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INFLUENCE OF PULSE ELECTROMAGNETIC RADIATION
ON PERFORMANCE OF ELECTRIC RADIO PRODUCTS

Abstract. The subject matter is the processes of analysis of the occurrence of reversible and irreversible failures of
semiconductor devices under conditions of exposure to electromagnetic radiation. It is shown that the influence of pulsed
electromagnetic radiation is accompanied by the emergence of currents in the conductive elements of products and the
emergence of their internal fields. The mechanisms for the occurrence of instabilities of natural oscillations of
semiconductor components of electrical and radio products, caused by their interaction with flows of charged particles,
have been determined. The presence of instabilities of this kind has a significant impact on the spectral (operating)
characteristics of electrical radio products. The results obtained in the work make it possible to assess the degree of
influence of pulsed electromagnetic radiation on the operating (volt-ampere) characteristics of electrical radio products.
The aim is a model of the mechanisms of the emergence and development of instabilities of natural oscillations of
semiconductor structures, components of electrical radio products (communication equipment), in the presence of currents
and voltages induced by pulsed electromagnetic radiation. The implementation of such a model is due to the possibility of
transforming the energy of a flow of charged particles induced by external electromagnetic radiation into the energy of
natural vibrations of a semiconductor structure, taking into account the properties of the structure itself (size, concentration
of free carriers, permeability). The transformation of the energy of currents induced by electromagnetic radiation into natural
vibrations of a semiconductor structure is determined by two effects (transition or Cherenkov radiation) depending on the
location of the structure relative to the direction of the currents. The objectives are: the main electromagnetic effects affecting
performance of electrical radio products (ERI) under exposure conditions external pulsed radiation and also indicates
characteristic changes ERI parameters that determine their functional purpose, which are a consequence of these effects. The
methods used are the method of successive approximations over a small parameter, which allows one to determine the
spectrum of natural oscillations of a semiconductor device and the mode of their amplification (instability). The following
results are obtained. The results of studies characterizing the malfunction of electrical radio products under conditions of
exposure to third-party electromagnetic radiation are presented, as well as the main parameters characterizing the
electromagnetic resistance of electronic devices to the effects of pulsed currents and voltages. The characteristic types of
malfunctions of semiconductor devices (SCD), components of electronic components, in areas of irreversible and reversible
failures, as well as the levels of intensities and currents of electric and magnetic fields affecting the SPD, separating the
areas of reversible and irreversible failures, are given. Using the energy approach, a physical model of the occurrence of
one of the types of reversible failures of the semiconductor element base (the appearance of S-shaped sections of current-
voltage characteristics) has been developed. This physical model makes it possible to determine the criteria for the
electromagnetic resistance of a number of semiconductor devices to the effects of external pulsed radiation and also to
obtain calculated ratios for assessing the degree of deviation of the operating characteristics of the PPP from the norm.
Conclusion. Development of design relationships that determine the modes of amplification (generation) of oscillations of
electrical radio products, making it possible to determine the degree of distortion of their current-voltage characteristics
(reversible failures) and complete loss of performance (irreversible failures) depending on the parameters of external
electromagnetic radiation. The results obtained in the work can be used in the development of amplifiers, generators and
frequency converters operating in the millimeter and submillimeter range that are resistant to external electromagnetic
radiation. Quantitative estimates of the criterion for reversible failures (instability increments) show that the amount of
radiation energy lies within the sensitivity of modern submillimeter radiation receivers and is the cause of failures.

Keywords: semiconductor components, induced current, electromagnetic radiation, instability of oscillations, surface
vibrations.

example, to estimate the critical energy characterizing

Introduction thermal breakdown), however, questions related to the

All types of failures of radio-electronic equipment
associated with the influence of third-party factors are
usually divided into reversible and irreversible. Most of
the available theoretical and experimental results of
studies of the influence of electromagnetic radiation
(EMR) on radio products belong to the field of
irreversible failures, which are characterized by a
complete loss of performance

At the same time, the development of interaction
mechanisms between currents and voltages induced by
electromagnetic radiation and processes characterizing
the functional purpose of products is usually carried out
within the framework of the theory of circuits with
distributed parameters. This approach makes it possible
to evaluate the performance criteria as a whole (for

determination of various types of electromagnetic
interactions occurring directly in the components of the
product when exposed to EMR remain open.

The expansion of areas of application and
increasing speed of electronic equipment (REE) leads to
the need for an increasing use of the element base
containing semiconductor electronics products [1]. The
increase in the dependence of the performance of
component equipment on the influence of
electromagnetic radiation is associated with an increase
in the complexity of the tasks that are assigned to
electrical radio products, which leads to an increase in
their sensitivity [1] This increases the degree of
influence of external electromagnetic radiation on the
performance of electronic devices, to the effects of
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which semiconductor components have increased
sensitivity. At the same time, the probability of
reversible failures increases, which are characterized by
a temporary loss of performance associated with a
distortion of the output characteristics of the device.

One of the reasons for the occurrence of reversible
equipment failures is caused by a change in the current-
voltage characteristics of semiconductor devices - the
appearance of areas with negative resistance in the
forward current sections. The appearance of such areas
is associated with the establishment of a mode of
amplification of natural oscillations of the
semiconductor structure - the possibility of transforming
the energy of a flow of charged particles induced by
external electromagnetic radiation into the energy of
natural oscillations of the semiconductor structure. The
increase in oscillations is characterized by an
exponential increase in the amplitude of oscillations, i.e.
their instability [3].

This work to a certain extent compensates for the
existing gap in the research of reversible failures of this
kind. It examines the interaction of flows of charged
particles induced by pulsed electromagnetic radiation
with wave processes in semiconductor structures used in
modern radio electronics.

Task solution

The area of irreversible failures of semiconductor
components of electrical and radio products has been
studied in quite detail, both experimentally and
theoretically [1]. The currently used methods for
assessing the durability criteria of semiconductor
devices in this failure region when exposed to external
pulsed electromagnetic radiation (EMR) [2-3] consider
in this capacity the value of the critical energy W,

exceeding which leads to a complete loss of
performance (energy characterizing thermal breakdown.
At the same time, to calculate currents and voltages
induced by EMR, W,, which determine and arise

directly in semiconductor components inside electrical
and radio products, a transmission line model
(generalized telegraph equations) is traditionally used.
In this case, the components of electrical radio products
are considered as linear circuits containing R,L,C -

elements and include sources of currents and voltages
caused by external electromagnetic influence. The
circuit equations are solved in the frequency domain,
and the inverse Fourier transform is used to move to the
time domain [1]. It should be noted that semiconductor
devices (SPDs) and integrated circuits (ICs) are most
sensitive to the influence of external electromagnetic
fields. Therefore, the main influence on the performance
of this kind of electrical and radio products is exerted by
voltages induced by external radiation. Irreversible
failures of these products are usually associated with
electrical (the magnitude and distribution of currents in
the device structure, leading to breakdown) and thermal
(an increase in the temperature of individual sections of
the structure up to) [2].

This approach has a number of significant
limitations and does not take into account effects that

can affect the performance of semiconductor devices in
the field of reversible failures, which does not allow
reliably assessing the criteria for electromagnetic
resistance [2]. These limitations are due to the fact that
when analyzing reversible (short-term) failures in the
performance of semiconductor devices, it is necessary to
take into account the following factors of third-party
electromagnetic influence [8]:

- dimensions (dimensions) of semiconductor
components of ERI;

- time characteristics of the electromagnetic pulse
(duration pulse rise and fall);

- constructive arrangement of installation of
circuits relative to the shielded housing of the electrical
radio product;

- orientation of the components of the
semiconductor structure and vectors of the electric and
magnetic pulse field;

It should be noted that the characteristic types of
malfunctions of semiconductor devices (SCD),
components of electrical and radio products, they
depend on the levels of electric and magnetic fields of
the  applied pulse. So for the fields
E <100 xB/m; H <600 A/m — as a rule, reversible

failures occur; otherwise, irreversible failures occur.

When determining electromagnetic immunity
criteria, these factors cannot be fully taken into account
within the framework of transmission line theory.

In particular, [1] the theory of long lines is limited
to the low frequency range - the sizes of the structures
under study are an order of magnitude smaller than the
wavelengths. This limitation makes it impossible to
describe the processes of interaction of radiation-induced
currents with physical processes occurring directly in
semiconductor components and determining their
performance under conditions where the dimensions of
the structures are comparable to the wavelengths.

In addition, transmission line theory generally
assumes that all applied pulse energy is released at the
critical circuit element, and the load is matched to the
line. However, as a rule, the load is not matched over
the entire frequency range and the low-power critical
element is not located directly at the input, but after
several passive elements capable of absorbing part of
the radiation energy. Therefore, to determine the criteria
for the occurrence of reversible failures (temporary loss
of performance) within the framework of the theory of
transmission lines, it is necessary to calculate the
transient process for each specific device circuit.

Finally, the approach used (one-dimensional
approximation) does not take into account the effects
associated with the spatial limitation of semiconductor
products and their location in relation to the direction of
the applied pulse field (the orientation of the
electromagnetic field and the direction of the vectors of
operating currents and voltages in the components of the
radio product themselves).

When considering the physical mechanisms of the
occurrence of reversible failures of semiconductor
components of radio products, this work proposes a
more rigorous methodology based on the use of a
complete system of electrodynamics (Maxwell)
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equations, supplemented by material equations for the
media that compose semiconductor devices, and
boundary conditions that make it possible to determine
the relationship between the quantities induced by
external pulse of currents with the own electromagnetic
fields of semiconductor devices. This approach makes it
possible to study the processes of interaction of
electromagnetic  oscillations and induced currents
directly in semiconductor components, which are not
possible to describe within the framework of
transmission line theory.

Thus, the object of research in this work was not
considered circuits with lumped parameters, but limited
conducting (semiconducting) media from which the
components of electrical radio products are composed.

The results of this work to a certain extent
compensate for the existing gaps in the research of one
of the types of reversible failures - distortion of the volt-
ampere characteristics of semiconductor devices under
the influence of third-party electromagnetic radiation.

The reason for the occurrence of such distortions
in the operating characteristics of devices is, in our
opinion, the possibility of transforming the energy of
currents induced by external EMR into the energy of the
own electromagnetic oscillations of radio product
components. In this case, the induced currents lose their
energy by emitting natural oscillations of the
semiconductor structure, and an increase in the forward
current is accompanied by a voltage drop. Thus, an area
with negative resistance appears on the current-voltage
characteristic.

Surface waves existing at the boundaries of
conducting solids were considered as a channel for
transmitting the energy of currents induced by external
radiation to semiconductor components.

The choice of surface oscillations as a channel for
transmitting the energy of external radiation is not
accidental - this type of waves is localized near the
interfaces between media that compose semiconductor
devices, so they transfer the energy of external
electromagnetic fields more efficiently than volumetric
oscillations [9].

The radiation mode (oscillation generation) in
semiconductor devices usually manifests itself in the
section of its current-voltage characteristic (volt-ampere
characteristic), having a negative differential resistance

(NDR) (R = % <0 ). Inthis case, the induced current

(electron flow induced EMR in a semiconductor device)
loses part of its energy (Wg_ <0); while the current

increases Al accompanied by a voltage drop AU . The
appearance of such deviations in the current-voltage
characteristics characterizes one of the possible
mechanisms of reversible failures.

Therefore, as an energy criterion for assessing the
electromagnetic resistance of semiconductor devices in
this region of reversible failures, the value of the
emission energy of natural surface oscillations of
semiconductor devices, caused by their interaction with
induced external EMR currents, was considered
Wrad =WgL

Wrag = 11U At . 1)

Thus, the value W,,q determining the degree of

deviation of the current-voltage characteristic, is a
quantitative characteristic of this type of reversible
failure.

Where I,;U, - induced current and voltage,

respectively, Aty - time of effective interaction of

induced currents and natural oscillations of the
semiconductor structure.

In this work, we investigated two possible
mechanisms for converting the energy of moving
charges (EMR-induced currents) into the energy of
surface plasmons of semiconductor components of radio
products - the effects of Cherenkov and transition
radiation (the corresponding mutual configuration of the
vectors of the strengths of the acting electric field and
the direct current of the semiconductor device (diode)
are shown in Fig. 1.)

The first mechanism for transforming the energy
of moving charges into vibration energy, considered in
the work, is the Vavilov-Cherenkov radiation effect.
(Cherenkov radiation) [5].

It is realized when induced currents move along
the boundary of the semiconductor structure, and the
phase velocity of the surface wave is equal to the
velocity of charged particles (Fig. 1.2. - a). Under
conditions of such resonance, the energy of induced
currents (flow of charged particles) is transformed into
the energy of natural oscillations of the ERE
components and the oscillation generation mode is also
established in the semiconductor device.

Another mechanism (transition radiation) is
realized when the induced current (direction of the
electric field strength vector of the acting external pulse)
is perpendicular to the interfaces of the solid structure
(semiconductor device) (Fig. 1.-b) and consists of the
following [10].

When a charge moves in a material medium, the
electromagnetic field it creates is determined not only
by the magnitude of the charge and its speed, but also
by the dielectric properties of the medium. If these
properties change when a charge crosses the interface
between media (semiconductor structure) at a constant
speed, then the field created by the charge changes, part
of the field is torn off from the particle and can be
radiated into space. The resulting radiation is called
transition radiation. As a result, when a stream of
particles induced by an external electromagnetic field
passes through a semiconductor structure, a continuous
process of converting the energy of charges into the
energy of natural oscillations of the field occurs. i.e., the
oscillation generation mode is established in the
structure.

It should be noted that recent experimental studies
of transition radiation serve as the basis for the
development of new methods for diagnosing flows of
charged particles with high energy and, in addition, for
solving problems of generation and amplification of
electromagnetic oscillations [9]. The effect of transition
radiation determines the mechanisms of excitation of a
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wide variety of modes of semiconductor structures, so it
becomes possible to transfer the energy of surface
vibrations across the boundary, for which it is opaque in
the absence of induced currents (i.e., exposure to
external radiation).

I
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a — Cherenkovsky radiation b — Transitional radiation

Fig. 1. Location of the applied electric field strength E and
relative to forward current 1 semiconductor device (diode)

Y

U
Fig. 2. Current-voltage characteristics of a semiconductor

diode: CVC in the absence of external EMR; CVC in the
presence of external EMR (reversible failure) (section AB)

Analysis

This mechanism of reversible failures (the
appearance S - shaped volt-ampere characteristics of
the direct current of the device (Fig. 2.) is realized in
conditions where the amplitude strengths of the electric
voltages E and magnetic H fields affecting the
semiconductor radiation structure are in the range

kv

E<1009Y: H <6002 [2]
m m

In the case when the amplitudes of the strengths of
the acting strength fields exceed the specified limits, the
development of irreversible failures of the device is
observed (thermal breakdown followed by melting and
burnout of metallization and contact tracks [9].

The authors [7-8] solved a number of problems of
interaction between waves and EMR-induced currents
in semiconductor structures, which makes it possible to
quantify the induced currents and voltages, as well as
the time of effective interaction of the induced currents
with the intrinsic fields of semiconductor structures.
These quantities characterizing the radiation energy (the
degree of deviation of the current-voltage characteristic

from the norm) were determined within the framework
of the theory of beam instabilities, since the oscillation
generation mode is characterized by an exponential
increase in the amplitude of the electro-magnetic fields
of radiation from semiconductor devices:

E ~exp(+rt); y =1/Aty; .
Here y - instability increment, its value is

determined by the parameters of the induced currents
and the semiconductor device (concentration of current
carriers and their speed).

Thus, solving problems of the emergence and
development of beam instabilities in semiconductor
structures (determining the growth rate of instabilities)
allows you to build a physical model of the occurrence
of one of the types of reversible failures of
semiconductor devices under the influence of third-
party electromagnetic radiation.

Using this model in [6-11], quantitative
characteristics of the electromagnetic resistance of radio
products were obtained (radiation energy value W, ,q )

in the field of reversible failures. Under conditions
where the amplitude of the external pulsed electric field
strength Ep ~15kV/m, pulse duration Atj,, ~500ns ,

then the magnitude of the radiation energy of natural
vibrations of solid layered structures - AW,,q amounts

to ~ (1077 -108)wt, those. with the sensitivity of

modern microwave radiation receivers [7] (10‘10 wt)
is quite detectable and is the cause of reversible failures.

Conclusion

The main types of failures of electrical and radio
products under the influence of pulsed electromagnetic
radiation (reversible and irreversible failures) are given.

The results of studies characterizing the
malfunction of electrical radio products under the
influence of third-party electromagnetic radiation are
presented, as well as the main parameters characterizing
electromagnetic resistance to the effects of pulsed
currents and voltages.

The main electromagnetic effects that affect the
performance of radio products under external influence
are presented, and characteristic changes in the
parameters of radio products that determine their
functional purpose, which are a consequence of the
occurrence of these effects, are indicated.

A physical model of the occurrence of one of the
types of reversible failures of semiconductor components
of radio products (the appearance of S-shaped sections of
current-voltage characteristics) is substantiated. It is based
on the process of converting the energy of currents induced
by external electromagnetic radiation into the energy of
natural oscillations of the semiconductor structure
(establishing the mode of generating natural oscillations).
This physical model makes it possible to determine the
criteria for the electromagnetic resistance of a number of
semiconductor devices to the effects of external pulsed
radiation and also to obtain calculated relationships for
assessing the degree of deviation of the operating
characteristics of semiconductor devices from the norm.
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BnuiuB iMmyJibCHOTO €1eKTPOMATHITHOI'0 BUIIPOMiHIOBAHHS HA NMPale31aTHICTh eJIeKTPOpa1ioBUposiB
0. A. Cepxos, B. C. bpecnaseup, 1O. B. Bpecnaseus, 1. B. SIkoBenko, 1. JI. Slnenko

AnoTtanis. IIpeqmMerom mociiukeHb € TPOLEC aHai3y MOSBH OOOPOTHHMX Ta HE3BOPOTHHMX BIJIMOB HAMiBIIPOBITHUKOBHX
NPWIAiB 33 YMOB BIUIMBY EJICKTPOMArHiTHOrO BHIIpOMiHIOBaHHs. [loka3aHo, W0 BIUIMB IMITYJIBCHOIO €JIEKTPOMArHITHOTO
BHUIIPOMIHIOBAHHSI CYIIPOBOJDKYETHCS BUHUKHEHHSIM CTPYMIB Yy TIPOBIIHUX €JIeMEHTaX BUPOOIB Ta BUHUKHEHHSM BHYTPIIIHIX MOJIB.
BusHaueHO MeXaHI3MH BHHHKHEHHS HECTIHKOCTEH BIIACHHX KOJMBAHb HAMiBIPOBITHUKOBHX KOMIUIEKTYIOUHX €JIEKTPOPaIioBUPOOIB,
SIKI 3yMOBJICHI TXHBOIO B3a€EMOJIEI0 3 TIOTOKAMH 3aps/DKEHNX YacTHHOK. HasBHICTH HECTIHKOCTEH TaKOro pomdy iCTOTHO BIUIMBAE Ha
CIEeKTpaNbHI (p000Yi) XapaKTEPUCTHKU EIEKTPOPamioBHpoOiB. OTpuMaHi B poOOTI pe3ysbTaTi JO3BOJSIOTH OMIHUTH CTYIIH BIUTHBY
IMITYJIECHOTO €JIeKTPOMArHiTHOrO BUIIPOMIHIOBAaHHSI Ha po00Ui (BOJBT-aMIIEPHI) XapaKTEPHUCTHKH EIEKTPOPatioBHpoOy. MeToro cratTi
€ po3poOKa MozeNli MeXaHi3MiB BUHHKHEHHS Ta PO3BHTKY HECTIMKOCTEH BIACHMX KOJIMBAaHb HAIIBIIPOBITHUKOBHX CTPYKTYp, IO
KOMIUICKTYIOTh ~ €JICKTPOPaIiOBUPOOH (amapaTypy 3B'I3Ky), 3a HasIBHOCTI CTPYMIB Ta Hampyr, HABEACHHX IMITYJbCHUM
€JICKTPOMArHITHIM BHIIPOMIHIOBaHHsAM. Peanizamisi momiOHOi Monerni 0OyMOBIeHa MOXKIIMBICTIO TpaHcdopMalli eHeprii MoToKy
3aps/DKEHUX YacTHHOK, HABEICHOTO 30BHINIHIM €IEKTPOMArHITHAM BHIIPOMIHIOBAaHHSIM, B CHEPril0 BJACHMX KOJIMBAaHb
HAaMIBIPOBITHUKOBOI CTPYKTYPH 3 ypaxyBaHHSM BJAaCTHBOCTEl caMoi CTpyKTypu (po3Mipamy, KOHIICHTPAIi€l0 BUIBHHMX HOCITB,
npoHHKHICTIO). TpaHcdopmariiss eHeprii HaBeNEHHX EJIEKTPOMArHiTHIM BHIIPOMIHIOBAaHHSAM CTPYMIB Yy BIIAcHI KOJMBaHHSA
HAITIBIIPOBITHAKOBOI CTPYKTYpH BH3HAYAEThCS BOMA epeKramMu (IepeXiTHOTO UM YEPEHKIBCHKOTO BHIIPOMIHIOBAHbB) 3aIEKHO Bif
pO3TaIyBaHHs CTPYKTYpH IIOAO HANpsAMH CTPyMiB. 3afadi JOCTI:KeHHsI: OCHOBHI €JIEKTPOMArHiTHI e()eKTH, IO BIUIMBAIOTH Ha
Tpane3JaTHicTh enekrpopaaioupobis (EPB) B yMoBax BIUIMBY 30BHIIIHBOTO IMITYyJIECHOTO BUIIPOMIHIOBAHHS, a TAKOXK 3a3Ha4eHi
xapakTepHi 3MiHd mapamerpiB EPB, 110 BH3Ha4aroTh iX (yHKI[IOHATbHE TPH3HAYCHHS, SIKIi € HACTiIKOM JaHUX e(EeKTiB.
BukopucTroByBaBcsi MeTOJ ITOCIIZIOBHAX HAOMIDKEHb 32 MaJMM MapaMeTpoM, IO J03BOJISIE BU3HAYHUTHU CIIEKTDP BIIACHHUX KOJMBaHb
HaIIBIPOBIHIKOBOrO MPUIIaNy Ta PEXHM IXHOro mocuienHs (Hecrifikocti). The following results are obtained. Hasenewo
Ppe3yNbTaTH OCHIDKeHb, 1I0 XapaKTepU3yIOTh TMOPYLICHHs (yHKIIOHYBaHHs eJEKTPOpaaioBUPOOIB 32 YMOB BIUIMBY CTOPOHHBOTO
€JIEKTPOMATHITHOTO BUIIPOMIHIOBAHHS, @ TAKOXK OCHOBHI TapaMeTpH, 110 XapaKTepU3yIOTh eIeKTPOMArHiTHy cTifikicts EPB 110 BIuiBy
IMITyJIECHUX CTPYMIB Ta Hampyr. HaBeneHo XapakTepHi THITH TOPYIICHb (DYHKIIOHYBaHHs HamiBIpoBiTHUKOBUX mpruiamiB (HIIIT),
koMIUIekTytounx EPB, B 00macTsix HE3BOPOTHUX Ta 0O0POTHUX BIIMOB, a TAKOXK PiBHI HAIpY>KEHOCTEH Ta CTPyMIB, 110 BIUIMBAIOTh Ha
HIIIT enexTpMYHMX Ta MATHITHUX MOJIB, IO PO3AULTIOTE 00NacTi OOOPOTHHX Ta HE3BOPOTHHX BiIMOB. 3 BHKOPHUCTAHHIM
CHEPreTUYHOro MiIX0my po3pobieHo (i3MyHy MOJENs BHHHMKHEHHsS OJHOTO 3 BHAIB OOOPOTHHX BiIMOB HAITiBIIPOBIIHUKOBOL
eNieMeHTHOT 6a3u (TosiBa S — 00pa3HKX JISTHOK BOJIET — aMIIEPHUX XapakTepHCTHK). J{aHa ¢izidHa MoeNb 103BOIsIE BU3HAYATH KPUTEPIl
€JIeKTPOMATHITHOI CTIMIKOCTI HU3KU HAMiBIPOBITHMKOBUX MPHIAIIB O BILUIMBY 30BHIIIHBOIO IMITYJIECHOTO BHIIPOMIHIOBAHHS, @ TaKOXK
OTPUMYBATH PO3PAXyHKOBI CITiBBITHOIICHHS /Ul OLHKU CTYIeHs BimxuieHHs pobounx xapakrepuctuk HIIII Bix Hopmu. BucHoBkm.
Po3poOka po3paxyHKOBHX CITiBBITHOIICHb, 10 BH3HAYAIOTh PEXHUMHU TIOCHJICHHS (TeHepallil) KOJIMBaHb eJEKTPOPaIioBHpoOiB, M0
JI03BOJISIFOTH BU3HAYATH CTYIIIHb CIIOTBOPEHH 1X BOJIBT - AMITEPHHX XapaKTePHCTUK (3BOPOTHI BiMOBH) Ta MIOBHOI BTPATH Npale31aTHOCTI
(HE3BOPOTHI BiJIMOBH) 3aJISKHO BiJ| MTApaMETPIiB 30BHIITHEOTO €IEKTPOMArHITHOTO BUMIPOMIHIOBaHHS. Pe3ynbrat, oTprMaHi B po0OoTi,
MOXYTh OyTH BHKOPHCTaHI IMPU PO3POOII CTIHKUX MO BIUIMBY 30BHINIHBOTO €JIEKTPOMArHITHOTO BHITPOMIHIOBAHHS IIiJICHITIOBAYIB,
TeHEepaTopiB Ta NMEpPeTBOPIOBAYiB YacTOTH, L0 MPALIOIOTh y MUTIMETPOBOMY Ta CyOMiiiMerpoBoMy miama3oHi. KinmbkicHi OLiHKH
KpHUTEpif0 00OPOTHHX BiAMOB (IHKPEMEHTIB HECTIHKOCTE#) MOKa3yloTh, IO BEMMYMHA CHEpril BUIPOMIHIOBAHHS JIGKHTh y MeXax
YyTIMBOCTI Cy4aCHHUX NMPUHMaYiB BUIPOMIHIOBAHHS CyOMITIMETPOBOTO Jiara3oHy i € MPHYUHOIO BiIMOB.

Keywords: HamiBmpOBiZHMKOBI KOMIUICKTYIOYi, HAaBEICHHII CTPYM, CJIECKTPOMArHITHE BHIIPOMIHIOBAHHSI, HECTIHKICTh
KOJIMBaHb, IOBEPXHEBI KOJIMBAHHS.
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