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OT PEJAKTOPA

IIpomsio 20 ner co AHA OCHOBaHMA HaydyHOro >xypHana HaruonansHOro
MOJIMTEXHUYECKOTO yYHMBEpcuTeTa ApmeHuHn ‘“‘MojenupoBaHue, ONTHMHU3AIN,
ynpasnenue” (¢ 2012 r. ero npeemHuka — cepun “MHPOpManOHHBIE TEXHOIOTHH,
3JIEKTPOHMKA, pagunoTexuuka” Becrauka HITYA).

B Teuenme 5THX IleT B KypHalle MyOJMKOBAINCH PE3YNbTaThl HAYYHBIX
UCCIICIOBAaHUI HE TOJBKO MPOQeccopoB, NOLEHTOB, MpernogaBaTeieii U aclnupaHTOB
[lonurexHrka, HO TaKXe M MPEICTABUTEICH pAga APYruX peciyOlIMKaHCKUX BY30B H
opranmzauuii. JXypHan OEHCTBUTENBHO CTal OJHOM M3 TE€X BEAYLIUMX HAYYHBIX
IUIOIA/IOK PECHyOJIMKH, Ha KOTOPBIX pe3yJbTaTaMH CBOMX HCCIEIOBAHUI ACIMINCH
KaK OTEYECTBCHHBIE, TaK U 3apyOCKHbIC BUIHBIC YUCHBIC.

[ToxenaeM IOATOro M IUIOAOTBOPHOTO MYTH 3TOMY ABTOPUTETHOMY XKYypHAIy,
YyTOOBI OH CTajl Ba)XKHBIM 3BEHOM, BBIPAKAIOIIMM HALMOHAIBHBIA TBOPUECKUH IyX,
HETOKOJeONMYIO BOJIO U TNPOCBEIIEHHOE CTPEMIIEHHE JXKUTh M TBOPUTH BO HMS

Pa3BUTHUA U IPOLIBETAHU Halen PO,Z[I/IHBI.

I hasnwiii pedaxmop cepuu
npogh. C.O. Cumonsin



EDITORIAL

20 years have passed since the foundation of the scientific Journal of National
Polytechnic University of Armenia “Modeling, Optimization, Management” and its
successor (since 2012) “Proceedings of NPUA - Series Information Technologies,
Electronics, Radio Engineering”.

For the past years, the results of scientific investigations of the Academy staff,
post-graduate students of NPUA, and also the scientists of a number of other
universities and research organizations of the republic have published their works in
the journal. The Journal has actually become one of the leading scientific platforms of
the republic, where the well-known local and foreign scientists have shared the results
of their research.

We wish a long and fruitful path to this prestigious Journal, so that it could
become another important link expressing the creative national spirit, unshakable will,
and enlightened desire to live and contribute to the development and prosperity of our

country.

Editor-in-chief of the Journal
Prof. S.H. Simonyan
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HHDOOPMAIIUOHHKBIE TEXHOJIOI'MHU

YIAK 621.52+512.643.4

K PEHHEHUIO JMHAMHAWYECKHUX OJJHOITAPAMETPUUYUECKHUX
MATPUYHBIX YPABHEHU TUIIA CUJIBBECTPA
dXx(t)

pra A(t)-X(t) + X(t) - B(t), X(ty) = fix

C.O. Cumonsn, O.C. IIanosin

Hayuonanvneiti nonumexnuueckuil ynugepcumem Apmenuu

[peanokeHbl METOMABI PEIICHUS IMHAMUYECKUX OJHOMAPAMETPUYECKHX MAaTPUUHBIX
ypaBHeHwuii Tina CuiibBecTpa, 6a3upyIONKeCcs Ha COOTBETCTBYIOLIMX CIIEKTPATbLHBIX MOJEISX,
OCHOBaHHBIX Ha muddepenimanbupix npeodpazosanusx I'.E. ITyxosa. CrieKTpajibHbIE MOJETH
UCTIONB3YIOT MATPHUUYHbIC AUCKPETH PACCMATPUBACMBIX 33124 U TOPOIKIAIOT:

- PEKYpPEHTHBIE HUKHETPEYTOJIbHBIE OJI0YHO-MATPUYHBIE BRIUUCIUTENBHBIE CTPYKTYPHI B
MEPBOM CJlydae;

- PEKYppEHTHbBIE HMYKHETPEYTOJbHbIE OJIOYHO-THIIEPMATPUYHO-THIICPBEKTOPHBIE BBIYKC-
JUTENbHBIE CTPYKTYPBI BO BTOPOM ClTydae.

B mepBoMm ciiyyae mpH HCIOJB30BAHUM CIEKTPAILHON MOJEIM MOJYYarTCsl MPOCTHIE
(npsiMble) peKyppPEHTHBIE BHIYUCIUTENBHbIEC MPOIEAYPhI, KOTOPbIE TEHEPUPYIOTCS IPU HAYAIb-
HOM MarpuuHoMm guckpere X(0) ¢ JambHEHIIMM BBIYMCIICHHEM IOCIEAYIONMX MaTPHYHBIX
quckperoB X (1),X(2),.. . OObeauHEHHE 3THX BBIYUCIUTENBHBIX MPOLEAYP NPUBOIUT K
HIDKHETPEYTOJIbHOI GJI0UHO-MaTPpHUYHON BEIYUCIUTEIHHOM CTPYKTYpeE.

Bo BTOpOM ciiydae MpH KCMOJIB30BAHHH CIEKTPAILHONW MOJEIM U ammapara KpoHeKe-
POBBIX [TPOM3BEICHUI MATPHUIL MOJTYYAIOTCS CPABHUTEIHHO CIOXKHBIE PEKYPPEHTHBIC BBIYHCIIU-
TENIbHBIE TPOLEAYPhI, KOTOPhIE TAK)KE T€HEPUPYIOTCS MPH HAYAIbHOM MAaTPUYHOM IHCKPETE
X(0) ¢ manpHEHWIINM BBIYHCIEHUEM IIOCIEAYIOINX MaTpudHbIX auckpetoB X(1),X(2),... .
OObeauHEHHE ATUX  BBIYUCIWTENBHBIX MPOLEAYP HPUBOJUT K  HWKHETPEYroJdbHOM
KPOHEKEPOBOH OJIOYHO-THIIEPMATPUYHO-THIIEPBEKTOPHON BEIYUCIUTEIHHOM CTPYKTYpeE.

PaccMOTpeH MOJENBHBIA MPHUMED, PEIIEHHE KOTOPOTO IMOJYYEHO MPEITIOKEHHBIMU
Mmeronamu. B 000ux ciydasx yaaercs JIerko OOOWTH CIIOKHYIO OMEPAlUi0 YMCICHHOTO WHTE-
IPUPOBaHMS JTUHAMHYECKUX MATPUUYHBIX YPaBHEHHUH, YTO OOBIYHO UMEET MECTO B CYILIECTBYIO-
IIMX B HACTOSIIIEE BPEMS METO/IAX.

Knrouesvie cnosa: nuHaMHYecKue OJHONMAPAMETPUUYECKHE MATPUYHBIC YPABHEHUS THUIIA
CunbBectpa, auddepeHipaibabie Ipeodpa3oBanus, CrieKTpalibHas MOJIeb, MATPUUIHBIE JIHC-
KPETHI, PEKYPPEHTHAsT HHMKHETPEYTOJbHAsT OJIOYHO-MATPUUYHAS BBIYMCIMTEIbHAS CTPYKTYpa,
KPOHEKEPOBO IMPOM3BEICHUE MATPHIl, PEKYPPEHTHASI HIDKHETPEYrOJIbHAs KPOHEKEPOBa 0JI0Y-



HO-TUIICPMATPUYIHO-TUTICPBCKTOPHASA BBIYUCIUTCIIbHAA CTPYKTYpa, MOJCIbHBIN npumMep, HUH-
q)OpMaHI/IOHHI)Ie TCXHOJIOTHUH.

Beeoenue. [luHamuueckre MaTpUYHBIE YpaBHEHUsSI JOCTATOYHO YacTO BCTpeya-
IOTCSI B Pa3IMYHBIX 00JACTAX HAyKHM M TEXHHKH, B YaCTHOCTH, IIPHU PEILIECHUM 3a1ad
peryaupoBaHusi, ciexxeHus, HaOmoaenus (ypaBHeHus CuibBecTpa); aHaJu3e MHOTO-
MEpHBIX CHCTEM YIIPABJICHUS, BBISICHEHUU CTPYKTYPHBIX CBOMCTB YIIPaBJII€MOCTH,
HaOJI0IaEMOCTH; aHAIM3e aCUMITOTHYECKOH ycToitunBocTH (ypaBHeHUs JIsmyHoBa);
B 3ajJayax YIpaBIIEeMOCTH M HaOJIIOJAaeMOCTH B CMBICIE KBaJpaTUYecKoro HH-
TerpajibHOTO KpuTepHs kadecTBa (ypaBHeHUs! Pukkatn) u np. [1-7]. B Hactosmei
paboTe mpenIaraloTcsl YUCIEHHO-aHAIMTHUYECKUE METObl PELIeHUs JUHAMUYECKUX
MaTpUYHBIX ypaBHeHWI CHIbBECTpa, OCHOBaHHBIE HA TU(PEpEeHIUANBHBIX MpPeoo-
pasoBanusx [8, 9].

Mamemamuueckuit annapam. PacCMOTpUM JMHAMMYECKOE MAaTPUYHOE ypaBHE-
Hue CunbBecTpa

X(©) =A@®) - X(@) + X(@) - B(D), X(to) = fix, (1)
rae X(t) € R™™, A(t) € R™™, B(t) € R™", t, - HAa4aJIO0 JMHAMUYECKOTO MPOIIEC-
ca, IpuyemM

X110 X12) -+ X1p(®)
X (t) = X 2:1(t) X 2:2(t) X 2:n () @
Xm® Xm2@® - Xmn® |0

- HEW3BECTHas MaTpHILa, HOAJIEXKAIask OIpeIeNICHHUIO.
Hcnone3ys quddepennmansabie npeodpasoBanus [1]

HK aKa(t) — —
AU =0 |, K =00 A0 = 21(6,t,, H AU, K = 0,%0), (3)

HX 9KB(t) — —
BUO =0 T |, K = 0,00 & B(O) = = (t, 1, H, B(K), K =0,2),(4)

HE aKx(t —
X(W) =S5, K =00 & X(0) = 2a(t, 6, HX(K),K = 0,0) (5)

(rne A(K),B(K),X(K), K =0, - maTpuussle auckpersl Matpui A(t), B(t), X (t) B
LEHTpe anmpokcuManuu t = t,; K - uenoducieHHslii apryment; H - macmraOHas
MOCTOSTHHAsI, UMEIOIIAsi Pa3MEepHOCTh aprymenTa t; &;(+), a,(+),®3(") - anmpokcu-
Mupyromue (GyHKIUM, BoccTaHaBimBaroue opruHansl  A(t), B(t), X(t) coor-
BETCTBEHHO), MaTpu4yHOoe ypaBHeHue (1) mepeBezeM H3 00JaCTH OPHTHHAIOB B
obmacte /J[-m3o0paxenuii. [lpm »>ToM TONMydnM CIEAyOIIee TPEICTaBICHUE
(cTIexTpanbHYIO MOJIEIND):

10



K+1
T-X(K+ 1) =A) = X(t) + X(t) «B(t) =

= X540 XK - D+ ZZEX W) - BK =1, X(0) = X(to) = X(t), (6)
rae * - 3Hak J-cBepTku [1], a MaTpUYHbIE ZUCKPETHI

X11(K)  X12(K) - X1n(K)
X (K} = XZ%(K) X22:(K) XZQ(K) VK = 0,0,
Xmi(K)  Xm2(K) - Xmn(K) ] un

(")

Tenepr npeacTaBUM COOTBETCTBYIOIINE METOIBI perieHus 3aaa4u (1).

1. HuxnerpeyrojbHasi 6H0‘lH0-MaTDH‘lHaﬂ BbIYUC/IUTECIbHANA
CTPYKTYpa

CrniexktpanbHass Mozenb (6) MOPOXKIAET CIEAYIOUINE pPEeKyppPEHTHbIE BBIYMCIIHU-
TEITbHBIE TPOLETYPhIL:

npu K = 0:
%'X(l) = A(0) - X(0) + X(0) - B(0), X(0) =X(t,) = X(to);

8)
npu K =1:

%-X(Z) = A(0) - X(1) + A(1) - X(0) + X(0) - B(1) + X(1) - B(0) =
= [A(0) - X(1) + X (1) - B(0)] + [A(1) - X(0) + X(0) - B(1)]; (9)

npu K = 2;
%-X(B) =A4(0)-X2)+A1)-X(1)+A2)-X(0)+X(0)-B(2) +
+X(1)-B(1)+X(2)-BO)=[4(0)-X(2)+X(2)-B(O)] +
+[AD) - X(1) + X(1) - B(D] + [A(2) - X(0) + X(0) - B(2)]; (10)
npu K = 3:
%-X(4) =A40)-XR)+AQ)-X(2)+A412)-X(1)+A33)-X(0) +
+X0)-B3)+X(1)-B2)+X(2)-B(1)+X(3)-B(0) =
=[A0)- XA +XB)-B(O]+[AD)-X2)+X(2)-B(D] +
+[AR2)-X(D)+X(1)-BR2)]+[A)-X(0) + X(0) - B(3)] (11)
" T.1.
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O6bpenunnB cootHomeHus (8), (9), (10), (11), ... , HOTyINM CIIETYIONIYIO HIDKHE-
TPEYTONBHYIO OJIOYHO-MATPUYHYIO BEIYHUCIHTEIBHYIO CTPYKTYPY:
RO I R )
RSN
RS ERACN -

K+1| | X(K+1) (K + Dmxn

A(0)-X(0)+X(0)-B(0) | 0 E
TA(1)-X(0)+X(0)-B(1) | A(0)-X(1)+X(1)-B(0) E (12)
= A2)X(0)+X(0)-B(2) | AL):X(1)+X(1)-B(1)

ACK)-X(0) i’)’((é'j?'é'(k )i A(K-1)- "X'('I’)'i&"('i’jf B(K-1)i--
(K+1)mx(K +1)n

TTA0) X(K)+ X(K)-A0) || E (K + 1)
(rme ° - 3HaK MpsIMOTO MPOW3BENEHUS BEKTOpa Ha BeKTop-marpully; E - egunuuyHas
MaTpHIa), OTKyZJa MOCIIEeI0BATEIbHO-PEKYPPEHTHO MOTYT OBITh BBIYHCICHBI MaTpHy-
ueie auckpersl X (1), X(2), ..., X(K + 1) npu nagansnom Matpuurom auckpere X (0)
H, CIIeJIOBATEIIBHO, OnpeienieHo peieHne X (t) B COOTBETCTBHHU C TIPaBOM 4acThio (5).

2. HukHeTpeyrojabHasi KPOHEKEPOBA 0JI0YHO-THIIEPMATPUYHO-
THIIEPBEKTOPHAS BLIYHCINTEILHASI CTPYKTYpA
Teneps, 0003HaYUB

i Xu(K )_
Xu(K)
X(K)=| VK =0,00 (13)

Xml(K)

| X K) |
M UCMONIb3Ysl anmapaT KpPOHEKEPOBBIX TMPOW3BEACHUI Matpull [2], mpeacTaBUM
cootromenus (8), (9), (10), (11), ... B crieayroiemM 3KBUBATICHTHOM BHJIC:

mnxL

npu K = 0:
= %) = [A(O) ® E'"+ E ®BT(0)|-X(0); (14)
H  mnx1 mxm nxn mxm nxn mnx1
npu K = 1:
2 . A
— X)) = [A(O)(X) ET + E ®BT(0)|-X(1) +
H mnxi mxm nxn mxm nxn mnx1
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[A(1)® E' + E ®BT(1)|-X(0); (15)

mxm nxn mxm nxn mnx1
npu K = 2:

3

—- X(3)—[A(O)® ET + E ® BT(0)|-X(2) +

H mnx1 mxm nxn nxn mnx1
[A(l) ®E" + E ®B'(1) -X(1) +
mxm nxn mx nxn mnx1
[A(Z) ® E' + E ® BT(2)|- X(0); (16)
mxm nxn mx nxn mnx1

npu K = 3:

4 ~

— X(4) = A(0)® ET + B ®BT(0) -X(3) +

H mnx1 | mxm nxn nxn mnx1

+ A(1)® ET + E ®BT(0) -X(2) +

| mxm nxn mxm nxn | mnxl

+ A(2)® ET + E ®BT(0) ‘XD +

| mxm nxn ~ Mx nxn | mnxl
+HAG)® ET + E ®BT(0)|-X(0) (17)
mxm nxn nxn mnx1

U T.JI., T€ CUMBOJ @ - 3HAK KPOHEKEPOBa MPOM3BECHUS MaTPHII.
Teneps, obwvemuuuB cootHomreHus (14), (15), (16), (17), ..., momy4yum
CJIEYIONIYIO OJIOYHO-TUTIEPMATPHUYHO-TUIIEPBEKTOPHYIO CTPYKTYPY:

Ll xe .
2 X (2)
1[5 |5 .
K+1 X(KH') (K +)mnxd
X (18)

| X@.

AK)®ET TE®BT (K) [ AK-D®ET +E®BT (K- | AQ®ET +E®B!T (0) || X(K) (K +Dmnd
(K +)mnx(K +2)mn
OTKYZa TaKX€ IT0CICA0BATCIIbHO-PEKYPPEHTHO MOI'YT OBITH BBIYUCJICHBI BECKTOPHBIC

muckperst X(1),X(2), ..., X(K + 1) npu nauansuom auckpere X (0), COOTBETCTBEHHO
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MaTtpuunble auckpetsl X(1),X(2),..,X(K + 1) u, cnenosatensHo, pemenue X (t)
cucTeMsl (1) B COOTBETCTBHH C MPaBOii 9acThio (5).
Mooenwvnutit npumep. Ilycth 3a1aHO AMHAMUYECKOE MAaTPUUHOE YPABHEHHE

1 1 —¢? 1 1
X(t)=| 0 -t t-X(t)+X(t)-{g t}X(to)=X(O)= 0 -1
t 1 o0 -t 2 0
IIpu ty = 0,H = 1 umeem
110 0 0 0 0 0 -1
A)=|0 0 0| ,A)=| 0 -1 1,A@=| 0 0 OAK)=[0]vK=>3;
010 1 0 O 0 0 O

0 0

PaccMoTpuMm perienne 3a1aqu 000MMH TPEUIOKEHHBIMA METOIAMHU.
1. llpumeHeHHE BEIYUCIUTEIBHON CTPYKTYPHI (12):
npu K = 0 cornacho (8) umeeM
110 1 1 1 1 2 0

10
X@=/0 0 0| O =1|+| O —1-[ }: 0 Of
0 1 0((-2 0| |-2 O
npu K = 1 cornacao (9) umeem
110 2 0 2 0
2-X(2)=|0 0 0| O O|+| 0 O -[1 0:|+
0 10(|-2 ©0f -2 -1

B(0)=Ll) O}B(l){ > _ﬂ,B(Z)z[g g}B(K)z[O],VK >3.

0O 0 O 1 1 1 1 0 1 4 0
+ 0 -1 1| O -1|+| O —1-[ }z—Z 21,

1 0 0||-2 0 |-2 O -1 -1
OTKyza
2 0
X(@2)=| -1 1y
-05 -05

npu K = 2 cornacto (10) mmeem
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110
1 0
3-X(3)=|0 0 O 0}+
0 10]|-05 -05] [-05 -05
0 0| 2 © 2 0
0 1
+ 0 -1 1 0 0|+ O 0-{0 J+
1 0 0]|-2 -1 |[-2 -1
0 0 -1 1 1 1 6 3
00
+OOO-0—1+O—1-10=—4—1,
o 0 0f||-2 0] |-2 O 05 O
OTKy[a
2 1
X(33)=|-4/3 -1/3}
1/6 0
npu K = 3 cormnacao (11) umeem
110 2 1 2 1 10
4.-X(4)=|0 0 0Of-|-4/3 -1/3|+|-4/3 -1/3 {O O}+
010 1/6 0 1/6 0
0 0 O 2 0 2 0
0 1
+ 0 -1 1|4 -1 11+ -1 1-[0 }L
0 0||-05 -05| [-05 -05
0 0 -1 2 0 2 0 0 0 14/3 113
+ 0 0 0| 0 O0f+ O O-L O}+[o]+[o]= ~5/6 -7/2|,
0O 0 0||-2 -1| |-2 -1 -1/6 -1/3
OTKyZa
7/6  11/12
X(4)=|-5/24 -7/8
~1/24 -112
H T.1.

2. llpuMeHeHHEe BBIYMCIUTENBbHON CTPYKTYpHI (18):
npu K = 0 corsacuo (14) umeem
15



1
0
-1
=2

2 0:1 0

w1 0i1 0

‘0 1:0 0

OTKy/a

npu K = 1 cornacho (15) numeem

0110 0

OTKyJia

npu K = 2 cornacHo (16) umeem

2 0:1 0;
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1 | P-1

! 0 !

+ 0 0
_“j 00
0o : 0
i | 0
OTKy1a

2
X(3)=|- 4/ 3

1/6
npu K = 3 cornacuo (17) nmeem

2 0i1 0] . 2]

0 1:0 1] 1

. 107 | |-4/3
4.-X(4)=| 0 : 0 | / +

.00 Y8

) 10710 176
. o 1i0 0] of [
[0 1 | o i1 o1 27
00 ~ 10 -1 0
01 0

+ 0 0
.00 4 .0
; P01 -2
0 : 0
i i 00 J[-1]
OTKyJla
7/6
X (4)=|-5/24
~1/24
UT.O.

o] [ 1] 6
o I Y
0| |-4
-1 -1
i7||=2| |05
- - 0_ _0_
1
0
0 0! :
! 0 ! 0
-1 TT1T0
0 ' '
o1t =2; 01
17077 00
0
01 1 -1
1] [ 14/3]
IRy
0| |-5/6
+ =
=1 | =7/2
o0 | Ce
| O] [ -¥3
11/12
-7/8

~1/12

St

-05
-0.5

OueBWIHO, YTO MPH NPUMEHEHHH 000X METOJIOB TOJyYSHBI OJTHU U TE )KE MarT-
puunble auckpersl X (1),X(2),X(3),X(4), ... (4T0 ¥ 10MWKHO OBLIO OBITH), ClEA0Ba-
TEJIbHO, OKOHYATEJIbHOE MAaKIIOPEHOBCKOE PELICHUE 3a1a9i UIMEET BU]]
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1 11 [ 2 o0 2 0 2 1
XM= 0 -1|+| 0 Oft+| -1  1|-2+|-4/3 13|+
2 0| |-2 -1 ~05 -05 16 0
76 11/12
+|-5/24  —7/8|-t4+-=

~124 -112

(1+2t+2t2+2t3+%t4+---) (1+t3+1%2t4+-~-)

— _42_4/.3_5 4, ... — 2 _ 3_T/:4, ...
= (=443 41t (-1+2- 1002 Thth 4 |
(—2—2t—0.5t2+%t3—%4t4+---) (—t—0.5t2—%2t4+-~-)

3aknouenue. Takum o0Opa3oM, MaTeMaTHdecKuil ammapar nuddepeHnraIbLHbIX
npeoOpazoBaHuil PyHKIMH U ypaBHEHUH TO3BOIMI OOOUTH TPYTHOPEAIN3YEMYIO OTIe-
palMio0 YUCIEHHOTO MHTEIPHUPOBAHUS AMHAMHUYECKUX MATPUUYHBIX ypaBHeHHH Cuiib-
BECTPA, CYLIECTBEHHO CHU3UTh O0BEM BBIYMCIUTEIBHBIX MPOLEAYP U HOIYYUTh aHa-
JUTHYECKOe peleHue 3anadu. [Ipu 3ToM ucxoqHoe TMHAMUYECKOE MaTPpUYHOE YpaB-
HeHue B oOmact nuddepeHnrnanbHbIX N300paKeHAN PeIyIUPYETCS B CIIEKTPATBHYIO
MoJieJIb (6), MOPOXKIAIOIIYIO HIPKHETPEYTOJIbHYIO 0J0YHO-MaTPHUUHYIO BBIYHCIINTEINb-
HYI0 CTPYKTYpy (12) B mepBoM cityuae M HIDKHETPEYTOJIbHYI0 KPOHEKEPOBO OJIOYHO-
TUIePMaTPUIHO-TUTIEPBEKTOPHYIO BBIYHCIUTENBHYIO CTPYKTYpPY (18) BOo BTOpOM ciy-
yae. [locieHre MO3BOISIOT PEKYPPEHTHO-TIOCIIEOBATENILHO BEIYUCIUTE MAaTPHYHBIC
JMCKPETHI PELICHHS 3a1a4, HaYWHas ¢ HadyallbHOU MaTpu4uHOit auckpetst X (0), u ner-
KO BOCCT@HOBHUThH IMOJyIEXKaIlee ONpeAeICHHI0 aHaIuTHYeckoe pemenne X (t) B cooT-
BercTBuU ¢ (5). EcrecTBeHHO, OTMEUCHHBIE BBIYMCIMTENIBHBIE MPOLELYPHl MOTYT
ObITh 3()(PEKTUBHO PEANM30BaHbI CPEICTBAMH COBPEMEHHBIX MH()OPMALMOHHBIX TEX-
nonoruii [10]. K Tomy ke, BBUAY Toro, uTO MuddepeHnaibHble Mpeo0pa3oBaHus sB-
JISIIOTCSL TOYHBIM OIEPALIMOHHBIM METO/A0M, TO IOJIydyaeMasi IPH €ro HCIOJIb30BaHUU
CHeKTpajibHasg Mozaenb (6) He o0nagaeT METOAMYECKOH MOrPEeIIHOCThI0, 00YyCIaBiy-
BAIOIICH MOJIYICHHUE PEIICHUST TUHAMUYECKOTO MaTpUIHOTo ypaBHeHus (1) ¢ HeoOXo0-
JTUMOM TOYHOCTBIO.
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UPLUEUSPh ShAIh 0 = A(8) - X(6) + X(8) - B(t), X(to) = fix
HhLUUPY UhUMULUUESPULYUL UUSPPSUSPL <UMUUULNRULERD LAROUUL
JdbruPLr3UL

U.<. Updntywi, <.U. Mwwynjut

Unwowpyyws tu UhJbunnph wnhwh nhuwdhy dhwwywpwdbnpulywi dwnphgwht
hwjwuwpnuwiubph nddwu Gnwuwyubp, npnup hhdujwsé Bu . 6. Mnifundh nh$tiptughw)
Suwihnfunyeyniuuph - Yppwndwdp  unwgywd  hwdwwywwwuluwt  nwppuwwnybpwhtu
dnnbiutiph ypw: Swppwwwwnybpwiht dnnbijubipt ogquwgnpdnud tu nhunnwnlynn fuunhputiph
dwwnphgwiht nhuypbnmubpp b dunud GU°

- wunpwnwné ubipphtu Gnwulniuwdél pinw-dwinphgwihu hwaynnuywu Ywnnygubp'
wnwohu nbiwypnud,

- wunpwnwpd ubippht Gnwuyniuwédl pnw-hhwytpdwwnphgw-hhwbpdGyunnpulywu
hwaynnulwu Yunnygubp' Gpypnpn nbwpnid:

Unwohtu nbiwypnud wnwppwwwwnybipwih dnnbiju oguinwgnndtijhu unwgynd Bu wwpq
(ntnnwyh) wunpwnwpéd hwoynnuywu pupwgwlwpgbin, npnup gbubipwgynid Gu uygpuwlwu
X(0) dwuwphgwihtu nhuypbnh nbwpnud® X(1), X(2), ... dwwnphgwihtu nhuypbnubph hbunwqu
hwodwpydwdp: Un hwoynnulwu pupwgwlwpgbiph dhwynpnwdp hwugbigund £ ubpphu
Gnwuyniuwasl pinyw-dwinphgwiht hwaynnulywu Ywnnygh:

Gpypnpn  nbwpnud  wwppwwwwnybpwihu  dnnpbh W dwwnphgubph Ypnubytpwu
wpunwnpuubph  wwwpwwtu  ogunwgnpdtihu  unwgynd  Gu hwdbdwwnwpwp  pwpn
wunpwnwpd hwoynnuwu pupwgwlwngbp, npnup unyuwbu gbubipwgynid Gu uygqpuwlwu
X(0) Jwuwnphgwihu nhuypbnh nbwpnud' unyuwbu X(1),X(2), ... dwwnphgwihu nhuyptwnubph
htnwgw hwoywpydwdp: Wn hwoynnuywu pupwgwywngbph dhwynpnwip hwugbigunud |
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utipphu Gnwulniuwal  Ypnubybpjwu pinyw-hhwbpdwunphgw-hhwtipytlynnpulwu
hwaoynnuljwt Ywnnygh:

Thuwpydb) Eodnnbuht oppuwy, nph ndnwit unwgytp b wnwowpyqwd Gpyne
Gnwuwlubpny £ Gpynt nbwpnd £ hwonnynd £ hbounigjudp  opowtgh)  nhuwdhy
dwwphgwiht hwjwuwpnwiubph  pJwht  hunbgpdwt  pwpn  gnpdnnnieniup,  husp
unynpwpwp wbinh £ nibund gnynigniu niubignn inwuwyubpnud:

Unwitgpuypti pwnbip. Uhiytunph wnhwh nhtwdhy dhwwwpwdbnpwlwt dwnphguwihu
hwywuwpnuwiubp, nhdbpbughw;  duwihnfunienuutp,  wwppwwwwybpwiht  dnnb,
dwwnphgwihtu nhuypbnubip, wunpwnwnd ubpphtu Gnwuyniuwdl pnw-dwnphgwiht hws)-
ynnwlywtu Ywnnyg, dwwphgubiph Ypnublybpwu wpunwnpuy,  wunpwnwpé ubpphu tnwu-
Yntwwaél Ypnublybpwu pinlw-hhwbpdwnphgw-hhwybpytlyunnpuwu hwoynnuywu Ywnnyg,
dnnbijwjhtu ophtiwy, wnbinGlwunywlwu nbktuuninghwubn:

TO THE SOLUTION OF DYNAMIC ONE-PARAMETRIC SILVESTER-TYPE

MATRIX EQUATIONS ZX = A(£) - X(£) + X(£) - B(t), X (to) = fix

S.H. Simonyan, H.S. Papoyan

Methods for solving dynamic one-parameter matrix equations of Silvester type based on
the corresponding spectral models based on G. E. Pukhov’s differential transformations are
proposed. Spectral models use matrix discretes of the considered problems and generate:

- recurrent lower triangular block-matrix computational structures in the first case;

- recurrent lower triangular block-hypermatrix-hypervector computational structures in
the second case.

In the first case, using the spectral model, simple (direct) recurrent computational pro-
cedures are obtained, which are generated by the initial matrix discrete X(0) with further com-
putation of the subsequent matrix discretes X(1), X(2), ... . Combination of these computation-
al procedures leads to a lower triangular block-matrix computational structure.

In the second case, using the spectral model and the apparatus of kronecker product of
matrices, relatively complex recurrent computational procedures are obtained, which are also
generated by the initial matrix discrete X (0) with further computation of the subsequent matrix
discretes (1), X(2), ... . Combination of these computational procedures leads to a lower trian-
gular kronecker-block-hypermatrix-hypervector computational structure.

A model example is considered, the solution of which is obtained by both proposed
methods. In both cases, it is possible to easily circumvent the complex operation of the numeri-
cal integration of dynamic matrix equations, which is usually the case in currently existing
methods.

Keywords: dynamic one-parametric Sylvester-type matrix equations, differential trans-
formations, spectral model, matrix discretes, recurrent lower triangular block-matrix computa-
tional structure, kronecker product of matrices, recurrent lower triangular kronecker-block-
hypermatrix-hypervector computational structure, model example, information technology.
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COMPARISON OF NEURAL AND BAYESIAN NETWORKS FOR
REAL-TIME DATA CLASSIFICATION

N.H. Abroyan
National Polytechnic University of Armenia

Neural and Bayesian networks have been successfully used in different classification
tasks during the last several decades. Then during the last several years, the interest towards
deep neural networks have been hugely increased and they have started to be used in vast ma-
jority of fields including image, speech, signal processing. Currently field researchers and spe-
cialists try to apply neural networks in almost every sphere and system, including systems that
deal with real-time data. Eventually neural networks became more popular in industry than
Bayesian networks. However, there are some concerns and unanswered questions about this
type of usage of neural networks. Especially neural networks are being misused very often in
classification tasks, and field specialists do not consider the fact that Bayesian networks could
be better solution with better performance and accuracy for a specific problem. In addition,
there is a need to consider some factors before choosing the network type, such as transparency
of the algorithm, theoretical justification, missing values in data, restriction of being only su-
pervised approach, network building and training time, adaptiveness in case of real-time data.
In this work, we present differences of neural networks and Bayesian networks, more specifi-
cally for classification tasks for real-time data and carry out theoretical and practical compari-
son between them. Afterwards, we provide some ideas on which approach is preferable in case
of real-time data classification.

Keywords: machine learning, classification, real-time data, neural networks, Bayesian
networks.

Introduction. Classification is one of the most popular machine learning prob-
lems and there are many algorithms that try to solve it. This work concentrates mostly
on classification of real-time data. By saying real-time data, we mean that its total cor-
rectness depends not only upon its logical correctness, but also upon the time in which
it is used [1]. A lot of examples of such data are in the financial sphere. As an example
of such data could be stock prices that rapidly change over time. Another example,
which is considered as a popular classification task, could be financial (e.g. credit
card) transaction fraud detection system. That is, all orders in financial sphere (e.g.
stock exchange markets, banks) are processed and tested for not being fraud. Another
real-time data classification problem would be deciding of credit approval, i.e. wheth-
er a person should be allowed to take a credit from a bank or not. In all above cases,
correctness of data and approval decision strongly depend on time. Thus, the machine
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learning model should be adaptive to changes. Otherwise, the trained model, some
time later could be irrelevant to the newly received data. In this work, we also work
with real-time data on the example of the financial transaction fraud detection prob-
lem.

Although, some approaches to the usage of neural networks have been proposed
for solving the classification task with high accuracy for financial transaction fraud
detection problem [2-4], there are some questions and problems that have not been
answered yet in case of usage of neural networks. In the frames of this paper we are
going to concentrate on those questions and problems, try to compare the two ap-
proaches and provide some answers.

Neural Networks. Neural networks are powerful techniques for representing
complex relationships between inputs and outputs [5]. They are inspired by the neural
structure of the brain, and for certain tasks, they can contain many layers and nodes
[6]. During the last several years, deep learning revolutionized and started a new era of
machine learning and artificial intelligence [4]. Thanks to the usage of convolutional,
recurrent neural networks, restricted Boltzmann machines and some other technolo-
gies machine learning researchers and specialists achieved notable results in visual,
voice and natural language processing tasks [4]. In our previous research we showed
that it is possible to achieve best results in financial transaction fraud detection prob-
lems by using recurrent neural networks [4]. However, there are some questions and
problems in case of neural networks usage such as the lack of theoretical solid justifi-
cation, the restriction to be a supervised approach, adaptiveness to newly received da-
ta. We will discuss these problems later in this paper.

Bayesian Networks. Bayesian networks are directed acyclic graphs that represent
a set of variables (i.e. nodes) and their probabilistic conditional dependencies (encoded
in its arcs) [7]. Nodes can represent any kind of variable: a measured parameter, a la-
tent variable or a hypothesis. There are efficient algorithms that perform inference and
learning in Bayesian networks [8, 9]. If there is an arc from node A to another node B,
A is called a parent of B, and B is a child of A. The intuitive meaning of an arc from
node A to node B is that A has a direct influence on B. The set of parent nodes of a
node x; is denoted by parents(x;). The joint probability distribution of the node varia-
bles can be written as the product of the local distributions of each node and its parents
as [7]:

P(xq, ..., xn) = [1iv1 P(x;|parents(x;)).

Each node has conditional probability table, that quantifies the effect of the parent
nodes. A simple example of a Bayesian network is presented in Fig. 1.

This example presents a Bayesian network for a high school student, who wants
to apply for a university. For that he/she needs to pass a SAT test (SAT node has pass
and no pass possible states) and present a good recommendation letter (Letter node
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has good and bad possible states) from one of his high school professors. We can as-
sume, that as SAT is a standard test with a standard level of difficulty, its results de-
pend only on the intelligence of the student (or on the preparation level). A high
school Professor may give a good recommendation letter in case if that student re-
ceived a good grade in the final graduation test. And as that exam is not standardized
and specific to that particular high school, its difficulty can vary. Thus, the grade de-
pends on both the difficulty of the test and the student’s intelligence (or on the prepa-
ration level).

( Letter )

Fig. 1. An example of Bayesian network

Bayesian technology has become popular and well-established, as demonstrated
by numerous companies. Some spheres where Bayesian network classifiers have been
successfully applied are the following: computing and robotics, medicine and health
care, economy, finance and banking, environmental science [10].

The structure of Bayesian networks can be defined either by problem field ex-
perts or learned from the data [8]. In case of big datasets with many parameters, it can
take a long time to learn the structure. For that reason, there are some Bayesian net-
works with a predefined structure, which speed up or eliminate the structure learning
process.

Naive Bayes. Naive Bayes is one of the Bayesian networks with a predefined
structure. In a naive Bayes classifier, each feature variable has the class variable as its
only parent. This means that the structure is fixed, and the only task involved in learn-
ing is to estimate the parameters [8]. Here, it is assumed that all the features are condi-
tionally independent given the wvalue of the class or more formally
p(Nieyx; ly) = [T, p(x;ly), where x;is the i-th feature, y is the class variable and n
is the feature count [10]. An example of naive Bayes is presented in Fig. 2 (a). There
are also some extensions of naive Bayes and the most popular one is tree augmented
naive Bayes. Here each feature variable can have maximum one feature variable as
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parent (besides the class variable) [8]. Here structure learning is needed to be done.
However, the only thing that needs to be done is finding the optimal single links be-
tween the features. An example of tree augmented naive Bayes is presented in Fig. 2

(b).
() () () () Q{GGO
b)

a)

Fig. 2. Examples of naive Bayes (a) and tree augmented naive Bayes (b)

Comparison. Although both neural and Bayesian networks solve similar classifi-
cation problems and can be presented as graphs, there are significant differences be-
tween them, which we have presented below.

Neural networks are discriminative algorithms, Bayesian networks are generative
algorithms [5]. In case of classification tasks, discriminative algorithms try to find de-
cision boundaries between classes (i.e. h(x) function) and learn p(y|x) directly, where
y represents the class, and x represents features. A new training example is classified
in one of classes according to

class1, h(x) =T,
E{class 2, h(x) <T
formula, where T is the threshold value. In contrast, generative algorithms try to build
models for each class based on their features, and they learn p(x|y) and p(y). In this
case there is one more additional step for computing p(y|x), which is done with
Bayes theorem [8, 9]:
p(ylx) = p(x|y)p(y)
p(x)

Here p(y) is the prior probability, which can affect the result, and there are some
approaches how to choose it [8, 9].

Neural networks lack theoretical solid justification, nodes (neurons), and edges
do not have any meaning individually. A network receives inputs, performs computa-
tions and gives an output. Very often neural networks are called black box approach
[5]. Up to now, one cannot explain why the network produced that result. Although
neural networks have been successfully applied to a vast number of problems [11],
these theoretical gaps often prevent the usage of neural networks in some fields. The
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reason is that the field specialists almost always want to know not only the accuracy of
the algorithms, but also an explanation about to prediction. In case of Bayesian net-
works, all the nodes and edges have a very concrete meaning. Nodes correspond to
dataset feature and edge relationships between them [8]. This approach gives an op-
portunity to understand the way of working of networks and explain why network
predicted that result. In case of classification real-time data (e.g. financial transaction
fraud detection) Bayesian networks have advantage over neural networks.

The lack of theory and proofs in case of neural networks includes not only neural
network training and prediction, but also data preprocessing such as dealing with
missing values. There are some approaches to filling the missing values in dataset,
however they are also empirical and may or may not work well in practice [5]. In case
of Bayesian networks, there are theoretically proved algorithms (such as expectation
maximization), which impute the missing values, and that guarantees the most optimal
result [8, 9]. These algorithms also perform well in practice.

Another difference is the restriction of neural networks to be a supervised ap-
proach [11]. Supervised learning formally can be defined as follows: let X = (xy, ...,
Xn) be a set of n examples, where x; € X forall i €[n] :={1, ..., n}. The goal is to learn
a mapping from x to y, given a training set made of pairs (x;, yi;) [6]. However, in sys-
tems dealing with real-time data, no one could guarantee that all the data will be la-
beled and y; will be available for all the examples. Thus, it would be nice to be able to
learn from both labeled and unlabeled data, because it is not always feasible to hire
experts to label the data. In case of neural networks, all the unlabeled data should be
removed from the dataset, because it is not possible to include them in the training
process. However, in case of Bayesian networks, the class variable can be monitored
as an ordinary feature and the missing data imputing algorithms can be used (such as
expectation maximization) [8, 9]. That eventually allows to learn both from labeled
and unlabeled data. Thus, for this property, Bayesian networks are more preferable in
case of real-time data classification than neural networks.

Neural network structures are defined by researchers/developers by doing exper-
imenting and tuning. There is no theoretically proved rule, which allows to build the
most effective neural network for a certain problem [5]. After carrying out experi-
ments and choosing a neural network’s structure, the network should be trained in or-
der to learn weights. This can take quite a long time, depending on the training set
size, feature count and hardware capabilities. In case of Bayesian networks, structure
can be defined by experts or can be learned from data [8]. There are several algorithms
that perform Bayesian network structure learning [8, 9]. After building a Bayesian
network, there is no need for parameter (weight) learning, because they are automati-
cally learnt. However, in case of predictions, a neural network will do faster than a
Bayesian network. Besides, weights and output in neural networks are concrete real
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numbers, but in Bayesian networks they are probability distributions, which present
the idea of uncertainty [8].

The last point is about adaptiveness. In case of dealing with real time data, this is
a very important point. Once a neural network is trained, it will be impossible to up-
date the weights without retrain, which will consume a lot of time. Although there are
some proposed methods in literature [12], which try to do a workaround, they have not
completely proved to be good. In case of Bayesian networks, weights can be updated
on the fly without any extra efforts [8]. This gives a model an opportunity to adapt to
the continuously received real-time data.

Experiments. After some theoretical comparison, in this section some experi-
mental results are presented. We implement naive Bayes and tree augmented naive
Bayes. After doing experiments we compare the results with those of our previous
work [4]. We implement Bayesian networks in R with the help of bnlearn package
[13]. As an experimental dataset, the “German Credit Data” dataset has been used as
previously [14]. For comparing our experiments with the already known results, we
are going to measure our model performance with F; score [5]:

precision - recall
F=2

precision + recall

Thirty experiments were performed for classifier with data shuffling. The results
are shown in Table 1.

Table 1
Experimental results of F1 score
Experiments F; scores Experiments F; scores
No Naive TA Naive Ne Naive TA Naive
Bayes Bayes Bayes Bayes

1 0.79 0.75 16 0.79 0.75

2 0.818 0.772 17 0.794 0.753

3 0.799 0.757 18 0.808 0.764

4 0.83 0.782 19 0.797 0.755

5 0.819 0.773 20 0.798 0.756

6 0.813 0.769 21 0.83 0.789

7 0.807 0.764 22 0.812 0.767

8 0.83 0.791 23 0.795 0.754

9 0.83 0.782 24 0.79 0.75

10 0.827 0.779 25 0.79 0.791

11 0.798 0.756 26 0.808 0.765

12 0.83 0.784 27 0.816 0.771

13 0.825 0.778 28 0.818 0.772

14 0.815 0.791 29 0.82 0.774

15 0.805 0.762 30 0.82 0.774
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Experiments show, that the best F; score for naive Bayes is up to 0.83 and for the
tree augmented naive Bayes is up to 0.79. The comparison of the best and the worst
results with already known results of neural networks is presented in Table 2.

Table 2
Results comparison of naive Bayes, TA naive Bayes and neural networks
Naive Bayes | TA Naive Bayes | Neural networks
Best result 0.83 0.79 0.92
Worst result 0.79 0.75 0.88

As we can see from the results, despite the advantages over neural networks, in
practice, Bayesian networks did not perform as well as neural networks for this specif-
ic problem. Currently it could be a tradeoff and a matter of choice which approach to
use in the real-time data classification task. Our future work will be devoted to raising
the accuracy of Bayesian networks by combining them with discriminative algorithms,
such as neural networks.

Conclusion. We presented a comparison and showed the differences of neural
and Bayesian networks for the real-time data classification task. Bayesian networks
have a strong theoretical basis and are considered trustworthy. While neural networks
lack theoretical proofs and are more empiric, a black-box approach. However, our ex-
periments showed that neural networks give better results for real-time data classifica-
tion. Thus, it is a matter of choice which approach to choose for the task — Bayesian
networks with moderate accuracy, but theoretically justified, or neural networks with
better accuracy, but considered as a black-box. Our future research will concentrate on
finding ways to combine and build a hybrid model from discriminative and generative
algorithms, which will improve the accuracy and better performance.
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LE3rNLU3hL b4 APU3EU3UL SULSENh cUUBUUSNRUL hrUUUL
duvuuvuybh S4Y3ULLEMh HHWUULUrQU UL H6NLNRU

L.L. Uppnjuit

dbpohu dh pwuh wwutwdjulubph pupwgpnd ubjpnuwiht gwugbpp U pwjbujwu
gwugtipp hwonnnipjudp Yhpwnyb) Gu nwuwlywpgdwu wnwpptip fuunhpubipnud: Ujunthbnl
ytpohu dh pwuh wwphubpht  hGwnwppppnieniup  uGipnuwght gwugbph  ujuwndwdp
Ubdwwbu wébkg, U npwup ulubght Yphpwnyb) wdbbwwmwnppbp ninpuubpnud, win pynd’ twl
wwwybpubiph, dwjup UL  wgnwupwiubph dowlydwu nbwpnd:  LbpYuwynwu  ninpuinh
htnwgnunnutipp b Jwutwgbwubpp ubpnuwghu gwugbpp thnpédnud Gu Yppwnbp gnpbipb
wdbl nbuwl hwdwluwpgbpnd' Ubpwnyw) wju hwdwlwpgbpnid, npnup gnpd niubu hpwlwu
dwdwuwyh wdjwiubph hbw: b dbpon, wpryniuwpbipnigniund  ubjpnuwihu gwugbipp
nwpéwt wybh hwpnuh, pwt pwjbiujwu gwugbpp: Uwlwju ubpnuwghu gwugbiph udwu
ognwgnpddwu  Ybpwpbnpw| Ywu Jdh  owpp  dunwhngneniiutp: Uwutwynpuwbu,
ubpnuwghu gwugbipp hwéwfu ny 6hoin Gu oquwgnpdynud nuuwlwpgdwu fuunhpubph
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hwdwp, b ninpunp dwutwgbinubipp hwaygh skt wnunw wju hwuwnp, np pwjbujwu guugtipp,
ynuyptn  puunpp  nbwpn, Ywpnn Bu hubp wydbh o qwy  Ednd' wdbh o d6GS
wpwagwgnpdnipjwdp U pwpdp  Gounnueyudp:  Udtihu, dhus gwugh wbuwyh puwpbu
wuhpwdbon b hwoyh wnub) dp owpp hwugwdwupubp, huswhupp Gu' wignphpedh
pwthwughynipjniup, wnbuwlwu hhduwynpnwip, ndjuubpnd wpdbpubph pwgwwjniye)niup,
dhwju  ytpwhuyynn nwnignuing  vwhdwuwthwynwp, gwugh Yunnigdwt U nwnigdwl
dwdwuwlp, ppwlwu Jwdwuwyh wnubph  nbwypnd'  hwpdwpynnuwunyeniup:
Ubipywywgynud Gu ubjpnuwiht b pwjbujwt gwugbph wwppbpnipniiutipp, hwnjwwbu
hpwywu dwdwuwyh nwiubph nwuwlwnpgdwu fuunph nbwpnwd, W Yuwwnpynd £ npwug
nbuwlywu b gnpduwywu hwdbdwwnieniu: Unwowpyynwd Gu dh pwup qunwihwpubp'
hpwywu  dwdwuwyph nuwiubpp  nwuwlyuwpgbihu  wdbh  gbhpwnwubih dninbgdwu
Ytipwpbipjwy:

Unwlgpuypti pwnbp. dtpbuwjwlwu nwnignd, nwuwlwpgnd, hpwlwu dwdwuwlyh
wnjwiutip, ubjpnuwghtu gwugtip, pwjbujwu guugtin:

CPABHEHHUE HEMPOHHBIX U BAMECOBCKHUX CETEM I
KJIACCHUPUKALIUU JAHHBIX PEAJIBHOI'O BPEMEHHA

H.O. Adposin

Ha mpoTshkeHNM NOCIIEHNX HECKOJBbKHUX JECATHIICTHH HEeHpOHHBIE M OalilecOBCKHE CeTH
HapajuleJIbHO HCTIONB30BAINCH B PA3IMYHBIX 3a/adax Kiaccuukanuu. B mocnenHue rojsl
HHTEPEC K HeﬁpOHHLIM CCTAM 3HAYUTCIIBHO BO3POC, W OHU Ha4dalll HCIIOJB30BATHCA B
MOZABJISIONIEM OOJIBIIMHCTBE 00JacTel, TakuX Kak 00paboTka n300pakeHui, peuu, CUTHAJIOB.
B Hacrosimiee BpeMsi MCCIIEIOBATENN U CHEIMAIUCTBI MBITAIOTCS IPUMEHSITh HEWPOHHBIE CETH
MpaKTU4YECKU B Ka)KI[Of/'I CHUCTEME, BKJIIOYasd CUCTEMBI, KOTOPLIC O6pa6aTI)IBaIOT JaHHBIC
peasbHOrO BpeMeHH. B KOHIIE KOHIOB HEHpPOHHBIE CeTH CTanu OoJjiee TMOIMYJSPHBIMH B
MHIYCTpHH, 4eM OaifecoBckue cetH. Tem He MEHee €cTh HEKOTOPHIE OIACCHMS MO IOBOIY
00OCHOBaHHOCTH HCIIOJIb30BAHUSI HEHPOHHBIX CeTell NMpH 00pabOTKEe IaHHBIX PpeaIbHOTO
Bpemenu. [lepen BbIOOpOM THIA ceTH HEOOXOIUMO YYHMTHIBATH HEKOTOpPHIE (PaKTOPBHI, TaKHe
KaKk IPO3pavyHOCTh aJITOPUTMa, TEOPETUUECKOe OOOCHOBaHHWE, OTCYTCTBHE HEKOTOPBIX
3HA4YEHWH B JAHHBIX, OTPAaHMYCHUE TOJIBKO KOHTPOJIUPYEMOTO IOJIX0/a, BPEMsI IOCTPOCHHUS H
OGy‘{CHI/IH CCTHU, AAANTUBHOCTH B CJIy4a€ JJaHHBIX pC€aJlbHOTO BPEMEHU. K COXaJICHUIO,
CHEUUAIMCTB YacTO 3JI0YMOTPEOJSIOT HCIOJIb30BAaHUEM HEMPOHHBIX ceTell B 3ajadax
Kiaccu(uKanuy, He yYUTHIBask TOT (AaKT, YTO MPUMEHEHHE 0aleCOBCKHX CeTed MOXET OBITh
6oJiee XOPOIIUM PELICHUEM C JIydIlIeii IPOU3BOUTEIILHOCTEIO M TOYHOCTBIO [Tl KOHKPETHOTO
ciydasi. B manHO# paboTe MpUBEACHBI pa3inyns HEUPOHHBIX M 0AeCOBCKUX CETel, 0COOCHHO
JUIL 3a1a4 KiacCU(UKAIMM JaHHBIX PEAIPHOI0 BPEMEHH, W ClIeNIlaHbl TEOpEeTHYECKoe H
NPaKTHYECKOEe CPaBHEHHS MEXIy HUMH. I[IpeicraBieHbl HEKOTOpHIE MIEH O TOM, Kakou
MOAXOa MPEAITIOYTUTEIILHEE B ClIydae KHaCCH(bHKaHPIH JaHHBIX p€aJIbHOTO0 BPEMEHU.

Knrwouesvie cnosa: mammaHOe 00ydeHUe, K1acCUBUKAINS, JaHHBIE PeaJbHOTO BPEMEHH,
HeWpoHHBIE ceTH, OaiiecoBckue ceTu.
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MODELING AND SIMULATION OF MPPT FOR THE GRID-CONNECTED
PV SYSTEM

G.H. Kirakosyan, V.V. Margaryan, V.S. Melkonyan, L.G. Kirakosyan

National Polytechnic University of Armenia

The grid-connected PV system must be designed to operate at its maximum power point
(MPP) at any temperature or solar radiation. Generally if the load is not directly coupled with
the PV panel, the operating point and MPP do not coincide. The direct connection of the load
to the PV panel may result in the over sizing of the PV panel and thus increases the cost of the
entire grid-connected PV system. The solution to this problem is to use the DC/AC converter
(inverter) with an automatic trigger angle control which is usually inserted between the PV
panel and the load. The current control method is used for modeling and simulating the MPP
tracker for regulating the power flow originated from the PV panel-based on the grid-
connected DC/AC converter (inverter). Current- based maximum power point tracker (MPPT)
is investigated as a means for controlling the trigger angle of the grid-connected inverter. The
maximum efficiency is the main issue presented in this article. A strategy for tracking the MPP
for several solar radiation intensities has been used in this article. The control loop circuit, the
grid-connected DC/AC converter, operating as an inverter, is modeled to verify the proposed
control strategy performance. This article shows that the maximum power supplied by the PV
panel is reached at any solar radiation intensity when the PV panel current is directly propor-
tional to photocurrent. This important property of the PV panel means that at the MPP the ratio
of the output voltage to the output current for the PV panel is a constant, forming an adaptive
matching of the panel to the load. Since the current-voltage characteristic of a PV panel de-
pends on the solar cell temperature, the solar radiation, and the load, it is very difficult to
achieve an optimum matching at all solar radiation intensities and at all temperature variations.
It should be emphasized that this article, in addition to tracking the MPP efficiently, presents
analytical solutions of the transcendental equation.

Keywords: maximum power point (MPP), Pl controller, PV panel, solar radiation, grid-
connected, trigger angle.

Introduction. The use of new efficient photovoltaic solar cells has emerged as
an important solution in energy conservation and demand-side management during the
last decades. Owing to their initial high costs, PV solar cells have not yet been an at-
tractive alternative for electricity users who are able to buy cheaper electrical energy
from the utility grid. However, they have been used extensively in grid-connected PV
systems. Although solar cell prices have decreased considerably during the last years
due to new developments in the film technology and manufacturing process [1], PV
panels are still considered rather expensive compared with the utility fossil fuel gener-
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ated electricity prices. After building such an expensive grid-connected PV system, the
user naturally wants to operate the PV panel at its highest conversion efficiency by
continuously utilizing the maximum available output power of the panel.

Owing to changes in the solar radiation energy and the cell operating tempera-
ture, the output power of a PV panel is not constant at all times. Consequently, a max-
imum power point tracking controller is always needed in any scheme with PV panels
[2-4] to ensure maximum utilization. Therefore, works to solve the problem on maxi-
mum power point tracker (MPPT) have always been a hot topic for PV panel utiliza-
tion systems. It is known that MPPT on the basis of DC/DC converter is mainly used
for standalone PV system [5-7]. Since grid-connected PV systems are now much more
popular than standalone PV systems, it becomes necessary to develop MPPT for them.

The aim of this article is the modelling and simulation of the MPPT on the basis
of a DC/AC converter (inverter) for a grid-connected PV system. The MPPT uses the
current control method to seek the MPP to allow the power converter circuit to extract
the maximum power from the PV panel.

1. Basic device model of MPPT. This current control maximum power point
tracker is implemented based on the idea that the current of the PV panel, for which
the power is maximum, is directly proportional to photocurrent if the temperature var-
iation is neglected [8].

The power circuit (thyristor bridge), is designed in such a way that the I ripple is
low. Tracking of the maximum power point is achieved by varying the dc reference
voltage as the function of the insolation level as shown in Fig. 1. The proposed system
transfer function is derived and the method of the current control is discussed. The
regulation of the output current from the PV panel to get maximum power transfer is
realized by controlling the voltage variation across the inductive reactance. According
to the convention depicted in Fig. 1 if the dc voltage variation AV}, at the output of the
thyristor bridge exceeds the voltage variation AV generated by the PV panel, the volt-
age variation across the inductive reactance is negative thus decreasing the I current.
Conversely, if AV, is smaller than AV, by decreasing the trigger angle while the inso-
lation remains unchanged, the I current is increased.

2. Modeling of the PV panel. For the current-voltage characteristic of a PV pan-
el, the voltage is approximately constant until it reaches a region called the knee of the
characteristic curve [9]. From this region, the voltage falls quickly. Therefore, until the
knee, the power is directly proportional to the current. Therefore, in controlling the
power, the current is controlled too.

Likewise, the PV panel current and, consequently, the power vary with the cells’
operation temperature.
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Fig. 1. Block diagram of the proposed system

The equivalent circuit of the PV panel is shown in Fig. 2, where a constant cur-
rent source is parallel the junction. This circuit includes the series resistance from
ohmic loss in the front surface and the shunt resistance from as shown in Fig. 2.
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Fig. 2. Equivalent circuit of a PV panel

From Fig. 2, one can write the equation:

a(V=IRs) -
1L=15[e R —1]+V’RS+1. (1)
Rsh
Under the condition R, > Rq:
q(V-IRs)

I=IL—IS[e KT —1]. (2

From (2) we obtain the output voltage of the PV panel:

_ kT I,-1

V—qln( : +1)+IRS. 3)

Expression (2) can represent the operation of a solar cell appropriately, but it pre-
sents some inconveniences in its practical use. The expression possesses an implicit
character: current I appears on both sides of the equation. The problem of the implicit
characteristic of the expression for I as a function of V will be solved because the so-
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lution will be found analytically making | or V appear on only one side of the equa-
tion. The desired analytical solution for the generalized PV panel equation was found
in terms of Lambert function [10, 11], by using symbolic MATLAB. Besides, the pa-
rameters I;, I, Rg, and R, are not easy to find.

The parameters of easy experimental determination, usually supplied by the man-
ufacturers are, basically, the open circuit voltage,V,cthe short circuit current, I and
the voltage and current on maximum power point V,,, I,,,, respectively.

From (3), we obtain for the open-circuit voltage (I = 0):

= Ty (1)
Voo = In (%), (4)
I; may be written in terms of the open circuit voltage as:
_4Voc
IS == ISCe kT (5)

From (5) and (2), the I — V characteristic can be written as:

a(V-IRs-Vo(c)
I = ISC (1 —e kT ) (6)
Combining (5) and (3) yields:
kT Isc—1I
V = Ve + 5 n [S=] + IRy, 7
q Isc

The panel consists of 182 cells in series, 3 parallel strings. Igc = 14.4 A4,
Iyp =13.2A,Vyp =85V, Vo = 110V, totaling a power of 1122 W.
(8) is an explicit solution of (2):

(8)

where LamW (z) is the Lambert function defined from the following implicit equation
LamW (z)e*®™W @) = z_ This result was obtained by using MATLAB’s symbolic

toolbox. The condition for maximum power point can be obtained when
dap _ d(vD) _

a(V-Rs(Ip+Is)
=1, + I+ LamW (—Me( T )>
qRg KT

= 0. 9)
dl al
Substitution of (3) into (9) gives
ln (IL_Im‘Hs) _ Im _ 2 qImRs — 0, (10)
I I ~Im+Is kT

where I, = Ie~9Voc/kT The PV panel photocurrent can be obtained from (10):

IL — 0.002e (Lamw(sgmme(—o.oslm)))+0.081m—0.002 - (11)

This curve is a linear approach. That is, I,,, is directly proportional to I;, where
the proportionality constant is 0.9. Figure 3 shows the current-voltage characteristic of
a solar cell, which is calculated by the formula (8).
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Fig. 3. Current-voltage characteristic of a solar cell under illumination

3. Modeling of the plant and control. The PV panel, power circuit, transducer
and controller form the PV system are basic functional elements (Fig. 4). The plant
including the power circuit, PV panel and current transducer is modeled as a second-
order transfer function given by

K
Hp(s) = sL(1+sTp)’ (12)
If, for example, the controller is the proportional plus integral controller:
Kp; (1 + sTp;)
Ge(s) =———,
c(s) STo
the closed-loop transfer function is
SKp;KTpj+KpiK
Gey(s) = (13)

SSTPILTD+SZTPIL+SKPIKTPI+KPIK.

We can select the controller gains in (13) to place the poles of G, (s) in the de-
sired locations to meet the desired performance specifications. For Tp; and Kp; we
have:

Tpy = 4T),
L
Kp; = ﬁ. (14)
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Fig. 4. A simplified block diagram of the proposed system.

4. Experimental results and discussions. The transformer transformation rela-
tionship (not shown) (220/40 V) is calculated in such a way that the average voltage at
dc side of the thyristor bridge (V) when operating with selected trigger angle
(ap = 155°), equals the voltage across the PV panel, when operated in the maximum
power at rated insolation level. It is worthwhile to note that although a large steady-
state trigger angle would increase the power factor, communication failures could oc-
cur. In fact, a limiter should be used in the current-based MPPT to prevent trigger an-
gle from exceeding 170° during transients.

Inductor L is designed in order to limit the magnitude of the lowest order sixth
current harmonic at less than 5% of rated dc current when the thryristor bridge is trig-
gered with 140° and required for keeping the dc—ac converter operating in the con-
tinuous conduction mode so that power can flow from dc to ac side. It was calculated
as 25 mH. The time T}, is the delay that takes into account the period of the modulat-
ing signal (T, = (1/6f;)) where f; is the frequency of the ac mains. It was calculated
as 2.77 ms while the gain and time constant of the PI controller were calculated as
0.217 and 11 ms, respectively. The carrier waveform is the saw tooth type with an am-
plitude V-4r = 10V, so that it can be easily implemented in practice with a dedicated
IC such as TCA 785. V;;, = 40V is the line to line voltage. Therefore, the gain of the
dc—ac converter is obtained by linearization around the rated steady-state operating
point, @y = 155°.

Fig. 5 shows a reference voltage and the PV panel current (voltage) in the error
detector input in the function of time. Two insolation levels were used 11.2 V and 13.2
V represented by a dashed line. The PV panel current presenting the low ripple (less
5%) tracks the maximum power point under the steady state operation. When the av-
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erage value of this current (voltage) matches to the reference current(0.921,), the PV
panel power is maximum and the error voltage is zero.

To calculate the MPPT, the MATLAB-Simulink program was used (Fig. 5).
141
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Fig. 5. Current of the PV panel and reference current
in the input of the error detector in Fig. 1

Figure 6 shows the Simulink-model of MPPT. The grid is represented by a sinus-
oidal voltage source (AC 220 V, 50 Hz) and the PV panel with an equivalent DC volt-
age whose value is 150 V. The thyristor bridge control pulses are formed by the Con-
trol System block, whose inputs are used for grid voltage (for synchronization) and the

trigger angle calculated from the start of half-period. In this case, the selected trigger
angle is equal to 2m/3.

uuuuu

Fig. 6. Simulink-model of MPPT onthe basis of t?ie grid-connected inverterm
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Figure 7 shows the dynamic switching characteristics of the grid-connected in-
verter during turn-on with zero initial conditions. Figure 8 shows the same operational
oscillograms as in Fig. 7 a, b and c, detailed for the stabilized mode.

o
mw,",,,,.m;rﬂnm»mrmmvmvrmn|mvmnnunmmnnnmawuunmwmmnnunmrmnrmm'ﬂ|lmmmunmwmmmwnm|'m!mm|'m!l'm'nmmmmnmmmlmnwn
L

b)

Fig.8. The currents and voltage of the MPPT virtual model in the stabilized mode. (a)
Grid current. (b)Choke current. (c) Output voltage of bridge
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Conclusion. The new method of the MPPT on the basis of DC/AC converter (in-

verter) is developed. The proposed MPPT method has the following advantages:

o online adaptive search of the trigger angle for the grid-connected inverter;
o the current on MPP is directly proportional to photocurrent;
o the ratio of the output voltage to the output current for the PV panel is a

constant.

This work was made possible by a research grant from the Armenian National

Science and Education Fund (ANSEF) based in New York, USA.
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UNU4GLUGNKR3L <RNMNREBUL UEShL <6SEYN1 UUrudnruut
unasLudnrnhue 64 UhUNKL3UShUL SULSU3PTL PY CUUULLUNGH
TENLeNhy

q.<. YUhpwlnuywl, 4.4. Uwpqupyui, 4.U. UGpnujwi, L.Q. YUphpwYnuywt

bnunnynpnwhy gwugwijh hwdwlwpgbpp wbwp £ wjuwbu hwoyupyytu, npwbiugh
npwup wofuwnbt wnwybjwgnyu hgnpnipjwtu  Yennw (UKY) obipdwuwmptwuh b wplh
Swnwquwjpdwu pninp thnihnfunyeiniiuph nbwpnud:  Cunhwunyp nbwpnud, Geb  pbnp
wudhowlwunptu dhwgywsd sk PV Juwhwuwyht, wwyw woluwwnwupwihtu Yewnp b ULY-u sbu
hwdwwwuwufuwunw: Ptnh wudhswlwtu dhwgnwip PV Jwhwuwyhu Ywpnn £ hwugkigub)
PV Jwhwuwyh swihbph Ywpny dedwgdwup, b wnwhuny Yibdwuw gwugwihu PV
hwdwlwpgh ghup: Uu fuunph nwdnwip junwjwpdwu wuywt wyunndwn huynwing DC/AC
ytpwwihnfuhsh (huybpwnnph) ogunwgnpdnwdu £, npp unynpwpwp gunuynd £ PV Juwhwuwyh
nt pbnh Jholi: <nuwuph Jwnwlwpdwu dbpnnu ogunwugnpdynwd £ dnnbjwynpbint L
uhdnruwgubint hwdwp U<Y-hu hbinunn uwppwynpnudp, npp pwnugwd £ guwugwihu DC/AC
Ypwwipnfuhshg' PV Juhwuwynid wnwowgwd hgnpnipjwt hnuph Yupguynpdwu hwdwp:
<nuwuph hhdwu Ypw ULY-hu hbwnunn uwppwynpnudp hGwnwgnundnd £ npwtiu dhong
gwugwjhtu  hugbpnnph wnwjwpdwu - wulwu  huydwu  hwdwp:  Unwybwugnyu
wpryniwybinngeggniup hhduwfuunhp £, npp nhunwplynud £ ndjw) wofuwnwupnd: Uyu
woluwwnwupnu  ogunwgnpdynud £ wplh dwnwquypdwu wnwppbp  hunbuuhynipniuutiph
nbwpnud ULY-hu  htinunn unpwntighwu: Unnbjwynpynid Gu hnuwuph Yunwywpdwu
ufubdwtu b npwtiu huybpunnp gnpdnn gwugwjhu DC/AC Yepwwithnfuhsp, npwtiugh unnigytu
wnwownpyynn Yunwjwpdwt uwnpwwbghwih punypwagpbpp: Snyg £ wpdws, np PV
Jwhwuwyhg dwwnigynn hgnpnipniup hwuund £ hp wnwybjugnyu wpdtipht wpbh
Swnwquwjedwu wwppbp hunbuuhynipgniuutph nbwpnwd, Gpp PV Juwhwuwyh  Gpwhu
hnuwupt ninhn hwdbdwwwlwu £ $nninhnuwupht: PV quwhwuwyh Yuwplnp hwnynipniuu
wju £, np U<Y-nwd Gppwjht (wpdwu hwpwpbpneniup Gipwjht hnuwupht PV Juhwuwlyh
hwdwp hwuwnwwn £, npp htiinbwupny duwynpynd £ Jwhwuwyh b pbinh hwpdwpwybun
hwdwwtinbihnigyniup: Lwuh np PV Juwhwuwyh ynpn-wdwbipwihu punipwghpp Ywiudwd
wplwjhtu wwpph otipdwuwinhéwuhg, wplwjht wnwquw)enuihg b ptinhg, www 2wwn nddwn
hwutb] owywhdw| hwdwwbntjhnipwu wplwiht dwnwqujedwu hunbluuhyniejwu pninp
wnpdbipubiph b wdpnng sbipdwuwnhbwuwihu dhowywph nbwpnwd: Uuhpwdbown b pungdti|, np
wju woluwwnwupnw, pwgh U<LY-hu hbnbnn wpryniwwybin nbfuuhywihg, ubplujwgyt) &
wnpwuugbuntun hwjwuwpdwt wuwhwnply ndnwdp:

Unwlgpuyphti pwnbp. wnwybjugnyu hgnpnipjut Ybwn, hwdbdwwnwlwu-huntigpnn
Ynuwpniip, PV Juwhwuwy, wplwjht swnwguw)jenid, gwugwjht, junwywpdwu wuljntu:

39



MOJEJIUPOBAHHUE U CUMY.ISIIUSA CAEJSAIIENA YCTAHOBKH 3A
TOYKON MAKCUMAJIBHOM MOIITHOCTH AJIs1 CETEBOM PV
CHUCTEMBI

I'.I'. Kupaxkocsin, B.B. Maprapsia, B.C. Meakonsin, JI.I'. Kupakocsin

®DoTOBOIbTAaMYECKUE CETEBBIE CHCTEMBI IOJDKHBI PACCYUTBHIBATHCS TAKUM 00pa3oM, YTOOBI
OHM paboTasm B ToYke MakcuManbHOW wmomHocTH (TMM) mnpuM Bcex WM3MEHEHHIX
TEMIIEpaTyphl U COJTHEYHOTO M3IydeHus. B oOmeM cirydae, ecinm Harpy3ka HEMOCPEACTBCHHO
He noakmodeHa K PV manenw, To pabouas Touka U TMM He coBmanmator. IIpsimoe
MIOJIKIIFOUEHUE Harpy3Kku K PV maHemu MoXeT MPUBECTH K IpeBbIIIeHUI0 pasMepoB PV nanenu
U, TEM CaMbIM, IOBBIIICHHIO CTOMMOCTH Lenoi cereBod PV cucremsl. Permenue stoit
npobiemMbl  3akiovaeTcs B ucmnoib3oBanun DC/AC  kouBeprepa (MHBepTOpa) C
aBTOMATHYECKHM KOHTpOJIEM YIJIa YINpaBJICHHUs, KOTOPBI OOBIMHO HaxonuTcs Mexay PV
MaHeInbl0 M Harpy3koil. Mcmomb3yercs MeTOH yHpaBIE€HUS TOKOM ISl MOJEIUPOBaHHA U
CHUMYJIALMY ciensmeil yctaHoBku 32 TMM, kotopas coctout u3 cereBoro DC/AC koHBepTepa
JUIS peryJIMpOBaHUs MMOTOKA MOIIHOCTH, Bo3HUKatommel B PV manenu. Mccnenyercst yctaHOBKa
cnexeHus 3a TMM Ha OCHOBE TOKa Kak CPEJCTBO [UIsl KOHTPOJIA yIJla yNpPaBJICHUs CETEBBIM
HHBEPTOPOM.

[Toka3aHo, 4YTO OCHOBHOH 3ajaucii sBIsICTCA MakcuMalibHas 3G (GeKTHBHOCTh. B padote
HCIOJIb3YETCS CTpaTerus Juis ciexxenus 3a TMM npu pa3nuuHbIX UHTEHCUBHOCTSIX COJIHEUHOU
paguanuu. [l  NOpOBEPKH  XApaKTEPUCTHK MPEANIOKEHHOM  CTpaTerMM  YHpPaBICHHS
MOJEIUPYETCs cXeMa yrpaBieHus TokoM H ceTeBoiM DC/AC koHBepTepoM, JCHCTBYIOLIUM B
KadecTBe HMHBepTOopa. [loka3zaHO, YTO TOCTaBisieMas CO CTOPOHbI PV maHenIM MOIIHOCTH
JOCTHraeT MaKCUMAaJIbHOTO 3HAu€HHs IPH Pa3HBIX MHTEHCUBHOCTSX COJHEYHOTO M3Iy4YECHHS,
KOTJla BBIXOAHOHM TOK PV manenw mpsiMo mpomopuuoHaneH (GoToToky. BaxkHoe cBoiictBo PV
NIAHENH 3aKJII0YaeTCcsl B TOM, 4T0 B TMM OTHOILIEHNE BBIXOIHOIO HAIPSKEHUS K BBIXOJAHOMY
TOKY Juisi PV maHenu mocTosHHO, B pe3ynbTare 4ero opMHUpYyeTCs allaliTHBHOE COBMEICHUE
nmaHenu ¢ Harpy3kod. Tak kak BoJbT-aMIepHass XapakTepucTuka PV maHenn 3aBHCHT OT
TeMIepaTypbl COJTHEYHOTO IEMEHTa, COJIHEUHOTO M3IIyUeHHs] W Harpy3KH, TO O4€Hb CI0XKHO
JOOUTHCST ONTUMAIBHOIO COBMEIIEHHUS] NIPH BCEX MHTEHCHUBHOCTSX COJNHEYHOTO M3JIyYeHHS U
BO BCEM TeMIlepaTypHOM amanazoHe. CiiefyeT MOAYEpPKHYTb, YTO B 3TOW paboTe, Kpome
spdexktuBHOrO  ciexeHuss 3a TMM, 1peicTaBleHO — aHAINTHYECKOE  pELICHHE
TPAHCIECHICHTHOTO YPaBHEHHUS.

Knwoueevie cnosa: TOUKa  MAaKCUMaJIbHOW  MOIIHOCTH,  NPOHNOPIHOHAIBHO-
UHTETPUPYIOIINUN koHTposutep, PV maHenb, colHEYHOE U3IMy4YeHHE, CETEBOH, Yrom
yIpaBJICHHUSL.
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Becmuux HITVA: Hngopmayuonnvie mexnonozuu, snexmponuxa, paouomexnuxa. 2018. Ne 2.

DJIEKTPOHUKA
V]IK 621.3.084

NPUHIMUIIBI IOCTPOEHUSA SJIEKTPOHHBIX HCTOYHHUKOB TOKA,
YIIPABJISAEMBIX HAIIPSI)KEHUEM

b.M. Mamukonsia, T.A. MeauksiH

Hayuonanvhuuii nonumexnuueckuti ynugepcumem Apmernuu, I'ompuiickuti gounuan

OmnucaHbl OCHOBHBIE MPUHLUIBL, 10 KOTOPBIM CTPOSITCA UCTOYHUKU TOKA, yNpaBIIsIEMbIE
HanpspkeHueM (MUTYH), Ha oneparmonnsix yeunutensax (OY). Pacemorpensr cxemsr UTYH,
[IpeHa3HAaYCHHBIX JIUISl HE3a3€MJICHHBIX U 3a3¢MJICHHBIX Harpy3ok. MTYH s He3a3eMileHHBIX
Harpy3ok Han0oJjiee MPOCTHl B CXEMHON pealn3alid U B OCHOBHOM HCIOJIB3YIOT TO CBOWCTBO
OV, 4T0 B HMHBEPTUPYIOIIEM H HEUHBEPTHPYIOLIEM YCHIMTEISIX MO LENU OTPULATEIbHOMN
0o0paTHON CBSI3M MPOTEKAeT TOK, HE 3aBUCAIIMNH OT CONPOTHBICHHS 3TOH IenH, Kyaa U
BKIIIOYaeTCcsl Harpyska. Ilpm 3TOM NpeAnodTUTENbHO HCHOIb30BAHME HEUHBEPTHUPYIOILETO
YCUIINTENS, IOCKOJIBKY B 3TOM citydae ko3 ¢umnueHt npeodpazoBanus UTYH ne 3aBucur ot
BHYTPEHHETO CONPOTHUBIICHUS UCTOYHUKA ynpasiiitouero curana. UTYH nns 3a3emiieHHBIX
HAarpy3ok Oojiee COBEpIIEHHBI, B HUX Harpy3ka HMeEeT 3a3eMJICHHBIH 3a)XHUM, OOIIHH C
3a3¢MJICHHBIM 3a)KHMOM HCTOYHMKA YIPABJSIOIIEr0 HampsbkeHUs. Bce OHM OCHOBaHBI Ha
UCTIONIb30BAaHUN CXEMbl HMCTOYHHKAa TOoKa XayieHaa. OTiIMYuTeNbHOM OCOOEHHOCTBIO 3TOH
CXEMBI SIBJISIETCS] HAJIMYHE OTIOTHUTEIHHON 1IENH MOJIOKUTENBHON 00paTHO cBsi3u. Uepes aTy
LHENb U OCYIIECTBISETCA KOMIIEHCALUS HM3MEHEHHMs TOKAa B HAarpy3ke IpH U3MEHEHUHU €€
COIIPOTHUBIIEHHS], OHAKO 3TO MPOUCXOAUT MPHU ONPEAEICHHBIX COOTHOIIEHUSX PE3UCTOPOB.
N3noxena MeToauka OIPEIENICHUsT MaTeMaTUYeCKUX MoJenel Bcex paccMorpeHHblx UTYH,
MyTEeM aHalM3a KOTOPBIX OIIGHEHO HX KadecTBO. lccienoBaHo BIHMSIHME Ha paboTy cxem
HUTYH pa3bpoca CONpPOTHUBICHUI UCIONB3YEMBIX pPE3UCTOPOB U HemmeampHocTH OVY.
IIpuBeneHb! OCHOBHBIE XapaKTEPUCTUKY JIyUINUX CXeMHbIX pemennid UTYH.

Knrouegvie cnosa: MCTOUYHUK TOKA, YIPABIAIOMIMN CHUTHAJ, ONEPALMOHHBINA YCHIUTENb,
oOpaTHas cBs3b, K03 dumeHT npeodpa3oBaHmsl, BEIXOAHOE CONPOTHUBIICHHE.

Beeoenue. VICTOYHWKM  TOKa, yNpaBIsIeMble  HANpsHKEHWEM,  IIMPOKO
NPUMEHSIOTCS B MH(OPMALMOHHO-U3MEPUTEILHON TEXHHUKE JAJsl CO3JaHMs peXuMa
3aJaHHOTO TOKa B MapaMEeTPUYECKHX IEPBHYHBIX MNpeoOpazoBareisix, Nepeaadn
U3MEPUTENHHON MH(POpMAMM Ha PAcCTOSHUS C TMOMOIILI0 TOKOBBIX CHTHAJIOB H
apyrux ueneil. Ha nawamsHom stane MTYH paspabaTeiBainch Ha IUCKPETHBIX
aneMeHTax d3nekTpoHukH. [losermenue (1964r.) wuHTErpajgbHBIX OIEPAMOHHBIX
YCUJIMTENEH  CYIIECTBEHHO  OOJNErdywio TpyZ  pa3pabOTYMKOB,  PacIIHpPHIIO
¢yHkunoHanpHele  Bo3MokHoctH MTVYH, ymenpmmino wux Maccy, raOapuThl,
CTOMMOCTb, dHepromnorpednenue. B crarbe “McTouHnKM TOKa Ha OJHOM ycuiuTesne”
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(Single Amplifier Current Sources), omyonukoBanHOU B xypHane Analog Dialogue,
tom 1, momep 1, 1967 (Analog Dialogue, Volume 1, Number 1, 1967, p. 5) [1],
BIIEpBBIC TpencTaBieHsl Heckombko cxeM MTYH ma OV, koropble o0ecriednBarOT
pa3nIuyHbIe “TIIaBaromIve” WM 3a3€MIICHHBIE HArPy3KH CTAOMIIN3WPOBAHHBIM TOKOM.
B mpoMBITIIIEHHBIX TPHIIOKEHUAX, TAKUX KaK TaTINKH JTABJICHHUS W Ta30aHaIN3aTOPHI,
JIAHHBIE CXEMBI IIMPOKO MCHOJIB3YIOTCS sl Moepkanusi TokoB oT 4 no 20 mA v
ot 0 10 20 mA. OcHoBHbIe npuHIHIbl mocrpoenus UTYH, ux cxeMmubie 0cOOEHHOCTH
W aHamM3, a TakkKe PEKOMEHJAMH II0 BBIOOPY IapamMeTpoB DSJIEMEHTOB CXEM
M3JIOKEHBI B Tpyaax [2-15].

Obvexm u memoowsl ucciedosanusn. UTYH npennasHadeHs s oOecriedeHus
Harpy3ku R, Tokom | , KOTOpbli He 3aBUCUT OT HanpsbkeHus U, (mageHue

HaIpsDKEHUs. Ha Harpy3ke) M peryjiaupyercs TOJIbKO BXOJHBIM HampsbkeHueM U, .
[Mostomy UTYH MoskeT OBbITh IO KETaHUI0 AMCTAHIMOHHO 3allpOTPaMMHUPOBAH WIIH
3adurcuporad. UTYH xapakTepusytoTcsi O0IBIIUM BXOAHBIM U OOJIBIITUM BBIXOTHBIM
conpotuBieHusmu. s naeansnoro UTYH onu paBHbel OeckoHeuHOCTH. B peanbHbIX
CXeMax TpPEBBIIIEHUE CONMPOTHUBICHUM BXOJIHBIX M BBIXOJHBIX LIEMEH OTHOCHUTENHHO
CONpOTHBIECHUI ncrounuka curHana U, u Harpysku R 3aBucHT OT TpeOyemoii
TOYHOCTH IPeoOpa3oBaHMsA, T.€. BXOJIHOE CONPOTUBICHHE IOJDKHO OBITH HAMHOI'O
OoJIbIIIe COMPOTUBIICHHSI HICTOYHUKA CUTHANA, & BHIXOJHOE CONPOTHUBIICHUE - HAMHOTO
OoJIbIIIe COMTPOTHBIICHUSI HATPY3KH.

[Mpunnuner noctpoennss UTYH ocnoBanbl Ha npumenenun OY ¢ riayOokoit
orpurareabHor oOpatHoit cBs3pio (OC) U ydyere OCOOCHHOCTEH BOJIBT-aMIEPHBIX
XapaKTEepUCTUK TPAH3UCTOPOB, UCIIOIB3yEMbIX B KaUueCTBE OyCTEPOB BBHIXOJHOTO TOKA.
Cxempt UTYH otmianuarorcss mo cmocoOy MNOAKIIOUCHHS HArpy3KH, IWana3oHy
W3MEHEHUS BBIXOJHOTO TOKAa, a TAaKKe OJHOMOIAPHOMY WM [JBYNOJSIPHOMY
BBIXOJIHOMY TOKY. B 3aBHcHMOCTH OT Ha3zHauyeHus, Bce UTYH MoxHO moapasnenuts
Ha JIBa OCHOBHBIX KJacca:

o UWTVYH c He3azemieHHOH Harpy3ko# (“ruiaBaromas’” Harpyska);

o UTVYH c 3a3zemieHHON HArpy3KOH.

UTYH c nesazemiennoii nazpy3koii HanOojiee IPOCTHl B CXEMHOH peaTn3aiim
U B OCHOBHOM HCHOJB3YIOT TO cBOHCTBO OV, WT0 B MHBepTHpyiomeM (puc. la) u
HeMHBepTUpYylomeM (puc. 10) ycwiuTensx mno pesucropy otpunarensHoin OC
nporekaer Tok |, =U, /R, (npeanonaraercs, aro OV - uneansusiii) [1, 2, 4, 5, 16].
CregoBaTennbHO, 00€ 3T CXeMbI MOXKHO MCHOIb30BaTh B MTYH, Tak kak TOK BETBH
OC He 3aBUCUT OT IaJICHUS HANpsDKEHUs Ha Harpyske R, . Onementsl R u C (puc.

la) MOTYT M HE BKIIFOUAThCA, €CJIM B HAarpy3Ke HeT HHIYyKTHBHOCTH [1, 10].
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R

6)

Puc. 1. basogvie cxemvt UTYH ¢ He3azemnennou Hacpy3Koll: a — no cxeme
uHBepmMuUpyloue2o ycurumens, 6 — no cxeme HeUHEEPMUPYIOWE20 YCUTUMEIs
Otmetum, 4TO IpU JOCTaTOYHO OoabiIoM Kod(hduuuente ycunenus OY Tok ||

HE 3aBHCUT OT BXOJHOTO compoTuBieHus OV, a BXOJHOE CONPOTHBICHUE CXEMBI U
KO3 GHUIMEHT NpeoOpa3oBaHUS ONMPEACITSIOTCS TOJBKO 3HAYEHHEM COINPOTUBIICHHUS
pesuctopa R,. B peanbubix OV nuddepenimanpupiii koadduuuent ycunenus K

UMeeT KOHEYHOE 3HaueHue, BXxoaHoe nuddepeHnuanpHoe Hanpspkenne U, ocTaetcs

OTJIMYHBIM OT HyJisi. Onpenenm BoixonHoe conporusienne UTYH (puc. 1a) [16]:

|1 = IL :(Ul_UD)/Rl ) UD =_(UOUT / Ku )v
I =U1/R1 +UOUT/R1KU » Rour :(aUOUT/alL) =KyR,
rae Uy - BeIXxoanoe Hanpsbkenue OY.
B cxeme puc. la Tok, nmorpe0isemMslil 0T ynpasisiolero ucrouduka U, , paBeH

TOKY, IPOTEKAIOIIeMy 110 CONPOTUBIICHUIO HArpy3ku. J{7is Toro, 4To0bl HE HArpyXaTh
MCTOYHHK BXOJHOTO HANPsHKEHHS, MOKHO MOJaBaTh BXOJHOE HANPSHKEHUE Ha MIPSIMO
Bxox OY (UTVYH anekrpomerpudeckoro tuma) (puc. 16). @opMynsl 11t CXeMBbI pHC.
16 Moryt OBITH MONYYEHBI aHAJOTMYHBIM 00pazoMm. s o0enx cxem BBIXOAHOE
COIIPOTHBIICHHE MPONOPIMOHANBHO K0dhdunuenty ycunenus OVY; mnocienHui
JIOJKEH OBITh 110 BO3MOXHOCTH OosbiiuM, 4To0bl UTYH cran Ginxke K vacalbHOMY,

1715 KoToporo Ry ; =.

Jlns uamocTpanyu cylectseHHoro BimsHus K, Ha pabory UTYH paccmorpum
apCIIeHHBIH IpUMep 1o cxeme puc. 16. ycrs R =100 Om, R, =900 Om, K, =10*.
Torna npu 3aganHoM  Hampskenun U, =05B Tok  Harpy3ku Oyger

I, =1,=U,/R =5 uA, seixognoe nanpsokenue OY Uy =1 (R +R)=5 B. Ilycts

u3-3a uU3MeHeHus (ysenuueHus) R, mnpousonuio ymessiieHue Toka |, Ha Al =1
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mkA. Tlpupoct muddepeHnnamsHoro BxomHoro HampspkeHus OVY  cocTaBUT
AU, =U, —R (1, - Al,)=RAI, =100-10°=0,1 mB. Bobxomnoe Hnampsukenne OY

yeemuntess Ha AUy, = K AU, =10*-0,1-10° =1 B. OT0 M3MeHEHHE BHIXOIHOTO
HAIIPSDKCHUS BBI3OBET yBelIMdeHHe (oOpaTHasi CBs3b OTPHLATENbHAS) TOKA HArpy3KH
Ha AUqyr /(R +R)=1/1000=1 mA. Taknm 0Gpasom, yMEHbIICHHE TOKA HATPy3KH
Ha | mxA Be3BIBaeT uepe3 OV ero xe yBenmmuenue Ha 1,0 uA, T.e. B 1000 pa3 Oombiire,
9YTO MTHOBEHHO BOCCTaHaBIHMBaeT Ha Bxojae OY HyneBoe 3HAa4YCHHE HAIPSHKCHHSL.
PerynupoBars TOK B Harpyske NpHU 3aJaHHOM 3Hau€HUM R, MOXHO TOJNBKO IO
dopmyne 1, =U,/R, Tt.e. nHanpsxenumeM U,. [uddepeHimansHoe BBIXOAHOE
conpotusnenre UTYH Oyzaer paBHO
Rour =—(8Uqyr /01, ) =—0[ (U, — 1 R)K, ] /oI, =K R =1 MOm.

B cxeme puc. 2 no6asneH pe3uctop R, , KOTOPBIH OTBOIUT YaCTh TOKA HATPy3KU

Ha 3emmo [4]. VYpapHenms mo 3akoHam Kwupxroda Oymyr: |, =U,/R,

U, =-LR,+1;R;, I,=1,+1l,, oTkyna HaxoguM TOK B  HarpysKe:

I =U,[1+(R +R,)/R,|/R,.

PaccMoTpeHHbIE HCTOUHMKH TOKa 00J1aal0T CYLIECTBEHHBIM HEIOCTATKOM: HH K
OJHOMY U3 3aKUMOB Harpy3Kku He MOXKET ObITh IPUJIOXKEH IOCTOSIHHBIN ITOTEHIHAN (B
TOM YHCJIE WU HYJIEBOH), TOCKOJbKY B NPOTHBHOM ciy4dae JuOO BBIXOJ, JHOO
uHBepTHpytoumidi Bxox OV Oyner 3akopoueH. Ecnm TpeOyemblil Harpy3koil TOK
MPEBOCXOJUT BO3MOKHOCTH OV, HCIOIB3YIOT TOKOBBIHA OycTep Ha OUIOJISIPHOM JHO0
nosieBoM Tpansuctope [1, 10, 13, 17-19]. Cxema opnononsproro UTYH ¢ TokoBbIM
OycTepoM C MCIIOJIb30BaHUEM 3MUTTEPHOrO MOBTOPHUTENS MOKa3aHa Ha pHc. 3. 3aech
HaIpsDKEHUE Ha pe3ucrope R NpUHYIUTENbHO MOAJLEP>KUBACTCS PAaBHBIM Pa3HOCTH
(U —Ul) , IOTOMY TOK B Harpyske paseH |, = (U —Ul)/R .

Jlnst HopManbHOM pa0boThl cxeMmbl HampspkeHne U, Ha Harpyske He J0JDKHO
NpEBHINIAaTh 3HaYeHMs, ompenensemoro Beipakennem U, =1 R <U-U, . —-I|R,
rae U, g .- 3HAUCHUE HANPSHKEHHS KOJUIEKTOP-3MUTTEP IHPU TOKE HACBIIECHHS
tpansucropa. Ilockonbky B 9T0i cxeme Oycrep BkitoueH B koHTYp OC, To mpu 3TOM
xapaktepuctuku OY cymectBenHo He Menstorcs [10, 13]. OmmOka smMuTTEpHOTO
NOBTOPUTENS U3-3a NMajeHus HanpsbkeHus Uy, cHwkaercs B K pas, Tak 4ToO CABHT

BBIXOJJHOT'O HANpPsKECHUS COCTABJISACT BCCTO UBE / KU . O‘-ICBI/I,I[HO, YTO CTAOUIBLHOCTD

HUTYH no cxeme puc. 3 3aBUCUT OT CTaOWIBHOCTH McTO4YHMKA mutaHus U . Ecium
TpeOyeMbIii Harpy3Koi Tok Takoid, yTo OY He B COCTOSIHUU OT/AATh JIOCTATOYHBIA TOK
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JUTSL YIIPaBJICHHUS TPAaH3UCTOPOM, TO TPAH3UCTOP MOXKET OBITh 3aMEHEH Ha Mapy
JapnuHrTOHa, OAHAKO MPU STOM CABHT BBIXOJHOTO HANpsDKEHHs yaBamBaetcs. s
W3MEHEHUS TOJSIPHOCTH BBIXOJHOTO TOKAa JOJDKEH OBITh HCIONB30BAaH P—N— P

TPaH3UCTOP.

HecoBepimeHCTBO 3TOro MCTOYHMKA TOKAa NPOSBIAETCA ML B TOM, YTO
HEOONMBIION 0a30BBbI TOK MOKET HEMHOTO M3MEHATBCA B 3aBHCHMOCTH  OT
HanpsikeHust U . . IlorpemHocTs BO3HUKAET B CBsA3U ¢ TeM, yTo OV crabunusupyer

SMUTTEPHBIN TOK, a B Harpy3Ky HOCTYIaeT KOJUIGKTOPHBIH TOK. Eciu mcmonp3oBaTh
COCTaBHOM TpaH3UCTOp JlapiAMHITOHA, 3Ta MOTPENIHOCTh OYyIeT CYyIIECTBEHHO
yYMEHBIIEHa, a €CIIM BMECTO OWIOJISIPHOTO HCIIONB30BATh IOJIEBOH TPAaH3UCTOP, TO
npobiiema OyleT TIOJHOCTBIO peIleHa, T.K. 3aTBOP IOJIEBOTO TPAH3WUCTOpA HE
MOTpeOIIET TOKA.

+U
R» R
1
Rl | S|
L—| — Re
(o}
Ul R3
Puc.2. Cxema UTYH c Puc. 3. Cxema oonononsproco
NDONOTHUMEThHRLM MOKOOMRNNOM UTYH ¢ mokosvim 6ycmepom

JIONOJTHUTENFHO OTMETHM, YTO TOJKIIOUEHHBIH K BbIxoay OY TOKOBHIH OycTep
nenaetr nmaHueli UTYH mnpuromueiM mms 3a3emiieHHON Harpy3ku. OmHako, Kak
ykazano B [13], cxema OymeT HaaexkHO (QYHKIMOHUPOBATh, €CIIM BXOJHOC
Hanpsbkenue U, dopmupyetcs or U mocpecTBOM Jenutels HanpsbkeHus. Eciu xe

HaIps>KCHUE Ul moJacTCsA OT BHCIIHETO MCTOYHHKA, TO BO3MOXXHBI HETIPUATHOCTH.

Bo3moxHBIE CITOCOOBI YCTPaHEHUs ATOTO HelocTaTka paccMoTpeHsl B [13], ogHako
BCE OHHU YCIOXKHSIOT CXEMy M MNOPEIBSIBISIOT OIMpPENENICHHbIE OrPAaHUYEHUSI K
BENIMYMHAM HANPS>KEHUN MUTAHUS U YIIPABICHUS.

CrouT 3aMeTUTh, UYTO CXEMbl MCTOUYHHUKOB TOKa C HE3a3€MJICHHOM Harpy3Kou
TpeOYIOT HEe TOYHOH HACTPOHKM CBsi3ed (B OTIMYME OT CXEM HCTOYHHKOB TOKa C
3a3€MJICHHOW HArpy3kod), a JIMIIb 10 BO3MOXHOCTH OOJBIIOTO 3HAYCHUS
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muddepennmansHoro  kodddummenta ycwinenns OY. OpHako HEBO3MOXXHOCTH
3a3eMIIEHUS HArPY3KH B HEKOTOPHIX CIydasX OTPaHUIMBAET WX MTPHUMEHEHHE.

HTYH c 3a3emnennoii nazpyskoit 601ee COBEpIIEHHBI, B HUX Harpy3Ka HMeeT
3a3eMIIEHHBIA 3aKMM, OOIIWI C 3a3€MJICHHBIM 32)KUMOM HCTOYHHKA YIIPABIISIONIETO
HanpspkeHus. [loutn Bce OHM OCHOBAaHBI Ha MCIONB30BAHWU CXEMBI MCTOYHHMKA TOKA
Xaymenma. Cxema (puc. 4) mzobperena mpocdeccopom bpandopmom Xaymengom
(Howland) n3 Macca4yceTckoro TeXHOJIOHIeCKOro HHCTUTYTa B 1962 1. 1 He Obuia
3amareHToBaHa. Crates "Basic Howland Current Pump" Opmia BmepBbie
omybnmukoBana B 1964 r. JI.X. Uleitaromsaom [20]. OTnnuutensHONH O0COOSHHOCTHIO
STOW CXEMBI SBISETCS HAIWYHE JOTOJHHUTEIHHOW LENH IMOJOXKUTENFHOW OOpaTHOMH

cssu (Ry,R,,R ).Uepes 9Ty Lemb i OCYLIECTBISETCS KOMIICHCALHS N3MEHEHUS TOKa
B HAarpy3ke HpH H3MEHEHHU €€ CONPOTUBJIEHMSA, OJHAKO ATO IPOUCXOIHUT MPH
OTIpEIETICHHBIX COOTHOIICHUSAX pe3uctopoB [4, 5, §, 10, 11, 13, 21-24]. [Jlns

MPaBUILHOW pPabOTHl 3TOW CXeMbl HEOOXOIWMO, YTOOBI TIIyOWMHAa OTPHUIATEIHHON
00paTHO# cBs3u ObLIa OOJIBIIE TITYOUHBI MOJTOKUTEILHON 00paTHOM cBsi3u [23].

R4
1
R | I
5
R
2 R, '
1
s
Ul RL

1

Puc. 4. Bazosas cxema ucmounuxa moxa Xaynenoa

[punnun peiicteuss UTYH XayneHna cOCTOMT B TOM, YTO BBIXOJHOM TOK
u3MepseTcs 10 NaJeHUI0 HallpshKeHUs Ha pesuctope R, . BrixoaHoe Hanpsbxenue OY

YCTAHABJIMUBACTCA TAKWUM, YTO MAACHHUC HANPSIKCHUA HAa PE3UCTOPEC R1 CTaJI0 paBHbBIM

BeIMYMHE BXOAHOro Hampspkenus U,. BeiBereM pacueTHble COOTHOIICHUSL.
Hanpsokenne unseptupytomero Bxoga OY U™ =Ug,; /o, a mpsamoro Bxoma -
U*=U,-1,R;, rne Uy, - Boixoanoe nanpsokenue OY, o=(R, + RS)/R5 , 13 - ToK
gepes pesuctop R,. C yuerom pasercrsa U™ =U~ momyuaem Ugy =a(U; - 1,R;).

CocraBnseM ypaBHeHHs 10 3akoHaM Kupxroda:
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|L:|1+|3:(u+—uL)/R2+(UOUT—UL)/Rl,
U =1, (R +R,)+ IR, Ugyr =R +1,R.,
rae |, u || - Toku yepes pesuctop R, u Harpy3ky R, coorserctBenno, U, =1 R, .

Pemienue »TuX ypaBHEHHH TaeT BhIpa)KEHUE TOKA HATPY3KHU:
R +0aR,

Ul(R2 +R)R + R [(R+Ry)—(aR, =R |

Jns toro, urtoObl |, He 3aBucen oT R, MOMKHO BBINONHATHCSA PAaBEHCTBO

1)

I, =

R, +R; —(aR; =R ) =0, w1 ¢ yueTom BhIpakeHHs O
R(R +R,)~R,R, =0. )

[Ipu »toM w3 (1), ¢ yuerom ycnoBus (2), moily4yaeM OKOHYATEIBHO
I, =U,R,/RR;, u ecmu Beiopars R, =R, momyanm | =U,/R,, T.c. veM MeHbIue
R, , TeM Oonbiie koapduiuent npeodbpasosanus UTYH.

W3 npuBeneHHBIX COOTHOLICHUHA BUAHO, YTO B YACTHOM CIIyyae B cXeMme puc. 4
MoxkHO npuHATh R, =0 [13]. Ot™euaercs [9], uro ecnu B 3TOM cxeme mogasath U,
Ha uHBepTUpYyromuii Bxox OV, a neBblii 3axuM pesucropa R, 3a3eMIHTh, TO IPH
BBIIIOJIHEHUHU YIOMSHYTOr'O YCIOBUS (2) TOK B Harpy3ke R, TOJNBKO U3MEHUT 3HAK, a
BEJIMYHMHA ero no—npexnemy oyaer pasaa U, R, /RR; .

Jnst  ompenenenust qud(HepeHINATBHOTO  BBIXOJHOTO  CONPOTUBICHUS II0

BBILICIPUBEICHHBIM (opMysiaM HaxoauM 3aBucumocth U, = f (Il) :

U, :[Il(Rz +R3)R1_U10LR2]/[OLR3_(R2 +R3)]

u onpenensieM Ry, = (8U L/ 8I1) , B pe3yJibTaTe mojay4aem

Rour :(R2+R3)R1Rs/(R3R4_R2R5)- 3)

U3 BoIpaxeHus (3) BUAHO, Y4TO, BBINONHSISA TOYHYIO HOACTPOIKY, Hanpumep R, B

COOTBCTCTBUU C YCJIOBUCM (2), MOXXHO ):[O6I/ITI>C}I OECKOHEUYHOr 0 BBIXOAHOI'O
COIIPOTHUBJICHUA UCTOYHHKA TOKaA XayneHzla Ha HU3KUX YaCTOTax JaxXe IIPH PCaJIbHBIX

xapakrepuctukax OVY. Ha mnpakTuke B peanbHbIX ycnoBusx R, Oyaer cuibHO
3aBUCETh OT OTKJIOHEHHH 3HAYCHWM pPE3UCTOpPOB. BBINOIHMM aHAIW3 BIMSHUS Ha
Rour OTKIOHEHMII HOMHHAIOB pe3ucTopoB no dopmyrne (3), korna R, =R, =R, (310
yCIOBHE NPAKTUYECKU BBINONHAETCA Hpu pacdere cxemsl). Ilpu stom u3 (3)
nonydaercst Ry =2R R, / (R, —R;). Tlpu nocrpoennn cxemst UTYH ncnons3yrores

OJIMHAKOBBIE PE3UCTOPBI, MOITOMY R, m R, MOXHO HpeicTaBUTh B 3aBUCHMOCTU OT
nomyckos B Buge R, =R(1+3,), Ry =R(1+38;), Toraa nomy4um
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Rout (8)=2R1(1+65)/(62—85). (@)
JI1st TIOJTyYeHHs. MUHUMAIBHOTO 3HAYeHHs Ry, NpUMeM, uTo BCE PE3UCTOPHI

HUMEIOT OAMHAKOBBIN JOMYCK, HampuMmep & =+1%, 6e3 Koppesiuuu APYTr C APYTOM.
Tornaa u3 (4) nonyuum

Rourmin (8)= 2R, (1+8)/28 ~ R, /3=100R, .
Takum oOpazoM, yBenuyeHUE R, yBEIHMUHBAET BBIXOAHOE CONPOTHBICHHUE

UTYH, HO CHWXaeT ero 4yBCTBUTEIBHOCTb K YHOPABIAIOIIEMY HaMNPSKEHUIO.
VYuuThIBas, YTO HOpPMajbHOE (YHKIMOHHPOBAHHE CXEMbI, a TaKKe 3HAUYCHHE
BBIXOJHOTO COIIPOTHUBJICHUS! UYyBCTBUTECJIBHBI K OTKJIOHCHHMIO CONPOTHUBIICHUN
PE3UCTOPOB, PE3UCTOPHI B CXEME MCTOYHHMKA XayJleHAa JOJKHBI UMETh JOITYyCKH HE
xyxe 0,1%, uToOsI 6110 HEe MeHee Ry .i» =1000R, .

Kpome 4yBCTBHTENPHOCTH K OTKIOHEHHSM HOMHHAJIOB PE3UCTOPOB, MCTOYHHUK
XayneHaa MMeeT Takxke clieayromme nepocratku [13, 22, 24]:
o BHYTPEHHEE CONPOTHUBICHUE R, YNpaBIAIOIEro MCTOYHUKA HampsokeHus Ujp

BXOAUT B ycnoBue (2) (oHO pgoOaBisieTcss K CONpOTHBIEHHIO R;), a Tok

YIOPaBJISIOLIETO HCTOYHMKA HANPSDKEHUS] 3aBUCUT OT COIPOTHBIICHHS HAarpysKH,
103TOMY 0aTaHCUPOBKA CXEMbl HAPYLIAETCs, €CIU Ry 3aBHCHT OT TOKa;

e A€ NPU BHIIOJIHEHUHM YCJIOBHA (2) oOmpenesieHHble OrpaHUYEHHS
HakiagbiBaeT koddduuueHt ocnabienus cuHpasnoro currana OVY. Ilpu Oonbrnx
BBIXOJHBIX TOKaX PE3UCTOPbl JOJDKHBI ObITH HEOOJIBIIMMH, YTO OIPAHUYMBACT
JIMaIia30H BBIXOJHOTO ToKa. KpoMe Toro, Ha BBICOKHMX YacTOTax, I/I€ YyCHUIICHHE B LIEHH
OC neBenuko [13, 25], BBIXOAHOE CONPOTUBIEHUE MOXKET CYLIECTBEHHO YMEHBIIATHCS
— 0T TpeOyeMoro 6ECKOHEYHOTO 3HAUEHHS JI0 BCETO JIMIIb HECKOJIBKUX COTEH OM, 4TO
COOTBETCTBYET BBIXOAHOMY conpotusieHuio OV ¢ pazomkHyToil OC.

i ycTpaHeHus IepeyrCIeHHBIX HEOCTATKOB U PAaCIIMpPEeHusl (yHKIIMOHAIBHBIX
BO3MOXHOCTEH pa3zpaboranbl ycosepumeHcTBoBaHHBIe WMTYH Ha ocHOBe cxemsl
XayieHaa, B KOTOPBIX J00aBJICHBl IOJCTPOCUHBIE PE3UCTOPHl W  Pa3lUUHBIC
KOppekTupyroniie uenu, ponomHurensHeie OY  [13, 23, 25-33]. JlocroiiHa
YIIOMHHAHHUA CXeMa CcuibHOTOYHOro Owumonsipuoro UTYH Ha ocHOBe cXeMbl
XayneHaa B vHBepTHpYOIEM BKItoueHun (puc. 5) [13]. Tok Harpy3ku omnpenensiercs
soipakerreM |, =—U, R,/R R, 1 MoxeT cocTaBisith 10 +3 A C 4yBCTBHTEIBHOCTHIO
K=Al_/AU, =10 4/B .

VY naunoit monpudukanuenn cxemsl Xaynaenaa cunraercs UTYH no cxeme puc. 6.
3/1ech BBIXOJHOM TOK HE 3aBUCHUT OT BHYTPEHHETO COMPOTHBIICHHUS YIIPABIISIONIIETO

HanpspkeHus. J{pyroe JOCTOMHCTBO 3TOI CXEMBI COCTOUT B OTCYTCTBHH CHH()Aa3HOTO
curHana [9, 22]. [lnsg pacuera BBIXOJHOTO TOKa B OTOH CXEME HCIOJb3yeM

48



coornomerne U, =—U, =U, +(R,/R;)U, . VpaBHeHne 1o mepsoMy 3aKOHy

Kupxroda ms Berxona cxemsl 6yzer |, — 1, —1, =0 mm

(US_UL)/Ri_UL/RS_IL =0.

100 100x
R4
100x
— 1 .
R =300 n0 P
o
U1 1k 1 O
? Rl 10 Bm
10k 0 10x
+ .
R R
’ 200 i R,
-

Puc. 5. Cxema cunonomounoeo 6unonapnoco HTYH

Hckimrouns IIOTCHIIMAJI U3 , IOJIy4acM

I, =U,/R +UL[(R2 -Ry— Rl)/RlRﬁ]’
U3 KOTOPOTO CIIEAYyeT, YTO BBIXOJAHOH TOK HE OyAeT 3aBUCETh OT BBIXOJHOTO
HAIPsHKEHUs, €CIIU BhINONIHAETCA ycaoBue R, =R, —R,, n onpeznennTcs BeIpakeHUEM
st uneansHoro UTYH |, =U, /R, .

R3
1
—

R, R,
—|

H

Puc. 6. Cxema UTYH na osyx OV
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OmnennMm  HeupeanbHOocTh WMTYH, mns wero Halinem muddepeHIHAIbHOS
BBIXOJTHOE COTPOTHUBIICHHE:

|1=(U3 _UL)/R1=|:U1+(R2/R3)UL _UL:I/R1=|:U1R3+UL(R2 _Rs):I/R1R3 J
UL:|1R1R3/(R2_R3)_U1R3/(R2_R3)v Rour =(8UL/8|1)=R1R3/(R2—R3).

ITockonbky mnpu mnoctpoenun cxembl HWTYH wucnons3yroTcs OAMHAKOBBIE
pesucTopel, T0 R, 1 R, MOXHO IpeICTaBUTh B 3aBUCHMOCTH OT JIOITyCKOB B BHJE

R, = R(1+ 82) , Ry = R(1+ 83) , TOT/1a TIOJIy4UM
Rour (8) = R1(1+83)/(62 _83) : )

JIns moydeHnsl MHHHMAJIBHOTO 3Ha4eHus R, IpHMeM, 4TO BCEe PE3UCTOPHI
HUMEIOT OJMHAKOBBIN nomyck, Hampumep O ==10,1% , 6e3 Koppensiuu Apyr ¢ APyroMm.
Torza u3 (5) nonyunm Ry (8) =R (1+ 8)/28 ~ R, /26 =500R, .

B [34] wsnoxena oOmas MeETOAMKA OSKCIEPUMEHTAILHOTO —OIMpeNesICHHs
BbIxogHOro conpotusinenuss WTYH, wcnone3yromas METON 3KBUBAJICHTHOTO
reHeparopa. O6o3Hauum uepe3 U, , HampspkeHue xonoctoro xona Ha Beixoge UTYH.

W3smepum Hanpsoxenus U, uw U, utokn |, n | , npu AByX 3HAUYEHMAX HArpy3KH
R, u R_,. XKenatenbHo, uroOsl R ; ObUI0 MUHMMAaIbHBIM (HO HE PABHBIM HYIIO), a
R,=R
U,=U,-1,Rr U, =U,—1,Ry . CienosarensHo,
UL1(1+ ROUT/RLl):ULZ (1+ ROUT/RLZ)’

Lmax+ TOTMA JUIA  HANPsDKEHWW HAa  HArpy3ske MOXKHO — 3aIlMCarTh!

OTKYyZa TOJIy49UM
R _ ULZ_ULl _ULZ_ULl_AUL
out = = = ‘
ULl/RLl_ULz/RLZ I|_1_||_2 AIL
U3 Bcex wmoaudukanuii cxempl XayieHAa Jy4YIIUMH (QYHKIIUOHAIEHBIMH
xapakrepuctukamu obnagaer UTYH no cxeme puc. 7 [9, 12, 35]. UTYH cocrout u3
nByx OV, u3 kotopbix OY2 BKIIIOYEH IO CXeMe MOBTOPUTEN HanpsbkeHus (0ydep),

TOKO3ajarouero pesucropa R , Habopa pesuctopos Ry+Rs.

MartemaTuueckas MoOJeNb IIPeoOpa3oBaHMs IIOJIy4YaeTcs U3 CleAYyIONMX
UCXOMIHBIX cooTHomenui: I, =1, wumm (Ul -U ’)/RS =(U’ —Uz)/R4 , OTKyJa
crenyer U, =U" (R, +R;)/Rs—U,R,/Rs; I, =1,, umu (0-U,)/R, =(U+ —U?,)/R2 ,
otkyna cnenyer U, =U,, U" =U,R,/(R, +R,)=U R,/(R, +R;).

C yuerom pasenctea U™ =U" =U R, / (R, +R;) momyanm
_UR(R,+R;) UR,

R (R, +R;) R;
50

(6)

2



C yuerom Boipaxenmsi (6) mo dopmyne |, =1 =(U,-U )/R nomxyuaem

BBIPA’XKCHHEC TOKA HAI'PY3KU:

Ilz_U1R4+UL(R3R4_R2R5)’ (7)
R1R5 R1R5 (Rz + Ra)

OTKyJa BHJIHO, YTO BBIXOIHOW TOK HE OyJIEeT 3aBHCETh OT BBIXOAHOTO HAIPSHKEHUS,

eciu BblnonHAeTcs ycaosue R,R, =R,R:.

Puc. 7. Cxema UTVH Xaynenoa c Oygpepom 6 yenu
NOAOACUMENLHOU 00PaAMHOU C853U

U3 (8) onpenensiem muddepeHnnanbHOe BRIXOIHOE COMTPOTHBIICHUE
R :8UL:R1R5(R2+R3)
T8, RR,—R,R

OTKyada aHaJIOTU4YHO BBIIICH3IIOKCHHOM MCECTOOAUMKEC HAXOIAHUM 3aBHCUMOCTH ROUT oT

JOIMycKa &  HOMHHAJIOB pPE3UCTOPOB M  €ro  MHHUMAJIbHOE  3HAYCHHE
Rourmin (8)=R./28. Bbixoasoil TOK (7) 3aBHCHT OT BBIXOJHOTO HANPSKCHMS, &
3HAYMT, OT conporusienus Harpy3ku. C yuetrom R =U, /1, u3 (7) monyyaem
|1(1_ mRL/Rl) =-UR,/RR;, r1e m= (R3R4 - RZRS)/RS (Rz + R3) .
Kax nmpaBuiio, npu ocTpoeHUH cxeMsl BeIOupaercst R, = R;, cienoBarensHo,
U 1
' __E‘l_mRL/Rl
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rre l,,=-U,/R, - Tox ngeansroro UTYH.
13 (8) ciemyer, uTo Yem MeHblie orHomenne R /R, tem Gmmwke UTYH k

nneansHoMy. B [35] BeImonHEH aHamW3 BIWSHHS BXOIHBIX TOKOB W HANPSHKEHHUN
CMEIIeHus, a Takke KOHeYHOoCTH Kod(ddummenta ycumeHuss OY Ha BBIXOIHOE
CONIPOTUBJIEHUE U MOTPELUIHOCTD 3aAanusa BeixoaHoro Toka UTYH no cxeme puc. 7.

Metonuka pacuera napametpoB UTYH Ha ocHOBe cxembl XayneHaa U3JI0KEHA B
[36]. UTYH coBmectHO ¢ OV wHCHONB30BaH JIs CO3/aHUS HHCTPYMEHTAJIBHOTO
yewurens [37].

3akniouenue. CpaBHUTENBbHBIN aHanmu3  cymecTtBytoumx cxem WTYH
MOKa3bIBAET, YTO HAMIYUIIUMH TEXHUYECKHUMH XapakTepucThkamu obnamaer UTYH
o cxeme puc. 7. B mvem [35]:

e BBIXOJHOC COIIPOTUBJICHUC HC 3aBUCHUT OT HaHpﬂ)KCHI/Iﬁ 1 TOKOB CMCUICHUA oy
U B Clly4yae IPHUMEHEHHs] HHCTPYMEHTAIIBHOTO YCUIIUTENs cocTaBisieT Ry, =2500R, ;

o Tipu HU3KOM K03 durmente ycunenus OV MOrpenIHOCTb 3aJaHUsT BBIXOIHOTO
TOKa 3HAYUTEIHHO BO3PACTaeT, peKoMeHmayercs BeiOMpate OV c koaddummenToMm
ycuienns He menee 5-10%;

« IMANa30H paboyYMX YACTOT YMPABISIOIIETO CUTHAA MOXET JOXOIUTH JI0
300 7y (c morpemHOCcThIO 3amaHus Toka 0,1%), mbo mo 3 xk/y (C MOrpenTHOCTHIO
3amanus Toka 1,0%).
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LurnkuNd yunudurdna <nuuvLeb tLsusrnuu3htv LP3NkrLENh
LUMNKSU UL UURPNRLLLENE

P.U. Uwdhynuywi, (3.U. Ukhpjwu

Ljwpwgnpjwsd Gu wyu hhduwlywu uygpniupubpp, npnugnd Ywnnigynwd Gu jwpnuwing
Ywnwywnynn hnuwuph  wnpnipubpp (LY4<UW)' gnpdwnnipwihtu nidnupwpubph  (3NR)
hhdwu Ypw: Huwplhjws Gu L4<U-utiph ufutidwutip, npnup twjuwwnbujws Gu shnnwugywsd
L hnnwugws pbnujwdpubiph  hwdwp:  2hnnuugwsd  pbinudwépubipny  Lu<U-ubipp
wdbtwwwpqu Gu ufubidwiht hpwjwuwgdwu wnbuwuyniuhg W hhduwlywunw ogunwgnpdnid
Gu GNh-ubiph wju hwwynieniup, np oponn L soponn nidtinwpwputipnd hbnwnwpd Yuwh
onewiny hnunn hnuwupp Ywfudwsd sk win onpwih nhdwnpnyeniuhg, nip bW dhwgynd &
ptinujwdpp: Cun npnud, glipwnwubih £ soponn nidtinwpwph ogunwgnnpdnuwip, pwuh np wju
nbwpnwd L4<U-h Ybpwwihnfudwu gnpdwyhgp Ywjuwsd sk Ywnwdwpnn  wgnuwupwuh
wnpnipp - ubipphtu nhdwnpniegniuhg:  <nnwiugqwd  pbnujwdépny  L4<U-ubpu  wnwyb)
Yuunwnbijwgnpdywsd Gu. npwugnu pinudwdpt niuh hnnwugywd ubindwly, npu punhwunip k
Jwnwywpnn wpdwu wnpniph hnnuugqwdé ubniwyh hbn: “Hpwup pninpp hhdudws Bu
Lwnitunh hnuwuph wnpniph upubdwih oguwgnpddwu Ypw: Un ufubidwih wnwppbpwlyhs
wnwuduwhwunynipniup (pugnighs npwlwu hbnwnwpd juwh onpwih wnlwnigniut k:
<bug wyn onpwiny b hpwlwuwgynd £ pbinujwdph hnuwuph thnihnfunypjwu hwdwypnnidp
npw nhdwnpnieniup thnthnfuybijhu, vwlwj nw wbnh £ niwbund ntighuwnnpubiph npnawyh
hwpwpbpwygnigywu nbiwypnwi: Cwpwnpjwd £ pninp nhunwpyywsé L4<U-ubph dwebdw-
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nhywywu dnnbiubiph npnadwu depnnwlywngp, npnug Ybpndnipjwdp quwhwwndb) b npwug
npwlp: <Gwnwagnunyb) £ oguinwgnpdynn nkghuinnputiph nhdwnpnipniuutiph gpywéph b HNh-
ubiph ny pnbwwywunipiwu wanbgnigyniup L4<U-utiph woluwwnwuph ypw: LEplwjwugywsd
tu L4<U-ubiph jwjwagnyu ufubidwiht jnidnuwiubiph hhduwlwt puniygwgnbinp:

Unwlgpuypti pwnbp. hnuwuph wnpnp, Junwjwpnn wgnwuwl, gnpdwnnipwihu
nidtinwpwpn, htitnwnwpé Yuw, Ypwwihnfudwu gnpdwlhg, Gpwiht nhdwnpnipeiniu:

THE PRINCIPLES OF CONSTRUCTING VOLTAGE-CONTROLLED
ELECTRONIC CURRENT SOURCES

B.M. Mamikonyan, T.A. Melikyan

The basic principles of construction of voltage controlled current sources (VCCS) on op-
erational amplifiers (OA) are described. The schemes of VCCS designed for ungrounded and
grounded loads are considered. The VCCS for ungrounded loads are the simplest in the scheme
realization and basically use the following property of OA: in inverting and non-inverting am-
plifiers the current flows through the negative feedback and it is independent of the resistance
of this circuit, to which the load is switched. In doing so, it is preferable to use a non-inverting
amplifier, since in this case, the conversion coefficient of VCCS does not depend on the inter-
nal resistance of the control signal source. The VCCS for ground loads are more perfect, the
load in them has a grounded clamp common with the control voltage source grounded clamp.
All of them are based on the use of the Howland current source circuit. A distinctive feature of
this scheme is the presence of an additional positive feedback circuit. The compensation of the
current change in the load while its resistance changes is carried out through this circuit, how-
ever, this happens under specified ratios of resistors. The method of determining the mathemat-
ical models of all VCCS reviewed is considered, by the analysis of which their quality is eval-
uated. The influence of the resistance variation of the resistors used and the imperfection of the
OA on the VCCS scheme operation has been studied. The main characteristics of the best cir-
cuit solutions of VCCS are given.

Keywords: current source, control signal, operational amplifier, feedback, conversion co-

efficient, output resistance.

55



Becmuux HIIVA: Hugopmayuonnvie mexnono2uu, snekmponuxa, paouomexnuxa. 2018. No2.

YIK 621.382

METO/J OBHAPYXEHUSA METACTABUJIBHOCTHU B
CUHXPOHU3ATOPAX

O.A. erpocsin’, 3.M. ABerucsin’, A.P. Maprupocsin®

Hayuonanonsii nonumexnuueckuii yHusepcumem Apmenuu
2340 “Cunoncuc Apmenusn”
3340 “MOHHUTHC”

B Hacrosmee Bpems B cucremax Ha kpuctamie (CHK) Bo3HuMKaeT HeE0OXOIMMOCTh
UCTIONB30BaHUA OoJiee OJHON CHHXPOCHUTHAJIBHOW CHCTEMBI, HYTO JaeT BO3MOKHOCTB
COBMeCTUTh pabory pasHbiXx y31m0B CHK. B MHOrOCHMHXpPOCHIHaIBHBIX CBEPXOOJIBIINX
naTerpanbHbIX cxeMax (CBUC), korma curHanm mepemaetcst w3 oOmacTtw, pabortaromeid Ha
OIHOM CHHXPOCHTHAJE, B 00JacTh, pabOTAaloONIyl0 Ha IPYroM CHHXPOCHTHAJE, BO3HUKACT
npoOieMa CHHXPOHU3AIMU Pa3HBIX CHHXPOCUTHANIOB. Bo n30exanne npobdiieM, BO3HUKAIOIINX
BCJIEJICTBHE 3TUX NEPEX0JIOB, UCIOIb3YIOT CHHXPOHU3ATOPHI, KOTOPhIE IIUPOKO MPUMEHSIOTCS
B coBpeMmeHHbIXx CBUC.

B cnygae Hencnosnp30BaHUS CHHXPOHM3aTOPOB B YHTAIOUIEM JAHHBIE TpUITEpE,
paboraromieM B Jpyroil 00JacTH, BCIEACTBHE OJHOBPEMEHHOTO BO3HMKHOBEHHS BXOJHBIX
CUTHAJIOB MOXET BO3HMKHYTh METAacCTaOMIIBHOE COCTOSHHUE. J[aHHOE COCTOSIHME MOXKET CTaTh
MIPUYNHON HEKOPPEKTHOH pabOoTBl MHBIX Y3JOB CXEMBI, pPacIpOCTPAHUTHCS 1O Bcei
uaTerpanpHoil cxeme (MC) u mpuBecTH K HENMpaBWIBHOH paboTe Bcel cuctembl. M Tak kak
BBIXOJ M3 METACTA0MIBHOTO COCTOSHHUS CXEMBI C HEKOTOPOH TOYHOCTBIO SBIISIETCS CITyYaiiHBIM
IpoIieccoM, HEOOXOAMMO UCIOJIB30BaTh METOMBl 3AIIUTHl OT MOMAJaHUS CXeM B 3TO
COCTOSIHHE.

B craTbe M3y4eHbl CHHXPOHN3ATOPHL, & TAKXKE CIydad BO3ZHHKHOBEHHUS METAaCTaOMIBHBIX
COCTOSHMH B HHUX. BplOpana 3amienka CHHXpOHHM3aTopa, M B HEH CMOJCIHUPOBAHO
MeTacTabuiIbHOE cocTosiHMe. Pa3paboTaHa M mpeliokeHa HOBas CXeMa, KOTOpas MOXKET
00HapYXNTh METACTaOMIBHOE COCTOSHME, BO3HUKAEMOE B CHHXpOHHM3aTopax. B manpHeinem
IIPY IPOEKTHPOBAHUN BBIXOJHOW CHTHAJ TPEUIOKEHHON CXEMBI MOXKET OBITh UCIIOIb30BaH BO
n30exaHHe TIepeaud HENpPaBMIIBHBIX CHUTHAJNIOB, BO3HHMKAEMBIX B CXE€ME B pe3yJibTare
MeTacTaOMIBHOCTH.

Paccunran psj mapamMeTpoB, KOTOpBIE ITPEACTABICHBI B BUJE TaOJIUI] U TUarPaMM.

Knrwouesvie cnosa: MeTacTabMIBHOCTh, MHOTOCHHXPOCHTHAIBHAS CHCTEMA Ha KpHUCTaLIE,
CHHXPOHH3ATOD, 3ammeika, D Tpurrep.

Beeoenue. MeractabiabHOE COCTOSTHUE MOXKET BO3HHKHYTh B CHHXpocxemax [1]
moboro tuma. PaccMoTpuM 3TO cocTosiHME Ha mpumepe mpocrteimero D Tpurrepa,
npuBeneHHoro Ha puc. 1 [2], Toe M3-3a HEIOCMOTpa 32 OTPaHWYECHUSMH BPEMEH
ycranoBku (Tsy) wm  yrBepxkmenms (Ty) (HeoOxomumas 3amepKKa MEXIY
CUHXPOCHUTHAJIOM ¥ CHTHAJIOM BXOJHBIX JAaHHBIX) TPUITEP MOXET OKazaThCsi B
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MeTacTa0mIbHOM cocTosHuU (puc. 2). Kak BugHO W3 puc. 2, mpH HEyIep:KaHUU
BpeMeH Tsy/Th BBIXO CXeMbI HE HAXOAUTCA Ha JorndeckoM ypoBHE (Quer). MeHHO
3TOT HEJOTHMYECKHI YPOBEHb M HAa3bIBACTCS METacTaOWIBHOCThIO. M Hen3BecTHO,
KOTJIa ¥ B KAKOM HaIpPaBJICHUH BBIAICT CXEMa U3 3TOTO0 COCTOSIHUS — B OJTHOM CITydac
MOXKET COBHACTb C MPABWIBHBIM BBIXOJOM, B JIpyrom ciydae — HeT. Quopu
COOTBETCTBYET HOPMAaJILHOI paboTe TpHUrrepa.

oL e

Puc. 1. D mpueceep

Puc. 2. Memacmabunvrnoe cocmosinue

U3 puc. 2 takxke BHOHO, YTO 3ajepkka D Tpurrepa OoT CHHXpOCHrHaja [0
BBIXOJIHOTO curHaia (Tcq) pacTeT, 4To TakKe SBISETCS MPOOIEMOit sl CHHXPOHHBIX
WHTETPAIBHBIX CXeM, TaK Kak 23TO MOXET TMPHUBECTH K HapyIIeHHIO BpeMeEH
YCTaHOBKH/YTBEPKACHUSI JIPYTUX TPUITEPOB M, KaK CIEACTBUE, K HENPaBHILHOM
paboTe BCeil CUCTEMBI.

W3 nurtepatypsl U3BECTEH sl IPUMEPOB CUHXPOCXEM, MPOCTEMIIEH U3 KOTOPBIX
SIBJISIETCSI COYE€TAaHUE COCIMHEHHBIX OJMMH 3a ApyruM D tpurrepos (puc. 3) [3]. Ecau
MEPBBI W3 TPHUITEPOB IIOMAJAaeT B METAcTa0MIIBHOE COCTOSHHE, TO BTOPOH
npuOaBisieT AOMOJHUTENBFHOE BPEMs, pPaBHOE OJHOMY TaKTy CHHXPOCHTHAla, B
Te4eHHE KOTOPOTro MEePBbI MOKET BBIATH U3 METACTA0MIBLHOTO COCTOSIHUSI.

D ] Q.

> >
CLK‘ ’7
Puc. 3. Cunxponuzamop, ocnosannwiii ha D mpueeepe
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Hecmotps Ha orpoMHOe 3HaYeHHE cHHXpOoHM3aTOpoB B CBHMIC, 0OHM BCEro JIHIIb
YMEHBIIAIOT BEPOSITHOCTh MeTacTabmnpHOCTH B MC, HO HE UCKIIOYaT ee.
CymecTByeT psii METOJ0B, KOTOPHIE BBIYHCISIOT BEPOSTHOCTH BBISBICHHS COOEB B
cxeme [4]. D1y BeposiTHOCTh 00603HaUNM Pr. OHa OyneT UMeTh cieayromui BuI [S]:

Pp = f.Toe /T, (1)
rae f, — yacTota mpueMHOro CHHXpOCHTHaNa; Ty — METacTabMUIbHOE OKHO, KOTOPOE
npencTanisgeT co0oil BpeMEHHOM HHTEPBAll, TJIe MOSIBICHUE JAaThl IPUBEACT CXEMY B
MEeTacTa0MJIBHOE COCTOSIHME (YacTO BBIYMCIACTCS CYMMOH BpPEMEH YCTaHOBKH U
yTIBEpXKAEeHNUs); ts — T03BOJIEHHOE BPEMS, 32 KOTOPOE CUTHAN JOJIKEH YTBEPIANUTHCS B
JIOTUYECKOM YPOBHE:

ts = Terk — Tez2q — Tsus )
T — BpPEMEHHas KOHCTaHTa, 3aBUCAIMAs OT (U3MUYECKHX IapaMeTpPOB YCTPOMCTBA,
KOTOpasl TOKa3bIBaeT, C KakOW CKOPOCTHIO  YCTPOWCTBO  BBIXOJUT U3
MEeTacTa0WIBHOTO  COCTOSHHS. T BBIUMACISAETCS HAa  OCHOBE  PE3yJIbTaTOB

MOJEIMPOBaHMS, MPUBEIEHHOTO HA puc. 4 [5]:
ta—ty
=~y 3)
ln(—)

AVq

Puc. 4. Mooenuposanue gviuucnenus T

Yacrora cboeB 0003HayaeTcsa OYKBOH A U BBIYMCISETCA 11O GOopMyIIe
— — —ts/T
A= f.Pp = fyf Toe 57, (4)
rae fy — gactora marel. OOpaTHas BenW4YMHA A Ha3bIBaeTCd HAapaOOTKOW HAa OTKa3
(HHO) u Beruncnsercs mo gpopmyie
tg/T
e's
: )
fafcTo
Ilocmanoexa 3a0auu. B VIC mmpoko UCIONIB3YIOTCSI MHOTOCUHXPOCHTHAJIBHBIE
00JIaCTH, YTO MOXKET MPHUBECTH K BO3HUKHOBEHHUIO METAaCTA0MIBHOCTH B Pa3HBIX
y3nax UC. CnengoBarensHo, HEM30€KHO UCTIONB30BaHUE CUHXPOHU3ATOPOB. Mcxons
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U3 3TOT0, BO3HUKAET 3aa4ya CIIPOEKTUPOBATh CXEMY, KOTOpasi CMOXKET OOHApy>KUTh
B HEll MeTacTaOMIIbHOE COCTOSIHHE, YTO B JANbHEHIIEM MOXET OBITh MCIIONB30BAHO
BO M30exaHue NOJOOHBIX COCTOSHUI.

B macrtosmieit pabote 3amaua paccMaTpuBaeTcs Ha 3amenke D Tpurrepa, mist
KOTOPOH M OCYLIECTBIAETCS 0OHAPYKEHUE METACTAOMILHOI'O COCTOSIHUS.

Cxema obnapyscenus memacmadunvHocmu. B padore mpennaraercst cxema,
KOTOpas. COIIOCTaBJI€HA C 3aIlelKOM [UId OCYIIECTBICHHS OOHapyKeHus
MPHUCYTCTBYIOMEH B Hel MmeTacTabmimbHOCTH. Cxema oOHapyXHuBaeT U (UKCHPYET
Cly4ad HAaxOXJEHUS CXEMbl B METAacTaOMIBLHOM COCTOSHUM M HEIPaBUIBHOTO
BBIX0J1a U3 METaCTaOUIBLHOI'O COCTOSIHUSI.

Ha puc. 5 otobpaxena cxema, COOTBETCTBYIOILAsl MNpPEAJaraéMoOMy METOIY Ha
BCHTWJIBHOM ypOBHE. BBIOEICHHBII Ha pPHCYHKE OTPE30K SBISIETCS CXEMOMU,
00HapyXKHBarOIIEeH MeTacTaOMIBbHOE COCTOSHHWE (MpeisiaraeMasi cxema), a JIPYyrou
OTPE30K — CXEMOMU 3allEIIKH.

%@ D1 % R DO Q ’ X BBIXOJ:[E

N
R

Puc. 5. Ilpeonacaemasn cxema Ha 6eHMUNIbLHOM YPOBGHE

Cxema IEMCTBYET O CIEAYIONEMY IPUHITUITY:

e ¢ moMmoIIsio AteMenTa “Ucknrouaromee NI BeimoaHsAETCS HAOIIOAEHUE BO
BXOJIHBIX W BBIXOJHBIX y3iax 3amenkd — “D1” u “Q” (curHaibl CBEpSIOTCS IPYT C
npyrom). Pa3Huiia curHAIOB CBHIIETENHCTBYET O METACTAOMILHOM WU HETPABUIBLHO
MIPOYTEHHOM CHUTHAJIE;

® TaK Kak IMOJIy4eHHBIN pe3ynbpraT (y3en “X”) He Bcerja HaXOOUTCS Ha OJHOM
U3 JIOTUYECKUX YpPOBHEH, OH CpaBHUBAETCA C HaNpsbKeHueM cmemeHus. Ecmu
MOJIYYCHHBIH pe3ynbTar OoJbIlle HANPSDKEHUS CMEIIeHHs, TO (UKCHpYyeTCs
MeTacTabMIILHOE WIIM HEMPABWIIBHO MPOYTEHHOE COCTOSHUE, B IPOTHBHOM CiIy4ae —
¢$ukcupyercs, 4To cxema paboTana npaBuiIbHO (y3en “Brixox”).

UccnenoBanre OBIIO MPOBENEHO HAa KOMIUIEMEHTAPHOW METalI-OKCHII-
nosrynpoBoaaukoBoi (KMOIT) 3amenke, cxema KOTOpoii mpuBeieHa Ha puc. 6 [6].
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MopenupoBanne mpoBOAWiIOCE ¢ moMombio cumynstopa HSPICE ¢
HCIIOIB30BaHNEM OMOIIMOTEKN TEXHOIOTHUH saed32/28 um.

CLKP

POl [ q-f: P2

D -—{%: o1 {1} D2

NO1

NC1

1

Puc. 6. Cxema 3awenxu

B ponu cxembr “Uckirouatomee MJIN” Oputa BeiOpaHa cxema, MpuUBEIeHHAs Ha
puc. 7 [7]. Ona cpaBHMBaeT BXOAHBIE CUTHAJbl, U NPU OOHAPYKEHUH Pa3HHULBI
BBIXOJIHOW CUTHAJ U3 JIOrH4eckoro “0” nmepexoauT B JIOTHYECKYI0 “17.

P1
A f‘ 03
»
NIL{
P2 £ po1
B
>4
N2 171" No1

L pout

2

Puc. 7. Cxema “Ucknrouarowee UJIH
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Ha puc. 8 mnpuBeneHbsl pe3ynbTaThl MOJECIUPOBAHUS BBHIOPAHHOW CXEMBI
“Uckmrouaromee NJIN”. Bo Bpems mMonenupoBaHus OgHOMY U3 y3i0B “A” u “B”
ObUTH TPHCBOCHBI JIOTHYECKHE YPOBHH, a JPYIrOMYy Y31y, KpPOME IIOTHYECKUX
ypOBHEH, ObLT MPUCBOEH ypPOBEHb, COOTBETCTBYIONIUH MeTacTabuiabHOCTH (y3ei
“B”). Kak BHIHO M3 pHC. 8, MPH HATUYHH METACTAOMILHOTO COCTOSIHHS YPOBCHb
BBIXOJIHOTO CUTHaja otinudaercs oT 0. B nmampHeliieM, cpaBHHBas 3TOT CHTHAI C
HaNpPsHKCHUEM CMEIICHUS, Ha BhIXoJie OOIIeH CXeMbl YCTaHABIUBACTCS JIOTUYCCKUN
YPOBEHbB.

o
viaun
10

0t

"

08

[ZED
n .

w
8

T T T T T T T T T T T T T T T T T T T
an 100 op aup amop =0p g 0 anop aup n i am van 1an 13n 160 e 18 e

trs)

Puc. 8. Pezynemamur mooenuposanus “Ucknouarowee UJIH” snemenma

Ha puc. 9 npuBeneHa cxema BBIOpaHHOTO KOMIIapaTopa, TJ€é OJAHOMY U3
BXOJHBIX Y3JIOB 3a/1aeTcsl BbIXonHOW curHan “Uckmouaromee MJIN”, a npyromy —
HampsDkeHne cMenieHus. HyneBoil ypoBeHb BBIXOJHOTO CHTHalla KoMIaparopa
CBUJICTEILCTBYET O HAIMYMU B CXEM€ MeTacTaOWIBbHOCTH, a YpPOBeHb “1” — o
MPaBWIBHON PabOTe 3aIIeITKH.

A-—q%?m P2 ladfs—a:

N1 offe————— \—-—{NZ

Puc. 9. Cxema xomnapamopa
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Jns mpoBepku paboOThl CcXeMbl, OOHapy>KHMBalIIed MeTacTabWIBLHOCTh, B
3aIeNIke  CMOJICIMPOBAHO METacTaOWIbHOE COCTOSIHME (CHTHAN JaHHBIX W
CHHXPOCUTHaJI TpHONIDKEHBI JApyr K napyry). CHopoekThpoBaHHas cxema
oOHapyXHMBaeT MeETAacTaOMIbHOE COCTOSIHME, TPUCYTCTBYIOIleE B  3allleiKe,
(dhopmupys Ha BeIXO/€ ypOBEHB Jorndeckoro “0”. M mocKonbKy 3alenka BRIXOMIIa
W3 METacTa0MIBLHOT'O COCTOSIHUSL B HEMPABHIHLHOM HAIpPaBICHUH (BBIXOJHOW CHUTHAI
3allleNIKK B YCTAHOBJICHHOM pEXHME HE COOTBETCTBYET BXOJHOMY CHUTHAITY
3aIeNKn), CXeMa, OOHapyKHBAloIlas METacTaOMIBHOCTh, COXPaHSET HYJIEBOH
YPOBEHb BBIXOJTHOTO cuTHaia (puc. 10).
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Puc. 10. Pezynomamsl modenuposanus pabomsl npeonazaemotl cxemvl

W3zyden psi napaMeTpoB NEPBUYHON U MpeAiiaraeMoii cxem 3amenku (tadn. 1 u
2). C nomompbto ¢opmyn (2) u (3) Beuuciensl Bpemsi yctanoBieHus (Ts) u
nocrosiHHasi BpeMeHu (t) (Tabn. 1). PesynpTarhl, IpUBEIEHHBIE B TaOiHIlaX,
COOTBETCTBYIOT THITHYHBIM yCJIOBHSIM: THIIMYHBIN TPaH3UCTOp, Temmeparypa 25°C,
HamnpspkeHne nutanus 1,05 B, mpu yclioBHAX 4acTOT cuHXpocurHana B 1 [Ty u
naaabiX B 0,5 11Ty,

Tabnuya 1

Iapamemput sviuucaenus HHO 015 nepsuynou u npeoiazaemou cxem
Cxema T, NC Tsu, ne Ty, nc Ts, nc To, nc
Hepsiriias 18.214 17 6 483 23
3aIenKa
I

PEATATACMAT | 19 451 20 8 480 28
CXeMa 3aIleiIKu
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Ucmonp3yss mapamerpbl w3 Tabm. 1, ¢ momompio Qopmynsl (5) Moxem

paccuuTath HapabOTKOI Ha OTKa3:

MTBF es” e 2.86 % 10°(c) = 9,06 % 10~
—_— p— —_— . * — *k
Mep3 ™ £4f.To ~ 5+108510%+23+107 12 © =9, (rom),
MTBF es” e 3.73 +10%(c) = 1,18+ 10”3
—_— p— — . *k — *k .
Mpea3 ™ f4f.To ~ 5+4108+10%+28+107 12 ©@=1 (roz)
Tabauya 2
IHapamempor nepsuurHoll u npediazaemon cxem
OrneHka
Crarnunblii | JluHaMUYHBINA H HHO, Oo6HapyxeHue
Cxema TJIOIIAH,
TOK, MKA TOK, MKA 2 200 | MeTacTaOMIBHOCTH
MKM
Ile a 9.06*
pBIIHai 0.791 6.297 3.808 .
3allenKa 103
IIpennaraemas 1.18*
39.9 40 8.07 +
cXema 3alllenKu 103

Kpome TunmuHbpIX YCJIOBUH, NpeajaraeMas CcxeMa TakKXKe MHCCIEeJ0BaHa B

KpaifHux paGounx ycioBmsix (SS/-40°C/0,945 B u FF/125°C/1,155 B). Pesynbrarsl
MOJEIUPOBAHUS IPUBECHBI HA puc. 11 u 12.
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Puc. 11. Pezynomamul mooenuposanus pabomsl npeodiazaemou cxemul 0isi XyOuiux Ycao6uil
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Puc. 12. Pesynomamul mooenuposanusi pabomsl npeonazaemou cxemvl O IyHUUX YCao6utl

W3 puc. 10-12 BuAHO, YTO B TUMUYHBIX YCJOBHSIX MpeJIOKEHHas cXema
00Hapy)KMBaeT METAaCTaOMIILHOE COCTOSIHHME, MPUCYTCTBYIOIIEE B 3alllelike, 3a 35,84
nc, B xyamem ciydae — 98,82 nc u B nyumewm ciyqae — 19,08 nc.

Jnsg THOWYHOTO Ciydash CXeMa WCCIe[JOBaHa TMpPH Pa3HbIX 3HAYCHUSAX
TEMIIEpaTypbl U HANpPSDKEHUS] THTaHUS, Pe3yNbTaThl KOTOPBIX MpPUBEICHBI Ha PHC.

13.

50 60
¢ S
~ ~ 50
g 40 g
é é 40
30
g < 30
© (5]
™ 20 ™ 20

40 -25 0 25 75 125

Temnepatypa, °C

0.945 0.9975 1.05 1.1025 1.155

HanpaxeHue nutanua, B

a) 0)
Puc. 13. 3asucumocmov 3a0epoicku npednazaemoli cxemvbl Om memMnepamypul (a) u HanpsajceHus
numanus (0)

3akntouenue. VI3ydeHo siBIcHUE BOZHUKHOBCHHS METACTA0OWIILHOCTH B 3aIENIKE
cuHXpoHm3aTopa. llpemmoxkeHa cxema, OOHapy)XKMBamImas METAaCTaOWILHOCTH B
3alIe]IKe, BBIXOJHOM CHUTHaJl KOTOPOM MOXKHO MCIIOJIb30BaTh BO n30exauue
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METacTa0MJIBHOTO COCTOSIHHSI. YUMThIBasi, YTO CHMHXPOHH3ATOPBHl BO BCEH cucTeMe

BCTPEUAOTCsI B HEOOJIBIIIOM KOJMYECTBE, YBEJIMYCHHUEM IOTPEOIIEeMOro TOKAa M

IUIOINAAN, TPUBEIEHHBIX B pPE3yNbTAaTax HCCIENOBAHUSA, MOXHO HITHOPHPOBATH,

MTOCKOJIBKY ITPU IIPUMEHEHNH MIPENTI0KEHHOT0 TIOAX0/a 3TH BEIMYNHBI YBEIUYATCS B

HE3HAYNTENbHBIX MpOIeHTaxX (3aHnmMaemas rmomans — Ha 0,009%, moTpebmsemas

MomHOCTh — Ha 0,016%).
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<UUUuduUbh UbUu uLEMrNrU UGSULUSNRLNRE3UL KU3SLURGMUUL
utena

0.<. MEwnpnuyw, 2.U . Ubnhujwi, U.MN. Uwpnhpnujwi

Ubtipywynwdu  pjnipbinh Jpwjh  hwdwwpgbpnd  wuhpwdbionnyeniu £ wnwowuntd
ogunuwgnndtint dkyhg wybh uhuppnwgnwuwuwihu hwdwywpgbp, npp huwpwynpniginiu
E wwpu hwdwwnbntint  wwppbp  hwugnygubph  woluwwmwupp:  Pwqdwuhuppn-
wqnuuowuwht gbpdtd hunbgpw) upubdwubpnd  (SUPU), Gpp wgnwuowup dh
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uhuppnwgnwtowuny wofuwwnn whpnypehg thnfuwugynw £ dbYy wyp uhuppnwgnwupwuny
wotuwwnnn  whpnyp, wnwowunwd £ wwppbp  uhuppnwgnwuywuubpp  dhdjuwug  hbwn
hwdwdwdbgubnt fuunhp: Wn wugdwu hbnmbwupny wnwowgnn fuunhpubiphg funtuwthbint
dhongp hwdwdwdhy ufubdwubpu Gu, npnup jwjunpbu Yhpwnynd Gu ubipyuihu FUNU-
ubipnid:

Cwdwdwdhy  ufubdwubp syhpwnbine nbwpnd  dbYy  wy  uhuppnwgnwuwuwihu
whpnypnw wofuwwnnn njuip puptipgnn wiphgbipnd wpnn £ wnwowuw dbwnwlwyniu
yhtwy' dnunpwiht wgnwuowuubph dhwdwdwuwlw h hwpn quint ywwbwnny: Ujn
yhbwyp Ywpnn £ upbdwh wy hwugnygubph ng dhon  woluwwnwuph  wwwbwn
hwunhuwtuw), wnwpwdéyb; wdpnne huwmbigpw| ufubdwing (hU) L hwugbigubp wdpnne
hwdwYwpgh ufuw| woluwwmwupht: 6y pwuh np ufubdwih dEnmwywiniu yhéwyhg nnipu
guwip npnawlh Gaunnipjudp Wwwnwhwlwu Gpunype §, wuhpwdbon £ Yhpwnt) ufubdwubpu
wyn yhdwyh dbe pulubinig wwonmwwubiint Gnwuwyubp:

Lbnwgnuyb] Gu hwdwdwdhy utubdwubpp, npwugnd  dEwnmwlwynis Jhéwyubph
wnwowgdwlu nbwpbpp: Cuwnpyb) £ hwdwdwdhs ufubdwh  ulbbnhsp, W upwunud
dnnbjwynpyb) £ dbnwlwjniu yhdwy: Uowyytp b wnwewplyytip £ unp ujubdw, npp Yupnn
hwjinuwpbipt) hwdwdwdhy ufubdwubpnid wnwowgwsd dhnmwlywntu yhdwyp: <bnwgqujnud
Uwpuwgdnnp Jwpnn £ oguwgnpdti wnwowpyynn ufubdwih Gpwjht wqnuwuowup L
funwwiht) hwdwlwpgnd  wnwowgwd dwmwlwintu  Jhéwlyubph  wpryniupnud  ufuwy
wgnwuowuubin thnfuwugbnig:

Unwugpuyhti pwnbp. JGunmwlwiniunigini, pwqdwuhuppnugnwiuwuwihu  hwdw-
Ywpg pjnipbinh ypw, hwdwdwdhs ufubdw, ulibnhy, D wiphgbin:

THE METASTABILITY DETECTION METHOD IN SYNCHRONIZERS
O.H. Petrosyan, Z.M. Avetisyan, A.R. Martirosyan

At present, in systems on crystal (SoC), it becomes necessary to use multi-clocking
domains which gives an opportunity to combine the collaboration of different blocks of the
SoC. In a SoC, when a signal from a clock domain passes to another, a problem to synchro-
nize the signals arises. To avoid that problem synchronizers are designed, which are widely
used in very-large-scale integration (VVLSI) systems.

In the data receiving trigger, working in the other clock domain, metastability can oc-
cur if synchronizers are not used. That state can cause a failure of other nodes and can be
spread within the integrated circuit (IC) and bring about failure of the whole system. And as
the falling out of the metastable state is an accidental phenomenon with some accuracy, it is
necessary to use methods to protect the circuits from metastability.

Synchronizers and reasons of occurrence of metastability have been researched. A
latch of synchronizer has been chosen and a metastable state has been modeled in the latch.
A new scheme has been developed and proposed which detects metastability in synchroniz-
ers. In the future, the circuit designer can use the output signal of the proposed scheme and
avoid wrong data transmissions in the system.

Keywords: metastability, multi-clocking SoC, synchronizer, latch, D-trigger.
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Becmuux HIIVA: Ungpopmayuonnvie mexnonoauu, snekmponuxa, paouomexnuxa. 2018. Ne2.

YK 621.3.049

MOJIEJIMPOBAHMUE JIJIUH HEIEN NTHTETPAJIBHBIX CXEM HA
9TAIIE PASMEIIEHUA DJIEMEHTOB

A.I'. ApyTioHsiH

Hayuonanvnuiti nonumexnuyeckuil ynusepcumem Apmenuu

Tak kak Ha 3Tane pa3MeIleHus 1eMeHTOB uHTerpanbHeXx cxeM (MC) eme He M3BECTHEHI
TOIOJIOTUYECKUE CTPYKTYPHI LENeH W, CIeI0BATENbHO, UX UIUHBI, TO JUI1 OLEHKH 3aJEPiKEK
CHTHaJa B OyZyIIMX MEKCOSAMHEHUSIX BO3HHKACT HEOOXOIMMOCTh MOJEIUPOBAHUS  UIMH
nened MC. Hamuume Takux Mojeneil MO3BOJISAET YHPABIATh IPOLECCOM  pa3MeEIleHHUs
9JIEMEHTOB C TOYKH 3peHHs ObicTpoaeiicTBUss. OCHOBHBIMU TPEOOBAHHUSAMHE JUIsl TAKUX MOJIEINEH
SBJISTFOTCS OBICTPOTA ¥ TOYHOCTH OLIEHKH JUINH OyAyIINX EeTeH.

C TOYKM 3peHHs] TOYHOCTH, Haubojee Onu3Kue K (HaKTUYECKUM JUIMHAM Lienel OLEHKH
BbIaeT Mozenb AepeBa llITeifHepa, Tak Kak OHa IIOJNO)KEHAa B OCHOBY HCIOJB3YEMBIX B
ABTOMATH3HPOBAHHBIX CHCTEMAX JJIEKTPOHHOIO NMPOEKTUPOBAHUS AITOPUTMOB TPACCHUPOBKU.
OpHako, mockoibky Momenb lllrteitHepa mmeer NP ciokHOCTE W ee pemieHHe TpeOdyeT
00JIBIIOr0 MAlIMHHOTO BPEMEHH, ee MPUMEHEHHE Ha JTare pa3MeneHus Hed(h(eKTHBHO.

B cymecTByromux mOporpaMMHBIX HHCTpYMEHTax pasMemnieHus osnementos HMC
HanOosIpIIIee MPUMEHEHHE TT0JTydHiIa MOIyTIepUMETpHIecKast MOJIeNb OIIEHKH JUTH 1erneil. Ona
SIBJIIETCSL yNpOLEeHHOW Moznenbto IlITeiiHepa 1 OCHOBaHa Ha MOCTPOEHUHM OIPaHUYMBAIOIICH
KOHTAaKThl JJAHHOM LeNM MHMHHUMAJIbHOW IPSAMOYIOJbHOM paMKM M OIpPEIEICHUHM €€
nonynepumerpa. OZHAKO TOYHOCTH ATHX MOAENEH yOBIBaeT C POCTOM KOJHMYECTBA KOHTAaKTOB
IETIH.

B ycnoBusix pacrymieii uaterparuu MC nosiBisieTcss HE00X0JMMOCTh pa3padOTKU HOBBIX
U YCOBEPIIEHCTBOBAHHBIX MOJENEH OLIEHKH AJIUH LENel, KOTOpbIE, C OAHOW CTOPOHBIL, IOBBICAT
TOYHOCTH OIIEHKH, C JPYTOH - HOTPeOyIOT OTHOCUTEIHHO HEOOBIIOr0 BPEMEHH OLIEHKH.

B nacrosmeil paboTe HpeasoxKeHbl HOBBIM METOX M aJrOPUTM MOJCTUPOBAHMSA JUIMH
neneid UC, xortopere, wumes O(nlogn) crnoXHOCT, MO TOYHOCTH  MPEBBILAIOT
MOTYTIEPUMETPHIECKYIO MOJIENb ¥ IPUOIMKAIOTCS K TOYHOCTH MOJIENT MUHUMAJILHOTO JIepeBa
Ilrefinepa. IIpennokeHHbIH METOA OCHOBAaH Ha TOM, YTO TOYHOCTH IIOJIyHEPUMETPUUECKON
MOJIeNIN JUTA IeTiel, UMEIOMUX He 0ojee TpeX KOHTAKTOB, COBIIAJAeT ¢ TOYHOCTHIO MOIEIH
MHUHUMaJbHOTO siepeBa Ll teinepa. [Ipenaraercs pa3ouTh MOHTaKHOE TOJIE LIETIN Ha 00JIacTH,
colepkanie He Oojiee TpeX KOHTAKTOB, C JalbHEHIICH OIEHKOW JJIMHBI LEMd KaJIon
00TacTH TO MOTYNIEPUMETPUIECKON MOJENTH M JaJbHEHIINM COCTUHEHHEM 3THX OO0JIacTeH,
MPUMEHSISI U3BECTHBIE METOJIbI MOCTPOCHHSI MUHHMANIBHBIX CBSI3BIBAIOIINX JIEPEBBEB.

Knwueswvie cnosa: MonenupoBaHue JUIMH Iened, MuHUManbHOoe nepeBo lllreitnepa,
MOJYTIEPUMETPUUECKAs MOIETb.
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Beeoenue. Anroputmbl aBTOMatuianum (usndeckoro mnpoektupoanuss HC
OCHOBaHBlI Ha Tpad)ax CBSI3aHHOCTH M MCIOJB3YIOT BXOAHYIO MH(GOPMALUIO B BUAE
CIIHCKA IIeTIe CXeM M KOHCTPYKTHUBHBIX OTPaHWYEHHH Ha pa3MELICHHE dJIEMEHTOB U
TPacCCUPOBKY MeEXcoelWHeHWH. B ol0mem ciyyae IIemd CXEMBbl  SIBISIOTCS
MHOTO3BEHHBIMH, M NIl MPAaBWJIBHOIO WX MPEICTAaBICHUS CIEIyeT HCIOJIb30BaTh
runeprpadoBble MOACIH LIENe, B KOTOPBIX KOJIMYECTBO BEPILIMH JI000r0 Tuneppedpa
COOTBETCTBYET KOJIMYECTBY KOHTAaKTOB JaHHOW uenu. Ha »sTame pasmemeHus
anemeHToB MC Mopmenu JIMHUI CBS3M HWCHONB3YIOTCS [UIS OLEHKU IUIMH OyIyIIHX
MEXCOEAMHEHUH W YOpaBIeHHUS MPOIECCOM pa3MeIIeHUs C TOYKH 3peHHs HX
ObicTpozelicTBUsL. Takue MOJAENM OCHOBaHBI Ha M3BECTHBIX B TEOpUH TpadoB
HauMEHBIINX TOKPBIBAIOIINX [EPEBbSIX, B YACTHOCTH, HAa MHHHMMAIbHOM JEPEBE
lreitnepa [1,2].

B cymecTByromux HMHCTpYMEHTaX pa3MelleHHss HauOoJbliee MPUMEHEHHUE
MOJTy4WJIa TOJMYNEepUMETpHUYEcKas MOJENb OLICHKHM IIMHBI Lemu. Takas MOZENb
sBseTcs ynpoueHHod wmoaenbto IlTeliHepa, OCHOBaHHOM Ha MOCTPOEHUH
OTPaHUYMBAIOLIEH KOHTAKTHl JaHHOM LIENNH MUHUMAJIbHOU IPSIMOYTOJIBHOW PAMKHU U
ONpEIEICHUN €€ MOJyNepUMETpa. DT MOJEIU BBIACIAIOTCS CBOEH MPOCTOTOM M
yI0OCTBOM HCIOJIB30BaHU Ha Tale Pa3MEIICHHUsI JJIEMEHTOB.

B obmiem cnydae monmynepumeTpruecKkast MOAeTbh 00eCIeunBaeT HWKHUHN Tipeet
OLIEHKH JUIMHBI LETH, 3 OCHOBHBIM €€ HEIOCTATKOM SIBIISIETCSA NMOHMKEHUE TOYHOCTH
OLIGHKM U1 IemleW, cojepxamux Oojee Tpex KOHTakToB. [IpumeneHue
MOJIyNIEpUMETPUUYECKONH MOJENM Ha MPakTHKE OOYCIOBJIEHO €€ MPOCTOTOH U TeM
00CTOSITENILCTBOM, YTO LENU C He Ooyiee 4eM TpeMs 3BEHBbSIMH B IPOMBILUICHHBIX
CXeMax COCTaBJISIOT B cpenHeM 80% Bcex neneit [3,4].

YuuTeiBas TOT (akT, YTO Napa3UTHASL EMKOCTh JIFOOOT0 MEKCOCAMHEHHS 3aBUCUT
OT JUIMHBI LENH, KOTOPOM MPHUHAUIEKUT JaHHOE MEXKCOEINHEHHE, MOKEM CKa3aTh,
YTO MOJyNEpPUMETPUYECKass MOJENb, IMOMHMO OIEHKH JUIMHBI LEMH, TaKKe MOXKET
OBITh JOCTAaTOYHBIM CpPEACTBOM OLIEHKH 33JEPKKM LEeNH Ha 3Tale pa3MeleHus
3JIEMEHTOB. Takum o00pa3oM, pacCTOSHUSL MEXKIY DJJIEMEHTAaMH, KOTOPbBIE
perynupyloTCs Ha 3Tale pa3MelIeHHs, MOTYT CIY)XUTh CPEACTBOM OIICHKH JTUHBI
MEXCOEANHEHNH U, CIIEJOBATEIBHO, 3aI€PIKEK B HUX.

Kak m3BecTHO, ¢ yMeHbIIEHHEM TeXHOJOrn4eckux pasmepos MC u yBenmueHuem
CTETIEHN WX WHTETpallMy JIONsl 33JIEPKEK B MEKCOCTUHEHUSX B OOIIEH 3ajiepikKe
yBennuuBaercs, U B coBpeMeHHbIX MC 80...90% 3anepixex NpuxoauTcss UMEHHO Ha
meskcoenuaenus [1,5]. Tak kak OT pe3yibTaToB pa3MeLICHHs 3aBUCST, B OCHOBHOM,
YCHENIHOCTh TPACCHUPOBKH U JUIMHBI MEKCOETUHEHH, CIIeI0BAaTEIFHO, pa3MEIIEeHUE B
OoubLIel CTENIEHN MOXKET CIIOCOOCTBOBATH 00ECIIEUEHUIO OBICTPOACHCTBHS CXEMBI.

OpHako B ycioBusix pactymed uuterpauun VC mossisercss HE0OXOAUMOCTb
pa3paboTKH HOBBIX M YCOBEPIIIEHCTBOBAHHBIX MOJIENIEN OLIEHKH JUIMH IIeTIel, KOTOpEIE,
C OJIHOW CTOPOHBI, MOBBICAT TOYHOCTH OLIEHKH, C APYTO - NOTPEOYIOT OTHOCUTENHHO
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HEOOBIIOT0 BpeMEeHH OLEeHKH. OUeBUAHO, YTO U3-32 MPOTHBOPEYMBOCTU 3TUX JABYX
YCIIOBHI BBIOOP TaKOH MOZIEIH SBISIETCS POOIeMON HH)KEHEPHOTO KOMITPOMHCCA.

Pesromupys BellIECKa3aHHOE, MOXKHO CIENaTh BBIBOJ, YTO C YMEHBIIEHUEM
TexHoJornueckux pasmepoB MC noBeImaeTcsi Ba)KHOCTH 3a/1a4H Pa3padOTKH METO0B
monenupoBanus uinH uened MC, oOecrnedyuBaroMX AOCTATOYHYK) TOYHOCTH H
OBICTPOJCHCTBIE HA ATAIE pa3MELCHHS DIIEMEHTOB.

B nacrosmieir paboTe mpenioKeHbl METOJ M alrOpUTM OLEHKH JJIUH LeleH,
KOTOpble, HMEs IpHeMIeMOe OBICTPOACHUCTBHE, IO TOYHOCTH MPEBBILIAIOT
MOJYINEpPUMETPUUYCCKYI0 MOJENb OLEHKM W TPUOIMKAIOTCS K TOYHOCTH MOJEIH
MUHUMAaJILHOTO fepesa llltelinepa.

Ilpeonazaemwiit memoo mooenuposanus onun yeneii UC. IlockonbKy Ha dTamne
pa3MelieHys elle He U3BECTHBI CTPYKTYPhI TONOJIOTHH LIEeTeH, s OLIEHKH 3a/iep>KeK B
HUX TOSBIISIETCS HEOOXOAMMOCTh pa3padOTKH METOAOB BHPTYalbHOH TPacCHPOBKH
Henei u oneHky ux AnuH. C 3TON LENbIO UCTIONb3YIOTCS Pa3INYHbIE CETEBBIE MOJEIN
npezcTaBieHus Tornonoruu 1enei. Ha puc. 1 npencrasineHsl npuMepsl rpadudeckon
MHTEpIpEeTaluy pa3IMyHbIX MOJEIeH TOMOJOTMH MHOTO3BEHHOW IENH C yKa3aHUEM
onenouHbx aauH L [1,4].
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Puc. 1. Ilpumepovr moodeneti yenu

69



Cpenu 3THX Mojeieil HanOojee BBICOKYK) TOYHOCTh OOCCIICYMBACT MOJCIH
nepeBa lllteitHepa, Tak KaKk OHa MAaKCHMAalbHO COBHANaeT C pe3yJabTaTaMu
OKOHYATENFHOW TpaccHpoBKH mereil. OmgHako, TOCKonbKy mpobnema IllreitHepa
umeer NP crnoxsHocTh, TO Ha 3Tamne pasmemnieHus siemeHToB MC ucnonb3zoBaHue
mozaenu lllteitHepa B ee McXomHOU (hOpME OTpaHWYCHO IO MPUYIMHE CIIOKHOCTH H,
CJIeIOBATEIbHO, OOJBIIOTO BpeMeHH peanu3anuu. [lo3ToMy Ha 3TOM 3Tamne
WCTIONB3YIOT pa3InyHbBIE YIOPOIICHHBIE Monaenu nepeBa llrteiinepa, KoTopbie
OTIMYAIOTCS APYT OT JpyTa CBOEH CIIOKHOCTBIO M TOYHOCTHIO. Kak yke oTMedanocs,
cpeau ATHX Mojelell HaumOoee pacnpoCTPaHSHHBIM W IMPOCTEHIIMM METOJA0M
MOJIETTMPOBAHUS SIBJISIETCS TOJTyTIEpUMETpUYecKast moiess [1].

Ecnu Benmumubl a(X, y) u b(X, Yy), mpuBeAcHHbIE Ha puC. 1, SBIAIOTCA
BEpmIMHaM JuaroHajim MHWHUMAJIBHOT'O IpAMOYIroJIbHUKA, OXBaThIBArOLICTO
KOHTAaKThl IIETH, TO JUIMHA IIETH, OIICHEHHAs IONyHepUMETPUIECKON MOJEINbIO,
OTIPENIEIIUTCA CICAYIOMINM 00pa3oM:

L= |a(x)- b(x)|+ |a(y)- b(y)|. (1)

OpHako, Kak y’Ke 0TMEYalloCh, I MHOTO3BEHHBIX LIETEH MoIyriepuMeTpudecKas
MoOJeahr He oOecreunmBaeT JOCTAaTOYHYK) TOYHOCTh. [lpemyaraempliii  MeETO.
MOJICTTUPOBaHMs JJIMH MHOTO3BEHHBIX IIeNell Ha JTame pa3MemeHHs] JIIEMEHTOB
OCHOBaH Ha TOM, YTO TOYHOCTb IMOTYHEPUMETPUUECKON MOJIEIH IS LETei, UMEIOIIIX
He Oojee TpeX KOHTAKTOB, COBIMAJIAET C TOYHOCTHIO MOJIETHM MHUHUMAJILHOTO JIepeBa
Irefinepa. C y4eToM CKa3aHHOrO Tpeayiaraercss pa3OuTh MOHTAXXHOE II0JIe
MHOTO3BEHHBIX IIeneil Ha 00jacTH, cojaepkaiue He 0ojiee TpeX KOHTAKTOB, C
JallbHEHIIEll  OLEHKOM  JUIMHBI  [EeNM  KaXIoM 00JacTd ¢ IIOMOIIBIO
MOJTyTIEPUMETPUYECKONH MOJENN ¥ JallbHEeHIINM COSJUHEHHEM J3THUX O00JacTeH,
MIPUMCHSAA U3BCCTHBIC METObLI IOCTPOCHUA MUHUMAJIBHBIX CBA3BIBAIOUIUX JCPEBLEB.

[Ipennaraemplii METOJ peaNn3yeT IOCIENOBATEIbHOE PEUICHHE CIEIyFOIINX
3a/a4:

1. Pa30ueHre MOHTa)KHOT'O I0JII MHOT'O3BCHHOH 1€ Ha 00J1aCTH, COACpIKaIIUe
He OoJiee TpeX KOHTaKTOB.

C »oTOoff 1enpl0 TPOM3BOIUTCS HEpPapXUUECKOe OPTOTOHAIBHOE pazOneHne
MOHT)KHOT'O TOJIS TI0 JIMHUSM COaJaHCUPOBAHHOTO CPEIIHETO MO OCAM X W Y TO
cnemyromieit hopmyie:

eq X Vi
xcpycp: - lnl l: (2)

rae x,, ( ycp) - cOaaHCUPOBAHHOE CpeTHEE TI0 OCH X (y); X; ( yj) - KOOPIUHATHI
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I-T0O KOHTaKTa; N — KOJMYECTBO KOHTAKTOB LICTIH.

2. OueHka JUIMH, TIOJMYYCHHBIX B pe3ylbTaTe pEIICHHWS MEepBOH 3a1adu
(hparMeHTOB IIENH I10 TOIYIEPUMETPUIECKON MOJIENH, UCTIONB3Ys hopmyiy (1).

3. Ompenenenue JIMHBI MUHUMAJIBHOTO JIEPEBa, CBS3BIBAIOMIETO MTOJMHOXKECTBA
KOHTAKTOB, 4YTO [OJPa3yMEBACT PELICHUE CIIEeIYIOLINX 033 1au:

® BBIYHCIICHUE MUHHMAaJTbHBIX paccTostHui MEXTY JIOKaIbHBIMU
MOJTYNEPUMETPUUECCKIMHU MOJICITISIMU TIOAMHOKECTB;

® [IOCTPOEHHE MOJHOrO B3BELICHHOTO Ipada pacCTOSHUN TOAMHOKECTB;

e BbBIACTICHHE MHUHHMMAJIBHOIO AE€PEBa U3 MOJHOTO Trpada.

4. OneHka AAMHBI LENM Kak CYMMBl JJIMH OTAEIBHBIX (parMeHTOB,
OTIpeeNICHHBIX I10 M. 2, I MUHHUMAaJILHOTO JiepeBa - 1o 11.3.

[IpuBeneHHBI BbIIE METOX IO CJIOXHOCTH COBIAJAeT CO CIIOKHOCTBIO
QITOPUTMOB TIOCTPOCHHUSI MHHHUMAJIBHBIX CBSI3BIBAIOLIMX JEPEBHEB, TAKUX Kak
anroput™ [Ipuma mim Kpyckans, u onenuBaercs Bemannoi O(nlogn) [6].

IHlpumep peanusayuu anzopumma mooenupoganus oaun yeneii UC. PabGory
AITOpUTMa MOJETMPOBAaHUs JJMH IENed paccCMOTPUM Ha mpuMepe 9- KOHTaKTHOM
[ETH, TIPUBEICHHON Ha puc. 2.

Kak BupHO M3 pHCyHKa, B NPUBEACHHOM IIpUMEpE JUIMHA LENH, OLCHEHHAs I10
nonynepumerpudeckoir  momenu (L), paBHa 20-u emuHunam (puc. 2 a), a
muHuManbHoe aepeBo Llreitnepa (Lpr) ummeer uHY, paBHyr 28-u eqMHHIAM
(puc. 2 6).

AJTOpYTM MpeAsiaraéMoro MeTo/ia peaan3yeT CleayIOIIHe Iaru:

1. Pa3Ouenne MOHTaXXHOTO I0JIS HA IBE 4acTH A 1 B mo BepTukanu, npoxoasiiee
yepe3 cOaTaHCUPOBAHHOE CpellHEE IO OCH Y, OKPYTJIICHHOE N0 OJMKAMWIIero Menoro

qucia:
9

Z Yi 44
= - = : 3
Y=t =" =4880) ~5 3)

2. Pa3OueHne MOHTa)XHOTO TOJS HA JIBE YacTH KaxJoro u3 ¢parmeHToB A u B
[0 TOPU3OHTAIM, IPOXOJsdllee uepe3 COAJaHCUPOBAHHOE CpegHee II0 OCH X,
OKpYIJIEHHOE J10 OJIvpKaiIlero 1eIoro yucia:

n 4
) ;xAi ) ;xAi ’3

X, =22-575~6 (4)
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Puc. 2. 'eomempuyeckas unmepnpemayusi NPeOI0NCEHHOU MOOeaU OYEeHKU ONUHBL Yenu':

a - pasmeujeHue KOHMAKMOS UYenu ¢ YKA3AHueM MNOJYNePUMempuiecKkol Mooenu,
6 - MuHUManbHOE NpsAMoy2onbHOoe Oepeso Lllmetinepa, 6 - noiynepumempuueckue Mooeiu
JOKANBHBIX (PPACMEHMUPOBAHHBIX 30H, 2 - OKOHYAMENbHbI U0 NPEON0NHCEHHOU MOOEIU OYEHKU
ONUHDL Yenu

3. PexkypcuBHOE TMOBTOpEHHE IMaroB 2 M 3, MOKAa BO BCEX IOJYyYCHHBIX
(¢parMeHTax ocraHeTcsi He Ooyiee TpeX KOHTAKTOB.

4. OneHka JUIMHBI COOTBETCTBYIONIEH YAaCTH ILEMUA MO MOMYIEPUMETPUIECKOM
MOJIENH JUTSI KK I0T0 (hparMeHTa KOHTAKTOB:

L; = 0,5(|maxxieﬂixi — Minyeq, x| + |maxyieﬂiyi - minyieﬂiyiD;i =12,..,k (6)

IJIe X; ¥ Yj - KOOPJIMHATHI KOHTAKTOB MOJMHOXKECTBA ();; K - KOIMYEeCTBO MO IMHOXKECTB
KOHTAKTOB.

OtmeTHM, 9TO JIJIS IPUBEICHHOTO Ha pHC. 2 MpuMepa noiydyarorcs 4 ¢parmMenTa
KOHTaKTOB, CyMMapHas JJIMHa KOTOPBIX, PACCYMTAHHAS IO IOJYIIEPUMETPUICCKON
Mojenu, pagHa 18.
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5. Omnpeaenenne TMHB MUHAMATIHFHOTO OPTOTOHAEHOTO JIEPEBa, CBSI3BIBAIOIIETO
IMOJMHOKECTBA KOHTAKTOB.
dnst 3TOoro cHauanma BBIYMCISAIOTCS MUHUMAJBHBIE PACCTOSHHUS  MEXKIY

JIOKAJIbHBIMHU TIOJTyTIEPUMETPUUSCKIMHU MOJEIAMH oAMHOKeCTB Qi; 1= 1,2, ..., K. Jlist
1r000# mapel HOAMHOKECTB )i M £2j 3TO paccTosiHUE OyaAeT:

1) mpu maxy.eo, X; < MiNy o, X ; MiNyeq, ¥i > MiNyeq, Vj, T.C. () pacrosoxeHo

mpaBee u BHU3 OT ()
Lij = |maxyeq, x; — minxjenj xj| + |minyiegi Yi — MaXy.eq; Yj ;L) =

1,2, ., ki #j;

2) mpu MAXyen, X < Milly e, Xj s MiNy,co, Vi < MiNy o, ¥j) T.C. ()} pacnookKeHO

IpaBee U BBEPX OT
Lij = |maxyeq, x; — minxjenj xj| + |maxyieﬂi Vi — minyjegj yilsij =

1,2,... ki #];

3) mpu MiNy.en, X; > minxjeﬂj Xj;MiNy,.en, Vi > maxyeq;yj, T-€. (); pacHoloKeHO

JIEBEE U BHU3 OT ;.
Lij = [minyen, x; — Maxyen; le + |mmyieﬂiyi —maxyeq; yj|;i,j =

1,2,..,ki#];

4) npu MiNyen, X; > minxjenj Xj; MaXy,eq, Vi < minyjenj Yj,T.€. j pacrookXeHo JIeBee

U BBEpX OT i
Lij = |minyeq, X; — MaxXy e, le + |maxyl.egl. Yi—minyeo, Vi|;lj =

1,2,..,ki+j;

S)HpH maxxi Vi€N; Xi Vi > mlnx]' y]'E.Qj xj y]l mlnxi Vi€N; Xi Yi < maij ij.Qj xj y]'

MaXy, x; en; Vi Xi < MiNy, x.en; V) %), T.C. ()} pacnoyoKeHo BBEPX (BIPaBo) OT L)

Lij = \maxy, x, eq, Vi Xi — miny xeq; ¥j X[ LJj = 1,2,.., ki #];
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6) npu maxxi Vi€R; XY > mlnx]' Vj€R; xj y]! mlnxi Vi€R; Xy < maxx]' Vj€R;j xj y]!

MAXy,y; eny Xi Yi < Mily; y.eq; X; Vj» T-C. )} pactonoKeHo BHU3 (BJIEBO) OT L2
Lij = |miny, , eq, Vi Xi — maxy; xien; Yj X ;L =12, ki #].

Ha puc. 3a mnpuBemeH TONMHBIA B3BEMICHHBIH Tpad pacCTOSHHUU
MOJIMHOKECTB, MPHUBEJCHHBIX HA PUC. 2 B, BEChl KOTOPOTO PACCUHTAHBI TO

IIYHKTY 5.
pCANC S C
5 4 4
a) 0)

Puc. 3. B3gewennwitl epagh paccmoanuii NOOMHOICECME KOHMAKMOE.
@ - NOIHBIL 836EULEHHBLIL 2PA PACCMOAHUL NOOMHONCECS,
6 - MUHUMANbHOE C8A3bI8AIOUjee 0epe8o NOOMHONHCECE

Bo B3BemeHHOM rpade paccTOSHHH TIOAMHOXECTB KOHTAKTOB BBIIEISCTCS
MUHHMMAJIbHOE CBSI3BIBAIOIIEE JIEPEBO, NpUBeneHHOe Ha puc. 36. CymmapHas IyuHa
storo aepeBa paBHa 11. OTMeTmMm, YTO €cClM KOJMYECTBO TaKUX MHHUMAJIBHBIX
JIepeBLEB OOJIBIIE OJHOTO, TO OCTABIISIETCS JII0O0E U3 HUX.

6. OueHka cyMMapHOM! JJIMHBI LENH N0 clieayoeil Gopmyie:

k k
ICYM=ZLl-+min Z Ljj =18+ 11 = 29,
i=1 i,j=ii#j
rme Y& ,L; - cyvMMapHas JUIMHA (pParMeHTOB IENHM, pACCUMTaHHAA IO
TOJyNepUMETpHUECKOii  Mozemn;  min yF j=isizjLij - AnMMHa  MHHHMAJIbHOTO

CBSI3BIBAIOLLETO JIEPEBA MOJIMHOKECTB KOHTAKTOB.

Takum oOpa3om, sl pacCMaTpUBAEMOro MPUMepa, COACPIKAIMETO 9 KOHTAKTOB,
JUIMHA 1enu, ONpeAesieHHas TMpeajara€MbIM METOJIOM, OTJIWYaeTCid OT JIJIMHBI
MUHUMaJbHOTO JiepeBa [lITeliHepa BCcero Ha OAHY €IUHUILY.
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Peanuszamnus omnucaHHOrO BBINIE METOJA MOJENHMPOBAHUSA U psAlia TECTOBBIX
MpUMepoB Tienei, comepkammx 10 30 KOHTAKTOB, MoKazama Ha 25% Oosbime
TOYHOCTH IO CPABHEHHUIO C MOJIYNEPUMETPUUECKON MOJEIBIO.

3aknwyenue. PazpaboTanbl METOA U aITOPUTM MOJEIHUPOBAHHS M OLICHKU JJIMH
MHOTO3BEHHBIX IIeTIed Ha paHHEM 3Tarne pasmenieHus snemeHToB MC, kotopele 3a
CY4EeT MHOTOYPOBHEBOI'O HEPApXHUUYECKOTO MNPEICTABICHUS IIMPOKO HCIOIb3yeMOH B
HACTOsIIIEe BpeMs MOIYNEPHUMETPUUECKOH MOJENTH OOeCHEeYMBAaIOT IO CPaBHEHHUIO C
Heir Ha 25% Oombiiyro TouHOCTh. [lpeanoxkeHHas MoJenb WMEET HECPaBHEHHO
MAaJIyIO CJIOXHOCTh MO CPAaBHEHHIO C MOJIENTbI0 MUHIUMAJIBHOTO CBSI3BIBAIOIIETO JiepeBa
reiinepa u cocrassier O (nlogn).

Pa3zpaboTranHpIii METOJ MOJENMPOBAHUS JUIMH TeNe MOXKET OBITh MCIOJb30BaH
Ha dTarne pasmemnieHus drmeMeHToB MC ¢ menpio onepaTuBHON ONEHKU JUIHH OyayIInX
MC)KCOGILI/IHGHI/Iﬁ N 3aJICPKCK CUrHajla B HHX C HpH@MJ’ICMOﬁ TOYHOCTBIO JIsA

MHOT'0O3BEHHBIX lICIEH.
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MODELING THE LENGTH OF THE CHAINS OF INTEGRATED
CIRCUITS AT THE STAGE OF CELL PLACEMENT

A.G. Harutyunyan

Since the topological structures of chains and, consequently, their lengths are not yet
known at the stage of placement of cells of integrated circuits (I1Cs), it is necessary to model the
lengths of circuits to estimate the signal delays in future interconnects. The presence of such
models allows managing the process of cell placement in terms of performance. The main re-
quirements for such models are the fast and adequate validation of the length of the future
chains.

From the point of view of accuracy, the model of the Steiner tree gives the closest to the
actual length of validating chains, since it is imposed on the basis of routing algorithms used in
automated electronic design systems. However, since the Steiner problem has NP complexity
and its solution requires a lot of machine time, its application at the placement stage is ineffi-
cient.

In the existing software tools for the placement of IC cells, the semi-perimeter model for
validating the net length has found the widest application. It is a simplified Steiner model and
is based on the construction of a minimum rectangular frame, bounding the contacts of this
circuit and determining its semi-perimeter.

However, in the context of growing integration of ICs, there arises a need to develop new
and improved models for estimating the length of the chains, which, on the one hand, will in-
crease the accuracy of the validation, on the other hand, will require a relatively short valida-
tion time.

In the present work, a new method and algorithm for modeling the lengths of IC circuits
are proposed, which, having the O(nlogn) complexity, exceed the semi-perimeter model in
accuracy and approaches the accuracy of the Steiner minimum tree model. The proposed
method is based on the fact that the accuracy of the semi-perimeter model for circuits having
no more than 3 contacts coincides with the accuracy of the model of the minimal Steiner tree. It
is proposed to divide the circuit's field into areas containing not more than 3 contacts, with a
further validation for each area by a semi-perimeter model and a further connection of these
areas using the known methods for constructing the minimal connectivity trees.

Keywords: modeling of the chain length, minimal Steiner tree, semi-perimeter model.
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Becmuux HITVA: Hugopmayuonnvie mexnonozuu, snekmponuxa, paouomexnuxa. 2018. Ne 2.

PAJIUOTEXHUKA
VIK 621.391.837:621.397.13

OINPEJEJEHUE OBJIACTEA NPUMEHEHUS CTEHJIA 1O
HNCCIEJOBAHUIO CUCTEM BUJIEOHABJJIIOJEHUA

P.T. Capun

Anmamunckutl YHUsepcumem 3HepecemuKku U CeA3u

O6ocHOBaHa HEOOXOAWMOCTh HCCIIEOBAaHUS BHIECOKAMEP OXPAHHOW CHUTHAIM3AINH, UX
TECTUPOBAaHUsI TPH OpPraHU3alUHM IPOM3BOACTBA M  LEJNECOOOpPa3HOCTh  IPOBEACHUS
71a00paTOpPHBIX PabOT CTYJCHTaMH BY30B, W3y4alOUIMX CUCTEMBI OXPaHHOH O0€30IacHOCTH.
[TokazaHo cocTosiHME JieN 3TOi 00JacTH B MOCTCOBETCKUX cTpaHax. [IpuBeneHbI HEKOTOpPHIC
TpeboBanus ['OCymapCTBEHHOrO 00pa30BaTENLHOIO CTaHAapTa 10 WHGOPMATUBHOCTH U
pacUIMpEeHNI0 BO3MOXKHOCTEH J1a00OpaTOpHBIX CTEHAOB. PaccMOTpPEHBI BXOIHBIC IapaMeTpsl,
HEOOXOANMBIE IS IPOCKTUPOBAHUS CTEHIOB IO HCCIIEA0BaHUIO Buaeokamep. [IpeacraBineHs
pe3yNbTaThl HMCCIEAOBAHUS Pa3pabOTAHHOTO Ja0OPAaTOPHOTO CTEHAA 10 M3YYCHUIO U
HCCIIEJOBAaHHUIO CHCTEM OXPAaHHOTO TEJICBHJICHUS M ONpENEIeHHI0 00nacTeil X NpUMEHEHHS.
[Mpennaraercst cTpykTypa cTeHna u ero dacteil. [IpuBoasTcs peKOMEHIAUH II0 €ro
MIPUMEHEHNIO. AHAIM3UPYETCsl OIBIT NPOBEICHUS JaOOpaTOPHBIX paboOT MO HCCIEIOBAaHHUIO
XapaKTepUCTHK  BHJIECOKAMep  OXpaHHON  curHanm3anuu. [loka3aHel ~ BO3MOXHOCTH
HCCIIeIOBaHUS poOacTHOW (QUIBTPAMK Ha TOMEXO3ALIUINEHHOCTh BHICOCHUCTEMBI, BIIUSHHE
CHEeKTpa TIOACBETKM Ha OCHOBHBIE Ka4deCTBEHHBIC XapaKTEPHUCTHKH BHICOKAMEPHI C
MIpUMEHEHWEM TIIpejjiaraeMoro creHna. [IpuBeneHHBIM mepedyeHb TNpeanaraeMbIX IS
BBINIOJTHEHHS Ha CTeHJE pabdoT BKIIOYAET JabopaTopHble padoThl “V3yueHne mapameTpos,
peXuMOB paboOTH U KOH(HUrypanuu cucteMbl BuacoHabmonenus NOVUS”, “UccrenoBanue
BO3MOXKHOCTEH pa3JIMuHbIX BUIOB BH/ICOKaMep NPH M3MEHEHNH OCBEIIEHHOCTH U OTpe/ieIeHHe
XapaKTepPUCTUK YYBCTBUTEIBHOCTH pPAa3JMYHBIX BHAOB BHIcOKamep”, “‘OmpexneneHue
(okycHOTO paccTossHHSA, yriaa o030pa M pa3pelarolieil CHoCOOHOCTH pPa3IUYHBIX THIIOB
BHJIcOKamMep U 00beKTUBOB”, “Omnpenenenue padbodel 30HbI HAOTIOACHUS, JATbHEH U MEPTBOU
30H JUTS pa3IUYIHbBIX THIIOB BHACOKaMep M 00BeKTHBOB”, “Ompe/iesieHie YCIOBHO MEPTBBIX 30H
JUIL Pa3IMYHBIX CKOPOCTEH 3aliCH BHACOPETHUCTPATOpAa W MPU Pa3INYHBIX (DOKYCHBIX
paccrosuAx” U “Omnpenernenne oO0beMa M KadecTBa 3alHMCAHHOW MH(OPMAIMH OT 3HAYCHHUS
CKOPOCTH 3allMCH BHUJACOPETUCTpaTopa”, a TakKe HCCIEeI0BaTENbCKUEe PabOTHl “YCTpOHCTBO
00paboTKM CHTHAJIOB C M3MEHSIOMMMCS crekTpom”, “Bimsiane poGacTHO# (uibTpanmm Ha
MIOMEXO03aIMIIEHHOCT, BHUAECOCUCTEMBI”, “BimsHue crexkTpa MOJCBETKHM HAa OCHOBHBIE
Ka4eCTBEHHbIC XapaKTEPUCTHKH BHAeOoKaMepbl” u “CpaBHHUTENbHBIE XapaKTEPUCTHKH
AHAJIOTOBBIX M IIU(POBBIX BUEOKamep”.

Knwouesvie cnosa: cucteMbl OXpaHHOTO TeJEBHAEHHs, pobOacTHas (uIbTpanus,
YCTpPOMCTBA MOJICBETKH.
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Bgeoenue. B Hacrosee BpeMs MOJEpPHU3ALMsS By30BCKOH 1abopaTOpHON 6a3bl
NPOU3BOAMTCS B IBYX HANpPaBICHHUSX: MOBBIIICHHE HHPOPMATUBHOCTH BBITOJIHSEMBIX
71a00paTopHBIX PabOT M pacIIUpeHHEe BO3MOXKHOCTEH CTEHAa Ul TNPOBEACHUS
pa3mMYHBIX HccieoBaHMHA. Takoi TOAXOA SIBISETCSs OOHUM W3 TpeboBaHMI
roCyJapCTBEHHOI'0 00pa30BaTEIbHOIO CTaHAAPTa MHOTUX TOCYAAPCTB.

Kaxnas cienuanbHOCTh BBIABUTAET CBOM TPEOOBAHUS K 1a00paTOPHBIM CTEHAAM.
B oTolf cBA3M TMpENCTAaBISAIOT MHTEpEC Takke JabopaTopHbIE CTEHABI IS
CIICUUaIbHOCTEN “PanuoTexHuKa, 3JIEKTPOHHUKA, TE€JIEKOMMYHUKALIUH u
MHQOKOMMYHHKALIMOHHAsT ~ 0€30MacHOCTh”, B YaCTHOCTH, M  TIOJyYeHHS
COBPEMEHHBIX 3HAaHWH M HABBIKOB B OOJAaCTH TEXHOJOTUH U CHCTEM OXPAHHOTO
TEJICBUACHUSL.

[lonckn BO3MOXXHBIX 71a0OPAaTOPHBIX CTEHIOB MO MPOBEICHUIO HUCCIICIOBAHUI
CHCTEM BHICOHAONIONCHUI Oamy OTpHULATENbHbIN pe3ynprar. [loMckn oxBaThIBaIM
By3bl Poccuiickoit ®enepannu, Apmennun, Pecnyonuku Kazaxcran u Benopyccuu.
Hcxoms wu3 sroro, Obula IOCTaBIeHAa 33j7adya pa3pabOTKU COOTBETCTBYIOLIETO
7a00paToOpHOrO  CTEHAA, MPEeIHA3HAYeHHOro JJIsi MPOBEACHUS YYEOHBIX H
UCCIICIOBATENILCKUX ~ PabOT 10  OLEHKE KadecTBa BUJEOKAMEDP  OXPaHHOM
CUTHAJIN3ALIH.

OcHareHue 1abopaTopHii COOTBETCTBYIONINX Kadeap BY30B HHKETPUBEICHHBIM
cteHnaoM (puc.l) TO3BOJIMT TMOBBICUTH KayecTBO IIOJTOTOBKH CIELIHAINCTOB
COOTBETCTBYIOIIEH 00nacTu.

Puc. 1. Buewnuii 6uo rabopamopno2o cmenoa

Yenoenvie obosnauenus: 1 — nabopamopuwiti cmon Nel; 2 — nabopamopmuiii cmon Ne2;
3 — rabopamopnwiii cmon Ne3
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Cmpykmypa nabopamopnozo cmenoa. {ns pa3pabOTKH COOTBETCTBYIOLIETO
CTeHIa, B TEpPBYIO odepens, Oblla ompenaereHa TpyIia MapaMeTpoB, MCCIEIOBAHUE
KOTOPBIX SIBJISIETCS] BAKHOM Hay4HO-TEXHUUYECKOM 3anayeil. TakuMu napameTpaMu 1uist
CHCTEM BHJCOHAOIOICHHS SBIISIOTCSI:

- XapaKTepPUCTUKH YyBCTBUTEIHHOCTA BUAECOKaMEp MPH W3MEHEHUH OCBEIICH-
HOCTH;

- (hOKyCHOE pacCTOsIHUE, YroJ 0030pa;

- pa3pemIaromiasi ClIoCOOHOCTh Pa3IMYHBIX THUITOB BHIEOKaMep U OObEKTHBOB,

- pabouass 30Ha HaOmIONEHMS, JalbHSISI M MeEpTBas 30HBI BHUICOKAMED H
O0OBEKTHUBOB.

[TpuBeneHHBIN MepeveHb MapaMeTpoB, HECMOTPSl Ha WX AOCTATOYHOCTH, MOXKET
ObITh yBenu4eH. [l W3ydeHUs BBHIIIETIPHUBEICHHBIX MapaMeTpoB pa3paOOTaHHBIN
mabOpaTOPHBIA CTEH]| BHINIOJTHEH B BHAE TPEX CTOJOB, Ha KOTOPBIX PACIOJIOKEHBI
anmapatrypa cucrembl CCTV, KOHTpOJIbHO-U3MEPUTENbHBIE TMPHOOPHI, a TaKke
MIPOJIOKEHBI KaHAIIBI CBS3M W CHCTeMa 3eKTponuTanus. OOmuii Bul 1abopaTOPHOTO
cTreHna mpezncraBneH Ha puc. 1. JlaGopatopusiii crom Nel mpezacraBmser coboit
CTOMKY, Ha OJHOH M3 CTEHOK KOTOpPOW pAacCIOJIOKEHBI NIBE KYIOJbHBIE KaMephbl,
OOBEKTUBBI ~ KOTOPBIX  HAIpaBIEHB HA  JIepXKaTellb, PACMOJNOKEHHBIH  C
MPOTHBOIOJIOKHOW CTOPOHBI cToja. Jlepkarenb mpeaHa3Ha4YeH U pa3MelleHHs Ha
HEM TUIAKAaTOB B BHJIE TECTOBBIX TAOJHIl U JIFOOOTO WHOTO Ipad)MuecKoro MaTepuana,
HEOOXOUMOTO JJIsi CHATHS XapaKTepPHCTUK WCIOJIb3yeMbIX BHUeoKamep. Bmoib
CTOMKH PACIIONIOKEHBI HATPABIISIONINE IS MITHHIPUIECKON KaMephl, YTO MO3BOJISIET
M3MEHATh paccTosiHue OT e€ oOBekTMBa 10 nepxkarens. OcoOeHHOCThIO cTona Nel
SBIISIETCS. HaJM4YUE 3aTEMHSIONIMX IITOPOK (KOTOpblE HE OTOOpaKeHBl Ha
MPUBEACHHBIX PUCYHKaX CTEHNA), IO3BOJIIIOIIMX CO3/1aTh TpeOyeMblii YpOBEHb
OCBEIIEHUS] BHYTPU CTOWKH, YTO TaK)Ke HEOOXOJMMO IPH CHATHU XapaKTEPUCTHK
BUJICOKaMep.

Pacrionoxxenne pa3nuuHbIX 4acTedl U obopymoBaHusi JabopatopHoro ctoma Nel
MOKa3aHo Ha puc. 2 u 3.

Taxxe Ha adoparopraoM ctose Nel cMOHTHPOBAaH OJIOK MHUTAHHS TTOCTOSHHOTO
TOKa C BBIXOAHBIM HamNpsDkeHweM 12 B, mpeaHa3HaYeHHBIH i 0OecIeYeHuUs
AJIEKTPONIUTAHUS BUIEOKAMED.

Jlaboparophsbiii ctosr Ne2 wmMeeT MPOJOXKEHHBIE BIOIbL 3aJHEH CTEHKH Kabenu
CBSI3U:

— Ba KoakcuabHbIX Kadensa PK-75;

— oxuH kabenbs UTP 4x2 e5 cat;

— OJIMH OTITHYECKHUI OJTHOMOJIOBBIA KaOeb.
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i
Puc. 2. @pazmenm nabopamoprnozo cmenoa

Yenosuvie obosnauenus: 1 — oepoicamens,; 2 — nanpasisiiowue YUIUHOPULECKOU KAMepbl,
3 — pazvembl nOO coedunerue KOAKCUATbHO2O Kabes

Puc. 3. ©paemenm nabopamopnozo cmenoa
Ycnoeuvie ob60o3nauenus: 1 — kynonvnule sudeoxkamepsr NVC-SC200D u NVC-HC200D; 2 —
yununopuueckas sudeoxkamepa NVC-825-DN c sapughoxanvubvim ob6vekmugom
NVL-416D/IR; 3 — npoosicekmop 6u0umo2o cnekmpa uziyyenus (6bINOJIHeH Ha C8emoou00ax);
4 — npoacexmop ungppaxpacrnozo cnexmpa uznyuenus |R-6/20-880

[MonxnroueHne BUAEOKaMep K YCTPOHUCTBY BHIICOPETHCTPALIUH 110 ONTUYECKOMY
KaHaly CBSI3M MPOM3BOIUTCS TOCPEACTBOM sjekrpoontuueckoro (OVT-1) u
ornrroaniektpuueckoro  (OVR-1)  mpeoOpa3zoBareneii. Bpoab  3afHeil  CTEHKH
CMOHTHpPOBaH KaOenbHbIH KaHan 80x100, B KOTOpOM THPOJIOKEHBI Kadeau
CJ1a00TOYHOrO0 NMUTAHUS ¥ BMOHTHUPOBAHBI BBIKIIOYaTeNnd. Takxke Ha J1aOOpaTOPHOM
crone Ne2 pacmonoxensl ocuwwutorpap CI1-220 w  kmaBuaTypa yIpaBJI€HHUS
HIOBOPOTHBIM YCTPOMCTBOM (pucC. 4).

Ha nabopatoprom ctomne Ne3 pacrojioXeHbl MOHHUTOP BHACOHAOIIOACHUS H
mudpoBoii  Bunmeoperucrparop. (C3amu crolla K CTEHE NPUKpEIUIeHa KYIOJbHAS
MOBOPOTHAs BUACOKaMepa. Taxke nmeercs: paAHONPHUEMHHUK, HACTPOCHHBIH Ha TIPUEM
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BUJICOCUTHANIA ¢ OCECIPOBOJHON BUACOKAMEPHI, YCTAHOBJICHHON B JPYyroM KOHIIC
moMertenus (puc.5).
CrpykTypHas cxema pa3paboTaHHOMN TabopaTOpHO CeTH MpHUBeeHA Ha puC. 6.

Puc. 4. ®paemenm nabopamoprnozo cmenoa
Yenosuvie ob6osnauenua: 1 — koaxcuanovnwvie kabenu PK-15; 2 — kabens UTP 4x2 €5 cat;

3 — onmuyeckuii 00HOMO008bIl Kabeab, 4 — anekmpoonmuueckutl npeoopazosamens OVT-1;
5 — onmoanexmpuueckuii npeobpazoeamenv OVR-1; 6 — ocyunroepagp CI1-220;
7 — knasuamypa ynpaenenust nosopomuuvim yempoticmgom NV-KBD40

=

~
=)

Puc.5. @paemenm nabopamoprnoeo cmenoa
Yenosnvie obosnauenus: 1 — monumop eudeonabniooenus NVM-015CH; 2 — yugposoti

6 uoeopezucmpamop NV-DVR1014; 3 — kynonvnas nosopomnas eudeoxamepa CAMA-mini Il
NVC-MSD22DN
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Puc.6. Cmpyxmypnas cxema rabopamopnoi cemu CCTV
Yenoenvie 0b603nauenus kabenei:

— - KOAKCWanbeHeId kabens PR-75

- kabene UTP 4x2, 5 wateropua
- ONTHYeCKHMA ogHOMOA0BREIR Kabenk

————————— - kabenk cnaboTodHom NTaduA LWBBM 2x1,5

HccnenoBanre BO3MOXKHOCTEH 1a0OpaTOPHOrO CTEHAA MO3BOJIMIO OPTaHU30BAThH
NpOBEJIeHNEe HAYYHBIX W O3KCIIEPUMEHTAIBHBIX paboT, B pe3yibTaTe KOTOPBIX
pa3paboTanbl J1labopaTOpHbIe PaOOTHI Uil CTYACHTOB W BBIABHHYTHI HAaIpPaBICHUS
BO3MOXKHBIX HCCIIEOBAHHH.

IIpumepnoiit nepeuensv 603MOINCHBIX 1AODOPAMOPHBIX U UCC1E008AMENLCKUX
pabom. JlabopaTOpHBII CTEHJ TMO3BOJSET NPOBOAMTH Y4eOHbIE W HAyYHO-
uccuenoBarenbckue padorel. OpHEHTHPOBOUHBINA MEpedeHb paboT NPUBENEH HUKE
[1,2].

JlaGoparopnast pabGora Nel “U3ydeHnme napameTpoB, PEKUMOB pabOTBl U
KOH(UTypaluu cucteMbl BuaeonaomoaeHuss NOVUS”.

JlaGoparoprast pabora Ne2 “VccnemoBaHre BO3MOXKHOCTEH Pa3IUYHBIX BHJIOB
BUJICOKAMEpP TPU H3MEHEHUM OCBEUICHHOCTH M ONpPEJCIIEHUE XapaKTEpUCTHK
YYBCTBUTENBHOCTH Pa3IMYHBIX BUIOB BUAEOKaMep” .

JlaGopatopnas paGora Ne3 “OmnpeneneHue GOKyCHOT0O paccTOSHUA, yria o03opa
1 pa3pelianieii CrrocOOHOCTH pa3IMYHbIX THIIOB BHACOKaMEp U 00bEKTHBOB.

JlaGopatophas pabota Ne4 “Omnpenenenne padoueil 30HbI HAOMIOACHHS, JalbHEN
Y MEPTBOM 30HBI JIs Pa3JIMUHBIX TUIIOB BHICOKaMEP U OOBEKTHBOB .

JlabopartopHas padora NeS “OmnpeziesicHHE YCIOBHO MEPTBBIX 30H JJIsl Pa3IMUHbBIX
CKOpOCTEH 3alTUCH BUACOPETUCTPATOPA U NIPU Pa3IMYHBIX (POKYCHBIX PACCTOSHHUAX .
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Jlaboparopuast pabora Ne6 “OmnpenencHue oObeMa M KadecTBa 3allMCaHHOU
nH(pOpPMAITUX OT 3HAYCHUS CKOPOCTH 3aIFCH BHAEOpPETHCTpaTopa’.

Kpome mabopaTopHBIX paboT, CTEHA AaeT BO3MOKHOCTH MPOBEACHUS PA3THIHBIX
HCCIIeIOBAaHNH, TAKUX KaK:

HccnenoBarenbckas pabdora Nel “YerpoiictBo 00paOOTKM  CHTHAJIOB €
HU3MEHSIOIIUMCS CIIEKTPOM .

HccnenoBarenbckass pabora Ne2 “BnusHue poOactHOW ¢QuibpTpanmu Ha
[IOMEXO03AIIUIIEHHOCTh BUIEOCUCTEMBI .

HccnenoBarenbckass pabora Ne3 “BiunsiHue criekTpa MOACBETKM HAa OCHOBHBIC
KaueCTBEHHbBIC XapAKTEPUCTUKH BUICOKAMEPHI .

Hccnenosarenbckas padora Ned “CpaBHUTENIbHBIE XapaKTEPUCTHKH aHAJIOTOBBIX
1 MQPOBBIX BHIEOKaMep”.

Ilepeuenr maboOpaTOpHBIX ¥  HCCIENOBATENBCKUX paboOT MOXKeT OBITh
3HAQUUTENIFHO  PAacIIMpeH, TaKk Kak JiabopaTopHas CeTh BHJICOHAOIIOICHUS
MPAKTUYECKN HE UMEET  OTpaHHYCHUI.

3aknouenue. Takum 00pa3oM, Ha OCHOBE pa3pabOTaHHOTO CTEHIA CO37aHa
nabopatopHasi 0a3a, TO3BOJSIIOIIAasE THOKO 3adaBaTh MapaMeTpbl HM3Y4aeMBIX
BHJIeOKaMep HAOIIOACHNS, MEHSATh YCIOBUS UX PaOOThI, MPUOIMKAS K €CTECTBEHHBIM,
MMPOU3BOAUTL CPABHUTCIIbHBIC OLICHKW PAa3JIMYHBLIX TUIIOB KaM€pP, OLICHWBATH BJIUSAHHC
MOJICBETKH Ha KadecTBO paboThl mocieqHux. Kak IMokasaja OMBIT SKCILTyaTalud
nmabopaTtopHOTro cTeHAa Ha Kadenpe “PammorexHuka ¥ WH()OKOMMYHUKAIMOHHAS
0e30macHOCTh” AJIMATHHCKOTO YHHBEPCUTETA SHEPTETUKU U CBS3H, NPH MPOBEICHUH
y4eOHBIX paboT CTYICHTHI MONY4YarOT HEOOXOIMMblE 3HAHWS, YMEHHS M HABHIKH B
o0JIacT  CHCTEM OXPaHHOTO TEJIEBWJICHHUS, a TpU MPOBEACHUH HAy4HO-
HCCIIEIOBATENbCKUX paboT mo Temaruke 1-3 OBUIM TMONydYeHBI TMATEHTHI Ha
n3obperenwus [3 -5].

JaHHbIN cTEHI MOXeET OBITh PEKOMEHIOBAH By3aM, Hay4IHO-HCCIIEIOBATEIbCKAM
WHCTUTYTaM W TIPOU3BOJICTBEHHBIM MPENNPHUITASIM I TPOBEACHUS YUYEOHBIX,
HCCIICA0BATCIbCKUX U IMTPONU3BOJCTBEHHBIX pa60T, B YaCTHOCTH, AJI1 OLICHKH Ka4yeCTBa
IIPOU3BOJUMBIX BHICOKaAMED.
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SsuuhSUrunruULENh KLU ULUNSGENrh <6SURNSUUL USELYR
oasugnrouuu nLNersh NrNcnhuC

N.S. Uwdht

8nyg Gu wpdwd wwhwlwhu wgnupwpdwu  wnbuwhwdwlwpgbiph  hGnwgn-
wnigniutbph,  wpuwnpnput  Jugquwlbpydwt  hwdwp  npwug  phunwynpdwu
wuhpwdbtipningniup U nwwunnubph  hGwn  wpnpwwnp - woluwwwuptbph  Yuwnwpdwu
Uwywwwlwhwpdwpnigniup, ndpbip  nwnwWuwuhpnd 5U wwhwlwiht - wudwnwugniejut
hwdwlwpgbpp:  Lbpyuwjwgywd £ win wuwwpbgnd  ppwyhéwlyp — hbwnfunphpnwihu
Gnpypubipnul: LbpYwywgywd tu whnwlwu Yppwywl unwunwnpunubph npn wwhwueubin
wnbntywwynypjwu U jwpnpwwnnp unbunubph huwpwdnpnipniuttiph - punuyudwu
ybpwpbpjwp: Hhuwpyjws Gu - nbuwfughlubph hbnwgnundwu  unbunubph twiuwgddwu
hwdwp  wuhpwdtignm  dnunpwjht - wwpwdbinnpbipp:  LepYuwjwgdwsd Gu - wugunwugniejwu
wbuwhwdwlywngbiph  nwnWuwuhpdwt L hbGnwgnunyeniuubiph - wuglwgdw, npwug
Yhpwndwt ninpnutiph npn2dwt hwdwp unbndywsd jwpnpwwnnp unbunh nwnwuwuphpniejwu
wpryniupubipp: Pipdwsd Gu unbunh Yunnigwdpp U oguwgnpddwt hwdwp  dowldwd
wnwowpyniynibubipp: dbpndynud £ wbuwfughlubph  wuywnwugnipiut  wgnuuowuh
puniypwgpbph  nwnwWuwuhpdwt  wpnpwwnp woluwwmwupubph  thnpép: Snyg £ npjuwd
wbuwhwdwlywnpgh  wndyuwwwonwwujwdnygjw  Ypw  nnpwuwn qudwt  wgnbignigjwu
nwunwiuwuhpnieniutbiph,  wbuwfughyh hpduwlywu npwlwywu punipwgptph  Ypw
Gupwnwwynpdwu  uwblunph  wagnbgnigywtu  nwnwitwuhpdwu huwpwynpnipjniup’
wnwowpyywsd uwbunh dhongny: Uwbunh dJpw Ywuwwpdwu hwdwp  wnwowplyynn
woluwwnwupubiph gnigwyp tbpwnnud £ «NOVUS nbuwhuydwt hwdwlwpgh wwpwdbupbph,
gnpdwnuwlwu nkdhdutiph L Ynudphgnipwghwih nwnwtwuhpnyeinius,  «Lnwwynpdwt
thnthnfudwt - wwjdwuubipnud  wwppbp - wbuwyh  wnbuwlughlutiph - huwpwynpnipniuttiph
htunwgnunu U twppbp nbuwyh wnbuwtughlyubiph qqujuniegjwu hwwnlwuhpubph npnantds,
«Swppbp  wbuwyh  wbuwfughyubph L nuwuwyubph  $nynwwiht  hEnwynpnyejw,
wmbunnnigywt wuljwu U pnnwjunyEwu npnonwy», «Swppbp wbuwyh wbuwlughlubph L
nuwujwyubph wbunnnigjwtu wwpwdph hwdwp hGnwynp L denu gninhubiph npnantds,
«Shuwwpdwuwgnphsh  gpwugdw wnwppbp wpwagnipniuutiph L $nynwuwihu
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htnwynpnigyniuubph - hwdwp wwpdwuwlywu  denup  gninpubph npngnd» L
«Stuwwpdwuwgphsh gpwugdwt wpwgnieniuhg gpwugynn wbntywwynipjwu dwywih W
npwyh Yufudwsdnipjw npnonw» jwpnpunnp wofuwwnwupubipp, husybiu wl «Pnhnfuwlwu
uwyblunpny  wgnwugwuutiph  Jbpwdowldwt  uwpp», «8Ynis hpinpdwu wgnbignuegniup
wnbuwhwdwwnpgh  fuwugupnwlwininyegiwu  Jpw»,  «Lnwwynpduonygjuu  uwblnph
wanbgnigyniup mbuwfughyh hhduwywu hwnywuhoubph Jpw» b «Uuwinguihu W pquwjht
wbuwfughyubiph hwdbdwwnwlwu punypwagntipp» hbnwgnunwlwu wotuwwnwupubpp:

Unwgpuypti pwnbp. wudunwugnpjwu hnnwwnwwnbuwiht hwdwlwpgbp, ayniu
$hiinpnud, Gupwnuwynpdwu uwpptip:

DEFINING THE APPLICATION FIELDS OF THE STAND FOR
INVESTIGATING THE VIDEO MONITORING SYSTEMS

R.T. Safin

The necessity of researching video cameras of security alarm systems, their testing in the
organization of production, and the feasibility of carrying out laboratory work by students of
universities studying security systems are substantiated. The state of affairs in this area in post-
Soviet countries is shown. Some of the requirements of the State Educational Standard for
informativeness and the expansion of the capabilities of laboratory stands are given. The pa-
rameters necessary for the design of stands for the video cameras research are considered. The
results of the study of the developed laboratory stand for the study and research of security
television systems and the identification of areas for its use are presented. The structure of the
stand and its parts is proposed. The developed recommendations for its use are given. The ex-
perience of the laboratory work on the study of the characteristics of security alarm cameras is
analyzed. The possibility of studying the robust filtering for video noise immunity, the influ-
ence of the illumination spectrum on the main quality characteristics of a video camera using
the proposed stand is shown. The given list of works proposed for performance at the stand
includes laboratory works “Study of parameters, modes of operation and configuration of the
NOVUS video surveillance system”, "Research of capabilities of various types of video camer-
as when changing light and determining the sensitivity characteristics of various types of video
cameras ”, “Determination of focal length, viewing angle and resolution of various types of
cameras and lenses”, “Determination of the working observation area, the far and dead zones
for various types of cameras and lenses”, “Definition of conditionally dead zones for different
recording speeds of the DVR and at different focal lengths” and “Determining the volume and
quality of recorded information from the value of the recording speed of the DVR”, as well as
the research works “A device for processing signals with a changing spectrum”, “Influence of
robust filtering on video noise immunity”, “Influence of the backlight spectrum on the main
quality characteristics of a video camera” and “Comparative characteristics of analog and digi-
tal video cameras”.

Keywords: security television systems, robust filtering, lighting devices.
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Becmuux HIIVA: Ungopmayuonnvie mexnonozuu, snekmponuxa, paouomexnuxa. 2018. Ne2.

YK 621.391, 621.396

IHOABUXKHASA JTUHUS NIEPEJAYU MUWIJMIMMETPOBBIX BOJIH J1JIsA
AHTEHHBIX U3MEPEHHI 11O BJIM)KHEMY ITOJIIO

A.A. barnacapsin

Poccuricko-Apmarckmnii yaupepcurer, Huacrutyr Maremaruxu u Bercoxnx Texmororus

PaccmarpuBaroTcss BOIPOCH! MIPOSKTUPOBAHUS M CO3IAHUS MOJBIKHOW JIMHUM TIepesadn
JuanazoHa MUUIUMETpoBbIX BosH (MMB). PaboTa HareneHa Ha nanpHeiiee uccieI0BaHNE
JUHUN [ €€ IPUMEHEHUS B aBTOMATHYECKUX M3MepHUTelbHbIX Komiiekcax (AUWK)
ammuTyaHo-¢asoBoro pacnpezaeneHus (ADP) Ha mockocTH ONMKHUX TOJIEH aHTEHH
COOTBETCTBYIOILIEr0 JAuamna3oHa. [Ipeminaraemasi MOJABIDKHAS JIMHHUS OCYLIECTBISAET INepenady
CHTHajJa dYepe3 yJacTOK "CKaHMPYEMBIH NPOOHBIH 30HI - HEMOIBIKHAS H3MEPHUTENbHAS
anmapaTtypa” W TOCTPOCHa Ha OTpE3Kax CBEPXPa3MEPHBIX BOJIHOBOJIOB, COCAWHEHHBIX C
MOMOIIBI0 WX TOJBIDKHBIX cowleHeHNH. OHa cnocoOHa 0O0ecreyuTs MNPOTSHKEHHOCTD
CKaHHPOBAHUS MPOOHOTO 30HAA MO IIOCKOCTH A0 paccTosHusA B 1000 mm. C apyroi CTOPOHBI,
Takas JIMHHS TIEpeladd, SIBISACH IO CYTH KBa3HONTHYECKOH, MOXET OOecreunTh Majble
ocnabienus curaaioB MMB U yHHBepCalbHOCTh €€ IPUMEHEHHUS BO BceM Auanazone MMB.
st nmoctarounoit crtabunmbHOCTH (TIO aMIIUTyZe U ¢ase) mepeaBaeMoro CHUrHaia
reoMeTpHyecKasl JJIMHA MOJBIKHON JIMHUM B IpoOILecCe M3MEPEHHH OCTaeTCsl HEeM3MEHHOM.
HeunsMeHHOCTD UTMHBI 00€CIIEUNBACTCS METOJOM OJTHOBPEMEHHOW TPOMOOHHOI KOMIICHCAIH
u3MeHeHus ee JIUHEBL. [IpuMeHeHMe mpeanaraeMoi MOABWKHON JTHHHMM Mepeladd CUTHAJIOB
MMB B AUK mno usmepenusm A®P OmkHero mojsi aHTEHH OTMEYEHHOIO JHMana3oHa
MO3BOJINT ONPEIEINUTh MapaMeTphl OCTPOHANPABICHHBIX aHTeHH (IIMPUHA TIABHOTO JIETIECTKA
JquarpaMmsl HarpasienHoctu (JIH) B mpeaenax 0,1°...1°), mamemumix IIMPOKOE PUMEHEHUE B
PaIMOJIOKAMOHHBIX, PaJHOHABUTAIIMOHHBIX CUCTEMaX M B CHCTEMax CBSI3H, 30HAMPOBAHUS H
MaccUBHOro paauoBuaeHus nuanazoHa MMB. Cozpganue Takod JIMHUM IHepefadyd ¢
JOCTaTOYHO CTaOMJIBHBIMU IEPEJaTOYHbIMU XapaKTEPUCTUKAMHU SIBISETCS YacTbIO PAa3BHUTHSA
TexHoJoruu n3MepeHuiit AOP OmmkHero mojis aHTeHH Auanazona MMB.

Knrwouegvie cnoga: nuuus nepenadyy, MIJUITUMETPOBBIC BOJIHBI, aHTEHHA, OJIMKHEE MOJe,
CBEpXpa3MEpPHBINA BOITHOBOI.

Beeoenue. B mocnenHue rojpl WHTEHCHBHO pa3BUBAIOTCA CHCTEMBI CBSI3H,
pasnoNIOKaIiy, pPaJMOHABUTALINY, 30HAMPOBAHHA M TIACCHBHOTO PpAJAHOBUICHHUSA,
paboraromiue Taxke B nuamazoHe MMB. B OoJibIIMHCTBE CilydaeB XapaKTEPUCTHKH
TaKUX CHCTEM OINPEAEIAIOTCS IMapaMeTpaMy aHTEHHBIX ycTpoWcTB. IIpsaMoil nepeHoc
ONpeAeNeHUs] XapaKTEpUCTHK AHTEHH METOAOM aHTEHHBIX M3MEpPEHUHl 1o HX
OJKHEMY TIOJII0, ONIPAaBIAaHHBIM B cBepxBbicokodacToTHOM (CBY) nuamaszone [1-3], B
quanazoH MMB crankuBaeTcss ¢ NPUHIUNHAIBHBIMU TPYIHOCTAMH, CBSI3aHHBIMU C
peanuzanmell TOYHOCTEH NO3WIMOHHPOBAaHUS CKaHUPYeMOro NHpoOHOro 30HAA U
m3mepeaneM A®P OmmwxHero mons ucnbeityembix aHTeHH (MA) [4]. Bosznukaer
MOTPEeOHOCTh B MPHUMEHEHHWH OCOOBIX TIOJXOA0B K TOYHOMY wu3MepeHuio ADP
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OJIMKHETO TOJISI AaHTEHH C IOCTATOYHBIMH, JJISI TOYHOTO BOCCTAHOBJICHHS UX JATBLHETO
MOJIs, CPEIHEKBAAPATUICCKUMH OTKIOHCHUSMH TI0 aMILTUTyAe MeHee 1 0b u mo dasze
B HECKOJIBKO rpamxycoB. llorpemHocTn m3mepeHuit 00yCIOBIEHBI IMOTPEITHOCTAMHA
ammndasoMeTpa  HU3MEPUTENBHON  paguoanmaparypsl H  HECTaOMIBHOCTBHIO
MEPEIaTOYHBIX XapaKTEPUCTUK TIOJBWKHON JMHHMM Tepenauun curHama MMB.
Bo3Hrkaer HeoOXOOIMMOCTh B HaNWMYWW JIMHUU TIepeladdl C IepeIaTOYHBIMU
XapaKTepUCTUKaMHd TI0 aMIUUTyAe # (¢aze C HeCTaOMIBHOCTSAMH B Ipeneiax
OTMEUYEHHBIX Beln4rH. [Ipobiema coCTOUT B TOM, UTO, B OTJIMUME OT auamnazona CBY,
s nuanazona MMB He cymecTByeT ()a30CTaOMIBHBIX M MaJbIX IO TOTEPSAM
KOaKCHaIbHBIX Kalenel ATMHONW B HECKOIBKO METPOB, HA KOTOPBIX MOXKHO OBLIO OBI
MOCTPOUTh TOABIKHYIO JIMHHMIO Tiepefayd CHUrHajioB jawanazona MMB ¢
OTMECUEHHBIMH  CTaOWJIBHBIMU  TI€pPEeaTOYHBIMK  XapakTepuctukamu. Co3naHue
NOABWKHOW JIMHUM TEepeJauyd CHUrHajioB auamnazoHa MMB ¢ BellienpuBeIeHHBIMU
CTaOWIBHBIMU  TIEPENATOYHBIMH  XapaKTePUCTUKaMU  SBISIETCS  HACYIIHOW U
AKTyaJIbHOW 3a/1a4yeil pa3BUTHS TEXHOIOTHH u3MepeHuii ADP OnkHEro mosis aHTCHH
nuanazoHa MMB.

Lenvro pabomur BNSETCS MPOEKTUPOBAHKUE MOABIXKHON nHUU nepenaun AUK,
MpeJHa3HaYeHHOTO U OINpEeIeNIeHUs] XapaKTEPUCTHK OCTPOHAIPABICHHBIX aHTEHH
MMB (c mupuroit rnassoro nenectka JH B mpeaenax 0,1°...1%) meronom msmepenus
WX OJFDKHETO MO Ha TUIOCKOCTH.

3aoauei uccreoosanus ABNSCTCS NEepeliaya CUTHAIA ¢ MaJIbIM OCJIa0JICHUEM OT
JBIDKYIIETocss MPOOHOTO 30H/a K HEMOABIKHON M3MEpPHUTEIbHON ammapatype (Wiu
Ha000pOT) CO CTAaOMIBLHOCTHIO 1O (a3e B HECKOJIBKO TPAJAYyCOB H IO aMIUIUTYIE B
JIECATHIE JIOJIN JIennoena.

Koncmpykuyusa  nooseuycnou  aunuu  nepeoauu MMB  neuzmeHHOi
2eomempuyeckoil OauHbl. [{ns pelieHuss TOCTaBICHHOW 3aJlayd  WCIOJIb3yeTCs
MTOCTPOCHUE TOABIKHOW JIMHUY TIepeaadu, MpeniokeHHoe B [S] u n3o0pakeHHOe Ha
puc. 1.

JluHus Tmepemayn  COACPKUT  OTPE3KH  CBEpXpa3sMEpPHBIX  BOJHOBOOB,
COEMHEHHbIE MEXIy COOO0W WX MOABIKHBIMH cOwleHeHusMHU. [lo cyTu, nmuHus Ha
CBEpXpa3MepHBIX BOJHOBOJAX SIBIACTCS JIMHUWEH KBa3HONTHYECKOTO XapakTepa,
oOecnieunBaroleii Manoe ociadyenue cursaia MMB [6]. [liis aToro pasMep a CTeHKU
BOJIHOBO/IA, TIEPIECHAMKYISIPHOM BEKTOPY JJIEKTPUYECKOTO TIOJII B BOJHOBOJE,
VIOBIIETBOPSIET KPUTEPUIO KBa3HONTHUECKOT0 pubimkenus ka=27a/A>30 (A — niavHa
paboueil BonHBI) mpH BBIOpaHHOH pabouelt Mone Hig. Yronku nuHMM BbIOpaHBI B
COOTBETCTBHH ¢ PEKOMEHIALUAMH, IPUBEACHHBIMU B [7]. JIuHUA comepxut GuabTpsl
JUISL TIOJIABJICHUS BBICIIMX TApa3UTHBIX MOJI, B3aUMOJICHCTBHE KOTOPBIX C OCHOBHOM
MOJION TIPUBOIUT K (MIYKTyalnusM aMILTUTYIbl M (Da3bl MPOXOJAIIETO Yepe3 JTUHUIO
curHajga. HewsMeHHOCTh Te€OMETPUYECKOH [UIMHBI IOJBHXKHOW JIMHUW TIepeiaadu
o0ecrieurnBaeTCcsl OAHOBPEMEHHOM TPOMOOHHOW KOMIICHCAIIMEH H3MEHEHUS JJIMHBI
JUHAW B IIpOLECCEe CKAaHUPOBaHMS NPOOHOTO 30HIA, NPUCOSAMHEHHOTO K ee
MOIBIXKHOMY KOHITY. [Ipy HEenpephIBHOM NepeMEIIeHUH 30H1a BMECTE C MOIBKHBIM
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BOJIHOBOJIOM JIMHUY HA PaccTOsSHKUE L BOTHOBOAHOE KOJIEHO TPOMOOHA OJTHOBPEMEHHO
nepeMeraercss Ha paccrosiude L/2. B urore reomerpuueckas JUIMHA MYTH BOJIHBI,
pacIpoCTpaHSIONICHCsT Yepe3 TaKylo JHHHUIO Iepeladr, OCTaeTcss HEU3MEHHOH (CM.
puc 1a).

Mpo6reiti
30H0 1
ModswxHwIl -
60/1H0600 HenodsuwHsiu
60/1H0600
Quaemp N (I?
L/2
st Konero
P mpomO6oHa

Ha4yanbHoe nonoxenue KOHEYHOE NoNoXeHue

a) 0)
Puc. 1. Jlunus nepedayu ¢ NOOBUINCHBIMU COYNCHEHUAMYU NOTbIX MEMANAUYECKUX
C6EpXPaIMEPHbBIX 60HOBOO0E:
a - npunyun mpomOonHOT KoOMReHcayuu;, 6 - KOHCMPYKYUsL NOOGUICHO20 COULeHEHUS]
C6epxXpazMepHblX 6011060006

B kadecTBe TOIBIDKHOTO COWICHEHHS  CBEPXPa3MEPHBIX  BOJIHOBOJOB
UCIOJIB3YETCS KOHCTPYKIUS, M300paXkeHHass Ha puc. 10. BHYTpeHHss MOBEPXHOCTh
CBEpXpa3MEepHOro BOJIHOBOJA 2 (cM. puc 10, cedeHue A-A) OOJBIIET0 CEUYCHHUS
OTCTOUT OT BHEIIHEW IOBEPXHOCTH CBEPXPa3MEPHOrO BHYTPEHHETO BOJHOBOAA 1
MeHbllero ceyeHuss Ha paccrosHud 1,0...2,0 wmm. Mexay HUMH Ha BHEUIHEH
MMOBEPXHOCTU BHYTPEHHETO BOJHOBOAA 1 MO MEPUMETPY €ro MOMEPEUHOI0 CEUCHHUS B
mazax HeOONBIIOW TJIYOWHBI YIOXKEHB M TIPUMASHBI K BOJHOBOMY | cBoel
(hOJIBrUPOBAaHHON CTOPOHOM OJHOCTOPOHHE (hOJBIMPOBAHHBIE (PTOPOILIACTOBBIC
MPOKJIAJIKY 3 MIUPUHON B HECKOJIHKO MHJUTIMETPOB JJISI OTHOCUTEIEHOTO CKOIBKCHHSI
BOJTHOBOJIOB U OOECIICUCHHSI UX COOCHOCTH. TSI CHMKEHUS MEXaHWYIECKOTO YCHIIHS
Ipyd B3aUMHOM I[E€PEMEUICHUM BOJHOBOJOB COWICHEHUS U TPYIJOEMKOCTH €ro
W3TOTOBJICHUS TIPOKJIAJKH 3 KOHTAaKTHUPYIOT CBOEH (PTOPOILUIACTOBOM CTOPOHON C
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BHEITHUM BOJHOBOJIOM 2 TOJIKO Ha Kpasx CBOMX JuiH (cM. puc. 10, ceuenue b-b).
COOCHOCTh CKONBKEHHS BOJHOBOJOB COUNEHEHHMs M BHIOOp yrma 2¢, < 10°
packpbeIBa pyMOPHOTO OKOHYAHUS 4 BHYTPEHHETO BOJIHOBO/IA | 00ecieunBaloT MaIyro
BEJIMYHMHY MTOTEPh MPeoOpa3oBaHMsl OCHOBHOM MOJIbI B BHICIINE Mapa3uTHBIE MO [7].
Mansiit 3a30p ¢ mupuHoii S < 0,11 Ha amuHe [5 MexIy BHeNIHeH MOBEPXHOCTBHIO
PYIOPHOTO OKOHYaHHUs BHYTPEHHEIO BOJIHOBOAA | M BHYTpEHHEH IOBEPXHOCTHIO
BOJIHOBOJIa 2 Oosbimero ceueHus (cM. puc. 10, cedenme A-A) oOecrneduBaet
OONBIIYI0 €MKOCTh, OOJaJarollyl0 3HAYMTENHFHOH MPOBOJMMOCTBIO Ha YacTOTax
nuanazonoB MMB. Muade roBopsi, 3a30p OJaronpusITCTBYET KOPOTKOMY 3aMBIKAHHIO
TOKOB MPOBOJMMOCTH OTMEUEHHOTO OHANa30Ha M CHIDKAET YPOBEHb BO3HMKAIOIIMX
Mapa3uTHBIX MOJ] HAa HEPETYIAPHOCTH TAKOT'O CTHIKA BOTHOBOJIOB.

B mpennaraeMoill KOHCTPYKLUMHM JIMHHM IE€peJadd CAEIaH BbIOOp B IOJb3Y
KBaJIpaTHBIX BOJIHOBOJIOB. Takoi BEIOOp 00yCIIOBIIEH AByMS (haKTOpaMu:

®  JIETKOCTH W3TOTOBJICHUS PYMOPHBIX OKOHYaHUI BHYTPEHHUX BOJTHOBOJIOB
COWICHEHUH W (UIBTPOB Ui MOJABICHUS Haubosee BEPOSATHBIX BO30YXKIAEMbIX
Mapa3uTHBIX MOJ;
e paBHO3HAYHOCTh [0 OTHOIIGHHIO K JIMHEHHOHW  MOJSpU3ALUH

B030y>k1aeMoil OCHOBHOM MOJIbI Hyg

Ucxons u3 nenu paboThl, MHTEPBA NepeMeneHns] TPoOHOTO 30HAa OIpe/ieNieH
cienyromuM obpazoM. IIpuHrMas, 9TO NMpu MaKCUMajbHOHN JuiMHEe paboyeil BOJHBI
A =10 mm nnanazona MMB mmpuna JIH ocTpoHanpaBieHHONH aHTEHHBI COCTABIISET
90_5210, u3 Kkputepusi Penes 65 ~ 60°1/D (D — nuameTp aHTEHHBI) MOIYYUM
D =600 mm. IlpakTuka Hu3MEpEeHUI MO ONMKHEMY MO0 OCTPOHAINPABIEHHBIX
anTeHH nuamasoHa CBY mokasana, 4To /Ui JOCTATOYHO TOYHOTO ONpPEAETCHHS WX
XapaKTePUCTUK B JAJbHEM I0Jie TpeOyeTcsl TUHAMUYECKUI Tuarna3oH W3MEpEeHU Mo
MOIIIHOCTH B OyivkHeM Toje aHTeHHBI okoio 40 o0b. Takoi ypoBeHb cramaHus
MOIITHOCTH B OJIMDKHEM TI0JI€ aHTEHHBI IIPOUCXOAUT Ha Kpasx PacKpbIBa ¢ JUAMETPOM
D; = 1,5D [1]. Takum 0Opa3oM, HHTEPBAI MEPEMEIICHUs TIPOOHOTO 30HIa COCTABUT,
kak MuHAMYM, 900 sm. O4eBHUAHO, YTO MHTEPBAI TAaKOTO INEPEMEIICHUS MPOOHOTO
30HIa OO0ECIeYUT ONpee]ICHUE XapaKTePUCTHK AaHTEHHBI TaKOro e pasMmepa ¢
pabouei jymHOM A = 1 mm, y KOTOPOH, cornacHo kputeputo Penes, 6 s = 0,1°.

Pezynomamut npoexmupoeanus HOOBUIICHOIL AUHUU nepeoauu.
[IpoexTrpoBaHNe JHMHUU BBIIOJHAJIOCH C YYETOM OOECledYeHHUs] IMepeMeIIeHus
MpoOHOTO 30HIA 10 MaKCHMANbHOTO 3HaueHUs B L4 = 1000 amm. Ha pue. 2
CIPOCKTUPOBAHO OKOHYAHWE BHYTPEHHETO BOJIHOBOAA TPU €ro MHHUMAILHOM
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OCTaTOYHOM BXOXXIACHHH Ll BO BHEIIHUH BOJIHOBOA B KOHCTPYKIHU HUX IMOJABUIKHOTO

COYJICHCHUS.
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Puc. 3. Cnpoexmuposannas nunus nepedayu u ee pacnoiodceHue Ha Hecywell Kapemke

Ilonyuensl cneayomue pe3yibTaThl:
1. BuyTpeHHee ceueHHe KBaIpaTHOTO BHEIIHETO BOJHOBOJA JIMHWW TEepeaayl —

a? = 44 wmm x 44 mm, TommuHa cTeHOK — d = 2 mm. BHyTpeHHee ceueHue
KB3/IPATHOTO BOJIHOBOJIA MEHBIIIEr0 CEYeHHs KOJeHa TPOMOOHA JIMHUM Tepelayudl -
a5 = 36 mm X 36 mm, TommmHAa CTeHOK — d = 2 MMm. MUHHMMANbHOE 3HAYECHHE

91



napaMeTpa KBa3sHOITHYECKOTO NpUOImKenus - ka, = 2mwa, /A = 30 npu MakcHMalb-
HOH JUIMHE BONHBI A=7,5 mm.

2. JlnuHa mepexojia OT 30HJAa K cBepxpasMepHomy BosHOBOAY — 300 mm mpu
yrie packpbisa nepexona 23 = 8°, menpmem goctarounoro yria 25 = 10°,

3. I[JII/IHa L1 OCTaTO4YHOI'O MHHUMAJIBHOT'O BXOXKACHUA (CM. puc. 2)
ornpeaciadiach 10 COOTHOUICHUIO
L1 ~ l1 + l + lz = l1 + (a1 - az)/ztg(po + lz =160 MM, (l)

rze l;- paccTosHue MexTy (PTOPOILIACTOBBLIMU NPOKIaaAKaMu, pasHoe 70 v, @, = 3°
— MOJIOBHMHA YTJIa PacKpbIBa PYIMOPHOTO OKOHYAHHSI BHYTPEHHETO BOJIHOBOAA; A, = 44
mm ¥ aq =36 mm (T.6. ¢ =2 mMMm) - pa3Mepbl BHYTPEHHHUX CTEHOK COOTBETCTBEHHO
KBaJIpaTHBIX BHEIIHETO W BHYTPEHHETO BONHOBOAOB; l, =15 mm - 3amac Ha
BXOKJICHHE BHYTPEHHETO BOJTHOBO/A BO BHELITHUH.
4. TlockoJIbKy MakCUMAaJIbHOE MEePEMEIICHUE 30Ha PABHO L4, = 1000 yvm u
P STOM KOJEHO TPOMOOHAa OTXOMUT B OTHOIIEHWH 1:2, T.. BBIXOAWT Ha
Limax/2 = 500 mm w3 HEMOIBIXHOTO BOJHOBOAA, TO C YYETOM 3alaca Ha JUIHHY
KoJIieHa TpoMOOHa B Lz = 80 sm M 0CTaTOUHOTO MHHUMAJIBHOTO BXOX/ICHHUS KOJICHA B
HETOJIBUXHBINA BOJIHOBOJ BeMU4MHOM B L; = 160 mm miuHa KojeHa L, OyAeT paBHa
(cwm. puc. 3)
Ly = L1+ Lygx/2 + L3 = 740 um. 2
5. JInuHa BHEUTHETO HEMOJBUXHOTO BOJHOBOAA Lpp € y4E€TOM TOTO, YTO €T0
YIOJIOK TIpM HAYallbHOM TIOJIO)KEHWW BHYTPEHHETO BOJIHOBOJIA HAXOAWTCS Ha
paccrosiauu Ly =290 mm OT KOHIIa KOlleHa TpOMOOHA, a MPH OTXOHIE KOJleHa Ha
Linax/2 KOHEII KoJIeHa JTOJDKEH HaXOAUTHCS B HETIOABHYKHOM BOJIHOBOJIC HA BEJTHUMHY
L, onpenenurcs kKak
Lg = L1+ Lipax/2 + Ly = 950 mm. 3)
6. Boibupaem Takyro ke miuHY (Lyg = 950 mm) MOABMKHOTO BOJIHOBOJA,
COEZIMHEHHOTO C 30HIIOM.
7. B kauecTBe MexaHHW3Ma OJHOBPEMEHHOW KOMIIEHCAIIMW H3MEHEHHS JUIUHBI
JIMHUH TIPENIOIIaraeTcs UCIoIb30BaHue manrorpada [5].
8. Jlst momaBieHus] BOSHUKAIONIMX MMAapa3HTHBIX MOJ B JIMHWM Tiepeladn OymyT
pa3mMerteHbl GUIBTPHI TUTIOB BOJTH, O00HBIC ONMCAHHBIM B [8].

3aknwuenue

CrpoekTupoBaHHas TMOJBWXKHAs JIMHUS TEpegadd, €€ HW3TOTOBIIEHUE,
HCCIIEIOBAaHNE MEXaHMYECKOH TOYHOCTH HOCTOSHCTBA €€ JJIMHBI U CTAaOMIBHOCTH €€
MEPEJaTOYHBIX JJIEKTPUUECKUX XapaKTEPUCTHK IOCIYX AT OCHOBOW JUISl CTENEHHU
MPUMEHUMOCTH Tipeayaraemoid nuHHM mepemaun B AWK mpum  ompenenenun
XapaKTEepPUCTUK OCTPOHANpaBICHHbIX aHTeHH MMB mo m3MepeHHsM uX OJMKHETO
TOJISL.
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MOBILE MILLIMETER WAVE TRANSMISSION LINE FOR NEAR-FIELD
ANTENNA MEASUREMENTS

H.A. Baghdasaryan

Issues of design and creation of the mobile line of transmission of a millimeter wave
range are considered. The work is aimed at further investigation of the line for its application in
automatic measuring complexes of amplitude-phase distribution on the plane of near-field an-
tennas of the corresponding range. The proposed mobile line transmits the signal through the
section "scanned probe-stationary measuring equipment" and is built on the segments of
superdimensional waveguides connected by their movable joints. It is able to provide the
length of the probe scanning in the plane to a distance of 1000 mm. On the other hand, such a
transmission line, which is essentially quasi-optical, can provide small attenuation of the mil-
limeter wave range signals and universality of its application in the entire range of that range.
For sufficient stability (in amplitude and phase) of the transmitted signal, the geometric length
of the movable line remains unchanged during the measurement process. The invariance of
length is provided by the method of simultaneous trombone compensation for changes in its
length. The application of the proposed mobile signal transmission line of millimeter waves
and automatic measuring systems for measuring the amplitude-phase distribution of the near
field of antennas of the mentioned range will allow to determine the parameters of the direc-
tional antennas (the width of the main lobe of the directional diagram within 0.1° ...1°), which
are widely used in radar, radio navigation systems and in communication systems, sensing and
passive radio vision of the millimeter wave range. The creation of such a transmission line
with sufficiently stable transmission characteristics is part of the development of technology
for measuring the amplitude-phase distribution of the near-field antennas of the millimeter
wave range.

Keywords: transmission line, millimeter waves, antenna, near field, superdimensional
waveguide.
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UDC 621.376
AN ALGORITHM FOR ANALOG MODULATION CLASSIFICATION
A.M. Tantushyan

Public services regulatory commission of RA (PSRC)

Research in automatic modulation classification systems has been carried out for a long
period of time and many methods and classifiers are presented for both analog and digital
modulations. The purpose of such systems is to properly recognize the unknown signal’s mod-
ulation type and transfer it to the demodulator in order to fully recover the modulating signal.
The program code developed in LabVIEW graphical programming environment represents a
new technical solution of the analog modulation classification problem. It enables the usage of
fast-operating hardware for real-time testing. The description of automatic modulation recogni-
tion algorithm for analog modulations programmed in LabVIEW is presented in this article.
Among analog modulations especially double sideband (DSB), single sideband (SSB) and fre-
guency modulated (FM) signals have been considered.

The LabVIEW code consists of three parts, each maintaining specific tasks. The first part
has to implement the task of a receiver and process, the received signal and extract key fea-
tures, but here only simulated signals have been considered. The second part represents the
algorithm of the classifier and the third part is the demodulator block. After simulating a signal
and extracting the key features, their values are passed to the classifier’s inputs. An artificial
neural network was chosen as a classifier for this task. The network implements self-learning
before testing and based on the learning results, classifies the current signal modulation type.

Afterwards, testing was carried out, and the results are shown in this paper.

Keywords: artificial neural network, analog modulations, key features, automatic modula-
tion recognition.

Introduction. Automatic modulation recognition (AMR) is a system which is
able to recognize the modulation type of the signal and pass it to the demodulator. It is
vital for the demodulator to know the correct modulation type of the signal, since oth-
erwise it will not be able to properly recover the modulating signal and the infor-
mation will be distorted. Here, a question follows: how to recognize the modulation
type without any prior information about the signal? For this reason, AMR systems are
developed and considered as permanently developing technologies. New classification
methods are processed, the existing ones are being improved and combinations of sev-
eral classifiers are proposed [1-3].

95



AMR is also an essential task for both civilian and military applications like spec-
trum management, interference detection, generation of jamming signal, electronic
warfare, detection of a “threat”, etc.

The spheres of radio engineering and telecommunication systems are constantly
evolving branches of science and technologies, since nowadays, it is impossible to
imagine life without communication technologies, and there is a great need for contin-
uous development in order to increase the communication quality and enhance the se-
curity. Scientists and engineers, carrying out research in these spheres face such sig-
nificant problems as increase of data transfer speed, efficient usage of frequency spec-
trum, interference suppression, etc. One of the solutions for the aforementioned prob-
lems is the development of the existing modulation types and the design of a new one
[4]. Therefore, AMR systems shall be developed simultaneously in order to be able to
recognize new and more complex modulations.

The purpose of this work is to describe the processed automatic modulation
recognition algorithm for DSB, SSB and FM types, programmed in LabVIEW where
an artificial neural network was chosen as a classifier [5].

1. Key features. AMR systems consist of three main blocks: the received signal’s
processing, classification and demodulation. In the first block the signal with length L
is divided into successive segments from which key features are extracted. For analog
modulation classification, the following key features were used [6]:

1. Maximum spectral power density — Ymax:

max FFT |A(i)cn|?

Ymax = N, )
where A(i)., is centered-normalized amplitude and is defined as:
) A(t); — A
A en = % (1)
m

In equation (1), A(t); is the i — th value of the instantaneous amplitude value array
and A, is the mean value of the instantaneous amplitude and is defined as follows:

Ng
1
Am = EZIA(t)l ’
1=

where N; is the number of samples in the current signal segment.
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2. The standard deviation of the absolute value of the centered non-linear com-
ponent of the instantaneous phase - o4,:

2

1 , 1 .
w= |zl D W)z D eOml]. @
A(Dn>A A(Dn>At
In equation (2), @ (i), is the centred non-linear component of the instantaneous
phase, C is the number of samples for which A(i),, > A, where A(i),, is the normal-
ized instantaneous amplitude:

: A(t);
Ay = A—l : (3)
m
In equation (3), 4; is the pre-defined amplitude threshold below which the esti-
mation is considered as non-reasonable because of the high level of noise.
3. The spectrum symmetry — P:
P, — P,
-t v (4)
P, + P,
In equation (4), P, and P, are respectively the lower and upper side band powers

and are described with the following equations:
fCTl

P= ) IXOF,
i=1

an
Po= ) X+ fon + DI,
i=1

P

Here X_ is the Fourier transform of the RF signal and f,,, + 1 is the sample num-
ber corresponding to the carrier signal. f_,, is defined by the following equation:

N
fon = 7 1.

After all key features are extracted, the system passes those values to the inputs of
the artificial neural network [7]. Afterwards, the neural network implements the corre-
sponding calculations and passes its final decision to the demodulator.

2. The description of algorithm implementation. To solve the AMR issue for
DSB, SSB and FM signals, an algorithm, implementing the aforementioned three
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blocks’ function was developed in the LabVIEW graphical programming environ-
ment. As tests were carried out on simulated signals, it was considered that the carrier
frequency is known. So, in the algorithm, instead of receiving a signal, DSB, SSB and
FM signals were simulated with additive white Gaussian noise to be more realistic.
The part of the program, performing the functions of the first block of the AMR sys-
tem is presented on Fig. 1.

. 5
b (e C
Complex Output ] Complex Input ~]

Al

passband bandwidth (Hz)
G )

Fig.1. The part of the program, performing signal simulation and key feature extraction
1- Signal simulation, 2- Addition of white Gaussian noise, 3- Computation of SNR, 4- Signal
modulation, 5- Key feature extraction and computation

After key features are extracted, they should be passed to the inputs of artificial
neural network for modulation classification. The neural network consists of three in-
put neurons, corresponding to the quantity of input key features, two hidden layers and
an output layer. The processed neural network’s function is to perform self-learning
and classification. For that reason, ANN algorithm has two cases: forward propagation
and back propagation. In Fig. 2 those two cases can be seen.

The learning phase is performed for different DSB, SSB and FM signals and SNR
values. During learning, the neural network first initializes random values for the
weights of all layers, calculates the output values and then subtracts them from the
desired values and calculates the error for the current neuron. Afterwards, in the back
propagation case, the error is passed back to the input layer and with the help of error
back propagation algorithm, new weights are calculated. This process is repeated as
long as the error of output neurons gets the minimal value. After the appropriate
weights configurations are achieved, their values are saved in files.
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“Forward " Default ~|

b) Back propagation
Fig. 2. Artificial neural network algorithm
a - 1) Input signals, 2) 1 hidden layer, 3) 2" hidden layer, 4) Output layer;
b - 1) 1% hidden layer’s weights update, 2) 2™ hidden layer’s weights update, 3) Output layer’s
weights update

In the test phase a random signal is simulated, key features are extracted and
passed to the artificial neural network’s inputs. The network calculates those values
with all sets of earlier saved weights and calculates the network’s total error. The net-
work classifies such modulation type, the training weights combination of which re-
sulted in minimum total error of the network.

Conclusion. The purpose of this work is to prove the practical implementation of
theory and describe the algorithm processed in LabVIEW environment. AMR task
was solved for analog modulations and classification results were impressive even for
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5 dB SNR. During programming, some modifications to key feature extraction were
made that allowed to extract them not from the RF signal but from the down converted
one, which helped to decrease the dependency of key feature values from the carrier
signal parameters.

For every modulation type, 100 simulations were made and the accuracy of clas-
sification was calculated. The results are shown in table.

Table
Classification accuracy
SNR DSB, % LSB, % USB, % FM, %
Inf. 100 100 100 100
20 dB 100 100 100 100
15dB 100 100 99 100
10 dB 96 100 92 100
5dB 82 100 82 100

Test results showed that the main confusion of classification is between the USB
and LSB signals. The reason is that all key feature values for these two signals are the
same except the spectrum symmetry, which in case of SNR=Inf. is “1” for LSB and “-
1 for USB.

A neural network’s configuration depends on the application’s complexity.
Therefore, the accuracy of classification can be increased by changing the number of
hidden layers and/or hidden layers’ neurons.

The processed algorithm in LabVIEW is a new technical solution to the AMR,
and further shall be developed for digital modulations.
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Jntpwpwginipp Yuwnwpnd £ hwwnniy wnwownpwup: Unwohtu dwup wbiwip £ hpwlwuwguh
wqnwuowuh punniudwy,  dowldwu b hphduwlwu  puniyewgpbph wnwuduwgdwu
gnpdwnnypep, uwlwju  wpu  wrfuwwnwupnd  nhwnwpyynd  Gu dhwju  updnyugywsé
wqnuitipwlibipp: Gpypnpn dwup ubpluywgunud £ nwuwluwnpgsh wignphedp, huly Gppnpn
dwup wwwdnnnywpwph pnyu b Ugnwupwuh updnyugnuihg W hhduwlwu puniyewgnptiph
wnwuduwgnuwhg hbwnn npwug wpdtiputipp thnfuwugynw Gu nwuwlwngsh dnunpbiphu: Uju
fuunph NWdwu hwdwp npwbu nwuwywpghs Yhpwnyby E wphbunwlwu ubpnuwihu guug:
Swugp ptuwnwynpnidhg wnwye hpwlwuwgunwd § hupunwnignud W npw wpryntuputiph hhdwu
Ypw dwuwsnd £ ndjup wgnwupwuh dnnnyugdwt wbuwyp: LEpywjwgyws tu Yuwnwpdwd
phumwynpdwu wnpryntupubpp:
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Unwlgpuyhti  pwnbp.  wphbunwlwu  Ubpnuwiht gwug,  wUwnqwhu
dnnnywgnuiubip, hhduwlwu punipwapnn hwuwlwuhpoubn, dnnnywgnuiubiph
wywndwwnwgywsd dwuwsnid:

AJITOPUTM KJACCUPUKAILIUA AHAJTOTOBBIX MOJY AU

AM. TanTymsin

CucteMbl aBTOMATHYECKOH KIacCUpUKanMM MOMYIALMH MCCIEAYIOTCS B TCUCHUE
JUIUTENBHOTO MEPUOAa BPEMEHH. 3a 3TOT IEpUoJ HPEeCTaBICHO MHOKECTBO METOJIOB U
KIacCU(PUKATOPOB Al AHAJIOTOBBIX M IMGPOBBIX MOMysiuuil. llenblo MaHHBIX cHCTEM
SIBISIETCSI NTPAaBIIIHOE PACIIO3HABAHME BHIA MOIYJALMH NPUHATOTO HEN3BECTHOTO CHTHANA H
ero rmepenada JAEMOAYJSATOPY U IIOJIHOTO BOCCTAHOBJICHHS MOIYJIMPYEMOTO CHIHAjA.
[IporpammHEIA KO, pa3paboTaHHBIA B Tpaduueckoi cpeme mporpammupoBanus LabVIEW,
MIPEACTaBIsIET cO00I HOBOE pEUICHHE 3aJadd aBTOMAaTHYECKOTO PAacliO3HABAHMS aHAJIOTOBBIX
MOZYISAIUA. DTO JaeT BO3MOXHOCTb INPUMEHEHHs OBICTPOJNCHCTBYIOIIMX ammaparyp I
TECTHPOBOK B pealbHOM BpeMEHH. B [MaHHON cTaThe OMMCAH aJrOpUTM aBTOMAaTHYECKOTO
pacro3HaBaHMS AHAJOTOBBIX MOAYJALMH, pa3pabOTaHHBII B cpeae  TpaHuuecKoro
nporpammupoBanus LabVIEW. M3 BuZOB aHaJIOTOBBIX MOAYIALMHE B OCOOEHHOCTH OBLIH
paccmorpens! gsyxnonocusie (DSB), ogaonomocusie (SSB) 1 4acTOTHO MOZYIMPOBaHHBIE

(FM) curuasr.

Kopn, paspaborannsrii B cpene LabVIEW, cocTout u3 Tpex yacrtel, Kaxxaas U3 KOTOPBIX
BBITIOJTHSAET ONpE/CICHHYIO 3a1auy. [lepBas 4acTh OJDKHA BBITONHATE (DYHKIWIO HPUHATHS,
pa3paboTKN M N3BJIEYEHUS KIIFOUEBBIX XapaKTEPUCTUK CUTHANA, HO 3/1€Ch PACCMOTPEHBI TOJIBKO
MO/JIETTMPOBaHHBIE CUTHAJIBI. BTopast yacTe nmpencTaBiseT coO00i anropuT™ Kiaccugpukaropa, a
TpeTbs 4acTb — OJOK aemonyisTopa. I[locme MonenupoBaHMsS CHUTHajda M HU3BJICUCHUSA
KJIFOUEBBIX XapaKTEPUCTHK CHTHAJIA UX 3HAYEHHs TepealoTcsl Ko BXxoJaM kiaccupukaropa. B
pabore B kauecTBe KiaccudukaTopa Oblia BbIOpaHa MCKyCCTBEHHas HeifpoHHas ceTb. CeTb
BBIMOJIHAET CaMOOOY4YEeHHE Iiepel TECTOM U, OCHOBBIBasCh Ha pe3yibTaTax oOOydeHwHs,
pacro3HaeT THII MOIYJISINN JAHHOTO CHTHAA.

[IpoBenena TecTupoBKa, pe3ybTaThl KOTOPOH IPEJICTAaBIEHBI B TaHHOK pabore.

Kniouegvie cnoga: WCKycCTBeHHas HeWPOHHAs CeTh, AaHAJIOTOBBIE MOAYJIAIUH,

KJIIOYE€BBIE€ XapaKTEPHUCTHUKH, aBTOMATHY€CKOE paCIiIO3HABaHME MO,ZLy)IiILIHfI.

102



Proceedings of NPUA: Information Technologies, Electronics, Radio engineering. 2018. Ne 2.

UDC 621.382

AGING IMPACT MINIMIZATION ON A TRANSMITTER JITTER
A.K. Hayrapetyan

Yerevan State University

Nowadays, technological processes actively continue to shrink the transistor’s channel
and Moor’s law is still driving the silicon market. The transistor channel gets actively shrunk,
while supply voltages do not follow that much dynamics and do not get decreased by the same
per-cent. This scenario increases the aging phenomenon.

The simulations of a serial-link transmitter are implemented, considering the aging pro-
cess of the MOSFET device within 10 years. The aging is simulated for the idle mode of the
transmitter, while pre-driver buffers are in a static state and only the PMOS or only the
NMOS transistor has gate-source and gate-substrate voltage differences, hence only one of
the devices is affected by the aging process. As a result, the duty cycle of pre-driver stages is
distorted, which creates an extra jitter at the transmitter’s output.

In this paper, a technique is proposed to ensure the same degradation for the pre-driver
PMOS and NMQOS transistors during the aging process. It allows to have the same delay for
transitions from logic ‘1’ to ‘0’ and from ‘0’ to ‘1°, hence the duty cycle distortion will not be
created. As a result, the output jitter of the transmitter gets reduced, hence increasing the noise
immunity by creating an extra margin for the noise induced jitter.

Keywords: aging, transmitter, jitter, duty cycle, frequency divider, quartz generator.

Introduction. The undesirable effects are caused by bias temperature instabil-
ity (BTI) and hot carrier injection (HCI) effects. The two types of the BTI effect
are available, the first one is positive BTl (PBTI) and the second one is negative
BTI (NBTI). The PBTI affects the NMOS transistors while PMOS transistors suf-
fer from the NBTI. The NBTI effect on the PMOS transistors is more dominant
than the PBTI effect on the NBTI transistors. These two effects lead to an increase
in the transistor’s Vy, threshold voltage.

The HCI effect is caused by the carriers in the transistor channel which are in-
jected and trapped into the gate oxide. This effect appears with large gate-source and
gate-substrate voltages. Similar to the BTI effect, the HCI also leads to an increase
in the Vth voltage. From HCI, the NMOS transistors suffer more than the PMOS
transistors do [1].

Different models are available for estimating the BTI and HCI effect’s impact
on a MOS device. Two main types of this models are charge-based and semi-
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empirical models. In a charge-based model an additional capacitor is added between
the inverse region and the gate oxide. The charge of that capacitor is changed within
a time period and the changing amount depends on the BTI and HCI effects. The
accumulated charge by BTI has a recoverable portion, while HCI does not have. The
total accumulated charge during the aging process is given below (1) [2]:

Qage(t) = Quci(t) + Qpriser (t) — Qprirec(t), (1)
where Qyc;(t) is the charge amount caused by the HCI effect, Qpr; s (t) is the
charge amount caused by the BTI effect and the Qpr; e (t) is the recoverable portion
of the accumulated charge by the BTI effect. The accumulated charge can be calculat-
ed by the transistor model, and the threshold voltage shift can be calculated as follows
) [2]: "
Qage t
Cage ! (2)
where Cq g, is the added capacitor for aging simulation. Instead of C, 4, Cox could be
used.

Problem description. The increased threshold voltage will enlarge the transition
delay of the transistor. While the logic gate is static, only a part of devices will suffer
from aging, as the rest of them will be closed and will have zero-biased gate-source
and gate-substrate voltages.

To provide the strength signal with small rise/fall times, the data before transition
is buffered and provided to the driver which will transmit the data to the receiver
through the channel (Fig. 1).

AV (t) =

out_p

dn_en

L
T

Fig. 1. Transmitter’s output stage with pre-drivers

In the idle mode, there is no data to be transferred from the transmitter [3], and
the inputs of the pre-driver buffers are tied to logic “1” or “0”. When the buffer’s input
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signal is static “0”, the input PMOS device will suffer from aging and delay of switch-
ing from “0” to “1” will be increased, while switching from “1” to “0” will almost be
the same as before aging. The next device which will suffer from aging in the buffer is
the output NMOS device, as it has static “1” at its input, as a result, the transition de-
lay from “1” to “0” will increase while transition from “0” to “1” will almost be the
same as before aging. While the buffer input signal switches from “1” to “0”, the de-
vices which are involved in the data transition process are the input PMOS and the
output NMOS, so the delay in this case will be larger than in the case of the “0” to “1”
transition. As a result, the duty cycle of the buffer will be distorted. With the number
of buffers, the duty cycle distortion gets increased, as it will be accumulated through
the buffer chain [4].

The aging simulations of the serial-link transmitter are implemented. The aging
period is selected 10 years. While the aging transmitter was in the idle mode, after the
aging impact is inserted the transmitter is simulated in the data transfer mode. The ag-
ing impact within 10 years for a 5-stage buffer chain pre-driver is presented in Fig. 2.
The upper signals are the after aging results and the bottom signals are before the ag-
ing results. The plots present each buffer’s output for both cases. Before aging, the
duty cycle at each buffer is almost the same. After aging, the duty cycle gets distorted
and at the output of the fifth buffer, the duty cycle is 47.5%, while it is required to
have a maximum +/- 1% error from 50%.

lin),
12 —

ZEMER
1

AAJ AAJ
v v v T ' ' v ' T v v v v v v v v ' T
6180 6190 620 621n 62.2 623n

Fig. 2. The duty cycle at the buffer’s output before and after aging

The pre-driver buffers provide data to the driver stage which will transmit it to
the receiver through the channel. As at the buffers output, the duty cycle is distorted,
we will get the same at the transmitted data. The duty cycle distortion will create addi-
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tional jitter at the output of transmitter and at the input of the receiver [5]. The trans-
mitter’s output eye diagram is presented before aging (Fig. 3) and after aging (Fig. 4).

@40p @50p @80p @100p @120p @140p @160p @180p

Fig. 3. The transmitter’s output eye diagram before aging

Before aging the output data jitter is 13.2ps, while after aging, it is increased by
6.3ps and equals 19.5ps.

@aop @60p @80p @100p @120p @140p @150p @180p

Fig. 4. The transmitter’s output eye diagram after aging

The proposed solution. The technique is proposed to provide the same aging
impact for all devices of the buffers to keep the symmetry of the operation. When
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static “1” is applied at the buffer input, the PMOS of the input inverter and the
NMOS of the output inverter will be degraded, because of gate-source and gate-
substrate bias. When static “0” is applied at the buffer input, the NMOS of the input
inverter and the PMOS of the output inverter will be degraded. In the case, when
half of the supply is applied at the buffer input, both devices will have the same bias
voltages and both devices will be degraded, but in this case, both devices will be
opened and huge static current will flow through the devices.

It is proposed to change the input of the buffers during the idle mode. This will
allow to degrade both the PMOS and NMOS devices of the buffers, in this way, the
transition delays from “1” to “0” and from “0” to “1” will be the same and the duty
cycle of the output signal will not be distorted. The output driver will be disabled by
gating the “up_en” and “dn_en” signals and the output can be tied to the ground or
power if it is necessary. This will eliminate the data change at the output of the driv-
er. During the idle mode, the input is switched to a low frequency signal which is
obtained from the quartz generator clock by dividing its frequency (Fig. 5).

Fig. 5. A transmitter with the proposed technique

The low frequency signal provides small power consumption during the idle
mode of the transmitter. The added clock dividers are built with the minimal sized
transistors and will use much less power than the pre-driver buffer chain, so it is
preferable to add frequency dividers to save power.

The aging simulation of the serial-link transmitter is implemented with the pro-
posed solution with a 10 year degradation. The duty cycle for a 5-stage buffer chain
pre-driver is presented in Fig. 6. The duty cycle error is 0.1%.
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Fig. 6. The duty cycle with the proposed technique at the buffer’s output after aging

The transmitter’s output eye diagram after aging with the proposed technique is
presented in Fig. 7. The jitter of the output signal is almost the same as before aging
and equals 13.4 ps. The difference of 0.2ps is caused by rise/fall time degradation after

aging.

@y @snp @80, @100p @120

Fig. 7. The transmitter’s output eye diagram after

@150 @180, @200p

aging with the proposed technique

The summary results with the comparison of the initial and proposed methods are
presented in Table.

Table
Summary results
Initial version Proposed technique
Duty cycle [%] 47.5 49.9
Jitter [ps] 195 13.4
Pre-driver area [um?] 58 72
Die area [um’] 455800 455814

108



Conclusion. The aging simulations are implemented for a serial-link transmit-
ter. The duty cycle distortion of the pre-driver buffer chain is observed, which is
caused by asymmetrical degradation of the buffer chain. The technigue is proposed
to ensure the symmetrical degradation for all buffers which eliminates the degrada-
tion impact on the duty cycle of the transmitted data, hence providing the data with
almost the same jitter as before degradation. The margin for a noise induced jitter,
hence noise immunity is enhanced by 31% at the expense of 26% area increase of
pre-driver stage and additional 32.6 uW power dissipation, which is quite small
compared with transmitters 15.8 mW power consumption. Compared with total area
of the transmitter-receiver system, the difference is quite small, less than 0.0001%.
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vdauurunpuc
U. 4. Zugpuy iyt
Ubkpluynidu  wkjtninghwliwt  wpngbunid  wlwnhy Yhpwyny owpnibwlynmd k
wnpwiqhuwnnpubph hnupninhubph dwupwnwpwynpnidp, & Unipph opkupp phnbu sh
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uinigdut jupdwt dwjwppulp hwdwywnwupwi swihng sh wjuqkgynid: dhpohtu
hwuglkgunid E skpugdw ypnghuh wqpbkgnipjut dkswugdwin:
Yuwunwplk] b hwonppulywy hnupninny hwnnpnsh Unphjuwdnpnid’ Gkpunking 10
nwpu pupwgpnid UOY wpwiqhuninph Stpwignudp: Otpwgnudp  Udnphjuynpgb] k&
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hwnnpysh vywudwt nkdhuh hwdwp, nph plpwgpnid twhinpnnn Yplhuphsutipp gnignud G
unwwnhly Jhdwulnid, b dhwyu P-UOY Jud vhuyh N-UOY mmpwighuwninph thwljwb-wlniip nt
thwlui-hwppuwl wynunkighwjukpt o wwppbp. wy ghypmid gpuiughg dhwyt dkyu L
Eupwpyynud stpugdwi: Upyniupnid hwunnpnysh dntnpnid wqputipwih jgdwt gnpswljhgp
wnuyunynud E, npp hwnnpnsh Epnud jpugnighy pppongh wnwowgdmt wwwdwn L
hwunhuwbnud:

Unwgwplyty t dhgng P-UOY U N-UOY wpwbqhunnpibph  hwjwuwpusuth
Stpugnid wywhnybnt hwdwp: Uyy ghypnid vnwgynud b npudwpwbwlui “17-hg “0”
“0”-hg “1” thinjuwbpwundwt hwjwuwp hwwywnnidukp, nph wpyniupnud (gdwt gnpswlgh
wnuyunnid wknh sh mbbkund: Ujuyhuny, hwnnppsh Epuwjhlt wqpubowth pppnngp
wjuqnud k, wyn Jpy dkdwgubing wnunijutphg wnwewgnn ppprngh wwpwpp b hwnnpnsh
wunujuluwniunipniup:

Unuwigpuyhll punkp. Stpugnud, hunnpnhy, ppperng, 1gdwb gnpswlhg, hwdwhnipjuh
pwdwihy, pyupguyht ghukpwnnp:

YMEHBIIEHUE BO3JEVICTBUSI CTAPEHUSI HA BUBPALIMU B
HEPEJATYUKE

A K. Aiipanersin

B mHacrosimee BpeMs B TEXHOJOTMYECKOM IIPOLIECCE AKTHBHO IPOAOIDKAETCS
MaciTabupoBaHHE KaHAJIOB TPaH3MCTOPOB, a 3aKOH Mypa He TepsieT CBOeH aKTyaJlbHOCTH.
Kanan TpaH3ucTopa mpoJo/KaeT yYMEHBIIAThCS, B TO BPeMs KaK ypOBEHb HaNPSKEHUS
NUTaHUsT HE YMEHbBLIAeTCS B COOTBETCTByWLIeM pasMmepe. IlocienHee TpUBOAUT K
YBECJIMYCHUTIO BO3HeﬁCTBHﬂ CTap€Hus.

HpOI/I3BeI[eHI)I CUMYJIAIIUN Nepe€aaTyuka C IOCJICA0BATCIbHBIM KaHaJIOM C Y4Y€TOM
npotecca crapenus MOII Tpansuctopa B Teduenue 10-tu ner. CtapeHue MOJIEIUPOBAHO IS
peXMMa OXHJAHMs IepefaTuhka, B TEYEHHE KOTOPOTO NpEAbIAYIINEe IOBTOPHUTEIH
HaxoJATcsl B CTATUYECKOM COCTOSIHMM, U TOJIbkO Y P-MOII unu N-MOII tpan3uctopa ectb
HanpsDKEHUS 3aTBOP-MCTOK M 3aTBOP-CTOK; B 3TOM CJIy4ae TOJBKO OAMH U3 HHUX
MOJIBEpraeTcsl CTapeHuo. B pesynbTare Ha BXOJe MepenaTinka MCKakaeTcs Kod(hQHUIHUEHT
3all0JIHEHNSI CHUTHAja, YTO CTAHOBHUTCS NPUYMHOW BO3HHKHOBEHHUS JONOJHHUTEIBbHBIX
BHOpamui.

IIpennoxxen meton ans obecredeHus paBHoMmepHoro craperuss P-MOII u N-MOII
TPaH3UCTOPOB. B pesynbrare 3aep Ky Mepexoa0B ot jorudeckoi “1” xk “0” u ot “0” k “1”
6yIIyT OAWHAKOBBIMH, CJICAOBATCIBHO, HCKAXCHUA KOB(i)(pI/IHI/IeHTa 3aI0JIHCHHUA HC
npou3oiaeT. B pesynbprare BUOpanMy BHIXOJHOTO CHTHAJA MPOBOJHUKA YMEHBIIAIOTCS, TEM
caMbIM yBeJIWYMBAs 3amac BUOpanui, BBI3BaHHBIX ILIyMaMmH, U, KakK CIIEICTBUE,
IIYMOYCTOWYHBOCTb ITPOBOJTHHKA.

Knrwoueswie cnoea: crapenue, nepenaTduk, BUOpanus, KO3(G(HUIMEHT 3amoHEHus,
JIeTTUTENb YacTOThI, KBapIEBBII reHepaTop.
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2. (anph dbpbh dwju wulniund gpdnud b hwdwwyhunwih nwutnpnuiwt nupwlwuhop® nbpunhu
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wywpunynid £ wnwiugpwiht pwnbpny’ tnnwnwswihp' 9 hwjbipbu inbpuwnh nbwpnud b 10 mwnwswihnd' wugtpbu
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HPABUJIA O®OPMJIEHUS CTATEM

BectHrk HanmoHAIBHOTO MOMMTEXHUYECKOTO YHUBEPCHTETa APMEHHH - PELEH3UPYEMBIil JKypHAJ, B KOTOPOM
MyOJIMKYIOTCS CTaThH HAyYHO-TEXHHYECKOTO XapakTepa, COOOILICHHUs, 3aKa3Hble 0030pHO-aHAIUTHIECKHE CTaThd, a
TaK)KE MaTepUalbl, MOCBSIICHHbIC IOOWIESM HM3BECTHBIX B JAaHHOW OONACTH Y4YCHBIX, HOBBIM KHHMIaM, HAyYHBIM
KOH(EPEHIHSIM [P YYaCTHH YHHBEPCHUTETA, U [IMCbMa B aipeC PEAaKLH.

Martepuai npeacTaBisieTCs B PEAAKIHIO B COOTBETCTBHH CO CIICAYIOLIMMH MPaBHIaMU:

1.Crarbs B ABYX Sk3emiuisipax u Qaiin (banber_iter@seua.am) crateu B opmare Microsoft Office Word.
OO0BbeM cTaThbi HE JODKEH IPEeBBIIATh 12 cTpaHul, 00beM cooOmenuil — 1o 4-x crpanui. ®opmaT cTpaHuns — A4.
PaGouee noze: Top — 5¢cm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75cm, Footer — 4,6cm, MeXCTpOYHbINH HHTEPBAT
(Line spacing) — 1,1, xpacuas crpoka (First line) — 0,75cm. [lyist crarhu, HANKCAHHOM HA ApMAHCKOM Ss3bIKE,
npumensiercst mpupt GHEA Grapalat (pasmep mwpudra - 10), a Ha pycckom u anrimiickom — Times New Roman
(pa3mep mpudra — 11).

2.B 11eBOM BEpXHEM yIJly MEpBOrO JIMCTa YKa3bIBACTCS YHHBEPCAIBHBINH AECATHYHBIN Kinaccudukarop (2ZS7,
VIK, UDC); cTpoKoii HUXKe T10 LIEHTPY yKa3bIBA€TCs HA3BAHUE CTaThU — 3arjiaBHbIMEU OykBamu, mpudt Bold, pasmep
10 — na apm.si3., 11 — Ha pyc. W aHrI. s3., cTpokoil Hmke - uHUnKansl (M.0.) 1 dhamunus - cTpOUHBIME OYKBaMH,
wpudr Bold, pasmep 10 — Ha apm.s3., 11 — Ha pyc. U aHIIL s13., BBIPABHHBAHME 110 LCHTPY; CTPOKOI HIKE — MECTO
paborsi - wpudr italic, pasmep 9.

3.Marepua TeKkcTa HAYHMHACTCS C aHHOTALlMU M IPE/ICTABIISIETCS Ha TOM SI3bIKE, Ha KOTOPOM HAIlMCaHa CTAThsl.
Texct anHOoTanmu nomkeH Bkimroyath 200-250 cioB. Iocne aHHOTAIMM IUIIYTCS KIFOYEBBIE CJIOBA — OT 4-X 10 8-U
CJIOB WJIM CIIOBOCOYETaHUH. Pa3Mep TEeKCTa aHHOTALMM U KIIOYEBBIX CJIOB 9 — Ha apm.si3., 10 — Ha pyc. U aHMIL. 3.,
cnoBocouetanue «Knroueswie cnosa» - Bold, italic.

4.PeKkOMeH/yeTCsl CIIeYFOIIHI MOPSIOK U3JI0KEHUsI MaTepralia CTaTbU: BBEICHHE, B KOTOPOM JIOJDKHBI OBITH
KPaTKO MPEJCTAaBICHbl COCTOSIHUE BOIPOCA, AKTyaJbHOCTH TEMbl M ILENIb HCCIEAOBAHMS; MOCTAHOBKA 3aja4yd H
000CHOBaHNE METOJMKH; PE3y/IbTaThl HCCIICIOBAHUS; 3aK/IOUCHHE (ITH, a NMPH HEOOXOAMMOCTH, U APYTHE Pa3ielbl
JIOJDKHBI IMETh COOTBETCTBYIOILHME 3arOJIOBKH).

5. CchUIKH Ha JIUTEPATypy B TEKCTE JAIOTCS B KBaJPATHBIX CKOOKax. POpMyIIbl 1 MATEMATHUECKHUE BBIPAXKECHHUS
Habupatorcs penakrtopom Microsoft Equation, italic, pasmep — 11. ®opmynbsl HaOUpAKOTCS C HOBOW CTPOKH,
BBIPAaBHHBAHUE MO LEHTpY. [Ipi HEOOXOAUMOCTH, HX HyMepyroT. Homep (opMysisl pacronaraercsi B KOHIE CTPOKH, B
KpYTJIBIX CKOOKaX.

6. PrucyHkH U TabIMIBI PacHOIaraloTCs B TEKCTE MO XOMY CChUIKH Ha HUX. CioBa «Puc.», «Tabauyay, a TaxKke
Ha3BaHHs PUCYHKOB U Tabuui mumrytes italic, pasmep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIL 513.

7.B KOHIE CTaTbM JaeTcs CIUCOK JUTEpaTyphl: pasmep 9 — Ha apm.si3., 10 — Ha pyc. u anri. s3. CinoBo
«JIuTepaTtypa» pacrojaraercsi B LEHTpEe CTPOKM CTpouHbiMM OykBamu, Bold.  IlutupoBanHas nmTeparypa
HYMepyeTcsl B IOPSIIKE CCBUIKM Ha Hee B TeKcTe. KaKIplii MCTOYHHK TNPEICTABISIETCS B CIEAYIOLIEM IOpSAKe: B
Cllydae CCHUIKM Ha CTaThio M3 JKypHana: (amuimsi, unnuuaasl M.0. - Bold, HasBanue craThu, Ha3BaHHEe XypHaia,
MECTO M3/IaHHs, TOJ U3[aHNUs, TOM 1 HOMEp M3/aHus, C KaKOW 10 KaKyI0 CTPaHMIIbI 3aHUMAeT CTaThs B 3TOM JKypHaJe;
B Cllydae CCBUIKM Ha KHHUTY: (pammust, nHuuuaiasl U.0., Ha3BaHHE KHUTH, MECTO W3/@HKs, Ha3BaHUE M3/aTelbCTBA,
TOJ U3JaHus, o0liee KOJINYECTBO CTPAHHIL.

8.Ilocne mUTEpaTyphl MPEACTABISIIOTCS AaHHOTAIMH BMECTE C KIIOUEBBIMH CIIOBAMU HA JBYX IPYIHX SI3BIKax.
Eciu crates HamicaHa Ha apMsSHCKOM s3bIKE, TO CHaJaja JAaeTcs aHHOTAalMs Ha PYCCKOM sI3bIKE, 3aTeM Ha
QHIJIMHCKOM; €CJIM HaNKCaHa Ha PYCCKOM SI3bIKE — COOTBETCTBEHHO Ha apMsHCKOM M aHIJIMIICKOM, a ecli Ha
QHIJIMHCKOM — COOTBETCTBEHHO Ha apMSIHCKOM M PYcCKOM s3bikax. ComepskaHHME aHHOTALMHA M KIIOYEBBIC CIIOBA
JIOJDKHBI OBITh Ha TPEX SI3bIKaX O/IMHAKOBBIMH.

9. CraThsl TOJMUCHIBAETCS aBTOPOM (aBTOpammu). B KOHIle CTAThH CTaBHUTCS jara (YHCIO, MECSI, TOM)
npeacTaBiaeHus craTbi. OTpeNakTUPOBAHHBIH M OTKOPPEKTUPOBAHHBI BapHAaHT DYKONHCH COTJIACOBBIBACTCS C
aBTOPOM (aBTOpPaMH).

10. Ha ornensHOIl cTpaHMIe HEOOXOAMMO MPEACTaBHTH CIEAYIOLIME aBTOPCKHE AAHHBIC: (DaMUIMs, MM,
OTYECTBO; ITOJTHOE HAUMEHOBAHUE MecTa paboThl, MecTa yueObl; 3aHHMaeMasi JOJDKHOCTb, yueHasi CTCNCHb U 3BaHHE;
HOMepa Tene(OHOB (CITy)KeOHbIH, TOMANTHIN, MOOHIBHBIN), aIpec HIEKTPOHHOM MOYTHL.
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RULES FOR PREPARATION OF MANUSCRIPTS

Proceedings of National Polytechnic University of Armenia is a peer-reviewed journal which pub-
lishes scientific-technical and also analytic —review papers, short communications, as well as materials
about the jubilees of prominent scientists, new books, scientific conferences coorganized by the Univer-
sity, letters addressed to the editorial board.

The material should be presented to the editorial staff in accordance with the requirements given be-
low.

1. The authors are requested to submit two hard copies, and also the electronic version
(banber_iter@seua.am) of the manuscript by Microsoft Office Word. The volume of scientific paper is
limited to 12 pages, and to 4 pages for short communications. The text should be printed on A4 sized
paper. The text margins should be: Top — 5cm, Bottom — 5.1 cm, Left — 5.75 cm, Right — 1.75 cm, Footer
— 4.6 cm, Line-spacing — 1.1 cm, the first line — 0.75 cm. Texts in Armenian should be printed by the
GHEA Grapalat, font size 10, and the texts in Russian or English by Times New Roman, in font size 11.

2. On the top left cornerof the first page, the Universal Decimal Classifier is placed (287, YK,
UDC). The title of the article in capital letters, bold, font size 10 for texts in Armenian, and 11 — for Rus-
sian and English should be placed in the centre of the next line. The initials and the surname(s) in small
letters and bold, in font size 10, for texts in Armenian, and in font size 11 for the ones in English and
Russian should be lined up in the centre of the next line. In the following line, the workplace of the author
(s) should be mentioned, italic, font size 9.

3. The text begins with an abstract in the language it is presented. The abstract should include
200-250 words. It ends with keywords in font size 9 for texts in Armenian, and in font size 10 for the ones
in English and Russian. Only the word “Keywords” should be bold, italic. The number of keywords or
word combinations - 4-8.

4. The papers should include an introduction briefly introducing the state of the problem area, the
importance of the subject and the aim of investigation, as well as sections describing the statement of
the problem and selection of the methodology, the results of investigation, conclusion (other sections if
necessary) with subtitles, and it should end with the list of references.

5. The references in the text should be given in square brackets. The formulae should be intro-
duced by the Microsoft Equation Editor. They are printed from a new line in italic, font size 11 in the
center of the line, and if necessary numbered at the end of the line in round brackets..

6. Figures and tables should follow their references given in the text. The words “Fig”, “Table”,
the figure inscriptions and the table names should be printed in italic, in font size 9, for texts in Armenian,
and in font size 10 for texts in English and Russian.

7. The text is followed by the references in font size 9 for texts in Armenian and in font size 10 for
texts in English and Russian. Only the author’s initials and surname should be bold. The word “Refer-
ences” should be placed in the centre of the line in small letters bold. In the list of references each source
should be enumerated according to its reference number in the text. For the periodicals the references
should be introduced in the following style: the author’s surname, initials, bold, title, year, numbers of the
volume and issue, page numbers, and for books — the author's name, initials, full title, publication place,
publisher, year, total number of pages.

8. The references are followed by the abstracts in the other two languages. If the text is in Armeni-
an, the abstracts should be first in Russian and then in English. The text in Russian should be followed
first by Armenian and then by English abstracts, while the texts in English should be followed first by
Armenian, then by Russian abstracts. The abstracts in all the three languages should be identical in con-
tent and keywords.

9. The manuscript should be signed by the author(s) with indication of the submission date. The
edited and proofread version of the manuscript should be agreed upon by the author(s).

10. On a separate page, the author(s) should introduce his/her/their full surname(s), name(s), patro-
nymic(s); the full name(s) of employment place, educational institution; the position occupied scientific
degree, telephone numbers (office, home, mobile), e-mail address.
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