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Abstract

Objectives. In contemporary radar studies, increasing attention is being paid to MIMO (Multiple-Input, Multiple-
Output) radars, which are predicted to offer significant advantages over traditional phased-array radars. MIMO radars
increase spatial degrees of freedom by simultaneously transmitting coherent, orthogonal radio waveforms in parallel.
The main challenge for MIMO radars is to optimize space-time processing (STP) of the entire set of echo signals
against a white Gaussian noise background according to the Neyman—Pearson criterion. In order to ensure optimal
detection performance, the work statistically synthesizes STP in MIMO radars to derive variants of STP structural
schemes for identifying their features as compared to STP in traditional phased-array radars, and analyze the angular
resolution of the MIMO radar with the resulting STP structure.

Methods. Statistical optimization methods for signal detection againstinterference using the Neyman—Pearson criterion
were used in accordance with approaches informed by the theory of beamforming in multibeam antenna arrays.
Results. Two STP variants were synthesized to generate optimal pre-threshold statistics for a MIMO radar detector
with an M-element transmitting and N-element receiving antenna array. The structural diagrams of these variants
were found to differ in their sequences of spatial and temporal processing. Due to the increased size of the equivalent
aperture of the receiving antenna array, the angular resolution of the MIMO radar is demonstrated to be significantly
better than that of a traditional radar at the same signal-to-noise ratio.

Conclusions. The structural diagrams of the synthesized MIMO radar detectors confirm their statistically optimal
detection performance.
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Pe3iome

Llenu. B coBpemeHHOI Teopun paguonokaumm Bce 6osbluee BHUMaHune yaensetcs MIMO (aHrn. «MHOro BXOL0B —
MHOIO BbIXOA0B») PaaNONoKaLMOHHbIX cTaHumin (PJ1C), Ana KOTOpbIX MPOrHO3MPYIOTCS BaXHbIE NPEeMyLLecTBa ne-
pen TpaguumoHHbiMun PJ1C ¢ da3mpoBaHHbIMU aHTeHHbIMU pelleTkamu (PAP). MIMO PJIC rmeloT AONONHUTENbHYIO
CcTeneHb cBOOOAbI 32 CHET OAHOMOMEHTHOIO U3JYYEHUS CUCTEMbI KOr€PEHTHbIX OPTOrOHAsbHbLIX PaaVNOCUTIHANOB,
4YTO OOHO3HAYHO onpeaensieT napasienbHbli 0630p NnpocTpaHcTea. Ana MIMO PJIC Bo3HuKkaeT akTyanbHas 3agaya
CUHTE3a onTuManbHOM No Kputepuio HelimaHa — MupcoHa NpocTpaHCTBEHHO-BpeMeHHoM obpaboTkn (MBO) Bceit
COBOKYIMHOCTU 3X0-CUrHanoB Ha ¢poHe 6enoro rayccosa Lwyma. LlensiMm gaHHoM cTaTbM SBASKOTCS: CTAaTUCTUYECKNIA
cuHTes MNBO B MIMO PJIC, o6ecneumnBatoLmii onTuMasbHble noka3aTenn kayectsa 0OHapyXeHWs; NoJly4eHme Ba-
pUaHTOB CTPYKTYPHbIX cxeM MBO v BbisiBNeHMe nx o0cobeHHoCcTel no cpaBHeHuto ¢ NBO TpaanunoHHbix PJ1C ¢ DAP;
aHanus yrnosoro paspelteHns MIMO PJIC ¢ nonyydeHHol cTpykTypoli MNBO.

MeTopabl. Vicnonb3oBaHbl METOObI CTATUCTUHECKOW ONTUMU3ALMN NPOLLEaypbl 06HAPYXXEHUS CUIHANOB Ha oHe
nomex no kputepuio HelimaHa — MupcoHa, a Takke MeToabl Teopumn anarpaMmmoobpa3oBaHnst B MHOTOJly4€eBbIX aH-
TEHHbIX peLwueTkax (AP).

PesynbTatbl. CYHTE3MPOBaHbLI ABa BapuaHTa NMBO, dopmMupylolime onTuManbHy0 NPeanoporoByo CTaTUCTUKY
obHapyxutens MIMO PJ1C ¢ M-anemeHTHOW nepepatowleii u N-aneMeHTHoOW npruemHoii AP. MNoka3aHo, Y4To CTPykK-
TYPHbIE CXEeMbl 9TUX BAPMAHTOB PasiMyatTcs NocnenoBaTesbHOCTAMU NPOCTPAHCTBEHHOM U BpeMeHHOW 06pabo-
TOK. loka3aHo, 4TO 3a CHET YBEJIMYEHHOI0 pa3mepa «3KBMBANIEHTHOW» anepTypbl npuemHon AP pagpeLuatoLas cno-
cobHocTb MIMO PJIC no yrnoBsiM koopauHaTam CyLLLECTBEHHO Nyylle, 4eM y TpaauumoHHoi PJIC npn ognHakoBoM
OTHOLUEHUN CUTHAS/LUYyM.

BbiBOAbI. [TOKa3aHo, YTO CTPYKTYPHbIE CXEMbI CUHTE3NPOBaHHbLIX 06Hapyxutenen MIMO PJIC o6ecneuunBatoT cTa-
TUCTUYECKN ONTMMasIbHbIE NMOKa3aTe iy kayecTBa 0OHapYXXeHUS.

KnioueBble cnoea: MIMO PJIC, mHOrokaHasnbHasi NPOCTPaHCTBEHHO-BpeMeHHas o6paboTka, afiropuTm BbICTPOro
npeobpa3soBaHunsa Pypbe, MHOroy4YeBas aHTeHHas peLleTka, NPeanoporoBas ctTaTucTrka obHapyXXmnTens, paspeLlato-
as cnocobHOCTb MO YrioBbIM KOOpAVHaTaM

Ana uutunpoBaHusa: BoswuvH B.M., Mywko A.A. CuHTE3 COrfacoBaHHOW MHOrokaHanbHOW 006paboTkM OpTO-
roHanbHblx curHanoB MIMO paauonokaumMoHHbIX CTaHuuwii. Russian Technological Journal. 2026;14(4):68—-81.
https://doi.org/10.32362/2500-316X-2026-14-4-68-81, https://elibrary.ru/IZWLXU

MpospayHocTb hMHAHCOBOW AeATENbHOCTU: ABTOPbI HE MEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaBEH-
HbIX MaTepuanax unm MeToaax.

ABTOpPbI 3aBASOT 06 OTCYTCTBUM KOHDIMKTA MHTEPECOB.
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INTRODUCTION

We  consider a  multiple-input,  multiple-
output (MIMO) radar system based on an equidistant
antenna array (AA) configuration with AM-element
transmitters and N-element receivers. The distances
between the antennas are denoted as d, and d, (index t for
transmit and r for receive), respectively. According to
MIMO principles, the AA transmits M component vector
of orthogonal coherent signals, U(?) = {U m (t)}Z:1 , with
partial complex amplitudes, U, (), where ¢ is time [1, 2].
As demonstrated in [3, 4], this approach defines a unique,
parallel space survey in the A . sector, which is
consistent with the directional pattern (DP) beamwidth
of the AA. The system operates in target acquisition
mode (Fig. 1).

The special case of using a single weakly
directional antenna (WDA) with N = 1 for reception,
which is transformed by aperture synthesis into
a virtual subarray (VSA), is considered in [5]. By
synthesizing a separable STP, this study demonstrates
the equivalence of target detection results against
uncorrelated ~ white  Gaussian noise  (WGN)
backgrounds in MIMO radar with parallel space

surveys in WDA reception and AA transmission, as
well as in traditional radar with WDA transmission
and AA reception.

The results obtained in [5] are generalized in the
present work to a multichannel (N> 1) MIMO structure.
This involves radar reception without altering the
transmission AA structure or the parameters of the
ranging signals. Here, while the use of MIMO radar
can deliver a significant improvement in performance,
no equivalence should be expected in the results of
observing targets in the compared variants; rather, the
improvement primarily applies to the angular coordinate
resolution at a fixed energy potential. In the compared
radars, STP synthesis is employed to detect a point target
with an a priori unknown three-dimensional vector of
informative parameters: & = {Rp» Virrg> Orrg) - Here,
Ripg = CTrr/2 18 the range capacity; Vi is the radial
velocity; Op 1s the angular coordinate of the target; ¢ is
the speed of light; Ty is the time delay of the echo
signal.

The predicted advantages of the MIMO radar systems
over conventional radars are primarily due to the
additional degrees of freedom, by which means the
dimensionality of the spatial coordinate space is increased
to improve the accuracy and precision of the system. In
conventional radars, the transmitting WDA (or AA) has
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Fig. 1. Structure of MIMO radar with parallel space survey:

(7) orthogonal ranging signal generator; (2) space-time processing (STP); (3) pre-threshold statistics generator;
(4) transmitting antenna array (AA); (5) receiving AA; (6) driving oscillator; and (7) power amplifier.
TRG{R1pa Vitra» O1rg! is the target; A is the threshold value used to make a decision regarding the presence
or absence of a signal; |Z| 2max represents the maximum pre-threshold statistics value
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a single phase center for emitting a coherent ranging
signal, @ (¢). In MIMO radars, conversely, each partial
signal with a complex amplitude U,,(¢), mel,M has
a precisely known phase center with coordinates (x,,, y,,),
resulting in a phase “coloring” of the signals, which can
lead to improved performance. When combined with an
N-element reception AA, this allows for a significant
improvement in angular resolution as compared with an
N-element  conventional radar system  having
WDA transmission and AA reception, which is inversely
proportional to the product M x N.

In order to determine the resolution of the radar in
terms of angular coordinates, the present work sets out
to synthesize a consistent multichannel signal processing
system for detecting and analyzing spatiotemporal signals
reflected from targets and received by MIMO radars. The
system is compared with conventional radar detectors
against the WGN background.

When solving this problem, we kept the framework
of the narrow-band system assumption for ranging
signals to ensure orthogonality in either the time or
frequency domain [6, 7]. In the first case, all partial
signals may be generated using orthogonal codes
for the initial phases of discrete signals 7, . at the
carrier frequency f, (1/14,, < f,) analogous to a phase
code modulated within transmitting AA channels.
In the second case, orthogonality may be ensured by
separating carrier frequencies by Af between adjacent
ranging signals within the transmitting AA. This may
be considered as analogous to a stepped-frequency
linear frequency modulated (SF-LFM) signal for
which (M — 1)Af < f,,. Assuming a narrow-band probe
signal system simplifies the process, as it allows for the
following:

e Separating the processing into spatial and temporal
components (non-separable STP for broadband
signals is considered in [7]).

e Assuming that the MIMO radar operates at a specific
wavelength of A, = c/f,, and thus, the Doppler
frequency shift Fy = 2V 1p /A 1s approximately the
same for all components of the vector signal.

e Calculating the delay time of the ranging signal at
the aperture of the transmitting AA:

_ (M -1,

C

<

an.t Teq’

where Teg is the equivalent pulse duration

corresponding to the bandwidth Af = l/req (for the

receiving AA of the MIMO radar).

In addition, we assume that there are no reflections
or sources of external radiation within the survey
sector i@sv}/2. Under these conditions, we can consider
the radiators of the receiving AA to be excited by an
M-dimensional vector signal U which is reflected
from a point target:

TRG?

Urrg (Rrg - VitrG > O1RG) =
M)

2nd,
=1U,,(trpg-VitrG ) €XP| J k

(m—=1)sinOrpg ]}

0 m=l1

It is further assumed that the components of the
vector o are a priori unknown. Following excitation
of the N-element receiving AA, the M-dimensional
vector (1) transforms into an N x M vector of the echo
signal. This can be expressed as a Kronecker product,
as follows:

U, (trgg!01rG) = BH O1rG)® Uppg (10), (2)

N
2nd,

where BH(Oppg) = {exp{ Jj .

(m—1)sinOpq }}
0 n=1

is the spatial phase progression vector between the
receiving AA radiators, while H is the sign of Hermitian
conjugacy (transposition, T, and complex conjugation, *).

Based on the accepted conditions and assumptions,
we consider the conventional statistical approach to
the STP synthesis, which is optimal according to the
Neumann—Pearson criterion.

STATISTICAL APPROACH
TO DETERMINING THE WEIGHT VECTOR
OF OPTIMAL PROCESSING IN MIMO RADAR

The problem of synthesizing multichannel STP at the
output of the MIMO radar’s receiving AA is considered
against the background of the §-correlated WGN using
the conventional formulation based on the likelihood
ratio [8, 9]. The sampled input y is represented by the
N-dimensional vector u of the interference (noise)
mixture p and possibly useful signal (4 = 1) as follows:

N
y=Au+tp, y={y_, 4=[1,0]. 3)

According to the well-established results from the
theory of optimal detection based on the Neumann—
Pearson criterion [10], the multichannel processing
weight vector can be expressed as follows:

[N A—

r=¢ 'u'(ay), 9= {(P,-j}l.’j =pp", )

where ¢! is an N x N matrix that is the inverse

correlation matrix (CM) of the interference ¢, while the
overbar denotes statistical averaging.

In Eq. (4), the N-dimensional vector u(a,) is

a signal with an expected three-dimensional vector of

informative parameters, @, = {7, V,, 0,}. The CM ¢

with (pij(t,s):(pl.(t)(p;(s) elements exhibits cross-

correlation between the ith and jth reception channels at
times 7 and 5. For the existence of an inverse matrix, ¢!,
the CM should be Hermitian and positive-definite [11].
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The STP synthesis for the given problem involves
searching for the vector r in (4) that provides sufficient
pre-threshold statistics in the form of a weighted scalar
sum [12] as follows:

N
E=yTo (@)= v, (5)
i=1
where the energy detection parameter is the following:

q = [u(ay)e  u(ay)] "> Q)

Provided the processing is linear, such pre-threshold
statistics can be used to optimize the detection quality
indicators by enabling the use of known detection
characteristics [8, 9].

The method for calculating the random variable &
in Eq. (5) determines the structural design of optimal
processing consistent against the WGN background.

Due to the narrow bandwidth, the parameters of
the signal reflected from a target with coordinates
Orpg = 1To» Virrgs O1rg) can be separated into time-
frequency and spatial components:

M

o, (6
u(z, aTRG) = {”m (, TTRG> VrTRG )ej(Pm( TRG) }m=1 > (D)

2 .
where ¢, (Orpg) = Tﬁdt (m—1)sinOpg¢ is the spatial

phase progression of the mth component of the signal.

Thus, the processing of the components can be
divided into time-frequency and spatial sequences.

We define the types of CM ¢ included in
Egs. (4) and (5) and note its characteristics for STP
against WGN in the MIMO radar of the considered
design (Fig. 1). It would be reasonable to assume that
the noise in the N-element receiving AA channels is
independent pp?I =0 at i #j, i,j=1,N,while it is
d-correlated in time. For an arbitrary ith channel having
a spectral noise power density of Py, CM has the
following form:

9,1, ) = Py13(1 — 5), ®
. N . . . .
where 1 =diag {(pl.l. }l,zl is the identity matrix.

Provided that the orthogonal components u(o )
pass through the corresponding matched filters (MF),
it is additionally possible to assume the noise in time-
frequency channels is independent and 6-correlated [13].

To facilitate the CM description, we assign a double

. m N7M .
index Yy Z{yn }n,m;tl to the input samples. Here,

n represents the channel index of the receiving AA,
while m represents the index of signal components
corresponding to the channel index in the transmitting AA.

Given the aforementioned assumptions and
considering the filtering properties of the d-function, the
CM for the stationary WGN will be as follows:

0(1,5)=3(t= )y ()" ()= {1 (D4 (1)} =
©)

= diag{yl’x;lm} =¢.

n,m=1 B

In (9) it is assumed that the CM elements are zero
forn#pand m # q.

The sequence of stages in the STP process is
determined by the order in which the N x M diagonal
elements are grouped by indices, resulting in two
variants of the ¢ matrix [14].

Variant 1. CM ¢ is represented by an N x M diagonal
block matrix

By
By

On

BYY

Here, each of the N blocks is also represented by the
diagonal CM noise between the time-frequency channels
generated by the M MFs for the mth signal component in
the nth channel of the receiving AA

BU™ = diag|p™1" B, = p, 1
on — 4188 Doy m=l" on = Pon™>
1 2 M
at Py = Py == Ply = Pou: (11)
Variant 2. CM ¢ is represented by an M x N-diagonal
block matrix

BGY

By

(P2 (n) (12)
B

BOw

In this representation, each of the M CM blocks
is the diagonal CM of noise between the N spatial
AA channels for one mth signal component

B :diag{ (")}N B, =p, I

Om Pom =1’ om = Pom™>

at Py = Pom == Pom’ = Pom- (13)

Asfollows from (10) and (12), the statistical approach

to synthesizing STP for MIMO radars differs from the

conventional methods involving CM dimensionality of

interference M x N (instead of an N-dimensional vector),

as well as the ability to combine time-frequency and
spatial processing in any order.
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ANALYSING SUFFICIENT STATISTICS
For a sufficient detector of pre-threshold statistics, Eq. (5) can be represented in analogue form using the correlation
integral of the complex envelopes of the received mixture and the expected signal Z = IYH (, aTRG)iJ(t, a,)dt. To ensure

reliable detection characteristics, it is assumed that the echo signal has a random Rayleigh amplitude and a uniform
initial phase ranging from 0 to 2x. Taking into account (11) and (12), the sufficient pre-threshold statistics against
WGN background can then be written in terms of the squared modulus of the correlation integral [10, 12] as follows:

5 N M 1
s=1Z] :ZZP(m)(n)

n=lm=1L0p m

2ndy(m-1) | 2nd,(n-1) |
X eXp ]#(smeTRG —sin0) exp ]T(SlneTRG—smeo) ,

[ U (6,716 01r6 WU (1570500 eXPLI2R( Sy + Ay, Mt £, )| X

—00

(14)

where Af;, is the Doppler frequency shift for the mth signal component; ¢, is the constant delay in the temporal
accumulation filter for the mth signal component; T = 2R g /¢ is the time delay for the expected echo signal.

Equation (14) can be considered as a four-dimensional ambiguity function in range—speed—angle coordinates. In
this context, the double summation can be reduced to the product of the transmitting and receiving AA multipliers,
which is a characteristic feature of MIMO radars [15]. Here, the DP refers to the cross section of the ambiguity
function when the time-frequency parameters 1, and V are fixed.

For simplicity, it is assumed that the Doppler frequency shift will be approximately the same for all signal
components due to their narrow bandwidth (Af,, = Af,), and that the time delay in all accumulation filters is
also equal (¢, = ¢,). In this context, the MIMO radar is considered to be in target detection mode, meaning
that the only value of interest is the maximum value & applied to the threshold. It is also assumed that temporal
accumulation is achieved through M MFs whose maximum response is independent of the signal delay,
TrrG = 2R1rg/C- At time £, the maximum value of the integral in Eq. (14) is reached to obtain the optimal SNR
at the MF output.

In this case, the maximum MF response value for the mth component of the signal is proportional to its
energy, E

Up i 0= [ U, (2,0,0) P dt = kE,,, (15)

—00

where £ is the proportionality coefficient.

Regarding Eq. (14), the concept of a DP is meaningful in terms of the instantaneous cross-section of the ambiguity
function at the instantaneous time ¢, = 0, i.e., when a maximum appears at the MF output.

Equation (14) shows that the calculation method of pre-threshold statistics determines the structure of the
detector, which depends on the order of summation by the “m” and “n” indices, i.c., the sequence of temporal
and spatial accumulation. In the first case, temporal accumulation occurs before spatial accumulation, while in
the second case, the order is reversed. In this case, the CM of noise corresponds to Egs. (11) and (12). Taking the
above comments and simplifications into account, we can now consider variants for constructing STP structural
schemes.

STRUCTURAL DIAGRAMS OF MIMO RADAR DETECTORS

Variant 1 (temporal + spatial accumulation)

In this STP variant, formula (14) first performs coherent summation by the “m” index, followed by summation
by the “n” index.

Rewriting formula (14) in terms of the condition p(()’,:l) = Py, gives the following form:
2
M 2nd, (m-1) . . N 4 2nd (n—-1) . .
£= {2 U, mf(O)exp{jtT(smeTRG —smeo)} Z P” exp{jr—(smOTRG —sm@o)} . (16)
m=l1 n=1"0n

The processing can then be divided into two consecutive stages.
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Stage 1.1
In Eq. (16), the expression within the curly brackets represents the summation of the results from the temporal
accumulation of M signal components that compensates for their spatial phase in the expected direction 0,). The second

N
sum is the product of the N-element receiving AA with a d, step, where the amplitude distribution, {An }nzl, is

normalized to the noise power in the radiator channels.

It should be noted that the sum over the index “m” corresponds formally to the multiplier of an M-element AA with
a d, step, where the maxima of MF responses to the signal components 4, = U, . (0) act as the amplitude distribution.
The N weakly directional elements of the receiving AA are transformed into a VSA [5, 16]. The DP F(0,, 6,) for
this VSA is determined by the parameters of the transmitting AA. For V, - (0) = const, we obtain the following:

an.t

F,(O1rg-9,) =sinc (sinOppg —sin6) |, (17)
where sinc x = sin x/x, L, , = (M — 1)d, is the length of the transmitting AA.

If the transmitting AA step is chosen from the unambiguous scanning condition within the angular survey sector,
AB,., then it is limited by the d, < Aj[1 + [sin 60|]_1 ratio. As a result, diffraction lobes will not occur within the
VSADPF (0, 0,).

Stage 1.2

The spatial accumulation stage in the receiving AA virtually consists of N subarrays, each having a DP in the
form of Eq. (17).

If the receiving AA step is the same length as the transmitting AA step, d. = L, ,, then its equivalent length can be
assumed to be Leq.r =(N-DL,, =N —1)(M— 1)d,. In this case, the “equivalent” receiving AA is completely filled
with N x M elements with a d, step. Taking into account (17), the DP will take the following form:

N
F.(O1rg-99) = £ Orrg)F, (O1rg> 90)2 PLl:J 2”%(” —D(sinOppg —sin 60)} ~
n=1"0n 0
(13)
~F (0 0 )%L 2 i(M—l)( —1)(sin® —sin6,)
~ v(TRG’On_]POn Jam n TRG o) |

Here no diffraction maxima are present. The second equality takes into account the isotropic nature of the
elementary radiator DPs, F'(0) = const.

For a MIMO radar in target search mode, it is essential to perform a parallel space survey, since the components
of the ranging signal simultaneously “illuminate” the entire survey area. Here, due to the lack of a priori information
about the expected target direction, multipath beamforming is required in order to prevent energy loss in the parallel
survey.

To achieve this, the “equivalent” receiving AA should form M x N orthogonal beams (reception channels) in
the following sequence. First, a fan of M beams in all N VSAs should be generated to create “secondary” reception
channels (“primary” means N radiator channels here). Then, “tertiary” channels corresponding to a fan of N sharply
directed beams should be generated within each of the M secondary beams.

The secondary and tertiary beams can be generated using beamforming circuit in the form of analogue
Butler matrix [17] or M- and N-point fast Fourier transform (FFT) according to the assumption that M = 27 and
N=29(p,q=2,3,4,...)[18].

To generate the secondary channels at the VSA output for the ith DP, which are oriented in the direction

ooy , , 2mim )| M2
0g; =arcsin| | i —— |————|, the transformation matrix W(0;) ={exp| —/ can be used. If
2)(M ~1)d, M )} iemn

vector V) «0) represents digitized samples at time 7 = 0, then the following response is obtained for an arbitrary
direction towards the target in the ith secondary channel:
1
()

M/2
2nd, 1 .
F,(0,01r5-90;,) = Z U,, me(0)cos| ——| m—— || sinOppq — (19)
m=1 7‘0 2 Lan,t
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As a result, the same M-beam amplitude DPs are generated at the output of the N VSAs. However, the beams
with the same index will differ in terms of phase progression, which is determined by the d, step of the receiving AA.

In order to generate tertiary beams, the secondary beam signals having the same index (i) must be re-indexed
according to the necessary compensation of phase progression. Since L, = (N =1L, ,, the width of the tertiary
beams is N times narrower than that of secondary beams. The relationship between the primary, secondary, and
tertiary beams is clearly illustrated in Fig. 2.

F(6)

_Aesvy/ 2 eTRG Aesvy/ 2 6

Fig. 2. DP of receiving channels:
(7) DP of the primary receiving radiator; (2) DP of the ith secondary channel at the VSA output;
and (3) DP of the sth tertiary channel at the output of the ith secondary channel

N/2
2
The generation of tertiary beams is also facilitated by the FFT matrix W(0,,) = {exp (— j on j} . Beams
n=—N/2

. 1
with orientation 0 =arcsmKs—2j7»0 /(N —1)dr} are implemented in each ith secondary reception channel

(i€1l,M). For this reason, it is convenient to assign a double indexing of 6, to the phasing angles of the tertiary
beams, amounting to M X N, i.e., the sth ray in the ith direction in the multipath VSA DP. Consequently, a fan of
tertiary beams is generated from the instantaneous (at # = 0) values of the envelope signals sampled from the
N x M outputs of the VSA.

Consequently, the receiving AA has an N x M beam DP for the receiving AA consisting of N VSAs with
M-ray partial DPs (19). The dependence of the response of the tertiary channel “is” for a signal from an arbitrary
direction 0 takes the following form:

FL(0, eTRG ) 60is) =F, (OTRG )E, (0, eTRG >

1
N2 g |a-nd (1 S_zjxo
0is cos{——| n— -l
0

n=1 " 0n A

This formula can be interpreted as the tertiary DP of the spatial channel “is” or as the cross-section of the
ambiguity function at time # = 0 in the “zero” speed channel.

Variant 2 (spatial + temporal accumulation)

9

In this STP variant, the coherent summation in Eq. (14) is first implemented by the “7”” index and then subsequently
by the “m” index.
(m) _ (m)

We rewrite Eq. (14) in a different order using the py,” = p, " condition:

2nd (n-1) . . Mo 2nd (m—-1) . ,
ZA exp| j " —————(sinOpgg —sin6) ZW m mf EXP| J T(SIHGTRG_SIHOO) . 2D

m=110

As in the first case, we split the processing into two stages.

Stage 2.1
For this variant, since 0 in (21) is unknown a priori, spatial coherent integration must first be performed for
the N expected directions of signal arrival. Using the FFT algorithm with the transformation matrix
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n=—N/2

, the first sum in (21) for an arbitrary sth phasing angle can be expressed as

(3
AN e (22)

(N -1)d,

follows:

. .
F.(0,01pG,9) = Z 4, cos . [n _EJ sinO1pg
n=0 0

For the maximum angle of phasing sin 0, ;,, it is important that the condition d < A,(1 +|[sin6, /2|)_1 be imposed
on a step of the reception array in order to prevent diffraction maxima in DP. Then, at the first stage, an N-beam DP
can be generated in the receiving AA that overlaps a given survey sector. This corresponds to the implementation of
secondary receiving channels.

Unlike the previous variant, it should be noted that the DP in (22) does not have the index “v,” since the channels
of the receiving AA physically exist. In particular, during digital charting, analogue-to-digital converters (ADCs)
must be installed in each of the N primary channels. The DP F(0, 0,1, 0 ,,) can be interpreted as “virtual” if,
in formula (21), the summation over the “m” index is considered an array multiplier and the summation over the
“n” index is considered a partial DP of the subarray.

Within each sth secondary channel, M tertiary channels should now be generated. As in the first variant,
N x M receiving channels will also be implemented in the second variant.

Stage 2.2

The use of MF in each sth secondary channel enables the temporary accumulation of signal components and
compensates for their spatial phase progression. Following the temporary accumulation at time ¢ = 0, the second
sum in (21) can be interpreted as an M element AA multiplier, where the maximum signal component values at the
SF output act as amplitude distribution.

In this variant, the equivalent MIMO radar receiving AA is considered as an array consisting of M subarrays, each
having N elements and a single d, step. For the equivalent N x M-element AA to be completely filled with radiators of
the same step size and of the same length as in variant 1, the transmitting AA can be sparse with an equidistant step
size equal to d, = (N — 1)d..

Next, a multipath diagram is implemented in the equivalent receiving AA to ensure that the sharply directed
tertiary beam falls within the same ith direction as the sth secondary beam. Therefore, in this variant, the beams are
double-indexed “si”, rather than “is,” as in variant 1. We apply the FFT algorithm to the samples of the output signals

. . . 2mim M
of the secondary channels using the transformation matrix W(0,;) =1{exp| —j m . Thus, the DP of the
i=1

si-tertiary channel, taking into account Eq. (22), acquires the following form:

M/2 A 1d 1
n t

F(0,01g6,005) = Fo Orrg ), (0,016 005) 2 EOREY (’”_EJ
n=0 Lo 0

where F (0, O, 0, ;) is the DP defined by Eq. (22).
Thus, sufficient statistics for & (16) are maximized in the phasing directions.

COMPARATIVE ANALYSIS OF STP VARIANTS

In the synthesized STP variants, the sufficient
pre-threshold statistics &, which is the same for all
variants, is equal to the squared modulus of the
correlation integral (14). This corresponds to the
classical detector of a quasi-deterministic signal
having a random uniform phase and random Rayleigh

amplitude against the WGN background [9, 12].
Therefore, the same well-known formulas and curves
can be used for detection characteristics that depend
only on the power SNR (4?) in both cases. According
to the Neumann—Pearson criterion, the detection
quality indicators D and F, as well as the detection
threshold m, are related by the following approximate
ratios:
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1

D=F1+4* = /21111,
F

where D and F are the conditional probabilities of correct
detection and false alarm, respectively.

It should also be noted that any parallel survey radar
requires a device for selecting the spatial channel with
the maximum SNR. Since the detection threshold may be
exceeded in multiple reception channels simultaneously,
the direction to the target is determined by the index of
this channel.

The STP variants under comparison differ in the
sequence of temporal and spatial signal accumulation.
While this sequence does not affect the final result, it
can significantly impact the practical implementation of
MIMO radar. In particular, it affects the construction of
the transmitting and receiving ARs.

The sparse array used for reception in variant 1 has
a step size of d_= (M — 1)d,, which is equal to the length
of the transmitting AA. In variant 2, the transmitting AA
with a step d, = (N — 1)d, is considered as sparse.
Furthermore, the d, step in variant 1 and the d, step in
variant 2 can be considered to be equivalent since they are
both selected based on the absence of diffraction maxima
in the angular survey areas for all scanning angles.

As shown in Fig. 3, the block diagram of the
transmitting M-element AA is the same for both
STP variants.

24)

Fig. 3. Block diagram of the transmitting AA:
(7) radiators, (2) power amplifier,
(3) modulators (mixers), (4) complex signal generator,
(5) divider 1 : M, and (6) driving oscillator

In order to consider the practicality and suitability
of their implementation, we will now move on to
a qualitative analysis of STP variants at the receiving AA
output. The block diagram of variant 1 with initial
temporary accumulation is shown in Fig. 4. This
assumes M > N, which simplifies the construction of
the receiving AA. Multibeam VSA DP is provided by
an M-point FFT based on the signals of its primary

channels. The signals in all secondary channels are
processed by an N-point FFT to generate M x N tertiary
channels with sharply directional DPs. These channels
correspond to the equivalent length of the receiving AA,
which is equal to L =M-1)N-1)d,.

ke sl 0L
Y Y Y Y
Lz | 2] =] [=2]
| | | |
Ls | Lo L2 ] [2]

R 6B BR B

i =l
7 7 7 7

U U : U {}|
\—-{ 9 H 10 |—>A(1,0)

Fig. 4. Block diagram of the first STP variant
(wide arrows represent M-dimensional vectors):
(7) primary emitters; (2) amplifier-converter unit;

(3) ADC; (4) divider 1 : M; (5) MF component of
a complex signal; (6) FFT-temporary accumulation
(generation of secondary channels); (7) FFT-spatial
accumulation (generation of tertiary channels);
(8) formation of pre-threshold statistics; (9) threshold
device (decision-making); (70) maximum selection

Figure 5 shows the STP block diagram for variant 2 with
initial spatial accumulation. The assumption of M < N in this
variant simplifies the construction of the transmitting AA.
Spatial processing is provided here by an N-point FFT
of samples in the primary channels, which is reduced to
generating N secondary channels (beams). Following the
temporary accumulation of secondary channel samples in
the MF due to the M-point FFT, as in variant 1, M X N tertiary
channels are generated, whose DP is determined by an
AA length that is equal to Lineq= M—=1)N—1)d.

Assuming a fixed SNR (since the d, step in variant 1 is
equal to the d_ step in variant 2 for a given scan sector), it
can be inferred that the MIMO radar’s angular resolution
is the same for the compared STP variants, as determined
by L, .- Here, the blocks for formation of pre-threshold
statistics (block &) involve selection of a tertiary channel
having a maximum value of & = max|Z* (block 10),
while the threshold device (block 9) in the compared
STP variants are identical to those in conventional radars
and have no specific features.
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Fig. 5. Block diagram of the second STP variant
(wide arrows represent N- and M-dimensional vectors):
(7) primary radiators; (2) an amplifier-converter unit;
(8) an ADC; (4) FFT spatial accumulation (generation
of secondary channels); (5) divider 1 : M;

(6) MF components of a complex signal; (7) FFT temporal
accumulation (generation of tertiary channels);

(8) formation of pre-threshold statistics; (9) a threshold
device (decision-making); (70) maximum selection

An analysis of the STP schemes in Figs. 4 and 5
shows that variant 1 may be preferable when
implementing a compact, multielement transmitting AA
based on relatively low-power amplifier modules.
A compact AA allows for easier synchronization
of the modulators’ operation to achieve the desired
coherence of the orthogonal signal components. For
a sparse receiving AA, this variant reduces the number
of amplifier-converter units and ADCs. However,
implementing their synchronous operation may present
issues due to the spatial separation of the ADCs.

It should be noted that several sources regard STP
variant 1 as the only viable ground-based radar, for
instance [19, 20]. For medium- and long-range radars,
recall that the transmitting AA of the MIMO radar serves
as the VSA of the “equivalent” receiving AA.

The second STP wvariant is preferable when
implementing a compact multibeam receiving AA
with either analogue (Butler matrix) or digital (FFT)
beamforming. In this variant, the transmitting AA
is sparse; however, due to the increased power of the
channel amplifiers, it should provide the same energy
potential as variant 1, albeit having fewer M channels.
Due to the spatial separation of the channels, maintaining
signal component coherence may be challenging.
Variant 2 has recently been used in airborne MIMO
aircraft radars [21].

The qualitative comparative analysis reveals that
the viability of implementing one variant over another
depends significantly on several subjective technical
factors. These include the frequency band, the ultrahigh
frequency and digital element bases used, and the
permissible design dimensions of the MIMO radar.

In conclusion, we explain the benefits of angular
resolution provided by MIMO radar with any STP variant
as compared to the fixed SNR of a conventional radar
design. In radar theory, it is assumed that the angular
resolution of the radar at the operating wavelength A,

}“0
Lcos6’

has antenna aperture length L equal to A6, =

where 0 is the beam deviation angle from the normal.
Often, the resolution is determined by the equivalent
Rayleigh criterion through the antenna beam width at
half power A9, 5.

The above relation for A0, is derived from the
following conditional criterion. Consider two radiation
sources in space with amplitudes 4, and 4,, separated
by an angle 80. The total area at the opening of a linear
antenna aligned along the z-axis is then given by:

E(x) = Ay exp(j2mft) %
A 25
><exp(ji—nzsinej{l+726xp(ji—nz§600s9J]. 25)

0 1 0

In Eq. (25), the multiplier in front of the square
brackets corresponds to the linear phase progression
along the aperture (along the z-axis) from the A4, first
source. The presence of a second source may be
determined by the modulating multiplier inside the
square brackets, which varies slowly depending on z.
Here it is assumed that this modulation has been
established if at least one complete period of it is
observed. This implies a lower limit on the aperture
length of 2nLd0cosb/A > 2n. The condition of equality
implies the expression for AO, =060, .

For STP variants 1 and 2 considered in Egs. (16)
and (21), the sufficient statistics involving double
summations by indices n € (1 — N) and m € (1 — M)
correspond to obtaining DP of equivalent receiving ARs
consisting of M x N elements, with unambiguous steps
for scanning d, and d,, respectively. Since this determines
the elongation of the aperture resolution in MIMO radars,
aproportional improvement in angular resolution is achieved
as compared to N-element AA in conventional radars.

For example, in variant 1, the physical step of the
receiving AA is equal to the length of the transmitting AA.
This is due to the temporary processing at the radiators’
outputs; these can be interpreted as the VSAs with
a length equal to L, ,. In this scenario, the equivalent
length of the receiving AA aperture is (M — 1) times
greater than that of a conventional N-element array
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with a step size of d,. Therefore, the modulating phase
multiplier in Eq. (25) achieves a value of 2n with
a separation of the sources 60 that is (M — 1) times lower.

CONCLUSIONS

The results of the study on STP synthesis against
the WGN background in MIMO radar with transmitting
M-element and receiving N-element AAs support the
following conclusions:

1. According to the Neumann—Pearson criterion,
the optimal STP against the WGN background
is a combination of the temporal and spatial
accumulation of M orthogonal signal components
ranged by the transmitting AA. The accumulation
sequence depends on the method used to represent
the interference CM in Eqgs. (10) and (11), resulting
in two variants for constructing a consistent
STP (Figs. 4 and 5). In both variants, the length
of the equivalent (virtual) aperture Lan_eq of the
receiving AA is proportional to the product M x N,
whose single-element step is determined by the
scanning sector.

2. The first variant of the agreed STP consistently
implements the following:

e Temporary accumulation of M signal components in
the MF from the N outputs of the primary radiators
of the receiving AA.

e Spatial accumulation during M-beam diagramming
in N VSAs due to the M-point FFT (generation of
secondary receiving channels).

e Spatial accumulation due to the N-point FFT at
the output of all secondary channels, resulting
in the generation of M X N orthogonal beams of
equivalent AA (generation of tertiary receiving
channels).

3. The second variant of the agreed STP consistently
implements the following:

e Spatial accumulation of the signal due to the
N-point FFT at the outputs of the primary radiators
of the receiving AA (generation of secondary
reception channels.

e Temporary accumulation of M signal components in
the MF from the N outputs of the secondary channels.

e Spatial accumulation due to the M-point FFT at
the MF output of all secondary channels, resulting
in the generation of M X N orthogonal beams of
equivalent AA (generation of tertiary receiving
channels).

4. The same detection quality indicators can be
achieved in both STP variants if they provide the
same radiated power and product M x N, as well as
having an unambiguous scanning step. Therefore,
the processing steps relating to the formation
of the pre-threshold statistics and the detection
threshold for decision-making in Figs. 4 and 5 are
identical.

5. The size of the equivalent aperture of receiving AA
is the same for the variants under comparison.
Consequently, they implement the same angular
resolution, which is inversely proportional
t0 Ly oq In the first variant, the equivalent AA is
interpreted as an M x N-element array consisting of
N x M-element VSAs (M > N). In the second variant,
itis interpreted as an M X N-element array consisting
of M x N-element VSAs (M < N).
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FFT—Fast Fourier transform;
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WGN—white Gaussian noise.

Authors’ contributions

B.M. Vovshin—general statement of the problem,
development of principles for constructing two options of
STP, development of methods for their comparison.

A.A. Pushkov—development of structural design
schemes, derivation of analytical ratios, and analysis of the
results of comparison two options of STP.

REFERENCES

1. Bergin J., Guerci J.R. MIMO Radar. Theory and Application. Artech House; 2018, 229 p.

2. Slukin G.P., Chapurskii V.V. (Eds.). Prikladnye zadachi teorii MIMO sistem radiolokatsii i radiogolografii (Applied Problems of the
Theory of MIMO Radar and Radioholography Systems). Moscow: Bauman Press; 2024, 275 p. (In Russ.). ISBN 978-5-7038-6393-0

3. Vovshin B.M. Parallel Surveillance Ultra-wide-band Radars with Orthogonal Ranging Signals. In: Proceedings on
International Radar Symposium (IRS-2007). Cologue, Germany. P. 461-466.

4. Lil., Stoica P. MIMO Radar Signal Processing. Willey; 2009, 472 p. ISBN 978-0-470-17898-0

Russian Technological Journal. 2026;14(4):68-81

79



Synthesis of matched multichannel processing Boris M. Vovshin,
of orthogonal MIMO radar signals Alexander A. Pushkov

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

11.

. Vovshin B.M., Pushkov A.A., Khalturina E.M. On the equivalence of characteristics and specularity of the construction

of the traditional and MIMO radars with parallel view of space based on antenna arrays. Russian Technological Journal.
2025;13(3):73-83. https://doi.org/10.32362/2500-316X-2025-13-3-73-83

. Ermolaev V.T., Flaksman A.G., Elokhin A.V., Sorokin 1.S. Prostranstvennaya obrabotka signalov v MIMO sistemakh sotovoi

svyazi (Spatial Signal Processing in MIMO Cellular Communication Systems). Nizhny Novgorod; 2020, 134 p. (In Russ.).

. Vovshin B.M., Kulikov K.V. Spatial multi-channel reception in MIMO radar with parallel survey of space with orthogonal

multi-frequency signals. Uspekhi sovremennoi radioehlektroniki = J. Achievements of Modern Radioelectronics. 2016;8:
67-79 (in Russ.). https://elibrary.ru/wjilgx

. Chernyak V.S. Signal detection in MIMO radars. Uspekhi sovremennoi radioehlektroniki = J. Achievements of Modern

Radioelectronics. 2014;7:35-48 (in Russ.). https://elibrary.ru/sjlqgt

. Shirman Ya.D. (Ed.). Radioelektronnye sistemy. Osnovy postroeniya i teoriya (Radioelectronic systems. Fundamentals of

Construction and Theory). Moscow: Radiotekhnika; 2007, 512 p. (In Russ.).

Shirman Ya.D., Manzhos V.N. Teoriya i tekhnika obrabotki radiolokatsionnoi informatsii na fone pomekh (Theory and
Technology of Processing Radar Information Against a Background of Interference). Moscow: Radio i svyaz’; 1981, 416 p.
(In Russ.).

Strang G. Lineinaya algebra i ee primeneniya (Linear Algebra and its Applications): transl. from Engl. Moscow: Mir; 1980,
454 p. (In Russ.).

[Strang G. Linear Algebra and its Applications. Elsevier Sci.; 1976, 428 p.]

Vovshin B.M. Teoreticheskie osnovy radiolokatsionnogo nablyudeniya tselei (Theoretical Foundations of Radar Surveillance
of Targets). Moscow: Almaz; 2022, 312 p. (In Russ.). ISBN 978-5-6042294-5-3

Tahcfulloh S., Hendrantoro G. FPMIMO: A General MIMO Structure with Overlapping Subarrays for Various Radar
Applications. IEEE Access. 2020;8:11248-11267. https://doi.org/10.1109/ACCESS.2020.2965192

Vovshin B.M. Sluchainye protsessy v radiotekhnike i radiolokatsii (Random Processes in Radio Engineering and Radar).
Moscow: Almaz; 2024, 296 p. (In Russ.). ISBN 978-5-6052360-0-9

Chapurskii V.V., Slukin G.P.,, Filatov A.A., Koroteev D.E. Virtual MIMO radars and their comparison based on generalized
uncertainty functions. Uspekhi sovremennoi radioelektroniki = J. Achievements of Modern Radioelectronics. 2023;77(5):5-19
(in Russ.).

Wang H., Yu J., Yu W., De Ben. Adaptive waveform design for distributed OFDM MIMO radar system in multi-target
scenario. Chinese J. Aeronautics. 2018;31(3):567-574. https://doi.org/10.1016/j.cja.2018.01.016

Kosogorov A.A. (Ed.). Antenny, SVCh ustroistva i ikh tekhnologii (Antennas, Microwave Devices and Their Technologies).
Moscow: Fizmatlit; 2023, 400 p. (In Russ.). ISBN 978-5-9221-1966-5

Tan L., Jiang J. Digital Signal Processing. Fundamentals and Applications. Academic Press; 2019, 838 p.

Chernyak V.S. About new and old ideas in radar: MIMO radars. Uspekhi sovremennoi radioehlektroniki = J. Achievements
of Modern Radioelectronics. 2011;2:5-20 (in Russ). https://elibrary.ru/ntmkap

Dorey J., Blanchard Y, Christophe F. The RIAS project, a new approach to air surveillance radar. Radiant. J. Dutch. Meteor.
Soc. 1984;20:21-24.

Klare J., Saalmann O. MIRA-CLE X: A new Imaging MIMO Radar for Multi-Purpose Applicatious. In: Proceedings of the
7th European Radar Conference (EuRAD), Paris, France. IEEE. 2010. P. 129-132.

CMUCOK JIUTEPATYPbI

. Bergin J., Guerci J.R. MIMO Radar. Theory and Application. Artech House; 2018, 229 p.
. Ipuxnaonvie 3adauu meopuu MIMO cucmem paduonokayuu u paouozonocpaguu; non pea. L.I1. Cnykuna, B.B. Yamypckoro.

M.: Uzn-Bo MI'TY um. H.D. baymana; 2024, 276 c. ISBN 978-5-7038-6393-0

. Vovshin B.M. Parallel Surveillance Ultra-wide-band Radars with Orthogonal Ranging Signals. In: Proceedings on

International Radar Symposium (IRS-2007). Cologue, Germany. P. 461-466.

. LiJ., Stoica P. MIMO Radar Signal Processing. Willey; 2009, 472 p. ISBN 978-0-470-17898-0
. BoBmun b.M., ITymkoB A.A., Xanrypuna E.M. O0 3KBUBaJICHTHOCTH XapaKTE€PUCTUK U «3€PKaIbHOCTH» IOCTPOEHUs Tpa-

nunroHHeIX 1 MIMO PJIC npu napaniensHOM 0030pe MPOCTpaHCTBA HA OCHOBE aHTEHHBIX peleTok. Russian Technological
Journal. 2025;13(3):73-83. https://doi.org/10.32362/2500-316X-2025-13-3-73-83

. Epmonaer B.T., ®nakcman A.T, Enoxun A.B., Copokun U.C. Ilpocmparncmeennas oopabomra cuenanos 6 MIMO cucme-

max comosoui ceazu. Huxunit Hosropoa: N3n-so HHI'Y; 2020, 134 c.

. BoBuua b.M., Kynukos K.B. TIpocrpancTBeHHO-MHOTOKaHabHBIH TipueM B MIMO PJIC mapasmiensHoro o63opa mpo-

CTPAHCTBA C OPTOrOHAJBHBIMH MHOI'OYAaCTOTHBIMU CUTHAJaMU. Ycnexu cospemennoi paouosnekmponuxu. 2016;8:67-79.
https://elibrary.ru/wjilgx

. Uepnusak B.C. OGnapyxkenue cur"anos B MIMO PIJIC. Vcnexu coepemennou paduosnekmponuxu. 2014;7:35-48.

https://elibrary.ru/sjlqgt

. Paouosnexmponnvie cucmemul. Ocnogul nocmpoenus u meopus; nox ped. S1.J1. Hlupmana. M.: Panuorexnuka; 2007, 512 c.
. Mupman A.1., Manxoc B.H. Teopuss u mexnuxa obpabomku paduoniokayuonrou ungopmayuu Ha goue nomex. M.: Paguo

u cBs3b; 1981, 416 c.
Crpenr I. Jluneiinas ancebpa u ee npumenenus: nep. ¢ anri. M.: Mup; 1980, 454 c.

80

Russian Technological Journal. 2026;14(4):68-81


https://doi.org/10.32362/2500-316X-2025-13-3-73-83
https://elibrary.ru/wjilgx
https://elibrary.ru/sjlqgt
https://doi.org/10.1109/ACCESS.2020.2965192
https://doi.org/10.1016/j.cja.2018.01.016
https://elibrary.ru/ntmkap
https://doi.org/10.32362/2500-316X-2025-13-3-73-83
https://elibrary.ru/wjilgx
https://elibrary.ru/sjlqgt

Synthesis of matched multichannel processing Boris M. Vovshin,
of orthogonal MIMO radar signals Alexander A. Pushkov

12. BoBmmn B.M. Teopemuueckue ocroswi paduonokayuornnoeo nadarooenus yenetl. M.: TIAO «HITO «Anmasy»; 2022, 312 c.
ISBN 978-5-6042294-5-3

13. Tahcfulloh S., Hendrantoro G. FPMIMO: A General MIMO Structure with Overlapping Subarrays for Various Radar
Applications. /IEEE Access. 2020;8:11248-11267. https://doi.org/10.1109/ACCESS.2020.2965192

14. Bosmun B.M. Cryuaiinsie npoyeccwol 6 paouomexnuxe u paouonoxayuu. M.: TTAO «HITO «Anmasy; 2024, 296 c. ISBN 978-
5-6052360-0-9

15. Yamypckuit B.B., Cnykun I'II., ®unaros A.A., Koporees I.E. Bupryansnoe MIMO PJIC u ux cpaBHEHHE Ha OcC-
HOBE O0OOIEHHBIX (YHKIMHA HEONPEACICHHOCTH. Ycnexu cogpemennou  paouosnekmponuxu. 2023;77(5):5-19.
https://doi.org/10.18127/j20700784-202305-01

16. Wang H., Yu J., Yu W., De Ben. Adaptive waveform design for distributed OFDM MIMO radar system in multi-target
scenario. Chinese J. Aeronautics. 2018;31(3):567-574. https://doi.org/10.1016/j.cja.2018.01.016

17. Aumennwvr, CBY ycmpoticmea u ux mexuonozuu,; o pen. A.A Kocoroposa. M.: @mmariut; 2023, 400 c. ISBN 978-5-9221-1966-5

18. Tan L., Jiang J. Digital Signal Processing. Fundamentals and Applications. Academic Press; 2019, 838 p.

19. Yepnsik B.C. O HOBBIX U cTapbix uaesx B paauonokaiun: MIMO PJIC. Venexu cospementoii paduosnexkmpornuxu. 2011;2:5-20.
https://elibrary.ru/ntmkap

20. Dorey J., Blanchard Y, Christophe F. The RIAS project, a new approach to air surveillance radar. Radiant. J. Dutch. Meteor.
Soc. 1984;20:21-24.

21. Klare J., Saalmann O. MIRA-CLE X: A new Imaging MIMO Radar for Multi-Purpose Applicatious. In: Proceedings of the
7th European Radar Conference (EuRAD), Paris, France. IEEE. 2010. P. 129-132.

About the Authors

Boris M. Vovshin, Dr. Sci. (Eng.), Professor, Department of Radio Wave Processes and Technology, Institute
of Radio Electronics and Informatics, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow,
119454 Russia); Chief Researcher, ALMAZ R&P Corp. (110, Dmitrovskoe sh., Moscow, 127411 Russia). E-mail:
boris@eleron.net. Scopus Author ID 7801355022, https://orcid.org/0009-0003-1357-5866

Alexander A. Pushkov, Cand. Sci. (Eng.), Chief Researcher, ALMAZ R&P Corp. (110, Dmitrovskoe sh., Moscow,
127411 Russia). E-mail: aapushkov@mail.ru. https://orcid.org/0009-0005-3831-4528

06 aBTOpax

BoBwwuH Bopuc MuxannoBu4, A4.T.H., npodeccop, kadegpa pagroBOSIHOBbLIX MPOLECCOB U TEXHONOMUM,
MHCTUTYT paamoanekTpoHukn n nHoopmatnkn, @reQy BO «MUP3A — Poccuiickuii TEXHOJIOMMYECcKUii YHUBEp-
cutetT (119454, Poccusi, Mocksa, np-T BepHaackoro, A. 78); rnaBHbIi HayuHbI coTpyaHuK, MNMAO «HayuHo-npo-
M3BOACTBEHHOE 00beauHeHne «Anmas» umeHu akagemuka A.A. Pacnnetmna (MAO «HMO «Anmasz») (127411,
Poccusa, Mockea, Omutposckoe wocce, A. 110). E-mail: boris@eleron.net. Scopus Author ID 7801355022,
https://orcid.org/0009-0003-1357-5866

MywkoB AnekcaHap AnekcaHapoBuY, K.T.H., Ha4anbHuk HTL, MAO «Hay4yHO-npon3BoaCTBEHHOE OObEAVNHEHNE
«Anmas» umeHun akagemuka A.A. Pacnnetunna (MAO «HIMO «Anmas») (127411, Poccus, Mockea, IMUTPOBCKOE LLIOCCE,
a. 110). E-mail: aapushkov@mail.ru. Scopus Author ID 54407412700, https://orcid.org/0009-0005-3831-4528

Translated from Russian into English by K. Nazarov
Edited for English language and spelling by Thomas A. Beavitt

Russian Technological Journal. 2026;14(4):68-81
81


https://doi.org/10.1109/ACCESS.2020.2965192
https://doi.org/10.18127/j20700784-202305-01
https://doi.org/10.1016/j.cja.2018.01.016
https://elibrary.ru/ntmkap
mailto:boris@eleron.net
https://orcid.org/0009-0003-1357-5866
mailto:aapushkov@mail.ru
https://orcid.org/0009-0005-3831-4528
mailto:boris@eleron.net
https://orcid.org/0009-0003-1357-5866
mailto:aapushkov@mail.ru
https://orcid.org/0009-0005-3831-4528

