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Abstract

Objectives. The aim of this article is to investigate the possibility of forming vector radio images of small-size
objects (SSO) using a digital vector network analyzer (VNA) with a controllable bandwidth and frequency step of the
tracking generator.

Methods. The work is based on the comprehensive application of the following methods: analysis of radio wave
processes in the context of radio vision, the apparatus of N-pole theory, numerical methods of statistical radio
engineering, and computer modeling (including both electromagnetic and functional-block simulation).

Results. A new method for vector tracking-formation of signal radio images of SSO has been developed. Its
fundamental difference from traditional pulsed methods of near-field radio vision lies in the use of an S-parametric
model of a spatial N-pole to describe the inhomogeneous medium, as opposed to approaches based on scalar signal
transformation. To analyze the accuracy of the method, a model of operator {-transformation has been proposed,
allowing for the evaluation of projective distortions in vector radio images of SSO signatures. Verification of the
method was carried out on a custom-developed software-hardware complex based on the R&S ZNLE6 VNA. The
complex provides coherent processing and verification of signal radio images of SSOs recorded under the influence
of non-fluctuating interference.

Conclusions. During the research, a method for vector tracking-based formation of radio images with spectro-temporal
unfolding of the power spectral density function was proposed. This method is free from the limitations of pulsed analogs
and can be used as one of the solutions for verifying SSO in near-range radio vision. The foundation of the proposed
method can be a model of an inhomogeneous medium as a spatially-oriented system of coupled N-poles, described
by S-parameters. The practical effectiveness has been experimentally confirmed: the probability of verifying a SSO
reaches at least 0.94 (Neumann—Pearson criterion) with a signal-to-noise ratio >15 dB and a signal-to-interference
ratio 29 dB. These results are of practical value for the development of near-field radio vision technologies.
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Pe3iome

Lenu. Liensto ctaTbn ABNSETCA UCCneaoBaHme 0CoOeHHoCTen pOpPMUPOBAHNSA BEKTOPHbLIX Paanon3odbpaxeHunin ma-
nopaamepHbix 00bekToB (MPO) npu nomMoLum umMdpOoBOro BEKTOPHOrO aHanuaartopa uenen (BALL) ¢ ynpaensembsiMm
MOJSIOCON 1 LIAroM NepecTPOmKM YaCcTOTbl TPEKMHI-reHeparopa.

MeTopabl. PaboTa 0OCHOBaHa Ha KOMMIEKCHOM MPUMEHEHUN CNEeAYIOLLMX METOA0B: aHaNIN3 PaayioBOJIHOBbLIX MPOLLEC-
COB B KOHTEKCTE paanosuaeHuns, Teopmnsa N-nontoCHUKOB, YACTEHHbIE METOAbI CTATUCTUHECKOM PaanOTEXHNKU 1 KOM-
NbIOTEPHOE MOAENNPOBAHME (BKIIOYASA S/1IEKTPOANHAMUNYECKOE U DYHKLMNOHANBHO-6104HO0E).

Pe3synbTaTtbl. Pa3zpaboTaH HOBbII METOA BEKTOPHOrO TPEKUHI-POPMUPOBAHUSA CUTHANBbHBIX Paanonsobpaxe-
HUA MPO. Ero npuvHUMnuanbHoOe OTaMYMe OT TPAAULMOHHBLIX MMMYbCHLIX METOO0B GAMXHEro paavoBUOEHUS
3aKJIlo4aeTCs B UCMOJIb30BaHUM S-napamMeTpuyeckon Moaenn NnpocTpaHCTBEHHOro N-nonoCcHUKa o8 OnncaHns
HEOLHOPOLHOW cpenbl BMECTO MOAXOA0B, OCHOBAHHbLIX Ha CKansipHOM CUrHalbHOM npeobpa3oBaHuun. [na aHa-
n3a TOYHOCTU MeToAa NMPensioXeHo onepatopHoe W-npeobpaszoBaHue, NO3BONSOLWEE OLEHUTb NMPOEKUNOHHbIE
MCKaXeHUs BEKTOPHbIX paanonsobpaxeHunii curHatyp MPO. Bepudukaums meToaa ocyLlecTBleHa Ha CO30aHHOM
nporpaMmMHo-annapaTHoM komrnnekce Ha 6a3e BAL, R&S ZNLEG (npoussogutens — Rohde & Schwarz, l'epmanus).
Komnnekc obecneymBaeT cornacoBaHHyo 00paboTky 1 BepudurKaumo CUrHanbHblx paguonsobpaxeHnin MPO, pe-
rMCTPUPYEMBbIX B YCITOBUSIX BO3AENCTBUS HEDNYKTYALIMOHHbIX MOMEX, a Takxke aaauTUBHOro 6enoro rayCcoBCckoro
uyma.

BbiBOAbl. B x00€e nccnepoBaHvs nNpenjioxXeH MeTo[, BEKTOPHOIO TPEKUHM-GOPMUPOBAHMS Paanon3obpaxeHni
CO CMeKTpasbHO-BPEMEHHOW Pa3BePTKON MYHKLIMM CNEKTPaNIbHOM NNOTHOCTU MOLLIHOCTWU, CBOOOAHLIV OT OrpaHn-
YEHUI MMMYJbCHBLIX aHAIOrOB, KOTOPbIA MOXET ObiTb MCMOJIb30BAaH B KAYECTBE OLHOIO U3 pelleHnii Bepuduka-
umm MPO B 6nmxHeM pagmoBuaeHn. OCHOBOV NPeajioXXEHHOr0 MeTOAa MOXET CNY>XUTb MOAENb HEOOHOPOAHOM
cpeabl Kak MPOCTPAHCTBEHHO-OPUEHTUPOBAHHOM CUCTEMbI CBA3aHHbLIX N-MOJIIOCHUKOB, OMUCbIBAEMON S-napame-
Tpamu. MNpakTrnyeckas adPeKTMBHOCTb NOATBEPXAEHA 3KCMEPUMEHTANIbHO: BEPOSTHOCTbL Bepudukaumm MPO po-
cturaet He MeHee 0.95 (kpuTepuin HelimaHa — MupcoHa) npu OTHOLWEHUN curHan/wym 215 b 1 OTHOLWWEHUN cur-
Han/nomexa >9 nb. Pe3ynbTaThl NPeACTaBNASIOT NPAKTUYECKYIO LEHHOCTb OJ19 Pa3BUTUS TEXHONOrMiA GAVXKXHErO
pagnoBnaeHUS.

KnioueBble cnoBa: BEKTOPHOE paanonsobpaxeHune, paguonaeHTndnkaums, MmasopasmMepHblili 00beKT, curHaTypa
obbekTa, paanoreHom

Ana uvtunpoBanusa: LlaovHoB C.C., KoctnH M.C. TpekuHr-bopmmrpoBaHne BEKTOPHbIX Paavon3obpadkeHuii. Russian
Technological Journal.2026;14(4):96—105. https://doi.org/10.32362/2500-316X-2026-14-4-96-105, https://elibrary.ru/TAFVWJ

Mpo3payHocTb GUHAHCOBOW AEeATEeNIbHOCTU: ABTOPbLI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAaHHOCTM B NPeaCTaB/IeH-
HbIX MaTepuanax unm metogax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
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INTRODUCTION

The signal verification process in short-range radio
vision systems designed for small-sized objects (SSOs)
is influenced by several factors. Key aspects include the
selection of authenticators, system configuration, and
post-processing algorithms. Since the authenticators
that define the object’s properties manifest as specific
deformations in its scattered field spectrum, the primary
step in creating a radio image involves analyzing the
reflected field structure and identifying features within
the radio signal image. For probing purposes, either
a pulse signal or a signal with a linearly varying power
spectral density (PSD) function can be employed [1].

The use of signals having a gradual (linear)
frequency-time sweep has advantages over the classical
pulse method. These include high stability of signal
phase synchronization, flexible vector and scalar scaling,
the ability to selectively analyze the object’s response
to different frequencies while suppressing interference,
high matched filtering efficiency, and the ability to adapt
the shape of the probing signal to the object’s specified
impulse response (IR) [2].

The relevance of the study consists in the potential
use of the described method to construct SSO radio
images in complex, dispersive, reactive, and nonlinear
environments.

Since the material environment and the radio
vision object that generate complex radiophysical
distortions can be considered as an N-pole with an
S-matrix, the proposed technique takes into account
the contribution of each harmonic to the synthesized
radio image in accordance with a given feature cluster.
Consequently, vector tracking-based formation of radio
images with spectral-temporal resolution becomes an
efficient solution for noise-resistant short-range radio
vision, ensuring the effective detection and verification
of SSO signal radio images in the presence of non-
fluctuating interference and noise [3].

While traditional radio vision systems utilize scalar
signals, such as ultrashort or linearly modulated radio
pulses, vector signals, which are represented by an array
of amplitudes and phases, allow the temporal profile of
a radio image to be reconstructed using a polynomial.
By controlling the frequency tuning step of the tracking
generator, compressed spectral sensing techniques
can be applied to reduce the number of measurements
per sample while maintaining information. This
presents new opportunities for addressing radio vision
challenges, including those related to priority radio
guidance systems [4]. This paper therefore proposes
generating vector radio vision signals in the form of
S-parameters from a heterogeneous environment. The
proposed S-parameter method offers several benefits,
including the ability to facilitate the radio identification

of small objects in the presence of noise and non-
fluctuating interference based on the coherent reception
of the radio vision signal. Several studies conducted
by foreign researchers have demonstrated the need for
in-phase reception using MIMO SAR! technology when
processing deflated radio images [5]. Most research in
the field of radio vision focuses on 2D visualization
methods for radio images of objects [6], based on
multi-position scanning [7]. The method proposed in
the present paper enables the generation of signal radio
images in a single-position configuration without raster
scanning by obtaining an §,, vector profile [8].

1. S-PARAMETRIC N-POLE SYSTEM
CORRESPONDING TO SSO

The proposed method involves representing SSO
and its surrounding environment (the scene) as an N-pole
system. This system can be analyzed using the theory of
N-poles and S-parameters. The example of a quadcopter-
type SSO, whose radio signatures are analyzed further in
this paper, are shown in Fig. 1.

Fig. 1. Quadcopter-type SSO when capturing
aradio image

In this case, the non-uniform system consists in
a four-pole network comprising two antennas connected
to a vector network analyzer (VNA) and the SSO. This
network is defined by a radio image derived from the
parameter , which can be described by the following
analytical expression:

U'Ref (n)
UTX (I’l) ’

: N M .
where Upe(m)=2 >k, dr, exp(j(@,1 +0,,,))*h, *hgy
is the signal received after being scattered by the

Sy = (1

I Multiple Input Multiple Output Synthetic Aperture
Radar is a combination of two technologies: MIMO (Multiple
Input Multiple Output), which uses multiple input and output
transmission channels; and SAR (Synthetic Aperture Radar),
which employs a synthetic aperture antenna.
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N
SSO signature; UTx (n)= Z Ary exp(j(w,t+¢,))*h,

n=1
is the transmitted signal; A is the signal amplitude;
®, = 2nf, is an angular frequency of the nth harmonic of
the synthesized radio vision signal; ¢, is the phase of the
nth harmonic; /4, is the antenna IR; Ay is the
environment IR; N = 200 is the number of harmonics in
the synthesized signal; M is the number of elementary
reflecting planes forming the instantaneous signature of
the object; * is mathematical convolution; and k, is the
attenuation decrement specified for each discrete value
of the formant as follows:

ko= Pry Dy Dy )
" (4nR)?

where P, is the power of the tracking signal formant;
A, is the wavelength of the nth harmonic of the
synthesized signal; D, and D, are directivity coefficients
of the transmitting and receiving antennas, respectively;
and R is the distance from the transmitting antenna to the
signal reception point.

The discrete variation in the frequency of the
synthesized signal within a given range is described by
summation over # in (1), while its interaction with the
SSO is described by summation over m. However, despite
the presence of phase information in (1), fundamental
ambiguity arises in the form of phase uncertainty. In the
absence of attenuation, adding a phase component that
is a multiple of 2z to the sum does not alter the value of
the entire expression.

Therefore, to verify the SSO, itis necessary to capture
and process radio images of SSO signatures (that is,
radio images of the SSO at a specified angular position)
in order to create a database of reference radio images.
In this case, the size of the sample and the accuracy of
the database determine the probability of recognition
according to a given SSO verification criterion.

2. OPERATOR-BASED W-TRANSFORM
OF VECTOR RADIOIMAGES

Several studies by foreign researchers have
proposed a method for compensating for amplitude
attenuation of the radio vision signal in order to correct
distortions in the resulting radio images [9]. The
amplitude-phase operator presented in the present
paper compensates for distortions in radio images
caused by the linear displacement of an object
perpendicular to the radio vision antenna. Since slight
fluctuations on the order of the wavelength lead to
significant distortion of radio images, the position of
the SSO relative to the antenna array is an important
parameter when recording radio images of
SSO signatures [10]. Due to the labor-intensive nature

of recording SSOs at a multitude of distances from the
antenna array, a V-transformation operator is proposed,
which uses amplitude and phase operators to
significantly reduce the required number of SSO
reference radio images. The amplitude operator, A{-},
which models natural radio wave attenuation, is
defined by a set of coefficients calculated using
attenuation decrement (2). The phase operator ¥{-}
determines the phase shift for each nth harmonic
component of the tracking signal. The initial distance
from the SSO to the antenna’s phase center is F, while
the wavelength A, for the harmonic with frequency f,
is defined as c/f}, where c is the speed of light. Each
mth elementary plane of the object contributes its own
phase contribution, ¢,, upon signal reflection. Thus,
the resulting phase ¢, for the nth harmonic with
frequency f, consist in the superimposition (sum)

M
Op =@y + Py + ot @y = D@, of all these

m=1
contributions. The general geometry of the problem
for an arbitrary distance F is shown in Fig. 2.

F=(N+AN)A/2
AVAVAVAN VAVAVAVA
PVAVAVAVAVAVAV

L

Fig. 2. Harmonics reflected from the SSO
elementary planes; /; and /, are distances between
planes in the SSO signature

For a harmonic with frequency f,, the distance F'is
a multiple of the wavelength (= NA,). Since the phase
factor 21tV is an integer that does not alter the value
of the total phase ¢,, it can be omitted. Consequently,
the phase ¢,, which is determined by the object’s
geometry (i.e., the arrangement of the elementary
planes), is invariant to the term 27N and thus provides
information about the SSO shape.

Consider the displacement and corresponding
distortion of the signature of a radio vision object located
at a distance of F'+ AF (Fig. 3).

In this case, the displacement is defined as

A A
E(N+ AN) +5(N1 +AN;), where AN, is the residual

displacement for the distance AF, AN =2iﬁl,
T

while ¢ = AN2m is the phase at the initial distance F.
The additional phase at the new distance F'+ AF for each
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elementary plane of the object is then defined
as A¢ = AN,2n. The resulting phase is defined as

M
0, = Z ¢,, + MA@. The number of -elementary
m=1
planes M into which the topology of the SSO surface is
divided is not a fixed parameter. Rather, its value depends
on the signal frequency range: as the wavelength
decreases (i.e., as the frequency increases), smaller
surfaces are analyzed, leading to an increase in M.
Figure 4 illustrates this dependence.

F
(N +ANA/2 AF
(N)A/2

,\/ \\//\ // \ / \/ \// \/ Y 12

Fig. 3. Reflection from the SSO topological

inhomogeneities for the harmonic
when the distance changes by AF
-

[ HEH\/

Fig. 4. Discretization of the MRO surface at different
wavelengths (A > A,); (a) A, =c/f; (b) A, = c/f,;
E is intensity of the incident electric field

Since the synthesized probe signal consists of a sum
of harmonics that are separated in time, the number of
elementary planes M is a function of frequency. The
value of M is calculated for each spectral component
/,, according to its wavelength [11]. Thus, for the nth
harmonic of frequency f,, we denote the number of
planes considered as M, .

Since the value of ApM, usually exceeds 2m, the

ApM

——7" where R is

remainder from the division App, = 2R
n

an integer, is important. The resulting phase when the
object is located at a distance F' + AF from the antenna

M
array is therefore @, = Z ¢, tAQp.
m=1

The value of the elementary plane M, for the
nth harmonic is directly proportional to its wavelength,
while the number of M, increases as the frequency
rises. Therefore, the frequency grid {f,} specified by
the algorithm uniquely determines the corresponding
set of values {M, }. To perform the calculation, it is
sufficient to determine the base value M, from the low-
dimensionality condition at frequency f,.

Although the implemented method does not allow for
the direct measurement of the parameter M, it is possible
to record the number of phase jumps corresponding to the
desired value of M, when recording the time-domain signal.

Thus, to obtain the transformed radio image from
the reference image <S,;> from the reference Sy,
when the antenna is displaced by a distance F along its
axis of symmetry, the operator composition
<8p> = A{Y{S,,}} is applied.

3. HARDWARE-SOFTWARE SYSTEM
FOR REAL-TIME RADAR VISION BASED ON VNA

The radar vision system (Fig. 5) consists of two
HE400UW antennas having a range of 0.03—6.0 GHz, as
well as a ZNLE6 VNA that has a range of 0.001-6.0 GHz
(manufactured by Rohde & Schwarz, Germany).

The peaks in the antenna radiation patterns are
mutually aligned at an angle of 60° with a distance of
1 m between the phase centers of the antennas. The VNA
is connected to the control computer via Ethernet. The
computer runs custom software, whose block diagram is
shown in Fig. 6 in the Simulink environment.

The generated reference radio images are stored
in a database (Block 7). The SSO radio image under
study is received via Block 3 from VNA and fed into
Block 2 to calculate the correlation coefficient (CC).
Next, the decision-making module (Block 4) outputs
a reference radio image corresponding to the SSO
under study. If, based on estimates of the signal-
to-noise ratio (SNR) and the signal-to-interference
ratio (SIR), the CC value exceeds the 0.9 threshold,
the system identifies the SSO.

Figure 7 shows the examples of radio images of
SSO (quadcopter) signatures taken from three different
angles.

The decrease in amplitude observed in the images
is due to frequency-dependent attenuation: high-
frequency radio waves are attenuated more rapidly by
the environment than low-frequency ones.

Figure 8 shows the VNA screen during real-time
recording of an SSO signature radio image.
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1 30 MHz — 6 GHz 3 4 30 MHz — 6 GHz,

Fig. 5. Block diagram of the real-time radio vision system:
(7) software implementation in the Simulink? environment, (2) VNA,
(3) receiving antenna, and (4) transmitting antenna

1.1 x1

~ X2 fcn

b X2 fcn

* o0
S
<

.

=
1.2 x1 ‘E

1.N -1 x1
P Ty
X2 fcn
1.N o1 2N
+ =
X2 fcn
1 - 2
3 |— 4.1
u
4.2
ul 1
u2
4

Fig. 6. Block diagram of the radio vision system software suite:
(7) reference radio image database block (1.1, ..., 1.N are reference radio images);
(2) correlation processing block (2.1, ..., 2.N are correlators with graphical output of the correlation coefficient);
(3) VNA vector data transmission block; (4) identification block (4. 7 is the block for finding maximum CC;
4.2 is the module for outputting the name of the corresponding reference radio image); x, and x, are inputs to the
FCN block, in which the correlation of two radio images is compared; u, u,, and u, are inputs of the block 4.7

2 https://www.mathworks.com/products/simulink.html. Accessed May 22, 2026.
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30 35 40 45 50 55 6.0
f, GHz

30 35 40 45 50 55 60
f, GHz

30 35 4.0 45 5.0 5.5 6.0
f, GHz

Fig. 7. Radio images of quadcopter-type SSO signatures at three scanning angles:
(7)0°, (2)45°, and (3) 90°

Fig. 8. VNA screen during real-time recording of SSO signature radio images

The radio image of the SSO signature is displayed
on the VNA screen as the lower curve. The upper curve
shows the phase run-up with the characteristic phase
jumps that correspond to the reflection of the radio vision
signal from the elementary planes of the SSO signature.

4. EVALUATION OF THE REPRODUCIBILITY
OF SSO VECTOR RADIO IMAGES

A series of experiments involving 30 consecutive
radio image acquisitions for selected signatures from
three SSOs was conducted to evaluate the effectiveness of
the method. Imaging performed at three different angles
for each object resulted in a sample set of 270 radio
images. The proportion of successful identifications
was then calculated for each “SSO-angle” combination
in the sample. A radio image is considered successful
if its CC with the reference image exceeded the
0.9 threshold on the Chaddock scale. Thus, the ratio of
successful identifications to the total number of trials
was determined for each angular position of each SSO.

According to the Neyman—Pearson criterion,
the method’s effectiveness, as averaged over the

experimental sample for the three SSO signatures and
satisfying the CC > 0.9 condition, is 95%.

The method’s immunity to interference is
evaluated by analyzing of the performance of coherent
reception when applied to a tracking signal. This is
its advantage over pulse-based radio vision [12].
Due to the harmonic nature of the signal, for which
the frequency and phase are known at every instant,
synthesizing a matched filter becomes a standard
problem. The filter’s frequency response corresponds
to the signal spectrum (up to the coefficient), while
its inverse frequency response is the mirror image
having a delay equal to the signal duration [13].
Figure 9 shows the spectral representation |U(f)| of
the signal accumulated PSD (N = 200 harmonics) and
interference.

A comparative assessment of the noise immunity
of two PSD formation methods is conducted (Fig. 10):
impulse (curve /) and time-frequency sweep of the
PSD (curve 2) [14]. To this end, the graphs depict the
dependence of SNR and SIR on CC of random signatures
in the presence of additive white Gaussian noise and
non-fluctuating band interference [15].
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Fig. 9. Synthesized PSD of the signal and PSD of interference:
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Fig. 10. Distribution of the radio image signature CC as a function of SNR (a) and SIR (b)

The graphs show that, due to coordinated reception,
the method for vector tracking-based formation of signal
radio image has an advantage of 8 and 5 dB, respectively,
compared to pulse radio imaging at CC=0.9. This ensures
SSO verification at SNR > 15 dB and SIR > 9 dB for
the time-frequency sweep method, and at SNR > 23 dB
and SIR > 14 dB for the pulse-generated PSD method.

CONCLUSIONS

Scientific and practical results regarding the
applicability of the tracking-based formation method
for verifying vector radio images of SSO signatures
have been presented. This was achieved using
a radio visualizer laboratory prototype based on
adigital VNA (R&S ZNLE6) and two HE400UWB ultra-
wideband antennas. The prototype implements a semi-
automatic processing cycle in Simulink with real-time
correlation analysis. The scientific and practical results
obtained are as follows:

e The developed method for vector tracking-based
formation of signal radio images overcomes the

limitations inherent of scalar approaches based on
impulse spectrum formation.

e The representation of a heterogeneous radio wave
propagation environment has been validated as an
S-parameter system of coupled N-poles, taking into
account their spatial orientation.

e The proposed algorithm for the operator W-transform
establishes the dependence of projection distortions
in vector radio images of signatures on the spatial
position of the object.

e It is confirmed that the recognition of SSO
signatures based on vector radio images ensures
SSO verification at SNR > 15 dB and SIR > 9 dB
with a defined CC = 0.9.

e Experimental data confirms reproducible SSO
recognition at the 95% level when using a sample of
N=>200 harmonics in coherent radio vision reception
at SNR > 15 dB and SIR > 9 dB.

Authors’ contribution

The authors’ contributions to the preparation of the
theoretical section and the conduct of the experiments
were distributed equally.

Russian Technological Journal. 2026;14(4):96-105

103



Tracking-based formation of vector radio images Sergey S. Shadinov,

Mihail S. Kostin

10.

11.

12.

13.

14.

15.

REFERENCES

. Shadinov S.S. Method of scanning spectral-temporal sweep for obtaining radio images. Oboronnyi kompleks — nauchno-

tekhnicheskomu progressu Rossii = Defense Industry Achievements — Russian Scientific and Technical Progress.
2024;4(164):57-60 (in Russ.). https://elibrary.ru/bmhwsc

. Shadinov S.S., Kostin S.S., Konyashkin G.V., Korchagin A.S., Romanovskii M.Y., Gusein-zade N.G. Vector S-parametric

analysis of signal phase dynamic radio images. Doklady Rossiiskoi akademii nauk. Fizika, tekhnicheskie nauki = Doklady
Physics. 2023;512(1):78-86 (in Russ.). https://doi.org/10.31857/S2686740023050115

. Shadinov S.S., Konyashkin G.V. Program for Capturing and Recognizing Vector Radio Images: Certificate of State

Registration of Computer Program 2025614644 RF. Publ. 25.02.2025 (in Russ.).

. Kostin M.S., Boikov K.A. Digital technologies of signal radio vision and radio monitoring. Russian Technological Journal.

2024;12(4):59-69. https://doi.org/10.32362/2500-316X-2024-12-4-59-69

. Song S., Lu J., Xing S., et al. Near Field 3D Millimeter-Wave SAR Image Enhancement and Detection with Application of

Antenna Pattern Compensation. Sensors. 2022;22(1):4509. https://doi.org/10.3390/s22124509

. Xie Q., Quan X., He B. A Remote Sensing and Meteorological Data-Based Methodology for Wildfire Danger Assessment

for China. In: IGARSS 2020 — 2020 IEEE International Geoscience and Remote Sensing Symposium. 2020. P. 6798—-6801.
https://doi.org/10.1109/IGARSS39084.2020.9324063

. Li X., Li D., Liu H., Wan J., Chen Z., Liu Q. A-BFPN: An Attention-Guided Balanced Feature Pyramid Network for SAR

Ship Detection. Remote Sens. 2022;14(15):3829-3847. https://doi.org/10.3390/rs14153829

. Papadopoulos K., Jelali M. A Comparative Study on Recent Progress of Machine Learning-Based Human Activity Recognition

with Radar. Appl. Sci. 2023;13(23):12728-12761. https://doi.org/10.3390/app132312728

. Kulikov G.V., Dang X.Kh. Influence of quadrature transformation imbalance on the noise immunity of signal reception

with amplitude-phase shift keying. Russian Technological Journal. 2024;12(1):59-68. https://doi.org/10.32362/2500-
316X-2024-12-1-59-68

Yanik M.E., Wang D., Torlak M. Development and Demonstration of MIMO-SAR mmWave Imaging Testbeds. IEEE Access.
2020;8:126019-126038. https://doi.org/10.1109/ACCESS.2020.3007877

Chen H., Long Z., Niu L., et al. Millimeter-wave SFCW SAR imaging system based on in-phase signal measurement with
simplified transceiver. Opt. Express. 2020;28(2):1526—-1538. https://doi.org/10.1364/0e.380266

Kim S., Krieger G., Villano M. Volume Structure Retrieval Using Drone-Based SAR Interferometry with Wide Fractional
Bandwidth. Remote Sens. 2024;16(8):1352. https://doi.org/10.3390/rs16081352

Manzoni M., Tebaldini S., Monti-Guarnieri A.V., et al. Automotive SAR imaging: potentials, challenges, and performances.
Int. J. Microwave Wireless Technol. 2023;16(1):3—12. https://doi.org/10.1017/S1759078723000326

Bolkhovskaya O., Maltsev A., Sergeev V. The wavefront estimation and signal detection in multi-element antenna arrays at
low SNR. In: Proceedings 2018 2nd European Conference on Electrical Engineering and Computer Science (EECS). 2018.
P. 497-501. https://doi.org/10.1109/EECS.2018.00097

Bolkhovskaya O.V., Maltsev A.A., Sergeev V.A. A passive system for source detection and distance measurement based on
signal wavefront estimation. Radiotekhnika = J. Radioengineering. 2022;86(9):98—112 (in Russ.). https://doi.org/10.18127/
j00338486-202209-11

CNMNCOK IUTEPATYPbI

. HlaguuoB C.C. MeTon ckaHUpYIOLICH CIIEKTPaIbHO-BPEMEHHON Pa3BEPTKH /ISl MOIMYyUCHHs paaron300paxeHuidi. O6opoH-

HbLLL KOMIILEKC — HAYYHO-mexHuueckomy npoepeccy Poccuu. 2024;4(164):57—60. https://elibrary.ru/bmhwsc

. [Mamunos C.C., Koctun C.C., Konstukun I'.B., Kopuarun A.C., Pomanosckuit M.10O., I'yceiin-zane H.I. Bextopusriit S-napa-

METPHYCCKHUIT aHAIN3 CUTHAIBHBIX (ha30JMHAMUYECKUX Paanon300paxenuil. Joknader Poccutickoil akademuu nayk. Qusu-
Ka, mexnuueckue Hayku. 2023;512(1):78-86. https://doi.org/10.31857/S2686740023050115

. aguuos C.C., Konsukun I'.B. Ilpoepamma 3axeama u pacnosnaganus 6ekmophuix paououszoopasicenuii: CBUIETEIECTBO

0 TrOCYAapCTBEHHOM peructpanuu nporpamMmsl it OBM 2025614644 PO; omy6m. 25.02.2025.

. Kocrur M.C., boiikoB K.A. IludppoBbie TEXHOJOTUH CUTHAIBHOTO DPAJAWOBUACHHS W PAJUOMOHHTOPUHTA. Russian

Technological Journal. 2024;12(4):59—69. https://doi.org/10.32362/2500-316X-2024-12-4-59-69

. Song S., LuJ., Xing S., et al. Near Field 3D Millimeter-Wave SAR Image Enhancement and Detection with Application of

Antenna Pattern Compensation. Sensors. 2022;22(1):4509. https://doi.org/10.3390/s22124509

. Xie Q., Quan X., He B. A Remote Sensing and Meteorological Data-Based Methodology for Wildfire Danger Assessment

for China. In: IGARSS 2020 — 2020 IEEE International Geoscience and Remote Sensing Symposium. 2020. P. 6798-6801.
https://doi.org/10.1109/IGARSS39084.2020.9324063

. Li X,, Li D, Liu H., Wan J., Chen Z., Liu Q. A-BFPN: An Attention-Guided Balanced Feature Pyramid Network for SAR

Ship Detection. Remote Sens. 2022;14(15):3829-3847. https://doi.org/10.3390/rs14153829

. Papadopoulos K., Jelali M. A Comparative Study on Recent Progress of Machine Learning-Based Human Activity Recognition

with Radar. Appl. Sci. 2023;13(23):12728-12761. https://doi.org/10.3390/app132312728

. Kynuxos I'.B., Jlaur C.X. Biusaue pazdananca KBaapaTypHOIo peoOpa3oBaHus Ha IOMEX0YCTOHUMBOCTD IPUEMa CUTHAJIOB

¢ aMIUTUTYAHO-(Pa30Boi Manunynsiuuei. Russian Technological Journal. 2024;12(1):59—68. https://doi.org/10.32362/2500-
316X-2024-12-1-59-68

104

Russian Technological Journal. 2026;14(4):96-105


https://elibrary.ru/bmhwsc
https://doi.org/10.31857/S2686740023050115
https://doi.org/10.32362/2500-316X-2024-12-4-59-69
https://doi.org/10.3390/s22124509
https://doi.org/10.1109/IGARSS39084.2020.9324063
https://doi.org/10.3390/rs14153829
https://doi.org/10.3390/app132312728
https://doi.org/10.32362/2500-316X-2024-12-1-59-68
https://doi.org/10.32362/2500-316X-2024-12-1-59-68
https://doi.org/10.1109/ACCESS.2020.3007877
https://doi.org/10.1364/oe.380266
https://doi.org/10.3390/rs16081352
https://doi.org/10.1017/S1759078723000326
https://doi.org/10.1109/EECS.2018.00097
https://doi.org/10.18127/j00338486-202209-11
https://doi.org/10.18127/j00338486-202209-11
https://elibrary.ru/bmhwsc
https://doi.org/10.31857/S2686740023050115
https://doi.org/10.32362/2500-316X-2024-12-4-59-69
https://doi.org/10.3390/s22124509
https://doi.org/10.1109/IGARSS39084.2020.9324063
https://doi.org/10.3390/rs14153829
https://doi.org/10.3390/app132312728
https://doi.org/10.32362/2500-316X-2024-12-1-59-68
https://doi.org/10.32362/2500-316X-2024-12-1-59-68

Tracking-based formation of vector radio images Sergey S. Shadinov,

Mihail S. Kostin

10.

11.

12.

13.

14.

15.

Yanik M.E., Wang D., Torlak M. Development and Demonstration of MIMO-SAR mmWave Imaging Testbeds. I[EEE Access.
2020;8:126019-126038. https://doi.org/10.1109/ACCESS.2020.3007877

Chen H., Long Z., Niu L., et al. Millimeter-wave SFCW SAR imaging system based on in-phase signal measurement with
simplified transceiver. Opt. Express. 2020;28(2):1526—1538. https://doi.org/10.1364/0¢.380266

Kim S., Krieger G., Villano M. Volume Structure Retrieval Using Drone-Based SAR Interferometry with Wide Fractional
Bandwidth. Remote Sens. 2024;16(8):1352. https://doi.org/10.3390/rs16081352

Manzoni M., Tebaldini S., Monti-Guarnieri A.V., et al. Automotive SAR imaging: potentials, challenges, and performances.
Int. J. Microwave Wireless Technol. 2023;16(1):3—12. https://doi.org/10.1017/S1759078723000326

Bolkhovskaya O., Maltsev A., Sergeev V. The wavefront estimation and signal detection in multi-element antenna arrays at
low SNR. In: Proceedings 2018 2nd European Conference on Electrical Engineering and Computer Science (EECS). 2018.
P. 497-501. https://doi.org/10.1109/EECS.2018.00097

Bonxosckas O.B., ManbiieB A.A., Ceprees B.A. Cuicrema macCUBHOTO 00HAPY>KECHUSI M U3MEPEHHUSI PACCTOSHUSI 10 HCTOYHH-
Ka Ha OCHOBE OLIEHKH BOJIHOBOTO ()poHTa curHana. Paouomexnuka. 2022;86(9):98—112. https://doi.org/10.18127/j00338486-
202209-11

About the Authors

Sergey S. Shadinov, Cand. Sci. (Eng.), Associate Professor, Department of Radio Wave Processes

and Technologies, Institute of Radio Electronics and Informatics, MIREA - Russian Technological University
(78, Vernadskogo pr., Moscow, 119454 Russia). E-mail: shadinov@®mirea.ru. https://orcid.org/0009-0002-3798-5723

Mihail S. Kostin, Dr. Sci. (Eng.), Professor, Head of the Department of Radio Wave Processes and Technologies,
Deputy Director, Institute of Radio Electronics and Informatics, MIREA - Russian Technological University
(78, Vernadskogo pr., Moscow, 119454 Russia). E-mail: kostin_m@mirea.ru. Scopus Author ID 57208434671,
RSCI SPIN-code 5819-2178, http://orcid.org/0000-0002-5232-5478

06 aBTOpax

WapnuHoB Cepret CeMmeHOBMY, K.T.H., AOLEHT, kKadeapa paaroBONHOBbIX MPOLECCOB U TEXHONOrMI, IHCTUTYT
paanoanekTpoHnkn n nHdopmatmkm, PreQy BO «MUPIA — Poccuinckuii TEXHONOrMYECKNiA yHBepcuTeT» (119454,
Poccusa, Mocksa, np-T BepHagckoro, 4. 78). E-mail: shadinov@®mirea.ru. https://orcid.org/0009-0002-3798-5723

Koctnn Muxaun CepreeBuu, 4.7.H., npodeccop, 3aBeayoLmin kaheapon paaroBOIHOBbIX MPOLLECCOB 1 TEXHO-
Norvii, 3amMecTuTenNb aupekTopa MHCTUTyTa pagnoanekTpoHukn 1 nidopmatmkm, Pre0y BO «MUPI3A — Poccuiickuia
TexHonormnyeckmin ynmsepcutet» (119454, Poccusa, Mocksa, np-T BepHagckoro, a. 78). E-mail: kostin_m@mirea.ru.
Scopus Author ID 57208434671, SPIN-kon PUHLL, 5819-2178, http://orcid.org/0000-0002-5232-5478

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

Russian Technological Journal. 2026;14(4):96-105
105


https://doi.org/10.1109/ACCESS.2020.3007877
https://doi.org/10.1364/oe.380266
https://doi.org/10.3390/rs16081352
https://doi.org/10.1017/S1759078723000326
https://doi.org/10.1109/EECS.2018.00097
https://doi.org/10.18127/j00338486-202209-11
https://doi.org/10.18127/j00338486-202209-11
mailto:shadinov@mirea.ru
https://orcid.org/0009-0002-3798-5723
mailto:kostin_m@mirea.ru
http://orcid.org/0000-0002-5232-5478
mailto:shadinov@mirea.ru
https://orcid.org/0009-0002-3798-5723
mailto:kostin_m@mirea.ru
http://orcid.org/0000-0002-5232-5478

