; correlation; signal processing; aeronavigation sys-
tem; radio-electronic system.
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