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Abstract

Objectives. In recent years, more and more attention has been paid in radar theory and practice to the development
of multiple-input and multiple-output (MIMO) radar, which offers a number of advantages over traditional radar
based on phased antenna arrays (PAAs). These include the possibility to flexibly view space and adapt to a changing
signal-interference environment, etc. MIMO technology used in radar requires the emission of a probe signal in the
form of a coherent system of orthogonal signals, each of which triggers its own emitter in the transmitting antenna
array (AA). As a result, the specified target search area is simultaneously illuminated. Specific spatiotemporal
processing (SSP) is used to collect signals from all directions in the irradiated zone at the receiver output. In this
regard, the task of finding an SSP structure in MIMO radar that is optimal compared to the traditional approach
becomes urgent. The study set out to synthesize the structure of SSP with single—channel reception in MIMO radar
and compare the obtained structure and characteristics with those similar in traditional parallel-view radars based
on multipath receiving radar.

Methods. The study is based on methods and principles of the theory of multibeam synthesized aperture antennas
and methods for the synthesis of optimal Neiman—Pearson detectors based on the likelihood ratio.

Results. For a MIMO radar with AA for transmission and reception provided by a single weakly directional antenna,
a split SSP was synthesized to form optimal pre-threshold statistics (PTS) of the detector against a background
of white Gaussian noise. The obtained PTS is compared with a similar PTS in a traditional parallel space survey radar
with a mirror structure.

Conclusions. It is shown that the detection quality indicators of the compared radars in the mirror construction are
equivalent in the mode of parallel target search in the same spatial sectors.

Keywords: MIMO radar, parallel space survey, space-time processing, FFT algorithm, multipath antenna array,

pre-threshold statistics
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Pesiome

Llenu. B nocnegHme roabl B TEOpUM U NPaKTUKE paauonokaumm Bce 60nbllue BHUMaHUS yaenseTcsa Bonpocam Co3-
naHusa MIMO (aHrn., «MHOFO BXOA0B — MHOIO BbIXO0B») PaaMO/IOKaLMOHHbIX cTaHumi (PJIC), obnapatowmx paaom
[OCTOVHCTB nepen TpaamumoHHsimu PJ1C ¢ pasmpoBaHHbIMM aHTEHHbIMU pelueTkamu. K 9TuM AOCTOMHCTBAM cre-
OyeT OTHEeCTU BO3MOXHOCTU rMbkoro 063opa NpoCTpaHCTBA, afanTaLumMn K MEHSIOLWENCSH CUrHaIbHO-MOMEXOBOM
obcTtaHoBke u T.4. TexHonorna MIMO B pagnonokaumm TpebyeT nanyvyeHns 30HONPYIOLWNX CUMHANOB B BUAE KO-
rEPEHTHON CUCTEMbI OPTOFOHANbHbLIX CUTHAIOB, KaXAbIA N3 KOTOPbIX BO30YXAaeT COOCTBEHHbIN U3nyyaTesnb ne-
pepatouwen aHteHHon peweTtkn (AP). BcneocrtBne 9Toro 0gHOBPEMEHHO «OCBeLLaeTcsa» 3agaHHas 30Ha nomcka
uenun. NMpocTpaHCTBEHHO-BpemMeHHas obpaboTka (MBO) «cobupaeT» curHanbl CO BCex HanpasfiieHnii B 06/1y4eHHOMN
30HE Ha BbIXOAEe NPUEMHMKA. B CBA3M C 9TUM akTyanbHOW ABASETCS 3a4a4a NoMcka ONTUMasnbHOM cTpykTypbl NBO
B MIMO PJ1C no cpaBHEHMIO C TPAaAULIMOHHBIM NOAX0A0M. Llenb paboTbl — CMHTES CTPYKTYpbl NBO npun ogHOKaHamb-
HoM npueme B MIMO PJIC n cpaBHeHME MOyYEeHHOrO NOCTPOEHUS U XapakKTEPUCTUK C aHaNIOMMYHbIMU B TPAANLM-
OHHbIX PJIC napannensHoro o63opa Ha OCHOBE MHOIOy4eBOV NpuemMHon AP.

MeToabl. Icnonb3oBaHbl METOLbI U MPUHLUMBLI TEOPUM MHOTOJTy4EBbIX aHTEHH C CUHTE3UPOBAHHOM anepTypomn
1 METOAbl CMHTE3a ONTUMAJIbHbIX N0 KpuTepuio HerimaHa — MNunupcoHa 0GHapyXmMTener Ha OCHOBE OTHOLLEHNS NPaB-
pononobus.

PesynbTatel. na MIMO PJIC ¢ AP Ha nepegayy 1 0OMHOYHOM cnaboHanpaBfeHHOM aHTEHHOW Ha MPUEM CUHTe-
3upoBaHa pasgenstowascs NBO, dopmMupytoLLas onTuMasnbHyio Npeanoporosyo ctatnuctuky (MMC) obHapyxute-
ns Ha doHe 6enoro rayccosa wwyma. lNMpoeeneHo cpaBHeHme nonydeHHomn MMNC ¢ aHanormnyHomn MMNC B TpagmMuyoH-
Hom PJIC napannenbHoro 063opa NpoCcTpaHCTBa, MMEIOLEN «3epKasibHOE» MOCTPOEHME.
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BbiBoAbl. [lokasaHo, 4TO B peXMME NnapassienbHOro noucka Lenm B O4MHaKoBbIX MPOCTPaHCTBEHHbIX CEKTOPax Mo-
KasaTenun kayecTsa obHapyXeHus y cpaBHuBaemMbix PJ1C npu «3epkasibHOM» MOCTPOEHNN 3KBUBASIEHTHBI.

Kniouesble cnoea: MIMO PJI1C, napannenbHbliii 0630p NpocTpaHCcTBa, NPOCTPaHCTBEHHO-BpeMeHHast 06paboTka,
anroput™M BM®, MHoronyyeras aHTeHHas peLleTka, NpeanoporoBas cTaTtucTmka

Ana untnpoBanuna: BoewuH B.M., Mywkos A.A., XantypuHa E.M. O6 3KkBMBaNeHTHOCTN XapakKTEPUCTUK U «3epKalb-
HOCTW» NMOCTPOEHUS TPAANUMOHHBLIX 1 MIMO pagnonokaLMoHHbIX CTaHUMIA Npy napannesbHoM 0630pe NPoCTpaHCTBa
Ha OCHOBE aHTEeHHbIX pelleTok. Russian Technological Journal. 2025;13(3):73-83. https://doi.org/10.32362/2500-

316X-2025-13-3-73-83, https://www.elibrary.ru/XDZDDH

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepunanax nin metogax.

ABTOpbI 3a9BASIOT 06 OTCYTCTBUM KOHDAMKTA MHTEPECOB.

INTRODUCTION

In recent years, research into Multiple-Input,
Multiple-Output(MIMO)radars has claimed animportant
position within the theory and practice of radiolocation.
Interest in MIMO radars has arisen in connection with
the emerging possibilities of overcoming the limitations
of traditional phased antenna array (PAA) radars in
observing targets. MIMO technology is anticipated to be
as revolutionary as the electronic scanning that replaced
mechanical scanning in antenna technology to provide
new radar characteristics and functionality [1, 2].

The idea of MIMO radar was originally based on
the well-known property of radars in survey mode:
the signal-to-noise ratio (SNR) at the receiver input
and consequent detection quality index is practically
independent of the transmit beamwidth A6, for
a given survey sector Aesvy and time Livy This statement,
which is based on the fact that a decrease of the antenna
directivity on transmission and concomitant decrease
in the signal level on the target in the radar can be
compensated by increasing the observation time, can be
clarified as follows.

During the target location time in the beam width Af,, s,
the size of the accumulated packet of reflected signals
with period 7, is O = (tsvyAeo.S)/(T OAesvy)‘ Therefore, as
the observation rate increases, the value of Q decreases
in proportion to the decrease in 7, which can only be
increased at 7}, = const by widening the beam by A6, ;. If the
beam width is matched to the survey sector A 5 = Aesvy,
the echo signals from all targets having a priori unknown
angular coordinates within the coverage area can be
collected using a receiving multibeam AA (MBAA).
When this parallel type of view is applied, the number of
coherently accumulated pulses Q is limited only by the
correlation time interval of the target itself t1p g oo [35 41-
In practice, traditional radars with parallel-view PAA have
the following well-known disadvantages [5, 6]:

1. A wide directivity pattern (DP) for transmission
equal to A6 is usually achieved by a weakly
directional antenna (WDA). It must therefore have

increased electrical strength for a given radiated

power.

2. Ifthe orthogonality condition is satisfied, the number
of MBAA beams formed cannot exceed the number
of radiators, and the step d between them is limited
to overlap the area. These two factors determine the
angular resolution of the radar.

3. Like any PAA, the MBAA has dispersive properties
that limit the bandwidth of the probe signals (PS)
used [4].

Some studies [ 7-9] have demonstrated the possibility
to compensate or completely eliminate these
disadvantages and limitations using the MIMO radar
technology. The essence of this technology is as follows.
A transmitting M-element AA radiates an M-component
system of mutually orthogonal coherent PS. The width
of partial DPs of this AA A0, should be equal to Aesvy.
In turn, the PS orthogonality supports the assumption
that the superposition of the received echo signals, after
reflection from the target, can be divided into
M independent channels with uncorrelated noise

— G%oiseo ati=j,
0 ati#j,

noise variance, assumed to be equal in all channels for

simplicity, and the line above is the averaging symbol.

MIMO radars are limited to parallel space survey
because there is virtually no PS interference on the target.
In search mode, the radar is assumed to have a multi-beam
pattern at the receiver, as in a traditional radar. We consider
the implementation of parallel view in MIMO radars
combined with spatiotemporal processing (SSP), which
forms the optimal pre-threshold statistics (PTS) according
to the Neyman—Pearson criterion [10].

This integrated approach allows MIMO radars to
be compared with traditional radars at the PTS level in
terms of providing equivalent detection quality index
when searching for targets. Once this problem is solved,
the design conditions and principles of MIMO radar can
be determined to offer advantages over traditional radars
despite possible practical difficulties.

i,j €M, where o2 is the

nin; noise0

tJ
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The present work sets out to synthesize the
SSP structure in a MIMO radar and compare it with
similar processing in a traditional parallel-view radar
assuming similar detection quality performance.

PARALLEL SURVEY AND TARGET DETECTION
IN TRADITIONAL RADARS WITH MBAA

We consider the design principles of traditional
radars with MBAA for parallel survey of a given angular
sector AGSVy. The most common is to use WDA for
transmission and MBAA for reception, as shown
in Fig. 1. Without loss of generality, it is assumed that
the WDA DP width Ay, = Aesvy and the number of
independent beams of the linear MBAA is equal to the
number of emitters N, arranged in equidistant steps

}\‘0
1+ ‘sm(AGSVy /2)
wavelength. In addition, the narrow-bandwidth condition

of the excitation signal u(¢) with a bandwidth Af_ [2, 8] is
imposed on the receiving MBAA:

A8
sw | o L
2 A,

d, < ‘, where A, is the operating

T, =(N-1)d, sin( (1)

where T, is the time of filling the MBAA aperture with
a pulse of equivalent duration Toe = 1/Af,.

We define the PS complex envelope Uref (?)
following reflection from a point target with a three-
component vector of information parameters

K= {Ripg Vitrg: O1rGo)» Where Ryg, Virrgs and Oppg
are range, radial velocity, and angular coordinate of the

target, respectively. At the MBAA output, it has the
following form:

Uref (t,x) =

= Fe 07136 )y (Y1gg! — Trrg) e/ YO'TRG! = (2)

i2nfot
= Uy (' = trpg) e/ 20",

where F,(01p;) is the WDA DP level in the Oy
direction; Trrg = 2Ry /¢ is signal delay time; c is the
speed of light; yrrg =1%2¥, /¢ is a Doppler time scale
change coefficient for which Fp, =2V, /A is a Doppler
frequency, t'=yrrgt

It can be further assumed that F (6p;) = const
and that the complex envelope of the received signal is
decomposed by condition (1) into a scalar time function
and an N-dimensional vector B(6,y) of spatial phases
in the single-target situation:

U, (t' =01pg) =Uyp (' = T1pg PO 7RG )

N

2nd, )
ﬁ(OTRG) = expy J y (n—1)sin OTRG

0 n=1
® TRG {RTRG’ VrTRG’ emo}
Aesvy = Aesvy Aesvy
1 1 2 3 N,
Yt Y ¥
4
2
S
N-dimensional vector
ZPPmax =
, 4 A=1,
A=0

Fig. 1. Traditional radar with parallel space survey: (1) WDA; (2) PS shaper; (3) temporal processing (PS shaping);
(4) spatial processing (diagram-forming scheme); (5) MBAA. TRG{Rpa: Vitra: O1rat is target;
A is the threshold at which a decision is made about the presence or absence of a signal
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We consider the multichannel target detection
problem in the classical mixture reception formulation,
y(t) = AUr () +n(t), where 4= {1, 0} depending on the
presence/absence of the valid signal, and n(f) is white
Gaussian noise. In the absence of correlating external
interference with the same white Gaussian noise intensity

in the MBAA channel, o; = 03. =0} (i, j € M), while
the (N x N) dimensional correlation matrix function of
the interference is represented by the following equation:

D(t —s") = Nyl5(t ), @

where I is the unit diagonal matrix; N,, is the noise power
spectral density; 8 is the Dirac delta function.

Under these conditions, the optimal SSP by
Neyman—Pearson criterion can be reduced to calculating
the PTS in the form of the squared modulus of the weight
integral:

1 ek oo 2
a=|2|2=N—0\ [ ey, (5.1)
Y5 (1) = YT (1,076 )B" Orrg))- (5.2)

where Y is the input vector.

In Egs. (5.1) and (5.2), the symbols (*) and (7) stand
for complex conjugation and transposition, respectively.
Equation (5.2) defines the complex amplitude at the
output of the ith secondary MBAA channel phased in the
expected direction Oy ; (7 € 1, N). As mentioned above,
the N rays formed by MBAA should cover the entire
given survey sector AOSVy. In practice, the lossless
formation of orthogonal rays can be conveniently
implemented based on the fast Fourier transform (FFT)
algorithm when N = 29, where ¢ is an integer (the Butler
matrix in analogue form [1]). The FFT algorithm
converts the counts of the N-dimensional vector of the
input signal (3) (primary MBAA channels) into a vector
of N orthogonal rays (secondary channels (DP)) using

the (N x N) transformation matrix W(O)Z{W}HN}N

where w,; =exp(j2nn/N);n, i are the numbers of the
primary and secondary MBAA channels, respectively.
After implementing the FFT, Eq. (5.1) can be
considered as expressing the PTS in each of the N'secondary
channelsifweassume: Y5 () = YT (¢',01G )W (O1rg: )»
where Oy, =aresin| (i =1/ 2)Ay /(N = 1)d, | (secFig 1).
The principles of the parallel survey described above
are common to the traditional radar systems with MBAA.
They have some features that are more important for
comparison with MIMO radars. These include:
1. The target is simultaneously irradiated by a single

b

coherent PS U. «(0) at the carrier frequency Jo with
a given average power.

2. Increasing the number of elements in the WDA,
e.g., in the form of a small AA, is often impossible
in principle. This is because it is accompanied by
a narrowing of Aby,,,, which does not effectively
illuminate the search area AO_ ..

3. The resolving power of MBAA beams is
determined by the geometric size of their aperture
L uiaa = (N —1)d.. In this case, according to point 2,
the number of orthogonal beams is limited by the
number of primary channels N, and the increase in
step d, is limited by the width of the specified survey
sector Aesvy. These factors do not allow the MBAA
beams to be narrowed or their number to be increased.

4. The design of a traditional parallel space survey
radar (Fig. 1) implements a factorized representation
of the PTS (3). This allows the sequential SSP to
be divided into spatial (DP) and spatiotemporal
processing (Woodworth function) in this order.

It should be noted here that the reverse order is
impractical as it would require the same temporal
accumulation to be performed in each primary MBAA
channel prior to the spatial accumulation, which
conveniently performed only once.

The above features and limitations are rare. They are
mostly removed in MIMO radars due to the increased
dimensionality of the problem. Instead of a single PS,
N orthogonal but coherent signals are transmitted
simultaneously, providing additional freedom for radar
surveillance.

AssumingequivalentPTS and detection performance,
we now turn to the analysis of the differences between
MIMO radars and traditional radars.

PARALLEL SURVEY AND TARGET DETECTION
IN MIMO RADARS

We start with the main characteristic of MIMO
radars, which is the illumination of the coverage area by
a system of orthogonal arrays that excite the AA with
step d, shown in the left part of Fig. 2. The array
generally emits a vector signal with a complex envelope
Utr ®= {Utr M . The orthogonality condition of
these components should be satisfied for all directions
0 within the sector AO .. Then the normalized correlation
coefficient between the pth and gth components can be
described by the following equation:

pP‘]

[U |:t+(p —1)”lc“sine}1zjlf;tr |:t+ (q—l)dctrsine}dt (6)

10, 0F a0 0 a]”

The complex envelope of the total signal reaching
the target has the following form:
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U (6,07p6) =

M dy 2nd,, _ ™)
=2 Upy|t+(m —1)7 exp| J " (m=1sinOpps |-

m=l1

0

As in the previous case, it is assumed to be
narrowband. This satisfies condition (1). Note that
for MIMO radars, by operating on orthogonal signals,
e.g., separated by Af, carrier frequencies [11, 12],
the traditional limitations of the AA bandwidth are
practically eliminated. When received, they can be
band-separated and thus their interference can be
neglected. For the correctness of the comparison, it is
assumed that the signal bandwidth transmitted by the
MIMO radar AA is the same as that of a traditional radar
and is equal to Af, = (N — 1)Af, under the condition
Af, K Af,.

The average power of the vector signal (7) reaching
the target can be represented by quadratic Hermite:

MM 2nd .
PW:Z:IZ:IUPquXp jTtr(p—q)smeTRG}:
p=lg=

®)
=a’ (brgg o (O1rg)-

We assume that the power (8) is the same as in the

previous case, i.e., P = Pt_p_GWD A Where P, is the

transmitter power at the WDA input of the traditional

radar and GWD A is the directional coefficient of the
WDA.

Aesvy

=

For a point target with a vector of information
parameters K = {t\,V, 1r G- O1rg } » the complex amplitude
of the reflected signal is as follows:

M
U s (¢, T1rG - 01rG) = Fir (O1R6) D U (¢ = Trpg )
m=1 )

2nd
i (m—1)sineTRG}.
7\'0

xexp{j

We assume that all radiators of the transmitting AA
have the same weakly directional DP adapted to the
coverage area, i.€., I, (O ;) = const for all O ; € AOSW.
Then, Eq. (9) can be viewed as the M-dimensional vector

U (1) ={U (7 )ef“m(GTRG)}M hich
ref mtr \"> *“TRG m=1 whic
coincides with the vector exciting the single receiving
WDA in the right part of Fig. 2, where a,, (01p) is the

phase run-up of the mth partial signal.

We proceed with the synthesis of the SSP at the
output of this WDA, given that the received signal
Urec(t)zUref(t) is factorized into M temporal and

spatial multipliers. We therefore divide it into
M independent channels, as shown in Fig. 3:

U oo (0, TrrGsO01rG) = ET O U, (¢, T1pG - O1rg) =
M (10)

oy o, (O
—{Umtr(f —Trpg e’ TRG)}m:l

where E = {I}Am’le is the M-dimensional unit vector and
® is the Kronecker product symbol.

\. 0oi
1 2
dx

® TRG{R, .V .0

1
TRG? " 1TRG® ~TRGS

>~_<u,
—=

Fig. 2. MIMO radar with parallel space survey: (1) orthogonal PS generator; (2) temporal processing;
(3) spatial processing; (4) PTS generator; (5) transmitting AA; (6) receiving AA; (7) driving generator;
(8) power amplifier
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With respect to the noise properties, these channels
are independent and their correlation matrix function
is described by Eq. (4), which applies here as well.
In the white Gaussian noise background, optimal
temporal processing is implemented by a set of matched
filters (MFs) for each partial signal U, (¢) in the receive
channel. However, in contrast to (5), in the one-
target situation for the expected direction Opp, in the
expression for PTS, the time multiplier of the signal is
a vector rather than a scalar and is of the following form:

E=ZP=YT(t,0:5)U"(¢.0,) =

2nd 2
1M A 1L (sin Opg—sin 0;)
=—| 27, (¢, 01p)Ug,, (¢ )e 0 =
NO m=1 (11)

27nd, 2

—j =T (m-1)(sin Opp g —sin6;)

Z m mf (O)e "o >

Oml

where U om (1) is the complex envelope of the expected
signal in the mth partial channel, Y, _«0) is the result of
temporal accumulation of the signal, which corresponds

SN

to the maximum amplitude at ' =0 at the MF output in
the mth channel.

An important feature of the scheme in Fig. 3 is that
temporal accumulation precedes spatial accumulation,
indicating an inverse order relative to traditional SSP.

Using t'#0 in (11), the output signal Y,, () can
be considered as a frequency-temporal mismatch in
range and velocity, and the formula generally as
a multidimensional mismatch function in the range-
velocity-angle coordinates, similar to [13].

An additional interpretation of Eq. (11) can be
provided. It corresponds to the traditional AA
multiplier formula, where the vector Y, (") has the
form of a time-dependent amplitude distribution of
M-element  equidistant AA  with step d. If
Y {0) = const in all channels, then this equivalent
distribution is uniform at the time corresponding to the
signal maximum. In antenna theory, this transformation
of a single receive radiator into an AA identical to the
transmit one (Fig. 4) corresponds to the concept of the
synthesized aperture. However, most papers dealing
with MIMO radars use the term virtual sublattice/

lattice [7, 14, 15].

® TRG{R

TRG? rTR(‘ TR

1 dr 2 3 M N:I
7 A A A A 2
1:M
1M 4£:| 3 3
10

4
TERE Y,

5

bz Jizd iz Lzl

6
|Z\2max A — 1
A— {A =0

Fig. 3. Sequence of SSP steps in MIMO radars: (7) orthogonal PS shaper; (2) low-noise amplifier;
(3) MF; (4) diagram-forming scheme (M-point FFT); (5) PTS shaper; (6) maximum sampling;
(7) power amplifier; (8) transmitting AA; (9) receiving AA; (70) driving generator
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Aesvy - Aesvy

4
6
by
® 1
1|23 M
| 2 |
v A4=1
o é:d,

(a)

Aesvy = Aesvy

5
7
1. 2. 3 V|8
' Yo Y
3 2
1 1213 -« |M

| 1 |
A=1,
A
(b)

Fig. 4. Mirror construction of traditional (a) and MIMO (b) radars with parallel space survey:
(7) diagram-forming scheme; (2) temporal processing; (3) orthogonal PS shaper; (4) transmitting WDA;
(5) receiving WDA; (6) receiving MBAA,; (7) transmitting AA; (8) low-noise amplifier

Due to the a priori uncertainty of the angular
position of the point target (Ozq5,) after time
accumulation, it is necessary to implement a multi-
beam diagram-forming scheme at the virtual sublattice
output. As shown above, a digital FFT algorithm can
be used to form orthogonal beams and thus to obtain
M secondary receive beams:

|Z P=max| Y (0)W" (0,,) P,

M
W(®,,) = {GXP [j 22111)} ?

mi=——
2

(12)

From the obtained structure of the MIMO radar,
which performs parallel space survey, it is possible to
infer its mirror structure compared to the traditional
radar, as shown in Fig. 4.

In Fig. 4, the channels for the Doppler processing at
the inputs of the threshold devices are not shown in the
versions compared. In both cases, the Doppler filtering
systems are identical and can be implemented by
different methods in the form of inter-cycle compensation
or a set of filters tuned to the expected radial velocities

AA
0= TY?’ where Ag, is the phase difference between
adjacent packet pulses and AT is the repetition interval.
This means that the informative parameter velocity has
no specific characteristics for the narrowband

MIMO radar. Under the chosen conditions, PTS

equivalence of both versions ensures identity of their
statistical detection quality index.

The main characteristics of MIMO radars
with transmitting AA and receiving single channel
arrangement (WDA) are as follows:

1. The target is simultaneously irradiated by a vector
of coherent orthogonal PS U, (¢) emitted, for
example, by AR elements at different carrier
frequencies f,. Increasing the number of AA
radiators not only does not lead to a narrowing of
the survey sector A0 but also reduces the
requirements on the electrical strength of the path
for a fixed radiated power.

2. The angular resolution in this MIMO radar is
only determined by the size of the transmitting
AA L, = (M — 1)d, into which the received WDA
is transformed by the initial frequency-temporal
processing into a virtual sublattice.

3. As in the traditional case of a single WDA for
reception, the SSP is factorized into temporal
and spatial variants. However, their order is not
fundamental and for practical purposes can be
reversed compared to the MBAA version.

4. The advantages of MIMO radars mentioned in
point 1 are partially offset by certain difficulties in
the practical implementation of the transmitting AA.
These difficulties include the need to form a set of
coherent signals and maintain their coherence when
routing ultrahigh frequency signals through the
channels of the transmitting AA.
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The coherent spatiotemporal processing in the virtual
sublattice channels is performed at a lower level of the
valid signal compared to the traditional version, where
MFs of the secondary channels operate following their
coherent spatial accumulation. However, the detection
quality is theoretically the same for the same SNR value
while maintaining linearity.

CONCLUSIONS

The results obtained in the paper allow the following
conclusions:

1. The comparison between the radar of traditional
construction and the MIMO radar with a single
channel per reception in the parallel target search
mode shows the equivalence of their statistical
PCOs under the following conditions:

o same resulting SNR and PTS in the detector;

e same bandwidth of coherent PSs and linearity in
receive;

e same survey sectors Aesvy;

o the possibility to divide the SSP into frequency-
temporal and spatial components.

2. The theoretical equivalence of the versions
compared is achieved by mirroring their structural
schemes (see Fig. 4).

Traditional version:

e WDA for transmission and M-element MBAA for
reception;

e spatial accumulation
accumulation.

MIMO radar:

o M-element AA for transmission and WDA for
reception;

e temporal accumulation
accumulation.

The total number of SSP channels is equal.
When the single WDA for reception is replaced by
a multichannel receiving AA, the main advantages of
MIMO radars over traditional radars become apparent.
This more complex case will be discussed in the next

paper.

Authors’ contributions

B.M. Vovshin—general statement of the problem,
development of principles for constructing MIMO radars,
development of a methodology for comparing MIMO radars
and traditional parallel-survey radars.

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

E.M. Khalturina—development  of
construction schemes, derivation of analytical
writing text, design of material.

precedes temporal

precedes spatial

structural
ratios,

REFERENCES

1. Chernyak V.S. About new and old ideas in radar: MIMO radars. Uspekhi sovremennoi radioelektronik = Achievements of

Modern Radioelectronics. 2011;2:5-20 (in Russ.).

2. Lil., Stoica P. MIMO Radar Signal Processing. New York: Wiley; 2009. 448 p.
3. Bakhrakh L.D., Voskresenskii D.I. (Eds.) Problemy antennoi tekhniki (Antenna Technology Problems). Moscow: Radio i

svyaz’; 1989. 368 p. (in Russ.).

4. Mailloux R.J. Phased Array Antenna Handbook. 2nd Ed. London: Artech House; 2005. 479 p.

Chernyak V.S. Signal detection with MIMO radars. Uspekhi sovremennoi radioelektronik = Achievements of Modern

S.
Radioelectronics. 2014;7:35-48 (in Russ.).

6. Vovshin B.M. The intertialless air surveillance by ultra wideband radar signals. Antenny. 2006;7(102):92—100 (in Russ.).

7. Bergin J., Guerci J.R. MIMO Radar: Theory and Application. London: Artech House; 2018. 221 p.

8. Dorey J., Garnier G., Auvray G. RIAS Radar a impulsion et Antenne Synthetique. In: Proceedings Colloque International
sur le Radar. Paris. April. 1989. P. 112—115 (in French).

9. 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.

10. Shirman Ya.D. (Ed.). Radioelektronnye sistemy. Osnovy postroeniya i teoriya (Radioelectronic systems. Fundamentals of
Construction and Theory). Moscow: Radiotekhnika; 2007. 512 p. (in Russ.).

11. Vovshin B.M., Immoreev LY. Influence of dispersion properties phased array antenna on the signal to noise ratio in radars
with broadband signals. Radiotekhnika. 1985;7:74-92 (in Russ.).

12. Kalinin V.I., Chapursky V.V., Cherepenin V.A. Super-Resolution of Radar and Radio Holography Systems Based on
a MIMO Retrodirective Antenna Array. J. Commun. Technol. Electron. 2021;66(6):727—736. https://doi.org/10.1134/
S1064226921060139
[Original Russian Text: Kalinin V.I., Chapursky V.V., Cherepenin V.A. Super-Resolution of Radar and Radio Holography
Systems Based on a MIMO Retrodirective Antenna Array. Radiotekhnika i elektronika. 2021;66(6):614—-624 (in Russ.).
https://doi.org/10.31857/S0033849421060139 ]

13.

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 = Achievements of Modern Radioelectronics. 2023;77(5):5-19
(in Russ.). https://doi.org/10.18127/j20700784-202305-01

Russian Technological Journal. 2025;13(3):73-83
81


https://doi.org/10.1134/S1064226921060139
https://doi.org/10.1134/S1064226921060139
https://doi.org/10.31857/S0033849421060139
https://doi.org/10.18127/j20700784-202305-01

On the equivalence of characteristics and specularity in the construction of traditional Boris M. Vovshin
and MIMO radars with a parallel view of space based on antenna arrays etal.

14.

15.

AL AW~

Brookner E. MIMO Radars and their Conventional Equivalents. In: Proc. on IEEE International Radar conference.
May 10-15, 2015, Arlington, VA, USA, P. 918-924. https://doi.org/10.1109/RADAR.2015.7131126

Tebaldini S., Manzoni M., Ferro-Famil L., Banda F., Giudici D. FDM MIMO SAR Tomography. In: EUSAR 2024 —
15th European Conference on Synthetic Aperture Radar. Munich Germany. 2024. P. 709-714.

CNMUCOK JINTEPATYPbI

. Yepnsik B.C. O HOBBIX U cTapbIx uaesix B paguonokanuu: MIMO PJIC. Venexu cospemennoti paduosnexmponuxu. 2011;2:5-20.

LiJ., Stoica P. MIMO Radar Signal Processing. New York: Wiley; 2009. 448 p.
IIpobnemvr anmennoti mexuuxu; o pen. JI.JI. baxpaxa u JI.1. Bockpecenckoro. M.: Paano u cBsi3b; 1989. 368 c.

. Mailloux R.J. Phased Array Antenna Handbook. 2nd Ed. London: Artech House; 2005. 479 p.
. Yepnsik B.C. O6napyxenue curaano B MIMO PJIC. Venexu cospemennoti paouosnexmponuxu. 2014;7:35-48.
. Bomun B.M. besbiHepunoHHbINH 0030p MPOCTPAHCTBA CBEPXUIMPOKOMIOIOCHBIMU PAIMOIOKAMOHHBIMI CUT'HATIAMU. AH-

mennwt. 2006;7(102):92-100.

7. Bergin J., Guerci J.R. MIMO Radar: Theory and Application. London: Artech House; 2018. 221 p.

ee)

10.
11.

12.

13.

14.

15.

. Dorey J., Garnier G., Auvray G. RIAS Radar a impulsion et Antenne Synthetique. In: Proceedings Colloque International

sur le Radar. Paris. April. 1989. P. 112115 (in French).

. 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.

Paouosnexmponnvie cucmemvt. Ocrhosbl nocmpoenust u meopusi, op pen. S1.J1. lupmana. M.: Paguorexuuka; 2007. 512 c.
Bosumn B.M., Immopees U.51. Bnusnue aucnepcHOHHBIX CBOMCTB (ha3upOBaHHON aHTEHHOM PEIETKH Ha OTHOLIEHHE CUT-
Hay/myM B PJIC ¢ mmpoKonoaocHbIMU curHanaMu. Paduomexnuka. 1985;7:74-92.

Kanunun B.U., Yanypckuit B.B., Uepenenun B.A. CepxpaspemieHue B cucreMax pajHOJIOKALUK U paguorosorpapuu
Ha ocHOBe MIMO aHTEHHBIX PEMIeTOK C PEIUPKYISIUe CUTHANIOB. Paduomexuura u snekmponuka. 2021;66(6):614—624.
https://doi.org/10.31857/S0033849421060139

Yanypckuit B.B., Cnykun II1., ®unaroB A.A., Koporees /I.E. Bupryansnoe MIMO PJIC u ux cpaBHeHHE Ha OCHO-
Be 0000LICHHBIX (DYyHKIMH HEONpPENeNIeHHOCTH. Ycnexu cospemennoll paduosnekmponuku. 2023;77(5):5-19. https://doi.
org/10.18127/j20700784-202305-01

Brookner E. MIMO Radars and their Conventional Equivalents. In: Proc. on IEEE International Radar conféerence. May 1015,
2015, Arlington, VA, USA: P. 918-924. https://doi.org/10.1109/RADAR.2015.7131126

Tebaldini S., Manzoni M., Ferro-Famil L., Banda F., Giudici D. FDM MIMO SAR Tomography. In: EUSAR 2024 — 15th
European Conference on Synthetic Aperture Radar. Munich, Germany: 2024. P. 709-714.

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, PJSC “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.), Head of the Scientific and Technical Center, PJSC “ALMAZ R&P Corp.”

(110, Dmitrovskoe sh., Moscow, 127411 Russia). E-mail: aapushkov@mail.ru. https://orcid.org/0009-0005-3831-4528

Elizaveta M. Khalturina, Engineer, PJSC “ALMAZ R&P Corp.” (110, Dmitrovskoe sh., Moscow, 127411 Russia).

E-mail: e.m.halturina@yandex.ru. https://orcid.org/0009-0003-8527-419X

82

Russian Technological Journal. 2025;13(3):73-83


https://doi.org/10.1109/RADAR.2015.7131126
https://doi.org/10.31857/S0033849421060139
https://doi.org/10.18127/j20700784-202305-01
https://doi.org/10.18127/j20700784-202305-01
https://doi.org/10.1109/RADAR.2015.7131126
mailto:boris@eleron.net
https://orcid.org/0009-0003-1357-5866
mailto:aapushkov@mail.ru
https://orcid.org/0009-0005-3831-4528
mailto:e.m.halturina@yandex.ru
https://orcid.org/0009-0003-8527-419X

On the equivalence of characteristics and specularity in the construction of traditional Boris M. Vovshin
and MIMO radars with a parallel view of space based on antenna arrays etal.

06 aBTOpax

BoBwuH Bopuc MuxannoBu4, 4.7.H., npodeccop, kadpeapa pagnoBOSIHOBLIX MPOLLECCOB U TEXHONOrun, NH-
CTUTYT PaAMOINEKTPOHUKM N MHPopMaTukmn, PrE0Y BO «MUP3A — Poccuiickuii TEXHONOMMYECKNA YHUBEPCUTET
(119454, Poccusa, Mocksa, np-T BepHaackoro, 4. 78); rnaBHbIi HayYHbIi coTpyaHuK, MAO «Hay4yHO-npon3BoaCTBEH-
Hoe oObeanHeHne «Anmas» nmeHun akagemuka A.A. PacnnetuHa (MAO «HMO «Anmas») (127411, Poccus, Mocksa,
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., Ha4YalbHMK Hay4YHO-TEXHUYECKOoro LeHTpa, NMAO «Hay4Ho-npouns-
BOACTBEHHOE 00beauHeHne «Anmas» uMeHun akagemmka A.A. Pacninetuna (MAO «HMO «Anmas») (127411, Poccus,
Mocksa, AMmuTtposckoe wwocce, A. 110). E-mail: aapushkov@mail.ru. Scopus Author ID 54407412700, https://orcid.
org/0009-0005-3831-4528

XantypuHa EnunazaBeta MakcumoBHa, nHxeHep 3 kateropuu, MNMAO «Hay4yHO-Npon3BOACTBEHHOE 0ObeaVHE-
Hue «Anmas» umeHu akagemuka A.A. PacnnetuHa (MAO «HIMO «Anmas») (127411, Poccusi, Mockea, MntpoBckoe
wocce, a. 110). E-mail: e.m.halturina@yandex.ru. https://orcid.org/0009-0003-8527-419X

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

Russian Technological Journal. 2025;13(3):73-83
83


mailto:boris@eleron.net
https://orcid.org/0009-0003-1357-5866
https://orcid.org/0009-0003-1357-5866
mailto:aapushkov@mail.ru
https://orcid.org/0009-0005-3831-4528
https://orcid.org/0009-0005-3831-4528
mailto:e.m.halturina@yandex.ru
https://orcid.org/0009-0003-8527-419X

