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EXCITATION OF MAGNETOSTATIC WAVES
IN AN IN-PLANE MAGNETIZED YIG FILM

Abstract: Excitation of magnetostatic surface wave/magnetostatic backward volume wave
modes is analyzed by using a new method which is called the integral kernel expansion method. The
Fourier integral containing an unknown current density flowing in a transducer is reduced to linear equa-
tions with unknown coefficients by expansion of the integral kernel and the unknown function. Compari-
son of the numerical results with an experiment is in good agreement.

1. Introduction

At microwave and millimeter wave fre-
quencies, ferrites, in particular yttrium-iron-
garnet(YIG), are used to realize nonrecipro-
cal devices such as isolators and circulators.
Some of the devices are based on the utiliza-
tion of magnetostatic waves(MSWs), which
propagate in a magnetized YIG film, and
have potential possibilities of application to
signal processing in microwave band. Signal-
to-noise (S/N) enhancers based on a nonlin-
ear phenomenon are recently studied by sev-
eral researchers[1,2]. Particularly, Kuki and
Nomoto[2] proposed the S/N enhancer oper-
ating at lower frequency about 1.2GHz than
the conventional S/N enhancer by using

magnetostatic  surface wave (MSSW)
/magnetostatic backward volume wave
(MSBVW) modes.

In a magnetized YIG film, if the bias
magnetic field is perpendicular to the wave
vector of MSW, then the MSSW propagates,
while if the magnetic field is parallel to the
wave vector, the MSBVW does. For the case
that the magnetic field is neither perpendicu-
lar nor parallel, in other words, in an
obliquely magnetized YIG film, we can ex-
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pect the propagation of both MSSW and
MSBVW  modes, which is called
MSSW/MSBVW modes.

It is important to know the excitation
characteristics for the case of oblique mag-
netization, from the point of the design of
MSW devices and the electromagnetic com-
patibility. But, the excitation of MSSW /
MSBVW modes has not been analyzed
though utilizing such the mode has advan-
tages in MSW devices. Conventionally, the
MSW excitation was calculated under the
assumption that the current density distribu-
tion flowing in transducers was of uniform
magnitude over the width of the transducers.
However, this conventional method cannot
always be used to obtain a good approxima-
tion.

In this paper, we will analyze the excita-
tion by a metal strip transducer on the in-
plane magnetized YIG by letting the current
density be an unknown function and numeri-
cally solving it by means of the integral ker-
nel expansion method. Then, in order to ver-
ify the validity of the present method, we will
compare the numerical and experimental re-
sults.



2. Theory

We consider the configuration of the pre-
sent problem as shown in Fig. 1.

The metal strip having the width 2w and
the infinitesimal thickness is constructed on a
YIG film with thickness d. The layer-
configuration goes infinitely along y- and z-
directions, and the field is assumed to be in-

dependent of z, or 9 =0. The external di-
zZ

rect magnetic field is applied in the direction
at an angle @ with z-axis, and then the
MSSW propagates in =+ y-direction on the top
and bottom surfaces of the YIG.

From the configuration a pair of the Fou-
rier transform between space and wave num-

ber domains is defined as follows:

YIG

e 2
\X Metal strip

Fig. 1: Configuration for analysis
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It is assumed that magnetostatic ap-
proximation is valid and that the time factor
is e’”. The permeability tensor of in-plane
magnetized YIG is given by

U —jKky  Jjk3
=\ jxky i M3 |, (2)
—Jjk3 13 Hy
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where K, =kcos@, K, =Kksing,
1, = p1cos’ @ +sin’ @,
Uy =(1—p)cosBsinb,
Q
s 2 2 H
M, = psin” O+cos” 0, u=l-—"=—
Q' -QF,
H
K=—2Q > Q=£, Q, =7/—,andH,
Q" -Q7 M M

M, o , and y are the magnitude of the bias

magnetic field, the saturation magnetization
of YIG, angular frequency, and the gyro-
magnetic ratio, respectively.

Using the usual boundary conditions that
the tangential component of magnetic field
and the normal component of magnetic flux
density are continuous, we can obtain the re-
lation between the current density flowing in
the metal strip, J_(»), and the magnetic flux

density, B_(y) on the x=0 plane, in wave
number domain:

B (k) = juoG(k) T (k), (3)

where

G(k) = —s{(ug — K25)(paq + 15 +1)

— (g + K5) (g — p5 — e 24K 'd]

/[(ug — 35 +1)(pg + K055 +1) ®)

— (g + 35~ 1)g — ey~ D240 |
where ¢ = H2oand s = LS . Performing

H | k|

the inverse Fourier transform and considering
that B () =0 in the metal strip region, or

—-w< y<w, gives the following equation:

0 ~ — ky .
[ Gk)J (ke ™k = 0, )

-wSysw
This Fourier integral contains the un-
known current density jz (k). We can solve
Eq.(3) by using the integral kernel expansion
method, which is suitable for the mixed
boundary problems such as in the present
one.



The integral kernel of Eq.(3), M s
expanded into a series of the Legendre
polynomials:

ok _

0 6
= (—j)’”(2m+1)jm(kw)Pm(§j ©

m=0

Substituting Eq.(6) into Eq.(5) and in-
voking orthogonality of the Legendre poly-
nomials, we can obtain

(7)

Next, we expand the unknown function
J.(y) into a series of orthogonal polynomi-
als with unknown coefficients.

J; » =
WY, oY 2 ») ®
(=) ) B )
w w) .20 w
where, Pn(“’ﬂ )(z) is the Jacobi polynomial

and a, (n=0,1,---) are the unknown coefti-
cients to determine. In the present problem,

[ GO)T . (k) j (hw)dk = 0

we put o == —% because Eq.(8) would

satisfy an edge condition by choosing these
values if YIG was regarded just as a dielec-
tric. The Fourier transform of Eq.(8) is given

by
To(k) === j"ay Iy P ow),  (9)
T n=0
where
1@ (z) =
7 (10)

The detail on the 1!“”(z) is found in

the literature [3].

Substituting Eq.(9) into Eq.(7), we can
reduce the Fourier integral containing the
unknown function into linear equations with
respect to the unknown coefficients:
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where
Ly =" G(k) juy ow)IS%P) (k) ,(12)

which can be calculated numerically.
By using the Poynting vector, the aver-
age power flow per unit length is given by

2 T2
_27[ /UOCO|JZ| %

P =
- kisz
UrS, ~UJS_e 24kl
X J—
2| ks |
(rs? urste k),
1_6—2Q|k1r|d
2q |k |
+241,S, S e 2alk:ld g 4
I I I
"‘4/1 qgce (I1=q)|k+ | , (13)
2| ks |
where S, =ugtx,s*tl, U] =puqtx,s,

U; = u, *x,qs. The total current is obtained

by directly integrating Eq.(8) over the metal
strip; that is,

1=[" J.(y)dy= wag. (14)

cosh 7&

Thus, the radiation resistance of the
transducer is given by

R AP —P)

: 15
1] (4

and the radiation reactance is obtained by
performing the Hilbert transform:

R ’
—’(a))da)',
w —a

X@»:lPVf (16)
e o
where PV denotes the principal value of the
integral.
Finally, assuming that the conductive
loss of the transmission line is negligible, we



obtain the following attenuation constant of
the microstrip transducer,

Ay = \/[— wC (oL + X)+\/{a)C(a)L+ X))? +(oCR)? }/2

where oL = fZ and oC =§, and C, L, Z,

and £ are the line capacitance, the line in-

ductance, the characteristic impedance and
the propagation constant of the transducer,
respectively.

3. Numerical and experimental results

Experiments were performed to confirm
the theoretical predictions. Using a vector
network analyzer (HP8720C), we measured
the §,, of the transducer assuming the at-
tenuation is due to the excitation of MSW.

The YIG used in this experiment is
20 g m thick and 8mm wide. The metal strip
which is 125 zm wide, or w=62.5 um in
Fig.1, is directly constructed by evaporating
aluminum on the YIG surface. The distance
between the metal strip and the ground plane
is about 400 £ m, for which the characteristic

impedance and the effective dielectric con-
stant of this transmission line are approxi-
mately 195Q and 8.63, respectively, if YIG
is regarded just as a dielectric.

Figures 2 and 3 show the numerical re-
sults estimated by the present method and a
conventional one which is based on the as-
sumption that the current distribution J_(»)
is constant in the strip, and the experimental

results for 8 =0° and € =30", respectively.
The magnitude of the bias magnetic field is
79.6[kA/m], for which the frequency band of
MSSW mode ranges from 4.6GHz to 5.2GHz
for 6 =0". It is noted that the upper limit of
MSSW band decreases, with the increase
in 6.

As you can see, the numerical results of
the present method generally agree with the
experimental ones. However, we find that
there is a serious discrepancy between the
conventional and the experimental results, in
particular, in the upper frequency of MSSW
band. This tendency seems to be more
prominent for larger € angle.
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The notches exist at about 4.65GHz,
which corresponds to the lower limit of
MSSW band. In the magnetostatic approxi-
mation, the wavelength of MSSW tends to
infinity toward the lower limit of MSSW
band, and hence the approximation may not
be always good near the lower limit. In the
experiment, there exists a ground plane,
which might affect the MSSW because the
wavelength becomes longer around this
lower limit.
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4. Conclusion

We have analyzed the excitation of
MSSW in the in-plane magnetized YIG film
by using the integral kernel expansion
method. The agreement of the numerical re-
sults by the present method with the corre-
sponding experiment is excellent, while the
conventional ones disagree with the experi-
ment. It is evident that the integral kernel ex-
pansion method is appropriate for the analy-
ses of MSW excitation problems.

5
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Possible Solution to Improve the EMI Filtering

CAPABILITY OF AN AUTOMOTIVE SENSOR WITH HALL EFFECT IC

Abstract: The article shows the results and recommendations regarding the Scattering S-
parameter PSpice calculation and measurement for the Crank and Cam Sensors for automotive applica-
tions utilizing the Hall effect IC family to characterize the filter layout model performance and transient
protection. This data details the analysis of build-in filter sensor designs with different value of discrete
and buried (embedded) capacitance of PCB components and give the electrical equivalent EMI filter
RLC structure circuit models of a PCB. It was found that the model provided a very good fit of calcu-
lated scattering parameters to the experimental S-Parameter data.

Introduction

Suppression of severe automotive tran-
sients became more important as electronics
with sensitive ICs were introduced into the
cars. The transients can cause malfunction or
damage to sensors. There are a variety of pos-
sible methods of reducing transient interfer-
ence problems in high speed range to improve
the EMI filtering properties of automotive
Cam/Crank sensors with a biased Hall effect
IC (Figure 1). It is recommended that the tran-
sients should be suppressed at the PCB of sen-
sors thus reducing the damage of ICs. It was
shown that both filters RC and Ferrite Bead
+Capacitances were ineffective above 1.0 GHz
and can let pass an EMI transients to the IC.

The effect of the internal solid power and
ground planes capacitance inside the sensor
PCB should be considered in present Crank
design practice. This embedded capacitance
can be in the order of hundreds of pF/cm2
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when we assemble the power and ground
planes very close to each other with some di-
electric between them with high permittivity.

111111 EMI Field
Fose o Battery

Crank Sensor Assemble
Knock Sensor

ICM with Coils

Conducted Disturbances

EMI j\_
<=

Filter

B
Crankshaft

Sensor Wire harness

Spark Pligs’ "~

Fig. 1. Complete EI fast-star system with
CAM/Crankshaft Sensors
The goal of analysis was to balance the de-
coupling embedded, discrete capacitances and
ferrite bead of transient protective circuit so
those signals don’t create failure overvoltages



across the Hall effect IC. The model results
were validated by scattering
S-Parameter measurements.

Analysis

One of the possible solutions is to redesign
PCB of Cam/Crank sensors and to use the ad-
ditional discrete decoupling capacitance in the
range of 400-500 pF and internal or buried
(embedded) capacitance between the PCB
power and ground planes which can generate
in our present geometry an additional 30-100
pF bypass capacitance in parallel with 0.1uF.
In this case we will have 3 capacitance in par-
allel 0.1uF+(400-500pF)+(30-100pF) that will
dramatically increase the filtering capability
and reduce the high frequency EMI transients
at the Cam/Crank sensor inputs. Fast transients
at the Crank sensor, which we measured di-
rectly on the vehicle, can be superimposed
upon the power supply and amplified by sys-
tem resonances (Figure 2).
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Fig. 2. Captured fast transients at Crank sensor

connectors.

Depending on the thickness of the Sensor
PCB layout dielectric module, for example,
FR-4 material with high dielectric constant g, =
3.8-4.2, and placement of the power and
ground planes in the board stack up close to
each other, various values of this internal de-
sign (buried) capacitance can exist.

The approximate values of this capacitance
have been calculated by Eq. 1
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C £.60A =§
i d
r C =8.84 A;r (pF) (1)

Where: ¢ = relative permittivity of the ma-
terial between plates; g, = dielectric constant of
free space;A=plane area; d=separation of the
plates.

The embedded capacitance design that can
be working well beyond 1 GHz can be ac-
quired by separating ground and power planes
with very thin (0.002-0.01linch) dielectric ma-
terial. There is virtually no parasitic inductance
(0.1-0.7nH). It was calculated that the power
and ground planes, separated, for example, by
0.002 inches of FR-4 material will have a typi-
cal buried capacitance of 506 pF per square
inch. A PCB structure (itself) is acting as one
capacitance and has self-resonant frequency.
To implement 30-100pF buried capacitance in
our Crank sensor design we can simply remove
the Vcc traces and ground plane and replace
them with one or two capacitance sandwiches
from power and ground layers. The microvias,
which can be incorporated in the mounting
pad, are less than 0.006 inches in diameters
and can use manufacturing processes such as
plasma etching, laser drilling, and photovias
processes.

Fig. 3 shows the equivalent of filter RLC
structure circuit model of a PCB, the high fre-
quency discrete ceramic capacitor model, PCB
buried capacitance model, estimated board
parasitics, and ferrite bead model. This PCB
structure combination (Figure 1) had some
effect on the observed oscillation, particularly
in the high frequencies, showing that the
problem was an interaction with the parasitic
capacitances between power and ground planes
and inductance of transmission traces.



Modei of fitter for PCB with 1348 IC 22 123

Fig. 3 The general PSpice filter and IC models.

Figure 4 shows the typical S;, scattering
parameters experimental measurements of the
GEN III Crank and Cam sensor RC and ferrite
bead filters. It was found that the models pro-
vided a very good fit of calculated scattering
parameters such as S;, response test to the ex-
perimental data which were measured using a
S-Parameter Network Analyzer Test Set model
HP-35677A/B. The S;, scattering parameters
calculation was performed directly on the RC
and the muRata Ferrite Bead+ Capacitance fil-
ter models to study their filtering capabilities
for comparison with experimental results.

CH1 i1-2 log MAG 20 dB8/ REF O oB 1; ~5989.727 dB
g 434973 17 MH=

Cor

e IMARKER 11

/
/
\\

i
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START . 30D NOC MH=z STOF 3 000,000 000 MHz

Fig. 4. Typical Scattering S-Parameter experi-
mental measurements of the Gen I1I Crank and
Cam Sensor filters.

Similar results have been obtained both for
PSpice calculated and experimental S;, pa-
rameters.
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A proper selection of decoupling capaci-
tors (filter), along with the self-resonant fre-
quency of the buried capacitance of PCB will
provide enhanced EMI suppression.

Since actual capacitors are not “ideal” their
characteristics deviate from those of the theo-
retical capacitors. We used the complex sub-
circuit R-L-C model of capacitors. The equiva-
lent series inductance (ESL) and the equivalent
series resistance (ESR) were provided for
every decoupling component.

For our situations, RC filter networks, sur-
face mount ferrite bead+capacitance, and bur-
ied capacitors can be used for PC board level
EMI/transient filtering. The addition of dis-
crete ceramic capacitors, for example, 400-
500pF, and buried capacitance 30-100pF to
existing 0.1uF capacitance made an improve-
ment above several hundred MHz up to GHz
range (Figure 5). A PCB embedded capaci-
tance structure (itself) should provide some
loss to dampen possible power resonances.

The best EMI solution, from a PCB layout
standpoint with IC, is placement of the power
supply plane on one side of the PCB board
with a ground plane on another side as close as
possible (0.002-0,008) in. This reduces the
susceptibility —problem significantly and
provides enough buried capacitance between
Power and Ground planes to perform the high
frequency  filtering  function  currently
demonstrated with an add-on capacitors. This
was demonstrated by the PSpice filter model
calculation with a prototype PC board with IC.

The surface mount EMI suppression ferrite
can provide selective attenuation of high fre-
quency signals (above several MHz) that we
wish to suppress from the standpoint of EMC
to comply with EMI/RFI requirements. The
optimum profile would be a muRata ferrite
bead in which the highest attenuation level co-
incides with the disruptive frequency.

Voltage and ground planes have very little
lead inductance equivalence and no equivalent
series resistance (ESR) as we show in buried
capacitance model. But use of these planes as
a decoupling capacitor can reduce RF energy



at frequencies generally in the higher ranges up
to the GHz range.

Date/Time run: 03/11/99 11:11:54 25.0
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Fig. 5. PSpice evaluation of Ferrite Bead
+Cap=0.1uF PCB assembly with discrete ca-
pacitance =470pf and with the buried PCB
layout Capacitance.

Because of the efficiency of PCB power
and ground planes as an embedded decoupling
capacitor design, they should be used in
addition to high self-resonant frequency
discrete decoupling capacitors such as 0.1uF
and 400-500pF. The addition of the small
buried decoupling capacitor sandwiches in the
range 30-100pF can help fix the high
frequency filtering problem (Figure 6).

Vsevolod Ivano
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Fig. 6. PSpice evaluation of RC filter assembly
with additional discrete capacitance =470pf
and with embedded Capacitances varied from
20pF up to 110pF.

Additional decoupling capacitance can be
good for EMI reduction, only when our PCB

planes are closely spaced, practically less than
0.0linc. At this point, if we will decrease the
thickness (d) or change (increase) the relative
dielectric constant of our core we can receive
additional 30-100pF for decoupling capacitor.

Figures 7 shows the results of PSpice
evaluation of S;, scattering parameters of RC
and the muRata Ferrite Bead+Discrete capaci-
tance + Buried capacitance filters PCB assem-
bly with different combinations of compo-
nents.

Vsevolod Ivanov * Cilemi_esd\1348\1348£41¢512.5ch
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Fig. 7. PSpice evaluation of Ferrite Bead
+Cap=0.1uF PCB filter with discrete capaci-
tance 470pF and with varied embedded capaci-
tances from 20pF up to110pF.

Conclusion

A PSpice model was used to characterize
the transient filter that included the decoupling
embedded and discrete capacitances in the
PCB board. The model results were validated
by scattering S-parameters measurements for
the real samples. The presented measurements
and Psice simulation results show a good
agreement.

Additional decoupling embedded capaci-
tance can be good for EMI reduction if the
power supply plane resonances will be dimin-
ished or eliminated by closely spacing, practi-
cally less than 0.0linc between planes and
therefore increases the effectiveness of de-
coupling in PCB design.
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MEASUREMENT OF IC CONDUCTED EMISSIONS BY
A NOVEL TECHNIQUE

Abstract: This paper presents a new technique for the measurement of IC conducted emissions.
In particular, the current spectrum of each IC port is obtained by the measurement of RF power radiated
by a microstrip line in a TEM cell. This measurement method is effective since a direct relationship be-
tween transmission line radiated power and IC pin current exists.

Introduction

Operations of digital integrated circuits
(ICs) drive the electromagnetic emissions
(EMESs) of electronic systems, hence ICs like
microprocessors and microcontrollers can be
considered as primary sources of electro-
magnetic emissions. Steep currents and volt-
age glitches at the power supply and ground
pins of an IC and proper signals at its in-
put/output (I/O) pins drive antennas com-
posed of printed circuit board (PCB) traces
and/or interconnecting cables of the elec-
tronic system.

Radio frequency (RF) voltages and cur-
rents induced in PCB traces connected to an
IC pin are named IC conducted emissions
while electromagnetic fields directly radiated
by IC package interconnections and inter-
connections routed at silicon level are named
IC radiated emissions.

ICs conducted and radiated EME may

seriously degrade the electromagnetic
compatibility  features  of  electronic
apparatuses.  For  this  reason, ICs

characterization in terms of EME has become
one of the important topics in the EMC

community. Several measurement methods
have been presented in the literature and
some of them are standardized [1], or are up
on the way to become standard [2]. In
particular, the chapters 4 and 6 of the
document IEC 61967 [2] describe the
measurement methods by which IC
conducted emissions can be quantified.

impedance
matching network

120 2

47 pF

f
" W] °
5142

IC_GND p—rC

5002 Measurement
,, Equipment

VDD Cs

1

é—. AN\—+o
490
10

<

>
50£) Measurement

RF probe

Vips

GND

POWER SUPPLY

Fig. 1 - Schematic description of the
1Q-150Q measurement method.

The 1Q Direct Coupling Method makes

possible the measurement of conducted emis-
sions related to IC power supply pulsed
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currents. In particular, the frequency spec-
trum of this current is obtained by the meas-
urement of the voltage spectrum across a 1Q2
resistor inserted in the power supply net
(Fig.1). Such a technique is useful also in the
case of ICs with multiple ground pins.
Alternatively, the same current can be
measured by means of the magnetic-probe
methd[3decond method described in the
Chapter 4 is the 150Q Direct Coupling

Method. 1t is proposed for the evaluation of
conducted emissions of long external wiring
and long PCB traces driven by an I/O pin. In
particular, this method is aimed to evaluate
the contribution of a single pin to the EME of
an IC, and consists in the measurements of
the voltage spectrum at an

I/O pin connected to a 150Q2 load (Fig.1).

port1 Y port2

%IOI é‘ EZC
r//iI . L "
7:3 |

\AZT Z
Z Z 17
po;t 3 port 4
eptum

Fig. 2 Transmission line inside the TEM cell.

In this paper, the conducted emission (in
terms of current spectrum) of IC pin is ob-
tained by the measurement of the overall
power radiated by a transmission line in a
TEM cell. The transmission line is driven at
one end by an IC pin signal. Transmission
line radiated power is measured at the TEM
cell terminations (ports 3 and 4 in figure 2).

The TEM cell method

The TEM cell is a rectangular-strip
transmission line composed of a central con-
ductor (septum) surrounded by a rectangular-
shaped shield. In general, it is desirable to
operate this cell at frequencies well below the
cell cut-off frequency [4] at which higher or-
der mode begin to propagate. Furthermore, if
the TEM cell is terminated on its characteris-
tic impedance, a propagating TEM field is
present into the cell, which approximates a
plane wave, and, consequently, uniform field
exists over the central portion of the cell.
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In this work the relationship between the
overall radiated power from a microstrip line
placed into a TEM cell and the source current
spectrum is derived.

RADIATION RESISTANCE OF A
MICROSTRIP LINE IN A TEM
CELL

The structure under analysis is shown in
figure 2. A transmission line of length L,
width W and characteristic impedance Z is
placed inside a TEM cell (1GHz cut-off fre-
quency). The structure is driven at the port 1
by a current source and it is loaded at the port
2 by a lumped impedance Z¢, while the ports
(3,4) of the cell are connected to matched
loads (Zr). In general, the field radiated by a
source in a wave-guide may be expressed as
an infinite sum of wave-guide modes [5]:

where C, are unknown amplitudes, B, is the
propagation constant, e, and %, are the elec-

tric and magnetic vectors transversal to the
direction of propagation along the positive z

axis, e, and h_, are the axial electric and

magnetic vectors. In (1,2) n is a general
summation index and implies a summation
over all possible modes.

Since the source current spectrum is well
below TEM cell cutoff frequency, expres-
sions (1,2) become :

-t + — Fj z

E* = Cigy eppyg € /Prem
Tt + ¥j z
H™ = +Cigyg hypyy ¢/P1Em

where: e, = (exx + eyy),

Ty = (. + 1, 3)
and the coefficients are computed by the fol-
lowing expressions:

1 _ _ .
Ciry = - IeTEM . J e IPrEMZ gy
TEM }r




where : P, =2 IETEM X Mypy -2 AS s,

STEM
and the current density distribution J, i.e.
the current density along the transmission
line, can be written by Dirac-functions:

J= —1(21)5(x—x0,z - Zl)j/ +
1(22)5(x—x0,z—22))7+ 3)
1(z)8(x = x0,y = y0 )2
Assuming that the surrounding TEM cell
does not influence the current distribution
along the transmission line, the transmission
line theory can be employed to derive 1(z,) as
a function of I(z;) (i.e. the current I at the
port 1).
In fact :

I(z) 1-Te  _m
k)= I(z1) 1-Tpe 2k Y

where FC = (ZC _ZO)/(ZC +Zo), k is the

transmission line propagation constant.
By substituting (4) in (3) the coefficients

C}LEM can be expressed as follows:

1y e TIPrEM 1 o
Prey 5)
x |F (kL) e Breml _ l]j ey (xo,y)dy
/

+
Crem = -

Finally, the overall power radiated by a
transmission line into a TEM cell (Fig. 2) is
obtained by computing the real part of the
Poynting vector related with the TEM mode
evaluated on the TEM cell x-y cross section
(Stem). In particular:

P:%Re J.(EJFXﬁJr)*'ZAdSTEM-I—

STEM

+ J‘(E_ Xﬁ_)" . (— é)dSTEM
StEM

Electric and magnetic field of the TEM
mode are related by :

where 779 = 377 2 is the intrinsic impedance
of free space, hence:

D R Ll P
‘CTEM‘ +‘CTEM‘
P= X
219 (6)
x HETEM(X,J/]ZCZSTEM
StEM

By substituting (5) in (6) the relation be-
tween the overall radiated power and the
square of the current magnitude is derived:

2
p_ ol .
20| Prigas |

1

. 2
; ‘F(kL)e_JﬂTEML - 1‘ }x

X

. 2
F(kL)e™/PrevL _ 1‘ ;

2
x [lerem (x, y)|2 dStem

StEM

_[ey(xo,y)dy
l

Finally, we define the radiation resis-
tance of the microstrip line inserted into the
TEM cell as :

2P
Rypa = ) (7
[£o|

hence :

o
Rrad = T x

. 2 . 2
{‘F(kL)e”ﬁTEML —1‘ +‘F(kL)e_fﬂTEML —1‘ }

X

[lerem (x, y)|2 dSteEm
STEM
2

X

[ey(xo.y)dy
/
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Fig. 3 — Radiation resistance (Rrad) of a mi-
crostrip line (L=6 cm, h=1.5 mm, w=3.1 mm,
er = 3.97) inserted into a IGHz
TEM cell.

The transversal electric field distribution
eTEM (x, y) the cell has been computed using

the procedure described in [6]. Such a tech-
nique is based on an integral equation in
terms of the charge density on the walls of
the cell. This integral equation is numerically
solved and the field is calculated by integra-
tion. The radiation resistance has been evalu-
ated for the special case of a transmission
line of length L = 6¢cm, height h=1.5mm, &g =
3.97,Zy=Zc = 50Q inserted in a 1GHz TEM
cell with H = 4.7cm. Figure 3 shows such a
radiation resistance versus frequency.

Experimental test

In this section the measurement of a sin-
gle-pin IC conducted emissions by using a 1
GHz TEM cell is presented.

The transmission line is realized by using
a microstrip line. It has length L = 6 cm and
characteristic impedance Z,=50Q. A

switching unbalanced output driver excites
the microstrip line at the port 1 while a 50Q

matching network loads port 2.

The microstrip line is inserted into a 1
GHz TEM cell. In particular, the microstrip
line is parallel to the z-axis of the cell (Fig.2).

A voltage source makes the output volt-
age driver switching and the spectra of RF
power delivered to the TEM cell terminations
are measured by a spectrum analyzer
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HP8591E. The output driver current spec-
trum is derived by using expression (7) and
the envelope is reported by continuous line in
figure 4. Dashed line in the same figure has
been obtained by operating the magnetic
probe method. A good agreement between
these measurement results is evidenced.

70

TEM cell
Magnetic probe

60

N
50 e

40 N

30

Current amplitude [dBpA]

20

10 Faoura

1 10
Frequency [MHz]

100

Fig. 4 - Envelopes of an output driver current

spectra. Continuous line is obtained by oper-

ating the new measurement method presented

in this paper, while dashed line is obtained by
the magnetic probe technique

Conclusions

In this paper a new technique for the
measurement of integrated circuit conducted
emissions has been shown. The TEM cell has
been employed measuring the current spec-
trum of interference flowing in an IC pin.
The radiation resistance (R;q) of a transmis-
sion line inserted in a TEM cell has been de-
rived and evaluated for a specific structure.
Such a radiation resistance has been em-
ployed in evaluating the current spectrum of
a switching IC output driver.

The same current spectrum has been ob-
tained by operating the magnetic probe meas-
urement method and a good agreement be-
tween these experimental results has been
evidenced.
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C.®. YEPMOUIEHIEB, H.B. /lOFPOBOJIBI[EB

Kazanckuil rocygapcTBeHHbIM TeXHUUECKUil yHUBepcuTeT uM. A.H. Ty-
10JIEBA

MNPOEKTUPOBAHUE MEXCOEJUHEHU MHOI'OCJIOMHBIX
MEYATHBIX IJIAT C YYETOM JIEKTPOMATHUTHON
COBMECTUMOCTH

Abstract. In this report is considered the problem of designing interconnections in the multilayer
printed board (MPB) in view of electromagnetic compatibility. The description of construction algorithm
of a way with the given length in nondirectional graph of assembly space in the MPB is given. And also
it is given an example a typical fragment of interconnections with the given length which takes into ac-
count delays, reflections, distortions of a signal and cross handicaps.

[Ipumenenue sneMeHTHON 0a3bl cyOHa- puky MexcoeauHenuii MIIII. Kpome Toro,
HOCEKYHJHOTO JMana3oHa IPUBOJUT K YCH- JUISl BBIDABHUBAHUA 33€P’KEK CUTHAJIOB He-
JICHUIO BIIMSHMS UMIEAaHCa 3JIEKTPUUECKHUX 00XOIMMBI MEXCOEAMHEHUS 3aJaHHOW M-
MEKCOCIMHEHU MHOTOCJIOMHBIX IEYAaTHBIX Hbl W TOmoJIOTuU. B HauOoubliel crerneHu
wiat (MIIIT) Ha nepenaBaeMblii CUTHAMN, U Ha 3TH TpeOOBaHHUSI MPOSBISIOTCS MPU MPOCKTH-
ovicTpoaciicTBre mH(poBOro y3ma. JlroObie poBanuu MIIII u nevarHsix naneneit. B atux
HEOJTHOPOJHOCTH  MEXCOCIUHEHHH, 00y- YCJIOBUSIX TPaJMLUOHHAs 3a7a4a TPacCUPOB-
CJIOBJICHHBIE TIOJKJIFOYEHUEM DJIEMEHTOB, OT- KM MEXCOCIMHEHHI NPETepIeBaeT MPUHIIN-
BOJaMU IPOBOJHUKOB, U3MEHEHHEM UIUPHU- nuanbHble u3MeHeHus. [lpu TpaccupoBke
HbI U T. J., BBI3bIBAIOT UCKAKEHUS U OTpaKe- HEO0OXOUMO YTIPaBJIATh TONOJIOTHEH U MET-
HUs mnepenaBaemMoro cur”aia. OtpaxxeHus, PUKOH MEXKCOEOUHEHUN, YUYUTBIBATH MX
HAaKJIaJpIBasICh Ha OCHOBHOM CHUTHAJ, UCKa- AIIEKTPOMAarHuTHy10 coBMectumMocTh (OMC).
KaloT ero (Gopmy, U3MEHSIOT aMIUTUTYIy OaHuM Y3 BaKHEHIIMX TPeOOBAHUU SB-
JUIMTENIBHOCTD, CJIE0BATEIbHO, YBEINYHBa- JSIETCSL CTPOTOE COOIIIO/ICHHE JJTUH MEeYaTHBIX
0T 33JE€pKKHM CUTHAJIOB M TNEPEKPECTHbHIE COEIMHEHUH C LENbI0 CBEICHUS] K MUHUMYMY
IIOMEXH. paccorgacoBaHusl BpPEMEHM IIPOXOKICHUS

s obecrniedyeHus: TOMyCTUMOTO ypPOBHS CUTHAJIOB N0 3JIEKTpHUUECKUM uersM. [l
3a/IEpKEK CUTHAJIOB, UX HCKAKEHMM, OTpa- 3TOTrO B OOMIEH 3amavye TPacCHUPOBKH, IMpE.-
KEHUI U MEPEKPECTHBIX MOMEX, He0OX0IUMO CTaBJICHHON B BUJE COBOKYIHOCTHU 0/3a4a4
BBECTH OI'DAHMYCHHUs HA TOIOJOTHIO U MET- IIOMCKA ONTUMAJIbHBIX ITyT€ Ha MHOXECTBE
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KOHTAKTHBIX IUIOIIAJOK 3aJaHHOTO MHOXE-
CTBa OJIGKTPUUYECKUX IIeTed, HeoO0X0aAUMO
IPOBOJUTH IyTh B rpad)e MOHTAXHOIO IpO-
CTPaHCTBA MPOEKTUPYEMOM ILIAThl HE MUHMU-
MaJIbHOW JUIMHBI, a 3apaHee 3aJlaHHON WU,
[0 KpalHEeW Mepe, MUHUMAJIbHO OTJIMYaIO-
IIEHCS OT HEe.

Lenbto paboTh! sBIsIETCS pa3paboOTKa al-
TrOpUTMa pEIIEHUS 3aJa4d  TPaCCUPOBKU
MIIII ¢ ygerom OMC, 00ycnaBauBaroIero
METPUYECKUE OTPAHUYCHUS] Ha MEXKCOEINHE-
HUS, U NIOCIIEAYIOIas ero NporpaMmMHas pea-
aM3amMsA, a Takke pa3paboTKa THITOBBIX
(parMeHTOB MO3BOJIAIONIUX IOJYyYUTh 3a-
JTaHHbIE METPUYECKUE OTPAHUYEHUS MEXKCO-
€IMHEHUH, KOTOpble OBl YIOBJIETBOPSIH
TpedoBanusm OMC.

PaccmorpuM npumep TunoBoro (par-
MEHTa MEXCOEAMHEHUN CyOHAaHOCEKYHJHbIX
JJIEKTPOHHBIX CPEACTB, KOTOPBIE BCTPEYAIOT-
s B IIpakTHUKe npoekTupoBanus MIIIL.

[Ipy mpoeKkTHpOBaHMM MEKCOEAVHEHUN
MIIII, pekoMeHIyeMBIX il BBICOKOIIPOU3-
BouTeNbHBIX DBM Ha anemeHTHOM 0aze Tu-
na OCJI (¢ = 1nuc) [1], 6buTa mOCTaBIECHA 3a-
Jlaya OLEHUTb BIUSHUE €MKOCTHBIX BXOJOB
AJIEMEHTOB, MPEICTABISAIONINX JUCKPETHBIE
HEOJTHOPOJHOCTH, Ha W3MEHEHHE BEIUYHH
3a/Iep’)KEK CUTHAJIOB Ha ATHX 3JeMeHTax. B
JAHHOM CJTy4ae MEXCOEIUHEHUE HAYNHACTCS
OT OJIHOTO 3JIEMEHTa—IIepelaTyuKa U IocCIe-
JIOBAaTEJIbHO OOXOAMT YEThIpE 3JIEMEHTa—
NPUEMHUKA, JIMHUS 3aKaHYMBAETCS IMOJKIIIO-
YEHHEM K COTJIacyloleMy pesuctopy R.= 50
Owm. IlepBbiii 37I€MEHT-IPUEMHMK pacroia-
raercsi Ha paccrosiHuu [y = 10 cM, a mocne-
JYIOIIHE 3JIEMEHTBI MOTYT COEIUHSITHCS paB-
HBIMU Y4YacTKaMu JuHUHU [; [, ,/3 cOOTBETCT-
BEHHO B TpeXx BapuaHTax 1o 1, 3 u 6 cwm. Ilo-
TOHHOE BpEMsI PaclpOCTPAHEHUs CHTHAJIa B
Mexxcoennaenn MIIIT cocrasister 8 He/M, a
BOJIHOBOE COMPOTHUBJICHUE JTUHUH P = 50 OM.
EMKOCTh BXOJla KaXkJI0ro 3J€MEHTa paBHa 4
n®. JlaHHbI BUJ OpraHu3ald MEKCOEIU-
HEHMH Ha3bIBAETCS IOCIIEAOBATEIbHBIM 00-
XOJOM IPUEMHUKOB H IPEUMYILECTBEHHO
ucnonb3yercs B MIIIL

JUida  aHamm3a  yKa3aHHOTO THUIIOBOTO
(dparMeHTa MEXCOEIMHEHUI B MPOrpaMMHO-
Meroandeckom komruiekce [TA-9 (unTerpu-
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pOBaHWE METOJIOM Diijiepa) NPUMEHSUIUCH
LC-monenu npoBOJAHUKOB, YUCIO MOJENIEH 1
UX MapaMeTpbl BEIOUpANINUCh, UCXO/S U3 Ipa-
BUJIA JUCKPETU3ALMHI MEXCOCIUHEHUM [2].

>«

H (U, T)

L

a

b

G (V, E)

p (@, x) — YaCTUYHBIN MYTh,
MOCTPOEHHBIH K miary i

Puc. 1 Yacts rpacda pemenuit H
(U, T) B mpo1iecce noucka
ONITUMAJILHOTO MYTH Ha rpade
G (V,E)

MOXHO OTMETUTH, YTO MPU AJIMHAX yda-
CTKOB MEXXCOEIMHEHUN MEXIy 3JIEeMEHTaMU
B | cM H3-3a 3HAUUTENBHOTO MCKa)KEHUS
BEpUIMHBI HUMITyJIbCA CHUTHaJa Ha IEPBOM
AIIEMEHTE BEJIMYMHA 33/IEPKKU Ha €ro BBIXO-
Jleé HECKOJIbKO MPEBBILIAET 3aJEPKKH Ha OC-
TaJbHBIX AneMeHTax [3]. Ilpu mmuHax mex-
COCIMHEHUIN MEXIy 3JeMEHTaMu B 3 ¢cM U 6
CM KaXJbIil BXOJ d3J€MEHTa-MIpUEeMHUKA J10-
0aBIIIeT KO BPEMEHHU PaCIpOCTPAHEHUS CHUT-
Hama B JuHUM okoyio 0,1xc. JlnmHa moce-
JYIOLIEro y4acTKa CBSI3U JO COTIJIACYIOIIETO



pe3UCTOpa HE BIUSET Ha BEJIMYUHY BPEMEHU
npodera CUrHaIa B MEKCOSTUHEHUH.

AHanu3 MOXHO IpPOBOAUTH Al KOH-
KPETHOM 31eMEHTHOH 0a3bl, YTOOBI MOTYUUTh
COOTBETCTBYIOIME 3aJaHHbIE WU MpEIeib-
HO-JIONYCTUMBIE JJIMHBI MEXCOCAUHEHUH [4,
5]. AmnanoruyHeiM 00pa3oM TPOBOIUTCS
OlLIEHKa TUIIOBOTO ()parMeHTa MeXCOeanHe-
HUI C TOYKU 3pEHMs] YPOBHS IEPEKPECTHBIX
IIOMeX B MEXCOETUHEHHUSX.

[IpuHUMas BO BHHUMaHHE OOCTOSITEIBHCT-
BO NP-mojHOTHI 3a7jauu OTBICKAHUS IMYTHU C
3aJaHHOH JUTMHOM MEXy IBYMS BepIIMHAMHU
rpaga [6], Heo6xonuMo pazpabaTbIBaTh MPHU-
OJV)KEHHBIE AJITOPUTMBI, OJHUM M3 KOTOPBIX
SBJISIETCS HIDKE PacCMaTpUBAaE€MBbIid  anro-
PUTM.

Ilycte Ham 3aman rpad-pemerka G(V,
E), Mmongenupyromuii KOMMYTallMOHHOE I10JI€
HeyaTHOM IUI1aTel, V — MHOXECTBO BEPILIUH
(y3noB pemietku), E — MHOXECTBO pedep.

HeoOxonuMo Mexay 3aJaHHBIMH Bep-
muHaMu a u b (a, b € V) nHaiitu nyTs p(a, b)
C JUIMHOW, MUHMMAJIBHO OTJIHYAIOLIecs OT
3a/IaHHOTO 3Ha4YeHus L.

in |L - [p(a, b)||, tne L>0
rpade

(1
IIOHHUMAacM
CMCIKHBIX

I[lonx nyrem B
M0CJIEI0BATEIbHOCTD
HETIOBTOPSIOMINXCS BEPIINH rpada.

Pemienne nanHOW 3ajaum cBeleM K IO-
UCKY ITyTH MHHUMAJIbHOW CTOMMOCTH B Tpa-
¢e pewenuit H(U, T), nomyuaromemycs mnpu
npocmotpe ucxoanoro rpada G(V, E) ot Ha-
qanpHOU BepunHbl a € V. Kaxzaas BepuinHa
u € U rpada pemenuit H npexncrasmsier co-
00l HEKOTOPOE COCTOsIHME Tpoliecca MoucKa
onTUMajbHOro 1o Kpurteputro (1) mytu B
G(V, E) u oroOpaxkaeT sTam BKJIHOYEHHUS
OUYepeHON BepIIMHBI 3amaHHOTO rpada B
UCKOMBIN Ty Th p(a, b). [Iponecc mepexona ot
HEKOTOPOTO 1-TO COCTOSIHUSI C YaCTUYHBIM
nyTeM p(a, X) K MOCIEAYIOIIEMY COCTOSHHIO
(i+1) ompenmemnsercs omepaTopoM Iepexoja
I', 3amaHHBIM Kak CTPYKTypa CMEXKHOCTH
rpada G(V, E) u 3nauenneM QyHKIHH CTOU-
MoctH BbIOOpa pemenus F (puc.l). IIpouecc
HanpasJieHHOro npocMmotpa rpada G u Hess-
Horo mopoxjaeHus rpada H nmpompomxaercs
JI0 TeX TI0p, MoKa He Oy/eT HaiieHa 1eneBas
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BepirHa b € V ¢ MUHUMaJIbHBIM 3HAYEHHEM
(YHKIMM CTOUMOCTH Ha HEH.

PaccmoTpum aiaroputM mocTpoeHus my-
TH 3aJaHHOW JIJIMHBI B HEOPUEHTHUPOBAHHOM
rpade. IlpucBoum kaxmoit BeprmHe v € V
rpada G MeTKy /, MPUHUMAIONIYIO JBa 3HA-
YEeHHUsI: { - BpEMEHHAasl METKa, ¢ — MOCTOSIHHAS
METKa, BEC m, PaBHBIM 3HAYCHUIO (PYHKIIHH
croumMoctn Ha Hed F(v) um ykaszatenp Ha
MPEIIIECTBYIONLY IO BEPIINHY ITyTH.

Hlaz (0. Wuaummanuzamus. HadvanbHo
BepIIMHE a TpucBauBaeMm Bec m(a) = 0 u
MeTKy /(a) = t. Bce ocTanbHble BEpIIMHBI V €
(v\e) ocTaroTcst HEIIOMEUEHHBIMHU.

Ilae 1. Cpenu Bcex BEpIIUH C BPEMEH-
HBIMM METKaMH HaWTH BEpPIIMHY X C Hau-
MeHbIIUM BecoM. CrenaTth METKY HallJICHHOU
BEPIIHHBI TOCTOSHHOM. Eciu HeT BepIuHsbI ¢
BPEMCHHBIMA METKaMH, TO OKOHYHTH TIOUCK
(uckomoro nytu p(a, b) B G He CyIIeCTBYET).

x: m(x) =min {m(V)}, F(x) =0,

rneveE€V,I(v)=t

llaz 2. Ecnn BepIMHA X ABISIETCS BEp-
IIUHOK b, TO IEPEXOI K 5.

Llaz 3. JIiia Bcex BEPIIMH ), CMEKHBIX C
X, METKH KOTOPBIX BPEMEHHbBIC WM BEPUINHBI
HETIOMEYEHBI, BEIYUCIUTE (DYHKIIHIO CTOMMO-
ctu F(y). y =I'(x), /(y) = c, rne orobpaxenue
I' 3amaer ctpykrypy cmexHoctr rpada G(V,
E).

OYHKINIO CTOMMOCTH BBIOOpa BEpIIH-
HBI-KaHJIUJaTa Ha BKIIIOUEHHE B pacCMaTpH-
BaeMbI My Th 33/Ia]JMM B CJICTYIOIIEM BHJIE:

) = Ip(a, Y|+ KL = (Ip(a, y)| + (v, 5))[(2)

rre |p(a, y)| — AnmuHa TEKyIero myTH OT Bep-
IIMHBl @ 10 pacCMaTPUBAEMON BEPILUHBI );
(v, b) — oueHka JUIMHBI IYTH OT paccMaTpH-
BaeMOM BEPILUHBI ¥ J10 1IEJICBON BEPILUHBI b;
L — Tpebyemasi ATMHa MCXOTHOTO ITyTH;
BecoBoi korhdunuent, k>0.

st paccMaTpruBaeMOro HEB3BEIICHHOTO
rpada-peieTku B KadecTBE OLEHOYHOMH
¢bynkuuu r(y, b) npunumaem paccrostaue d(y,
b) Mexmy BeplIMHAMHU, CcyuTas, 4yTo Tpad
G(V, E) orobpaxkaercss Ha TJIOCKOCTh C JIH-
HEWHBIM paccTossHUEM Ha Hel. JIuHenHoe
paccTosiHAe MEXIY ABYMsS TOUKAMH OTpese-
JsieTcs Kak:



di2=1x;—x| + [y — v MO3BOJISIET COKPATUTh YMCIIO TIPOCMATpUBaE-
MBIX BEpIIMH B IIPOIECCE MTOUCKA U, COOTBET-
CTBEHHO, BpeMs pa0OoThl MyTEeM 3aJaHUS yBe-
JMYEHHOTO 3HAYEHUS KOAPPHUIMEHTa B BBI-
paxenun (2). YBenuueHue 3HaueHus k>2
BBI3BIBAET HAINpaBJIEHUE MPOCMOTpPA BEPILIUH
MIPEUMYIIECTBEHHO B CTOPOHY IIeJIeBOIl Bep-
mmneel. [Tpu k=0 anroputm craHoBUTCS ai-
TOPUTMOM TOMCKa KpaTyalllero myTH Mex-
Iy ABYMs 3aJJaHHBIMU BepInHaMu. B mpen-
JIO’)KEHHOM aJITOPUTME Pa3IM4HOIo poja 3a-
MPEThl U1 HEOJHOPOTHOCTH KOMMYTAIIHOHHO-
IO TIOJIS JIETKO YYUTHIBAIOTCS B €O CTPYKTY-
pe CMEXHOCTH.

PesynpTaToM maHHON paboOThl sABIsSETCS
IporpaMMHasi peanu3anus MOJYJs MPOEKTHU-
poBanuss MmexcoenuHennii MIIII ¢ ydetom
OMC [8, 9] B cpene 00BEKTHO-

Ecnu BepmmHa y paHee He Oblia mome-
YeHa, TO €€ BeC IPUHUMAEM paBHBIM 3Hade-
Huto Qynkuuu Ha Heit m(y) = F(y) u ycra-
HaBJIMBAaEM YyKa3aTelb BEpIIMHBI ) Ha Bep-
HIMHY X, (¥) = X, UHA4e, €Cclu BEpIIMHA Y
UMeeT BPEMEHHYIO METKY [(y) = t u ee Bec
Oonble 3HaYeHUs (YHKIMM Ha Hed m(y) >
F(y), To ee Bec W3MEHSETCS Ha 3HAYCHHE
(GYHKIMU Ha HEeHl U mepeycTaHaBIUBaeTCs ee
yKa3aresb Ha BEPUIMHY X.

llaz 4. Tlepexon k 1.

Illaz 5. IlocTpoeHue myTH OT BEPIIMHBI D
K @ 110 YKa3aTeJsAM.

JIaHHBI aNrOpUTM, SBISACH JIOKAJIBHO-
ONTUMAJIbHBIM, Bcerja OyaeT HaXxoIuTh Ka-
KON-HMOY/Ab MyTh MEXAY 3aJaHHBIMH Bep-
IIMHAMH, €CJIU OH CYLIECTBYET. DTO CIELYET

OpPUEHTHPOBAHHOTO MIPOTPaMMHUPOBAHHUS
U3 METOJa TOWCKa B INUPUHY Ha rpade- .

o Delphi. IIpuBoastcs KOHKpETHbIE MPUMEPHI

pelieTke 1eneBoi BepiuHbl [7]. mest Bpe-
2 [IPOEKTUPOBAHUS MIIII.

MeHHYI0 cioxHocTh O(|V|), kak BHIHO U3
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C. @. YEPMOILUEHIIEB, A. C. ' AJIHMOB

Kazanckuii rocygapcTBeHHbIN TeXxHUYEeCKUd yHUBepcuTeT uM. A. H. Ty-

I10JICBA

MOJAEJIMPOBAHUE SJIEKTPOMAI'HUTHBIX ITPOIECCOB
B MEXKCOEIJUMHEHUSAX IUOPOBBIX IIEYATHBIX IIVIAT

Abstract. The design of the electromagnetic processes in the intercircuits printed circuits consid-
ered. Some methods of the analysis are comparing: the method of the normal waves in the time region,
the method of the normal waves in the frequency region, and also the results of the design on the pro-
gram complex analysis of the technical systems PA-9 are reduced.

MopenupoBanue 3JIEKTPOMArHUTHBIX
MPOIIECCOB B MEXCOEAMHEHUAX IU(PPOBHIX
MeYaTHBIX TIUIAT CTAHOBUTCS AaKTyaJIbHBIM,
KOTJla JAJTUTEeNbHOCTh (DPOHTA pacmpocTpa-
HSIOIIMXCA HMMITYJIbCOB B MEXCOCIUHEHUSIX
COCTaBIISiET JIONIM HAHOCEKYHJ, a DIeK-
TPUYECKHE JIJTUHBI MPOBOJHUKOB COU3MEPH-
MBI C JUTMHOM BOJIHBI cCUTHaa deMenTa. [lpu
STOM Ba)XHO OIpECIICHHE BPEMEHHBIX Xa-
PaKTEPUCTUK MEXKCOEAMHEHUN, TaKUX Kak
3a/Iep)KKa CUTHAIA, UCKAKEHHS, OTPAKECHMUS,
nepekpecTHele mMmomexu. Mx Heo0Xxoaumo
3HaTh HA ATale MPOEKTUPOBAHUS COBPEMEH-
HBIX OBICTPOJIEHCTBYIOMIMX LU(PPOBBIX Y3-
JIOB HAa OCHOBE NEYATHBIX IUIAT, B KOTOPBIX
CUTHaJIBl OT OJHOIO 3JEMEHTa K APYromy
pacrpoCTpaHsAIOTCS MO IIWHAM, W3TOTOBIIsIE-
MBIM B BHJI€ MHOTOIPOBOAHBIX JUHMM. [Ipo-
XOJ 1O JIMHHMH, CUTHAJIbl HCIBITHIBAIOT HC-
KOKCHHsI, KOTOpPhIE MOTYT yXy.IIIaTh Tapa-
METpBI OBICTPOJICHCTBYIOMMX IHU(PPOBHIX y3-
JIOB W TPUBOJUTH K TIOSBICHUIO JIOKHBIX
curHaioB. BelnencTBue mmpokoro 4acToTHO-
ro CHeKTpa IepeaaBaeMbIX CHUTHAJIOB, MEX-
COCIMHEHUS JIOJKHBI PAacCMaTpPUBATHCS Kak
JUTMHHBIC JIMHUH. DTO OOCTOSITENBCTBO CY-
HIECTBEHHO YCIIOXHSIET MPOBEJACHUE aHAIIU-
THYECKOTO pacyeTa C BBICOKOH CTEIEHBIO
TOYHOCTHU U BBI3BIBACT TPYAHOCTU MPU OIICH-
Ke (DOPMBI 3JIEKTPOMArHUTHBIX TPOIIECCOB B
MexcoeauHeHusx. [loaTomy Ooiee 1eneco-
00pa3HBIMH OKA3BIBAIOTCS YUCIICHHBIE METO-
JIBI aHAIU3a.

[{enbro maHHOM pabOTHI ABJISETCS UCCIIC-
JIOBAHUE 3JIEKTPOMArHUTHOW COBMECTUMOCTH
IM(POBBIX MEYATHBIX TUIAT CyOHAHOCEKYH]I-
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HOT'O JlMana3oHa M CPaBHUTEIbHOE MOJIEIH-
pPOBaHME DIIEKTPOMATHUTHBIX IPOLIECCOB B
NapajuleIbHO  PACIOJIOKEHHBIX MEXCOeIH-
HEHUSAX IEYaTHBIX IUIaT Pa3jIMYHbIMM METO-
JlaMHu.

Jns ynpouieHus aHainza OObIYHO IMpPH-
OeraloT K ONpPEJEICHHbIM NPUOIMKEHUSM
[1], xoTopble CHEIyIOT U3 OCOOCHHOCTEH
CTPYKTYpBI NI€YaTHOM IJIAThl U CYLIECTBEHHO
YIPOIIAIOT aHAIM3: MEKCOEIUHEHUs KyCOoY-
HO-OJIHOPOJHBI IO JJIMHE, B MEXKCOEIUHEHH-
AX pacnpocTpaHsroTcs KBasu-TEM-BOJIHBL U
MOBE/ICHNE JIMHUM MOYKHO OIUCaTh, HUCIONb-
3ysl apaMeTpbl TEOPUM LENEH, T.€. C IOMO-
IIbI0 MaTpPULl IOTOHHBIX HWHIYKTUBHOCTEH
[L], KO3(pPUIMEHTOB 3IEKTPOCTATUYECKON
uHAyKuuu [B], conporusnennii [R] u nmpoBo-
nuMoctelt [G], KkoTopeie OylneM CYUTaTh W3-
BECTHBIMU. OTH IapaMeTpbl MOTYT 3aBHCETh
OT 4acTOThI (Hampumep, U3-3a HAJINYMsI CKUH-
apdexTa WM AUAIEKTPHUYECKUX MOTEPh),
XOTS 4aCTO UX CUATAIOT IOCTOSTHHBIMH.

C yueroMm 3THX AONYIIEHUH MEKCOENU-
HEHUS NIEYaTHOM IJIaThl MOKHO OINCATh CHUC-
TeMol U depeHIaTbHBIX ypaBHEHHH B
YaCTHBIX NPOU3BOJHBIX BO BPEMEHHOH 00-
JacTH U CHUCTEMON OOBIKHOBEHHBIX Audde-
pPEHLMANBHBIX YPaBHEHUIl B YacCTOTHOM 00-
nacty. 11 MHOTOIPOBOAHOW CHUCTEMBI ¢ N
IPSIMBIMU TTapaAJUIEIbHBIMU IPOBOJHUKAMU U
OJIHUM OOIIMM 3eMJISTHBIM (OTIOPHBIM) CIIOEM
HaAIpPsDKEHUS U TOKU JIMHWM, COTJIACHO TEO-
pun nemneu, npu pacrpocrpaHeHnn TEM-
BOJIH CBSI3aHbl CIEAYIOUIMMHU TeserpapHbIMU
YPaBHEHUSIMHU:



(7)
(2)

rae [V(x,f)]- BEKTOp HANpsHKEHUN MEXTY
CUTHATBHBIMHA TIPOBOJIHUKAMH W 3eMJIeH Ha
paccTOSHUU X OT Hayaja JMHUA B MOMEHT
BpeMeHH ¢, a [I(x,f)]- BEKTOp TOKOB, IMpOTE-
KaOIIUX 0 MPOBOJHUKAM Ha PACCTOSHUU X
OT HavaJia JIMHAYA B MOMEHT BPEMCHH 1.

B wacTtoTHOI 005MacT 3TH ypaBHEHUs
npeoOpas3yroTcs K CIeAYIOUIeMYy BUIY:

AN p 0] jolz] )]

WO (o) e -1 N
A0l oy - (312 L)

ox ot

0 O<x<D
W 161 ) jalpl o] 0<x<D

rae o - yriosas uactorta, [V(x)] u [I(x)] -
BEKTOPHI KOMIUIEKCHBIX HANPSDKEHUH U KOM-
TUIEKCHBIX TOKOB JIMHUU, D - JJIMHA JIMHUU.
PaccMoTpeHHbIC BBINIE YpaBHEHUS MOXK-
HO PEIIUThH CIEIYIONIMMH METOJaMU: METO-
JIOM HOPMAJIBHBIX BOJIH BO BPEMEHHOU 00-
JacTH, METOJOM HOpPMaJbHBIX BOJH B Yac-
TOTHOW 00JIACTH, METOJIOM ITOIIArOBOTO TPO-
JBUKECHHSI BO BpEMEHH U JPYTHMH.

125,

Puc. 1

s monenvpoBaHus ObUTH pa3paboTaHbI
COOTBETCTBYIOIIME MPOTPaMMHBIE MOJIYJIH,
peanu3yrounme MeToJ HOPMalIbHBIX BOJH BO
BPEMEHHOW O00JaCTH, METOJ HOPMAaJbHBIX
BOJIH B YaCTOTHOM 00JaCTH, METOJ IOILIATO-
BOT'O MPOJIBUKEHHUSI BO BPEMEHH, C TIOMOIIIO
KOTOPBIX MOYKHO OIpPEAENATh OTKIMK Kak
OJIMHOYHBIX, TAK ¥ MHOTOIPOBOJHBIX MEX-
COEIMHEHUI MpHU Pa3IUYHBIX CIIOCO0aX MOJ-
KJIFOUCHUSI TEHEPATOPOB HAMPSIKEHUSI K KOH-
1aM JUHHH.
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B kauecTtBe nmpumepa paccmoTpum (par-
MEHT TI€YaTHOW IJIaThl C MSThIO CUTHAIIb-
HBIMH TTPOBOJHHMKAMH U 3€MJISTHBIM TUIOCKUM
HKpaHOM, IIONIEPEYHOE CEUEHUE KOTOPOro
CXeMaTUYeCKH MMOKazaHo Ha puc.l. Mexco-
€IMHEHUs] HE UMEIOT NOTEPh U BOJIHOBOE CO-
MPOTUBJICHHE JTUHUU cocTaBisieT S0 Om. 13-
BECTHBl MATpHUIIbl TOTOHHBIX HHIYKTUBHO-
creit [L] 1 moroHHBIX KO3()(PHUIIMEHTOB 3JIeK-
TPOCTAaTHUECKOW WHAYKUMU [B] pa3MmepHo-
cThio 5¢5. MogmenupoBaincsa ciiyyai, Korja
IIPOBOAHMKM ¢ HOMepamu 1, 2 4 u 5 sBns-
JIUCh aKTUBHBIMU, a MPOBOJIHHUK C HOMEPOM 3
ObUT maccUBHBIM. [Ipu 3TOM aKkTHBHBIE MPO-
BOJHUKH OBLIM Harpy»eHbl C OJIHOM cTOpo-
HBI TeHEpaTOpaMu HamnpspkeHus E(t) ¢ BHYT-
penum comnpotusieHue 50 Om, DJIC ko-
TOPBIX MMEIOT HayajlbHbIE JIMHEWHO Hapac-
TAIOLUE YYACTKH, IPOAOKEHHbIE MOCTOSH-
HbIM HanpspbkeHueMm. Takue DJIC anmpokcu-
MHUPYIOT TiepeHre (PpOHTHI UMITYJbcoB. Ha
JIPYTUX KOHIIAX TMPOBOIHHUKK OBLIH Harpy-
XKeHbl pesuctopamu 50 OM, T.e. IMHUM CUH-
TaJuCh COIJIaCOBaHHBIMU. Ha maccuBHBIM
IIPOBOJHMK HAIpPSDKEHHE HE M0JaBajloch, U
OH TakK e ObUI Harpy>xeH ¢ 00OHMX KOHIIOB
conpotuBieHus M 50 Om.

PesynpTaT MoOmEnMpoBaHUS  METOAOM
MIPOJIBIKEHHSI BO BPEMEHHU TPEJCTABIEH Ha
puc.2. Ilpu »ToM Bpems mepeaHero QppoHTa
curHazia coctasisiio 0.2 HC, aMIUIUTYJa CUT-
Hana 1 B, uaTepBan MoneanpoBaHus Mo Bpe-
MEHH 3 HC, JUIMHA MEXKCOCOUHECHUN Oblia
paBHa 15 cm.

MonenupoBanue NpoBOJNUIOCH IPU YHC-
ne T-oOpa3HbIX 3BeHbEB paBHOM 54, Bpe-
MeHHou mmar cocraBisi Ar=0.1 mc. Bpewms
MOJICTTUPOBAHUSI HA KOMIIBIOTEpE C MpoIlec-
copom Pentium I1-300 cocraBmio 92.8 c. Ha
puc.2a noka3ana ¢popMa HanpsLKEHUM Ha re-
HEpPATOPHOM M HAarpy304HOM KOHIlA aKTHB-
HbIX TIpoBOHUKOB Nel, 2. 4 u 5, a Ha puc.26
(dopma mepexpecTHON OMEeXH Ha TAaCCHBHOM
npoBoanuke Ne3. Ha ocummmorpammax 3a-
METHBI OCHWUISLMM OTKJIMKA, 4acTOTa KoJje-
0aHMN KOTOPBIX MPAMO MPOMOPLIHUOHAIBHA
KOJIMYECTBY 3BEHBEB MOJIEIIH.

OTOT K€ MpUMep MOJEIHUPOBAICS METO-
JIOM HOPMaJbHBIX BOJH BO BPEMEHHOH 00-
JACTH MPHU YacTOTe TUCKPETH3AIMH IO Bpe-



MeHu ¢ marom 0.6 mc. IIpu 3TOoM HEe OBLIO
HUKAKUX IMMapasUTHBIX OCLII/IHHSH_[I/Iﬁ OTKJIMKa
auHUM. BpeMs MopaenupoBaHUs COCTAaBHIIO
7 c.
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[Ipn MomenupoBaHUM METOJIOM HOP-
MaJIbHBIX BOJH B YaCTOTHOH 001acTu OBLIO
UCIIOJIb30BAaHO 512 OTCYETOB BO BPEMEHHOM
o0JacTy, B3ATHIX C YACTOTOM AMCKPETU3ALUU
128 I'T'u. Bpemst MopenupoBaHusi COCTaBUIIO
31.9 c. B oTkimke HaOIOAATUCH HEOOIBIIIHE
OCHMJUISIIIMM, KOTOPBIE CBA3AHBI C KOHEYHO-
CTBIO JTUCKPETH3AIMKM TI0 YaCcTOTaM B aJro-
puT™Me ObicTporo npeodpazoBanus Oypee.

JlJis aHanmm3a B KOMIUIEKCE MaTeMaThde-
CKOTO MOJICTTMPOBAHUS TEXHUYECKUX CHCTEM
ITA-9 6puTH cOCTaBIEHBI COOTBETCTBYIOIIHE
monenu LC-tuna. C mOMOIIbIO HUX MOJIEH-
pOBaJICS JaHHBIN MPUMEP U OBUTH TTOJTyYCHBI
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aHAJIOTUYHbIE pPE3yJbTaThl, KaK U B Cllydae
MeTo/a NPOABUKEHUS BO BPEMEHHU.

C momolpl0 pealin30BaHHbIX METOJI0B
OBUT MPOBECH aHAU3 3aBUCUMOCTU aMILIH-
TyAbl IEPEKPECTHON OMEXH OT JIJIMHBI MEX-
COCIMHEHUN  JJisI PACCMOTPEHHOIO BBIIIE
npumepa. [Ipu stom anuHa MexXcoeaUHEHUS
u3MeHsuiach ot 5 cm 110 80 cm, Bpems ppoHTa
curHana coctasisiizo 0.2 HC, a Bce ocTaJbHBIE
napaMeTpbl  OCTaBAJIUCh  HEU3MEHHBIMHU.
I'padmk 3aBUCUMOCTH aMIUTHTYJ TIEPEKPECT-
HOM TMOMEXH OT [UIMHBI MEXCOEAMHEHUS
npuBeneH Ha puc.3. Kak moxxHo Habm0naTh,
NepeKpecTHass IoMeXa Ha TeHepaTOPHOM
KOHII€ MMAaCCHUBHOTO IPOBOJHUKA HMEET IIO-
JIO)KUTENIbHOE 3HAYeHHEe M HE 3aBUCUT OT
JUTMHBI MEeKcoequHeHus1. B 1o ke Bpems 1e-
pEKpecTHas oMexa Ha Harpy304HOM KOHIIE
MAaCCUBHOTO  TMPOBOJAHMKA HMEET OTpH-
[aTeJIbHOE 3HAYEHHUE U CHIIBHO BO3PACTaeT C
YBEIIMYEHUEM JUTHHBI MEKCOCAUHEHUSI.

UB A
0.1

0
-0.1

80|

\&N‘

Puc.3

Tax >xe ObLI IpOBENEH aHAU3 3aBHUCHU-
MOCTH  aMIUTUTY/bl MEPEKPECTHON MOMEXHU
OT JUIMTENBHOCTU (PpOHTA UMITYJIbCA TEepea-
Bae€MOro 1o JuHuUU. B 3TOoM ciyuae aynmHa
MeXCOeUHEHMsI cocTaBisia 20 cM, a BpeMs
nepenHero QpoHra ty, U3MEHANIOCh OT 2 HC
10 0.05 He. Bee ocranbHble mapaMeTpsl oc-
TaBINCh NpexXHUMU. ['paduk 3aBUcUMOCTH
aMIUTUTYbl TIEPEKPECTHOW MOMEXH OT JUIu-
TEJIBHOCTU ()POHTA MMITYJILCOB IPEJICTABICH



Ha puc.4. MOXXHO 3aMETUTh, YTO HaIpsiKe-
HUE TIEPEKPECTHOM MOMEXH Ha TEeHEepaTop-
HOM KOHIIE TTaCCHMBHOI'O IMPOBOJHHMKA HE 3a-
BUCHUT OT U3MEHEHUS (POHTA UMITYJIbCA, B TO
BpeMs KaK Ha Harpy304HOM KOHIIE OHO YyBe-

JINYUBACTCA C yMeHBH_IeHI/IeM BpeMeHI/I
¢dbpoHTa curHana.
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Jlj1g cpaBHEHUS BBIYMCIUTEIbHBIX 3aTPaT
KaXJI0r0 M3 METOJIOB MpHBeieHa Tabuuna 1,
B KOTOpOH JaHbl 3HAUYEHUS BPEMEHU MOje-
aupoanus Ha OBM c mponeccopom Pentium
IT - 300 mnsa xaxxaoro u3 metoaoB (rpada 1 -
METOJ HOPMaJIbHBIX BOJIH BO BPEMEHHOM 00-
JacTH, 2 - METOJl HOPMAJIbHBIX BOJIH B yac-
TOTHOW 007acTH, 3 - METOJ NPOJIBUKEHUS BO
BpemeHH, 4 - moaenupoBanue B [IA-9) npu
YBEJIMUYEHUE JJIUHBI MEKCOECIUHEHUHN.

CpaBHHBasi METOJABl aHAINU3a DSJIEKTPO-
MarHMTHBIX IPOLECCOB B MEXCOECIUHEHUSIX
NEYaTHBIX IJIaT, MOXKHO CAENAaTh CIEAYIOIINe
BbIBOZIBI: 1) HauOosiee TOUHBIM M MEHee 3a-
TPaTHBIM 10 BPEMEHM SIBJISIETCS METOJ HOp-
MaJIbHBIX BOJIH BO BPEMEHHOW 00JacTH, Kak
HE Jaloluil HHUKAaKUX [apa3uTHBIX OCLUII-
asauuil. OHAaKO OH HE NPUMEHHUM K JIMHMSAM
nepesayy ¢ MOTEPSIMU, YTO SIBHO CY’KaeT 00-
JacTh €ro NPUMEHEHUs; 2) IpU aHaJIu3e JIU-
HUM [Iepesiayl ¢ MOTepsMU (B MPOBOAHMKAX
U JUIJIEKTPUKAX) M YaCTOTHO-3aBUCHUMBIMU
napamMeTpamMH  11eJIeCOO0pa3HbIM  SIBJISETCS
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IPUMEHEHHE METO/Ja HOPMAJbHBIX BOJIH B
4yacToTHOW obsactu. OHAKO MPU 3TOM HANO0
YUUTBIBAaTh, YTO HAa KOHIAX JIMHUA JOJDKHA
ObITh Harpy’XeHa TOJIbKO JMHEHHBIMU U HH-
BapUaHTHBIMH BO BPEMEHU LENsAMU; 3) NpHU
MOJEIUPOBAHUM  JUMHUM C  YacTOTHO-
HE3aBUCHMBIMM  [apaMeTpaMu  HauOoiee
MOAXOJALIMM METOJOM, MO3BOJISIOLIMM aHa-
JU3UPOBATh MEXKCOEIMHEHUs C NOTEPSIMU U
0e3 moTepp, C HEIMHEWHBIMH U IPOU3-
BOJIbHBIMU Harpy3kaMu, B peajlbHOM Mac-
mrabe BpPEeMEHHU SIBJISAETCS METOJ IOIIaro-
BOT'O IIPOJIBUKEHUS BO BPEMEHH, XOTS € TOU-
KA 3peHust OBICTPOAEHCTBHS OH YCTYINaeT
METOJIaM HOPMAJIbHBIX BOJIH; 4) aHaJINU3 B
KOMILJIEKCE MaTeMaTH4eCKOro MOJIeJINpOBa-
HUS TexHuueckux cucreM IIA-9 Tpebyer
HauOOJBIIMX 3aTpaT MO BpeMeHUu. B Toxe
BpEMsl, C TIOMOIIbIO 3TOM CUCTEMBI UMEETCS
BO3MOYKHOCTh MOJICJIMPOBAHUS CUTYaIMi C
HEINOCPEACTBEHHBIM TOAKIIOYEHUEM K KOH-
[[aM MEXCOEIUHEHUH JIOTMYECKUX 3JIEMEH-
TOB; 5) MOIPEUIHOCTh MOJAEIUPOBAHUS 3JIEK-
TPOMarHUTHBIX MPOLECCOB PACCMOTPEHHBIMU
MeTo/iaMu cocTaBisieT £3%.

Tabmnuma 1

Hmana Bpewms moaenupoBaHus, cek

MEKCO-

mow | 1| 2 3 4
5 2.69 12.11 33.12 7.9
10 4.83 21.74 62.94 30.9
15 7.09 31.90 92.77 53
20 9.83 44.24 122.59 85.1
25 11.70 | 52.65 152.52 129.9
30 14.77 | 66.47 182.41 185.3
35 17.30 | 77.85 209.05 248.1
40 19.78 | 89.01 241.78 316.6
45 22.24 | 100.08 271.66 408.1
50 23.56 | 106.02 298.25 495.5
55 27.07 | 121.82 331.42 608.9
60 29.55 | 132.98 361.47 698.9
65 32.08 | 144.36 391.24 788.6
70 34,55 | 155.48 421.11 903.6
75 3548 | 159.66 453.09 971.6
80 39.49 | 177.71 482.96 1146.6
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ToMckuli TrOCyJapCTBEHHBIM YHUBEPCUTET CHUCTEM YIIPABICHUA U
PaaMOIIEKTPOHUKHI

MOJEJHWPOBAHHUE HPAMBIX NEPEKPECTHBIX INOMEX
B JV/IMHHOU MHOTI'OITPOBO/THOU MUKPOITIOJIOCKOBOM JIMHUU
C IIOKPBIBAIOIIUM JUDJIEKTPUYECKHUM CJIOEM

Abstract — Forward crosstalk waveforms on the second, on the third and on the fourth conductors
from the first conductor are investigated for the case of matched coupled microstrip lines with covering
dielectric layer in dependence on thickness of the layer and on length of the lines. It is shown that for-
ward crosstalk magnitude on the third and the fourth conductors can exceed the one on the second con-
ductor and can increase with length of lines up to 50% of magnitude of signal in active line.

[IpoGnema B3aUMHBIX SIEKTPOMArHUT- JUYHBIX CTPYKTypax U3 OTPE3KOB JIBYX CBS-
HBIX HaBOJOK (MEpPEKPECTHBIX IOMEX) B CO- 3aHHBIX JIMHUN C JABYXCJIOWHBIM JU3JIEKTPU-
CAMHUTEIBHBIX JMHUSX almaparypbl, Mpea- KOM ObUIM TOJIPOOHO pPaccMOTpPEHBI B pado-
CTaBJISIFOIIMX COOOM, B OOIIeM cirydae, MHO- Tax [1,2].

TOMPOBOJHBIE JIUHUM Tepesayd, OCOOEHHO Llenp naHHOW paboOThI — HCCIIENOBATh
obocTpuiach € POCTOM OBICTPOACHCTBHS IpsIMBIE TIEPEKPECTHBIE IIOMEXU B MHOIO-
3JIEMEHTHOI 0a3bl M IJIOTHOCTH MOHTa)a IIPOBOJAHOM JIMHUM Tepefadyn B 3aBUCUMOCTH
ANIEKTPOHHOM ammapatrypbl. OOBIYHO pac- OT €€ IapaMeTpoB.

CMaTpPUBAIOTCS TOJBKO JBE CBS3AHHBIC JIH- OObekTOM  Hcclie[loBaHMS ~ BbIOpaHa
HUH, NIOCKOJIbKY BJIUSIHHE OT MEPBOM JMHHUU oOblyHasgs MuKporosiockoBas nunus (MILD),
Ha BTOPYIO MOJIAraioT MPEeBAIUPYIOIIUM, a MIOCKOJIbKY OHa SIBJISIETCSI OJHOM M3 CaMbIX
BIIMSIHUE OT NEPBOM JIMHUU HA OCTAJIbHBIC — pacnpoCTpaHEHHBIX COEIUHUTEIbHBIX JIHU-
NpEeHeOpEeKMMO MallbIM, HampuMmep, Koraa HUH, 1 B HEH BO3MOXHA KOMIEHCAlUs Mpsi-
TUTAHAPHBIC JIMHUHM PACIOJIOKEHBI OJIIKe K MOI TNEPEKPECTHON NMOMEXH MOKPBIBAIOIINM
00111eH TIII0OCKOCTH, YeM JAPYT K APYTY. IvdIeKTpudeckuM cioem [2]. C momorisio

Mexny Tem, 11 MHOTOIPOBOJHBIX JIH- MeTo/la MOMEHTOB [3] OBUTM BBIYUCICHBI
HUW C IBYXCJIOWHBIM JTUAJIEKTPUKOM (TpETHi MaTPUIbl TTOTOHHBIX KOA()(PHUITMEHTOB 3JIEK-
CJIOM — BHEUIHSAS Cpe/a) Takoe JOIMyIIeHUEe Tpocratnueckoil [C] M 2IEKTPOMarHUTHOMN
MOYKET OKa3aTbCi HEKOPPEKTHBIM, HAIPHU- [L] maaykmun geTeip€x cBsizanHbix MITJI ¢
Mep, B ClyyasX TMOJHONW WIA YacTUYHOU MOKPBIBAIOIUM  JTUIIEKTPUYECKUM  CIIOEM
KOMITCHCAIIMK TPSIMON MEePEKPECTHON MoMe- (Puc.1). Tommuuaa T u mupuna W JTuHUH,
x# (T.e. HA JajJbHEM KOHIIE) BTOPOW JIMHHH. paccTosiHUE MEXAY JUHUSAMHU S, PaCCTOSTHUE
B03MOXXHOCTM Takoil KOMIEHCAaluu B pas- OT JIMHUU 10 Kpasi CTpyKTypsl D n TonmuHa
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Tabmwnia 1.
dopma HanpsHKeHMs IPSIMOIT epeKpECTHON TToMeXH Ha BTopoit (2), TpeTbeit (3) u 4eTBEPTOIt (4) TMHUAX MPH CHT-
Hasle aMIIuTy10i 1B ¢ nnHeliHo HapacTaronmM GponToM 0,1HC B Havae NepBOi JIMHUH ISl CTPYKTYPHI C TOTIe-
peuHbIM ceueHneM u3 puc.l mmHoi 0,2M npy pa3nuyHbIX 3HaueHus1X Hy,/W (cBepXy BHH3 1O Mepe BO3pacTaHHMs).

Hd2/ W Hdzl

Hao/ W
0.3 1 V(t), B -nn 0.3 1 V(t), B \AI=N 2 037 V(t).B nea “

1
110 15 1|o 15 ° S
J ] t, HC
t, HC t, HC 0,3 -
-0,3 - -0,3 -
i Heol W . Haol W -
0371 w8 a2 037 v B e 031 v, B o W
0 VAN 0

i t, HC t, He . t, He
0,34 0,3 - 0,34

- Hao/ W -
0371 wv@,B can 2 0371 vi).B oo HelW 034 Vi, _ _ HaW

0 T —R T T 0 T T ‘.é %— 0 T T T T
1[0 E 1,5 110 1,5 110 v\\7l1/5
t, HC t, HC l t, HC
-0,3 - -0,3 - 0,3 -
- Hao/ W -
0,3 V(t), B na d2/ 0,3 V(t), B n Hdz/W 0,3 4 V(t), _B,) . HdZNV

t, HC t, HC
-0,3 - -0,3 - -0,3 4
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Tabnuma 2.

[IpsiMbIe TepeKpECTHRIE TOMEXH B 3aBUCUMOCTH OT JUTHHBI JITHUH L ¢ monepedHsIM cedeHneM u3 puc. 1.

V2, B Hd2/W=0,0 05+ V2,B Hd2/W=0,4
0 T T T T T T 1
o_H : -
10,1 ]
J L=1
L§0,1
1) __._,_n.,_q_l;_p_rﬂ_,_ﬂ_,_ﬂ,_ﬂ_ﬂ_,_,
05 t, He L=l O t, He .
V3,B
0 ] T T T T T T 1
| =0,1
FTTTTT :
L=1
-0,3 - t, HC 0,5 - t, HC
0,3 1 V4, B V4, B
_ 0 -
] L=l Fo,1 L A U ﬂ ” “
0l5 7
A L=1
L$0,1 A n 1
- ' ' ' v T T T 1 L} o
ANLLL 7
-0,2 - t, HC -0,5 - t, HC
0,5 - V2muk, B Hd2/W=1.9 0,5 1 V3muk, B 0,5 1 V4muk, B
T 0,7 b
J 0,5 E Hd2/W=0,2
0,4 Hd2/W=1,9
i 0,0
0,7
0 T T T T T T T T T
1 2 3 4 5
0,7
T S
\ 0,0
0,2
0,5
-0.5 L, M 04 -0,5 - LM
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nmomiaoxxku Hg; TakoBel, yto T/W=0,01;
D/W=1; S/'W=1; Hq1/W=0,5. OtHOCHUTEIbHA
JUDJICKTPUYECKasl TPOHHUIIAEMOCTh TIOJIIOXK-
KU €1=3, MOKPBIBAIOILEIO CJIOS €7=5, a €ro
oTHOcHUTeNbHas Tonmmuaa Hyp/W=0:0,1...2.

1 2 3 4
81"2| | [ | [ | [ |I_Idz
€] Hq

Puc.1. [lonepeunoe ceueHne uccienyemon
CTPYKTYDBI.

Jis  mMonenupoBaHus (OPMBI  MPSMBIX
NEPEeKPECTHBIX MOMEX HCIOIb30BAINUCH MPO-
CThIC aHAJUTHYECKHUE (OPMYIIBI, IMOIYUYCH-
Hble B [4] mas nuHUE 0€3 MoTeph U AUCIEp-
CUHU, C HYJIEBBIMU HArpy3kaMud B Hayajie U
coriacoBaHHBIX Ha KoHIe. K Hauamy mepBoii
JIMHUM TIOAKJIFOUYEH TE€HEPATop 3.1.C., JIUHEH-
HO Hapactaronied 3a 0,1HC 10 MOCTOSITHHOTO
ypoBHs 1B. B Tabn.l mpuBeneHs! pesyibra-
Thl MOJEIUPOBAHUS (OPMBI HAMPSIKEHUS
IIPSIMOM IIEPEKPECTHOM IMOMEXU Ha BTOPOU
(2), Tpetbeit (3) u yeTBEPTOU (4) TUHUSIX MIPU
ux anune L=20 cm ams pa3nuyHbIX 3HaAYCHUN
Ha/W (cBepxy BHU3 110 Mepe BO3pacTaHus).

KauectBennslii ananus3 (Gopmbl mpsiMoit
NepeKpECTHOM MOMEXU Ha KOHKPETHOW JH-
HUM CJIENaTh JOBOJIBHO CIIOKHO, ITOCKOJIBKY
OHA SIBJISIETCS CYNEPHO3UINEN YEThIPEX MO,
KaXJasi U3 KOTOPBIX pPACIPOCTpaHsIETCS CO
CBOEH CKOpoCThO. OJHAKO U3 pe3ysIbTaTOB
MOJIEJIMPOBAHUS MOYKHO CJEJIaTh CIEAYIOIINE
BBIBO/IBI.

1.  IlukoBble  3HaueHuss  OPSIMOH
MEePEeKpPECTHOM TMOMEXH Ha JUHUSAX 3 u 4
MOTYT OBITh OJTHOTO IMOPSAKAa U MOTYT OBITH
Oospiie, 4yeM Ha JUHUM 2 (B Ciydae
KOMIIEHCALIUU IPsIMOI NEPEKPECTHOU
noMexu @apyxaypa ) IpSMON  TIEpeKpECTHON
MOMEXH Ha JIMHHUH 3 OTMpeJesieTcs, OOIbIIei
YacTblO, BIUSHUEM OT JIMHUU 1, MPOSBIISIO-
IeMCsl B BUJIE OJHOIOJISIPHOTO MMITYJIbCA, U
BIIMSIHUEM HMITYJIbCA TMEPEKPECTHON TTOMEXHU
B JIMHUU 2, POSIBIISIFOIIEMCS B BUJE ABYXIIO-
JspHOrO MMMyibca. [Ipuuém Bkiag Kaxxaoro
U3 THX BIUSHUNA MOXET OBbITh KaK MpEeBaH-
PYIOIIUM, TaK U HYJICBBIM.

3. Ilonnas kommneHcanus (Wi HEOOb-
masi IepeKOMITCHCAIINSI) TPSIMOM TePEeKPECT-
HOM TOMEXH Ha JMHUU 2 MHUHUMHU3HPYET
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MPSAMYIO MIEPEKPECTHYIO IOMEXY HA JIMHUAX 3
u4.

[lockonbKy peajibHasi JIMHA JIMHUA MO-
JKET U3MEHSTHCA B JIOBOJIBHO IIMPOKOM JHa-
Ma30HE, IMOJIE3HO HMCCIEN0BAaTh 3aBUCHUMOCTD
MPSIMBIX TMEPEKPECTHBIX TOMEX OT JJIMHBI
JIMHUMU.

B Tab6:n1.2 npuBeneHsl pe3ysbTaThl MOJIE-
JUpOBaHUs (POPMBI HANPSHKEHUS MPSAMOIL Tie-
pekpécTHOM nmomexu Ha BTopoi (V2), TpeTsb-
eit (V3) u geréproii (V4) NIuHUAX, TIpU U3-
MeHeHuu JyHbl duann L=0,1;0,2...1 m (1o-
Ka3aHbl BMeECTe) JUIsi JBYX 3HAUYCHUU
Hyp/W=0,0;0,4 (B AByX BEpXHHUX SYCHKax,
COOTBETCTBEHHO). B HMKHEH sueiike mpuse-
JIEHbI 3aBUCUMOCTH NMUKOBBIX 3HaY€HUM (I10-
JIO)KUTEIBHBIX M OTPHUIATEIBHBIX) MPSMBIX
nepekpéctHeix nomex (V2muk, V3nuk,
V4nuk) ot mnunbl quaun 1=0,1;0,2...5 M,
npu pa3IUYHBIX 3HAUYECHMSIX
Hg»/W=0,0;0,2;0,4;0,5;0,7;1,9. W3 anammsa
Ta0J1.2 MOXKHO CAENATh CIIEAYIOIINE BEIBOIBI.

1. Ilpu yBenu4eHWM JIMHBI JUHUU IIH-
KOBBIE 3HAYEHUs MNPSIMOM INEPEKPECTHOU
MOMEXH Ha JIMHUAX 2, 3 U 4 yBEIMYUBAIOTCA
JI0 MaKCHMalbHO BO3MOXXHBIX 3Ha4eHHH (U
JabIle HE PACTYT), MPUYEM OTU 3HAYCHUSA
oaHoro nopsiaka u gocrturatot 50% ypoBHA
auHuu 1.

2. Ilpu npubImXeHUH K TOYKE KOMIICH-
callud IpsIMOM TNEpPEeKpPECTHOM IIOMEXHM Ha
JUHUU 2 YMEHBIIAeTCs MAaKCHUMAaJIbHO BO3-
MOXHO€ THMKOBOE 3HA4YEHUE MPSIMOU Tepe-
KpECTHOM NTOMEXU Ha 3TOM JIMHUH.

3. MakcuMaiabHO BO3MOXHOE IHUKOBOE
3HAUYEHHE NPSAMOU MEPEKPECTHON MOMEXHU Ha
JIMHAU 3 MOJKET OBITHL OOJIbIE, YeM Ha JIH-
HUU 2.

B 3akmtouenne, momuepkHEM emE pas,
YTO MPEACTABICHHBIE PE3YIbTAThl MOJIYUYEHBI
B TIPE/TIOJIOKEHUH JTUHUI 0€3 MOTeph U JHC-
MEPCUH, C HYJIEBBIMU HArpy3Kamu B Ha4yayle U
COIJIACOBAaHHBIX Ha KoHIE. Takum oOpaszom,
IpU  MOJIETUPOBAHUU YUWUTHIBAETCA BKJIaj
TOJIBKO TAJAIOIUX BOJH KaXXIOW M3 MOJ B
JIMHUAX, YTO JIOBOJBHO CJIOKHO TOYHO MpO-
BEPUTH IKCIIEPUMEHTAJILHO, ITOCKOJIBKY pac-
COrjJacoBaHUE MOJ HPUBEAET K UX OTpaxKe-
HUSIM TOW WJIM UHOM MOJSPHOCTH, YTO MOMKET
CHJIBHO M3MEHUTh (OpMYy M BEIUYHHY Mpsi-



MBIX MEPEKPECTHHIX MOMEX Ha Pa3HBIX JUHH- IOTCS YK€ TOJBKO 3a CYET Pa3HOCTU CKOPO-

sX. bosee TO4YHOE MOJETUMPOBAHHE U €rO CTEH pa3IMYHBIX MOJ U UX aMIUIUTYJ, TOrJa
JKCIIEpUMEHTaJbHasl IpoBepKa OyAyT BHI- KAaK HaJu4HMe OTPaKeHHI MOYKET IMPUBECTU K
MOJHEHB! B JanbHelmeM. TeM He MeHee, 3HAYUTEIBHOMY POCTY 3HAYCHHIA.

BAXXHO, 4YTO IIOJYYCHHBLIC 3HAYCHH I10JIyda-
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Kazanckuii rocygapcTBeHHbIN TexHUYeCKUd yHUBepcuTeT uM. A. H. Ty-
noJsieBa

AHAJIN3 BOCIIPUMMYNBOCTHU HIU®POBBIX SJIEMEHTOB
JJIEKTPOHHBIX CPEJICTB K JIEKTPOCTATHYECKOMY PA3PANY

Abstract. In this work present the results of analysis of a susceptibility of digital elements of printed-circuit-
boards of electronic devices to the electrostatic discharge with using mathematical and software simulation. Possible
mechanisms of origin and influence of a static electricity, consequence of this influence are determined and some
measurers for protection of electronic devices are offered.

AHanu3  BO3JEHCTBUS  CTATHYECKOIO BOCIPOM3BOAMMOCTh PE3YyJIbTATOB MCIIbITA-
anekTpudectBa (CD) sBAsETCS OQHOU U3 OC- HUH; 2) UMUTATOP COAEPKHUT BBHICOKOBOJIBT-
HOBHBIX YacTel Jit000il JesTeNnbHOCTH B 00- HBI{ MCTOYHUK HANpsDKEHUs, 4TO TpedyeT
JIACTH M3TOTOBJICHUS, MOHTa)Ka, YCTAHOBKH U NPUHATUS CHEIHMAIBHBIX MEp IO 3almTe; 3)
o0ciy>KuBaHus 31€KTpOHHBIX cpenctB (DC). CYIIIECTBEHHBIE MaTepHajbHble M (hUHAHCO-
Hampumep, snexkTpoHHash TPOMBIIUIEHHOCTb BbI€ 3aTpaThl HA MPOBEJCHHUE UCIIBITAHUN; 4)
CHIA exerogno tepsier ot 10% mo 18% CIOXHO Ha 9Ttane npoektupoBanus IC
NPOAYKIMH B pe3yibTaTe moBpexaeHus CO, MpeJicKa3aTh MOoCienCTBUS Bo3aeiicTeus CO.
a 3atpartbl Ha peMOHT OC U UX JONOJIHU- VYuurbiBas JaHHbIE HEAOCTAaTKU U aKTy-
TeIbHOE OOCIIyXKHBaHHE COCTABISIOT OKOJIO aIIbHOCTh MPOOJEMBI, B HacCTOsIIEH pabote
10 mapa. gonmapos [1]. MpeJiaraeTcsi MPOBOAUTh aHANIU3 HEMOCPE/I-

Pemenne npo6iembr CO MHOTHE aBTOPBI CTBEHHOT'O M KOCBEHHOTO BJIMSIHHS pa3psia
[2, 3] BUAAT B NpPUMEHEHUH JUIsl aHalIM3a CD nHa mudpoBbIe 3J€MEHTHI TIEYaTHBIX TIAT
BIUsHUS paspsga CO cnenuanbHbIX UMHUTa- OC myTeM MOAENUPOBAHUS C TIOMOIIBIO MPO-
topoB. Ha npakTuke sta npobieMa 4acTUIHO rpaMmmMHo-MeToaudeckoro komrmiekca (ITIMK)
TaK U peulaercsi, yCTOMUUBOCTh K 3JIEKTPO- ITA7 (ITA9) u COOTBETCTBYIOIIMX KOMIIO-
CTaTHUUYECKOMY pas3psily MpOBEPSAETCS C IMpHU- HEHTHBIX MOJIEJIEH.

MEHEHHEM HMUTATOPOB, HO IMPaKTUKa MOKa- Bri3biBaromye  omacHble  BO3JEHCTBUS
3aJ1a HECKOJIBKO CYIIIECTBEHHBIX HEIOCTATKOB 3apsaasl CO MOryT BO3HHKATh pa3iMYHBIMU
TaKoro mnojaxozaa: 1) paspsl B BO3IYIIHOM nyTsiMu. OIHaKO MpU U3TOTOBJIEHUH U MPH-
cpele HecTaOWIIeH, M3 - 32 Yero CHUXKAETCS mMeHeHuu JC U npubOpOB CYIIECTBEHHBI JBa
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MeXaHU3Ma NOJSPU3aLUM: 32 CYET TPEHUS U
uHayKuud. CO MOXET HaXOAWTHCS B JABYX
COCTOSIHUAX: JIMOO B BHUAE HENOJBH)KHOTO
CKOIUICHUS 3aps0B, 1100 B BUAEe Toka. [Ipo-
0JieMbl BO3HHUKAIOT TpH OBICTPOM paspsjie
MEXy 3apsUKEHHBIMM TEJIaMU, BO BpEMS KO-
TOPOTrO MOSABISIOTCS UMITYJIbCBI TOKa C Bpe-
MEHEM HapacTaHus B HAHOCEKYHIHOM WIH
CyOHaHOCEKYH/JHOM Juara3one [3].

IlepBbIii, U3 Haubosee BEPOSTHHIX, Me-
XaHU3MOB BiMsiHMS paspsna CO, 3Tto koraa
3apsHDKEHHOE TeNo pas3psKaeTcss Ha BBIBOJBI,
KOPILyC MHTETPAJIbHOM CXEMBbl WM Ha MEX-
COEJIMHEHUS B MEYaTHOH IjaTe, 4TO MOMKET
UMETh MECTO IpU OOCITYKUBAHUU, U3TOTOB-
JIEHUHU, WCIBITAaHUSX, INPOBEPKU U PEMOHTE
OC. Hckpa npu 3ToM 00J1aJJa€T CHIBHBIMU
HeJIMHeHHbIMU cBoWcTBaMH. DopMa KpUBBIX
TOKa, a 0COOCHHO (PPOHT UMITYJIbCa UMEIOT
OUYeHb CJIOKHBIM BuA. B 3TOM ciyuyae BO3-
MOYKHO TPH BapHaHTa MOBEICHHUS HHU(POBOTO
3JieMeHTa: 1) MoTeHIran UCTOYHUKA pa3psaia
OTHOCHUTEIIFHO HHM3KHH M TpU 3TOM (yHK-
IMIOHUPOBAHME 3JIEMEHTa He Hapyllaercs; 2)
HaIpsDKEHUE pa3psDKAIoOLIerocsl Tejaa Haxo-
JUTCS B ONPEJEICHHOM JlMana3oHe, HauuHas
CO 3HAUEHUS HIDKHEH TpaHUIbl KOTOPOIo
IPOMCXOIUT JIOXKHOE cpabareiBaHue LUppo-
BOT'O JIEMEHTA; 3) HaIpPsDKEHHWE HCTOYHUKA
paspsga 0OoJjblle HEKOTOPOH KpPUTHUYECKOMH
BEJIMYUHBI, ONpeaessieMol KpuBoi byHia —
benna, npu xoTopom yke HE0OXOAUM aHa-
JU3 Ha TPeIMeT TMOBPEXACHUs IH(poBOro
3JIEMEHTA.

Btopoil MexaHHW3M BO3IECHCTBUSA — 3TO
KOCBEHHOE BIIMSIHME, OOYCIIOBJIEHHOE Mapa-
3UTHBIM B3alMOJICHCTBUEM MEX]y KOHTypa-
MH YCTpOWCTBAa M KOHTypaMH, oOpa3oBaH-
HBIMU TIpH paspsaaax CO. B nanHoM ciyuae,
TEJIO C HEKOTOPBIM 3JIEKTPUYECKUM 3apsaoM
paspsbkaerca Ha kopryc OC wid Ha Jr00oe
JpyToe Telo.

[IpakTruecKuil ONBIT MOATBEPKAAET, UTO
10 HACTOSILEMY BaXXHBIM NapaMeTpOM SBIIs-
ercs TOK paspsaga. B mpuOnmkeHuu ImyTh
TOKa BJIOJIb KOPITyCa MOXET ObITh yHOA00JIeH
OECKOHEYHO JJIMHHOMY TNpoBOAHMKY. He-
CMOTpsl Ha TpyOyI0 OLIEHKY, 3Ta MOJIENb J1aeT
pe3ysbTaThl, JOCTAaTOYHO XOPOIIO COIJjia-
CYIOIIMECS] C M3MEPEHUSMHU BHYTpPU KOpILy-

151

coB OC ¢ MOMOIIBI0O MUHUATIOPHBIX 30H]IOB
[1].

[Tpu sTOM uepe3 KOHTYp, 0Opa30BaHHBIN
MpU pazpsiie, MPOXOJUT UMITYJIbC TOKA, KO-
TOPBIM CO37a€T MEPEMEHHOE MarHUTHOE I0-
ne. B xoutype, Haxonsmemcs BHyTpu IC,
Bo3HHKaeT DJIC, mponopuuoHagbHas CKOPO-
CTH M3MEHEHMsI MarHuTHOro mnoroka @ wu,
CJIE0OBATENbHO, TOKa 1, CO3/AOIIEro 3TOT
MOTOK:

_do i

dt dt
rie M - B3auMHas MHIYKTUBHOCTb KOHTY-
POB, 3aBUCUT OT KOH(UIYypallMi U pa3MepoB
KOHTYPOB.

B kxoHType, HaxondmeMcs BHYTpU IIpH-
0opa U yJaleHHbIM OT IPOBOJHUKA C TOKOM
paspsanga i Ha cpenHee paccrostHue d, MHIY-
LUPYETCs HANPSDKEHUE:

5
U = =
2r d
rre a u | - 1MHa W mMpHHAa KOHTYpa COOT-
BETCTBEHHO; [y - KOA(P(UIMEHT MarHuTHOM
IIPOHULIAEMOCTHU CPEJIBL.

Jis monenupoBaHMsl BIUSHHUS paspsiia
CD Ha 37eMeHThl NeYaTHBIX IUIaT ObLIN pa3-
paboTaHbl U peaJn30BaHbl MPOrPaMMHO Ha
[IMK TIA7 (ITA9) cnenyromue monenu [4,
5]: 1) momens ucrounuka pazpsga C3; 2)
MOJIETIM KOpIlyca U MEXCOEAUHEHHUs Ha Ie-
yaTHOM Tu1ate; 3) Moaenu IudPOBBIX dJie-
MEHTOB.

Bo MHoOrux cmydasx SBJI€HHsS BO3AYyII-
HBIX M KOHTaKTHBIX pa3psnoB CO MOXHO B
XOpolleM TMPUOIMKEHUH CMOJEIUPOBATh
IIPY IOMOIIY SKBUBAJIEHTHBIX CXEM, IIpeJyia-
raembIx aisi umutatopoB. [Ipu stom cyme-
CTBEHHBIM MOMEHTOM SIBJISIeTCS OJ00p 3Ha-
YEHUW IapaMeTpoOB AJIEMEHTOB. PasznnuHbie
aBTopHI [1,2,3] peKOMEHIYIOT pa3Hble 3HaYe-
HUSl TapaMeTpoB pas3psjia: CONPOTHBIICHUS
Rp, emxoctn Cp m unaykrusHoctu L. ITpu
ATOM TaKXKE Pa3INyaroT pa3psij C pa3HbIX 3a-
PSDKEHHBIX OOBEKTOB, HalpUMep, C Tela de-
JIOBEKa IMPH Pa3IMYHBIX ONepainusx, ¢ mnepe-
JIBUKHBIX TEJIEXKEK, KPECET B KOMIIBIOTEPHOM
WJIU JTA0OPAaTOPHOM TTOMEIIEHHUH.

E 3/h—
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Mopnen BO3AYIIHOTO U KOHTAKTHOTO
paspsaa peanuzoBanbl B [IMK ITA7 (ITA9).
C uxX moMouIpl0 MOXHO cO37aBaTh Tpelye-
Mble 'OCToM ypoBHU JKECTKOCTH BO3JEHCT-
BUH U MOJEIMPOBATH HEKOTOPHIE peajbHbIE
npoteccsl [4, 5].

AJZIEKBaTHOCTh PEaJTM30BaHHBIX MOJEEH
HMCTOYHHMKA JJIEKTPOCTATUYECKOIO paspsja
JTOKa3bIBaeTCsl MyTEeM CpaBHEHUS MOJIy4yeH-
HBIX C TOMOIIBIO 3THX MOJEIEeH OCIUILIO-
rpamm Toka (puc. 1) mpu Rp =300 Om, Cp =
150 n®, L =170 aI'n, Ck = 3 n® c sKkc-
MEepUMEHTAIBHBIMHU JTaHHBIMU [6] TIpH COOT-
BETCTBYIOIIUX TMapaMeTpax 3JIEMEHTOB MO-
JeI U TIPU HANPSHDKCHUH Pa3psiKaromerocs
o0bekTa 4kB.

20 A

UMCHT

MOIACANPOBAHUC

Puc. 1 OciumorpaMMbl pa3psiiHOTO TOKa B 001acTh
MaJbIX BpEMEH

B namem cnyvae, npu aHanu3e BIUSHUS
paspsga CD, HaBOAMMBIE TOMEXU HMEIOT
¢bpouTel MeHEe 1 He, T. €. Ha MpakTuke Qu-
3UdecKas JIMHA JIMHWK CBS3M B IICYATHBIX
iatax OoJibIlle KPUTUYECKOW U, ClieJI0Ba-
TEIbHO, UX HEOOXOAMMO TPEICTaBIIATh MO-
JIETbI0 JUIMHHOM JMHUM. B 3TOM citydae mo-
JIeJIb CUTHAJIBHOTO MPOBOJHUKA MPECTABIIS-
€T IIOCJIEI0BAaTCIbHOCTD T — oOpa3ubix
3BE€HbEB, conaepkamux LC 31eMeHThI.

C y4eToM BCero pacCMOTPEHHOIO BHIIIIE,
Obuta moiydeHa W peann3oBaHa Ha [IMK
I[TA7 (ITA9) Mopenb, KOTOpasi IO3BOJIET
YUYUTHIBATh HABOJUMYIO Ha JIMHUU CBSI3H MH-
NYKTUBHYIO TMOMEXY 4Yepe3 BKJIIOUYEHHBINH B
HEE 3aBUCUMBIM UCTOYHUK HAIPSKEHUS.

Jlns Oojiee TOYHOrO aHalW3a BIMSHUS
paspsga CO Ha BIEMEHTHI MEYaTHBIX IUIAT
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HEOOXOJUMO  HCIIOJIb30BATh  HEJIMHEHHYIO
Harpy3Ky Ha KOHIAX MEXCOEIWHEHUU, YTO
0osiee COOTBETCTBYET peanbHOCTH. {5 pea-
TU3alUU MOJIENI ITU(PPOBOTO dJIEMEHTA KaxkK-
JIbIA TPAH3UCTOP B ATOM CXEM€ MpPEACTaBIICH
B BUJe Mozenu D6epca - Mosuia GunosspHo-
ro TPaH3UCTOPA /Uit OOJBIIOrO CUTHATIA.

B xagecTBe nepBoi MOJEIHM HEIUHEHHO-
ro 9JJ€MEHTa IeYaTHbIX IUIaT ObUT BBIOpaH
snemeHT ¢ TTJI nmormkoi. Ha mannoi »sie-
MEHTHOU 0a3e ObUIO pearm30BaHO MHOXKECT-
BO OTEUECTBEHHBIX pa3pabOTOK U OHA SIBIISI-
ercs 0a30BOM Il CPABHEHUS C JIPYTUMH TH-
namMu IUQPPOBBIX AIEMEHTOB.

B xayecTBe BTOpPON MOJEIIA HEIUHEHHO-
ro 9SJEeMEHTa IeYaTHBIX IIaT ObUT BBIOpaH
anemenT DCJI — Tuma ¢ mapadasHbIM BBIXO-
oM. DiaeMeHTsl DCJI — Thma — oqHu U3 ca-
MBIX  OBICTPOJEHCTBYIOLIMX  JIOTHYECKHUX
AIIEMEHTOB.

B kaudecTBe Tperei MoJenu HEIUHEHHO-
ro 9JJeMeHTa MeYaTHBIX IIaT ObUT BBIOpaH
anemeHT ¢ KMOII crtpykrypoit. JlanHas
arneMeHTHas 0aza o0yiajaeT MHOTHUMH IIpe-
MMYIIECTBAMU W MIMPOKO MPUMEHSETCS B
MEPCIEeKTUBHBIX ~ pa3paboTkax. AJekBat-
HOCTb PEAJM30BAaHHBIX MOJENEH 3JIEMEHTOB
JTIOKA3bIBAa€TCSl CPAaBHEHHEM BXOJHBIX, BbI-
XOJIHBIX U TEepPeAaTOYHBIX XapaKTEPUCTHK
MoOJIeTIell 3JIEMEHTOB C XapaKTepPUCTUKAMH,
IIPUBEICHHBIMU B JIUTEpPAType AJIs JaHHOIO
THMA 3JIEMEHTOB [7].

Pesynbrarel MOmenupoBaHUS BO3ICHCT-
Busg CDO Ha 1uQpoOBbIE IMEMEHTHI MEeYaTHBIX
IUIaT MPEICTaBICHbI B BUJIE:

1. CpaBHurensHOoro rpaduka (puc. 2)
YPOBHEN TUMUYHBIX JTUHAMUYECKUX TTOMEXO-
ycronuuBocteit anemeHTtoB OCJI, TTJII u
KMOII tuna [2, 3] ¢ miomaapio HaBOAUMOM
noMexu oT pazpsga CO nHa xopnyc OC npu
pa3IMYHBIX MCTOYHHKAX B 3aBHUCHMOCTH OT
HanpspkeHus: 1) mapameTpsl Manoil meGenu
(Rp=40 Owm, Cp=200 n®d, L=300 ul'n); 2)
napameTpsbl uctounnka o 'OCT 29191 — 91
JUist BO3AyWIHBIX paspsaaoB (Rp=150 Ow,
Cp=150 n®, L=300 ul'n); 3) mapameTpsl uc-
toynuka nmo MOK 1000 — 4 — 2 -95 s xon-
TakTHBIX paspsanoB (Rp=330 Owm, Cp=150
n®, L=60 ul'n); 4) napameTpsl Ui YyeI0BEKa
(Rp=1000 Om, Cp=100 n®d, L=300 ul'n).



[Ipu MopenupoBaHUU PACCTOSIHHUE MEXKIY
KOHTYpaMu 2 CM, JUIMHAa MEXCOEIUHEHUs 15
CM M IIMpPHHA KOHTYpa B MHOTOCJIOMHOM Iie-
yaTHOU 1arte 1,14 mMm.

S, B-HC KMOII

40

10
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Puc. 2 CpaBHeHue ypoBHEH AUHAMUYIECKON
nomexoycroituuBoctu CJI, TTJI u KMOII snemenToB
C MOMEXOW MpU KOCBEHHOM paspsiae CO

2. CpaBuutenbHoro rpaguka (puc. 3)
YPOBHEH TUIMHMYHBIX JUHAMUYECKUX [TOMEXO-
ycroituuBocteir snementoB OCJI, TTJI u
KMOII tuma [2, 3] ¢ mionaaso HaBOAUMOK
MOMEXHM OT HEMOCPEACTBEHHOro paspsana CO
Ha CHUTHAJIbHBI  BBIBOJ  JJEMEHTa B
MHOTOCJIOWHOW  TI€YaTHOM  IUIaTe  IpHU
pPa3IUYHBIX UCTOYHUKAX B 3aBHCHUMOCTH OT
HanpspKeHus: 1) mapaMeTpbl Majold Mebenw;
2) napametpsl ucrounuka o I'OCT 29191 —
91 1y BO3AYLIHBIX pa3psiioB; 3) mapaMeTpsl

3. 3aBHCHMOCTH BEIWYHHBI HaBOIMMOM
MOMEXH TMPHU TPSIMOM U KOCBEHHOM BO3JIEii-
ctBur CD oT d - pacCTOSTHUS MEKIY KOHTY-
paMmu, OT a - IHUPUHBI KOHTYpa HA MEeYaTHOU
aTe ¥ B 3aBUCHMOCTH OT THIIA pa3psbkae-
MOTO O0BEKTa WM MapaMeTPOB UCTOYHUKOB
ycranoBieHHbIX ['OCTowm [5, 6].

S, B-uc | kMoOII /)
40
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I K
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Puc. 3 CpaBHeHHe ypoBHEN TUHAMUYECKON
nomexoycroitunBocta DCJI, TTJI u KMOII snemeHToB
C TIOMEXO0H MpH HEMOoCpeACTBeHHOM pa3psiae CO

[To nmomy4eHHsIM, B 1aHHOU padote, pe-
3yJbTaTaM MOXHO CYJIUThb 00 oOJacTsax pa-
oorocnocoonoctn DCJI, TTJI u KMOII
UQPPOBBIX DIIEMEHTOB TPU  HETOCPEICT-
BEHHOM U KOCBEHHOM Bo3zciicteun CO u
COOTBETCTBEHHO €Ill€é Ha 3Tane MPOEeKTHPO-
BaHUs MCKJIIOYaTh BO3MOJKHBIE MOTEHIUAIIb-
HO ONAacHble MEXCOEAMHEHHS B IEYaTHbIX

ucToynuka mo  MOK 1000 — 4 — 2 — 95 Tl1aTax AC
I KOHTaKTHBIX pa3psioB; 4) HapaMeTphl
JUISl Y4esIOBeKa.
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JI. H. KEYHEB

MOCKOBCKUI TOCYIAPCTBEHHBIA HHCTUTYT 3JICKTPOHUKH U MaTEeMaTUKHU

METO/1bl AHAJIM3A IEYATHBIX ILTAT
BBICTPOAEUCTBYIOIIUX YCTPOUCTB

Abstract. The numerical methods of the analysis of PCB, their feature and usage are considered.

Jnst paccmaTtpuBaHUsl SIBJICHUM, MPOUC-
XOJSIIMX B MEYaTHBIX IJIaTaX, BO BCEH MX
MOJIHOTE HEOOXOJUMO H3y4aThb 3JIEKTpoMar-
HUTHOH TOJIE UCCIEAYEeMOro ycrpoiictBa. B
psne ciaydaeB MOTYT OBITh MPUHSTHI OIpeJIe-
JIEHHbIE JIONYUIEHUs, YHOpoUlarolue pac-
CMOTpPEHHE SIBJICHUSA, YTO MPHUBOJUT K OoJiee
MIPOCTBIM MOJEJIAM 3JIEMEHTOB KOHCTPYKUUN
YCTPOMCTB, HO MPUHATHE 3TUX JIONMYLIECHUM
BO3MOJKHO TOJIBKO NPU HUX AJIEKTPOJUHAMHU-
YeCKOM OOOCHOBaHUH. AHANU3 3JCKTpUYe-
CKHMX IPOLECCOB B KOHCTPYKIUSAX KOMMYTa-
[MOHHBIX IIJIaT, W METOJbl ONpEeIeICHUs
3JIEKTPUYECKUX ITAPAMETPOB UX MOJENEH Omn-
PENeNSIIOTCA CTPYKTYPOM 3JIEKTPOMArHUTHO-
ro TMoJIi U CBOMCTBAMHU CpEJlbl, B KOTOPOU
OHM PACIPOCTPAHSIOTCSL.

JJIeKTPpOAMHAMHUYECKOe O00OCHOBaHUE

MojaeJiei

KoHcTpykiust me4aTHOM TUIaThl OBICTPO-
neiictByromero ycrpoictsa (bBY) u nunum
CBS3M B €€ COCTaBe JIOJDKHBI OOecreunBaTh
nepeaaydy MoCTOSTHHOTO TOKa JJIsl LeTe Hu3-
KO TaKTOBOWM YacCTOTBI, UTO OMPEAEISAET Cy-
niecrBoBanue T-BosiHbL. C Apyroil CTOpPOHBI,
IIpU [IEPEXO0JIe€ U3 OJHOIO JIOTMYECKOTO CO-
CTOSIHUS B JIPYroe AJisi ObICTPOJCHCTBYOIICH
3JIEMEHTHOI 0a3bl HaIpPSHKEHUE HU3MEHSEeTCS
3a MHTEpBaJl BpeMeHu Onu3kuii k 0,5 He, 4TO
COOTBETCTBYET  MAaKCHMAJIbBHOM  4acToTe
CIIEKTPAJIbHOM  COCTABJISIOLIEN IPUMEPHO
600 MTI't. B [1] rpannuHas 9acToTa CekTpa
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onieHuBaercs 3HaueHueM 500 MI'u nns ycr-
PONCTB rUrabUTOBON JIEKTPOHUKHU IPU CKO-
poct 00paboTkn wmHpopmaruu 1 I'out/c.
Jns npuBeneHHoro 3HadeHust yactoTsl 600
MI'11 ipy 3Ha4YEHUU OTHOCUTEIIBHOW JTUDJIEK-
TPUYECKON MPOHULIAEMOCTH IUIATHl paBHOU 6
(CTEKJIOTEKCTOJUT) MHMHHMMAJIbHAs JUIMHA

BOJIHBI ﬂ'min B CIICKTPC CUTr'HaJIa COCTAaBJISACT

0,2 M. BrIciine THIIBI BOJIH B JIMHHUSAX CBSI3U
MOSIBIISIFOTCS. TIPH COU3MEPHUMBIX 3HAUYECHMSIX
MOTNIEPEUHBIX T€OMETPUUECKUX PA3MEPOB Ce-
YeHWI JTMHUNA U JUTMHBI BOJHBI BO30YXIaro-
mux KoiebOanmii. Tak, B KOAKCHAJIbLHOHN IIH-
HHUU CBSI3H BBLICIIME THUITHI BOJH IOSBIISIOTCS
IpH JUIMHE BOJHBI BO30YXIAMOIIUX KoJeha-
HUM MEHBIIE MOJYCYMMBbI MEPUMETPOB PO-
BOJIHUKOB [2]. [TosryyeHHOE 3HaUeHUE JITMHBI
BoiHbl (0,2 M Oojee 4yeM Ha JBa MOpPSAKa
MPEBOCXOIUT TpedyeMoe [Isi BO3HHKHOBE-
HUSI BBICIIMX THUIIOB BOJIH 3HA4Y€HUs Mapa-
METPOB CEYEHHS MPOBOJHUKOB, T.K. IIUPUHA
MPOBOJHUKOB B MPEUU3UOHHBIX IEYATHBIX

marax He npesocxonar 1 mm. [l & =6, ¢
= 0,3 mm u 6 = 0,4 MM TIOJTy4aeM KpUTHYE-

CKYIO0 4acTOTy fkp = 110 I'Tu, 4ro cymect-

BEHHO BBIILIE IMOJXy4YeHHOro 3HaueHus 0,6
ITm.

Taxum o6pa3om, B InHUAX cBsi3u BY npu
BpEMEHAxX NEPEKIIOYEHUsS U3 OIHOTO JIOTHU-
YECKOI'0 COCTOSIHMSI B JpPYroe, COOTBETCT-



BYIOIIIUX CBEPXCKOPOCTHOM IH(pOBOI 3ite-
MEHTHOW 0a3e, BBIMOJHSIOTCS YCIOBUS CY-
mectBoBanus "uuctoi" T-BoaHEBI, 0e3 BO3-
6y)i(,£[eHI/I$I BBICHINX THUIIOB BOJIH. 3TO I103BO-
JISIeT MCTIOJIB30BaTh JJIA pacueTa dJIeKTprude-
CKOI'O IIOJIsA JIMHUA KBa3UCTAaTUYCCKOC HpI/I-
OmmKeHue.

Knaccupukanus MeTo0B aHAIN3A

MaremaTnyeckue MOAEIN JIMHUN CBS3H
0a3upyroTcs Ha METO/ax aHaliMu3a, KOTOpbIe
MOKHO 00001UTh B 1Be rpyrsl [3]. TlepBas
OCHOBaHa Ha IPUMEHEHHUU TEOpUHU LENeH,
BTOpasi ONEPUPYET TEOPUEH JIEKTPOMArHUT-
HOro mnojs. B mepBoil rpyne MOXHO Bblie-
JUTH JIBa XOPOIIO M3BECTHBIX METOAA, B OJ-
HOM M3 KOTOPBIX JIMHUU CBSI3U IPEICTaBIIS-
IOTCS B BHJIE MaJIbIX JIEMEHTOB U pEIICHUE
NOJy4yaroT Ha OCHOBE 3akoHOB Kupxroga.
[IpuHumast pasmepbl 3JIEMEHTOB, CTpEMs-
muecss K Hymo, auddepeHunaibHble ypas-
HEHUSI, ONUCHIBAIOIINE JINHUIO, TIPEICTaBIIS-
I0TCSl YPaBHEHUSIMU IIEPBOro Nopsaka. Bro-
PO METOZ B 3TOM IpyMNIle OCHOBAH Ha Ipel-
CTaBJICHUU JIMHUM CBSA3M B BHJIE IIOCIJIEJOBA-
TEIbHOCTH 3BEHBEB, MapaMeTpbl KOTOPBIX
ONPEACIAIOTCA IEPBUYHBIMU I1apaMeTpaMu
JUHUM - €MKOCTbIO, MHIYKTHMBHOCTBIO, CO-
IPOTUBICHUEM U  INPOBOJUMOCTBIO €
MOCJICTYIOIIMM UX aHAJTU30M B 0000IIEHHOM
BU/JIE IIPU TIOMOIIM TEOPUU LIETIEH.

Bo BTOpOI# rpynme, OCHOBaHHOW Ha MpHU-
MEHEHUM TEOPUHU DJIEKTPOMArHUTHOIO I0JI,
aHaJIu3 JIMHUM CBSI3M MOXET paccMar-
pUBaThCS KAaK IpaHWYHAs 3ajada C Iocie-
QYIOLMM pellIeHnEeM ypaBHEeHUN Makcseiia,
OINMCHIBAIOLIUX JTUHHIO CBSI3U.

Jlnst mepBOM TpynIbl METOAOB XapakTep-
HO HEKOTOpoe MpHUOJIIKEHHE peIleHU B
00JbIION Mepe OO0YCIOBIEHHOE TPYJIHOCTS-
MU pacyeTa NEPBUYHBIX JIEKTPUYECKHUX Ia-
paMeTpoOB JIMHUU U JUCKPETHOCTHIO MOJEIH,
3aMEILIAOEN JIMHUM C PaclpelelIeHHbBIMU
napamerpamu. OJgHaKo JUIsi 3TOM IpymIbl
MO’KHO HCIIOJIb30BaTh JIOCTATOYHO INPOCTEHIE,
XOpOo1IOo pa3paboTaHHbIE METOJIbl TEOPUH LiE-
neu.

Meroasl BTOpOH Ipynibl HECOMHEHHBIM
IIPEUMYLIECTBOM HMEKT TO, YTO OHM OIH-
patoTcs Ha (QyHIAMEHTAIbHBIC MPHHIUIIBI

155

ANIEKTPOJIMHAMHUKH, HO M B OTOM CJIy4yae He-
00X0JIMMO TOYHOE 3HAUEHUE AICKTPUUECKUX
rmapamMeTpoB JIMHUM, OMpEIEIsieMbIX Yepes3
napameTpbl MOJsi COOTBETCTBYIOIIMMU HHTE-
IpaJIbHBIMU YPaBHEHUSIMH.

[Ipumenenne DBM s ananusza JUHUA
CBsA3M B II€YaTHBIX IIJaTaX, a TaKXke s
OIICHKH Pab0TOCIIOCOOHOCTH IUGPPOBBIX Y3-
JIOB HA HUX, TpeOyeT HAJIMYUsA MPOTPaMM
aHallM3a AJIEKTPOHHBIX CXEM, BXOJHOM SI3BIK
KOTOPBIX HAKJIAIbIBACT ONpEEICHHBIE Orpa-
HUYEHHUS Ha onucanue mojeyieli nmuaui. C
JIPYTroil CTOPOHBI, 3HAUCHUSI ITUX IJIEMEHTOB
JOJKHBI  OTMIPENENSAThCS MO0  BO3MOXXKHOCTH
TOYHO, 4YTO TpeOyeT NPHUMEHCHUS TCOPUHU
MOJIsL Il pAaCCMOTPEHUS] TPAHUYHOM 3aJauu
aHaIM3a KOHCTPYKUMU JIMHUHU, XapaKTEPHOU
JUIsl BTOpPOW Trpymnmnbl MeToaoB. [lomoOHbI
MOAXOM, COYETAIONIUN OINpeaeIeHUE dJIeK-
TPUYECKUX MapaMeTpPOB JIMHUN CBS3U MPHU
MIOMOIIM TEOPHUH TOJIS U MPEACTABICHUE JIH-
HUU B BUJE JUCKPETHBIX 3BEHBEB, HEMOCPE-
CTBEHHO OITMCBHIBAEMEIX BXOJHBIM SI3BIKOM
YHUBEPCAIBHBIX MPOrpaMM aHallu3a »3JeK-
TPOHHBIX CXEM, MOKET ObITh HauboJjee Mpu-
eMJIEM B MHKCHEPHOM MPaKTHKE.

Mopaeau JUHAN CBSA3HU

Haubonee obmeMy mpeacTaBieHUIO JH-
HUHU CBSI3M B ICUATHBIX TUIATaX, BBITIOJHCH-
HBIX B BHJIE MapaJUICIbHBIX MPOBOJIHHUKOB,
COOTBETCTBYET MX ONHCAaHHE B BHUJE MHOTO-
npoBoanor ynunHun (MILI). Teoperuueckoe
paccmorpenne MILJI no3Bonsier chopmynu-
pOBaTh MPEANOCHIIKA MOCTPOCHUS MaTeMma-
TUYECKUX MOJIETEe JUHUM CBA3M U OOOCHO-
BaTh METOJbl pacueTa UX mapameTpoB. Pac-
CMOTpPEHHE BEIETCSI B KBAa3MCTaTUYECKOM
NPUOIIKEHUU C YYETOM CIIEAYIOIIUX Mpea-
ITOJIOKEHU !

e JHHS 6€3 oTeph,

e JMHUS OECKOHEYHO JJIMHHAS,

® CeueHHUE JIMHUU HE WU3MEHsIeTCs IO M-
HE,

e JMAJIEKTpUYECKasl Cpela, OKpY’Karolas
IPOBOJHUK JIMHEHHA, M30TPONHA U MO-
KET ObITh HEOTHOPOIHOM.

B MIUI nnsa nmpoctpaHcTBa BHE POBOI-
HUKOB MOTYT OBITh 3allMCaHbl ypPaBHEHUS
Makcgema. Ecmu dynkiun Ui(z,t) u 1, (z,1),



o KpaitHell Mepe, ogHOoKpaTHO mauddepen-
HUPYCMBIC U JIMHENTHO HE3aBUCUMBI - OT Ba-
puanuii x u y, a (QYHKIMH TOTEHIMAala

®; (x,y) - JBaxabl auddepeHuupyemble
10 X U ), HO HE3aBUCUMBI OT Z U t. 3HaUCHUS
Ljj IOCTOAHHBI M MX KOJIHMYECTBO - N, 10
MOXHO C(OPMYJIHPOBATh CIEAYIOLIUE Tpe-
OoBaHHS K DJICKTPUYECKUM M MarHUTHBIM
HOJISIM.

1. TaureHnuanbHas KOMIIOHEHTA E u HOp-

manbHas komnonenta H momxwe! cTpe-
MUTBCS K HYJIO Ha BCEX IOBEPXHOCTSIX
HPOBOTHUKOB.

2. ®yukuws /; (z,¢) sBisieTcsd TOKOM Ha Mpo-
BOJIHUKE i- IO OTHOIIEHUIO K 00Iemy
IPOBOAHUKY 1101 HOMepoM 0.

3. Oyukuusa Uj(zt) sBuseTca HampsHKeHUEM
Ha [IPOBOJHUKE |.

4. CymmMa TokoB Bcex (N + 1) npoBogHUKOB
paBHa HYJIO BCe BpeMs B JIIOOOM ceue-

mmm Z, a K u H crpemsrces x nymo na
.OECKOHEYHOM PACCTOSHUM OT TPOBOJI-
HHKOB.

5. Dnexrpuueckoe none K u marmuutHOE

noite H mosmxubr YAOBIIETBOPSTh YpaB-

HeHusIM MakcBenna.

Jlyis BBITIOJIHEHUSI yKa3aHHBIX TpeOoBa-
HUW JIOJDKHBI OBITH YJIOBJIETBOPEHBI Clie-
nyrolue HeoOXOauMbIe U JOCTATOYHBIE YC-
JIOBUSL.

1. ®ynxuus @, (x,y) MIPUHUMAET MO-

CTOSIHHBIC 3HAUYEHHS Ha BCEX MOBEPXHOCTSIX
MIPOBOTHUKOB.
2. Ecnu

Q; (x,y) Ha IOBEPXHOCTH IMPOBOJHHKA |

IIOCTOAHHOC 3HA4YCHUC

0003HaYMTL (D, (]) o j =0, 1, 2,..., N,
TOrIa

0, (7/)=6,+¢,(0); i=12,..,N;

rjae é‘l.j— cumBoa Kponekepa: 51'/': 1 mpm i

= ,é‘ljZO,HpI/Ii:j.

3. IlocTosiHHBIE L;; HOJKHBI OBITH BBI-
OpaHbl TAKUM 00pa30M, YTOOBI
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ik = EUO;

N
D> .C,L
i=1

Clj =é&pn,-Vedl,

rae n,, - €MHUYHBIA BEKTOP HOPMAJIbHBIN K

MMOBEPXHOCTU IIPOBOJHUKA i; dgi- QJICMCHT

MyTH UHTETPUPOBAHUS BOKPYT IPOBOJIA i TIPH
JIFOOOM 3HaYeHUH Z.
4 Mnai=1,2,..., N:

7-V(0i — O, npu |7| —> 00,

rae |7| - paanyc-BEKTOp,

F=yxXi+)°)

- CIUHHUYHBIC BCKTOPHI,

1, J
BEHHO BJOJIb X U Y.

5. dnai=1, 2, ...N, dyHkus gol.(x, y)
yJIOBJICTBOPSIET ypaBHeHUIO Jlariaca

Vip =0 /ox* +0% @, |3y
unu Ilyaccona

Vi, =0 p,/ox* + 0 ¢, /0y’ = F (xy)

Oyukuun Uj(z,t) u I; (z,t) yaoBIeTBOPS-
10T TenerpadHbIM YpaBHEHUSM ISl JIMHUM
6e3 morepsb.

OTMEUYEHHBIE YCIIOBUS SIBISIOTCS OCHO-
BOM IIOCTPOCHMS MAaTEMATHYECKUX MOJCIICH
JIMHUM CBA3U B MedaTHbIX miatax. [Ipu sTom
0COOYI0 pOJIb UTPAET BHIIIEC YIOMSHYTOE yC-
JoBue 3.

VYcnoBue KBa3UCTAMOHAPHOCTU TO3BO-
JSI€T MPU CUHTE3€ MATEMaTHYECKUX MOJEIIEeH
JUHUN U pacyeTe UX MapaMeTPOB BHIICIHUTH
0a30BBIN JIEKTPUUECKHUIN TapaMeTp, MPH TMO-
MOIIM KOTOPOI'O0 MOKHO OINpPEACIUTh OCHOB-
HBI€ 3JIeKTpOo(U3NUECcCKUe apameTpol. Takum
0a30BBIM MMapaMETPOM ILEJIECO0Opa3HO MPH-
HATh  JJIEKTPUYECKYI0  €MKOCTh  JIMHHUH
[56...58]. Kpome sTOro, y4yuThiBas, 4yToO B
KOHCTPYKLUWH JIMHUW CBSI3U ISl YCTPOMCTB
MOBBIIICHHOTO OBICTPOACHCTBHSI HE MpPHUME-
HSIOTCSI MAarHUTHBIE MaTEpHaJIbl, IPHUBOJS-

COOTBCTCT-



IHe K CHIKEHUIO CKOPOCTH PacHpOCTpaHe-
HUSI 3JICKTPOMArHUTHOM BOJIHBI B JIMHUU, JIJIS
XapaKTEPUCTHKA HEOJHOPOIHBIX  JIUDJICK-
Tpudeckux cpen 3(pPEeKTUBHON IUAIEKTPHU-

YECKON MPOHUIAEMOCTBIO Ep HE00X0AUMO

PACCUUTBIBATL JJICKTPHUYCCKOC I10JIE HCCIIC-
AyEMOTO 00BeKTa. ‘{epeS 3HAa4YCHUA CMKOCT-

HBIX IIapaMCTpPOB gsgb MOKHO OIIPEACIUTD

13 OTHOUICHUA
g, =C/C,.

rae C - sJeKTpuyeckas EMKOCTh MPU HEOJI-
HOopoaHOU cpene; Cp - DJIEKTpUUECKass €M-
KOCTb JUIsl TOM JK€ CUCTEMBI JJIEKTPOJOB MpPU
3aMeHEe BCeX TUAJIEKTPUKOB BO3AYIIHOM cpe-

noiic & er'
Beenenne &, 4 TO3BOJIACT IEPENTH K

paccMOTPCHUIO JIMHUHN CBS3U C OIHOPOJAHBI-
MH ANSJICKTPUICCKUMU cpcaamMu C

£, = &,; WM WCNONB30BaTh JUl ONpenese-

HUSl TIApaMeTPOB JIMHUM CIEAYIOLIUE COOT-
HOIIICHUS

[L]=me,[CT.

[Z]= (v, e, JC.T

rae [Z] - Mmarpuna pa3MepHOCTbIO NXN
BOJIHOBBIX COIPOTHBIICHUM JIMHUN CBSI3U C
eMeHTaMu: Z; = 0, i#j; npu i = j - Z;; Tae
Zji - BOJJHOBOE COIIPOTUBIICHUE JINHUU CBSA3H i
IIPU 3aKOPOYEHHBIX Ha 3€MJII0 BXOAaX BCEX
OCTAJIbHBIX JINHUM.

[Ipu omnpeneneHun 3J1€MEHTOB MATPHUIIbI
[C] pazmepHocThiO N X N ciienyeT Ucroiab30-
BaTh OOOOIICHHYI0 EMKOCTHYIO MAaTpHILy
[C]* pa3mepHocThiO (N+1)(N+1), KoTopas
COOTBETCTBYET BTOpOH rpymnme ¢Gopmyi
Makcgemna [6]. IIpenmnomnaras cuctemy mpo-
BOJHUKOB DJIEKTPOHEHUTPAJILHOM, U, ITOJIOKUB
noTeHuuan oduiero mpoeoga no Homepom 0
PaBHBII HYJIIO, IIOJy4aeM

la]=[C][U];
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U OHO SIBJISIETCSI OCHOBHBIM JIJIS BCEX METO-
JIOB OIIpENeNICHUs] 3JIEeKTPOPU3MUECKUX Ta-
pamMeTpoB JINHUU.

Onementsl Matpulibl [C] B [7] naHbl B
BHJIE, YI0OHOM 7151 pacyeToB Ha DBM uepes
napamerpsl MaTpuusl [C].

Takum o0pa3om, KBa3UCTaTHUECKOE pac-
CMOTpEHUE JIMHHUI CBS3H MEYATHBIX IUIAT TMO-
3BOJISIET CBECTH 3ajlauy OIpeiesieHusl napa-
METPOB UX MOJENEeH K AJIEKTPOCTaTUYECKOM
3aaue ¢ pa3pabOTKOM METOJ0B pacuera Oa-
30BOTO JJIEKTPUUECKOTr0 MapaMeTpa U depes
HETO - OCTAJBbHBIX MapaMeTpoOB JMHUU. AHa-
JIN3 KOHCTPYKIIMI MEeYaTHBIX IUIAT MO3BOJSET
TUTIU3UPOBATH CCUCHUS JIMHHUIA CBSI3U B HUX U
BBIICTIUTH JJIsi 9TUX CEYEHHIl 0COOEHHOCTH,
KOTOpbIE JOJDKHBI OBITH YYTEHBI TPHU paspa-
00TKe METOJIOB pacyeTra 0a30BOro mapamer-
pa:

e [IpoBOJHUKM YACTUYHO HKPAHUPOBAHBI
WM HE DKPAHUPOBAHBI.

e Kondurypamus cedyeHus mpoBOJIHUKOB H
9KpPaHOB MOXKET OBbITh IPOU3BOJIbHASL.

e JlupnexkTpuyeckue 00JaCTH, KaK MpaBH-
710, HEOTHOPOTHBI.

e KomnyectBo IUANEKTPUYECKUX BKIIOYE-
HUH B 00I11IeM CiTy4yae MpOU3BOJIbHOE.

e I'panunbl pasfgena  JUDIIEKTPUYECKHX
Cpel MPOU3BOJIBHOM KOH(PUTYpAITUH.

e DiekTpocTtatuyeckas 3aaaya (Hopmyiu-
pyeTcs He TOJbKO KaK IJIOCKOMapaielb-
Has, HO W KaK TpexXMepHas (Harmpumep,
[IpU [IePECEUCHUH MPOBOIHUKOB).
OTmeueHHbIE OCOOCHHOCTH OTrpaHUYH-

BalOT BO3MOXXHOCTH CYIIECTBYIOIINX METO-

JIOB OTIPE/ICIICHUS DIIEKTPUIECKON €MKOCTH, a

OOJBIIMHCTBE CIIy4aeB [ENal0T WX HEMpH-

TOJHBIMU TSI TPUMCHCHHSI.

MeToabl pacuera napaMeTpoB IIaT

Pacuer anekTpUYECKOM E€MKOCTH OCHO-
BaH Ha 3HAaHUM 3apsi/ia Tela U ero NoTeHlna-
na. Haubonee mosHbli cipaBoYHbI MaTepu-
an Mo pacuery €MKOCTH IpuBeleH B [8], a
METOBI pacueTa sl TeJl pa3IndHON KOH(pU-
rypaudd MOXHO Haltu B [9 - 12] u psne
JIPYTUX UCTOYHHUKOB.

B mpocreiimux ciyydasx mpeanoyiararr,
4TO pacHpeieiieHUe 3apsAAa Ha INPOBOJHHKE
IIOCTOSIHHO, U Tella pa3JelisiioT Ha TOUYEYHbIE



Y JIMHEHHBIE, MOMEPEYHbIE pa3Mepbl CEUCHUN
KOTOPBIX BECbMa MaJlbl 110 CPABHEHMIO C pac-
CTOSTHUEM OT IMPOBOJA 10 TOYEK, B KOTOPBIX
paccmatpuBaercs nose. s atux pomyiue-
HUN TOJly4eHbl MHOrue (HOpMysbl HEKOTO-
PBIX KJIAaCCUUECKUX 3ajad.

['pynma MeTooB HemocpeacTBEHHOIo
ompeaejieHus1 eMKOCTH [8] ¥ oAuH U3 ca-
MBIX paclpOCTPAHEHHBIX METOJIOB U3 JAHHOU
TPYIIBI - METOJ CPETHUX MOTEHIIUAJIOB (Me-
ton Xoy) [8. 9, 13] ocHOBaHa Ha 3aJaHUH
HEKOTOPOro  (PUKTHUBHOTO pacmpe/esieHus
3apsiia 1100 MO MOBEPXHOCTH, JINOO MO 00h-
€My Teja, YJOBJIETBOPSIOLIErO0 IPAaHUYHOMY
YCIIOBUIO IMOCTOSHCTBA IOTEHIMaNa IO Io-
BEPXHOCTHU MpoBOoAHMKA. s Ten co crnox-
HBIMH KOHQUTYypalMsIMH TPAHUL TMOTYyYUThH
JKEJIaeMoe pacIpeielIieHUe 3aps/i0B IBPUCTH-
YECKUMU aJIrOpUTMaMU MPaKTUYECKH HEBO3-
MO>KHO.

MeToa NMIOIIAAOK SBIIIETCS OJHHUM U3
METO/I0B HENOCPEACTBEHHOI'O ONpEIeICHUs
eMkoctu [14 - 16] u ocHOBaH Ha omnpezene-
HUU 3aps/ia MPOBOJAHMKA 10 €ro MOTEHIUATY.
Metoa COOTBETCTBYET MPUOIMKEHHOMY pe-
LICHUIO MHTErPAJIbHOIO YPaBHEHUsS MEPBOIO
pola Mpu anmpoKCUMAallUd HEU3BECTHOTO
pacnpesnesieHds 3apsiia 0  I[OBEPXHOCTH
NPOBOJHUKA HMMITYJBCHON (YHKUIUEH, U OH
MOKET OBITh HCIIOJIb30BAaH KakK pa3HOBUJ-
HOCTb YHCJIEHHOT'O METO/1a pacyeTa 3JIeKTpU-
yeckoi eMkoctu. [IpuHuun meropa mionia-
JIOK, CBA3aHHbBIN C pa30UEHNEM MOBEPXHOCTH
MIPOBOJIHUKOB HA OT/AEJbHbIE JIUCKPETHbBIE
(parMeHThl, JIEKUT B OCHOBE METO/Aa Ipa-
HUYHBIX 3JIEMEHTOB, TPeOYIOIIero Hajauydus
¢ynkuuu ['puna. OH uconb3yeTcst npu pas-
paboTke MaTeMaTHUeCKUX MOJeNed IUHUI
Ha OCHOBE METOJ[a TPAHUYHBIX 3JIEMEHTOB.

MeToa JKBMBAJIECHTHBIX 3apsi/ioB HE
HaXOAMUT MPAKTUYECKOro NIpUMeHeHus |[8],
BBUJIy CJIO)KHOCTH QJITOPUTMA OTBICKaHUS
pacnpeneneHus 3apsiioB, CO3JAIOUINX 3JIEK-
TPOCTAaTHUYECKOE TOJIe C 3a/laHHON KOH(UTY-
paumein SKBUITOTEHLIMAIICH.

Metoa kKOH(OPMHBIX Npeodpa3oBaHM
OMH K3 HauOoJiee HIMPOKO NPUMEHSEMBIX
METOJIOB pacyeTa 3JIEKTPUYECKON EMKOCTU
yepe3 MapaMmeTpbl 3JIEKTPUYECKOro IOJS.
Maremarnueckuil anmapat MeTo/a BCECTO-
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pOHHE pa3paboTaH U MMEETCsl 3HAUYUTEIbHOEe
quca0 paboT Kak MaTeMaTHYecKoro (Hampu-
Mmep, [17, 18]), Tak U pUKIATHOTO XapaKTe-
pa NPUMEHUTEIBHO K pacuery 3JeKTpHuye-
ckoro mons [3, 10, 11, 19]. OcHoBHas Tpya-
HOCTb IIPUMEHEHHs METOJa 3aKJIYacTcs B
OTBICKAaHUU (PYHKIUHU TPeoOpa3oBaHUs, UTO
CTaHOBMUTCS CaMOCTOSITEJIbHOM MaTeMaruye-
CKOM 3aj1a4eii, MOCKOJIbKY OOIIEero MeTo/ia ee
pewenus He cyuiectByer. [loaTomy B nHxe-
HEpPHOHN MpaKTUKE HCIIOJIb3YIOTCS CIpPaBOY-
Hble TaOIuIBl U TpapUKH, NOJTyUYEHHbIE Ha
OCHOBE paHee HalJCHHBIX MPEeoOpa30OBaHUU.
OOwMpHBIN CipaBOYHBI MaTepuan Mo 3To-
My Bompocy umeercss B knurax [8, 20, 21,
22]. Kpome OTMEYEHHOW BbILIE MPUHIIUIIH-
QJIbHON TPYAHOCTH HCIOJB30BAaHUS METOja
KOH(OPMHBIX IpeoOpa3oBaHUM, CyIIeCTBEH-
HbIM OTPaHUYEHUEM €ro MPUMEHEHUS SBIISI-
erca TpebOoBaHME IUIOCKONApaIeIbHOCTH
AJIEKTPOCTATUYECKON 3a]]aui, HaJIM4Ke III0C-
KOCTEH CUMMETPHUU U BO3MOXHOCTb pacueTa
TOJIbKO B IPOCTEMIIMX BapHaHTaxX IHUAJIEK-
TPUYECKHX Cpes.

HecMmotpst Ha 3TO, MeTO Hallen BechbMa
[IMPOKOE IMPHUMEHEHHE IpU pacueTe mnapa-
METPOB MOJOCKOBbIX JIMHUN nepeaau CBY,
YTO MOXXHO OOBSICHUTH OIpPaHMYEHHOCTHIO
Habopa M MPOCTOTOM KOHCTPYKTOPCKHUX Ba-
PHAHTOB JIMHUH, HATMYUEM MPOCTHIX KOH(HU-
rypaiuil rpaHul] paszaena cpel U UX MajbiM
KOJINYECTBOM.

YuuteiBasg 1oq00Me KOHCTPYKTOPCKOM
peanu3alMM IEYaTHBIX IUIAT IOJIOCKOBBIM
muausaMm  nepenaun  CBY, 1menecoobpasHo
JlaTh KPAaTKy XapaKTEPUCTHKY PELICHHBIX
BOIIPOCOB OIpEAEIEHUs] EKTPUUYECKUX Ta-
paMeTpoB JIMHMM METOJIOM KOH(OPMHBIX
peoOpa3oBaHuil C IIE€JIbI0  ONpPEJENICHUS
BO3MOYKHOCTH €r0 MPUMEHEHMs JUIsl pacueTa
JIMHUH CBSI3U B KOMMYTAlIMOHHBIX I1J1aTaXx.

B pabote [23] paccmaTpuBaroTcs moyoc-
KOBBIE JINHUU B OJHOPOJHOM JAM3JIEKTPHKE.
OT0 OAHa M3 HepBbIX padoT, B KOTOPOH Mo-
Ka3aHo, 4TO 3apsijl, EMKOCTb U BOJIHOBOE CO-
NPOTHUBJICHUE WHBApUAHTHBI IpU KOH(HOPM-
HOM IpeoOpa3oBaHUM, €CIM COOTBETCTBYIO-
M€ MPOBOJHUKU UMEIOT OJHHU M T€ XKe MOo-
TEHLUaIbl. ODTOT BBIBOJ JIEKHUT B OCHOBE
IIPUMEHEHHUs METOoAa Ui pacyera rnapamer-



POB pazHOOOPa3HBIX KOHCTPYKIUI 3JIeMEH-
toB POC. PaccmoTpenHbie B paboTe MoAeIn
nuaui nepegad CBY moryTt ObITh B omnpeje-
JIEHHOM MEpEe HCII0JIb30BAHbI NPU pPaCUETEe
JIMHUA B KOMMYTallMOHHBIX TuiaTax. Hampu-
Mep, KpyTJibli IPOBOJ HAJ| IUIOCKOCThIO Oec-
KOHEYHOHN MPOTSKEHHOCTH MOXKET ObITh MO-
JIENIbI0  TOHKOIPOBOJHOIO HJIM CTEXKOBOTO
MoHTaxa Psn ¢opmyn HemocpencTBEHHO
MOTYT OBITh MCIIOJIb30BAHBI JJIsl pacueTa Ie-
4aTHOTrO MOHTaxa. llpubmmkeHnHsie Gopmy-
Jbl A8 HEKOTOPBIX KOHCTPYKLMN JaHbI B
[24].

PaznuyHble BapHaHTHI MOJOCKOBBIX JIH-
HUW paccMOTpeHBI B paborax [25 - 28], npu-
yeM B pabore [25] oTMeyaroTcsi MpUHIUITHU-
albHbIE TPYAHOCTH MpPU AHAIUTUYECKUX
npeoOpa3oBaHUsAX, BO3HUKAIOIIUX MPH pe-
IIEHUU 3a/1ay CO CJIOKHBIMM rpaHuLiamMu. B
[29] ompenensieTcsi 3AEKTPUYECKAsT €MKOCTb
OKpaHUpPOBAaHHOW  JIMHUM B  KyCOYHO-
onHopoaHoN cpene. HecMoTps Ha TO, 4TO
pelIeHNe T0BEJEHO /10 IPOrpaMMHOM pealln-
3alMM,  TMPEABAPUTEIBHO  BBIMOJIHSAEMBIC
BECbMa CJIO)KHbIE aHAJIMTUUECKHUE BBIKJIA/IKH,
CHIDKAIOT OOIIHOCTH PabOThl ISl CIy4yaeB
NPOM3BOJILHON KOH(MUTYpaluu TPaHUI] pas-
Jena cpell. DKpaHUPOBAHHbIE CBA3aHHbBIC JTU-
HUM B KYCOYHO-OJHOPOJHBIX Cpelax pac-
cmotpersl B [30], a acumMMeTpUYHbIE
MOJIOCKOBbIE JUHUU - B [31]. PesynbraThi
paboT MO aHaaM3y IMOJIOCKOBBIX JUHUI
IIPEJICTaBICHbl B BECbMa OOLIMPHOM CITUCKE
paboT u 0000mIEHBI B  CHEIHAIBHOU
nuteparype, Hanpumep B [20, 21, 32]. B
psie Ciiy4yaeB 3T MaTepualibl MOTYT OBITh
HEIOCPEACTBEHHO  HCIOJIb30BaHbl  IIpH
NPOEKTUPOBAHUM TME€YATHBIX IUIAT, HO B
HanOoJiee OOIIUX CIIy4yasix OHU OKa3bIBAIOTCS
HENPUTOTHBIMH.

OnpeneneHHblil WHTEpeC I pacuera
JUHUA CBSI3U TpejacTaBiisieT padora [33], B
KOTOPO METOJIOM KOH(POPMHBIX mpeodpa3o-
BaHUN ONpEeNeNseTcs €MKOCTh ABYX H30JIH-
POBAaHHBIX MPOBOJHUKOB. KpyroBbie rpaHu-
1bl pa3jiesia cpesl B 3TOM cllydyae NPUBOAT K
TPOMO3AKUM TpeIBAPUTEIbHBIM aHATUTHYE-
CKMM BBIKJIAJIKaM, KOTOpBIE emie Oojee yc-
JIOKHSIIOTCS TIPU YMCJIe MPOBOJAHUKOB OoJiee

JBYX.
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MoHO yKa3aThb ele psJi METOAOB pac-
yera DJIEKTPUYECKOH EMKOCTH, Hampumep,
KOOPAMHATHO-CTPYKTYPHBI  [34], mpo-
CTPAHCTBEHHON HMHBepcHH [8], BbIYHC/Ie-
HHA [0 KapTHHE MO0JIsl, [IOCTPOSHHOIO JINOO0
IIyTEM aHAJUTHYECKOHN ammpokcumanuu [8],
nubo mpubmmKeHHo rpaduuecku. Omnpene-
JICHHYIO TPYIIy COCTaBJIAIOT JIHepreTuye-
ckue Metoabl [8, 35], OCHOBaHHBIC Ha TEO-
peme Tomrmcona. IlepeuncieHHbIE METOMBI
HE HallUIM IIMPOKOro MPUMEHEHUs JUIs pac-
YyeTa eMKOCTH B OCHOBHOM HU3-32 OIICHOYHOTO
XapakTepa Moy4aeMblX pe3ysibTaToB.

YucneHHble METOJbl, KOTOPbIE MOXHO
OTHECTH K MPUOJIMKEHHBIM, OPHEHTHUPOBAHBI
Ha mupokoe npumenenue OBM. K naunbonee
NEPCIIEKTUBHBIM METOJaM CJIEIyEeT OTHECTH:
e wmeroa moMeHntoB (MM) [17, 36, 37],

e METOA TpaHUuYHBIX »3iemeHToB (MID)

[38, 39, 59,601,

e MeToJ KoHeuyHbIX 3neMenToB (MKD) [40,

41],

e MeroAa KoHeuHbIX paszHocteit (MKP) [17,

42].

MeToabl MOMEHTOB U IPAHUYHBIX 3JIe-
MEHTOB  OCHOBaHbl Ha  INPHUMEHEHHUH
bynkiuu ['puHa A1 NOTy4YeHUs: TPaHHUYHBIX
uHTerpasibHbix ypaBHenuu (I'MY) ¢ mocne-
OYIOIIMM HMX pelleHueM. 3ajiada CBOJIUTCS K
UHTETpaJIbHOMY ypaBHeHHIO Dpearonbma
nepBoro ponaa [43], a ¢dynkuuu ['puna s
psiZa TUMOBBIX CIIy4aeB MOKHO HalTH B pa-
oortax, Hanpumep, [19, 44]. [Ipumepsr npu-
MeHeHus: QyHkimit ['puna ans onpeneneHus
AIIEKTPUYECKUX MapaMeTPOB KOHCTPYKIIMA
POA moxno Haiitu B [13], a mis pelueHus
TPEXMEPHBIX 3a7a4 - B [45].

Haubounburyto ¢ dextuBHOCT TIpHOOpE-
TalOT mpuUMeHeHuss GyHKuuid ['puHa myis mo-
ayuyenuss 'Y coBMmecTHO ¢ METOAOM MO-
MeHTOB [36, 37] nnsa anreOpau3anuu ypas-
HeHuil. COBOKYITHOCTb ATHX IPOLEAYP MOX-
HO oTHecTH K MI'D [38] MeTtom MOMEHTOB
IIMPOKO HMCHOJIB3YETCS Ui pPelieHHs 3aaa4y
ANIEKTPOCTATUKU M JJICKTPOJUHAMHUKHU [46],
JUI ONpEAeNCHUs SJEKTPUUECKUX IapameT-
POB TIOJIOCKOBBIX JUHUK [47] ¥ OTHETBHBIX
ee (parmentoB [48]. Illupokue BO3MOKHO-
ctu MM noaTBepKIarTCa €ro NpUMEHEHHU-
eM JIJIsl pacyeTa dJCKTPHUECKUX MapaMeTpoB



JUHUM C MIPOBOJHUKAMHU KPYTJIOTO CEUYEHUS B

mzoisiiiuu [49 - 51]. B pabote [52] obcyx-

JTAIOTCSl BBIYMCIIUTENbHbBIE aCMEeKThl ATOU 3a-

Jla4y Ipu ee pereHuy Ha OBM.

Ananmu3 npumeHenud MM u MI'D no-
3BOJISIET C(OPMYIIMPOBATH CIICAYIOLINE Ipe-
MMYILECTBA YHUCIEHHBIX METOJOB pacyera
nyrtem pewenus ['NY.

1. Bo3MoO)eH aHanu3 JIMHWM CBSI3U CO 3HA-
YUTeNbHO OoJiee CIOXKHOM KoHpUrypa-
LMY TPAHUI] 110 CPABHEHUIO C aHAJIUTHYE-
CKUMHU METOJIaMHU.

2. YMeHbllIEHUE pPa3MEpPHOCTU HCXOJHOU
3a/ladydl Ha €JIMHUIly MyTeM Mepexoja K
TPAHUYHBIM SJIEMEHTaM.

3. OrcyTcTBHE HEOOXOIMMOCTU TUCKPETH-
3UpoBaTh ''HEHarpy)keHHele" o0nacTH,
OOBIYHO COCTaBISIOUINE OONBIIYIO YacTh
TUAJICKTPUYECKUX 001acTeil JINHUM.

4. OtHOcHUTeNbHAS MPOCTOTA ANTOPUTMH3A-
LMY ¥ IPOTPAMMHOM pean3aruu.

K HenmocraTkam 3THX METOJOB MOXHO
OTHECTH:

1. Heo0XoaMMOCTh aHATUTUYECKOTO BBHIBO-
na tpedyemoit pynkiun ['puna.

2. HeobxoaumocTh BbIOOpa NI  KaXKIOU
AHAIN3UPYEMON KOHCTPYKIMM CBOeH Oa-
3UCHON (DYHKIIMH, anmpOKCUMUPYIOLIEH
UCTUHHOE paclpelielieHue 3apsaoB Ha
MOBEPXHOCTHU MPOBOIHUKOB.

3. Ilpu mepexone OT MAaTpuIl MOTEHUUATb-
HBIX KO3(QPUIIMEHTOB K MaTpUllaM €MKO-
CTHBIX KOA()()UIIMEHTOB BO3HUKAET HEOO-
XOJUMOCTb OOpallleHus MaTpHll, SBISIO-
IIMXCS TOJHOCTBIO 3amoJHEHHbIMU. [Ipu
aHaJIU3€ CJIOKHBIX KOHCTPYKIUI ITUHUI
CBS3M, Pa3MEPHOCTb MAaTpUll OBICTPO
pacTer, YTO YBEJIUYUBAET 3aTpaThl BbI-
YHUCIIUTENbHBIX PECYPCOB.

4. PaccmaTtpuBaeMble METOABI MOTYT OBIThH
OTHECEHBI K KJIaCCy HEKOPPEKTHBIX 3a]1a4
[53] u, cienoBaTenbHO, MOTPELIHOCTH,
BO3HUKAIOILIME B pE3yJbTaTe JAUCKpPETH-
3alMM WKW MallMHHBIX OKPYTIEHUH, MO-

ryT  TPUBECTH K  3HAUUTEJIBHBIM
HorpemHocTsM  pacuera.  llostomy,
HECMOTpSl Ha TO, YTO HAa TOM YPOBHE
JMCKpeTH3aluu MIOBEPXHOCTH, Ha

KOTOPOM OOBIYHO TPOBOJATCS PaCUEThI
AMEKTPOYU3NICCKUX TTAPAMETPOB JIMHUH,
cymectByromne ocodennoctu MY He
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ocobennoctu 'Y He mposBIstOTCS, HE-

00XOAMMO BBEICHUE PETYJSPU3YIOLICH

n00aBkH B si1po ypaBHeHust Opearonbma,

41O emle Oosee YCIOKHSIET MaTeMaThye-

CKYIO MOJIETIb.

Takum oOpa3oMm, npumeneHne MM u
MI'D nenecooOpa3HO MpHU MOTYYEHUN MaTe-
MAaTUYECKUX MOJEJIEW JIMHUK CBSI3UM C Yac-
TUYHBIM 3KPAaHUPOBAHUEM, IPEUMYILIECTBEH-
HO B OJHOPOJHOM CpeJie, IPU BO3MOXKHO Ma-
JIOW JIMCKpEeTU3alMu IOBEPXHOCTU IMPOBOJI-
HUKOB.

B newatneix miarax bY nHaxomar npu-
MEHEHHE B OCHOBHOM JIMHUM CBSI3U C IOJI-
HbIM WJIM YaCTUYHBIM 3KPAHUPOBAHUEM, KO-
TOpBIE PEATNU3YIOTCS B BUJE MHOTOCIOMHBIX
NevyaTHeIX Iuiar. Hanuuue skpaHoOB orpaHu-
yuBaeT obnacth aHanuza. [losromy s pac-
yera 0a30BOTO MapameTpa JUHUH ¢ OOIBIITUM
YUCJIIOM MPOBOAHUKOB IPU HAJIUYUU HEOJ-
HOPOJIHOM NTHMAJNEKTPUYECKON cpeabl, TpaHu-
bl pa3jena B KOTOPOM HMEIOT CIOXKHYIO
KOH(Urypaiu, He0OXOIUMO IPUMEHEHHE
METOJIOB YMCIICHHOTO perieHus auddepeH-
uajapHOrO ypaBHeHus Jlamnaca. Meroa Ko-
HeYHbIX pa3Hocreii [40, 54, 55] 3akiouaer-
cs B 3aMeHe JudQepeHInaibHOTo onepaTopa
NpUOIKEHHBIMH BBIPAKEHUSIMU Uepe3 pas-
HOCTHBIC OTHOILICHUS 3HAYCHUN HMCKOMOU
byHKIIMU B TOUKax obmactu. MeTos moctpo-
€H Ha JUCKPETU3ALUH JUIIEKTPUUYECKON 00-
JIACTH JIMHUU CBSA3M MyTeM ee pa30HeHHs Ha
AJIEMEHTHl KOHEUHBIX pa3MepoB, KOTOPHIE B
COBOKYITHOCTH aIMPOKCUMHUPYIOT pPEaJIbHYIO
JIMHUIO CBSI3U.

B snekrpocTaTMuecKOM  MIPUIIOKEHUH
npumenenne MKD orpanuumBaercs B oc-
HOBHOM pPAacu€TOM MOTEHIUAIbHBIX IOJICH.
OT0 OOBACHSAETCS CIOXKHOCTHIO AJITOPUTMHU-
3alUM METOJA JJIsl AUDJIEKTPUUECKH HEOTHO-
POJHBIX CPEJl U CMEIIAHHBIX I'PAaHUYHBIX yC-
JIOBH, HEOOXOJIMMOCTBIO pPa3pabdOTKU YHHU-
BEPCAJIbHOTO BXOJIHOTO $3bIKa, IMPOTpPaMM-
HBIX MUHTEPIIPETATOPOB, a TAKKE PSIAOM JIpY-
rux orpannyeHuil. CylieCTBEHHbIM HEJOC-
TaTKOM METOJa SIBJISIETCA CJIOKHOCTh JOMOJI-
HUTEJIbHBIX NMpeo0pa30oBaHU M BBIUMCICHUN
IpU pacyere TaKuX HMHTErpajbHBIX (PU3NYe-
CKHX BEJIMYMH, KaK paclpelieleHue 3apsioB
Ha MOBEPXHOCTU IPOBOJHUKOB, CYMMAapHBIX



3apsiioB, AJIEKTPUYECKOM €MKOCTH. DTH He-
JIOCTaTK! B OINPEICICHHON Mepe YyCTPaHSIOT-
¢Sl B MOAU(DHUIIMPOBAHHOM METOJE€ KOHEUHBIX

aHajv3a JIMHUKM CBSI3M B YCTPOWCTBAX IOBbI-

[IEHHOTO ObICTpoAeicTBus [61 - 64].
UucneHHBIE METOIBI MOTYT OBITH 3()()EeKTHBHO

MCIIONIb30BaHbl Ul JAJIbHEUIIEro aHaiu3a Iie-
JIOCTHOCTH CHUTHaJIa B TICUYaTHBIX Majatax [65 -
68].

anemeHnToB (MMKD), koTopslii mpeacraBis-
eT coboii pazsutne MKD Ha Gaze ¢uzude-
CKUX aHAJIOTUH, MPUMEHUTEIBHO K 33Ja4am
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