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EVALUATION OF THE ACCURACY OF MEASURING THE RADIAL VELOCITY

OF A TARGET WITH AN EXPONENTIAL AND ALTERNATING DECREASE IN
PHASE CORRELATION OF THE BURST RADIO SIGNAL

The article deals with the estimation of the radial velocity when using a coherent burst of radio pulses as applied to the
presence of correlated fluctuations of the initial phases in the radio pulses reflected from the target. The accuracy of the
measurement of the burst frequency is evaluated for case of coordinated processing without taking into account the phase
fluctuations. The signals at the input of the radar’s receiver is an additive mixture of signals reflected from the targets, and
uncorrelated Gaussian noise, that is the assumption of investigating. It is assumed, that the phase fluctuations of the
received radio pulses bursts are distributed according to normal probability laws with zero mean, and correlations of phase
fluctuations decrease with exponential or alternating, sign-variable laws by increasing interval between radio pulses within
the bursts. This analysis makes it possible to determine the conditions under which the complication of the processing
algorithm for this radar signal is considered justified.
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Introduction

Problem statement. The improvement and
development of modern aerodynamic objects of radar
observation causes an increase in the requirements for
their means of detection and tracking.

The increase in maneuvering capabilities of targets
and the ability of them perform assigned tasks at low
altitudes with rounding of the terrain makes it necessary
to estimate the derived distance to a target with different
radars with the highest possible accuracy.

Determination of the radial velocity of the target
during the primary processing of radar information is
implemented in coherent-pulse radar, which use a
coherent burst of radio pulses as a sounding signal. The
degree of coherence of this burst determines the
duration of its phase structure and as a consequence, the
measure of radial velocity resolution and the accuracy
of measurement of the radial velocity of an air object.

Real condition of propagation and reflection of a
radar signal can significantly limit of its temporal
coherence and the quality of its time-frequency
processing. These conditions include the influence of
atmospheric heterogeneities [1], the Doppler noise of a
target [2], and the reflection of radio waves from the
earth’s surface with complex terrain relief [3].

Evaluation of a possible reduction in the accuracy
of measuring the radial velocity of the target due to the
phase fluctuations of the signal allows determining the
conditions for expediency of its optimization.

Analysis of recent research and publications. A
large amount of work is devoted to radar observation of
targets and the measurement of their coordinates and
motion parameters in difficult conditions.

The distortions of the phase structure of the radar
signal have different origin.

Fluctuations of phase due to the presence of
atmospheric in homogeneities and features of the use of
radio systems in the conditions of their influence are
described in the works [1, 4].

In addition, the target’s complex form and the its
ability to the implementation of a sudden maneuver,
causes walk it radar center and, consequence, the
appearance of phase distortion received signal and
target’s high-speed noise [1, 4]. If radar observation is
implemented on the target of moving the small angles
place, it is due to a lot of beams the spread of radar
signal appear it additional phase distortion, which are
considered in the [4, 5].

In modern coherent-pulse radars with digital
processing, a coherent burst of radio pulses is used to
provide radar observation of complex maneuvering
targets. Therefore, it is of practical value to estimate the
errors in measurement the radar velocity of a target
depending on the statistical characteristics of the phase
fluctuations of the radio pulses of a received burst.

The method of calculating the measurement error
of a burst frequency resulting from the influence of
phase fluctuations of its radio pulses is given in [6]. As
shown in [7], the possible values of the measurement
error of the radial velocity of the target, which appear
due to phase distortion of the radio pulse burst, can
exceed the allowable values for radars of different
wavelength ranges.

The purpose of the article is to analysis the
influence of the statistical characteristics of the
fluctuations of the initial phases of radial pulses of a
received coherent burst on the decrease in the accuracy
of measuring the radial velocity of a target.

Main material

Evaluation of the radial velocity of the target is
carried out according to the formula (1)

v, =(1/(4m))-Q, (1)
where Q =2nF, — cyclic Doppler frequency shift; F,—

Doppler frequency; A — wavelength radar signal. Below
we obtain the dispersion formula for the total measurement

error G% for the rectangular burst of radio pulses.
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It is assumed that the received signal is the sum of
the burst of radio pulses reflected from the target and
the internal noise of the receiving device

y(t, Q) =x(t,Q)+n(t), 2)

where y(¢,Q2)- the realization of the a received
fluctuation; x(¢,Q) - the realization of the useful signal;
n(t) - the realization of internal Gaussian noise.

A useful signal is a coherent burst of radio pulses
with a random amplitude and initial phase, the complex
amplitude of which is described by the expression

n
X(6,Q) =53 X, expljB)], (3)
i=l
where X ;(£,Q) - complex amplitude i-th radio pulse;
b- random amplitude of the signal, distributed
according to the Rayleigh law; - random initial phase,
distributed according to a uniform law; ;- number of
radio pulse, counted from the beginning of the burst; # -
number of radio pulses in the burst.

In [1] it is noted that the likelihood ratio for a
coherent signal with uniformly distributed random initial
phase and random amplitude, distributed according to the
Rayleigh law, as a result of statistical averaging over
random parameters b and [ has the form

1 42
1+q2/2 exp2(1+q2/2)

“Q) = Z, @, @

where q2 — signal-to-noise ratio in power; |ZH (Q)|2 - the

square of the module of the complex weight integral as
a function of the measured parameter.

Under regular measurement conditions (q2 >>1),
fairness is equality

|2, ()| =|Z,(®,,D,)| = gp(®.D,) = gp(Q), (5)

where @, = "CDCI- ||T (i=1, 2,., n) — vector of
observed values of the initial phases of the radio pulses;
o, = ||d)m- ||T - vector of expected values of the initial
phases of the radio pulses; p ((f)c,cf)a Fp(Q) -
normalized mismatch function for the initial phase of
the observed and expected radio signals.

The likelihood ratio takes the form (q2 >>1)

2 2p1(Q
“Q) ~ —zexpL(). (6)
2
q
As shown in [6], in the case of coherent radio
pulse burst with a constant period of repetition, the
square of the normalized mismatch frequency function
is described by the expression

P12 D@ -0)) -

i=1 j=1

TPy NP

i=1 j=1

n n
HTQY Y g8 (i D~ D), %)

i=1 j=1
where Q= m—w) - mismatch between the expected ®
and the observed ®, cyclic frequencies of the burst
radio pulses; i, j - numbers of pulses, counted from
the beginning of the burst; D D - observed values of
the initial phase of the i-th and j-th radio pulses,

. Z; 1F . .
respectively; & =—- ; Z,=— j Yl-(t)Xl-*(t)dt -
Zs 2

—00
module of the signal part of the complex correlation

integral of the i-th radio pulse; Yl-(t) - complex

envelope of the received i-th radio pulse; X;(f) -
complex conjugate reference envelope when processing

n
the i-th radio pulse; Zy =Y Z;; T - period following
i=l
the radio pulse of the burst.
According to [1], it is determined that the
estimation of the Doppler shift of the frequency of the
radio pulse burst can be carried out by finding the

argument of the maximum natural logarithm of the
likelihood ratio (6)

Q = argmax In /(Q) . (8)

For a symmetric amplitude distribution of radio
pulses in burst & =¢&,,,_;, substituting expression (7)
into expression (6), logarithmizing and leaving only the
terms dependent on the measured parameters, we obtain
an expression for sufficient statistics

q2 T2 2n n ] 2
S(@)=-"-0 PRI

i=1 j=1

n n
“TQY Y &&= )@~ D)} )
i=1 j=1
The estimation and dispersion of the error
estimate of the frequency of the burst of radio pulses are
obtained according to the method of maximum
likelihood ratio [1] according to the expressions:

ds(Q)

=0 provided Q=Q,
dQ

(10)
1 dmuQ) _ d’S©)

o5 do? do?

provided Q=Q, (11)

where In /(Q) - natural logarithm of the likelihood ratio

(6) or its sufficient statistic S(Q); Q — evaluation of
the frequency of the radio pulse burst.
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After a single and double differentiation of the
measured parameter of sufficient statistics (9), we
obtain the estimate and dispersion of the frequency
estimation error in the following form

Q=38,Q2/j-DR, / TY8,2j-D*. (12)
J=1 J=1
2T2 m

=4 Zla_,(zj—l)z,
J=

1
oy 2

(13)

where R;- difference of the initial phases of the j-th

symmetric pair of radio pulses; m — number of pairs of
radio pulses symmetrical about the center of the burst.

If the burst of radio pulses has a rectangular
envelope (&; =1/n), expressions (12) and (13) can be

converted to a form

3 m

Q=———% (2j-DR;, (14)
m(4m? —1)T Z} /
2 2
gD, (15)
62 12

Random frequency measurement error due to
fluctuations of the initial phases of the burst pulses can
be represented by an expression

AQ = 3

— 1)
m(4m* -1)T

m
D (2j-DAR;,
J=1

where AR; - fluctuations of the initial phases difference

of the j -th symmetric pair of radio pulses.

The dispersion of this error is determined by the
expression

9 i .
céqbfmz — [Zl(zj—l)M_,]z . (7
J=

(4m?> —1)°T
where ( > - operation of statistical averaging.

The dispersion of the overall measurement error of
the frequency of the burst of radio pulses is determined
by the sum of the error dispersion cé due to the
influence of the receiver’s internal noise (15) and the
error dispersion cédm caused by the phase fluctuations

of the burst’s radio pulses (17)
(18)

It is believed that the phase fluctuations of the
radio pulses of the received burst are distributed
according to the normal low with zero mean, and the
correlation of the phase fluctuations of the neighboring
radio pulses of the burst decreases exponentially and
alternatingly [1].

In this case, the correlation matrix of phase
fluctuations has the form [8—11]:

2 2 2
Oy —GQ+GQ¢/1.

i,jel, 2,...n, (19)

_ |2 =]
Kq) = ch)a

2
where Oy

correlation coefficient of the phase fluctuations of
neighboring radio pulses of the burst; i and ;-

- dispersion of phase fluctuations; a -

numbers of radio pulses of the burst.

In Fig. 1 shows that with positive values a, with an
increase in the interval between the radio pulses of a
burst, correlation decreases according to the exponential
law, and with negative values a — according to an
alternating sign.

The results of the experiment to determine the
statistical characteristics of radar signals reflected from
local objects outside the line of sign when radio waves
propagate over the sea are shown in [12].

The obtained histograms of the distribution of the
initial phase of the reflected signal of the 35D6D radar
are fitted with a curve corresponding to the normal
distribution, and the normalized correlation function has
an oscillating character.
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Fig. 1. The laws of change
in the correlation of phase fluctuations

The realization of statistical averaging (17) allows
us to obtain the expression for the dispersion of the total
measurement error of the frequency of a burst of radio
pulses with an exponential decrease in phase correlation

) 12 18cs(p2
0% = 272 (42 1+ 22,2 2k
q 4m=-1) m°T"(4m”~ -1)

x[i k-1>(1-a®FDy+

k=1
m-lm—k
233 a2k -1k +2i-1)(1-aD) . (20)
k=1 i=1

According to (17), the expression of the dispersion
of the total measurement error of the frequency of a
burst of radio pulses with an alternating law of
decreasing phase correlation is

12 18cs(p2
+
T (4m? =1y m°T?*(4m* —1)?

2
Oy =
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x[i 2k -1 (1= (-a)** V) +2x
k=1

m—lm—k

<YY" (=a) 2k =12k +2i - (1~ (-a) D). 21)

k=l i=1

Fig.2 shows the graphs of the square
multiplication of the total error of measuring of the
frequency of a burst of ten radio pulses and their

repetition period (o7 )2 from the signal-to-noise ratio
of power q2 at an exponential (Fig. 2, a) and alternating
(Fig. 2, b) laws of decreasing their correlation.
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Fig. 2. Dispersion of measurement error
of the frequency of the radio pulse burst

Graphs are obtained for the following conditions:
1-2=0,9, op =10 Rad”;

220,95, 64 =10 Rad;
3 —a=0,99, cfp =10 Rad?;
4 —2a=0,9, cfp =1 Rad?;

5 a=0,95, cfp =1 Rad?;

6 —a=0,99, cfp =1 Rad’.

The results are shown in Fig. 2 show that under
condition of a regular measurement (q°>>1), the
accuracy of measuring the frequency of a burst of radio
pulses is much more affected by the statistical
characteristics of phase fluctuations than the signal-to-
noise ratio.

With a significant effect of phase fluctuations

(cfp=1...10 Radz, a=0,99...0,9), dispersion of the

measurement error of the burst frequency can increase
by a value from units to several dozen times as
compared with a case of the absence of the influence of
phase fluctuations.

With the exponential law of decreasing phase
correlation, the influence of the values of the dispersion
and coefficient of interpulse correlation of phase
fluctuations is equally significant. In the case of the
alternating law of decreasing phase correlation, the
accuracy of the measurement of the frequency of the burst
is much more affected by the dispersion than the interpulse
correlation coefficient of the phase fluctuations. Thus, it is
necessary to take into account the random phase distortions
of the radar signal arising due to the influence of the real
conditions of the radar functioning in the algorithms of its
time-frequency processing.

Conclusions

The influence of the real conditions of the radar
observation of the leads to the appearance of
fluctuations of the initial phases of the radio pulses of
the received burst. The accuracy of measuring of the
target’s radial velocity significantly depends on the
statistical characteristics of phase fluctuations, the
values of which determine the conditions for optimizing
the time-frequency processing of the radar signal.
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OuiHIOBAHHA TOYHOCTI BUMIPIOBAHHS Pafia/ibHOI IBUAKOCTI LiJIi
NIPH eKCIIOHEHUIHHOMY i 3HaK03MiHHOMY yOyBaHHi KopeJsuii (pa3m maykoBoro pagiocuruamry

B. 1. Kapinos, O. JI. Ky3nenos, A. M. Apremenko, A. JI. Kapnos

VIIOCKOHAJIEHHS Ta PO3BUTOK CYYaCHHX aepOAMHAMIYHMX O00'€KTIB PaJioiOKAI[ifHOrO CIOCTEPEKEHHS BHKIHMKAE
301IbIIIEHHS BUMOT 10 1X 3ac00iB BUSBJICHHS Ta BiACTE)XCHHA. 301IbIICHHS MAHEBPYIOUMX MOMKIIMBOCTEH MillIeHeH 1 371aTHICTb 1X
BUKOHYBATH IIOCTaBJICHI 3aB/IaHHs Ha MaJIUX BHCOTaX 3 OKPYIJVICHHSM MiCLIEBOCTI 0OYMOBIIIOE HEOOXIIHICTh OLIIHKH OTPUMAaHOI
BIZICTaHi JI0 METH 3 Pi3HHUMH PajapaMy 3 MaKCUMaJbHO BHCOKOI TOYHICTIO. BU3HaueHHs pazianbHOI MBHMAKOCTI MillleHi NpH
NEepBUHHIM 00pobui pazmionokauiiiHoi iHopMauii 3AIMCHIOETBCS B KOI€PEHTHO-IMITYJbCHOMY PajioNOKaTopi, SKHi
BUKOPHUCTOBYE KOI'€PEHTHHMI BUKHJ DaliOiMIy/IbCIB B SKOCTI 3BYKOBOro curaaiy. CTyIiHb KOr€peHTHOCTI LIbOrO BHOYXY
BU3HAYA€ TPUBAIICTh HOro (a3oBoi CTPYKTYPH 1, K HACHIJOK, Mipy JIO3BOJIYy PajlialibHOI MBUJKOCTI 1 TOUHICTH BUMipIOBaHHS
paliaibHOi IIBUAKOCTI MOBITPsiHOrO 00'ekTa. MeTOK C€TATTi € aHali3 BIUIMBY CTATHCTHYHMX XapaKTePUCTHK (IIyKTyarii
MoyaTkoBUX (a3 pajgianpHUX IMITYJIbCIB OTPUMAHOIO KOTEPEHTHOIO BUOYXY Ha 3HIDKEHHS TOYHOCTI BUMIPIOBAaHHS pajialibHOI
mBUIKOCTI MileHi. Pe3yjabraTn. VY cTaTTi po3mIANalOThCS MUTAHHS OLHIOBAHHS PAajliaJIbHOI LIBUJIKOCTI HMPH BHKOPUCTAaHHI
KOr€peHTHOI IayK{ pPajioiMITyJbCiB CTOCOBHO BMIIAJKYy HAsBHOCTI y BIIOMTHX Bii Lidi pajioiMIyinbcaX KOpEeIbOBaHMX
Gurykryaniii noyarkoBux ¢a3. OILIHIOETbCA TOYHICT BUMIPIOBAHHS YacTOTU NAUKH Ui BUNAJKY Y3TromkeHoi oOpoOku Oe3
BpaxyBaHHs (a3oBux (uykryauiii il pamgioiMmynsci. Po3risa npoBOAMTBCS y HNPUITYIIEHHI, IO HA BXiJ NPUHMAaIbHOrO
npuctpoto PJIC HagxomuTh aJWTHBHA CyMIll BiIOWTHX BiJ WiJeld CHIHAIB W HEKOPEIbOBAHOTO TayCIBCHKOIO IIyMY.
BBaxaerscs, mo ¢a3oBi ¢uiykTyanii pagioiMITyNIbCIB NPUAHATOI MAa4YKH PO3IOIUIEH! 32 HOPMAJBHHM 3aKOHOM 3 HYJIbOBHM
cepenHiM, a Kopemsuis (aszoBux uykTyamid 3i 30UIBIIEHHAM IHTEpBaly MDK pajioiMIylbcaMd Iauku yOyBae 3a
€KCIIOHCHIIaJIbHUM a00 3HAKO3MIHHMM 3akoHamu. HaBeneHuil aHaii3 103BOJISi€ BU3HAYMTH YMOBH, NP SIKMX YCKJIaJHEHHS
JIrOpUTMy OOPOOKM IaHOro pPajioNIOKALifIHOrO CHIHAJLy BBAXKA€ThCS BHIPAaBJaHUM. BuCHOBKH. B pesymbraTi nociimkeHb
BU3HAUCHO, 1110 BIUIMB PEAIbHUX YMOB PaJliOJIOKALIMHOIO CIIOCTEPEKEHHsI IIPU3BOAUTE 10 MOABH (IIyKTyalliil noyaTkoBux a3z
palioiMIyNbCiB MOBTOPHOTO Crajaxy. TOUYHICTh BHUMIPIOBAaHHA pPajiajibHOI IIBMAKOCTI MillleHI 3HAYHO 3aJISKMUTh BiX
CTaTUCTHUYHUX XapaKTePUCTHK (a30BUX KOJIMBaHb, 3HAUCHHS SKMX BU3HAYaIOTh YMOBU ONTHMIi3allil YaCTOTHO-4acoBOi 00pOOKU
PpalioNoKaIiifHOro CHrHAITY.

Karw4dosi ciaoBa: xorepeHTHO-immynscHa PJIC; mauka pamioimmysneciB; ¢a3oBi (uykTyarii; pagiajibHa IIBUIKICTb;
rayciBCbKHUil IIyM; palioyioKalliiiHe criocTepexeHHs; eeKTUBHICTb OnTHMi3aLii.

OuennBaHue TOYHOCTH H3MEPEHUs PaANaIbHOI CKOPOCTH 1IN
TIPH 3KCIIOHEHINAILHOM H 3HAKONIEPEMEHHOM YObIBAHNH KOpPpeasuy (pasbl MaYedHOro paguoCuruaia

B. 1. Kapnos, A. JI. Ky3nenos, A. H. Apremenko, A. JI. Kapios

Heapo cTaTbH SBIACTCS aHANM3 BIMAHUS CTATUCTHYECKMX XapaKTEPUCTHK (IIYKTyallMii HadalbHBIX (a3 paJualibHBIX
UMITYJIbCOB IOJIY4€HHOTO KOTEPEHTHOTrO B3pblBA HA CHIDKCHHE TOYHOCTH M3MEPEHMS paJUalbHOH CKOPOCTH MUILICHH.
Pe3yabraThl. B crarbe paccmMarpuBaroTCs BOIPOCH! OLECHHBAaHUS PaJUAlIbHON CKOPOCTH IIPU HCIOJIb30BAaHUM KOI'€PEHTHOH
[aYKKd PaJOUMITYJIbCOB NPUMEHHUTENBHO K CIy4al0 HAJIWYUs B OTPAXKEHHBIX OT LEIHM PaJHOUMITYIbCaX KOPPEIMPOBAaHHBIX
Gurykryaniii HauanbHbIX (a3. OleHUBaeTcsl TOYHOCTh W3MEPEHMs YacTOThI NauKH ULl Cllydas COIVIACOBaHHOW oOpaborku Oe3
yudera (a3oBbIx (uiykryauuid. PaccmorpeHue mpoBoiMTCs B NPEINONOKEHUM, YTO Ha BXOZA NpuUeMHoro ycrpoicrsa PJIC
HOCTYHAET aJUIMTHBHAS CMECh OTPAKEHHBIX OT LleJiel CUIHAJIOB M HEKOPPEIMPOBAHHOIO rayccosckoro myma. Ipeanonaraercs,
410 (ha3oBble (UIYKTYallMH PAIMOMMILY/IbCOB IPUHATOH MAYKKU PACIPEAENICHBI 110 HOPMAJIbHOMY 3aKOHY C HYJIEBBIM CPEIHHM, a
koppemsius  (a3oBbIX (UIyKTyalmii ¢ yBeJIMYEHHEM HHTEpBAJA MEXKIy paJUOUMITYIbCAaMU IAyKu YOBIBAaeT IO
9KCIIOHCHIIMAJILHOMY WM 3HaKOIIEPEeMEHHOMY 3aKkoHaM. [IpuBe/IeHHBII aHAINU3 MO3BONSAET ONPENCIUTD YCIOBUS, IIPU KOTOPBIX
YCIIOXKHEHHE alropuT™Ma 00pabOTKH JaHHOIO PaJMOJIOKAIMOHHOIO CHI'HAlla CYMTAETCs onpaBJaHHbIM. BeiBoabl. B pesynbrate
UCCIICJIOBAHUI YCTAHOBJICHO, YTO BIIMSHHME PEAIbHBIX YCIOBHH PAJMOJIOKALMOHHOIO HAOIIOAEHMS IPUBOIUT K HOSBICHUIO
GurykTyauuii HauaJbHbIX (a3 paguoUMITyIIBCOB IIOBTOPHOI'O BO3TOPaHHUS.

KawueBbie caoBa: xorepeHTHO-umiynbcHas PJIC; mauka pamuonMmiynbcoB; (as3oBble (UIyKTYallUH; paavaibHast
CKOPOCTB; TayCCOBCKHUH IITyM; paIM0JIOKAIIMOHHOE HAaOI0IeHNe; (P (PEeKTHBHOCTS ONTHMHU3AIINH.
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