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Abstract

Objectives. The paper aims to investigate the mechanisms of the nonlinear formation of a wideband pulse spectrum
under overload conditions in ultra-wideband (UWB) amplifier circuits in resolving problems related to radiovision
gesture recognition. The relevance of the study stems from the need to enhance the accuracy and noise immunity
of modern radiovision UWB systems for gestural control interfaces.

Methods. The study used statistical radiophysics, time-frequency methods of wavelet transformation of radio
images, the theory of S-parametric vector analysis of circuits, and software-numerical modeling.

Results. The method for generating UWB signals in the microwave range based on controlled nonlinear signal
distortion is presented. When the amplifier is switched to the saturation mode, a signal with sharp fronts is formed with
a wide energy spectrum. A laboratory setup of a cyber-physical system for gesture recognition using radio sensing
was developed, and its characteristics were investigated. The properties of the pulses generated in radiovision
control systems were also studied. The effectiveness of the proposed approach for the tasks of radiovision gesture
recognition was experimentally demonstrated.

Conclusions. A method of nonlinear saturation-synthesis of the spectrum of radiovision signals based on transient
distortion phenomena in UWB amplifiers is proposed. It was shown that, when the initial frequency band is expanded up to
900 MHz, the interference mode can provide phase image repeatability of at least 0.94. It was also established that in the
input overloaded mode of the SBB5089Z' type amplifier with low-mode harmonic excitation at a transition frequency
of 47 MHz in a cascade amplification scheme, a signal with a modified spectrum can be obtained at the output of the radio
antenna. In this case, the controlled formation of the antenna excitation spectrum for each amplifier module is determined
by means of the unique impulse characteristic of the integrated UWB-amplifier. This allows for the successful application
such amplifiers in resolving problems related to radiovision gesture recognition. The methodology proposed allows the
use of standard UWB ampilifiers to create compact sources of UWB signals without the complication of circuitry.

Keywords: radiovision signal, spectrum saturation, transient distortion, ultra-wideband amplifier, gesture
recognition, cyber-physical stand

T High-linearity wideband, monolithic microwave integrated circuit (MMIC) amplifier was developed by Qorvo, USA.
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Pe3iome

Llenu. Llenb paboTbl — nccnenoBaHne MexXaHM3MOoB HENMMHENHORO GOPMUPOBAHUS LLUMPOKOMOOCHOIO MMIMYJIbCHO-
ro cnekTpa B YC/IOBUSIX NMEPErpy3kn B CBEPXLUMPOKONOSOCHbIX (CLLUM) yecunutenbHbiX uensx ans pelenns 3agad
PaaMOBM3NOHHOIO Pacno3HaBaHUs XecToB. AKTYyaslbHOCTb MCCefoBaHNsA 00yCnoBieHa HEOOXOANMOCTbIO MOBbI-
LLIEHMSI TOYHOCTU 1 MOMEXOYCTONHMBOCTN COBPEMEHHbIX PaAMOBU3MOHHbIX CLUM-crucTem ans XeCTUKYNspHbIX UH-
TepdencoB ynpaBieHus.

MeTopgbl. Vcnonb3oBaHbl MeTOAbl CTATUCTMHECKOW paanodUu3nKn, 4aCTOTHO-BPEMEHHbIE MeEeTOoAbl BeKrBneT-
npeobpazoBaHns pagmMon3obpaxeHnii, MeToabl TEOpUM S-napaMmeTpU4eckoro BEKTOPHOro aHann3a CXem, MeTobl
NPOrpaMMHO-YMUCIIEHHOrO MOAENNPOBAHUS.

PesynbTathl. [MpencrtaBnen meton reHepaumn CLUM-cMrHanoB B CBEPXBLICOKOYACTOTHOM Auana3oHe, OCHOBAH-
HbI Ha yNpaBAsieMbIX HENTMHEMHbIX MCKaXeHUsAX curHana. lNokasaHo, 4To Npu nepeBoae YCUNINTENS B PEXMM HaCbI-
LWeHns GopMmpyeTcs CUrHan ¢ pes3kumMmn epoHTamMm, 061aAarLLmMii LUIMPOKUM 3HEPreTUYeCKMM CnekTpoMm. MocTpo-
eH nabopaTopHbIN CTeHA Knbepduanyeckomn MHTePdEPEHLIMOHHON pPagMOCEHCOPHOM CUCTEMbl pacrno3HaBaHUs
XECTOB 1 MCCNeaoBaHbl ero xapakTepucTukn. ViccnenoBaHbl CBOMCTBA NOMYYEHHBIX UMMY/IbCOB B 3a4a4ax pagmno-
BU3MOHHOIO yrnpaBieHus. QKCNepuMeHTaNibHO nokadaHa ad@PEeKTUBHOCTb NPenJIOKEHHOro MeToaa s 3aaaqy pa-
[VOBU3NOHHOIO Pacno3HaBaHNs XXeCTOB.

BbiBoAbl. [pennoxeH MeTon, HeNIMHEMHOM caTypaummn — CUHTE3a CnekTpa PagnoBU3NOHHBLIX CUIHAN0B, OCHOBAHHbI
Ha SABNEHUsX NepexoaHbIx ckaxeHuii B CLUM-ycunutensax. MNokasaHo, 4To MHTepdepeHUMOHHBIN PEXUM Npu pacLum-
pPEeHUM ncxoaHom nonockl 4acTtoT Ao 900 MI'L, cnocobeH obecneynTb NOBTOPSAEMOCTb Ha30BbIX N300paxKeHU He Me-
Hee 0.94. YCTaHOBEHO, 4TO B NEPErpyxeHHOM Mo BXoay pexume ycunutena Tuna SBB508972 npu sagatoLem HU3Ko-
MOJOBOM rapMOHMYECKOM BO30YXAEHMM Ha nepexonHoi yactoTe 47 My, B kKackaHOM CXxeMe YCUNeHNs Ha BbIXoae
PagnoBU3NOHHOM aHTEHHbI YAAETCS MONTYyYUTb CUrHaN C U3MEHEHHbBIM CrekTpomMm. Mpm aTom ynpasnsiemoe GopMmpoBa-
H1e crnekTpa BO30YXXAEHMS @HTEHHbI OJ151 KKA0r0 U3 YCUNUTESbHbLIX MOAYSel onpenenseTcs yHUKanbHON MMMYSIbCHOW

2 BbICOKOMMHEiHbII LIMPOKOMONOCHBI MOHOANTHBIM (monolithic microwave integrated circuit — MOHOIUTHAS MUKPOBOIHOBAS VH-
TerpanbHasi cxema) ycunuresnb, pa3paboTaHHblii komnaHue Qorvo, CLLUA. [High-linearity wideband, monolithic microwave integrated
circuit (MMIC) amplifier was developed by Qorvo, USA.]
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XapakTepPUCTUKOM UHTerpansHoro CLUM-ycunutens. 3To No3BOAMO YCNELLHO NMPUMEHUTb Tak1e YCUUTENN NpU pe-
LeHNN 33424 PaanoBU3NOHHOIO Pacro3HaBaHWs XecToB. [peanoxeHHas MeToAMKa No3BOMSET MCMNONb30BaTb CTaH-
naptHble CLUM-ycunutenn ans co3naHns KOMAakTHbIX UICTOYHUKOB CLLITT-curHanoB 6e3 yCNOoXHEHUS CXEMOTEXHUKM.

KnioueBble cnoBa: pagnoBNU3MOHHbIV CUIHaS, caTypauus crnekTpa, nepexoiHble NCKaXKeHWs, CBepPXLUMPOKOMNO0C-
HbIA YCUNUTENb, MOEHTUDUKALMS XECTOB, KNbepdunaniyeckumin CTeHp,
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Mpo3payHocTb GUHAHCOBOW AeATEeNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-

HbIX MaTepuanax Wi MmetTogax.

ABTOpPbI 329BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Radio sensor systems for close-range cyber-physical
monitoring are used to dynamically identify human
gestures in areas such as smart medicine, industrial
automation and virtual/augmented reality. The high level
of reliability and resolution requirements necessitate new
methods of forming and processing radio signals [1, 2],
making this research highly relevant.

The paper offers a novel approach to the spectral
synthesis of such systems. Rather than using
traditional high-voltage shapers, it employs an ultra-
wideband (UWB) amplifier which operates in deliberate
overload mode. In this mode, the amplifier acts as
a nonlinear synthesizer, using transient nonlinear
distortions (usually considered an undesirable effect)
to expand the signal spectrum (spectral saturation). The
novelty of this research lies in the deliberate use of these
nonlinear effects for controlled spectrum expansion.

The saturation mechanism is due to the amplifier
output transistors operating in saturation mode. In
this case, the input signal is converted into an almost
rectangular pulse shape with very sharp edges. This
ensures the synthesis of a wideband spectrum, used in
UWRB systems [3, 4]. Spectrum expansion increases the
resolution of the radio sensor system and improves its
resistance to narrowband interference and the accuracy
of temporal and spatial gesture localization.

This paper presents theoretical, modeling, and
experimental studies of this method of nonlinear spectrum
transformation for gesture recognition using radiovision
techniques.

2. MODEL OF WIDEBAND SPECTRUM
SYNTHESIS OF RADIOVISION SIGNALS BASED
ON THE OCCURRENCE OF TRANSITIONAL
DISTORTIONS IN UWB AMPLIFIER

The nonlinear formation of the radiovision signal
spectrum occurs when UWB amplifier stages operate
in overload mode due to transient distortions. These

distortions are analytically described in [5] when the
equivalent circuit of an UWB stage with inductive
correction is analyzed (Fig. 1).

(a) (b)

Fig. 1. SBB5089Z UWB amplifiers with inductive
correction: (a) schematic diagram; (b) external
appearance. The symbols used to denote the circuit
elements correspond to those used in GOST 2.710-814

The paper describes the use of a monolithic
SBB5089Z-type UWB amplifier, based on InGaP HBT?
transistors. It uses a Darlington configuration with an
active bias circuit.

When the input low-mode signal is formed, the
UWB amplifier operates in deliberate overload mode.
The L1 inductor with inductance L in the output
circuit prevents a rapid increase in current through the
load resistor R, equivalent to the input resistance R of
the subsequent cascade. This results in a temporary
accumulation of energy in the parasitic capacitances
of the cascade (the equivalent capacitance C), and the
capacitance of the printed circuit board. This slows down
transient processes in the initial phase of the signal. As
energy accumulates in the L1 inductor, the equivalent
capacitance C charges to a voltage level which exceeds

3 High-linearity wideband, monolithic microwave integrated
circuit (MMIC) amplifier was developed by Qorvo, USA.

4 GOST 2.710-81. Interstate Standard. Unified system for
design documentation. Alpha-numerical designations in electrical
diagrams. Moscow: Izd. Standartov; 1985 (in Russ.).

5 InGaP is indium gallium phosphide and HBT is
a heterojunction bipolar transistor.
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the opening threshold of the VT1-VT2 composite
transistor cascade. Consequently, the transistors abruptly
switch to saturation mode, forming a pulse with steep
fronts and a wide spectrum. This is a necessary condition
for generating UWB signals.

The signal gain coefficient can be represented in
operator form as follows [5]:

1

(pL+R)—
K(p)=$ 2o g PR
PL+R+ 1+ pRC+ p~LC

pC

wherein p is the Laplace operator and S is the steepness
of the composite Darlington transistor cascade.

Let K, = SR be the gain at low frequencies. The
time constant of the equivalent circuit is 7., = RC, and
m = L/CR? = (L/R)/CR is the correction parameter. Then,

K(p) _
K, 1+ DPlpas + p2m7:12)as

1+ DT

p+
_ 1 MTpas
a 1
Tbas p2 —+ P + 5
m’CbaS m'cbas

Therefore, the operational signal at the output of
the UWB cascade with inductive correction in input
overload mode can be represented as follows [5]:

1
p+
U(p): 1 . MTpas
K T
0 bas p[p2+ 1 D+ 12 J
meas meas

The behavior of the transient process is determined
by the roots of the characteristic equation of the system,
which are calculated using the following formula [5]:

1 + 1

+ dm—1.
2m‘cbals ,’Zmrb&lS

Pip=—

When m > 0.25, corresponding to the condition
for transient oscillations forming with discharge in
the transition frequency range when the VT1-VT2
composite cascade is opened instantly, as shown
in Fig. 2a, the normalized transfer function of the
UWRB amplifier is as follows [5]:

)

o

-—e

KO \/4m—1

wherein 6 = —arcsin

ZmeaS Sil’l
MTyas

>, and ¢ is time.
m
In this case, the transition process represents damped
oscillations with an emission the magnitude of which
depends on the correction coefficient m.

When m = 1 (Fig. 2b), which is the condition of
free oscillations at the output of the UWB amplifier, the
expression for the transfer function is as follows [5]:

@:1_{% (cos[ \/gt J+%sin[£§%ﬁ.
3

K, 2RC

Thus, a transition process corresponding to free
oscillations is formed within the transition frequency
range of the UWB amplifier’s transfer characteristic,
which can be modeled as a second-order active bandpass
filter.

During time (, when f; > f,, the system completes
a cycle of free oscillations (Fig. 2a), resulting in the
formation of a damped radio pulse at the output of
the UWB amplifier. This pulse is then amplified by an
identical cascade. In this case, the radio pulse exhibits
exponential attenuation and is formed in accordance
with the system’s impulse response. The selection of the
low-mode excitation frequency f;, which corresponds
to the transition frequency range, is determined by
the conditions necessary to achieve the correction
parameter m = 1. The frequency f, corresponds to linear
signal amplification.

It should be noted that overload of the UWB
amplifier input at a certain frequency may satisfy the
Barkhausen self-excitation condition [6]:

|AB| > 1 and LAB =2nn,n € Z, (1)

wherein A4 is the gain coefficient, B is the feedback
transfer coefficient, £Af is the phase shift between the
input and output through the feedback circuit, and Z is
a set of integers.

Thus, for self-oscillation to occur, the gain must
compensate for losses in the feedback circuit and the total
phase shift in the circuit must be a multiple of 27 [6].

Let the UWB amplifier have a complex transfer
function f, defined as

b @

1+ j—
/e

wherein A4, is the gain at low frequencies, (f < f),

/. is the amplifier cutoff bandwidth, and the following

complex feedback function:

AN =

b

I+ S

S band
wherein f, . is the feedback circuit band [7].
Taking into account (2) and (3), the loop gain is then:

4y 4

f Cf )
1 <1 -
”fj( ”fband]

B(f)= 3)

T(f)=A(f)B(f)=[
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(b)

Fig. 2. Transient distortions at the output of the UWB ampilifier:
(a) signal distortions in overload mode within the transition frequency range (normalized values on the X and Y axes);
(b) transfer function of the UWB amplifier for various correction parameter values, m

In nonlinear systems, the gain of an amplifier
operating in limiting mode is a function of the input
signal amplitude V-

)

wherein 4, is the linear value of the gain coefficient and
V. 18 the amplifier’s saturation voltage [8, 9].

1
The gaindeclines as 3> when V>V __ . Ifthe feedback

sat’
circuit transfer coefficient is frequency-dependent, then
considering (1) and (3) gives us:

1T M= 1A - B(f) = 1. (6)

According to Barkhausen’s criterion (6), the condition
for amplifier self-excitation can only be fulfilled at
certain frequencies where the feedback circuit transfer
coefficient B(f) reaches significant values. This is possible
in the presence of frequency resonance, caused by the
corrective (parasitic) inductances and capacitances of the
circuit. The physical principle behind this phenomenon
is as follows: when an UWB amplifier is operating in
a nonlinear signal-limiting (saturation) mode, the output
voltage waveform is significantly distorted. It is thus
converted from a sinusoidal signal to a signal which
is close to a rectangular pulse with sharp fronts and
tails. These time variations carry a wide range of high-
frequency harmonics, as follows from Fourier transform
theory. If these harmonics coincide with the resonant
frequencies of the corrective (parasitic) LC® chains, the
corresponding harmonics are amplified due to an increase
in the transmission coefficient B(f). Consequently, the
system switches to wideband signal generation mode.
In the time domain, this is a damped oscillatory pulse

6 An electrical circuit consisting of an inductor (L) and
a capacitor (C) connected together.

close in shape to a Gaussian monocycle. In the frequency
domain, it has a wide energy spectrum band which covers
a range of up to hundreds of megahertz [8, 10-12].

Let us consider the process of exciting a radiovision
antenna with a synthesized radio pulse. The electric
component of the radiovision signal field (E£(¢)) at the
output of the UWB antenna is known to be proportional
to the derivative of the excitation signal current function:

~ dl BBIX (t)
E() ~ =25, (),
wherein [ (7) is the excitation radio pulse current
formed at the output of the UWB amplifier cascades
with a certain pulse characteristic, /2 ,(¢) [13].

In order to create a numerical model of the
synthesis of radiovision signals based on cascades
of UWB amplifiers, experimental measurements of
S-parameters were performed on a sample of three
randomly selected SBB5089Z UWB amplifiers. The
S-parameters of the UWB amplifier line were recorded
using an R&S ZNLE’ vector network analyzer in the
0.01-5 GHz frequency band (Table 1).

Table 1. Radio technical characteristics of UWB amplifiers

Parameter SBB5089Z | TQP7M91038 | WYDZ’®
Gain, dB 20-30 30 60
Passband, MHz 50-6000 10-3000 1-2000
Noise level, dB 35 4 6-8
Maximum output
power, dBm 23 20 15
Maximum input
power, dBm 15 10 5

TR&S ZNLE is a vector network analyzer manufactured by
Rohde & Schwarz, Germany. It is designed for testing high-frequency
electronic components such as filters, amplifiers, cables, and antennas.

8 TQP7M9103 is a high-power signal amplifier manufactured
by Qorvo, USA.

? WYDZ is a low-noise amplifier manufactured by TZT, China.
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Based on the vector measurement results shown
in Fig. 3, the S,, transfer characteristics were
converted into vector arrays for the interpretation
of UWB amplifiers during the software-numerical
simulation of a radiovision signal generator in the
MATLAB Simulink'® environment (Fig. 4).

The synthesized excitation spectrum generator circuit
of the UWB antenna consists of the following functional
blocks: 7 is a low-mode signal generator with frequency
selection corresponding to m = 1; 2 is a radio system
input parameters block specified by a special Simscape
library which determines the main characteristics of the
signal transmitted to the UWB amplification path; 3 is
UWB amplifier for forming transient distortions; 4 is an
amplifier for further signal transmission (the S, transfer
characteristics are loaded from the arrays obtained
from the vector measurements); 5 is a radio system
output parameters block; 6 is an oscilloscope which
records the UWB antenna excitation signal; and 7 is
a radio system properties block which defines global
simulation parameters such as frequency range, noise,
impedance, etc.

30+
£ 25;_% 1 B
© 20" —— ——
' 15( !

10

5

0 05 10 15 20 25 3.0 3.5 4.0 45
f, GHz

Fig. 3. Transfer characteristics of S,,; UWB amplifiers:
SBB5089Z (7), TQP7M9103 (2), and WYDZ (3)

2 3 4 5

RF

Fig. 4. A model of a nonlinear synthesizer for the
radiovision excitation signal spectrum of a UWB antenna.
RF stands for radio frequency, SL for Simulink,
which receives a signal from a standard Simulink block,
and BB for baseband

10 https://www.mathworks.com/products/simulink.html.
Accessed February 06, 2026.

The equivalent circuit of a second-order
RLC!!filter (Fig. 5) canbe used to represent an amplifying
UWRB cascade with inductive correction (Fig. 1). When
a step input is applied to the circuit (which is equivalent
to the sudden opening of a transistor in saturation
mode), the transient process is governed entirely by
the correction parameter m. Therefore, the objective
is to select operating conditions for the amplifier such
that m = 1.

R1

Fig. 5. Equivalent circuit of a second-order RLC filter

The parameters R1, L1, and C1 in the equivalent
circuit are not constant values. Rather, they represent
the effective parameters of the amplifier which depend
on the frequency of the input signal. Consequently, the
correction parameter m itself is a frequency-dependent
function, m(f). The objective is to determine the optimal
excitation frequency, fopt, at which m(fopt) =1 is satisfied.

Analysis of the parameters (Fig. 3) of the SBB5089Z
amplifier reveals a 40-50 MHz range where the
amplitude-frequency characteristic exhibits an anomaly,
indicating complex interactions between internal
reactive elements. This region corresponds to the zone
in which the amplifier is susceptible to oscillatory
transient processes. Modeling in Simulink (Fig. 4) has
shown that excitation at a frequency of 47 MHz and
input overload (amplitude 400 mV) results in a mode
corresponding to m = 1. The simulated pulse signal of
the excitation function, characterized by low-mode
oscillation, is shown in Fig. 6.

After passing through the amplification path,
overloadatthe input ofthe first UWB amplifier in transient
mode results in a synthesized signal with an extended
spectrum at the output of the second UWB amplification
cascade. This exhibits nonlinear spectral saturation in
the 0-900 MHz band. Considering the impulse response
of the Vivaldi-type strip slot UWB antenna used in this
study, the £ radiovision signal spectrum at its output is
shown in Fig. 7.

Signal spectrum conversion analysis was performed
during simulation in the MATLAB Simulink environment.
The original harmonic signal with a frequency of 47 MHz
has a narrowband spectrum. The effective spectrum
width of the initial signal, calculated at —10 dB from

11 An electrical circuit consisting of a resistor (R), an
inductor (L) and a capacitor (C).
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1,

0 ,_\/\J' —_—

' 1 ' I ' o>
0 05 10 15 20 25 3.0 35 4.0 45
t,ns

(a)

EA T
1.0

0.5

0 03 06 09 12 15 1.8

Fig. 6. Pulse excitation signal synthesized by a low-mode oscillation UWB antenna in the overloaded dynamic mode
of the SBB5089Z UWB amplifier (normalized values on the vertical axes):
(a) time representation of the radio pulse U;
(b) spectrum E synthesized from the transient distortions of the radio pulse

0.5-

0 03 06 09 12 15 18
f, GHz

Fig. 7. Spectrum of the radiovision signal at the output of
the Vivaldi UWB antenna (normalized values on the E axis)

peak power, is ~42.25 MHz. After passing through the
proposed amplification system operating in intentional
overload and controlled transient distortion mode, the
signal undergoes nonlinear spectral transformation.
A short radio pulse with steep fronts, characteristic of
UWRB signals, is formed at the system output. Analysis
of the output signal shows that its effective spectral
width has expanded to ~900 MHz (also at —10 dB),
corresponding to a spectral expansion factor of more
than 20.

2. RECOGNITION OF RADIOVISION IMAGES
OF GESTURES FORMED IN RESPONSE
TO A SYNTHESIZED RADIOVISION SIGNAL

The experimental part of the study aimed to
verify the effectiveness of nonlinear formation of the
radiovision signal spectrum and to confirm the results of
numerical modeling. The effectiveness of identification

systems is largely determined by the characteristics of
the probing signal, so this approach was chosen. The
width of the spectrum and the pulse shape directly affect
the resolution, noise immunity, and reliability of feature
extraction. The aim of the experiment was to identify
four different hand gestures and evaluate the accuracy,
stability, and reliability of the recognition system.

In order to conduct experiments based on the model
of a nonlinear synthesizer of the radiovision signal
excitation spectrum of an SSP antenna (Fig. 4), a cyber-
physical stand for identifying hand gestures (Fig. 8) was
created. This stand consists of the following blocks:

e R&S SMBVI100B!2 vector pulse generator designed
to generate the initial harmonic signal. Using the
data obtained in the first part of the article, the signal
is generated at a frequency of 47 MHz;

e an UWB signal generation block consisting of two
low-noise SBB5089Z UWB amplifiers operating in
a deliberately overloaded mode (Fig. 3);

e an antenna system comprising a pair of
Deepace R101C!3 Vivaldi-type UWB transceiver
antennas which emit a probing signal (Fig. 7) and
receive the reflected response from the object (hand);

e a received signal amplification unit consisting of
two UWB signal amplifiers;

12 SMBV100B is a high-performance vector signal generator
manufactured by Rehde & Schwarz, Germany. It is designed to
generate complex and modulated radio frequency (RF) signals for
testing and measuring purposes.

13 Deepace R101C is an ultra-wideband, directional antenna
manufactured by Deepace, China. It is used for the reception
and transmission of high-frequency signals over a wide range of
frequencies.
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o data acquisition system consisting of an R&S RT02032!4
digital oscilloscope to digitize and record the received
signals;

e a processing unit consisting of a personal computer
with specialized software for processing, analyzing,
and visualizing the data received.

Pulse uwB

generator

))) 1P

Oscilloscope uws Antenna 4
Software 7o P amplifiers k\
]-
MATLAB "=""°

Fig. 8. Cyber-physical stand for identifying
hand gestures

The experiment involves the following gestures:
rotating the wrist (rotation), pushing the wrist away from
the chest (pushing), swiping from right to left (swiping),
and clenching the fist (clenching), as shown in Fig. 9.
These movements cover a wide range of characteristics
of gesture kinematics, providing variety in terms of
direction and type of movement [ 14—16]. They are simple
and easy for humans to understand, and are widely used
in everyday life for controlling digital devices [17]. The
choice of gestures is also dictated by their functional
significance in interfaces (Table 2).

Each gesture is represented by a set of ten control
frames, combined into a single final radio image or
“reference radio portrait” which uniquely identifies

Table 2. Gesture characteristics

the gesture in question (Fig. 10). During the experiment,
correlation coefficients are calculated to analyze the linear
relationship between the selected gestures. The results of
the experiment demonstrate the high level of accuracy
of the identification system in recognizing repeated
gestures, as indicated by intra-group correlation values
close to 1. The coefficients are 0.95 for hand rotation,
0.99 for repulsion, 0.96 for fist clenching, and 0.97 for
swiping (Table 3). These results confirm the stability of
the system in recognizing the same movements.

Fig. 9. Gestures used in the experiment: (a) rotation;
(b) pushing; (c) swiping; (d) clenching

Characteristics . Gesture Kinematic Functionality
Type of movement Amplitude, cm . .. . .
duration, s characteristics in the interface
Gesture
Changing the angle
Rofation Contlngoqs and <15 04 of the hand in Managmg sett.lngs,
periodic relation to the signal scrolling settings
direction
. Movement from the -
Pushing Forward >30 0.8 center of the body Cancel/Dismiss
Swiping Horizontal 15-30 0.6 Clea.rly d.e fined Navigating the interface
direction
Altering
Clenching Static <5 03 . the hal?d s.hape Confirming or activating
without significantly commands
moving it

14 R&S RT02032 is a digital oscilloscope designed for analyzing complex signals in a variety of fields. It is manufactured by

Rehde & Schwarz, Germany.
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Fig. 10. Representation of reference radio gesture
images (normalized values along the vertical axis):
(a) rotation, (b) pushing,

(c) clenching, and (d) swiping

Certain pairs of gestures exhibit a strong correlation,
for instance, clenching a fist and swiping, with a value
of 0.84. This suggests a similarity in the signs utilized
by the system for their recognition. Conversely, rotation
and swiping exhibit an average correlation of 0.62 which
could be attributed to the shared elements of hand
movement. Furthermore, a moderate relationship exists
between pushing and swiping, with a score of 0.65. This
can be explained by the directional aspect inherent to
both motions.

A low correlation is observed between rotation
and pushing (0.30), as well as between pushing and
clenching (0.48). These motions have significantly
different kinetic characteristics, indicating that they can
be easily distinguished by the system.

Based on the findings, it can be inferred that the
system successfully recognizes the selected gestures
with a high level of accuracy and reliability. This is
attributed to the consistent and reproducible UWB pulse
waveform obtained when the SBB5089Z amplifier is
activated.

The experiment also studied the response of the
gesture recognition system to erroneous or missing
control frames of a gesture. In order to evaluate the
system’s tolerance for error, the number of distorted or
skipped frames was consistently increased from one to
nine. The findings indicate that different gestures exhibit
varying degrees of resilience to incorrect (missing)
frames (Fig. 11). Specifically, the push-off gesture
demonstrated the greatest stability, whereas the swipe
gesture exhibited the least. These results suggest that
successful gesture recognition necessitates a different
number of control frames for each gesture.

ri
1.0+

0.9+
0.8+
0.7+
0.6+
0.5+

04 4 3 3 4 5 6 7 8§ ~

N, units

Fig. 11. Impact of the number N of incorrect gesture
frames on the correlation coefficient r with the reference
image: 1 is pushing; 2 is clenching, 3 is rotation;
and 4 is swiping

The experiment demonstrates that the recognition
system achieves a correlation coefficient of over 0.95 for
gesture recognition. However, its resistance to false
negatives (missed frames) varies depending on the
specific gesture. Repulsion and compression gestures

Table 3. Average correlation coefficient between reference radio portraits and performed gestures

Reference
EL D Rotation Pushing Clenching Swiping
Gesture
Rotation 0.95 0.30 0.82 0.62
Pushing 0.30 0.99 0.48 0.65
Clenching 0.82 0.48 0.96 0.84
Swiping 0.62 0.65 0.84 0.97
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Table 4. Evaluation of experiment repeatability

Gesture Number of gestures performed Numbe.r of correctly Repeatability
recognized gestures
Rotation 95 0.95
Pushing 98 0.98
100
Swiping 96 0.96
Clenching 94 0.94

are more robust, achieving a correlation coefficient of
over 0.90 with up to four missed frames. These gestures
are therefore suitable for use in challenging conditions
where data may be incomplete or distorted due to
interference or reduced recording quality. In contrast,
swiping with a brush requires more stringent quality
control, since it relies on the accuracy of the entire image
sequence.

The results highlight the need to analyze each gesture
in detail when developing recognition systems. Gestures
which are highly sensitive to distortion, such as swiping,
may require additional optimization of data processing
algorithms or the incorporation of error compensation
mechanisms. This would improve the reliability of the
system in real-world environments, where data loss or
partial corruption is inevitable.

An experiment was also conducted to assess the
repeatability of gesture identification. Each gesture was
repeated 100 times and the identification results were
analyzed (Table 4).

Based on the results, it can be inferred that the
recognition accuracy has consistently exceeded 0.94.
Considering this level, the experiment can be regarded
as reliable. The impact of random factors is negligible
and the findings can be confidently applied in practice.

CONCLUSIONS

1. The S-parameters of three UWB radio-frequency
amplifiers were determined and analyzed. As
a result, it was found that the SBB5089Z UWB has

the ability to control signal distortion within the
range of 40-50 MHz, in order to expand the output
spectrum. The correction parameter was determined
to be 1 at 47 MHz.

2. A method for the nonlinear synthesis of a radio
imaging signal spectrum was proposed, enabling
a spectrum expansion coefficient value of over 20 to
be achieved.

3. The proposed gesture recognition system based on
the proposed method demonstrated a high level of
accuracy. The correlation coefficients between the
recognized gestures and their corresponding fiducial
gestures are 0.99 for the repulsive gesture, 0.95 for
the rotation gesture, 0.96 for the scrolling gesture,
and 0.96 for the compression gesture.

4. Particular attention was paid to system resilience
to erroneous or missing frames influencing the
gesture recognition process. System response
to partial data loss within each gesture was also
investigated. The findings show that all gestures
can be recognized with a correlation coefficient of
over 0.9.

5. The repeatability of gesture recognition is at
least 0.94.
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