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Abstract. In this article we investigate the effectiveness of Moving Target Indi-
cation (MTI) and Moving Target Detection (MTD) technologies in enhancing the
performance of ship-based aerial surveillance radars under conditions influenced by
hydrometeors. The aim is to develop a comprehensive methodology that assesses
the quality of radar target detection while addressing the unique operational chal-
lenges faced by shipboard radars, such as limited antenna size and specific scanning
requirements. The research employs a modified methodology that evaluates radar
performance across various frequency ranges (3—25 cm). It includes a mathematical
model to characterize target detection against hydrometeor backgrounds, incorporat-
ing factors like signal-to-noise ratios and Doppler frequency shifts. The study utilizes
simulation data to analyze the performance of MTI and MTD processing techniques,
focusing on their ability to suppress clutter caused by hydrometeors. Simulation re-
sults indicate that MTD processing generally outperforms MTI processing in most
scenarios, particularly in the decimeter wave band. However, for wavelengths ex-
ceeding 10 cm, MTI processing may yield better results due to its effectiveness in
managing clutter frequencies. The analysis reveals that the fluctuation caused by
hydrometeor movement significantly impacts detection quality, with decimeter wave
band radars demonstrating superior performance compared to centimeter wave band
systems. In conclusion, the findings underscore the importance of selecting appropri-
ate processing techniques based on operational conditions and radar specifications.
Enhanced signal-to-noise ratios can be achieved through spatial and polarization se-
lection methods, although limitations exist due to antenna size constraints on ship-
board radars.

Keywords: MTI; MTD; radar station; passive clutter; clutter removal; hydrometeors;
frequency selection; selection of moving targets; notch filter; Doppler filter..
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Introduction

The operation of a surveillance radar station (radar) under the influence of natural
clutter is a normal (typical) mode of the station operation. An increase in the energy
potential has little effect on the probability of detecting targets located in the hydrometeor
cloud, therefore, processing issues are the primary determinants in the design process of
the station [1,2]. There are known methods of protection against passive clutter based on
frequency, spatial and polarization selection. In literature [3], the effectiveness of various
types of selection to protect ground-based surveillance radars from clutter caused by the
presence of hydrometeors in the resolving volume is considered. A hypothetical num-
ber of air traffic control radars (ATC radars) operating in various wave ranges have been
accepted as objects for analysis. The quality indicator characterizing the effectiveness
of detecting a large passenger aircraft in a cloud of hydrometeors, expressed in terms of
the coefficient of improvement of processing equipment and compared with the threshold
(required) value, was numerically evaluated. Unlike ATC radars, shipboard radars have
their own characteristics that should be taken into account during the research process, for
example, as below:

1. The overall dimensions of the antenna aperture are strictly limited by the possibili-

ties of placement on the carrier;

2. The scan rate, as well as the type of detected target, must be consistent with the typ-
ical tasks of ship stations. In addition to this, in the course of research, the research
methodology given in [3] should be developed, namely: to revise the methodology
for evaluating the effectiveness and range of operation of the studied radars [4], ex-
pand the range of quasi-optimal processing methods, expand the number of desta-
bilizing factors under consideration, update the parameters of the emitted signals
and the achievable characteristics of the receiver-detector. Taking into account the
above features and technical aspects, the purpose of the article is a comprehensive
assessment of the effectiveness of the use of MTI and MTD to reduce the influence
of hydrometeors in ship-based aerial surveillance radars.

1. Problem analysis

Shipboard surveillance radars are designed to detect and track the air and above-water
targets [5]. Consequently, these stations should be characterized by high information
content in terms of the task of viewing space, namely, a circular viewing area and high
resolution with unambiguity in range. Therefore, most of these radars belong to the class
of coherent pulse stations (coherent pulse radars of long range). Taking into account a
number of technical and economic reasons, a circular view of the space is provided by a
mechanical method of scanning with a beam (rotation of the antenna web) [6]. Methods
and techniques of scanning (as well as the station channel) in the vertical plane can be
any, if the condition is met, that a packet of reflected pulses with a length sufficient for
optimal processing is formed. Thus, the objects of research are coherent pulse radars with
a sequential overview in the horizontal plane. Let’s consider the most typical case — the
detection of an aerodynamic target of medium size moving uniformly and rectilinearly
in a cloud of hydrometeors. As the basis of the research methodology, we will take the
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methodology set out in [3], supplemented and modified as follows:

1.

2.

4.

A hypothetical series of radars operating in the wavelength ranges of 3...25 cm is
analyzed, which corresponds to the operating ranges of ship stations [7, 8].

The size of the antenna aperture for the entire range of radars under consideration is
assumed to be constant [9]. This condition makes practical sense due to the actual
shortage of space for the location of radar antennas on ships of modern construction
and the corresponding restrictions on the size of the aperture [10,11]. Moreover, the
relevance of this problem is increasing due to the widespread introduction of stealth
technologies in shipbuilding [12, 13].

. We will assume that quasi-optimal signal processing at the video frequency takes

place in the radars under consideration, based on MTI (Moving Target Indication)
technology (fig. 1, a) and MTD (Moving Target Detection) technology (fig. 1, b).
And that the MTI-processing is organized using the simplest notch filters based on
delay line cancellers devices, and the MTD-processing is a set of Doppler filters
with a finite impulse response (i.e. FIR filters) [5] synthesized using FFT [14]. The
presence of a limiter and other nonlinearities in the path is neglected [15].
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Figure 1. Block diagram of typical digital MTI (a) and MTD (b) signal processor

We will evaluate the quality of processing taking into account a number of destabi-
lizing factors that cause both the expansion of the spectrum of external clutter and the
appearance of additional ones. The filtration quality will be evaluated numerically
in the spectral region. The extremely laconic formula expressions used in [3] for the
improvement coefficients obtained by D. Barton [16] are unacceptable in our case
due to a noticeable error. Since a linear approximation of the trigonometric function
was used in the process of outputting these expressions [17], then these expressions
are valid for the case when the width of the clutter spectrum is negligibly less than
% (where F'is a pulse repetition frequency (PRF)), which is not always the case.
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5. To assess the quality of detection, we will use a differential estimation method in the
field of Doppler frequencies. The classical integral method of quality assessment,
expressed in terms of a single coefficient of improvement, has little practical signif-
icance, since filters (in particular, notch filters) have a rugged frequency response
(up to zeros in the areas of notch) [18]. Therefore, in order to update the quality in-
dicator for comparative assessments, it is necessary to abandon the single (integral)
value of the quality indicator, and the quality assessment itself should be carried out
separately for each conditionally accepted sub-band of Doppler frequencies.

2. Mathematical model

Let’s consider a mathematical model that characterizes the fact of target detection. A
condition for detecting a target against the background of hydrometeors for the i-th sub-
band of the Doppler shift of the signal (where ¢ = 0,1,..., (N — 1), N is the number of
sub-bands) at the output of the phase detector we will consider:

I > K.,

where I; is the signal-to-noise ratio improvement coefficient for the i-th sub-band;
K, = (y50,/7) is the required signal-to-noise ratio for target detection against hydrom-
eteors; vy is the distinctness coefficient; oy, is the average radar cross-section (RCS) of
hydrometeors in the radar resolution volume; & is the target RCS.

The values of I, and K, are estimated for a target at distance D in moderate rain
conditions (with precipitation rate w = 10 mm/h and wind speed o, = 4 m/s, following
[3]). First, we calculate the reflectivity factor Z and specific RCS of hydrometeors &g
[19]:

7Z =200w"®  (mm®/m?),
_ 0,935
00 = "3

Z (mm?/m?),

where ) is the radar wavelength in millimeters.
The average RCS of hydrometeors in the resolution volume is:

where T is the pulse width, B is the pulse compression ratio, and 6;, 6, are the horizon-
tal and vertical beamwidths respectively. For a fixed aperture size D d;xd, the width
of radiation pattern can be calculated according to the expressions: 6; = 1,25\/d;,
0, = 1,25\ /dy, where d; and dy are maximum aperture sizes in horizontal and vertical
planes (measured in meters). We will evaluate the limiting value of the spectral processing
improvement coefficient Kg¢;. The width of the clutter spectrum at the input is determined
by the fluctuation of the reflecting surface of meteorological formations, the modulation
of signals when viewing space with a beam and internal instabilities of the station. In
this case, the energy spectrum of passive clutter S.(f) near the zero spectral line, can be
approximated by a bell-shaped (Gaussian) function of the following type [16, 19]:
f2
2002+ 02+ AF2 + AF?

sys mov )

Sc(f):ScoeXp<_ )7f0r_§<f<§>
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where S, is the power density at zero frequency (normalizing coefficient) of the energy
spectrum; f is frequency; o, = 3%‘91 is the width of the spectrum of signals reflected
from meteorological formations; is the magnitude of the spectrum expansion caused by
the rotation of the antenna with angular velocity Q24; AF},, is absolute value of frequency
instability of radar receiving and transmitting devices; AF},,, = ;’:}—2051 — characterizes
the maximum expansion of the spectrum (i.e. for the traverse directions of the radiation
pattern) caused by the movement of the radar carrier (the phase center of the antenna) at a
speed of VU,,. Then to find the improvement coefficient Kg¢,; of processing devices, it’s
necessary to find the coefficient of passive clutter suppression k¢ and coefficient of the

power gain the of the required signal K; for i-th frequency sub-band:

Sc(f)df
ko = , (1)
Sc(f)K2(f)df
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wherei = 0,1,...(N — 1); K(f) is a frequency response of the processing device; f; and
A f — the initial frequency and width of the i-th sub-band: f; = fy +i*x Af, fo = —%,
of = %; Ss(f) — spectral density of the radial velocity distribution of the target. Usually,
the value of the Doppler shift of the signal frequency is assumed to be equally probable,
then Ss(f) = Ny, where N, is spectral density of a white noise. Frequency response of
processing devices K (f), when using MTI processing based on the delay line cancellers

of the n-th multiplicity, corresponds to the expression [20]:

()

For the case of MTD processing [21], there is a set of filters, the frequency characteristics
of which overlap the frequency band of the signals, which allows not only to separate the
signals by Doppler frequency increment, but also to improve the ratio of the useful signal
to noise (due to the narrowness of the Doppler filters). Frequency response of k-th filter
is defined by the following expression [2]:

sin(Nprr (£ - 552
sin (7((% — NLDF)> ,

where k = 0,1, ...(Npr—1). According to 3, central (k=0) the Doppler filter corresponds
to the zero Doppler offset of the signals, which may make practical sense, for example,

Kuri(f) =2" (

KDFk(f) = (3)
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when forming a clutter map, or for detecting low-speed targets [22]. The issues of building
a radar detector, as well as the selection of low-speed and sedentary targets [23] are not
considered here. Given that it is advisable to choose the value equal to an integer power of 2
(and therefore even), it makes sense to arrange the passbands of the filter set symmetrically
relative to the zero Doppler offset point (point of f=0). In addition to this, in order to
preserve the generality of research, we give the expression 3 to the above-accepted research
frequency band:

: 2~ Npr 1 k
81n<NDF7r( SEe g — —>)

Npr
2f—
; Z Nprp 1 _ _k_
81n<7r< s~ T 3 NDF>>

Frequency response K ppy(f) and Kyrr(f), and also the energy spectrum of passive clut-
ter Sc(f) conventionally shown on fig. 2 Directly, the value of the improvement coefficient
in spectral signal processing for the i-th sub-band is determined using 1 and 2 according to
the following expression: The value of the improvement coefficient, taking into account

Kprr(f) =

Se

Figure 2. Frequency response and the energy spectrum of passive clutter

all limiting factors, is determined by the expression:

5 -1
— 1 1
(KSC'i o ]j>

where /; stands for limit values of the improvement coefficient limited by various insta-
bility factors and features of the processing equipment. The frequency instability of the
receiving and transmitting equipment (frequency and phase of the transmitter, local and




96 LV. Chukhraev, V.E. Drach, J.V. Torkunova. Mathematical Modeling...

coherent heterodynes) was taken into account above by the value AF,, (see expression
for S.(f)). Other destabilizing factors are expressed in terms of a variety of values I;,
namely:

1. Fluctuations in the time position of probing pulses (time jitter) of At value leads to
a deterioration in the suppression of the leading and trailing edges of the pulse and
the corresponding limitatiop f01'* improvement factor: [ 1= QB(;MP or [ = W
— for pulse compression with linear frequency modulation and pulse compression

with phase modulation signals respectively.

2. Fluctuations in pulse duration At lead to residuals that make up half of the re-
mainder of the time jitter with an equal fluctuation value. Thus, to calculate the
corresponding limit on improvement factor I, one can use the expression for I,

taking into account that At = %.

3. The amplitude jitter causes the improvement factor to be limited to the level of:

I3 = (%)_2, where % is a relative change in amplitude as a result of fluctuations.

4. Quantization noise, caused by the limited size of the ADC bit depth N. For the case
of two independently fluctuating quadrature channels I and Q (see fig. 1) noise leads
to the following value of the maximum improvement factor: I5 = 0,75(2 — —1)2,

Influence of the pulse repetition period wobble (respectively, value of F'), what leads to
additional expansion of the spectrum of clutter, during scanning, and random (uncorre-
lated) movements of hydrometeors are not considered here. The quality of the detector
and the detection statistics are taken into account through the value of vy.

3. Modelling Results

We assume that a target with the radar cross-section of @ = 10 m? value is located at a
distance of D = 50 km from radar in a cloud of hydrometeors with the above parameters
corresponding to medium-intensity rain conditions. Let’s take the following data values of
the station parameters formed on the basis of [7, 16]: the size of the aperture of the radar
antenna d,xd,=2x2m?, relative frequency instability %:10—8 (where fr is carrier fre-
quency of the signal), the coefficient of distinguishability ~s,=8. The target is probed by a
coherent sequence of complex (B=10) pulse signals with a duration of 7=1 s, with rep-
etition rates of F'=2 kHz. For a well-designed system, we can confidently assume that the
following expression will be valid for any values of i and j: [; << Ksc, [24,25]. Antenna
rotation speed 24 = 12 min~'. Vehicle speed (we neglect rolling) is v,,,, = 30 kn [8].
When considering delay line cancellers (for MTI processing), we will limit ourselves to
devices with a multiplicity of n not higher than 2. The use of a higher multiplicity leads
to a significant narrowing of the frequency response of a filter and the deterioration in the
speed characteristics. For MTD processing, we assume the dimension of Doppler filtering
to be equal to the number of sub-bands of frequency analysis: Nprp=8, N=8. In this case,
the zero value of the Doppler frequency offset is located on the border of the sub-bands
with numbers of ¢ equal to 3 and 4. The results of mathematical modeling (value of % , cal-
culated in dB, rounded to integer) for various carrier frequencies and processing methods
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are summarized in Tables 1 (for MTI processing) and 2 (for MTD processing). Positive
values (in dB) characterize the possibility of detecting a target against the background of
hydrometeors. Values greater than +10 dB and less than -10 dB are replaced by the signs
"+" and "-" respectively.

Table 1. Simulation results for MTI processing

A, |n| Sub-band number, i
cm| |(0]|1]2(3[|4]|5]|6|7
301157 -1|-|-|-1|-7]|-5
2(-1]-4|-|-|-]-1]4|-1
S{12]1]-2]-]-]-2]1]2
20+ |71 |-|-]1]7 |+
01|+ |+ |+[1|1]+|+|+
24|+ |+ 4|4 +]|+]|+
25 | 1|+ |+ |+ |+ |+|+]|+ |+
2|4 |+ [+ [+ ||+ |+ ]+

Table 2. Simulation results for MTD processing

A, | Sub-band number, i(i = k)

cm|(0|1]2|3|4|5(6] 7
3 4|-1|-6]-|-|-6]|-1] 4
5(+|8|1]|-6/-6/1|8| +
10 |+ + |+ |-1|-1|+|+] +
25|+ +|[+| 7|7 |+]|+]| +

The analysis of the simulation results showed that the use of MTD processing, in com-
parison with MTI processing, in most of the considered cases gives the best result. There
will be an exception for the case when the wavelength is more than 10 cm. In this case, the
bandwidth of the clutter frequencies is significantly narrowed and ensuring a high level
of signal suppression with a Doppler shift close to zero comes out on top in terms of effi-
ciency (what is better provided by the equipment of delay line cancellers). Additionally,
it is worth considering the possibility of supplementing the MTI notch filter with a set of
MTD Doppler filters. Analysis of the simulation results indicates that this construction
for the above conditions makes sense in terms of energy (in terms of increasing the signal-
clutter ratio) only in the UHF frequency range (A=10...25 cm).



98 LV. Chukhraev, V.E. Drach, J.V. Torkunova. Mathematical Modeling...

Conclusion

The article presents a comprehensive methodology for assessing the quality of target
detection, taking into account the energy and spectral characteristics of passive clutter,
as well as the characteristics of radiation pattern formation, processing equipment, signal
formation and radar survey. Of all the considered factors that cause the expansion of the
clutter spectrum, the fluctuation caused by the movement of hydrometeors has the greatest
influence. As the result of above, there is a strong dependence of the quality of frequency
selection on the wavelength. Decimeter wave band radars offer better detection quality
in hydrometeor conditions compared to centimeter-range stations. However, they do not
always possess satisfactory characteristics for resolving targets and providing a smaller
viewing area, which limits their potential use for detecting a wide range of aerial targets.
To improve the signal-to-noise ratio at the input of the processing device, it is necessary
to additionally use spatial and polarization selection [26], as well as use signals with a
larger base. It is worth noting that the possibilities of spatial selection for shipboard radars
are limited by the permissible size of the antenna aperture. And when using polarization
selection (using, for example, circular polarization of radiation instead of linear), simulta-
neously with the suppression of the signal from raindrops by 25 dB, the level of the useful
signal decreases by 6-8 dB [8, 16]. Overall, the presented article eliminates inaccuracies,
clarifies and complements the conclusions of the scientific work [27].
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"MockoBcknii rocynapcTBeHHbI TexHIUecKuii yauBepcuteT uM. H. Baymana, Mocksa, Poccust
2CoumHcKuii TocynapcTeHHbIi yausepcutet, Coun, Poccust
3Kasanckuii rocyapcTBeHHblii sHepreTuyeckuii yuupepeuret, Kasanb, Poccus

AnHoTanus. B HacTosieM nccnenoBanny u3ydaercs 3(p(QeKTUBHOCTb METOIUK HHIMKAIIN
newxyiuxcs ueneit (MTI) u o6Gnapyxenus nBmkyuuxcs ueneit (MTD) niist noBbieHust
a(ppekTUBHOCTH pabOThl KOpabeabHBIX paiapoB BO3AYLIHOIO HAOMIOACHUSI B YCIIOBUSIX, 3a-
BUCSIIIUX OT THPOMETEOPOJIOTHUECKON 06cTaHOBKY. Llesb 3akitouaercsi B pa3paboTKe KOM-
TIEKCHON METOJIOJIOTHH, MTO3BOJISIOINIEH OIEHUBATh KAYeCTBO OGHAPYKEHUS 1IeJIei ¢ TIOMO-
b0 PaAMOIOKATOpPa U OJHOBPEMEHHO YUMTHIBAaTh YHUKAJIbHbIE SKCIUTyaTallMOHHbIE MPO-
6JIeMbl, C KOTOPbHIMHU CTAJIKUBAIOTCS CYIOBbIE PajIapbl, TAKUE KAK OrPAHUUEHHBIN pa3Mep aH-
TEHHBI U 0cOOBIe TpeOOBaHMUS K CKAHUPOBAHMIO. B riccienoBaHny nCHoOIb3yeTcss MOTU(UITH-
pOBaHHAasl METOMIOJIOTHSI, KOTOpasi OlIEHWBAET XapaKTEePUCTUKY pafapa B pa3IMUHbIX YaCTOT-
HbIX Auana3zoHax (3-25 cm). OHa BK/IIOUAET MaTeMaTUYEeCKYI0 MOJEIb JIJISl XapaKTepUucTu-
k¥ OGHapy>XKeHHUS 11l Ha (DOHE TUIPOMETEOPOIOTUUCCKHUX YCIOBHUH, YIUTHIBAIOIIYIO TAKUE
(bakTOpBI, KAK OTHOILLIEHUE CUTHAJ/ILIyM U AOIJIEPOBCKHE CABUTM YacTOThL. B rcciegoBanuu
WCTIONB3YIOTCS JaHHBIE MOJICIMPOBAHMS JJIs1 aHAIM3a 3(D(PEKTUBHOCTH METOOB 0OpabOTKN
nganHbiXx MTI u MTD, c akiieHTOM Ha uX CIIOCOOHOCTb YCTPAHSITh MOMEXH, BbI3BaHHbBIE TUJI-
pomeTteopoJioruueckumMu pakropamu. Pe3ynbraTel MOeTMpOBaHus MOKA3bIBAIOT, UTO 00pa-
6otka MTD B yenom npesocxonuT o6paboTky MTI B GonblIMHCTBE ClieHapUeEB, OCOOEHHO
B IEUMMETPOBOM Jinana3oHe BosiH. OHAKO AJisl JIMH BOJIH, npeBbimaomux 10 cM, 06padoT-
ka MTI MoeT faTh Jydliue pe3ynbTarhl 6Jarogapst cBoeii 3((eKTUBHOCTU B YIIPABJICHUM
YacTOTaMU MoMeX. AHaJN3 MOKAa3bIBaeT, UTO KOJieOaHusl, BbI3BAaHHbIE MEPEMEIICHUEM TH]I-
pomeTeopa, CylIECTBEHHO BIIUSIIOT HA KaU4eCTBO OOHAPYKEHHUSI, TPU STOM pajapbl JeUMET-
POBOrO IMana3oHa BOJIH IEMOHCTPUPYIOT 60Jiee BbICOKYIO POU3BOIUTENBHOCT 110 CPaBHE-
HUIO C CUCTEMaMM CAaHTUMETPOBOIO Auana3oHa BoyH. [loyueHHble faHHble TOTYEPKUBAIOT
Ba)KHOCTB BBIOOpA MOAXOASIINX METOTOB 06pabOTKM, OCHOBAHHBIX Ha YCIOBUSIX 3KCIUTyaTa-
[[M U TEXHUYECKUX XapaKTepUCTUKaX pafgapa. YIIy4llIeH!s] OTHOUICHHUS] CUTHAI/LITYM MOXXHO
JOCTUYb C MIOMOIIBIO METOIOB MPOCTPAHCTBEHHOTO U MOJISIPU3AIIMOHHOIO BHIOOPA, XOTS CY-
LIECTBYIOT OrpaHUYEHUs], CBSI3aHHBIE C pa3MepaMu aHTEHHBI CYIOBBIX pajlapoB.

Kmouessle cioBa: MTI; MTD; papap; naccuBHasi oMexa; yCTpaHEHUe IoMeX; THApoMe-
TEOPBbI; BBIOOP YaCTOTBhI; BBIOOP ABIKYILINXCS LieJIel; pexkKeKTOPHBLI (PUIBTP; AONIePOBCKUIL
uabTp .
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