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OTPEJAKTOPA
Mnuozoysaxcaembiii wumamens!

Becthuxk I'MYA Obin ocHoBan B 1998r. m
BEIXOAWI B CBET JBa pa3a B TOJ IO Ha3BaHUEM
“Coopruk HaydHBIX TpyHoB. Cepust MozennpoBaHue,
onrtummsanus, ynpasieHune” (“MOY”) (ocHoBatens u
rIaBHbIN penaktop - A.T.H. C.O. CUMOHSH, OTBETCTBEH-
HBII cexpeTaps - K.T.H. A.I'. ABeTucsH).

BBuay BbICOKMX TpodeccHOHANBHBIX KauecTB
Coopuuka B 2004 r. BAK-om PA oH ObuT BKJIIOUCH B
CIHCOK pEIEeH3UPYEMBIX MEpUOJUUECKUX HU3IAAHUH,
MPUEMIIEMBIX ULt MyOIMKanum MaTepHaioB
KaHIUIATCKUX U JOKTOPCKUX IUCCEPTALNH.

C 2012r. pykooacteom 'MYA (ITonuTexHUK)
Ha ocHOBe 3T0i Cepum OBIT opraHm3oBaH BecTHHK
I'MYA c¢ narsio paznuudbiMu  CepusiMH, B YHCIIE
kotopeix — Cepust “HHdopMannoHHbIE TEXHOJIOTHH,
ANIeKTpoHMKa, paguoTexHuka” (UTOP), sBngromascs
npeemankoM Cepum “MojenupoBaHue, ONTUMHU3AINS,
ynpaBieHue”.  37eck  HyONuKyroTcs — HOBeifmme
pe3ynpTaTel MO OTMEYEHHBIM pasfenaM HayKd, 00-
30pHBIE MaTEpHANIBl, XapaKTEPH3YIOIIHUE COBPEMEHHOE
COCTOSIHHE WX OCHOBHBIX IpOOJIeM, TepPCHEeKTHUBBI
NPUMEHEHNUS] W Pa3BUTHA  HOBBIX  pa3paboOTOK,
cooOIIeHns O Hay4HBIX KOH(EpEeHIHUSIX, MaTepHaIbI
HayYYHBIX AUCKYCCHH, pELIEH3MH Ha HOBBIC KHUTHU H JIp.

OTMEHHM TaKkke, 4YTO, COIJIaCHO JIaHHBIM
Hayynoro wuH(pOpMamuoHHOTO IIGHTpa aHauu3a W
MoHutopuHra PA, Cepus “MOY” no nmnaxt-akropy
2011 r. BXOAWT B MEPBYIO IMATEPKY, a M0 CyMMapHOMY
UMMAaKT-(hakTopy nmocieaHux Tpex jer (2009-2011 rr.) -
B IIEPBYIO UETBEPKY cpeau 63 HaydHBIX H3JaHUH,
BioueHHbIXx BAK-om PA B mpuemnembiii  ams
Hay4YHBIX MyOJMKaruii crimcok 2012 T.

[Mpurnamaem Bac npuHATH akTUBHOE y4yacTHe B
padore Bectunka TIYA.

TI'naguwtit pedoaxkmop Cepuu C.0. Cumonnu



EDITORIAL
My most esteemed readers!

SEUA Proceedings was founded in 1998 and
published twice a year under the title “Collections of
scientific papers. Series Modelling, optimization,
control” (MOC) (the founder and editor-in-chief-doctor
of technical sciences S.H.Simonyan, the responsible
secretary - candidate of technical sciences A.G. Avetis-
yan).

Due to high professional reputation of the
Collection the RA Higher Attestation Commission in
2004 included it into the list of reviewed periodicals
acceptable for the publication of the candidate and
doctoral thesis materials.

Since 2012 by the leadership of SEUA on the
basis of the Series Proceedings of SEUA with 5
different Series was organized, among which is
“Information technologies, electronics, radio
engineering” as the successor of the Series “Modelling,
optimization, control”. The journal publishes the newest
results in the corresponding areas of science, reviews,
characterizing the modern state of basic problems, the
perspectives of application and development of the new
research products, reports on scientific conferences,
materials of scientific discussions, reviews on new
books, etc.

According to the data of Scientific information
analysis and monitoring center Series “MOC” is in top 5
by its impact-factor in 2011 and in top 4 by total
impact-factor in the last three years (2009-2011) among
63 scientific editions, included in RA Higher Attestation
Commission’s acceptable scientific publications list in
2012.

We invite you to contibute actively in SEUA
Proceedings publications.

Editor-in-chief of the series S.H. Simonyan
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HHDOPMALIMOHHBIE TEXHOJIOI'MU

YAK 21.52+511.52
C.0. CUMOHSH, A.I'. ABETUCSAH, A.C. CUMOHJSIH, B.P. ABUHSIH

YHUBEPCAJIBHBIA METO/, OIIPEJEJEHUS TAPAMETPUUYECKHX
OBOBIHIEHHBIX OBPATHBIX MATPUIl MYPA-IIEHPOY3A

[Ipennaraercs NOCTaTOYHO MPOCTOW YHCICHHO-aHAIMTHYECKUH METOJ| OIpeleNIeHUs
napaMeTpUYecKuX 000ONIIEHHBIX 00paTHBIX MaTPHI, OCHOBaHHBIN Ha MeTone @.P. anT™Maxepa
JUISL  OTpENeNICHHUs] YHUCIOBBIX OOOOLICHHBIX O00paTHBIX Marpul U IuddepeHIranbHbIX
npeoOpazoBanusix [.E. [TyxoBa. PaccMoTpeHa mpakTudeckas 3ajadya KOMIICHCAIIUH 00paTHOMH
CBSI3M M3 OOJIACTH CUCTEM YIPaBJICHHS.

Kntouesvie  cnoea: mapamerpuyeckue — oOOOLICHHBIE — OOpaTHBIE — MAaTpHILEL,
muddepeHunansHpie Npeodpa3oBaHusl, THPOPMAIMOHHBIE TEXHOJIOTHH, CUCTEMbI YIIPaBICHHUS.

BBenenne. PaccMOTpUM NPOM3BOJIBHYIO MapaMETPUYECKYI0 MaTpUILy A(t) c
pasMepaMH MXN M COOTBETCTBYIOIIYIO € 0OOOIIEHHYI0 OOpaTHYI0 MaTpHILy
X(t)z A" (t) c pasMepaMu NXM (apryMeHT t MOKET ObITb BpPEMEHEM, OIEepPaToOpoM

Jlamnaca uiay QpyruM rnapameTpom), AJsl KOTOPBIX UMEIOT MecTo ycioBus [1]

AT()- Alt)-A*(t)= AT (1), (1)
AT (t)- At)- AT(t)= AT (1). )
O0o3HaUYMB
By ()= AT (H)A(), (3)
Conan (1) = ALAT (t), (@)
IIpUACM K NpECACTaBICHUAM
B(t)- X(t)= AT(t), (5)
X(t)-C(t)= AT (t). (6)

Tenephb JIOIMYCTHM, YTO A('[) (1, cnenoBaTeNbHO, MATPHII B(t) u C(t)) u
X(t)- MaTpHIbl C AHAIMTUYECKMMH OSJIEMEHTAMH, M BOCIHOJb3yeMcs aubdepen-

IUAJILHBIMH IPe00pazoBaHusIMHU [2]

H* aXA(t) —

A(K):W.&—K‘_ L K=00 =  At)=N(tt,,H,AK)), @)

©



H* 9%B(t) —

B(K) = oK .  K=0,0 = B(t)=N,(tt,,H,B(K)) 8)
K K -

C(K):T(—'-&K(t) L K=0,0 = C(t)=N,(tt,,H,C(K)), 9)
! ot" =,

X (K )—HT 6;1“) CK=000 = X(t)=N,(tt, H.X(K), (0

rne K — uenouncrennsiit apryment; A(K), B(K), C(K) u X(K) — marpuunsie
JUCKPETHI APaMETPHICCKUX MATPHI] A(t), B(t), C(t) u X(t) coorsercrrenno; H -
maciuTabHplii ko3 duupent; 1, - HEHTp anmpoOKCHMAIHH; Nl(t,tv,H,A(K)),
Nz(t,tv,H,B(K)), N3(t,tv,H,C(K)) u N4(t,tV,H,X(K)) — HEKOTOpBIE MATPUYHEIE

anMmpoOKCUMHUPYIOIIHE QYHKIIUH.
IlepeBon cootHomenuit (3) u (4) w3 00JaCTH OpPUTHHAIOB B oOmacth /JI-
M300paXKCHUN TIPUBOJIUT K HpeILCTaBJICHI/IHM

B(K),, = A"(K ZAT A(K - p), VK =0,00, (11)
O(K ) = AK) AT(K):iAm)AT(K—p), vK =0, 12)
p=0

rjie * — 3HaK MaTPUIHOM CBEPTKH [2].
AmnanornyHo ycnoBus (5) u (6) MPUBOIAT K CIEAYIOIINM MPEICTaBICHUIM:

5(K)" X(<)= 3 B(p)X(K - p).= AT (K), vk =05, 13
K)=3 X(p)e(K - p)= AT (K), vK =0, (14)

Ha ocHoBe wucnonb3oBanust cootHomeHuit (3)-(14) B padore [3] Obun
npemioxer Jl-ananor metoga @.P. ['anTmaxepa Juis onpeienieHns mapaMeTpUIecKux

06061IIeHHBIX 06paTHBIX MaTpui Mypa-Ilenpoysa A (t) mpu BeITOTHEHHE yCTOBHIT
1) detB(0),,, #0 ww IB(0),,, (cryuaii 1), (15)
2) detC(O) #0 wr AC™ ( )mxm (cnyuan 2). (16)

O]lHaKO, KaK ITOKa3bIBAKT HCCJICAOBAHHA, HJOCTATOYHO YaCTO, 0COOEHHO nmpu

mxm

HPSAMOYTOJIBHBIX MaTPHLAX A(t), MaTpHIIbI B(O) u C(O) ABJIAIOTCS CHMMETPUYHBIMU

MOJIOKUTENBHO-TIONYONPEACICHHBIMU  MaTpULAMU, T.€. HOPU HUX BBIIOJHAIOTCS
YCIIOBUSA
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3) detB(0)=0 ww 3B(0),,, (cryuaii 1), (17)
4) detC(0)=0 wru BC(0),,, (cryuaii 2). (18)
[Tocnenuue oOycrnaBIMBalOT HEOOXOMUMOCTH pa3paboTku Jl-aHamora merona
@.P. 'anT™Maxepa, IpUTroIHOTO AJIS BCEX 3a/1a4, HE3aBUCUMO OT BBIIIOJIHEHUS YCIOBHUN
(15), (16) unu (17), (18). Hactosimas pabota mocssieHa 3aloJHEHUIO 3TOro mpodena.
[locne BbINONHEHWS MOATOTOBUTEIBHBIX OIEpalMi PacCMOTPUM  CIELYOLIHE
BO3MOJKHBIC MTOJIXOIbI K ONPEACICHHIO 0000IIEHHBIX O0PaTHBIX MATPHII X (t)
MareMaTH4YeCKHUil annmapar
Cayuait 1. Ilyctp mmeer mecto ycinoBue (17). Torma nns opraHusanuu
BBIYUCIMTCIBHBIX HOpoucaAyp C LOCJIbIO ONPCACIICHUA HAWTYy4YIIUX HpI/I6J'H/I)KeHHI)IX
pemenuii [1] MOXHO BOCHOJB30BaThCs IICEBIOOOpPATHOW MaTpullel B+(O), npu

koTtopoii u3 (13) cnenyer, 4ro:
ecim K=0, To

OTKyJa
X(0)=B"(0)-AT(0); (19)

eciu K=1, To

OTKynia

X(1)=B"(0)-[AT (1)- B(1)- X (0)]; (20)

eciu K=2, to

OTKynia

x@:w@{N@»immx@—ﬂ; o

eciu K=3, To

B(0)- X(3)+B(1)- X(2) + B(2)- X (1)+ B(3)- X(0) = AT (3),

OTKya

x®=v@4N@»immx@—ﬂ; @)




nin

OTKyJa
X(K)=B*(0).| AT(K)~ > B(p) X (K  p) | @3

Takum oOpa3om, mMmess MaTpuuHble Auckpersl (19)-(23), B cooTBeTcTBHH C
HEKOTOPBIM O6paTHI>IM ):[I/I(l)(bepeHHI/IaJ'ILHI)IM HpeO6pa3OBaHI/IeM N4(') MOKHO
OIIPEIEIUTh 000OIIEHHYI0 0OPaTHYIO MaTpuIly X (t)

Cayuait 2. Ilycts umeer mecto ycnosue (18). Torma B coorBercTBUM C (14)
HEe0OXO0IMMO BOCIIOIB30BaThCs MCEBA000paTHOM MaTpuneii C* (O), IIPH KOTOPOM:

eciau K=0, To

OTKyZa
X(0)=AT(0)-C*(0); (24)

ecan K=1, to

OTKyJia
x(0)=[A" (@)~ x(0)-c(w)]-c*0); 25)

ecian K=2, to

OTKyZa

x(z){N(z)—zx(p»c(z— p)]-c+<o>; )

x<s):[AT<s>—zx<p)-c<s—p>]c+<o>; @

ecin K=K, To
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X(K)-C0)+ 3" X(p)-CIK - p)= A" (K),
OTKyZa
X(K)=| AT(K)- 3" X(p)-C(K - p)|-C*(0). (28)

=
Takum oOpa3oM, wMess MaTpuuHble AUCKpeTHl (24)-(28), B COOTBETCTBUH C
HEKOTOPBIM 00paTHBIM nuddepeHIranbHBIM  Pe0Opa3oBaHUEM N4(0) MOKHO
ONpeIeNTh 0000IIEHHY 0 00paTHYI0 MaTpuIry X (t)
3ameuanue 1. BBuay Toro, 4ro B+(0):B_l(0), xorma det B(O)iO,H

Cc*(0)=C™(0), xorma detC(O);tO [1], BeruncnuTensueie cxemsl (19)-(23) u (24)-
(28) Oymytr yHHBepcaldbHBIMH, W00, KaK YaCTHBIA CIIy4ald, OHH OXBaTHIBAIOT
BbIUncHATeNbHBIE cxeMbl (14)-(19) u (20)-(25), npencrasnennsie B padote [3].
3ameuanue 2. O4eBHIHO, UTO eciidi M >N, To OoJiee 1eaecooOpa3Ha BhIUKC-
mutensHas cxema (19)-(23), nbo umcnonb3yemble B HEW MaTpPHIIBI B(p), p=0,_K
oOmajgaroT pazmepamu NxN, U, CIEAOBATEIBHO, OOBEM BBIYMCIHTEIBHBIX OIEPaIUi
npu 3ToM Oyaet MeHbie. Eciu ske M < N, To 6osee nenecoodpa3Ha BHIYUCITUTEbHAS
cxema (24)-(28), ubo wucmonp3lyeMble B HEW MaTPHUIIBI C(p), p:O,_K 00amaroT

pasMepamMu MXM, W, CIEI0BATEIBbHO, 00BEM BBIYMCIMTENBHBIX ONEpPalui MPH 3TOM
tTakke Oyner MeHbmie. Ecim ke M=N, ToO U B TEpBOM WU BO BTOPOM CIy4asx
BbIunciIuTenbHbIE cxeMbl (19)-(23) nu (24)-(28) xapakTepu3yIoTcss OTHUM U TEM Ke
00BEMOM BBIUNCIHUTENbHBIX OTIEPaIUi.

3ameuanue 3. YcnoBus (3) u (4) yka3pIBalOT HA CHMMETPUYHOCTD MATPHII B(t)

u C(t) cootBeTcTBeHHO. C ydeToM 3Toro oOcTosTenscTBa U 3 ycnosuid (11) u (12)

CJICOAYIOT MPEACTABIICHUA
B (K)= (A" (k)* A(K)]' = AT (k) (AT (K)]" = AT (K)* AKK)=B(K),
€7 (K)= (A1) AT ()] =(A7 (k) * AT (K) = A(K ) AT (K)=C(K).
WHpIMU CIIOBAMH, BCE MATPUYHBIE JUCKPETHI B(K) U C(K) TaKXe SABJIAIOTCA

CUMMCTPHUYHBIMU YHJIOBBIMU MAaTpULIAMH. DTO BaXHOE OOCTOSTEILCTBO MOXKET
CIIYKUTb 3(1)(1)6KTI/IBHBIM KOHTPOJIbHBIM = YCJIOBUEM IIPABUJIIBHOCTU MPOBOJUMBIX
MMPOMCIKYTOYHBIX BBIYMCJICHHM.
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IpakTuyeckuii mpumep [4]. PaccMoTpum 3amady KoMIleHcanwu OOpaTHOM
CBSI3U B MHOTOMEpPHOW PA30MKHYTOH CHCTEME aBTOMATHYECKOTO YIpaBIICHHS (CM.
puc.1)

roe S :% - oneparop Jlamnaca, a U(S )3X1 u y(S )2x1 =(y31(s) y21(s))T - JNaruia-

COBBI M300paKEHHS BEKTOpa u(t)m YIPaBISIONIMX BO3JCHCTBUIA U BEKTOpa BBIXO/I-
HBIX IIEPEMEHHBIX y(t)m COOTBETCTBCHHO.
Heo0Oxoqumo HalTH Takyro MepeaaToOIHy 0 (yHKITHIO F(S )3X2 o0OpaTHOH CBs3U

B 3aMKHYTOU cucTeMe (cM. puc. 2)

OIMCBIBAEMON ypaBHEHUEM
U(S)ssa = F(S)3xo ¥(S )osa +V(S)sa
uT0OBI TepenaTounas Gpynximus H (S) 3aMKHYTOW CHCTEMBI UM€Ia MPEABAPUTEIBHO

3a1aHHBIIA BU

0 1 0
HS)=| , ']
—— 0 0
(S+1)

WupiMu  crmoBamu, B COOTBETCTBHM € [4] HEOOXOIWMO  BBIICHUTH
CYIIECTBOBAHHE TAaKOW MATPHIIBI F(S) € R(S )3)(2 , TPH KOTOPOH HMEET MeCTO
PaBEHCTBO

G(S)2x3 F(S ke - H(S )5 = G(S)2x3 —-H (S)sz .

B cootBercTBUH ¢ Teopemoii 4.8 (cTp. 49) Toro Ke ucTouHMKa [4] mocmenHee
YpaBHEHHE HMMEET pEIIeHHE TOJIbKO M TOJBKO B TOM Cliydae, KOIJa MMEET MECTO
COOTHOIIICHHE
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G(S)-G*(S)-[6(S)—H(S)]- H'(S)-H(S)=G(S)-H(S).

IIpu 5TOM pemreHue MpearnocieHEr0 ypaBHEHUS HMEET BT

F(S)=G"(S)[G(S)-H(S)] H(S)+Y(S)-G"(S)-G(S)-Y(S)-H(S)-H*(S),

rae Y(S) - mpou3BoJIbHAS MATPHIIA C Pa3MePaMH MaTPHIIBI F(S). Orcroma 04€BUTHO,

49TO F(S) Oyzer ompeneieHa, eciau OyAyT OmpeieNeHbl OO0OOIIeHHBIE OOpaTHBIC

marpuist G*(S) u H*(S) marpuu G(S) 1 H(S) coorsercraento.

Jns onpenenenuss MaTpuLbl G+(S) BOCTIONb3yeMcsl cooTHomeHusMu (3), (5) u

(19), mpunmmas S, =15; K, =5 H#1. Tlpu srom momyuarorcs cnenyromme

MaTPUYHBIE TUCKPETHI:

G(O)z‘z 0 0}16(1)2[—4 0 o]H, 6(3):[8 0 O}HZ,

0 -2 0 0 -4 0 0 -8 0
[-16 0 0} H? o) % 0o of 56) —% 0 0 s
= ° ’ 4)= -H , = . .
0 -16 O o 18 o _8 ¢

3 3
CrenoBaTenbHO:

eciu K=0, To

4 0
B(0)=G"(0)5(0)=|0 4
00

0

o], detB(0)=0=B"(0),3B*(0),
0

0.2

5 0 0
025 0|,
0 0
1 0
X(0)=B*(0)-G"(0)=0.5/0 —1;
0 0

0
0

eciu K=1, To
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ecan K=2, To

100
B(2)=G" (2)6(0)+ 6 (15(1)+ GT (0)G(2)=480 1 0|-H?,
00O
00
X(2)=B"(0)-[67(2)- B1)X (1)-B(2)x (0)]=|0 0|-H?.
00
Jaiiee HETPYIHO YOSAUTHCS, YTO UMEIOT MECTO U CICIYIOIINUES YCIOBHUS:
00
X(K)=|0 0|-H¥, vK=>3.
00

CremoBaTesibHO, TPH TOMYYEHHBIX MATPHYHBIX IHCKPETax X(O) ..... X(K) c
HCIOJIb30BaHHEM ¢ hepeHInaNbHO-TEHIOPOBCKUX npeoOpa3oBaHMit JUTSI

Matpuaroro opuruHana G*(S) umeenm

1 0] [1o (s-1) o
G*(s)=05/0 —1[+[0 1|>s-15)=| 0 (s-2)|
0 0|00 0 0

AmHajoruyHo ¢ LCJIbO ONPCACIICHUA H+(S) BOCIIOJIB3YEMCA TCEMH IKC
COOTHOILICHUSAMHU, HYTO U IIpU ONPCACIICHUU G+(S), npuHuMass B 3TOM CJiy4dac

S,=0; Kiox=5H=#=1. Tlpu srom mus wmarpuusl H(S) MMeEM  CIE/LYOIHe
MaTpUYHbIE JUCKPETHL:

O M TR A IO R A T
100 ~2 0 0 300
H(3)={0 -1 0}~H3,H(4)=[0 ! O]H“,H(S):{O -1 O}-Hf’.

1 0 0 500 -6 0 0
CraenoBaTenabHO:

ecau K=0, To



ecau K=1, To

-4 0 0
B(1)=HT()H(O)+H"(0O)H(1)=| 0 -2 O] -H,
0 0 0

~-17 0 0
B(3)=H"(3)H(0)+HT(2H(@)+HT (1)H(2)+HT(O)H(3)=| 0 -7 O|-H®
0 0 0
00
X(3)=B"(0):[H" (3)- B1)x(2)-B(2)x (1)-B@)X (0)]=|0 0]-H?
00
Hanee HETPYNHO YOEHUTHCS, YTO MOCIENYIONIUE BBIYMCIECHUS TPUBOJAT K
YCIIOBUSIM
00
X(K)=|0 0[-H¥, vK >4,
00

CrnesoBaTesbHO, TPU TMOMYYEHHBIX MATPUYHBIX JUCKpeTax X (O),. X (K) c
WCII0JIb30BaHUEM TH((epEHIINaTEHO-MAKIOPEHOBCKUX IPE00pa30BaHmii 11 MaTpUy-

Horo opuruaana H *(S) momyuaum

0 1] [0 2] [o 1 0 (+2s+8%)] [ 0 (1+s)
H*(S)=|1 O}+;|1 0[-S+|0 0[-S*=|(1+S) 0 =|(1+s) ©
00|00 [o0o0 0 0 0 0
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3aMeTHM, YTO U JJIS MATPHUIIbI G*(S ), u g Matpunbsl H +(S) B pabote [5]
MOJydeHbl TOYHO TaKWe >K€ pe3yiabTarhl NPH TNpUMeHeHHH Jl-aHamora Merona
Ipeswuis npu S, =0; K, =5 H=#1. Herpymuo yGenutbcs Ttakke, uto npu

MOJIYYCHHBIX pE3yJibTaTaX OTMCUCHHOC BBLIIIC YpPAaBHCHHUC, 3aJar0lIce €AMHCTBCHHOC
PEIICHUC 3a/Ja4U, BBIIIOJIHACTCA TOXIACCTBECHHO, a IPU

o]

Y(S)=

nMeeM
(5-1) 0 1 % ol o L o
Fo)=| o (-2t | || s+1) ||,
o o 1% 52 Y|y °°
o @+sP| [ o 0 (s-1) 0 ! 5 o
x[(1+S) 0 |+ 0 0 |-| o (s-2))s-1 x
0o 1 o
0 0 | Y31(S) Ya(S) 0 0 )
0 0 0 L of o (+s)
x| 0 0 . (s +1) (1+s) o0 |=
Y31(S) y32(S) (S+l)2 0 0 0 0
(1-S) (1+S)
=|(1+s) (2-3)],

Ya1(S)  Vao(S)

YTO TOYHO TaK K€ COBIAJIAET C PELUICHUEM, TIOTYUYEHHBIM B [4].

BrIiBOABI

[IpennoxeH AOCTATOUYHO MPOCTON YHHBEPCAIBHBIN YHCICHHO-aHATUTUYECKUN
METOJl  ONpEIEIICHUS]  TapaMeTpUYecKux  OOOOIICHHBIX  OOpaTHBIX  MAaTpHUII,
00Jalatoniii  BHICOKOH BBIYHCIUTENHLHOW A(PQPEKTUBHOCTHIO BHE 3aBUCUMOCTH OT
HEJI0ONPEACIICHHOCTH u MePEONpPEICICHHOCTH, BBIPOKJICHHOCTH W
HEBBIPOKJECHHOCTH PAacCMaTPUBAEMBIX MapaMETPUUYECKUX Marpull. EIuHCTBEHHBIM
TpeOOBaHUEM, TTPEIBSIBIIIEMbIM K TAKUM MaTpPUIAM, SBIISETCS aHATUTUIHOCTh MX BCEX
SJIEMEHTOB M0 [aHHOMY MapaMeTpy. MeTon JIerko peadu3yeM CpeicTBaMu
COBpEMEHHBIX HH()OPMAITMOHHBIX TEXHOJIOTHH [6].
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S.H. SIMONYAN, A.G. AVETISYAN, A.S. SIMONYAN, V.R. AVINYAN

A UNIVERSAL METHOD FOR DETERMINING MOORE-PENROUSE’S
PARAMETRIC GENERALIZED INVERSE MATRICES

A sufficiently simple numerical-analytical method for determining parametric
generalized inverse matrices based on F.R. Gantmakher’s methods and G.E. Pukhov’s
differencial transformations is proposed. The practical problem of compensation of reverse
connection from the domain of control systems is considered.

Keywords: parametric generalized inverse matrices, differential transformations,
information technologies, control systems.
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UDC 004.7:681.518
V.H. DARBINYAN, R.H. VARDANYAN

DETECTING DDoS ATTACKS ON DIGITAL MAGAZINE HOSTING
SERVICES

An approach of detecting and preventing DDoS attacks has been discussed. The
approach can be used in services that provide digital magazine hosting. It is based on attack
signature and anomaly detection and on specific user behavior while reading a digital
magazine.

Keywords: DDoS attack, digital magazine, anomaly-based detection, user behavior
analysis.

Introduction. The Internet consists of hundreds of millions of computers
distributed all around the world. Millions of people use the Internet daily, taking full
advantage of the available services at both personal and professional levels. The
interconnectivity among computers on which the World Wide Web relies, however,
renders its nodes an easy target for malicious users who attempt to exhaust their
resources and launch Denial-of-Service (DoS) attacks against them [1].

A DosS attack is a malicious attempt by a single person or a group of people to
cause the victim, site, or node to deny service to its customers. When this attempt
derives from a single host of the network, it constitutes a DoS attack. On the other
hand, it is also possible that a lot of malicious hosts coordinate to flood the victim with
an abundance of attack packets, so that the attack takes place simultaneously from
multiple points. This type of attack is called a Distributed DoS, or DDoS attack [1].

DoS attacks attempt to exhaust the victim's resources. These resources can be
network bandwidth, computing power, or operating system data structures. To launch
a DDoS attack, malicious users first build a network of computers that they will use to
produce the volume of traffic needed to deny services to computer users. To create this
attack network, attackers discover vulnerable sites or hosts on the network. VVulnerable
hosts are usually those that are either running no antivirus software or out-of-date
antivirus software, or those that have not been properly patched. Vulnerable hosts are
then exploited by attackers who use their vulnerability to gain access to these hosts.
The next step for the intruder is to install new programs (known as attack tools) on the
compromised hosts of the attack network. The hosts that are running these attack tools
are known as zombies, and they can carry out any attack under the control of the
attacker. Many zombies together form what we call an army [1].

The main detection strategies are signature detection, anomaly detection,
and hybrid systems. Signature-based methods search for patterns (signatures) in
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observed network traffic that match known attack signatures from a database. The
advantage of these methods is that they can easily and reliably detect known attacks,
but they cannot recognize new attacks. Moreover, the signature database must always
be kept up-to date in order to retain the reliability of the system [1].

Anomaly-based methods compare the parameters of the observed network
traffic with normal traffic. Hence it is possible for new attacks to be detected.
However, in order to prevent a false alarm, the model of "normal traffic" must always
be kept updated and the threshold of categorizing an anomaly must be properly
adjusted [1].

Services that provide Digital magazine services are target to DDoS attacks as
much as any other web services. But Digital magazines are unique media in the
Internet and theuser behavior there is quite different from behavior of surfers
elsewhere in the Internet. This gives the advantage of detecting DDoS attacks using
the anomaly-based method.

While people browse the Internet usually in pursuit of some information, when
reading a digital magazine the main objective is leisure and entertainment. In Internet
pages the visitor usually navigates from page to page by links seeking the information
he needs or is interested in. Unless there is a certain wizard interface with “next” and
“previous” buttons, user behavior is random and unique for each website.

In case of digital interactive magazines reader’s navigation is more or less
sequential: the reader starts on the cover page and goes from page to page in the order
they are in. This is more like to reading a real magazine, but user behavior is still
different in case of digital ones. This has many reasons that I won’t list, just an
example of it: The reader sees an interesting article’s title that is on page 10. In case of
a real physical magazine it’s very likely that the reader will say for himself “OK, I
want to read the article about the new car, I’ll just flip quickly to page 10”. So the
reader will actually see (at least for a very brief period of time) pages 2 to 9 before
reaching the article on page 10. In case of Digital interactive magazine, the reader also
starts on the cover page, but when he sees an announcement on the cover page it’s
more likely that he’ll use the link on the title to reach the article instead of flipping 10
pages. That is probably because navigating using a mouse or keyboard is still not as
pleasant as flipping real pages.

Instead of guessing reader’s behavior statistical data can be gathered. This data
is the key to the defense mechanism this article is to describe (Fig. 1).
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Fig. 1
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Based on number of views of each page a function can be constructed for the
average number of views. By storing load averages of last hour, 10 minutes and 1
minute the function can be adjusted to match the overall load of a magazine.

p=1 f() =k, frrac@) — f:(p) = e(p),
f,(p) = p=2, f(p) =k,

p=n f() =k e(p), vp le()I < e

By adding a layer of threshold over this function will give a concept of normal
magazine load that is within the threshold (Fig. 2).

) views, -

Page Number

Fig. 2

Every time before serving a page the number of views can be compared to
number of expected views. Whenever these numbers get significantly different it’s
time to ring the alarm. For example if page 7 is requested in average 50 times in a
minute while page 6 is requested only 8 times (because of a link to page 7) and if we
track that number of requests to page 6 and 7 are close to getting equal, we can
consider that as signature of attack. This is because it’s unnatural behavior for
readerand is more typical for bots. Bots cannot put any difference between links and
just request any data they can get, just for adding the load on a server.

Analyzing user behavior for each magazine can help us not only to track DDoS
attack signatures but also to make the server more durable to high load situations. This
has high priority as there’s also an important objective to tell a mail campaign, that
brings lots of concurrent reads on a single magazine, from DDoS attack.

Knowing which pages are requested the most we can store them in cache of all
levels to make their access easier and lighter. Storing these pages in cache will reduce
the overall load on server as less computing resources will be utilized for their fetch.
This can be MemCached distributed cache system, APC for PHP installations or just a
file that will store the preprocessed page data.
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Except speed caching can provide another advantage to our system. Cache hit
ratio can give us idea about possible attacks as in case of an attack number of cache
misses will increase significantly.

Page Transition Graph. Based on statistical data page transition graph can be
calculated. It contains ratios for each page about possibility of transition to another
page. The more views the page has, the higher is the ratio.

The page transition graph can be presented as a matrix that gives ratios of
passing from the specified page to another.

0 45 0 6 0 0

1]

Bl s o 93 0o o o
Elo 4 o 8 o0 o0
Blo o s o 8 o
Blo o o 6 o0 9
Blo o o o 13 o

As displayed in the matrix above, for the sample magazine, there is about 45%
chance of going from page 1 to page 2. This is quite general data for magazines, as
drop-off rate for first page is very high. Possibilities of going from page 2 to 3 or 3 to
4 are higher.

After multiplying these ratios with volume page requests the page transition
graph becomes the following with the assumption that first page was visited 3500
times.

N R
o 155 o 6 0 0
BN 78 o 164 o 0 0
[EJ o s8 o 132 o 0
Pl o o 78 o0 1067 0
[ 5 PO 0 64 0 1013
B o o 0 0 151 0

Please note that the diagonal of the matrix is always O as there is no chance of
going from a page to that page itself.

Page transition graph is constantly updated based on view requests from clients.
If ratio for a specific page starts to change quickly we can consider that as a sign of
DDosS.

Once in a period of time a new matrix is created for each magazine, and
matrices are compared, if the change is not uniform it’s considered to be a sign of
DDosS attack.
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Learning and updating (initial model creation). Creating user behavior
model on statistical data works quite well, but newly published magazines lack such
data, so there’s a need to base the model on something else except statistical data. To
overcome this issue an initial model can be created. The initial model can be based on
the following data:

Analysis of magazine structure:

¢ Highlighted articles on cover page. These articles are most probable to
be read after a visitor lands on the cover page. So the behavior model
should consider quite normal going from cover page to the page
where article is located. Separating cover page from all other pages is
important as it is the most probable page where a bot will land as well,
and detecting a bot on cover page will save the time and resources of
tracking it further.

e All other links to pages should be considered while creating the model
as well.

Statistical data from magazines of same publisher. Statistical data from other
magazines can be very handy for creating the initial behavior model. Of course
magazines are different and page transition graph can be very different for them, but
this data at least can give an image of publisher’s audience volume.Significantly
higher traffic than the average load can be considered a sign of DDoS attack.

Calculating the initial number of views. For each page we should calculate a
probable visit number (PVN) to create the page transition graph.

It is proposed to calculate PVN using the following formula.

PVNy = Avg(Opn) * (1 + kcl,,) * (1 + kpl,),
where Opn is number of page views except the cover page; Kcl is ratio for links to
page X from cover page; Kpl is ratio for links to page X from other pages.

Kcl is calculated empirically using the statistical data: simply average of link
clicks on cover page links.Kpl is calculated the same way using data from all pages
except cover page.

As the first page is usually the entry page of the magazine it can be considered
as a special case and can be calculated separately. For cover page we will use the
statistical data only from cover page of other magazines of the same publisher.

At the moment, empirically calculated value of Kcl is 1.36 and value of Kpl is
1.21.

Conclusion. Based on statistical data and initial user behavior prediction a
system of DDoS attack detection is developed. Results of tests using “ab” (apache
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benchmark) software from 6 machines are the following: 7 of 10 attacks were detected
and blocked. An attack with low number of concurrent requests (30 requests per
second) was not detected. 2 attacks of 10 were not detected and caused downtime.
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4.<. HUrfpL3UL, < JurtuL3uu

DDoS <urauunruuvtrp <U3suvurtMNhU (F4U3hL UUUUArENP
<NUShLIU3PL TUNU3NRE3NRLLEMNRY

“thunwpyynwd £ DDoS  hwpdwynuwiubipp  hwjntuwpbipbine bW Ywutubint  fuunhpp:
Unwnbignup Ywpnn £ Yhpwnyb) pdwiht wduwgnpbiph uywuwpldwu dwnwynygyniutbipnud: Uju
hhduws E hwpdwynwiubiph Upwuubiph L wundwihwubph  hwjnuwpbpdwtu b pYuwhu
wduwgnbip puptipgbihu ogunwagnpénnh jnipwhwwnniy Juwppwagdh Ypu:

Unwugpuypti pwnbp. DDoS hwpéwynd, pwjht wduwgnpbp, wundwjhwubpp
hwjinuwpbipnud, ogunwgnpdnnh Junppwagsdh nwunwiuwuhpnid:

B.I'. JAPBUHSH, P.I'. BAPIAHAH

OBHAPYKEHUE DDoS ATAK HA XOCTHUHI'OBBIX
CEPBUCAX HUPPOBBIX ’KYPHAJIOB

PaccmarpuBaercst monxon K 0OHapy»)eHUI0 U npegoTBpaiieHnto DDOS arak, KoTopbIid
MOJKET OBITh HpI/IMeHéH JUTA CEPBUCOB, NMPEAOCTABIAIOMINX XOCTUHT [JIA III/I(l)pOBI)IX JKYypHaJoOB.
Ilomxox ocHOBaH Ha OOHapyXE€HHHM CHTHATYyp aTak W aHOMaJIHMH, a TakXke Ha 0co0oM
MOBEICHUH TIOJTL30BATEINSI IPH YTEHUH MHU(PPOBBIX )KYPHAIIOB.

Knrwouesvie cnoea: araka DDOS, mudpossle xypHaibsl, OOHapyXeHHE aHOMAJHH,
aHaJIM3 TIOBE/ICHUS TI0JIb30BATEIS.
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UDC 62-50
A.T. ULIKYAN

CALCULATION OF A MATRIX REGULATOR FOR ANTICIRCULANT
CONTROL SYSTEMS

A method for designing matrix regulators for anticirculant multivariable feedback
control systems is proposed. The exposition is based on the characteristic transfer function
method, which allows to reduce the investigation of N -dimensional multivariable control
system to the investigation of N fictitious one-dimensional systems. An analytical formula for
elements of anticirculant matrix regulators is derived.

Keywords: multivariable control system, anticirculant system, characteristic transfer
function, matrix regulator, permutation matrix.

Introduction. The problem of multiple-input multiple-output (MIMO) control
system design is one of the central problems in multivariable feedback control [1-3].
The paper is devoted to the issue of designing matrix regulators for a significant class
of MIMO control systems described by anticirculant transfer matrices. Such systems
are widespread in various technical applications, especially in process control and
aerospace engineering [1-3]. The proposed approach is based on the characteristic
transfer functions (CTF) method [4]. That method allows to reduce the task of analysis
and design of an N-dimensional square (i.e. having N inputs and N outputs) MIMO
system to N one-dimensional tasks, which, in many cases, can be solved by
conventional methods of classical control [5].

The general matrix block diagram of a MIMO system with the matrix regulator
K(s) is shown in Fig. 1, where: ¢(s) and f(s) stand for Laplace transforms of the

N-dimensional input and output vectors ¢(t) and f(t); W(s) denotes the transfer

matrix of the plant with entries that are scalar rational functions in complex variable
S. The destination of the matrix regulator K(s) consists in providing the required

performance indices of the closed-loop MIMO system [1, 2].

() S(s)
K(s) &= W(s)

Fig. 1. Square MIMO control system with plant W (s) and matrix regulator K(s)
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Anticirculant control systems. The major distinction of anticirculant matrices,
as compared with common circulant matrices [6,7], is that the elements located on
both sides of the principal diagonal have opposite signs. This means that each
subsequent row of an anticirculant matrix is obtained from the preceding row by
shifting all elements (except for the N -th) by one position to the right; the N -th
element of the preceding row becomes the first element of the following with an
opposite sign.

Thus, the transfer matrix W (s) of the open-loop anticirculant system can be
written as

W, (s) W, (s) W,(S) ....... W, ,(s)
W = e @
—W,(s) -W,(s) —W,(s) ... W, (s)

Let both the plant W (s) and the regulator K(s) in Fig. 1 are anticirculant, i.e.

are described by anticirculant transfer matrices having the following canonical
representations [2, 3]:

W(s) = Cdiag{q;(s)}C, K(s) = Cdiag{p;(s)}C", )
where the orthogonal modal matrix C is composed of the normalized eigenvectors c;
of the permutation matrix U _ [2].
The CTFs q;(s) and p,(s) of the anticirculant matrices W(s) (1) and K(s)
can be represented for any number N of separate channels as:

q,(s) = W,(s) + fwk(s) exp{(z jk[2(i —1) +1])/ N}, i=12,..,N, (3)
P, (s) = k,(s) + fkk (s) exp {(7 jk[2(i —1) +1])/ N}, i=12,.,N. (4
Then, the transfer matrix G(s) of the open-loop corrected system is equal to
G, (s) G,(s) G,(S) e G, ,(s)
6 WK —| T GO G Gy2(8) | -
-G, (s) —-G,(s) -G,(s) ..o G,(s)
or, taking into account (2), to
G(s) = Cdiag{g; (s)}C™, (6)
where
g(s)=0a(s)pi(s), 1=12..,N ()
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are the CTFs of the corrected anticirculant system with the anticirculant matrix
regulator.
Let us find the relationships between the transfer matrices G(s), W(s) and

K(s) for anticirculant systems with matrix regulators. Given the desired transfer
matrix of the open-loop system G(s), we can immediately write down, based upon
equations (5)-(7),

K(s)=W"(s)G(s) = Cdiag{p, (s)}C ", (®)
where

P, (s)=9;(s) /g, (s), i=12..,N ©)
are the CTFs of the required matrix regulator K(s) in (2).

To derive expressions more conveniently for numerical calculations of the
rational transfer functions k,(s),k;(s),...,ky ,(s) in the anticirculant matrix K(s), let

us first consider the three-dimensional case (N =3 ). Based on (3) - (9), we have
a(5)=w(5) rw(S)exp| 15 |+, (S)exp| 1 57|
6 (5) = (5) -4 (5)+ (),
a,(5)=(5)-w(s)ewp 1 27} -, (s)exp {1 2 |

P (s) =k (s)+ kl(s)exp{j%}+ K, (s)exp{jz?”},
P2 (s) =Ko (5) = ki(s) +k: (),
Ps(s)=k,(s)— kl(s)exp{j%z}—k2 (s)exp{j%}.

Therefore, by induction, the relationship between the N -dimensional column
vectors G(8) =[G, (8), G,(s), G,(s)]" and K(S):[ko(s), k,(s), k,(s)]" has the form:
Gy(s)) [ko(5)Wo(s)—ki(s) W (5) =Ko (S)W(s)) (wp(s) —wy(s) —wi(s))(ky(s)
Gy(5) | = ko (S)Wo(5)+k (5)wy(s) =k, (S)W, (3) |[=| wils)  wy(s)  —wy(s) || ky(s) |, (20)
G, (s) Ko ()W, (5)+Kk, (5)w, (5)+k, ()W, (S) W, (s) w(s)  wy(s) ) (Kky(s)

W(s)

where W (s) is transposed with respect to the transfer matrix of the plant W (s), i.e.
W (s) =W (s) . Matrix form (10) will be the following

G(s) =W (s)K(s). (11)
From (11), we get the formula
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K(s)=[W" (s)]"G(s) = Cdiag{1/4;(s)}C"G(s), (12)
where

a,(s) = W,(s) + %WM (s) exp{(7jk[2(i -1 +1])/N}, i=12,...,N. (13)

It can be shown that analogous relationships hold true for N=4, N =5 and
N =6. By induction, this allows us to state that the equation (12) is valid for any N .

Example. Assume, we have a three-dimensional anticirculant system with the
transfer matrix of the plant:

1 50 -60
0.8s*+s 0.8s* +5s 0.16s° +s? +5
60 1 50
W (s) = > 14
(s) 0.165° +s* +5s 0.85% +5s 0.8s%+s (14)
-50 60 1
0.85% +5s 0.165° +s% +5s 0.8s° +s

The CTFs q,(s) of that matrix can be represented analytically in the form:

(5.2 + j8.6603)s* + (5.6 F j8.6603) 9.8s +109
s)= , S)=———F+———>—. (15
%a (9) 0.165° +52 +5 % (5) 0.165° +5° +5 (15)
The Nyquist plots of the CTFs (15) are shown in Fig. 2. The inspection of the
graphs in Fig. 2 indicates that the initial anticirculant system is unstable.

Let us find an anticirculant matrix regulator K(s), which will provide the
stability of the given system.

The transient responses of the system, under the unit steps applied
simultaneously to all inputs at time t=1.0s, are given in Fig.3.

1.2

3 ' ' ] 08 =10.7%
1

0.8

e
=

\\ W=

0.4

Gipughl wqnuibzusiiGn

2 0—
-2 02 2 4 6 8 10
bpuiljwh wnwigp JuidwGusy (pl)
Fig. 2. Frequency characteristics of the Fig. 3. Transient responses of the
three- dimensional anticirculant W (s) anticirculant system to positive unit
(14) and G(s) steps
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We need to find such an anticirculant transfer matrix of the corrected system
G(s), which possesses the required performance characteristics. The analysis shows

that the goal can be achieved by the 3x3 matrix G(s) with the following elements of
the first row:

0.0748s® +1.187s% + 2.575s + 0.9999

G,(s) = ,
o (S) 0.004s° +0.081s* +0.535s° +1.355 + s
0.0878s® +0.2198s? + 0.08855s + 0.0003
Gl(s) = 5 4 3 2 ’ (16)
0.004s> +0.081s" +0.5355° +1.355° + 5
0.1028s> +0.257s? +0.1028s
Gz (S) =

0.004s° +0.081s* +0.535s% +1.355% + s~
The CTFs g,(s), 9,(s) and g,(s) of the corresponding system have the form:

_ (0.0673+ j0.1651)s° + (1.1684 + j0.4129)s +(2.5679 + j0.1657)s + (L+ j0.00026)
015(8)= 0.004s° + 0.081s" +0.5355° +1.355° + 5
0,(s)= 0.0898s® +1.2242s° + 2.5892s + 0.9996
2 0.004s® +0.081s* +0.535s° +1.355° +5
The solution of the equation (12) gives the following elements of the first row
of the circulant matrix regulator K(s) :

17)

05145 +1.2865 + 0.514
ko(s) = 5 :
s° +14s+40
0.62657 +1.5655 +0.626
k (s)= , 18
(5) s +14s+40 (18)
—0.438652 —1.0975 —0.4386
k,(s) = ’ .
s“ +14s+40

Conclusion. An analytical formula relating the elements of the first row of the
matrix regulator and the given transfer matrices of the corrected anticirculant system
and the plant is derived in the paper. That formula exploits the canonical
representation of anticirculant control systems on the bases of the CTFs method. It
should be emphasized, that for anticirculant systems, the CTFs and the modal matrices
can be written in analytical form for any number of channels N . That allows one to
develop effective program codes (e.g., in the MATLAB language [8]) for computer-
aided design of anticirculant control systems of an arbitrary dimension.
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u.fe. NRLPL3UL

<UuvusShMYUNRL3ULS LUNUJUrUuL <uvuuurasrp vusrh8u3bhu
uurqudnrpdp cUCHUNY

Unwowpyynwd £ hwlwghpyniyywunm pwgqdwswih wynndwwn junwlwpdwu hwdwuwp-
qtiph dwwphgwiht wpquynphsh pnpnigjut dbpnn’ hhdujws punipwgnhs thnfuwugdw
$niuyghwutiph dbpnnh ypw, npp enyp £ wwphu N -swihwuh junwjwpdwu hwdwlwpgh hb-
nwgnunwp hwugbigup N wnwudht hwdwluwpgbph hGunwgnundwu: Hnpu £ pbipduws
hwlwghpyniywuwn dwwnphgwiht Yupgquwynphsh nmwppbiph npndwt wuwihnhy pwtwdl:

Unwugpuypti pwnbp. pwgiwswih Yunwlwpdwt hwdwlwng, hwlwghpynijww
hwdwlwnpg, puniypwagnhs hnfuwugdwu niuyghw, dwinphguwihtu Yupgwynphs, nbnwinfunt-
pinuutiph dwwnphg:

A.T. YIMKSAH

PACYET MATPUYHOTI' O PETI'YJIATOPA AHTULIUPKYJISIHTHBIX
CUCTEM YIIPABJIEHUSA

[Ipennaraercst Meron BbIOOpa MAaTPUYHOTO DETYNIATOpA JUIS aHTHLIUPKYJSHTHBIX
MHOTOMEPHBIX CHCTEM aBTOMAaTHYECKOTO PEryJIHMpOBaHHs, OCHOBAHHBIH Ha METO/E XapakTe-
PUCTHYECKUX MepeaTOYHBIX (YHKINH, KOTOPBIA ITO3BOJIIET CBECTH HccienoBanne N-MEpHOH
B3aMMOCBS3aHHOW CHUCTEMBI ympaBieHHS K N (UKTUBHBIM CHCTEMaM C OJHHM BXOJOM U
BBIXOJOM. BrIBeneHa amanmuThueckas ¢(opMyia Ui OINpPENeNeHUs 3JI€MEHTOB aHTHIUP-
KYJITHTHOTO MaTPUYHOTO PETYIISATOPA.

Kniouegvie cnoea: MHOTOMEpHAsI CHCTEMa YNPaBJICHHS, aHTUIUPKYJISIHTHAS CHCTEMA,
XapaKTepuCTHYecKass — mepenaroyHas  (yHKOWSA, MaTPUYHBIA  peryjsTop,  Marpuia
MEPECTAHOBOK.
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IJIEKTPOHUKA

VIIK 541.124
A.A. BAPJAHSIH

I'EHEPALIUSA OTPULHATEJIBHBIX HOHOB B ATMOC®EPY

JlaeTcst omucaHWe MOHHU3ATOpa JJIs TCHEpPAIlMHM OTPHUIIATEIBHBIX HOHOB B aTMOChepy.
[IpencraBneHbl pe3yabTaThl IKCIICPUMEHTANBHBIX W3MEPEHUH MOTOKA 3apsDKEHHBIX YaCTHIL,
00pa30BaHHBIX KOPOHHBIM pa3psmoM. [IpHBeAeHB 3aBHCUMOCTH KOHIICHTPAIIUH OTPHIIA-
TEJHHBIX HOHOB 10 BBICOTE, MOTYYECHHbIE PACUETHBIM ITyTEM.

Knroueevie cnosa: MoHU3aTOP, KOPOHHBIN pas3psii, TeHEpaIwsi, OTPULIATCIHHBIC HOHBL,
KOHIICHTpAIHSI.

Beenenne. B paborax m3BectHoro yuenoro . ®@penkens eme B 40-x romax
MPOIIIOTO BeKa HAa OCHOBE TEOPETHYECKUX M HKCIEPUMEHTAIBHBIX paboT OblIa ycTa-
HOBJICHA CBSI3b MEXKAY aTMOC(hEPHBIM dIIEKTpUIecTBOM H oOnakamu [1]. Beuto mokasza-
HO, YTO OTPHUIATENILHO 3apsSHKCHHBIC a9POMOHBI UMEIOT OOJIBIIOE CPOJICTBO C MOJICKY-
JIaMH BOZBI, X TIOOTOMY B aTMOc(epe MPOUCXOIAT HHTEHCHUBHBIE TIPOIIECCHI COSIITHE-
HUS a3POMOHOB C MOJIEKYJIaMH BOJbI. B UTOre M3MEHSIOTCSI METEONpOIIeCcChl B aTMO-
cepe.

B3anmocBs3p Mex Iy MOHM3anuel aTMoc(hepHOro BO3MyXa U MPOTEKAOIINMH B
HEM METCOPOJIOTHYECKUMH IPOIleCCaMi OTMEUeHa B Jpyrux paborax [2-4]. B Hux
MOKa3aHo, 4YTO TOTOK KOCMHUYECKHX YAaCTHIl, TMPOHHKas B TiIyOb armocdepsl,
MOHHM3UPYET BO3AYX BIIOJIb TPaeKTOpHUHU TepeMelneHus Kk 3emie. OOpasyrommuecs npu
3TOM HOHBI 3apsKAlOT a’pO30JbHBIE YACTHIBI, Jelas WX AaKTHUBHBIMHU SApaMu
KOHJICHCAIINH, YCKOPSIONIMMHU 00pa3oBaHue 00JIaqYHOCTH.

Bce st paboThl UMEIOT TeopeTWdecKwil Xapakrep. Mexay TeM BechMa
WHTEPECHBIM  SIBISETCS  OKCIEPUMEHTANIbHOE  MCCIEJOBAaHHWE  BO3ICHCTBHUSA
OTPHIIATEIbHBIX HOHOB Ha aTMOCHEpYy.

Onucanue woHmsaropa. Ha puc. 1 mpencrasnena  ¢ortorpadus
paspaboranHoro wuoHmM3aTopa. (OCHOBHBIM y3JIOM JTOH YCTAHOBKH SIBJISICTCS
KOHBEKTHBHAs sU€iKa — OMHUTTEp C JABYMS DJEKTPOAAMH, OIMH M3 KOTOPBIX
KOPOHUPYIOIIMA U COEJUHEH C OTPHULATENBHBIM IIOJIFOCOM HCTOYHHKA BBICOKOTO
MOCTOSTHHOTO HAamNpsDKeHUs (Karonx), a ApPYyro - 3a3eMJIeHHBIH W COeNWHEH C
MTOJIO’KUTENBHBIM TTOJFOCOM MCTOYHHMKA BBICOKOTO TOCTOSHHOTO HAIPsDKEHUS (aHOM).
OTH 3JeKTpoAbl B pabovell CEeKIIMU PACIOIOKEHBl B NapaiebHbIX IUIOCKOCTIX. Ha
HHAX HAMOTaH TOHKUHU TTpoBoj auametpom 0,18 aum.

Ha nonmnzaTop ot BRICOKOBOJIBTHOTO HCTOYHUKA TOKA MOJAETCS AIEKTPUIECKOE
Hanpspkenue 50...150 kB, moj aeiicTBIEM KOTOPOTO MpOoOUBaeTCss KOPOHHBINA pa3psi.
Korna Ha noHM3aTOp NMOJAHO OTPHUIIATENIEHOE DIIEKTPUUECKOE T0JI€, C METANTNIECKIX
MTOBEPXHOCTEN KaToAa MPOUCXOAUT IMUCCHUS DIEKTPOHOB, KOTOPHIE, B3aNMOACHCTBYS
C MOJIEKYJIaMH KHCJIOPOJIa BO3AyXa, 00pa3yloT OTpULATEIbHbIE HOHBI.
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Wonnzatop cHaOXeH yCTPOHCTBOM JUIS MPOAYBKM BO3[yXa, & TaKKe UMEIOTCS
cpeAcTBa AN AUCTAHLIMOHHOTO 30HIMPOBAaHUS arMocdepbl B BHIC JUAAPHOTO
ycrpoiictBa. I[IOTOK HOHOB H3MepsAiCAs C TIOMOIIBIO IOPTATHBHOTO CYETYHKA
aspononoB  MAC-1, koTopslil OblI cOeTUHEH C KOMIBbIOTEpOoM. CUETYHK adpOHOHOB
OBUI 3aKpeIJIeH Ha MauTe HA PACCTOSIHUH 5 M OT BEPXHET0 3JIEKTPOJa IMUTTEpa.

Puc. 1. @omozcpagus paspabomannozo uonuzamopa

Pe3yabTathl ucciaenopanus. Ha puc. 2 npeacraBieHa 3aBUCUMOCTh BEJTHYUHEI
TOKa KOPOHHOTO Pa3psiia OT 3JIEKTPHUUYECKOr0 HANPsDKEHUS Ha MOoHHM3arope. BuaHo,
uto mpu notenmmane 120 kB TOK KOpPOHHOTo paspsia paseH 3,5:-10° A. Dro coor-
BercTByeT smuccru 2,2-10™ a1ekTpoHOB B cexyHmy. VIMEHHO B 3TOM Clydae GbiIo
I0JTy4eHO HAHGOJIbIIIee 3HAUCHHE KOHIIEHTPALMI OTPHLATEIbHBIX HOHOB - 7-10% car™.

Ha ocHOBe npoBeieHHBIX U3MEPEHUI HaMU ObLI BBIMOJIHEH MOJEIbHBIN pacueT
pacupezeneHuss KOHIEHTPAIMM OTPUIATENbHBIX HOHOB IO BBICOTE OT 3€MHOHU
noBepxHocTy 10 1000 .

Cpenuuii BEpPTHKANBHBIA TPATUEHT DJICKTPHUICCKOTO IMOTEHITHANIA Y 3E€MHOM
noBepxHoctd paBeH 130 B/m [5]. HanpsokeHHOCTh 3JIEKTPUYECKOIO  IOJIS
aTMOC(EPHOTo 3JIEKTPUUYECTBA YMEHBLIAETCS C BBICOTOM M 3aBHCUT OT IOTOIHBIX
yCiioBHiA (BEeTep, MOXKIb, TPO3bl U T.1.) W Ha Bbicore 1000 M cocraBiseT mopsaka
40 B/m. bynem cuuTtaTh, 9YTO HANPSKEHHOCTh JEKTPHUYECKOTO OIS B IMANa30HE OT
3eMHOU moBepxHOCTH A0 BbICOTHI 1000 m cocraBmser 100 B/m. Kpome Toro,
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MpUHUMAeM, 4YTO IOJ BIMSHHEM HOHH3aTopa B artMocdepe Bo3ayxa o0OpasyroTcs
MOJIEKYJISIpHBIA oTpuuarenabHbli noH O; u atomapueii O . B rasoBom paspsne
KHCIIOpOJa WM BO3JyXa NpU HM3KUX U cpeanux naeieHusx O cocrtaBiser 90%,
octanpHbie — 05 [6]. Benmnunasl moasmwkHOcTel O, 1 O™ mpuBeneHs! B [7].

I, 10°A
3r #
o

i O

1 o
1+
0/
y | M ] 1 |

0 R0 100 150 W, B

Puc. 2. 3asucumocmo 3nauenus moxa KOpouHo2o paspaoa
OM DNIEKMPUHECKO20 HANPAICEHUS HA UOHUAMODE

Ckopocth apeiida oTpuumaTenbHBIX HOHOB Vg Ipu arMocepHOM JaBICHUH

MO>KHO OLIEHHTB 110 BBIPAKEHHUIO
Va = K,E,
riae K, — moJgBMKHOCTh HOHOB; £ — HaIPSHKEHHOCTD AIEKTPUUECKOTO TOJIS.

B pesynprare MOXHO MONYYHTh OIIGHOYHYIO BEIMYMHY BpeMeHH Jpeiida
OTPHLIATEIILHBIX HOHOB /10 00JIAKOB, PACIIONOXKEHHBIX Ha BbICOTE 1 M. DTO BeIMYMHA
nopsiaka 8 wac JUis aTOMapHbIX OTPHLATENFHBIX HOHOB KHCIOpoia U nopsiaka 12 vac -
JUISL MOJICKYJISIPHBIX.

Bpemst xu3HM peKOMOWHALMK OTPULATENBHBIX HOHOB II0 OTHOLICHHIO K
MOJIOKHUTEIBHBIM MOKHO IIPEJCTaBUTH BhIpaskeHHEM [§]

Ty = 1/ .BrN )
rae Br — k03hUIeHT 00beMHON PEKOMOMHAIIUK OTPHUIIATEFHBIX HOHOB B BO3/yXe
nipu arMocdepHoM JaBiieHnr; N — KOHIIEHTpAIUs OTPUIATEIBHBIX HOHOB.

Ha puc. 3 nmpencraBieHbl 3aBUCIMOCTH KOHIICHTPAIIMU OTPHUIIATEIBHBIX HOHOB
B aTMocdepe BO3yxa NPy HOPMAIbHOM AaBJICHUU OT BBICOTHI OCHOBAaHUS HOHU3ATOPa
no 1 xm, paccuMTaHHble 1O BbIIENpUBEAeHHBIM (opmynam. [IpunsTo, uTO
B, = 10° cx’/c [8], a HamboNbIIAsS KOHLEHTPAIMS OTPHIATENBHEIX MOHOB BOJIH3U
nonmsatopoB N = 10° cu®. KpuBas 1 cOOTBETCTByeT OTpHMIATENbHBIM HOHaMm O3,
KpuBas 2 — O™ .
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Puc. 3. Pacnpe()efzeHue KOHYyenmpayuu ompuyamelbHblx UOHO6
8 3asucumocmu om 6vblconivl

U3 puc. 3 BuIHO, 9YTO KOHIIEHTPAIHS OTPUIATEIHHBIX HOHOB YMEHBIIAETCS OT
penmuunbl 10° o 2-10° e BCJIEICTBHE O0BEMHON PEKOMOHMHAIIMK Ha BBICOTE JI0
30 m, B TO Bpems Kak OT 2-10% 10 2-10% ey — ma BeIcOTE OT 30 M 10 150 M. K BEICOTE
1000 m mobepyTcst oTpHUIIaTEeIbHBIE HOHBI C KOHIIEHTpaIuei 35 e’ CrenoBaTeiabHO,
OCHOBHO€ YMECHBIIICHHE KOHIICHTPAIIMH OTPHUIATEILHBIX HWOHOB IPOUCXOJHUT Ha
HavaabHOU BbicoTe J0 100 m. Ha Gonbiimx BhiCOTax ruleib OTPHULATEIIBHBIX HOHOB
CHWJIBHO YMEHBIIIAeTCsl.

[lomyueHHbIe pe3ynbTaThl OBUTM WCIOJNB30BaHBI HaMU IS pa3pabOTKH U
ONTUMH3AINN KOHCTPYKIIMA CUCTEMBI CTUMYJIUPOBaHUS noxkaen [9]. CymHOCTh 3TOM
TEXHOJIOTHH COCTOMT B cleAyromieM. M3BecTHO, 4To B arMocdepe IOCTOSHHO
HAXOAMTCS OOJBIIOE KOJMYECTBO Pa3HOOOPAa3HBIX MOHOB, KOTOPHIE MEPEMEIAIOTCS B
BHUJIE OOBEMHBIX OJJICKTPUUECKUX 3apsoB TMOJ JCHCTBUEM KOHBEKTUBHBIX U
aJIBCHTHBHBIX BO3JYIIHBIX IIOTOKOB PAa3JIMYHBIX MACIITa0OB, TYpPOYJIEHTHBIX
JBIDKEHUH BO3/1yXa, a Takke arMoc(epHbIX oOpa3oBanmii [3]. Baxuelmum pakropom
9TOTO NBIDKCHHS MOXXET OBITh W OTPHUIATEIEHOE DSJIEKTPUIECKOE IoJie 3eMIId, B
KOTOPOM TIOJIOKHUTEIIbHBIE MOHBI OYIyT TEPEeMENaThCsS B HAMPaBICHUU K 3E€MHOM
MOBEPXHOCTH, A OTPHULATENIbHBIE - OT 3€MHOH MOBEPXHOCTH, MOPOXKAAs TaKUM
o0pa3oM BepTHKaJbHBIE TOKM TpoBOoaMMOCTH B atMmochepe. B  mpomecce
BEPTUKAILHOTO TTOIFEMAa HOHOB BOKPYT HUX IMTPOUCXOAUT TPYIIITUPOBKA DICKTPUICCKU
HEUTPaNbHBIX MOJEKYJ, TPEXJe BCEr0 CHIBLHO MOJSIPU30BAHHBIX MOJEKYN BOJIBI.
KomMruiekcsl 00BOJHEHHBIX JIETKUX MOHOB BMECTE C MOJIEKYJIAMHU BOJITHOTO Iapa u
JIPYTUMH BKIIFOUCHHUSIMH B BO3AYIITHOM ITOTOKE MOJHUMAIOTCS BBEPX, JOCTHTAs Tam
ypOBHS KOHAEHcaIuu. [Ipyu 3TOM HaOJIIOIAI0TCS MPOLIECCHl UCIIAPEHUs, KOHICHCAIINH,
CyONnMManuu W KOaryJsinuu, T.e. (ha3oBble Mepexonbl (M3 JKUIAKOTO B TBEPAOC WU
ra3o00pa3Hoe ¥ 00paTHO), POCT KaIlellb BOJbI U KPUCTAJUIOB JIbJ]a M UX MCUC3HOBCHHE.
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ITpu onpeeieHHBIX YCAOBUAX BCE 3TO MPUBOAUT K BBIMAJCHUIO OCAAKOB, IIPH APYTUX
— K 00pa3oBaHuIo 001a9HOCTH 0€3 0Ca/IKOB.

3akmouenne. Ha oCHOBaHMM SKCHEPUMEHTANILHBIX HCCIICIOBAHHUN MPOBEICH
MOJICJIbHBIN pacueT 3aBUCUMOCTH KOHIIEHTPAIIMH OTPHUIATEIBHBIX HOHOB OT BBICOTHI.
ITokazaHo, 4TO OCHOBHas THOENb OTPHUIATENBHBIX HOHOB MPH WX JApeiide BBepX
MIPOVCXOINT B OCHOBHOM Ha BbIcoTe 110 100 M BeneACTBHE 00BEMHOM PEKOMOMHAITHH.
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Unwlgpuyhti pwnbp. pnuwpwp, wuwlhwslh wywpwnud, gbiubpwugnid, pwgwuwlwu
hnuubip, funniegyniu:

A.A. VARDANYAN

GENERATION OF NEGATIVELY CHARGED IONS IN THE ATMOSPHERE

Description of an ionizer, generating negative ions in atmosphere, is presented. The
results of experimental measurements of the charged particles flow formed by crown discharge
in the atmosphere, are shown. The concentration dependence on the height is obtained by
model calculation.

Keywords: ionizer, crown discharge, generation, negative ions, concentration.
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PABPABOTKA U MOJAEJIMPOBAHUE ACUMMETPHUYHBIX STYEEK
IMAMSITA C HI3KOU MOIIIHOCTBIO YTEYKHA U BBICOKUM
BBICTPOAEUCTBUEM

HUccnenoBanbl HaHopasmepHble KMOII cxeMbl MOIM(HUIMPOBAHHBIX aCHMMETPHYHBIX
SYEeeK CTaTUUECKOM ONepaTuBHON MHaMsATH ¢ TexHonornueckumu Hopmamu SAED EDK 28 uwm
U HanpsbkeHueM nutaHus 0,9 B 1o MOLIHOCTH yTeukdu M ObicTpozelcTBuio. IlpemiokeHa
CXEMa YCWINTENS, KOTOpas II03BOJIIET CUUTHIBATh JIOTUYECKUI HYJIb C aCUMMETPUYHON SUCHKU
HNaMsTH B TOM K€ BpDEMEHHOM JHaIa3oHe, KaK U B CIIy4ae ¢ CHMMETPUYHOM sUEHKON MaMATH.

KorrogeBrie croBa. 3amoMuHAIONIEe YCTPOHCTBO, CHMMETpPHYHAs sUEHKa MHaMATH,
acMMETpPHYHAs SYeHKa MaMATH, MOIHOCTh YTEUKH, MOAEIUPOBAHHE, YCUIHTEND.

Beenenne. C pa3BUTHEM TEXHOJOTHH POJIb MOIIHOCTEH YTEYKH Ha 3Tare
NPOCKTHPOBAHMS 3allOMUHAIONINX YCTPOHCTB (3Y) TOBBIIIAGTCS W CTAHOBUTCS
Beaymeli B OBICTPONEHCTBYIOIIMX CHUCTEMaX. YKa3aHHOE  COIPOBOXKAAETCS
YMEHBIICHUEM HANpsDKEHUs] MUTAHMS, YTO IMPHUBOAUT K YMEHBIICHHIO MOPOTOBBIX
HaNpsKEHUHM, YBETMYEHUIO MOIIHOCTeW YTEYKM U OO0ECIEeYeHHI0 BBICOKOTO
obicTpoaeiicTus [1].

IHoTpebasieMmass momHocTh. [loTpebiisemas MOLIHOCTH COCTOHUT M3 JBYX
COCTAaBJIAIOIIMNX - JUHAMUYECKON U CTATUYECKOM:

P=C-VDZD-f+| Voo »
rae C - cymMMmapHasi eMKOCTh OWTOBOW IIMHBI M TMApa3uTHON emkoctu; Vpp — Hall-
psOKEHHE MUTAHUSL; |jeax - TIONTHBINA TOK yTeukH; f - pabouas yactoTa.

JuHamuueckasi MOIIHOCTH OOYCIIOBJICHa MEPEKIIOUYEHUEM JIIEMEHTOB, a
CTaTUYeCcKasi - TOKaMH yTEYKH (B OCHOBHOM, IOJIIOPOTOBBIA TOK YTEUKH, KOTOPBIN
TEYEeT U B ClIydyae, KOrja TPAH3UCTOpP 3aKPHIT, T.€. K 3aTBOPY MPHIIOKEHO HAINpsDKEHHE
HaMHOT'0 MEHbIIIE TOpOroBoro HanpspkeHus). s monenu BSIM4v4.7 moanoporossiii
TOK YTEUKH pacCuuThiBaeTcs 1o hopmyie [1]

leak

W
Iosup = £4Cox T(n —1)V? - [1—exp( VgV, 1 [exp(V g —Vr =Vor )V, 1 (1)

rae V4 - amnupuueckuii mapamerp moxenu; Vi = KT/q (K - mocrosinast Bonbimana;
T - abcomoTHas Temnepatypa; ( - 3aps dmekTpona); Vo u V- HaNpsKeHus CTOK-

HCTOK M 3aTBOP-UCTOK COOTBETCTBCHHO, VT - IOpPOTOBOC HAIIPSHKCHUC TPAaH3UCTOPA,

LuW- JAJWHa U [MHAPUHA KaHalla TPaH3UCTOpa; [, - NMOABMXXHOCTb MPU HYJIEBOM
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CMCIICHUH, C OX - yAaciabHasA €MKOCTH moA3aTBOPHOIO OKHCJIa,

C AW 3t
n=1+ dm:1+88| dm:1+ OX

- koo puument sddexra mommoxku (Cy, -
Cox Eox Mtox

dm

eMKOCTb 00eHeHHOTO c1osi; Wy - MaKCHMallbHasl IMMPUHA 00eTHEHHOTO ciosi; Loy -

TOJIIIMHA OKHCHOTO CJIOSA 3aTBOpa; 88i u SOX - JUDJICKTPUUYCCKUC MNPOHUIACMOCTU

KPEMHUS U OKHCU COOTBETCTBEHHO).

[pu TexHonornyeckux Hopmax < 0,13 mru MOITHOCTH YTEUKH CTAHOBSITCS PaB-
HBIMHU TTOTpeOIIsieMol MOITHOCTH. OKHUIACTCS, YTO ATl KaXKI0T0 2-TO TIOKOJICHHS 3TH
oTnuuus OyayT OoJiee COMOCTaBUMBI, W MPH TexHoJormueckux Hopmax < 0,05 mxm
MOIIHOCTH yTeuku OyneT mopsnka 50...60 % Bceir momuoctr. CiemoBaTensHO, IpH
MpoeKkTHpoBaHuu s4yeiku namstu (SI1) BaxHelel 3agaueit ABIsSETCS YMEHBIICHNUE
MOIIHOCTH yTedkU. IlocnenHss IMHENHO 3aBUCHUT OT 4YMCia 3JIEMEHTOB 4una. Takum
obOpazom, omnepatuBHble 3Y (O3Y) c Oompmoil WHOOPMANMOHHONH EMKOCTHIO
(ocobenno AI1 n ycunurenn), ¢ TOUYKK 3pEHUS] MOITHOCTH yTEUKH, O0Jiee YSI3BUMBI.

Lenbto paboOTHI ABISIETCS YMEHBIICHHE MOITHOCTH YTEUKH acuMMeTpuyHbIX SAI1
(ASII), ocobenno korma ASIl xpamur normyeckuil Hynb (TPU 3TOM BpeMs
CUMTHIBAHHUA AOCTATOYHO YyBEJIWYMBaeTcs). [Jii yMEHbLICHHSI BPEMEHH CUWTHIBAHHUS
pa3paboTtan crneuuanbHbl ycuiurenb. [Ipu  paspaborke ASIl  wncnonb3oBaHbI
TPAH3UCTOPbl C BBICOKUM MOporoBeiM HanpsbkeHneM KMOIL. Monenuposanne
nposefeHo nporpaMMHbIM nakeroM HSPICE npu TexHOIOrHYecKnX HOpMax 28 M U
HanpspkeHuu nutanus 0,9 B [2] .

Cummerpuunas SII. Cummerpuunsie Il (CAII) paspabarteiBatoTcsi Ha
OCHOBE TPAH3UCTOPOB C OJUHAKOBBIMHU IMOPOTOBBIMH HANPSKEHUSIMH U MOIITHOCTSAMHU
yreuku (puc. 1). MOIHOCTh yTeuKH 00YCIOBJIEHA MPOTEKAONMM TOKOM 3aKPhITOrO
TpaH3ucTopa. B ciydae, xorna CAII XpaHUT nOrM4eckuil Hylb, MOIIHOCTh yYT€YKH
OylneT paBHa CyMMe MOIIHOCTeH yTedek Tpan3uctopoB P2 (p-MOII), N1 u N4 (n-
MOII).

WL

Pib— 2

II_1 I— —| N2

Puc. 1. Dnexmpuueckas cxema CAIT

B CJII1 BO BpeMst CUNTHIBAHHS TOKH YTEUKH ONPEAEIAIOTCS BhIpakeHueM [1]
(WNl +WN4 ). I|N +Wp2 . I|p , ecau WL = O,

| _ 2
CellRd W,y +We, 1o eciu WL =1, @
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rae |, u 7, - nporekatornue Toku yepes nepsbie p-MOII i n-MOII TpaH3HCTOPEL.

Tox yreukn CSII Bo BpeMs 3amucu T BCeX BO3MOXKHBIX CITydaeB
OTIpeNieIIsIeTCs CIEAYIONNM oopasom [1]:

lcamwre = Wiy + Wiy +Wyg ) Ly + W, - 1 =

=Wy, +2W, ) 1y +We, - 1o, eciu (WL =0, Bit = BL);

camwre = (Wyy # Wiy + W3 ) Ty + W, - 1p =

=Wy, Iy +Wp, - 1, ecru (WL=1) wm (WL=0,Bit =BL).

Ha cxemoTexHHYEeCKOM YpOBHE IpPH HCIIOJB30BAHUHU KIACCHYECKOTO METOMAA
JUIS. YMEHBIIEHUS] MOIIHOCTH YTEUKH MaJIONPUMEHSEMbIE TPAH3UCTOPBI OTKIIIOYAIOTCS
oT nuranust. OTHAKO TOT METOA MpPU JJIUTENHHOM paboveM BpEMEHU HEIOCTATOYHO
s¢dexTuBeH, T.K. P UX HUCIOIB30BAaHUHM HEOOXOMUMO MOMAKIIOYEHHE K MUTaHUIO.
Jns pemenust 3toit mpoOiemsl 1enecoodpazHo mpumenatb ASIl m cnenmanbHBIC
YCUJIMTENW C Manod MoOmHOCThI0 yreuku. ASIl obecreumBaroT CyniecTBEHHOE
yYMEHbIIIEHHE MOIIHOCTH YTEUKH Jake B Clydae HaJIM4Yusl Ha YWINE  MHOTHX
HEUCNoab30BaHHbIX A1

Acummerpuunas SII. B ALl ucnons3yroTcst TpaH3UCTOPHI, UMEIOIIUE pa3-
HbIC MMOPOTOBbIC HAMPSHKCHHUS U MOIIHOCTH yTeuku [3-5]. TIpu nepBom momaxone st
YMEHBIIIEHUs] MOIIHOCTEH yTeUKH HeoOxomuMo Tpauzuctopsl P2, N1 u N4 (puc. 1)
3aMEHHUTh TPAH3UCTOPAMH, UMEIOLIMMH BBICOKOE IOPOTOBOE HAINPSIKEHHUE, OHAKO 3TO
NpUBEIeT K YBEIMUYCHHIO BPEMEHHU paspsiiKi OWTOBOW IIMHBEL 3ajada COCTOMT B
3aMeHe TaKUX TPAH3MCTOPOB HA TPAH3UCTOPHI C BHICOKUM MOPOTOBBIM HANpSKEHUEM
(puc.2), koTopbie OyyT Malio JIM COBCEM HE BIUATH Ha XapakrepucTuku SI1.

(3)

WL High

BLB ) . BL
Puc. 2. Dnexmpuueckas cxema ATl

Ha puc. 3 mpuBeneHbl pe3ynbTaThl MOJEIUPOBAHHS MOIIHOCTH YTEUKH ISt
cxem ASIT u CAIIL. ITokaszaHo, uro npu 125 °C, 28 um u 0,81 B momuoCTH YTEUKH
Opyd XpaHEHUH JIOTWYECKOW €AWHHUIBI COBMAAal0T, T.K. B OOOMX CIy4asx OHH
paccenBaloTCs Ha YKa3aHHBIX BBIIIE TPAaH3UCTOpaX, a MOIIHOCTH YTEYKH MpHU
xXpaHeHuu jiorudeckoro Hyis st ASII B 3,5...4 paza menbine no cpaBHeHuto ¢ CATl
(puc. 1). Ecnu tpausuctopbl N1, N4, P2 3aMeHSIOTCS TPaH3WCTOPAMHU C BBICOKHM
noporoBeiM HampspkeHueM Vy (puc. 2), To mig mmH BLB u BL Bpems paspsiuku
yBenuuuBaercs Ha 8,2 u 16,6 % cooTBETCTBEHHO.
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IIponecc. Temnepatypa. Hanpsoeemie

Puc. 3. 3asucumocmov mowgrocmu ymeuxu om cKopocmu npoyecca, memnepamypsl u
HANPANCCHUL:
1. Meonennwiii npoyecc, memnepamypa 25 °C, nanpsiocenue 0,9 B
2. Tunosoii npoyecc, memnepamypa -40 °C, nanpsincenue 0,9 B
3. Boiempuiii npoyece, memnepamypa -40 °C, nanpsiocenue 0,99 B
4. Meonennwiii npoyecc, memnepamypa 125 °C, nanpsocenue 0,81 B

MoauduuupoBannsie ASIL. Ha puc. 4 npusenensl nBa Bapumanta ASII,
KOTOpPBIE MOJU(HUIIMPOBAHBI [0 MOITHOCTH YTEUKH H MO OBICTPOACHCTBHIO.

WL High WL High
2 l [ J; P [
H4 Reg H3 Reqg

Ve Ve
BLB a - BL [: BLB 7] BL [:
Puc. 4. Moouguyuposannvie AAI no mownocmu ymeuxu (a) u no 6vicmpooeticmsuio (6)

B BapuanTe, MonuuIImpoOBaHHOM 110 MOIIHOCTH YTEYKH, TpaH3UCTOpsl N2, P1
Il XpaHEHHs TOCTOSHHOM €IMHUIIBI TAaKXKe MPEACTaBIAIOT COO0M TPaH3UCTOPHL C
BBICOKMM TOPOTOBBIM  HampspkeHuem V. Takum  oOpa3om,  pe3ynibTaThl
MOJIETTMPOBAHMS TIOKA3bIBAIOT, YTO Y TPAH3UCTOPOB Vi B COCTOSIHMM XpaHEHUS
[IOCTOSSHHOTO HYyJIA M €IUHMIBI MOIIHOCTh yTeukn B 10 m 5 pa3 MeHblie mno
CPaBHEHHIO C TpaH3ucTopamu Vg, a BpeMs pa3psiku yBennduBaeTcs 1 muH BLB u
BL na 12,2 u 31,2 % cooTtBercTBeHHO (puC. 5). DTa pa3HUIA MOKa3bIBAET, YTO B
3aBUCHMOCTH OT XpaHHUMbIX JaHHbIX (ormueckue “0” wmm “1”) Bpemsi CUMTHIBAHHS
MOXET OBITh pa3HbIM. [IpesioKEeHHBI HOBBIM YCHIIMTENb Bcerjaa OyleT BhIOHpaTh
OBbICTPYIO OMTOBYIO IIMHY (ITyTh), KOTOpasi He OYAET 3aBUCETh OT XPAaHUMBIX JTAHHBIX.

[Ipu cpaBHeHNN MOANDUIMPOBAHHOTO BapHaHTa 10 OBICTPOJAEHCTBUIO (pHc. 40)
co cxemoii Tpansucropa Vg B ciryuae jorudeckux “0” u “1” mojydaroTcs Cleayronme
pe3yNIbTaThl: MOIIHOCTH yYT€YKHW YMEHBIIAIOTCS B 2 M 7 pa3, a BpeMs Pa3psaaku IJis
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mmH BL  yBenuumBaetcs Ha 21,2 % g xpaiiHero ciydvas, T.e. IpH XpaHeHud “17
(puc. 5). YMeHbllIeHHE BPEMEHHU PEILAeTCsl ¢ IOMOLIBIO Pa3pabOTaHHOIO YCHIIUTELS.
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MommocTe yTeurL HEm

Puc. 5. 3asucumocmov mownocmu ymeuxu om ckopocmu npoyecca, memnepamypul u
HanpsiceHus: Onsi moouguyuposannvix AAIL:
1. Meonennwiii npoyecc, mevnepamypa 25°C, nanpsiocenue 0,9 B
2. Tunosoii npoyecc, memnepamypa -40°C, nanpsocenue 0,9 B
3. Beiempuiii npoyece, memnepamypa -40°C, nanpsiocenue 0,99 B
4. Meonennwiii npoyecc, memnepamypa 125°C, nanpsoicenue 0,81 B

AHanu3 HanpsokeHusi nutanusi. C pa3BUTHEM TEXHOJIOTHMU HANpsKEHUE
MUATAaHUS W JUIMHA KaHaja TPaH3UCTOPOB YMEHBINIAIOTCS, YTO, B CBOIO OYepelb,
MPUBOJIUT K YMEHBIIIEHUIO TTIOPOTOBOT'O HATIPSKCHISI.

C yMEHBILIEHHUEM MUTAIOLIETO U MOPOTrOBOTO HANPSDKEHHM MOUIHOCTH YTEUKHU
HAYMHAET WrpaTh OoJiee CYIICCTBEHHYIO pPOiib. J[Is BCEX pPacCMOTPEHHBIX CXEM
3aBUCUMOCTH MOIIHOCTeW yTeduek g coctostHUE “0” m “1” oT u3MeHeHHs
HaNpPsDKEHUS MUTAHUS IPUBEICHBI Ha prcC. 6 U 7.
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Puc. 6. 3asucumocms mowgnocmu ymeuxu 8 ciyuae xpamenus “0”
O UBMEHEHUsl HANPSICEHUST NUMAHUSL:
FAAII - 6vicmpooeticmseyrowan AALL, HAAILI - AAIT nuskoti MowHOCmbIo ymeuKu
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Puc. 7. 3asucumocme mowHocmu ymeuxu om usmenenus HanpsasCcenus
numanus 01 cayyas xpanenus 1”7

Ha puc. 8 mpuBeneHbI 3aBUCHIMOCTH BpeMEHU paspsaaku (ObICTpas BETBb) OT
HU3MCHCHUS HANIPSOKCHUA IMUTAaHUA.
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Puc. 8. 3asucumocmo epemenu paspsoxu (bvicmpas 6emey)
OM UBMEHEHUSl HANPSICEHUS NUMAHUSA

AHa/IN3 MOMeX0yCTOHYNMBOCTH. LleTpi0 3TOro aHaiu3a sIBISETCS BBIICHEHUE
CTETIeHH BIIMSHUS TOMeX Ha pabotocmocoOHocTh SIl. B aToM ciydae B kauectBe
MOMEX BBICTYIaeT mocTtosiHHoe OC  HampspkeHwe, Kotopoe 3actaBur  SI1
nepexarounThed. s sTtoro Ha oxuH w3 BxoAoB (OuroBbix muH) Il momaercs
MOCTOSIHHO Hapacratomiee (dC) HanpspkeHHe, B pe3yJbTaTe 4Yero IMoJydaeTcsl HepBas
MEepeKIoYarolas Xapakrepuctuka. I[IpuMeHsieTcss aHajJoru4Hoe JIeNCTBUE JUIs
JIpyroro BXOJa, HO TpHW IMojade yObIBAIOLIEro HampsbkeHHs. YacTe, OXBaueHHas
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PSIMOYTOJBLHBIM MTPOCTPAHCTBOM, TOCIIE HANOKEHHS XapaKTEPUCTHK HILTIOCTPUPYET
noMexo3ainuineHupie oomactu ASII (puc.9).

Grapno
V) : VOLTS(Y)

v(nets9)

W{net59)
09

08 i
074 \
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05 [-oveeeeevionnnedinns H

v

0.4

03

02

014

0.0

00  500m 04 045 02 025 03 035 04 045 05 055 06 055 07 075 08 085 09
VOLTS(Y)

Puc .9. I[lomexozawuwennvie obracmu AAI

Yenanrtens. Bpems cuuteiBanus (paspsaku) ASIL (npu XpaHeHHH HYyJIs)
JOCTaTOYHO OOJIBILIOE, TaK KaK pa3pspKaeTcs Ta BETBb, I/I€ HAXOAATCS TPAH3UCTOPHI C
BBICOKMM TIOPOTOBBIM HampspkeHueM. [liasi oOecriedeHust OBICTPOrO CUWTHIBAHUS,
KOTOpoe He Oy/eT 3aBUCETh OT XpaHUMbIX NaHHbIX B SI1, mpemnaraercs mpuMEHUTH
crienuanbHo paspaboraHHyro cxemy ycwiutens (puc. 10), rae  McHoib30BaHbl Tak
Ha3biBaeMble GpukTHBHBIE D, DB OnTOBBIEC IIMHBI, OHA U3 KOTOPHIX AJIsl 00eCIIeUeHHS
HOPMaJILHOTO pabovero pexnMa Bcerjia JoJbKHa ObITh paBHa “1”. Bo Bpems kaxmoro
CUMTBIBAaHUS OJIHA U3 (PUKTUBHBIX OMTOBBIX LIMH AOJDKHA yCTAaHABIUBATHCA CTPOYHOM
mmHoi#t (wordline) AI1. CuureiBanue nHpopMarmu ¢ ATl TPOUCXOAUT CIeAYIOIIM
obOpa3zom. Cnauama Bce 4 Bxoma (D, DB, BL, BLB) 3apsxarorcs mo VDD
(mornueckas “1”). Korna B ASIII xpanutcs norudeckas “1”, To BO BpeMsi CYUTBIBAHHS
paspsbxaercst butosas muna BLB, kotopast xapakrepuzyeT ObicTpyto BeTBb ASIL. Tak
kak jauddepennmanpaas napa ycumureist coctouT u3 N1, N2 n-MOII tpan3uctopos,
TO paspsiaka muHBL BLB mpuBener x yBennueHHIO TOKa, MPOTEKAIOIIETro IO JIEBOM
BETBH, U, KaK CIECJICTBUE, K YBEIMUYCHUIO 3HAaUeHHs HanpspkeHus B BetBu NodeB u k
yMEHbIICHUIO 3Ha4YeHus: HanpspkeHus B BetBu NodeA. Korma B ASIl xpanutcs
noruyeckuid “0”, To mpu cunteiBanuu SI1 paspspkaercs 6utoBas mmHa BL, xoTopas
XapakTepu3yeT MemjieHHylo BeTBb. Ha Bxoapl ycmmutens ot ASIl mocrtymaror
nmorudeckue curHansl BLB=1 u BL=0, Ho T.x. BL BeTBb Memiennee, dyem BLB, To
BLB namHoro OpicTpee moctymaeT Ko BXoAy ycuiurtens. B ciydae, korma BLB=1,
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otkpbiBaeTcss N-MOII Tpansuctop N6, u B Touke N 3HaueHHe HampsHKEHUS
yMEHBILAETCS, OTKpPBIBasi ¢ MOMOIIbI0 0OpaTHOH cBsizu P-MOII tpansucrop Pl, u B
touke P ycranaBnusaercs VDD (normueckas “17), T.x. N-MOII tpansuctop N5 B 310
BpeMs 3akpeIT mmHOW BL. C momomeio oOpatHO# cBsizu oTKphIBactcs N-MOII
tpan3uctop N3 u paspsokaercs BLB BeTBb. Takum 00pa3oM, BpeMsi CUMTHIBAHUS
BCEr/a 3aBUCUT OT OBICTPOI BETBU M HE 3aBHCHUT OT XpaHUMBIX B Il maHHBIX.

VDD
BL BLE
ENE
© o
D
Mod=A N4 | Ned=B

o £xg —q|[?7

OUT
Ni1]—
ENB—{|N13
i | 13 s
ENB —| N14
VSS

Puc. 10. Dnexmpuuecxas cxema ycunumens

Bpemst cuMTHIBaHUSI JIOTHYECKOTO HYJS OOYCJIOBJIEHO BPEMEHEM pa3psIKu
muHbl BLB, uTo obecnieunBaeTcs ClieAyonuM 00pa3om:

1. ®dukTuBHBIE OWTOBBIE INWHBI MOJAKIIOYEHBI K YCHIIUTENIO, YBEIMYMBAs
€MKOCTh Harpy3kd, U paspsjaka no muHe DB npoucxonuT MeaneHHee, YeM 10 IIHHE
BLB. Bo3zpocmiast eMKoCTh HE yBEIMYHBAET BpEMs 3apsAaKH, T.K. pa3psaaka muael BL
MIPOUCXOANT C TIOMOIIBIO THEI DB.

2. Tpan3ucTopsl, MOJKIIOYEHHbIE K OUTOBBIM IIMHAM, MPOEKTHPYIOTCS Oonee
HMIUPOKUMHU, YEM TPAH3UCTOPBI, MTOAKITIOYCHHbBIE K ((UKTUBHBIM OUTOBBIM IITUHAM.

Ha puc. 11 npuBeneHs! pe3ynbTaThl MOJIETHPOBAHNS YCUIIUTENS [Tl KpaltHETO
ciryyasi.
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Puc. 11. Pesynvmamol Mooeruposanus ycuiumes

BriBoabI

1. PaccMmoTpeHbl M IPOAHANIM3UPOBAHbI BAPHMAHTBI CXEM, IIO3BOJIAIONIVE
YMEHBIINTh MOIIHOCTH yTedukHd Sl 1mpu mcnonb30BaHMM TPAaH3UCTOPOB C BBHICOKUM
MTOPOTOBBIM HaMpPSAKEHUEM.

2. Ha ocHOBaHMM aHaiM3a pe3yjbTaTOB MojenupoBaHus u3BecTHbIX CAIl n
AT npu 125 °C, 28 wuu u 0,81 B mokasaHo, 4TO MOIIHOCTH YTEYEK B CIy4ae
XpaHEHUs JIOTHYeckoil “1” oauMHaKOBBI, MPU XpPaHEHWHU Jorudeckoro “0” MOIIHOCTH
yreukn ASIL B 3,5...4 paza menbue no cpasaenuto ¢ CAIL, a Bpems paspsiiku mWUH
BLB u BL ASII yBennunBaercst Ha 8,2 u 16,6 % cooTBeTCTBEHHO.

3. IIpenoxkeHsl, COPOEKTUPOBAHbBI U MIPOAHATU3UPOBAHBI MOIU(HUIIMPOBAHHEIE
BapuaHThl ASIl mo MOMIHOCTH YTeUKH M OBICTPOACHUCTBHIO NMPH TEXHOJIOTHYECKUX
HopMmax KMOII 28 uu n nanpspkennn nutanus 0,9 B.

4. PesynpraThl MozenupoBanus moaudunupoBaHHoH ASIl mo mommocTn
YTeYKH TIOKa3bIBAIOT, YTO B CIy4yae XpaHEHUs mocTtosHHbIX “0” m “1” MommHocTH
yreuku B 10 u 5 pa3 menbiie no cpaBaenuto ¢ CAIL, a Bpemst pa3psiaku OUTOBBIX IIWH
BLB u BL yBenuuuBaercs Ha 12,2 u 31,2 % cooTBeTcTBeHHO. B MOmupuiiupoBaHHOM
no OsicTpozeticTeuio ASII npu xpanenuu noruyeckux “0” u “1” MOIIHOCTH yTEUKH

YMEHBIIAOTCS B 2 ¥ 7 pa3, a BpeMs paspsyiku mmHbl BL momyuaercst Gonbiie Ha
21,2% .
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5. TlpemmoxkeH wu paspabotan HOBBIA ycwiutens AL, mo3BodstONIMiA
MPOU3BECTU OBICTPOE CUMUTHIBAHWE, KOTOPOE HE 3aBUCUT OT XPaHUMBIX JaHHBIX
(ocobeHHO TIpY XpaHEHWH HYIS), W B MpoIecce OOIETro CYNTHIBAHUS MPHUBOISAIINN K

YBEJIMUEHHIO BPEMEHH pa3psaku Beero Ha 1...3 %.
6. IlonydeHHbIE pe3yNbTaThl MMO3BOJISIOT MPOHM3BECTH OOOCHOBAaHHBIA BHIOOD
AT nns paspabotkun CBUC O3Y.
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uuhUtESrhu <hecNINkE3UL ARPRLGMP UTUUNRUL B4 UNsLUYNMNRUC

Unwowpyylp b hbwnwgnundl) Gu uwunswihwiht  YndwGdbunwn-dbnwn-opuhn-
Yhuwhwnnpnhy (YUO4) owtipwinhy unwwnhly hhannnipjwt wuhdtwphly hhonn pehgubiph
(wywpyyws upubdwubp SAED EDK 28 ud twjuwgddwu unpdbpny L 0,9 4 vudwu jwpnwing'
puin hgnpnipjwt Ynpuinh b wpwgugnpdnipjut: Unwownpyyb) £ unp nidbnupwph ufubdw,
npp pnyp b owwihu npwdwpwuwlwt gpnt wuhdbnphly hhonn pehghg puptingt) unyu
dwdwuwynid, hus uhdbinphly hhonn pohohg:

Unwlgpuyphti pwnbp. hhonn uwpp, uhdbinphy hhonnnipjwt  pohy, wuhdbitphy
hhonnnipjwt pohe, Ynpuinh hgnpnip)nit, nidtinupwn:

O.H. PETROSYAN, N.B. AVDALYAN

DEVELOPMENT AND MODELING OF ASYMMETRIC MEMORY CELLS WITH
LOW LEAKAGE POWER AND HIGH SPEED

Nanoscale CMOS circuits of modified asymmetric SRAM cells with technological
norms SAED EDK 28 nm and 0.9 V voltage supply for leakage power and performance are
proposed and investigated. A scheme of a new amplifier, which allows to read a logical zero
with asymmetric memory cell in the same time range, as in case of symmetric memory cell is
proposed.

Keywords: memory, symmetric memory cell, asymmetric memory cell, leakage power,
amplifier.
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K.G. AYVAZYAN, S.KH. KHUDAVERDYAN

INVESTIGATION OF THE PARTIALLY SHADED PV SYSTEM
PERFORMANCE

V-1 and V-P characteristics of partially shaded solar station are experimentally
investigated. It is shown that they have two and more local maximum power points. The
presence of multiple peaks reduces the efficiency of the existing MPPT methods.

Keywords: solar station, shaded array, maximum power point.

Introduction. Photovoltaic (PV) systems are envisaged for direct conversion of
solar energy into electrical energy. Solar energy is clean energy and safety for
environment. The latter is a non-traditional power supply, which has a wide
application in different fields of economy, science and engineering [1].

It is known that the main reasons for the low electrical efficiency of PV systems
are the nonlinear variation of PV array output power with solar radiation levels, the
operating temperature, the aging and load current. Since the PV array output power
versus operating voltage or current has a convex property, there exists only one
optimum operating point — Maximum Power Point (MPP). The MPP tracking (MPPT)
is a method to let the controller operate at the peak power point so that the maximum
power can be delivered to the load under varying temperature and solar insolation
conditions.

Several MPPT schemes have been proposed by different authors [1-4]. Among
them popular tracking schemes are perturb and observe or hill climbing, incremental
conductance, short circuit current, open-circuit voltage and ripple correlation methods.
Some modified techniques have also been proposed with the idea of reducing the
hardware or improving the performance [5, 6]. The tracking schemes mentioned above
are effective and time tested under uniform solar insolation, where only a single peak
is present in V-P characteristics.

The shadow of PV array can cause undesired effects like decrease of real power
generated from the PV systems. The problem of partial shading has been extensively
treated in literature, on the one hand as a cause of hot-spot formation and PV cell
damage [7,8], and, on the other hand, with the utilization of bypass diodes, as a cause
of power loss due to average irradiation reduction and mismatch losses [9,10].

In this paper, the performance (V-1 and V-P characteristics) of a partially
shaded PV system is studied.
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Experimental setup and procedure. The experimental PV system is composed
of three similar PV modules connected in series. One PV module consists of 36 series
connected to silicon poly-crystal solar cells. The maximum output voltage and current
are respectively 21.1 V, 5.2 A and the maximum power output - 80 W.

The experimental set up is shown in Fig. 1. The PV system’s load is simulated
by using different resistors (R). Different sensors and the signal conditioning unit are
used to measure voltage (V), current (1), temperature (T) and solar irradiance (F) of
the PV system. These PV performance measurements are obtained using Data loggers
with a computer that records data using Labview.

A solar simulator with a 3-phase lamp array is employed to imitate the
necessary solar irradiation. The number of spotlights and their positions can be varied
depending on the requirements of experiments. The intensity of the light source can be
varied between 500 and 1000 W/m? without significant changes in the homogeneity of
the irradiation field or in the spectrum. Black light-blocking different mesh materials
with average transmittance of 30, 50, 60, 70, 80% (partially shaded condition of 70,
50, 40, 30 and 20% respectively) have been used for module shading. During the
experiments, at least one solar module has been partially shaded. The measurements
are recorded with the bypass diodes (D), connected across the shaded modules.

e

Fig. 1. Experimental setup
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Results and discussion. In Fig. 2, an example of a PV system module
performance in terms of V-1 and V-P characteristics for different irradiance level

uniform insolation is shown. The MPP point has also been marked in V-P
characteristics.

L e —— P
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0 10 20 30 40 50U(V) 5
a)

Fig. 2. V-I (a) and V-P (b) characteristics of a PV system for different irradiance level
uniform insolation

As evidenced in Fig.2, since the V-1 and V-P characteristics of the PV array,
and hence its MPP changes as a consequence of the variation of the irradiance level, it
is necessary to track continuously the MPP in order to maximize the power output
from a PV system, for a given set of operating conditions.

Fig. 3 and 4 show the V-l and V-P characteristics of a PV system when one of

the PV modules is under 50% and 20% partially shaded conditions respectively in
irradiance 1000 W/m?.

I(A)E L
W) GPP
4 150} PP
3 -
100¢
2F
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0 1 1 1 1

D |
0 10 20 A 40 50 v(Y)

a) b)
Fig. 3. V-1 (a) and V-P (b) characteristics of a PV system when one of the PV modules is under
50% partially shaded conditions
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Fig. 4. V-1 (a) and V-P (b) characteristics of a PV system when one of the PV modules is under
20% partially shaded conditions

From Fig. 3 and 4, it can be seen that the V-I characteristic has multiple steps
and V-P characteristic has multiple peaks due to partial shading. Among the multiple
peaks, one is global power point (GPP) and others are local power points (LPP). For
example, where one of the PV modules is exposed to a 20% partially shaded condition
(Fig. 4), the array presents a LPP at an operating voltage of 35 V and a GPP at 47 V.
The PV system can generate output power of 165 W in the LPP operating condition.
However, if the PV system is operated at the GPP, the power generation can be boost
up to approximately 185 W. Should the MPPT bet on the wrong MPP, the output
power loss due to shading would be 10.8%.

The table below summarizes the results of measurements. The output power
losses of PV system operated at LPP compared to the trapped LPP are also tabulated.

Table
GPP and LPPs operating Outout power
Shaded conditions (%) voltage (V) and output power (W) |0§sesp(%)
GPP LPP 1 LPP 2

PVL,PV2,PV3-0% | 49V, 240W - - 0
PV, PV2 - 0%

BV - 20% 47V, 185W | 35V, 165W - 10.8
PV1, PV2 - 0%

BV3 - 50% 35V, 165W | 48V, 125W - 24.3

PV1 - 0%

PV2, PV3 - 50% 49V, 125W | 18V, 75W - 40.0
PV1 - 0%, PV2 - 30%

B\ - 40% 46V, 145W | 30V, 105W | 17V, 80W 44.8
PV1 - 0%, PV2 - 20%

o\3 - 70% 31V, 120W | 18V, 80W | 47V, 65W 45.8
PV1,PV2,PV3-20% | 48V, 190W - - 20.8

From the Table above it is seen that the number of peaks in the V-P
characteristics is less than or equal to the number of zones receiving different
insolation. For example, when PV2 and PV3 modules are exposed to various partial
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shading, there are two LPPs and one GPP. In all cases, the partially shaded PV system,
the output power even at GPP is significantly lower than the power at MPP for a non-
shaded PV system - 240 W.

The results obtained can be explained clearly by reference to two PV modules
connected in series with bypass diodes. In case of unbalanced generation, if we
assume that the generation V-l characteristics of each PV module are as shown in Fig.
5(a), the output V-1 and output V-P characteristics become as shown in Fig. 5(b). As
load current increases from I, to Ip, the output voltage, which is the sum of the output
voltages of the respective PV modules, and the total generation power of these two PV
modules change as follows.

e Operating point A: Each PV module generates power, but neither generates
maximum power.

e Operating point B: The shaded module PV2 generates maximum power, but
the non-shaded module PV1 does not generate maximum power.

e Operating point C: The non-shaded module PV1 generates power, but the
shaded module PV2 does not generate any power, because the generation
current flows through the bypass diode D.

e Operating point D: The non-shaded module PV1 generates some power, but
the shaded module PVV2 does not generate any power.

I P
TN — A—
Ic 4
Ie -
Ia
\"
a) b)
Fig. 5. Characteristics of series-connected PV modules (a) V-1 of each module, (b) output V-I

and V-P

Although only a two-module connection is described here, the mechanism by
which power reduction occurs for multiple cells that are connected in series is similar
to that for two-module connection. It’s worth mentioning that without bypass diodes’
performance the partially shaded PV system has one MPP, but the respective output
power is essentially lower than that with the use of bypass diodes [10].

Conclusion. Thus, under a partially shaded insolation condition, with the use of
bypass diodes, multiple peaks occur in the overall V-1 and V-P characteristics. In this
situation, the conventional (traditional) MPPT algorithm could fail to find out the
actual GPP or even traps into one of the LPPs. Therefore, a considerable amount of
possible PV system power is not utilized. Hence, the power should be optimized to
crop the maximum power produced by the PV system.
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vuuuuuhnN/eL USYEMJ4uUo UULuGM64nh3fend Uurcdu3nt 4bu3dutuh
PLNREUSIErh <ESURNSNRUL

Pnpduwlwunptt hbunwgningtp  tu dwutwypnpby undbipdwd  dwlybplnyeny
wpliwjht Yuwywuh gnpw-wdwbpwihtu punyewagdtipp W hgnpniegjwu Ynpbpp: Snyg E wipdt), np
npwup niubiu Gpynt b wybith wbnwiht wnwybjwagnyu hgnpnipjwt Yhwntip, npnup hwugbgunid
GU wyn Yhwnbiphu hbnubnt hwywnuh deennutiph wprnyniwybinnniygjw thnppwgdwun:

Unwugpuyptt pwnbp. wplwjhtu Yujwu, undbpdws dwybpbnyp, wnwybjugnyu
hgnpniejwt Yhiwn:

K.I'. AMBA3SIH, C.X. XY/JIABEP/JSIH

MCCJIIEJOBAHUE XAPAKTEPUCTUK COJTHEYHOM CTAHIIUU C
YACTUYHO 3ATEHEHHOHM IMOBEPXHOCTHIO

DKCTIepUMEHTAIBHO HMCCIIEJIOBAHBI BOJIbT-aMIIEPHBIE W MOIIHOCTHBIE XapaKTEPUCTUKHU
COJHEYHOW CTaHIMU C YacTUYHO 3aTEHEHHOM MOBepXHOCThiO. [lokazaHO, 4YTO B 3TUX
XapaKTePUCTUKAX 00pa3yroTcs ABe U 0oJiee TOKATBHBIX TOYEK MaKCHMAaJIbHOW MOIITHOCTH, YTO
yMeHbIIaeT 3(h(HEKTHBHOCTh CYMIECTBYIOIIUX METOOB CIEKEHHS 32 TOYKON MaKCUMAabHON
MOIIIHOCTH.

Knioueevie cnoeéa: conHedHas — CTaHUUS, 3aTE€HEHHas  IIOBEPXHOCTb, TOYKaA
MaKCHUMAaJIbHOM MOIIIHOCTH.
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SENSORIAL PROPERTIES OF FERROELECTRICS

Mg-doped (Ba,Sr)TiO3 based field effect capacitive electrolyte-insulator-semiconductor
(EIS ) sensors on a Si/SiO2 structure are presented. In this study, the first proposed
(Ba,Sr)<Mg>TiO; ceramic targets has been prepared by SHS (self-propagating high-
temperature synthesis) method and (Ba,Sr) <Mg>TiO; membranes for the EIS structure as a
pH sensitive layer is fabricated by PLD (pulsed laser deposition) method. The results show the
possibility to use (Ba,Sr) <Mg>TiO3 perovskite oxides as a sensing material for potentiometric
pH sensors.

Keywords: Barium-strontium titanate, SHS, capacitive EIS, pH response.

Introduction. The perovskite oxides A..,A,’BOsy, have been used in many
applications. These include high density DRAMSs, non-volatile FeRAMs, ferroelectric
FETs, SOFCs, voltage-tunable capacitors, microwave electronic components, Film
Bulk Acoustic Wave Resonators, micro devices with pyroelectric and piezoelectric
microsensors and actuators, etc. [1-4]. Due to the presence of oxygen vacancies and
ionic conductance, perovskite oxides have a high catalytic activity to oxygen reduction
and oxidation, and thus are suitable for a large variety of sensor applications: magnetic
sensors, pyroelectric detectors, optical memories and electro-optic modulators,
microwave capacitors, solid-oxide fuel cells, as a sensing material in oxygen, carbon
monoxide, hydrocarbon, nitrite oxide, humidity, ethanol, hydrogen peroxide, and
other sensors [5-7].

In recent years many pH-sensitive materials, such as, SiO,, SizNg4, Al,O3, Ta,0s,
WQO3, SnO,, PbTiO3, A1, A’BO3,Zr02, AIN, TiN etc. have been investtigated [see
Ref. 8 and references therein]. (Ba,Sr)TiOs is one of the most famous ferroelectrics in
all perovskite-structural oxides due to its large nonlinear optical coefficients, large
dielectric constants, thermal stability and higher catalytic properties. However, its
properties strongly depend on the structure and finite size, so controllable preparation
of crystalline size and thin film have been focused on in order to improve device
capability. While their ferroelectric, pyroelectric, piezoelectric, microwave and
electro-optic properties have been well studied [1-4], very little has been known so far
about the behavior of high-k BS<Mg>T thin films in electrolyte solutions and their
application for (bio-)chemical sensors.

Most of the reported studies on A1 A, ’BOzy perovskite oxides indicate that
pure and acceptor-doped samples show a change from n- to p-type with increasing of
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oxygen partial pressure, P,,. This change depends on temperature, P,,, and the type

and content of acceptor and donor impurities. Therefore, by means of the substitution
of divalent or trivalent dopants of small ionic radius at the Ti sites, the p-type of
(Ba,Sr)TiO; can be expanded and in this way, it is possible to control the sensitivity of
(Ba,Sr) <Mg>TiO; membranes to different species. Moreover, it is stated, that
annealing at very low P(O,) leads to a relatively high n - type conductivity where as at
high P(O,) a low conductivity is obtained [1,8,9]. As noted in Ref. [4,10,11], in
perovskites with the ABO; structure (such as BaSrTiOs), the valence band is mainly O
p — states, and the lowest conduction band consist of the d — states on the B ion Ti.
The states of the A ion (Ba, Sr) lie much higher in the conduction band, well above
the band gap, so this ion is fully ionized. When BaSrTiO; is doped with MgO and the
content of MgO is small, it can be assumed that the Mg replaces Ti in the BaSrTiO;
lattice because Mg®* and Ti ** at six coordinated conditions have approximately the
same ionic radius. For a low Mg content, an oxygen molecule of the gas phase is
incorporated into the Mg-controlled oxygen vacancies in BaSITiO; i.e.

0, + 2V, <> 20X +4h", where h™ represents a hole, V,, is the oxygen vacancies
concentration, and for this case the approximate condition of charge neutrality will be:
[Mg;i ]z B/O ]ext', where b/o th_ represents the extrinsic concentrations of oxygen

vacancies. As it follows from this, by means of Mg it is possible to change the
concentration of oxygen vacancies and thus the sensing properties of materials,
because the sensing principle of these materials is mainly related to the catalytic
oxidation of the compounds to be detected in the presence of the oxygen vacancies in
perovskite oxides.

On the other hand, it is well known that the traditional preparation method of
perovskite-type powders is solid-state reaction at high temperature. But, conventional
ceramic technique has some obvious disadvantages [11- 13]. It is difficult to prepare
high purity ceramic material with homogeneous distribution of component and pores,
with the given or desired sthoichiometrics of components. Secondly, it always needs
very high temperatures ( > 1200 °C) to sinter the material. The pellets were heated
at 1073 K for 6 h and 1423 K for 10h in a Pt crucible [12]. After grinding, the
reaction products were pressed into pellets of 5 or 10 mm in diameter at pressure of 25
MPa. They were heated at 1773 K for 10 h. As it can be seen from this example, to
create ceramic targets we need about 16 h and high temperatures.

The aim of this work is twofold. For the fabrication of (Ba,Sr) <Mg>TiO;
based ceramics in contrast to well-known traditional methods, we have presented the
results of a new cost effective method: High-Temperature Self-Propagating Synthesis
(SHS) method is first performed [14, 15]. The SHS is a relatively novel and simple
route for the synthesis of a variety of advanced materials, including borides [16, 17],
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carbides [18,19-22], perovskite oxides [20], nitrides, silicides [18], aluminides,
intermetallics, etc. In a SHS process, a highly exothermic combustion of a powder
mixture is locally initiated from the sample surface with a heat flux (heated wire,
electric spark, laser beam, etc.). After initiation, the reaction proceeds in the mode of
self-propagation forming a high temperature front that propagates and transforms the
reactants into products. In the case of the SHS method (in comparison, for instance,
with the above cited [12] case), for the synthesis of BST powders, it doesn’t need to
pressure raw materials, it needs only mixture and start of combustion. The process
takes place only for a few seconds. After being obtained, the BST products have been
ground and pressed into pellets of 20 mm in diameter and 15 mm in height and heated
at 1350 °C for 4.5 h only. A natural cooling is used after this thermal treatment and the
pellets are quenched to room temperature in the air.

Secondly, the possibilities and perspectives of using (Ba,Sr)TiO; based field-
effect capacitive EFIS (electrolyte-ferroelectric-insulator-semiconductor) structures as
a pH-sensitive sensor with thin-film perovskite-oxide prepared by pulsed laser
deposition (PLD) technique are also reported.

1. Preparation of BS<Mg>T targets. Perovskite-oxide targets of different
composition [e.g., Bag31SroseTi0s, Bag2sSro75Ti03, Mg-doped BaggSro2Mdo.1Tio.9O3]
are prepared by SHS technology according to Fig.1.

Initial components

/ (metal or nonmetal \

Milling l Drying
\[ Mixing of powders ]‘/
Reactor loadina <«— Reactive or inert

v

v

Milling
v

Powder SHS

Fig. 1. Flow chart of the SHS process for the fabrication of BST targets
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The raw materials were milled with the diameters of grains of about 5...10 zm,

dried, mixed and carried out through the SHS process. Then the synthesized products
of SHS are again milled with the diameters of grains of about 0,55 zm, pressed into

pellets of 20 mm in diameter and 15 mm in height at the pressure of 4.5 ton/cm? The
pellets were heated at 1350 °C for 4.5 h. Using oxygen as an oxidant and the Ti as a
fuel (usually the metals which are included in the given complex oxide composition
are applied) provide combustion temperatures at the 1400-1800 °C and wave front
propagation velocities of (1...4)mm/s, respectively. The SHS process of Ba,Sr;4TiO3
and Bag gSro,Mgo.1Tig 905 take place according to the reactions [20]:
+0,
(1-K)TiO,+KTi+(1-x)SrCOs+xBa0, —»Ba,SrTiO;
+0,

KTi+(0,9-K)Ti02+0,SBaOZ+O,2SYC03+O.1MgO—) Baolgsro_zMgollTi0.903 ,
where K is the coefficient of exothermicity of the reaction.

The amount of Ti, as a fuel in the starting mixture varies in the range 0-60
wt.% for the Bagg Sro, Mg Tigg Os.

The process of wave propagation for BST synthesis is characterized by:

o front propagation (burning) velocity (0.1...2.0 mm/s),
e maximum combustion temperature (1300...1600 K),
e heating rate in the combustion front (10°...10* K/s).

The propagation speed of the reaction depends on the physical (thermal conduc-
tion of green mixture, green density, the pressure of the external gases, shape and size
of the powder, combustibility, amount of fuel, etc.), chemical, (stoichiometric ratio,
humidity of the powder, the concentration of other mixtures in the powder, etc.),
thermodynamic (amount of fuel, thermal capacity, initial temperature, etc.) and
technological (uniform mixing and milling of the mixture components, particle size,
activation level of the powders, etc.) parameters.

The threshold amount of the fuel (Ti for BST) is about 16%. The reaction front
velocity increases with sample green density and initial temperature. It is clear that
when the sample density increases, the intimate contact between the reactant particles
is augmented, thus, enhancing the reaction and consequently increasing the
propagation rate of the combustion front. The thermal conductivity of the reactant
compact also increases with sample density, which can lead to a bigger loss of heat by
conduction from the reaction zone and therefore can cause a decrease in the reaction
rate [18]. Perovskite-oxide thin films (40....10 nm thick) of different composition
(e.g.,Sro_nga0_3ng206, Bag 25Srg75 T103, Bao_gsro_zMgo_lTiolgO;;) are prepared onto a Si-
SiO, substrates (p-Si, p=5-10 Qcm; 50nm SiO,, chip sizes: 10x10 mmz) by PLD
technique using the targets fabricated by the SHS method. The main advantages of the
PLD technique are high flexibility, compatibility with the silicon planar technology,
the controlled deposition of multi-component compositions as perovskite oxides in a
defined stoichiometry as well as the short deposition time due to the high growth rates
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[12,13]. Moreover, the thin-film preparation can be performed in various atmospheres
(e.g., Oy N,) at elevated temperatures up to 1200°C . The BST films are deposited at
400 °C in an oxygen ambient (2x10° mbar) using a KrF excimer laser with a
wavelength of 248 nm. The laser pulse length, frequency and fluence are 20 ns, 10 Hz,
and 2.5 J/icm?, respectively. Before the PLD-growth, a 300 nm thick Al film was
deposited on the rear side of the chip as a contact layer. For details of PLD process
see, e.g. [20-25].

2. Preparation of EFIS sensors and measurement set-up. The prepared
perovskite-oxide nano-layers have physically been characterised (thickness,
morphology, homogeneity, composition) by means of ellipsometry, scanning-electron
microscopy (SEM), Rutherford backscattering spectrometry (RBS) and X-ray
diffraction analysis (XRD) methods. As an example, Fig. 2-5 show the SEM picture of
BST ceramics, cross-section of a BST-SiO,-Si layer structure after PLD, as well as
RBS spectrometry picture and sensor build.

T 3 tector
DATE: 05/29/08 b @T X DATE: 05/29/08
Device: TS5130MM Armenia < Hivac Device: TS5130MM

100nm IBN

Eochern

Mag = 250.17 KX

EHT = 2000 KV signal A=InLens Date :13 Aug 2008

b)
Fig. 2. SEM picture of BST ceramics (a) and cross-section of a Bag gSrg Mg 1 Tip.9O3-SiO,-pSi
layer structure (b) after PLD
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There is an increased demand for selective, sensitive, time domain chemical
sensors for physiological environments, primarily due to the interest in human health
care and the need for new drug discovery. Almost all chemical and biochemical
reactions involve a process in which the acidity (pH) is subjected to relatively small
changes, sometimes, even momentarily. In real physiological media, the problem is
made complicated by the fact that the pH changes have to be detected in volumes that
are relatively small.

The pH-sensitive properties of field-effect EFIS sensors were tested in buffer
solutions from pH 3 to pH 11 by means of capacitance-voltage (C-V) method using an
impedance analyzer (Zahner Elektrik)

‘ Mag= 7.19KX 2im EHT=2000KV gignal A=inLens Date:13Aug2008  LoN

Fig. 3. The SEM picture of Bag gSry,Mgo.1Tig9O03-SiO,-Si surface after measurements as pH
Sensor.
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Fig. 4. RBS/channeling measurements of BaggSro,Mdg1Tio 903
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The measurement set-up for the electrochemical characterisation of EFIS
sensors and schematic layer structure is presented in Fig.6. For the measurements, the
EFIS sensor is mounted into a home-made measuring cell, sealed by an O-ring and
contacted on its front side by the electrolyte and a reference electrode - on its rear side
by a gold-plated pin. A conventional liquid-junction Ag/AgCI electrode is used as a
reference electrode

Fig. 5. The BaggSry2Mgo1TigeOs based sensor picture

For operating an EFIS sensor, a dc polarisation voltage is applied via the refe-
rence electrode to set the working point in the depletion range of the capacitance-
voltage curve, and a small superimposed ac voltage with an amplitude of 20 mV is
applied to measure the capacitance of the sensor. All potential values are referred to an
Ag/AgCI electrode.

Data output

TN
i

A

Control unit

Faraday cage

Reference electrode

_ Electrolyte

_+4— EIS sensor

L( 7 Sensor's holder
0= - T

Zahner Im5d
Fig. 6. Measurement setup for electrochemical characterization of EIS sensor.

pH sensitivity of EFIS sensor with BST films
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The side walls and backside contact of the EFIS sensor chip were protected
from the electrolyte solution by means of an O-ring, thus, avoiding the complicated
encapsulation process. The contact area of the EFIS sensor with the solution was about
0.5 cm® The measurements have been performed in a dark Faraday cage at room
temperature. Fig. 7(a,b) depicts a typical set of C-V curves for an EFIS sensor with a
40 nm thick BaggSro,Mgo1TiosO3 layer measured in Titrisol buffer solutions with
different frequencies and pH values from pH 11 to pH 3. As expected, with pH
decreasing, the C-V curves are shifted along the voltage axis in the direction of more
negative flat-band voltage due to the change of the additional potential drop at the
electrolyte/BST interface. Similar behaviour has been observed for an EFIS sensor
with a BaggSre2Mgo1Tig 9Oz film as pH-sensitive gate material. The calibration curve
of the sensor evaluated from the linear region of the C-V curves at ~60% of the
maximum capacitance is shown in Fig.7(c). The EFIS sensors with different
(Bag.25Sro75TiOs, BagsiSroeeTiOs, BaggSreo.Mgo1Tige0s) films show an average pH
sensitivity of 45...50 mV/pH (Table). For some of the samples, a pH sensitivity of
56...58 mV/pH has been observed that is comparable with pH-sensitivity values
reported for SizN4 (46...56 mV/pH), Al,O; (4...957 mV/pH) and Ta,0s films (55...59
mV/pH), which have often been utilised as pH-sensitive transducer material in ion-
sensitive field-effect transistors [18,20-25].

The mechanism of the pH sensitivity of BST films can be explained by the
protonation/deprotonation of hydroxyl groups at the BST surface according to the
well-known site-binding model [20]. The resulting pH-dependent electric surface
charge of BST leads to a modulation of the space-charge capacitance in the Si, thus,
generating a pH-dependent sensor signal that, in fact, was observed during the C-V
measurements.

Conclusions. The obtained results can demonstrate the suitability of the PLD-
prepared BST films as alternative gate material for capacitive field-effect pH sensors
based on an electrolyte-insulator-semiconductor system. The main advantages of EFIS
sensors are: simple structure, ecologically clean and cost-effective synthesis of BST
targets of desired composition and doping elements by means of the SHS technology.
Future experiments will be focussed on a detailed investigation of hysteresis effects in
EFIS sensors as well as on the development of enzyme-modified field-effect EFIS
sensors by using the high catalytic properties of BST films.

60



1200

1000

800

600

400 —

Capacitance (nF)

200

Sensor N56
p-Si-BSMgT 100 nm

—— 30 Hz
— 50 Hz
100 Hz
—— 300 Hz
500 Hz
— 1000 HZz

-150 -

-200

-250

-300

-350

Voltage (V)

-400

-450 -

-500

Voltage (V)

a)

Sensor 53

-0.10

-0.15 4

-0.20 4

-0.25 —

-0.30 4

-0.35 4

Voltage (V)

-0.40 —

-0.45 4

-0.50 —

-0.55 4

-0.60 +

Time (s)

b)

Linear Fit of 2nd ()
Lineares Fitten von Book3_2nd

sens: 38 mV/pH

pH

c)

Fig.7. Typical set of C-V curves for different frequencies (a, pH=7), and a set of C-V
curves for a different pH (b , f=100Hz) and calibration curve (c) for an EFIS sensor with a 40
nm thick BaggSryoMgo1Tig 905 layer measured in Titrisol buffer solutions with different pH

values from pH 11 to pH 3
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Table

N sample Structure BST d=100nm CV pH sens. ConCa pH sens.

P SiO, h=50nm mV/pH mV/pH f=100Hz

56 Bag gSro2Mgq 1 TigeOa/pSi 28 (after 1 month) 50

53 Bao_gsrolgMgollTi0_903/SiOZ/pSi 38 38

39 Bag 25Sr0.75 T103/SIO,/pSi 58 28

40 Ba0,25Sr0,75TiOg/SiOZ/pSi 60.5 36

41 Ba0,25Sr0,75Ti03/pSi 37.5 26

46 Baol3lsr0.59Ti03/SiOz/pSi 59 37.5

47 Ba0,318r0,69Ti03/SiOZ/pSi 50 25.3

49 Bao,glsro,egTiC)g/pSi 45 36
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Jd.4. PNRLPUME3UL, L.U. UUMSPMIUSUL, U. ULbLh UNKUUUUY,
J4.Mt. vUUSMr3uL

d6rneLsuSrpuLErh UGLUNPU3PL <USUNhE3NRLLENE

Lbpyuwjwgdws Gu Si/Si02 -h hwppwyn nwonwiht bpunyeny woluwwnn Mg-ny
hwpunwgywsd (Ba,Sr)TiOs-h hhdwu Ypw niwlwihtu EGYunpnhn-deynwhs-Yhuwhwnnpnhy
Yunnigywdpny (EUY) ubuunpubipp: Unwoht wuqwd wnwowpywsd (Ba,Sr)<Mg>TiOs
YGpwdhywywu phpwfuubpp unwgybp tu  huptwwnwpwdynn  pwpdpgbipdwuwmhbwuwihu
uphuptigh (PPU) bnwuwyny, huy (Ba,Sr) <Mg>TiOs pwnwuputpp EUY Jwnnigwdpnud,
npwbu pH-h qquyniu tipwn, wwwpwuwndb) tu hdwynyuwiht jwgbpwiht thngigpdwu (hLP)
dtipnnny: Unwgywsd wpryntupubipp hwuwnwwnnd Gu, np (Ba,Sr)<Mg>TiOs wbtipnyuyhwnwjhu
opuhnutipp Ywnbih £ ogunwgnnpsétip npwbu wnwnbughndbwnpwywu pH-ubuunpubph qquyniu
ujnipe:

Unwtgpuypti pwnbip. pwphnuw-uinpnughnd thnwtww, huptuwwnwpwdynn pwpdp-
osbpdwunmhdwuwiht  upuptq (PRU), nwlwht  LGGunpnhwn-dayniuhs-4huwhwnnpnhs,
ubilunp, pH wpdwqwup:

B.B. BYHUATSH, H.B. MAPTUPOCHH, A. XAJIMJIX MOT'AMMA/,
B.P. XAYATPSAH

CEHCOPHBIE CBOMCTBA ®EPPODJIEKTPUKOB

IpeacraBnenst Mg —nerupoBanubie Ha 0ase (Ba,Sr)TiO; eMKOCTHBIE CEHCOPBI CO
CTPYKTYPOH 3IIEKTpOoNUT—IudNekTpuk—tionynpopogauk (DI1) ¢ moneBeiM 3ddexToM ¢
nojtoxkoit u3 Si/SiO,. Brepssie npeioxkenHbie kepamuueckue mMuinern (Ba,Sr)<Mg>TiO;
nosyueHsl MerogoM CBC. B kauecTBe 4yBCTBUTEIHHOTO CJIOS METOJIOM JIa3€PHO-MMITYJIbCHO-
r0 HambUICHHUsI M3roTOBICHB! wieHkn (Ba,Sr) <Mg>TiO; B DI crpykrype. [onydeHnsie
Pe3yNbTAThI TOATBEPKAAIOT, YTO OKCcu rnepoBckua (Ba,Sr)<Mg>TiO; MOKHO HCIIONIB30BaTh
B KaueCcTBE YyBCTBUTEIILHOTO MaTepralia B MOTEHI[MOMETprU4ecKkux PH - ceHcopax.

Kniwoueevle  cnosa:  thraHar  0apusA-CTPOHIMS,  CaMOPacIpOCTPAHSFOLIMICS
BbIcOKOTeMIeparypHbli cuHTe3 (CBC), eMKOCTHOH 3JIEKTPOINT-HIIEKTPUK-TIONYIPOBOIHUK,
ceHcop, pH peakmws.
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DESIGN OF LOGIC ELEMENTS BY MULTI-THRESHOLD FORMAL NEURONS

In this paper digital logic elements are implemented by designed multi-threshold formal
neuron, which has several advantages over the known formal neuron. The designed multi-
threshold formal neuron has more than one threshold, which gives the opportunity to
implement all Boolean logic operations. The designed circuit, based on CMOS, has been
simulated by HSPICE software.

Keywords: multi-threshold formal neuron, logic element, CMQOS, activation function,
simulation.

Introduction. Neural computing is now recognized as a useful paradigm in
engineering. Complex non-linear problems that conventional methods fail to solve can
often be addressed by artificial neural networks, almost always implemented in
software. The platform on which the algorithm is to be run is normally not taken into
account during the design stages. Clearly, the algorithms and the physical means by
which they will be implemented in order to support the targeted application are not
tightly coupled [1].

In contrast, some consider the physical nature of the computational elements
required by their algorithms from the early stages of a design. Such work stems from
the premise that neural algorithms in biological systems are significantly shaped by
the potentials and limitations of the physical substrate on which they are implemented
(wetware). Neural hardware researchers can also benefit from viewing the physical
properties of materials inherent to electronics as opportunities to exploit in order to
carry out neural-like computations.

Arithmetic related operations such as, for example, addition and multiplication
constitute a large portion of the functionality of any digital computer system.
Traditionally, these operations are implemented using switching elements, or logic
gates, that perform NOT, (N)AND, and (N)OR, which are fundamental Boolean Logic
operations. But they can be also implemented by other logic, such as threshold logic,
on which formal neuron is constructed [2].

Formal neuron. Formal neuron is mathematical model of biological neuron.
There are a lot of formal neuron models, which differ from each other by activation
functions. To implement Boolean Logic operation, it is needed to use digital model of
formal neuron with binary step activation function, because other activation functions
are analog [3-7]. The operation of the formal neuron with binary step activation
function can be described as follows: it computes the weighed sum of the inputs, and
compares this value to a certain threshold value; the output is a logical 1 if the
weighed sum is equal or higher than the threshold, and a logical O otherwise. The
formal representation of this function is given below:
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F (X, Xy ey Xy ey X, ) = sign{znlco,xi —G)} ,
i=1

) 0,if x<0,
SN =11 5 s

where the inputs of the formal neuron are given by X=(x, X, ..., Xj,..., Xp), the weights

are given by Q=(awy, @, ..., @, ..., @), and the value © represents the threshold of the
formal neuron, n is a number of inputs. As it has already been mentioned sign(x) is
activation function for the formal neuron [3-4].

Formal neurons can also be classified by mean of input (presynaptic)
interaction. It is a very important property, which the formal neuron has, because
without presynaptic interaction the formal neuron can implement only linearly
separable functions, it cannot impalement for example (N)XOR Boolean function. But
with presynaptic interaction formal neuron it is needed to have at least one logic gate,
such as AND, OR as well as one additional weight (input) [3-4]. So, speaking from the
circuit design point of view, this kind of implementation will bring circuit component
and connectivity redundancy.

Designed multi-threshold formal neuron. In this paper a neural hardware was
designed, which implements all Boolean Logic operations. Comparison with known
formal neuron, designed multi-threshold formal neuron (MTFN) can implement all
logic gates functionalities without any presynaptic interaction. It was done by using
more than one threshold value. The designed circuit and its working principle as well
as the base simulations results can be found in our works [8, 9]. In those works authors
have already substantiated the advantages of the designed MTFN circuit, so here are
presented the base concept of designed formal neuron, and designed logic gates
functionalities based on the developed circuit. So, below are presented activation
functions of designed MTFN. It can have the view shown either in fig. 1a, or in fig. 1-
b, or the combination of these two functions.

AF(x)

D | » i

) Sy B3 Ey e Gt Y Yy Gy

1if ®, <x<0,,,i=135,...,n-1,
F(x)=
0, else.

a)
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Fig. 1. Analytic and graphical views of activation functions for designed formal neuron

lif x=0,,i=12,...,n,
F(x)={ '

As you can see the designed formal neuron has more than one threshold, which
give more functionality and the known formal neuron is special case of the MTFN.
Below are presented conventional graphical views of designed MTFN (fig. 2):

X 9,206, X o, =0, X /9, =06,
H:ngiez v X:Tmzzﬂz v X]Tmzzez v
Xa—o, <0 o, =0, X0, =0y

a) b) c)

Fig. 2. Conventional graphical views of designed multi-threshold formal neuron for a and b
activation functions and their combination respectively

where o; is i-th weight, ©; is j-th threshold, n is amount of weights, and m is amount
of threshold.

The designed circuit is depicted in fig. 3. It has 2 threshold values, which can be
set by Vi and Vy, voltages. If the input total current I;,, which comes from synapses
less than two threshold currents, then we will have logical 0 at the output. These
threshold currents values can be changed by Vy; and Vy,; voltages respectevely. When
lin is more than first threshold current but less than second threshold current, then we
have logical 1 at the output, and finally when I, is more than second threshold current,
hence than first threshold current as well, then we have logical 0 at the output. More
detailed description and simulation results can be found in our works [8, 9]. In fig. 3 is
presented MTFN with two threshold values, but it can be expanded to more than 2
thresholds by adding current mirrors and modifying the logical part of the circuit.
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Fig. 3. Design of MTFN circuit with 2 thresholds

Depending on input weights and threshold values the designed multi-threshold
formal neuron can implement all Boolean functions. For this purpose the designed
MTFN was modeled and simulated by HSPICE software. The simulations were done
for 90nm CMOS technology by using SAED 90nm library. Below are presented the
results of simulations for designed multi-threshold formal neuron. As you can see the
designed MTFN can operate as logic gate and implement all Boolean logic operation.
Here are presented only the base operations, but similarly it can be shown that
remaining operation can be implemented by the developed circuit. In fig. 4-10 NOT,
AND, OR, NAND, NOR, XOR, SR-trigger implementing MTFN graphical view, truth
table and simulation results are presented respectively. It should be noted, that the
circuit was designed and tested only for fig. 1a activation function. But similarly can
be done for fig. 1b activation function and for the combination of two suggested
activation functions.

aaprz
) 4y
“in_sym)

20

R

=0 =
N — 2 T 20
=1
Truth Table %
x|Y
vl 40

T T T T T T T T
1 I} 0o 50n 1000 1800 200n =00 2000 3%0n 4000 4500
=)

Fig. 4. Invertor function implementation by MTFN. The above graph is input and the below is
output

68



i
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Truth Table -
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Fig. 5. AND function implementation by MTFN. First and second graphs are inputs and the
third graph is output

-Y=X1V Xl o o
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X,—11 =2 -
Truth Table =
X1X|Y g
0l 00 £
0111 “
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Fig. 6. OR function implementation by MTFN. First and second graphs are inputs and the
third graph is output
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Fig. 7. NAND function implementation by MTFN. First and second graphs are inputs and the
third graph is output
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Fig. 8. NOR function implementation by MTFN. First and second graphs are inputs and the
third graph is output
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Fig. 9. XOR function implementation by MTFN. First and second graphs are inputs and the
third graph is output
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Fig. 10. SR-trigger functionality implementation by MTFN. First and second graphs are inputs

and third graph is output

Conclusion. Simulation results show that the designed multi-threshold formal
neuron circuit can operate as digital logic gate and implement all Boolean functions.
Compared with known formal neuron designed multi-threshold formal neuron it has
fewer transistors, and can be easily designed.
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0.£. M6Srnu3uy, 4.M. arpanr3uns

SPUUULULULUL Surrsrp ucuunkut
PURUUCEU HNrUUL LE3MNLP UbhNSNY

Unwowplynn pwqdwptid $npdwy ubpnuph  hhdwt  Jpw  dowlydly Gu  pduwihu
wnpwiwpwuwlwu wwppbip, npnup niubu dh pwpp wnwybnyeniiubp gnpnyegniu niukignn
$npdwy ubpnuubph hwdbdwwn: Uwyjws pwqdwbd $npdw) ubpnut niuh dh pwup obdbp,
husp  huwpwynpnieiniu £ wwhu  ppwlwuwgul)  poywt wpwdwpwuwlwl  pninp
gnpdnnniejniuutipp: YUOY hhdph Jpw dowyywsd ufubidwu dnnbjwynpyt t HSPICE dpwagnh
dhongny:

Unwilgpuyhti pwnbip. pugiwobid $npdw) ubpnt, npwdwpwuwlwu wwpp, 4UOY,
wywnhywgdwt $niulyghw, dnnbjwynpnud:

0.A. IETPOCHH, B.I1. TPUT'OPSIHI]

PA3PABOTKA JJOTHYECKHUX 3JIEMEHTOB IOCPEJCTBOM
MHOI'OIIOPOTOBOI'0 ®OPMAJIbHOI'O HEMPOHA

PazpaboTtansl mm¢ppoBEIe JOTHYECKHE JJIEMEHTHl Ha OCHOBE IIPEIaraeMoro
MHOTOIIOPOTOBOTO (OPMAFHOTO HEHpOHA, MMEIONIET0 HECKOJIBKO MOPOTroB, YTO IO3BOJISET
peann3oBaTth Bce OyieBbl JorWdeckue omeparuu. Paszpaborannas mo KMOII TexHomoruu
cxema cMmoaeaupoBana ¢ momornso HSPICE mporpammet.

Kniouesvie cnosa: MHOTONIOPOTOBBIN (OpPMaNbHBI HEUPOH, JOTHYECKHI OSJIEMEHT,
KMOII, ¢pyHKIMS akTHBALUH, MOICINPOBAHHE.
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PAAUOTEXHUKA

VJIK 621.396.962.2
.M. AUBA3SIH, M.II. AMBA3SIH

HNPELHU3UOHHOE COI'JTACOBAHUE ®EPPUTOBBIX OBPA3LOB JJIs1
HEB3AUMHBIX 3JIEMEHTOB TEPAT'EPIIOBOI'O TUAITA3OHA BOJIH

[Ipemmaraercss MeTOA TPEIM3HOHHOTO COTJIACOBAHUS IPOAOIEHO-HAMArHUUYEHHBIX
(beppuTOBBIX 00pPA3IOB AJIsI HEB3aUMHBIX DJIEMEHTOB B TEParepLioOBOM JUAINa30HE [UIMH BOJIH.
[TokazaHo, 4TO JaHHBI METOJ COTJIACOBAHMS O0ECIEYMBAET HU3KHH YpPOBEHb OTPaKECHHsS B
HIUPOKOM AHanasoHE€ 4YaCTOT M IMO3BOJIACT pCaln30BaTh HCB3aUMHBIC 3JICMCHTBI C MaJlbIMU
TMOTCPSAMMU. HpI/IBOI[HTCH OKCIICPUMEHTAJIbHBIC PE3YJIbTAThI.

Kniouesvie cnoea: TepareplioBplid JWamna3oH BOJH, BOJHOBOJ Kiacca '"TOJBIN
IUDJICKTPUYCCKAN KaHai', aHM30TPOMHAs CpeAa, NPONOJIFHO-HAaMarHWYeHHBIH (eppur,
TOJLIPU3AIUS  DIICKTPOMAarHUTHOW BOJIHBI, TPEHHU3MOHHOE COTJIACOBAHHE, IHAICKTPUUCCKUI
cI0#, K03 (PUITUCHT OTpaKCHHUSI.

BBenenue. B TepareprioBoM auama3oHe IJIMH BOJH BeChbMa aKTYaJIbHBIM
SIBIIIETCS BOIMPOC BHIOOpAa BOJIHOBEAYIIEH CHCTEMBI, HA OCHOBE KOTOPOH MOXKHO
co31aTh (DYHKIMOHAJBHBIC 3JICMEHTHI Pa3JIMYHOrO Ha3HaueHus. B [1] mpuBeaeHbl
OCHOBHBIE TEXHUYECKHE XapaKTePUCTUKA TPAKTHYECKH IIOJTHOTO KOMIDIEKTa
BOJIHOBOJHBIX  (DYHKIIMOHAJIBHBIX  3JIeMEHTOB  auama3ona  120...180 [Ty,
BBINIOJIHEHHBIX HA OCHOBE BOJIHOBOJIOB KJjlacca "MOJIbIN IUAIEKTPUUECKUI KaHan'.

Metoauka uccienoBanusi. CTporo roBops, UealbHOE COTIACOBAHUE CPEIIBI C
JMBYMSI Pa3IMYHBIMH BOJHOBBIMHU CONPOTUBICHUSMU OIHUM CJIOEM HEBO3MOXKHO.
OpHako B TeparepIioBoM jauarna3zoHe BosHOBBIe conporuBienus W, u W. mpaBoro u
JICBOTO HAIPaBJICHUH BpallleHUs AaKe B HaMarHMYCHHOM JI0 HACBIIICHHs (eppure
OTJIMYAlOTCA He3HauuTeabHO [2]. HeB3ammubie smemeHThl Ha 3ddexre Dapanes
JIOJKHBI TTOBOPAYUBATh IJIOCKOCTh MOJIIPU3ALIUU 3JIEKTPOMArHUTHON BOJHBI Ha 45°.
Takoit OBOPOT 00ECIIEUNBACTCS €Ille MEHBIIIMMHM, YeM IPH HACBIIICHUH, 3HAUCHUSIMH
HAMarHWYeHHOCTH (eppuToBoro ooOpaszma. Tak, TOBOPOT Ha yKa3aHHBIA Yroi
depputom  wmapku  10CU6b  tommmHoM 10 mm  obecrmeuyuBaeTcs — IpHU
mogMarHuyuBamoneM mome mopsaka 16000 4/n (200 D), mpm 3TOM BOJHOBBHIE
COMpOTUBICHHsT (eppuTa IS BOJH MPAaBOTO W JICBOTO HANPABICHUN BpaileHUS
ornuyatores Ha 1,4% (u = 1, ug = 0,014, e/& = 15,3). Dror dakT ykasbpiBaeT Ha
peaNbHYI0 BO3MOXKHOCTH COTJIACOBaHHS (QeppuTa MpH TOMOIIN OJHOCIOWHOTO
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coriacymwolero nokpeitus. B pabore [3] mpemnaraercst coriacoBaHue NpOAOIbHO-
HaMarHUYeHHBIX (EPPUTOBBIX OOpa3lOB B IIMPOKUX BOJHOBOAAX BBIIIOJIHITH C
[IPUMEHEHUEM YETBEPTHBOIHOBBIX TUAICKTPUUECKUX OKPBITHHA. B paccMaTpuBaeMom
cilyyae yqoOHO MPEACTaBUTh MAJAlONIyI0 JTHMHEHHO MOJSPU30BAHHYIO BOJHY B BHUJE
IBYX KPYTOBBIX BOJH C pa3IMYHBIMH HAIlpaBICHUAMH BpaileHus. Beuny otmmuns Wy
u W, onHa 13 3TUX BOJH OyAET OTpakaTbcs CHIIbHEE, YeM JApyras. PesympTupyromast
OTpa)KCHHAs! BOJHA (TIPEICTaBISIONIAs COOOH CyMMY ABYX KPYTOBBIX C Pa3iMYHBIMU
aMIUITUTYIaMH) MOJSIPU30BaHa Mo auuncy. O4eBHIHO, YTO mpoluenmas B (Geppur
BOJIHA TAaK’Ke MOJIIPU30BaHA 110 3JUTUIICY, OOJIbIIAst OCh KOTOPOTO IOBOPAuUBAETCS MO
Mepe TpOABIKEHUs BOJHBI BIoib ocu Oz. Tam ke moka3zaHO, 9TO KOI(PQPUIMEHT
OTpaXKEHUs JUIsl BOJHBI, IOJSIpA3alUsl KOTOPOW COBNAJAET C MOJIsSpU3aluei
HaJarolel BOIHBI, onpezaessercs 1o Gopmye
(Wi —WAVW )

Rx = y (1)
(W +WW, )W +WaW_)
a KOO((PUIMEHT OTPaKEHUs 7S BOJIHBI ¢ OPTOTOHAIBLHOM HONApU3aIHeEi -
WA, (W W) o

YW HWRWL )W +WW)
rne Wx u Wg - BOJHOBBIE CONPOTHBIICHHUS COTJIACYIOLIETO TOKPHITUS M BO3IyXa
COOTBETCTBEHHO.

U3 (1) u (2) cnenyer, uto Ry =0, ecn

W, = W, WW_ 3)

[IPH 3TOM TOJIIIMHA COTJIACYIONIETO TOKPBITHS OTIPENEsIeTCA U3 yCIOBHS

A (@)
4n,

rac nK =\ Ex My - TIOKa3aTCjib IPCJIOMJICHHA COTJIACYIOLICIo IIOKPBITHA, B HaIICM

CJIydae 3TO IUIABJICHBIN KBapII.

N3 (2) cenyer, uro mipu Ry = 0 cyImecTByeT OTpakeHHAst BOJTHA OPTOTOHATBHON
MOJISIPU3AIINH, aMILTUTYJa KOTOPOW 3aBUCUT TOJBKO OT MapaMeTpoB (eppuTa U ero
HaMarHUYCHHOCTH:

R, ~ )

UccnenoBannss  mOKasblBalOT, YTO Al [pUMEHSEMBIX  (eppuToB,
HaMarHWYeHHBIX /IO HACBHIIEHUS, B KOPOTKOBOJIHOBOW YacTH MHJUTUMETPOBOTO
JMarna3oHa BEJIUYHMHA OTPAXKEHHOH MOIIHOCTH OpPTOTOHAIBHOW MOJIApU3ALUHN MaJa.
Tax, mist peppura mapku 10CU6B Ha jutrHE BOJHBI A = 2 MM, HAMATHUYEHHOTO JIO
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HACHIIIICHHUS, R$ =7-10°. C yKOpO4YeHHeM UIMHBI BOJHBI BEIHUMHA OTPAKCHHOI

MOIIHOCTH YMEHbIIaeTcs U npu A = 1 mm cocrasisier RY2 :1,6-10'5.

[ToBOpOT TUIOCKOCTH MOJSAPU3ALMKA DJIEKTPOMAarHUTHOH BOJHBI B Hamar-
HAYCHHOM (EeppUTe MPOMCXOAUT JIOKATHHO [2]. DTO 3HAYMUT, YTO B KKIOW TOUYKE
BIOJb HANpaBICHUS PACIPOCTPAHEHUS BEKTOP OJIEKTPHUYECKOrO TIONS  BOJHBI
MMOBOPAaYUBAECTCS, HE U3MEHSSI CBOEH aMIIUTyAbl. Takoil mOBOPOT MOJisi B MHOTOBOJI-
HOBOM BOJIHOBOJIC MPHBOIMT, CTPOTO TOBOPsS, K NMPEoOpa3oBaHUIO paboucii BOJHBI.
HckmroueHrne COCTABISIOT BOJIHOBOABI, COOCTBEHHBIC BOJHBI KOTOPBIX 00JanaroT
NOJSIPU3ALMOHHBIM ~ Oe3paznuuueM. K yHMcoy TakuX BOJHOBOZOB OTHOCSTCA
KBa3UONTHUYECKUE JIYUCBOJIbI, a TAK)KE BOJTHOBOJBI Ki1acca "MOJMBIN TUAICKTPUICCKUI
kaHan". Tak kak B TakoM BOIHOBOJE pabodyas mMoja Oiu3Ka K IJIOCKOH BOIHE, TO
pacyeTsl, IPUBEICHHbIC BBIIIE, CIIPABEAINBBI U I (peppuTa, MOMEIIEHHOTO B TAaKOH
BOJIHOBO/I.
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Puc. 1. Brox-cxema sxcnepumenmanshou yCmanosKy 0
NPEYUUOHHO20 CO2NACOBANUS heppUmosulx 0opasyos

brok-cxema SKCIIEpUMEHTAIbHONH YCTAHOBKH JUISI TMPEIM3MOHHOTO COTJia-
coBanus (peppuToBoro odpasia mpuBeicHa Ha puc.l. MomHOCTs OT TeHepaTopa 1
yepes3 aTTEeHIoaTop 2, Bo30yauTens padoueil BOJIHBI 3 1 MOJOBBIN GUIBTp 4 TogaeTcs
B JIEBOE IUIEUO HANIPABJIEHHOTO OTBETBUTEINA 5, BHIIIOJHEHHOIO B BUJE BOJHOBOAHOTO
KpecTta, B JHMaroHajld KOTOPOIO YCTAaHOBJICHA MAMAJIEKTpUYEcKas IUleHKa. YacTb
MOIIIHOCTH, OTPA3WBLINCHh OT IJICHKH, MOMAJaeT Ha COTJIACOBAHHYIO HArpys3ky 6 u
noryomaercs er. llpomeamas MOIIHOCT uepe3 MOJMAPH3ANMMOHHBIN (GumsTp 7,
MPEJICTABNISIOMUN  co00il  BOJNHOBOJHBIA TPOWHUK, B JHArOHATH KOTOPOTO
YCTAHOBJIGHA YacTONEPHOJIMYECKas pelleTka, IMomnagaeT Jaubo Ha  Qeppur,
MTOMEIICHHBIA B COJICHOU T 8, MO0 Ha MeTamTMIecKoe 3epkao 9. OTpakeHHas B TOM
JKe TIOJIIPU3AIlUM BOJIHA TPOXOJMT 4Yepe3 MOJSPU3aAMOHHBIA QUIbTp 7, OTBOAMTCS
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HaTpaBJICHHBIM OTBETBHUTENEM 5 U BO30OyauTeneM padodeir moabl 11 k metekropy 12.
OpToroHanpHas  COCTAaBISIONIAss ~ OTPKEHHOH OT  (eppuTa  SIUTUNTHYECKU
MOJSAPU30BAHHON  BOJNHBI ~ TOJSPU3AIMOHHBIM  (QUIBTPOM 7  OTBOXUTCS HA
cornacoBaHHyto Harpy3ky 10. Takas cxema MO3BOJISIET COTJIACOBATH TOJIBKO OJHY
rpadb GeppUTOBOTrO O0Opasma.

MarsuTHoOe ToJIe COJIeHOH A 8 TIOI0MPACTCS TAKKMM 00pa3oM, 4TOOHI INIOCKOCTh
TIOJISIPU3AINH BOJIHEI, MPOIIeAmnIei yepe3 GpepputoBslii 0Opaser, OblIa MOBEpHYTa Ha
45° oTHOCHTENBHO mMajaromeil. MOIIHOCTb, TPOLIEAmAs B 0Opa3ell, HCIBITHIBACT
MHOTOKpaTHBIE OTPaKEHHUsSI OT €ro rpaHull. HeTpynHO yOennuThest B TOM, YTO BOJIHEI,
OTpa3WBIIMECS OT 3aJHEH TIpaHW oOpasla HEYETHOE YHCIIO pa3, NMPH BBIXOJAE W3
(beppuTa UMEIOT MOJSAPU3ALUIO, OPTOTOHATBHYIO TTOJISPU3ANNY 1A1AI0IIEH BOJHBI, U
OTBOJIATCSI TOJISIPU3ALMOHHBIM (DUIBTPOM 7 Ha COTIacoBaHHYIO Harpysky 10, a mpu
YETHOM YHCJIEe OTPaKECHHH MOCTYMaroT K aetekTopy 12. [Ipm aTom moctymaromas K
JETEKTOpY BOJIHA, OTpaKEHHas OT 3aiHell TpaHu QeppuTa, NOJDKHA HCHBITATh, IO
KpailHel Mepe, ABYKPATHOE OTPAKCHHE OT 3TOM IpaHd, U MO3TOMY €€ MOIIHOCTh
MpeHeOpeKUMOo Maa.

CornacoBaHue MPOBOUTCS B CIIEYIOIIEH MOCIE0BATEILHOCTH:

a) ompexenseTcs maaamas Ha GeppuT MOLIHOCTB, JUIS YeTO B MPAaBOM ILIeUe
MOJISIPU3AIOHHOTO (priIbTpa 7 yCTaHABIMBAETCS 3epKaio 9;

0) Ha eppuToBbIii oOpazen; ¢ 00eUX CTOPOH HAHOCATCS COTJACYIOIINE
MOKPBITUS,, W3TOTOBJICHHBIE HECKONBbKO TONIe (Tpyboe coriacoBaHWe), 4YeM IO
pacuery (dopmyna (4));

B) ONpEIeNsieTCsl MOIIHOCTh, OTPA3UBIIAsCSA OT NepenHel rpaHu GpeppuTa, Uit
4ero Ha MecTe 3epkasia 9 ycTaHaBIMBaeTCs HaMarHWYEHHBIH Qeppur ¢
CorjiaCyromunumu IMOKPBITUAMH, HOMeIHeHHBIﬁ B KBaZ[paTHBIﬁ METaJJ10-

JIRJIEKTPUUECKUNA BOJTHOBO/I.
2
Ha puc. 2 nmpuBeeHbl pacueTHbIC 3aBUCUMOCTH KOI(D(DHUIIMEHTA OTPaKCHHS RX
OT TOJIIIMHBI IUIaBJI€HOro KBapua. Ha 3ToM ke pUCyHKE OTMEYE€HBl MU3MEPEHHbIE

2 .
sHaueHust Ry . Ommbka namepennii - mexee 10%.
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8*10™ \o /
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10
0,95 0,97 1,00 1,03 d/d .

Puc. 2. 3asucumocmu xo3ppuyuenma
ompagicenus: no mowpnocmu (R ) ¢peppuma mapxu 10CYE om monwunot

coenacyroue2o nokpvimus us niasieno2o keapya npu f =140 I'Ty

Omnucannas YCTaHOBKaA IMO3BOJISICT MIPH BLI6paHHOM MaTepuajic COorjIaCyrouero
IMMOKPBITHUA NJOCTATOYHO TOYHO HOI[O6paTL C€ro TOJIIIUHY. COII_UII/I(l)OBKOI\;I CorjraCyromie-

2 .
ro TOKPBITUS M H3MepeHweM R (mpu Kakaoi couutnoBke) IKCHEPHMEHTAIBHO

JOOMBAIOTCSl ONTHMABHOTO COTJIACOBAHMS OJTHOM rpaHu. 3aTteM (eppuToBbIl 00pasel]
NepeBOPAUUBACTCS, H TEM XKe METOJIOM COrJlacyeTcsi BTopas rpaHb. B kauecTse corna-
CYIOILIEro Marepuaja peaibHoro ¢eppurta Mmapku 10CU6E (TonmuHa obpasia 10 s,
nortepeynoe ceuenne 13,5x13,5 mm) na duxcuposannoi gacrore (f = 140 I'Ty) 6vin
WCIIONb30BaH IUIABJICHBIH KBapll. [IpuBeneHHBIE Ha pUC. 2 3HAYEHUS IMOKA3BIBAIOT
XOpOIIIee COBIMAJICHHE PACUYCTHBIX M 3KCIEPUMEHTAIBHBIX AaHHBIX. [Ipu momomun
pac4eTHOW 3aBUCUMOCTH (CIUIONIHAS JIMHUSA, CM. PHUC. 2) JIETKO ONPEACTUTh TpeOo-

2
BaHMsI K TOJIIMHE coryacyromniero nokpeitus. Tak, eciu TpeOyemoe 3Hauenne R He
nomKkHO mpeBbmath 107°, wemy cooTBercTBYeT KOS(M(MMIMEHT CTOSYCH BOJIHEI IO
Hanpspkeruio (KCBH) 1,06, To TonmmuHa MOKPHITHS JOKHA YIOBIETBOPATE YCIOBUIO

d°d_ d 0,05 (6)

Cc

3akmiouenue. [lomyuyeHHble pe3yiabTaThl IOKa3bIBAIOT, YTO COIJIACOBAHHUE
HPOJI0EHO-HAMArHUYEHHBIX (DEPPUTOBBIX O00pa3OB IPH IOMOIIH OJHOCIOWHBIX
YEeTBEPTHBOIHOBBIX JUDJICKTPUYCCKUX IMOKPBHITHH OOECIeYnBAET MIMPOKOIIOIOCHOE
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cornacoBanue (B 6% rmosioce yactoT) hepputoBbix oOpasios, mpu 3ToM KCBH He
npeBbimaer 1,06, U3 puc. 2 BuaHO, 4yTo mpu OOBIYHOM coriacoBaHuu (0e3
COLUUTU(OBKH COIJIACYIOIIEr0 IOKPHITHSA) TOYHOCTh M3TOTOBJIEHHS COTJIACYIOLIETO
MOKPBITUS] MOXKET OTIIMYATHCS OT ONTUMAIIBHOTO Ha £ 5%.
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Unwowpyynw £ bplwjpwywu dwqlpuwgyws  pbiphnwihu  udnubph  dgphun
hwdwdwjutigdwu Gnwuwly, npp Yhpwnynwd £ wnbpwhbpgwiht whpnyeh ny thnfuwnwpa
wwppbpnud: 8nyg £ wipdwd, np wnwownyynn hwdwdwjubgdwu tnwuwlu wwwhnynd £
gwdédp  wunpwnwpddwu  gnpdwlhg  hwwjuwlwunygniuubph  wju whpnypnwd L
huwpwynpnipyniu £ wwhu wwwnpwuwb) ng thnfuwnwpd wwppbip thnpp Ynpnwinubipny:
Spjwd U thnpduwlwu wpryniupubip:

Unwugpuypti pwnbp. nbpwhbpgwihu wijhpwjhu wnppnype, «utuwdby nhkGlywnph-
Jwywu  Ywwninh»  nwuh  whpwwnwpubp,  wuhgnupny  dhowdw)p,  Gplujtwywu
dwquhuwgywsd dbphwin, EEYunpwdwquhuwlwu wihph pubnjwénieniu, nhkyunphluywu
obpwin, wunpwnwpadwu gnpdwyhg:

D.M. AYVAZYAN, M.TS. AYVAZYAN

METHOD OF PRECISEN MATCHING OF FERRITE SAMPLES FOR
NONRECIPROCAL ELEMENTS OF TERAHERTZ WAVES

A method of precise matching of longitudinally magnetized ferrite samples for
nonreciprocal elements in terahertz band is proposed. It is shown that the proposed matching
method provides low reflection over a wide frequency range and allows to realize non-
reciprocal elements with small losses. Experimental results are represented.

Keywords: terahertz waveband, waveguides of "hollow dielectric channel" class,
anisotropic medium, longitudinal magnetized ferrite, polarization of an electromagnetic wave,
precisen matching, dielectric layer, reflection coefficient.
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B.E. APYCTAMSIH, C.X. XYJIABEP/ISIH, JK.T'. JOXOJISH,
A.C. XYJIABEP]ISTH

CXEMOTEXHUYECKAS MOJEJIb U XAPAKTEPUCTUKHA
MHOI'O®YHKIIMOHAJIBHOI'O ®OTOAETEKTOPA

HccnenyroTcst BOIPOCH TOCTPOCHHUS CXSMOTEXHUUYCCKOW MOJAEIH MHOTO()YHKIIHO-
HAJILHOT'O (DOTOMETEKTOPa, PEATU30BAHHOTO B BHUAC JABYXOapbepHOIl MOJYIIPOBOIHUKOBOMN
CTPYKTYpHI ¢ KOHTakTOM [IIOTTKH, a Taxke omnpeneieHus: GOTOIICKTPUUCCKUX XaPAKTEPUCTHK.
PaccmarpuBaroTCcsi BO3MOKHOCTH MPHUKIIATHOTO PUMEHEHHUS POTOCTEKTOpA.

Knroueevie cnosa: xoutakt IlorTkn, (OTOTOK, TOTTOMEHNWE, CHEKTpAIbHAS
YyBCTBUTEIHHOCTD, (DUIIBTP.

Brenenue. TomukoMm K (POPCUPOBAHUIO HCCIICIOBAHUN B 00JIACTH (POTOHHKHU
NOCIY)KWIO IIMPOKOMACHITAOHOE TNPUMEHEHHE TIOJNyYCHHBIX pPE3YyNbTaTOB B
ontuueckor cBsi3u. HoBwle pa3paboTky, Kak TeOpeTHYecKHe, TaK M NpPUKIIaTHbIC,
3HAYUTENILHO PACIIMPHIN Cepbl ee NMPHUMEHEHHS B TPAJUIMOHHBIX (aBTOMATHKa,
npuOOPOCTPOCHUE, TEJIEMETPHsl, TEeJCYNpaBICHUE), HETPAJUIUOHHBIX (MeauIMHa,
9KOJIOTUsI, KPUMHUHAIMCTHKA) U APYTuX obnactsix. O6 3TOM CBUIETENBCTBYIOT OYPHO
pacUIMpSIOIIMIICS PBIHOK H3AeNuil (OTOHMKM, a TakKe HU3JaHhe MHOXECTBa
MoHorpaduii, KypHajioB M maTeHTOB [1-5], mpoBeseHne TeMaTHYECKUX MEXIY-
HAPOZAHBIX U HAIIMOHATBHBIX HAYYHO-TeXHUYECKUX MEPOIPUATHH U T.J.

Owmnueckuit koHTakT Kontakt HloTTku

hv

01T - E
=
1 =
&
Xm [~ =
3
=
I O
Il o
d -
p — Si. Aupdyzust
W|= Lo 3JIEKTPOHOB

B -
V. Js)

[Tonukpucramnuyueckas
Si momnoxka

Puc. 1. [lsyxbapvepras nomynpoeoOHuKosas cmpykmypa ¢omooemexmopa

79



B pamnoit paGoTe mpuBeIeHBI PE3yNbTaThl HMCCIEIOBAHWNA IO TOCTPOESHHIO
CXEMOTEXHUYECKOH MOJENN MPEIOKEHHON IByXOapbepHOW MOIYIPOBOIHIKOBOM
cTpykTypHl (puc.l) [5,6] u ompeneneHNI0 ee OCHOBHBIX XapaKTEPUCTHK, HA OCHOBE
KOTOPBIX PacCMOTPEHBI HEKOTOPBIE CXEMbl ISl NPAKTHYECKOI'O MPUMEHEHHUS.

IMocTtanoBka 3amaun. Puznyeckwii NMPUHIUAT PabOTHI (POTOAETEKTOPOB Ha
OCHOBE IOJYIIPOBOJHHUKOBBIX P-N IEpexoloB, B TOM uducie ¢ KoHTakTtoM IlorTky,
u3BeCTeH u3 Jjmteparypbl [7]. Jns mpemtoxeHHO# cTpykTypbl (puc.l) oH
3aKJI0YaeTCsl B CICAYIOLIEM: Ha MOBEPXHOCTh N-00JIACTH C IJIOMAABI0 S
HEepIeHIUKYIIpHO mnafgaer (OTOH ¢ dHeprueil hv, B pesyibrare MOIIOMICHUS
KOTOPOTO  TeHepupyercs CcBOOOAHBIM  snekTpoH. [lom  meiictBuem  mods,
00YCIIOBJIGHHOTO TPHJIOKEHHBIM HANpsDKCHUEM, B oOnacTu  0asel (N-S;) 3J1eKTpOH
JBUraeTcs K 067acTH N* M Yyepe3 OMMUECKHIl KOHTAKT T0NaaeT BO BHEIIHIOK 1LEMb,
cosnaBas Qororok |, Bemumuuna |, oOycnopineHa MHOkeCTBOM (akToOpoB -
MaTepHajoM IOJYNPOBOJHNKA, CTENEHBIO JIETHPOBAHUS, Pa3MEpaMHl M B3aUMHOI
KOHUrypauueit obnacteil  CTPYKTypbl, TIOTOKOM H  CHEKTpOM ()OTOHOB,
MPUIOKEHHBIM HANPSHKCHUEM U T. 1.

CoBpeMeHHAsi WHTETpaJbHAasl TEXHOJNOTUS IMO3BOJNIIET B  ONpEAEICHHBIX
npefenax  COXPaHHUTh DJJICKTPO(U3NYECKUE TMapaMeTpbl MaTepHajoB, pa3Mepsbl
oOyacTell 1 MICHTUYHOCTh B3aUMHOM KOH(UTypanuu obnacteit cTpyktypsl. [TosTomy
(OTOTOK BO BHEIIHEW Iien OyneT 3aBUCETh, B OCHOBHOM, OT BHEIIHUX (DaKTOpPOB:
MoToKa (POTOHOB MpPU MOHOXpOMaTUueckoMm oOnydenun mpu yciosuu hv>E (E -
[IMpHHA 3alpelieHHOW 30HBI  MOJNYMPOBOJHUKA); BEJIMYUHBI  HPHIOKEHHOTO
HanpspkeHusi. V3BeCcTHO, 4TO CHEKTp JII0OOro, 3a MCKIIOYCHHEM Ja3epa, MCTOUYHHKA
u3nydeHus: obnagaer mmupuHoi AA. [IOCKONBKY B 3TOM HHTEpBalie MPH OJMHAKOBOM
NOTOKE Majaromux (oToHOB Fy4 (OTONETEKTOpP MO-Pa3HOMY pearupyerT Ha HOTOKH
Pa3NUYHOM [UIMHBI BOJIHBL, TO ()OTOTOK INPH BBIIOJHEHHH IPHUBEJCHHOTO BBIIIE
ycnoBHs OyET 3aBUCETh TAKXKE U OT JUIMHBI BOJIHBI.

Taxum 06pazoM, GOTOTOK B HESIBHOM BHJE MOKHO IPEICTaBUTh B BHJIE

|(1, =f (Fﬁb ,V, A ) (1)

Tak xak B oOmeM ciaydae B MOTOKe F;, MOryT conepikaTbCs BOJIHBI Pa3HOM
WHBL Ay, Az o Ay, TO By = Fi +F 5 + ..+ Fjy , a cooTBeTCTBEHHO M TOK Oyzer
paBeH

lp = (FuV, &) + T (Fo VA )+ o+ 6 (FaV, An). (2)
3aada 3aKI04aeTcsl B TOM, YTOOBI MPUBECTH K aHATMTUYECKOMY BUJLY BhIpaXke-
uus (1) u (2).

IIpeanaraemoe pemenne. [[ng ctpykrypsl, n3o0paxenHoi Ha puc.l, poroTok

omnpeaenseTcs BrlpaxeHneM [6]
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) o4 )d
|,/, :qSZF(I,M e_a(/li) n___- . (3)
1-a(A W

rae q - 3apsaa anektpoHa; ofA;) - ko3 OUIHEHT MOTTIOMEeH s BOJHBI ¢ [UTHHOU Aj; d -

tommuHa 0a3el N Tuma, W - TommumHa p+- ClIosl; Xy - IyOWHA, HA KOTOpO# B Oase

MOTCHIMANbHAS JHEPTUsl 3JCKTPOHOB, CO3MAOMIMX (OTOTOK, OCTHUTAeT CBOETO

MUHHMAJIbHOTO 3HaueHusA. Kak mokaszaHo B [8], oHa 3aBHCHT OT NPHIOKEHHOTO
HaIPsDKCHUA

_ 9_ LSZ(A¢)_qV)
2 kTd ’

rae L - anmuHa nebaeBcKoro SKpaHupOBaHus, AP = @ - ¢hy =0,1.

(4)

m

Kak BungHO U3 BeIpaskeHus (3), GOTOTOK JIHMHEHHO 3aBUCHT OT Fy, HenmuHelHO
(4epes Xm) - OT IPHIIOKEHHOTO HANPHKEHUs V' 1 HEsIBHO - 0T A depe3 ofA) u Fy.

Hiss  mocTpoeHHsT OKBUBAJICHTHOW CXeMbl  (DOTORNIEKTPOHHOW  MOJENHN
(hoToneTeKTOpa HEOOXOUMO UMETh, XOTS OBl B IPUOJIMYKEHHOM BHUJIC, aHATUTHYCCKOS
Bolpakenue Qynkuuit AA4) u Fp,. B kauectBe Takoit ¢ymkumm s Fy,, npu
OTIPEJICIIEHHBIX JIOMYIICHUIX, MOXET OBbITh HCIOJBb30BaHa  W3BeCTHas (opmyna
Inanka, a uto Kacaercs GyHKIUH AA), TO ee Uil KOHKPETHBIX CTPYKTYP BO3MOKHO
HOCTPOUTH HAa OCHOBE SKCIEPHMEHTAIBHBIX JAaHHBIX. Toraa m3MeHeHue (mpuparlie-
Hue) poroToka Al, BO BHENIHEH LENMH ¢ y4eTOM MU3MEHEHUH (IpHUpalleHnii) aprymMeH-
toB pyHkumit AFy, AV u A4 (3) MoxeT ObITh 3aIIHCAaHO B BUIE

= X gp, O By X Oy 5)

oF, o, AV da di

B dopmyne (5) of /aFd) MpeNICTaBIsAeT Cco0OH KO3(DPHUIMEHT YYyBCTBHU-

TCIBHOCTHU Q)OTOﬂeTeKTOpa K IOTOKY MOHOXPOMATUYCCKOr0O HU3JYYCHUA IIpU
(1)I/IKCI/IpOBaHHBIX 3HAUYCHUAX HANPSHKCHUSA U JJIMHBI BOJIHbI.
-ad

of o
Kan—:qse " (6)

F, 1-aW
KoaddunmeHt Bo BTOpoM uiieHe SBIISIETCSE KOAPPUIMEHTOM YyBCTBUTEIBHOCTH
M0 HATPSHKEHUIO (BOJIbT-aMIIepHasi XapaKTepPUCTHKA) MpH (PMKCHPOBAHHBIX 3HAYCHH-
sx F u A. C yuerom (4) nonyunm
of d 2,2 -
K, =2 D0 _ g212 SFge @)
X, dV
Bripaxenne (3) HE TMO3BOISET AHAIOTHMYHBIM  00pa3oM  OINpPENeTuTh

KO3 GUIIMEHT CIIEKTPAIbHOM YyBCTBUTEIbHOCTH K, M3-3a OTCYTCTBUSI aHAJIUTH-
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YeCKOro BhIpakeHus1 A;), UT0, KaK yke ObLIIO OTMEUCHO BBIIIIE, MOXKHO MTOCTPOUTDH Ha
OCHOBAaHHWH OKCIICPUMEHTAIBHBIX HaHHBIX. Torma BeIpakeHHe (5) MOXKeT OBITh
MPeCTaBJICHO B BUJIC

Al, = Ke AF + K, AV + K, A2, ®)

T.€. CyMMapHOe H3MEHEHHE (DOTOTOKA SBIACTCS CyMMON W3MEHEHHH TPEX TOKOB,
00yCIIOBJIEHHBIX U3MEHEHHUSIMH MTOTOKA, TPHII0KEHHOTO HANPSDKEHUS M JUTHHBI BOJIHBI
cooTBeTCTBeHHO, a Kodhduimentsl Keg , Ky 1 K; MOXXHO TpakToBaTh Kak 4yBCTBHU-
TCJIBHOCTD (I)OTOILCTGKTOpa K IIOTOKY, IMPWJIOKCHHOMY HAIPSAKCHUIO U JJIMHE BOJIHBI
COOTBETCTBEHHO.

ITockoNIbKY B KayecTBE OTKIIMKA (HOCHTEINSl BBIXOJHOIO CHTHala) BBIOpAH TOK
(moxHO BBIOpaTh T D/IC), To M3 dopmymsl (8) ciemyer, 9TO B Ka4eCTBE BXOIHOTO
curtana (OTOJCTEKTOpa MOTYT CIYXHTh MOIIHOCTh MOTOKa (Bm), MPHIOKESHHOES
Hanpspkenue (B), [UIMHa BOJHBI (M), a SKBUBAJICHTHYIO CXeMy B COOTBETCTBHH C (8)
MOYHO MPE/ICTaBUTh B BHJIE, IPECTABICHHOM Ha PHC. 2.

Ri

o M 1l N

I
@ RH

Al

Puc.2. Dxeusanenmuasn cxema pomooemexmopa

OcoOeHHOCTh  MPEIOKEHHOW  CTPYKTYpHl 3aKiiodaercds B TOM, UTO
¢doTouyBCcTBUTENBHOCTE (A/Bm) U CHIeKTpalibHast YyBCTBUTEIBHOCTD (A4/M) 3aBHUCAT OT
BEJIMYMHBI TIPHJIOKEHHOTO HanpsukeHus (4), (6), 4To Mo3BoJIsIeT yIpaBisaTh (HACTpau-
BaTh) YINOMSHYTBIMH  TapaMeTpaMd W  MaKCUMalbHO  TNPUOIM3UTBCI K
COOTBETCTBYIOIINM TMapaMeTpaM HUCTOYHHKOB ONTHYECKHX CHTHAJIOB. AHAIOTUIHBIM
00pa3oM MOXHO YIIPaBJIATH (POTOAETEKTOPOM, €CIH BXOJIHBIM CHUTHAJIOM SIBIISIETCS
NPUIOKEHHOE HANPSDKEHHE, a B KAYECTBE YIPABIISIONIETO (IOACTPOCYHOI0) CUrHaja
WCTONB30BaTh MOTOK WIM JJUHY BOJHBL. Bce mnepedncieHHble OCOOEHHOCTH
3HAUUTENIFHO PACIIUPSAIOT CXEMOTEXHHYECKHME BO3MOXKHOCTH (poTomeTekTopa W
MO3BOJISIIOT TOCTPOHUTH PSAA  HOBBIX CXeM Ui (DOTORJEKTPOHHBIX (DUIBTPOB,
MOJYJISITOPOB, IpeoOpazoBarteneit u ap.

3akmovyenue llpuBenem HeKoTOpble 00NACTH MPAKTUYECKOTO MPUMEHEHUS
MHOT'O()YHKIIMOHAIBHOTO (POTOJIETEKTOPA!
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1. ®oTodrneKTPOHHBIN QUIBTP, HHANKATOP CIIEKTPa, aHAIU3aTOP CIIEKTPa U T.J.
(puc.3). UccrnenoBanust MOKa3bIBAIOT, 4TO B HHTepBasie MiuH BoiH A= 300...2000 mu
BEIpakeHHE (3) ¢ MOCTAaTOYHO XOpOImIeH Il TMPAKTHKH TOYHOCTHIO OTpakaeT
3aBUCUMOCTE (POTOTOKA OT MIPHIIOKEHHOTO HAMPSDKEHUS, €CIIH ToyiaraTth, uro Ky ciabo
3aBUCHT OT V.

hoTomeTexTOp Aq )

v

Mo An doTomeTeKkTOp Ao 12,

fv

l (doTomeTeKTop An (W
—--—>>
TVn

Puc.3. Cxema ananuzamopa cnexmpa

D10 mpuOIIKEHHE MOXKHO CKOMIICHCHPOBAaTh IIyTEM MOJITOHKA 32 CYET
u3MeHeHus: V 10 3HaueHwid, Korna (OTOTOK JOCTHTHET IKCTPEMAaTIbHOTO 3HAYCHUS.
Tako#l mMOXX0J TO3BOJSIET W3 CIUIONIHOTO WIIM JIMCKPETHOTO CIIEKTpa BBHIOPATh
HY)XHYIO JUIMHY BOJMHBI A (Wi AA), a B Ciydae HCIOJb30BAHHS MHOXECTBA
(hOTOZIETEKTOPOB MOXHO OCYIIECTBUTH (PYHKIIMIO (hOTOAHATN3ATOPA.

2. ®OTO3CKTPOHHBIH MOAyNATOp. Bripakenue (8) u Mojaens (oroaeTeKTopa
(prc.2) MOKa3bIBAIOT, YTO B KaYECTBE MOAYIHPYIOMIETO U MOAYJIHPYEMOTO CHUTHAIOB
MOTYT OBITH UCIIOJIH30BAHbI BCE TPH BEIMUYWHBI (TIepeMeHHsble), Bxozsamue B (8): F, V u
A. TloaTOMY BBIXOJHOH CHTHAN - TOK Oy/AET Pe3ylbTaTOM MOAYJISIUA aMIUTUTY]bI B
COOTBETCTBHU ¢ M3MeHeHneM V (puc. 3), mmHbl BosiHbl A 1 ioToka F. ITpu 3ToM B Ka-
94eCTBE MOJYJIMPYEMOT0 CHTHAJIAa MOTYT ObITh Bee Tpu Beawuuusl - F,V,A. Ha npaxtu-
K€ HanOOJIBIINH UHTEPEC MPEACTABISACT MOAYIISIIIAS 10 aMILTUTYE U A C HCIIOJIb30Ba-
HUEM B KQ4ECTBE MOYJIMPYIOIIEr0 CUTHAIA TPHIIOKEHHOTO HaNpshKeHus V.

3. ®oromerpusi. Ecim npeanonokuTh, 9TO CIIEKTP ONTUYECKOTO CUTHANA YKIIa-
neiBaeTcs B guanasone A ~ (0,2...2)10° u, To mst 9TOro ydacTka CrieKTpa SIeKTpo-
MarHUTHBIE BOJTHBI MO’KHO OXapaKTepU30BaTh CIEIYIONIMMHU TPYITIAMHU ITApaMeTPOB:

a) SHepreTHYecKre-POTOMETPUIECKUE, KOTOPhIE KOJMYECTBEHHO OICHUBAIOTCS
MOCPEJICTBOM SHEPTUH, MOITHOCTH MIIK MX NIPOU3BOTHBIMH;

0) GoTOHHBIE, KOTOPBIE KOJIMYECTBEHHO OIIEHUBAIOTCS YUCIIOM (DOTOHOB;
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B) 3()()EeKTUBHOCTh BOCHIPHATHS, KOTOPAs OIECHUBACTCS OTKIHKAMH BO3JICHCT-
BUsi curHana. K 3Toil rpyrnme MOXHO OTHECTH TaKHE MapaMeTphbl M3IyYCHHs, Kak
noJisipu3alius (€ro MmiIoCKOCTh U CTEICHB), (ha30BpalleHe, OTPAKEHUE, IPEIOMIICHHC
U T.JI.

Cmcok BO3MOXKHOTO MPUMEHEHHUs (OTOMETEKTOpPa MOXKET OBITH IPOIOIDKCH
TakuMHU cepaMu, KaK SKOJIOTHUS, METUIIHA, MAaTCPUAIOBEICHUE H JIP.
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UnNasLe 64 APLNR@EUSPENE

Thunwpyynwd Bu Sninyph hwywyny Gpywpgbipwuh Yhuwhwnnpnswiht Yunnigwdpny
pwquwpniuyghnuw)  Innnnbnblynnph upubidwnbuupulwu  dnnblh Yunnigdw,
$nuntiGhunpuwlwu  punipwgpbph unwgdwtu L gnpduwlwu  Yhpwnnygyniuubiph
huwpwynpniejniuutipp:

Unwugpuypti  pwnbp. CTninyhh hwwly, Pnuninhnuwup, Ywunwd, uvwblupw
qquwjuniintt, dnnniywwnnp, quhs:

V.E. ARUSTAMYAN, S.KH. KHUDAVERDYAN, Zh.G. DOKHOLYAN,
AS. KHUDAVERDYAN

CIRCUIT MODEL AND CHARACTERISTICS OF
MULTIFUNCTIONAL PHOTODETECTOR

Circuit model building, photovoltaic characteristics and applications of double-barrier
semiconductor structure with a Schottky contact multifunctional photodetector are considered
in the paper.

Keywords: Schottky contact, photocurrent, absorption, spectral sensitivity, filter.
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YIK 634.11
A.I'. 3APTAPAH

OIIPEAEJIEHUE CTEIIEHU CO3PEBAHUA IIJIOJOB C
HCITIOJIB30OBAHUEM NH®PAKPACHOI'O U3JIYYEHUSA

Ornucanbl TEXHOJOTUHU OMPEENICHUsT CTENEHU 3PElOoCTH ypoxkasi mocie cbopa. Jlaercs
Ki1accU(UKaIMs U OLCHUBACTCSI KAUeCTBO CENbCKOX03HCTBEHHBIX MPOAYKTOB. IIpencraBieHb
CTPYKTYpHasi cxema U mpoiiecc pabotsl uameputens UK nuanazona.

Knwouesvle  cnosa:  wHOpPaKpacHbli  AMANa3o0H, OTPaXeHHE,  MOTJIOLICHHE,
QJICKTPpOMAarHimuTHas BOJHA, IPOHUKAEMOCTD.

BBenenue. PacTymuil cnpoc Ha BBICOKOE KayeCTBO MPOIYKLUUU Ha PBIHKE
TpeOyeT pa3pabOTKM M BHEIPEHUS] MEPEAOBBIX TEXHOJOTUH MJIS ONpElNesICHUS
3pernoctu  ypokas — mociae  cbopa.  CopTHpoBKa M OIEHKAa  KadecTBa
CEJIbCKOXO3SICTBEHHBIX IPOAYKTOB - BECbMa CIIOKHBIN U TPYIOEMKHI Mpo1iecc.

KagecTBo oBomeld M (pPYKTOB 3aBUCHT OT PA3JIMYHBIX (PAKTOPOB: TEXHHUKH
BEIpPAIIUBAHMS, KIMMaTa, COCTOSHHUS TMOYBHI W T.1I. TakuM o0pa3om, CyIIeCTBYEeT
OoJbInas pa3HUIA B Ka4EeCTBE IJI0JIOB, Aa)K€ €CIIM OHU BBIPAILIEHBI M COOPaHbI U3 TOM
e 00JIaCTH.

Pyunas copTupoBka mpeacTaBiseT co00i JOPOTOCTOSIINI W HEHAJICKHBIH
Croco0, Tak Kak 4YeJOBEYECKUH (akTop MPOTHBOPEUYHB INPH OIpPEICIICHAN TaKUX
Ka4eCTB, KaK BHEIIHUM BHJ, BKYC, COJIEP)KaHUE MUTATEIBHBIX BEIECTB, TEKCTYPHI U
T.1. (cM. Taba.). B 3TOM ciydae aj1st OlleHKH KauecTBa (PPYKTOB M OBOLLIEH KeJaTelnbHO
MIPUMEHEHHE YCTPOMCTBA, KOTOPOE MPU M3MEPEHUH HE MOBPEXAaeT arponpoaykr. C
MOMOIIBI0 TAKOTO YCTPOMCTBA MOXKHO IOJNYYUTHh HAJCKHBIN, OBICTPBIA W, C TOYKH
3pEHMS SKOHOMUH, TPUOBUILHBIN pe3yIbTaT.

Tabauya
Daxmopbl oyeHKu Kavecmea
Brewmnuii Bug BnyTpenHue kauectBa

Pasmep, Bec, 00beM Bkyc, 3amax (cinagocTb, KHCIOBATOCTh, TEPIIKOCT)
Kondurypauus TBepaocTh, 4eTKOCTh, COYHOCTD
L{BeT, OAHOPOAHOCTD, XHUMHUYECKUE KOMIOHEHTS! (YTJIEBOABL, OETIKH,
HWHTEHCHUBHOCTh BUTaMUHBI, (YHKIIMOHAIEHbIE CBOWCTBA)

. e(eKT BHYTPEHHEH IOJIOCTH, BOJHOTO 51/1pa, YPOH
Jedexr (ymm0, ynap, TOUeIHBIN) Jleg yIp - BOA A1pa, Yp

OT MOpPO3a

Meton UK usmepenusi. C OMOIIBIO HOBBIX TEXHOJIOTHH C WCITOJIB30BAaHUEM
WHGPAKPACHBIX JIyuel CelIbCKOXO3IHCTBEHHBIC MPOAYKThI MOXKHO COPTHPOBATh HE
TOJIBKO IO BECY U I[BETY, HO U [0 MHJIUKATOpaM BKyca. [Ipu 3TOM He MPOUCXOAUT HU
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MOBPEXACHUS MPOAYKTA, HU JIaXKe MEXaHHMUECKOTr0 KOHTaKTa ¢ MpoaykToMm. CTeneHb
3pENOCTH ONpPENENAeTCsl MPOLEHTHBIM COIEP)KaHUEM CYXOIo BEIIEeCTBa B 33JJaHHOM
Bece TPOMyKTa W BBIPAXKAeTCs B KOJNMYECTBE UacTel caxapo3bl, (QPYKTO3HI,
BUTaMUHOB, MUHEPAJIOB, aMUHOKHUCIIOT, POTEMHOB U IPYT'HX BEIIECTB.

OpHM MEeTOnbl OLEHKM KadecTBa HAIIM MPAaKTUYECKOE NMPUMEHEHHUE, IpYrue
CUMTAIOTCS TIEPCIeKTUBHBIMH pemreHusaMu. MK TexHrnka Ha MPOTSHKEHUH MTOCIEAHUX
JIET CcTaja CTPEMHUTEITHHO Pa3BUBATHCS M IIMPOKO MPUMEHATHCA B TEXHOJOTHAX IO
OLICHKE M KJIaCCU(PHKALIUU arpOTPOAYKTOB.

Buytperstee
oTpakense (B)

BHewHee orpaxkeHne (R)

Herounnk HK
Hinyvarensa

Puc. 1. Onmuuecxue xapaxmepucmuxu niooa

Jumaa BupmMmoro nyda cocraBisier ot 400 mo 700 mm, a qumHA ONFDKHETO
undpakpacuoro (BUK) snyua - ot 0,7 mo 2,5 mxu u Gonee. OnTuueckue CBOWMCTBA
OCHOBaHbl Ha OTPaKEHHH, NPOIYCKAHWH, TIOTJIONICHWH MM PACCESIHUM CBETa Ha
npoaykT (puc. 1). Korma nyu cBera mamaer Ha OOBEKT, 4acTh MAJAlOLIEro Jy4da
orpaxaercsi oT nosepxHocTH (R). Takoe oTpaskeHHe Ha3bIBaeTCS PETYISPHBIM (WM
3epkanbHbIM). OcTaBiieecss wuznydenue (1) mepemaerca dyepe3 MOBEPXHOCTH B
KJIETOYHYIO CTPYKTYpy 00BEKTa, TAe OHO pacceuBaeTcsl Ha HeOOJbIIONH HHTEpQeiic B
TKaHU WJIM TIOTJIOIIACTCS COCTaBIIIOIIMMHU. [lornonenHas 4acTb M3My4eHUs] MOXKET
OBITH MpeoOpa3oBaHa B jpyrue (GOpMbI DHEPTHH, TAKUX KaK TEIUIOBBIC, XUMHUYECKHE
W3MEHEHUS WU JIIOMUHECIICHITNH. YacTh niepeiaBaeMoil SHEPTUH MOTJIOMIAETCS, YACTh
oTpaxkaeTcsi 0OpaTHO K TOBEpXHOCTH (KOI(D(MUIMEHT OTpaKeHHs Tela WIH
1 Qy3HOro OTpaXKeHus), OCTaTbHAasl YacTh epeaaeTcs yepe3 00beKT (MpoIycKaHue),
Kak mokaszaHo Ha puc.l [1]. Mcxoas w3 BBINIECKA3aHHOTO, MOKHO BBIUYHCIIUTE
coJiep)kaHHEe OpraHUYECKMX BEIIECTB, KOTOpBIE, B CBOIO oOuepeab, H AaayT
WH(OPMALIMIO O CTENICHN CO3PEBaHUS IIJI0AOB.

BUK wusmepurenn coctosar u3 ucrouHuka ceera win WK umsmydarens,
MPUEMHHKA U CUCTEMBI paciera pe3yIbTaToB.

Co CTpYKTYpHO! TOUKH 3pEHHUS, Pa3INYaloT ABa METO/IA H3MEPEHU:

1. Mertoa u3MepeHUs] OTPa:KeHMsI, KOTAa HM3MepseTcs 3HAYCHHE SHEPruu
orpaxkernoro MK myua (puc. 2) [1].
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[

HCTOYHHK CBeTa AETEKTOD

Puc. 2. Memoo usmepenusi ompasicenust Puc. 3. Memoo usmepenust nponycKauus

2. Meroa u3MepeHUsl NPONYCKAaHMsl, KOrna HMHGPOpPMALUS IMOTy4YaeTcss OT
3HaYeHUS MPOMYIICeHHON 3Hepruu (puc.3). B aTom ciydae mamepsieTcs MpoOXOaaIinui
Yyepe3 TKaHU CBET, KOTOPBIM OTpakaeT BHYTpPEHHHE aTpUOyThl 00bekTa. JJaHHBIH
METO/ JAaeT OO0IIy0 HH(OpMAIHI0O O KayecTBE W B COCTOSHHHM KOMIICHCHPOBATH
crabble CTOPOHBI METO1a OTpakeHus [2].

Pabora wusmepurens, paspaboranHoro B HWHcTHTyTE pamnopusukd U
anektponuku HAH PA, ocHoBaHa Ha u3MEpeHHH OCTaTOYHOM MOIIHOCTH OT
otpaxkeHHoro UK nyya u3 TkaHel mnonoB. Y CTpOUCTBO KOMIAKTHOE, HOPTATUBHOE,
JUINTENTBHOCTh U3MEPEHHsI OJHOTO IMKJIa cocTaniseT < 10 c.

Onucanue padorel. B UK nuamazone (puc. 4) wacTh CHUTHalIa W3TydaTess
JMoJia 2, JI0XO/s 10 MOJIYIPO3pavyHoro 3KpaHa 3, orpaxkaetcs Ha (OTONPUEMHHUK 5.1,
a Jpyras yactb - Ha HaOmomaemblii o0bekT 4. Otpaxennsle MK momboctn c
MOJIYNIPO3PayHOro 3KpaHa 3 W HaOM0JaeMoro o0bekTa 4 NPUHUMAKOTCS OT
dhotoanoaoB 5 u 5.1. V3ubl 6, 7, 8 o0ecreynBarOT 3HAYCHHUE MOIIHOCTH M3JyYSHHBIM
UK, a 3HaueHWe cCuUrHajia, NOPUHATOTO (DOTONPUEMHUKOM, CUUTAETCS OIOPHBIM.
OTpakeHHBI CHUTHaJ OT HaOmogaeMoro oObekTa 4, KOTOPBIH  CONEPKHUT
MHQOPMAIMIO O CTENEHH CIEJIOCTH MpOJYKTa, MPUHUMAETCsl U oOpadarbiBaeTcsl B
npueMHOM y3ie 9, 10.

&

Puc. 4. Cmpyxmypuas cxema u y3net usmepumens UK ouanaszona:

1- memounuk numanus ouooa, 2 - UK uznyyamens. 3 - moaynpospaunsiil 5KpaH, 4 - mmepsemvlii 00vexm,
5- gomonpuemnux cmadbunuzayuu yenu, 6- y3en ycunenus u UsMeHenus. CUeHaNd, 1- KOHmpoaupyembviii
UCMOYHUK NOCMOSAHHOI0 MoK a, 8- sughepenyuanvuviii ycunumens, 9- yzen obpabomxu cuenana
usmepumenshoti yenu, 10- pecucmpupyio mee ycmpoticmeo (Muxponporreccop)
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Ilocne BBoma gannbix oT BUK mpreMHoro anona mpoBOAUTCS KOPPENALUS CO
CTaTUCTUYECKUMH U OTIOPHBIMH JaHHBIMU.

UTo0Bl MOMyYUTHh OIMOpPHBIE NAaHHBIE W KaTUOPOBKY, MCIOIB3YEeTCS TEXHHKA
perpeccuonHoro ananuza. [locnmemnee peructpupyercs B BUK anammzatope ans
MPOTHO3UPOBAHUS CTETIEHH 3PEJIOCTH IJIOJ0B. YKa3aHHOe OoJiee JeTalbHO MOKAa3aHo B
HIKETIPUBEZCHHOM TIPUMepe.

3
y -
* 1

Iﬁi
yi ------------- -+

1

1

1

1

1

1

1

1 X
0 X

Puc. 5. Jluneinas ¢pynxyuss 00H020 apeymenma

Jg yrpoteHus H3II0KeH!sT paCCMOTPHUM CHavajla ciydai THHeHHOH (yHKINN
oJHOro aprymenta. IlycTb u3 ompita mosryueHsl TOUKHU:

X101,

X2,Y2,
1)

Xn,Yn»
y=ax+b, 2

HAMITY4IIUM 00pa3oM COTIacyroIIUecs ¢ ONBITHBIMA TOYKAMH.
[Mycte MBI HanM Takyro npsmyro. O6o3Ha4uM depe3 §; pacCTOSHUE ONBITHON
TOYKH OT 3TOU NPSAMOH (M3MEPEHHOE MapajieNIbHO OCH Y).
W3 ypaBHeHus (2) cnemyet, 4To
8 =y —ax; —b. 3)
Uem MeHbIIe 4HUCIO §; O aOCONIOTHON BEJIMYMHE, TeM JIydile Mofo0paHa
npsaMasi (2). B kayecTBe XapaKTepUCTUKHM TOYHOCTH Nojdopa mpsMoil (2) MOXKHO
MPUHSATH CyMMY KBaJpaToOB
_yn g2
§=Xiz16i (4)
[Mokaxkem, kKak MOXKHO 10100paTh NMpsiMyro (2) Tak, 4ToOBl CyMMa KBaJIpaTtoB S
Obuta MUHUMaNbHOU. U3 ypaBHenwmii (3) u (4) nomyunm
—yn 2
S =2i=1(yi —ax; — b)“. ®)
Ycnosus muaumyma S OyayT
as

a = -2 2?:1(:)’1 — ax; — b)xl = 0; (6)
as
2= -2Y.(yi—ax;—b)=0. (7

7]
VYpasuenus (6) u (7) MOXHO IpeoOpa3oBaTh B BUJ

88



Yl yixi = a Y xf + b XL x;, (8)
Yi=1Yi =aXi; x; +nb. )
N3 (8) u (9) nerko HaliTH a U b 1O ONBITHBIM 3HaYEHHUAM X; U y;. [Ipsamas (2),
ompenensemMast ypapHeHusiMU (8) u (9), Ha3pIBaeTCsl MPAMOM, MOTYYEHHOW METOJIOM
HalMEHBIINX KBAJPaTOB (3TUM Ha3BaHUEM IOAYEPKUBACTCA, YTO CyMMa KBaJpaToB S
uMeeT MUHUMYM). YpaBHeHHs (8) u (9), U3 KOTOpBIX ompenemnsercs npsmas (2),
Ha3bIBAIOTCS] HOPMaJIbHBIMH YPaBHEHUSIMH.
MokHO yKa3aTh MPOCTOW W OOMMA CIMOCOO COCTAaBIEHUS HOPMAIBHBIX
ypaBuenuii [3]. Ucnonb3ys onbitHbie Toukd (1) u ypaBHeHHE (2), MOKHO 3ammcaTh
CHCTEMY ypaBHEHUI 1715 a U b:

V. =axy +b,

Y2 = ax; + b;
(10)

Yo = ax, +b.
VYMHOXHUB JIEBYIO M IIpaByK) 4YacTH KaKIOr0 M3 OSTUX YPAaBHEHHH Ha
KOX(pGUIMEHT TIPH TIePBOW HEM3BECTHOU a (Ha Xi, Xp, ..., X,) M CIOKUB MOTyYEHHBIE

ypaBHEHUS, IOJTYYUM IIEPBOE HOPMaJIbHOE ypaBHEHUE (8).

VYMHOXHUB JIEBYIO M IIpaByK) 4YacTH KaKIOr0 M3 OSTUX YPAaBHEHMH Ha
KOX(pGUIMEHT TPH BTOPOW HEW3BECTHOW b, T.e. Ha 1, W CIOXHB TOJNyYCHHBIE
ypaBHEHUS, IOJyYUM BTOPOE HOpMallbHOE ypaBHEHHE (9).

OTOT cmocod MONyYeHUS! HOPMAIBHBIX YpaBHEHUH sIBIsieTCS OOMIMM: OH
NPUTO/IEH, HAaIpUMeEp, U U1 QYHKLIUU

y=ag+a;x +a;x?+ -+ a,x™ (11)

EctectBeHHO, 4TO 3/1€Ch MOMYYUTCS cucTeMa u3 (nt+1) HOpMaTbHBIX ypaBHEHHH
JUTSI OTIpEJIeNIEHUs] BEJINYHH A, A1, Ap, .., Ay -

PaccmoTpuM yacTHBIN ciiydall MpUMEHEHHs METOJa HAaMMEHBIINX KBaIpaToB.
[lycTh U3 TeOpUr U3BECTHO, YTO
€CTb BEJIMYMHA ITIOCTOSIHHAS, U €€ HY)KHO OIPEAEINTH 110 ONBITHBIM JaHHBIM (1).

CucteMy ypaBHEHUH U1 kK MOXKHO 3anucaTh B BUJIE

k = Y1/x1’
ke="2/y,. (13)
k == yn/xn.

st mosydeHUs HOPMAaJbHOIO YpPaBHEHHS YMHOXHM KaXI0€ U3 ITHX
ypaBHEHUH Ha KO3 (UIIMEHT MPH HEU3BECTHOM K, T.e. HA 1, U CIIOKUM MOJyYCHHBIC
YpaBHEHUS:

ken = i, 2 (14)
Orcroga umeem
1 i
k=13k 2 (15)
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CHCHOBHTCHLHO, CpeaHee apI/I(bMCTI/I‘leCKOC, NOJIy4CHHOC U3  OIIBITHBIX

OTHONICHUH %, JaceT pCIICHUC IMOCTaBJICHHOM 3agadyu 1o METOAY HAWMCHBIINX
i

KBaJpaToOB. DTO BAYKHOE CBOWCTBO CpeaHEl apu(METHICCKON 00BICHSET e¢ IIIMPOKOe
MPUMEHEHUE B MPAKTUKE 00PaOOTKH ONBITHBIX JTAHHBIX.
[Mpumep. Ha ombiTe moy4deHbl 3HAYCHUS X U Y, CBEICHHBIC B TAOJHITY.

X 1 2 3 4 5 6
Y 52 6,3 7,1 8,5 9,2 10,0
Haiitu nmpsimyro 110 METOAY HAUMEHBIIUX KBAPATOB.

Pemenne:
Yx; =21, Yy; =463, Yx?=91,Yxy; =179,1.
3anwumem ypasHenus (8) u (9):

la+21b =179,1,
21la+ 6b = 46,3.
a=0,98, b =4,3.

IMpuBenem eme oauH Oojice THMWYHBIA TpPUMEp TMOTJIOIMICHUS CBETa U
KOHIICHTpAIH BemecTsa (puc. 6).

OTtcroga HaXOIUM

Benuunna nomowenna = 0.6

Konuentpauua = 0.035uM

Nomowenune
COO000000
O=NWArHAH IO
1

0 0.01 0.02 0.03 0.04 0.05 0.06

KoHuentpauua (shl)
Puc. 6. Konyenmpayus u nocnowenue

PerpeccuoHHbIil aHanW3 pemiaeTcs € IMOMOIIBIO TSTH ONOPHBIX JIAHHBIX,
MOJTy4YEHHBIX Ha OCHOBE OIBITOB, IJe M3MepseTcss Kod(D(PHUIMEHT MOriIoNneHus Npu
CIIEMYIONINX 3HAYEHUAX KOHIleHTpanwu arponpoxaykra: 0,01; 0,02; 0,03; 0,04; 0,05. B
pe3yjibTaTe PEerpecCMOHHOTO aHanM3a TOJIydaeTcs o JIMHUA (f(x)), KOTOpas
WCTIONB3YyeTCs U aHaln3a JalbHEWNIMX H3MEPEHHBIX pe3ylbTaToB. BcTaBuB B
perpeccronHy0 GyHKIHo0 KodhduimeHT noriomeHus 0,64 (loglo(l/R)), 3HAYCHUE
koHueHtpaiuu  (C) Oymer 0,035. DTOT MeTOJ NO3BOJSET OBICTPO HAXOIUTh
COOTHOILEHHE KOHIEHTpaLuu arporpoaykToB 1 UK nornomenust.

Texnuveckue naHHbIe yCTpoiicTBa: jiuHa BONHBI A — 0,95 micm, MOITHOCTD
UK wm3nyuarens P - 3 MBm, riryOuna mogyssiunu m - 100%, yacrora f - 80 ['y.
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[lo pe3ynbTaTaM MPOBEACHHBIX OIBITOB C ITOMOIIBIO 3TOTO YCTPOWCTBA BUJIHO,
YTO TPU COOTBETCTBYIOIICH JJIMHE BOJHBI Y KaXIOro oObekTa ((PpyKTHI, OBOIIN)
uMeeTcsi CBOsI 00JacTh TPOHWKHOBEHUS B 3aBUCHMOCTH OT CTEICHU CIEJIOCTH W
CTPYKTYpPBI TKaHEH.

3akuawuenune. Pe3ynbraThl UCCIIEOBAaHUS MTOKA3aIH, YTO, HCIIOJIb3YS 3HAUCHHUC
muddysnoro orpaxenHoro WK curHama, MOXHO ONpEACTHTh CTENEHb 3PENOCTH
ypoxkas mocie cbopa. J[06aBHB COOTBETCTBYIOIIEE MPOTPAMMHOE OOECIIeUeHHe,
MOJTYYUM MHOTO(YHKIIMOHATBHBIH MOOMIILHBIN H3MEPUTETh.

CIIMCOK JIMTEPATYPBI

1. Kyu-Hong Choi, Kang — Jin Leen, Giyoung Kim Non-destructive for the Quality
Evaluation Technology for Fruit and Vegetables using NIR —spectroscopy // National
Institute of Agrecultural Engineering. - 2003.

2. Hongjian Lin, Yibin Ying Theory and application of near infrared spectroscopy in
assessment of fruit quality. - 25 March, 2008.

3. Measurementof sugar contents in citrus using near infrared transmittance / K. Lee, G.
Kim, S. Kang et al // Advances in Nondestructive Evaluation. — 2004. — P. 1-3.

1.9. QUMRUNr3uL

NSNrLENh KLUNRLUSU UL UWUShAULP NPNSNRUL hLBrUUUrUbr
sUNUAU3ERUUL UhRNSNY

Ljwpwgpdws  Gu  gnindebippubiph’  dpgbph,  pwuownbintuh  npwlwlwu
hwwywuhgubph quwhwwdwu b nuwuwlwpgiwu wnbfuuninghwubpp, huswybu twl Jwiu
Yhpwnnignis quiwd  pudppwlwpdpp - (P4) - whpnyend - wofuwwnnn gwihhy - uwpph
woluwwnwupwihtu ywpwaghnpt nt unnigwdpwihtu ufutidwu:

Unwugpuypti  pwnbp. hubpwlwpdhp  whpnye, wunpwnwpdnd,  Ywund,
EiEyunpwdwquhuwlwu wihp, pwthwugbihnye)niu:

D.G. ZARGARYAN

FRUIT MATURITY DEGREE DETERMINATION USING INFRARED
RADIATION

The estimation and classification technologies for qualitative characteristics of
agricultural products — fruit and vegetable, as well as the operation and the scheme of the
measuring device functioning in the widely used infrared (IR) range are described.

Keywords: infrared range, reflection, absorption, electromagnetic wave, permeability.
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PELHEH3UA
Ieu KJIATHAAL TEOPHSA

JAMOOEPERIHATLHBIX Ha MoHorpaduto C.O. Cumonsna, A.I'. ApeTucsn
NPEOBPA3OBAHHH

“IIpukitagHas Teopus
i depeHIaATEHBIX TPeoOpa3oBaHuii”

Pa3BuTHe HayKu M TEXHHKH Ha COBPEMEHHOM 3Talle B NEPBYIO odepenp o0yc-
JIOBJICHO BBIMIOJIHEHUEM (PyHIAMEHTAIBHBIX MCCIEAOBAaHUN, CTUMYIUPYIOLIMX PACILIH-
peHMe NpUKIagHbIX pa3paboTok. IIpu ocymiecTBieHNH MOCIETHUX, KaK IMOKa3bIBAIOT
HCCIIEIOBAHUS, OJHUM M3 COBPEMEHHBIX 3(Q(EKTHBHBIX CPEICTB MPEOAOJICHHUS pas-
JIMYHBIX BBIYMCIMTENBHBIX TPYOHOCTEH SBISIIOTCS AuddepeHnuanbaele npeodpaso-
Banusl, npemioxeHHble akaneMukoM HAH Ykpaunsl I'.E. [Tyxossim 30-35 net Hazaz.

[Ipu npumenennn nuddepeHnraipbHbIX Mpeodpa3oBaHuil n300pakeHus GpyHK-
[UI-OPUTUHAJIOB TIOJIy4aroTcs B pe3ylibTare JUPQPEepeHIMpOBaHUs IMOCICTHUX B
OTIIMYME OT WHTETpalbHBIX TpeoOpazoBanmii Jlamnaca-Kapcona, ®@ypre, MemmHa,
Yonma u Jp., IpU KOTOPBIX MPSIMOI Mepexoj] u3 o0JacTH OpPUTHHAIOB B 00JacTh
n300pa’keHNH BHINOJHSIETCA Ha OCHOBE, B 00IIeM cirydae, 0oJiee CII0KHOMN onepanu -
uHTerpupoBanusa. OOpaTHbIM mepexox u3 oOnacTH M300pa’keHMH B 00JacTb OpH-
THHAJIOB TaKXKe CBS3aH C CEPbE3HBIMU BBIYMCIUTENBHBIMA TPYIHOCTSMH. B ciydae
muddepeHInanbHBIX TPeoOpa3oBaHuil B OTJIMYHME OT CIIOKHBIX BBIYMCIHTENBHBIX
ONEpalyii MHTETpalbHBIX CBEPTOK, XaPaKTEPHBIX JUIS MHTETPAIbHBIX IPeod-
pa3oBaHMii, MU MPSMOM MEPEXOJIE MOIYUIAIOTCd CPABHUTEIHHO JIETKO BBIYHCIISEMbIE
anredpaundeckue cBepTkr. OOpaTHBIN Mepexo1 B 0071aCTh OPUTHHAIIOB B OOJIBIIIMHCTBE
CllyyaeB TakXe OCYLIECTBISIETCS Ha OCHOBE 0Ooiee NPOCTOM oOmepauuu -
CYMMHPOBaHHUSI.

OTH BakKHbIE OOCTOSITENHCTBA OOBIYHO TMOPOKAAIOT MPOCTEHIINE BBIYMCIIH-
TENbHBIE NPOLEAYPHl, HaJelIeHHbIE MaKCHUMaJbHBIMU CTEHNECHSIMH PpaCIICIUICHUS H
anreOpan3aliy, pacrnapajuieIMBaHUs M arperaiuy IEePeMEHHBIX pelIaeMbIX 3aiad.
CrnenoBatenbHO, OCOOBI HMHTEpEC MNPEACTABIACT BBIACHEHHE BO3MOXKHOCTEH OT-
JeNbHBIX Pa3HOBHIHOCTEH 3THX NpeoOpa3oBaHUil B cepe 3PPEeKTHBHOrO peleHus
Pa3NMYHBIX 3a/1a4, YeMy M MocBALleHa pereHsupyemas mMonorpagus C.O. CumonsHa
nu ATI. Aserucsn “llpuknagnas teopus auddepeHnmanbHBIX MpeoOpa3oBaHun’”.
3aMeTHM, YTO C LEJbI0 pelleHus] OOJBIIMHCTBA PacCMAaTPUBAEMBIX B MOHOTrpaduu
3aga4d (KpoMe, MOXKeT ObITh, 337ja4 ONTUMAJILHOTO yIpasieHus) auddepeHnuanbHbie
npeoOpa3oBaHKs MOYTH HE OBUIN MCIIOIB30BAaHBI APYTHUMHU aBTOPAMH.

92



Momnorpadus HalrcaHa o MaTepragaM HCCIICIOBaHNH aBTOPOB TocieaHux 20-
25 51eT ¥ COCTOUT M3 MPENUCIOBUS, BBEIEHHs, BOCbBMU IJIaB, MOCIECIOBUS U CIHCKA
JUTEPATYPBHI.

B npenyciaoBuu 3aTpOHYTHI BOIIPOCH! OOLIETO XapaKkTepa.

Bo BBeneHuu mpeacTaBieHs OCHOBHBIC MpaBuiia anreopsl muddepeHnnaIbHbIX
npeoOpa3oBaHui, a TAKKE UX PA3HOBUIHOCTH.

B nepBoii rnaBe mpencTaBiIeHbl HOBBIE TEOPETHKO-NIPHUKIIAAHBIC IOJIOKECHHUS,
MO3BOJIMBIIIME PACIPOCTPAHUTH ammapar auddepeHnranpbHbpIX TpeoOpa3oBaHUN Ha
pelIeHusl Takux “‘HeyHOOHBIX” 3a7ad, KaKUMH SBISIOTCS aBTOHOMHBIE CHCTEMBI KO-
HEYHBIX ypaBHEHMH. IIpeyoskeHbl anropuTMbl Uil PpEIUCHHS HEJIMHEHHBIX
HEMapaMeTPUYEeCKUX CHUCTEM KOHEYHBIX YPaBHEHHH CHELHAJBHOIO  Kjacca.
PazpaGorana  Takke  TOMOTONMYECKAss  MOZAETAb  PELICHUA  HETUHEHHBIX
HelapaMeTPUYEeCKUX CUCTEM KOHEUHBIX YpaBHEHUH 00LIero BUaa.

Bo BTOpOI#i rnaBe mpemioxkeHsl quddepeHnaIbHO-MaKkIIopeHoBCKas U nud de-
PEHLMABHO-TIaJIeeBCKasi MATPUYHO-BEKTOPHAsT MOJIENN AJIsl PELICHHUS ONPEETICHHBIX
JIMHEMHBIX napaMeTpuiICCKUX CUCTEM KOHCUHBIX ypaBHeHHﬁ.

B Tperbeli rnaBe npeasioKeH METOJ PELIEHUS HEJIUMHEHMHBIX MapaMeTpUYECKHUX

CHCTEM KOHEYHBIX YpaBHEHHH JUIsS MOCTPOCHHS, B YAaCTHOCTH, TPACKTOpUI paBHO-
BECHBIX COCTOSIHUI JMHAMHUYECKHX cHCTeM. [IpeaoxkeHa TakKke MaTpUYHO-BEKTOpHAS
MOJIEIb PEIICHHUSI OTMEUYECHHBIX CHCTEM.

B uerBepToii raaBe ISl MapaMeTPUUECKUX KBaJIPATHBIX MATPHIL MPEIJIOKEHBI
muddepernnansabie ananoru (/-ananorn):

®  BBIYMCIICHUS ONpeaenuTenei-QyHKuni;

®  peleHus TMONHOW MPoOJieMbl COOCTBEHHBIX 3HAUCHUNH-(PYHKIUN (HEesBHAS U
SIBHAasl CXEMBbl, OCHOBAHHbIE COOTBETCTBEHHO Ha HCIIOJB30BAHUM CaMOU
MaTpPHULIbI U €€ XapaKTePUCTUIECKOTO yPaBHEHHUS);

e wMmerona Kupapa-Buera ans napauensHOro orpeneneHus COOCTBEHHBIX
3HAYEHUI-QYHKUNH anreOpandyecKuX MHOTOYJIEHOB C II€PEMEHHBIMH
ko3 duuneHramu;

e wmertonga ¢oH-Mmu3zeca AN BBIYHCICHHWS TNEPBBIX JBYX HAMOONBIIUX II0
MOJIYJIIO COOCTBEHHBIX 3HAUEHUI-(DYHKIINI;

e wMeroga JleBeppe mansg omnpeaereHUs COOCTBEHHBIX MHOTOWIEHOB C
MepEeMEHHBIMU KO3 UIIMEHTaMHU;

e wmeroga PagneeBa A7 OJHOBPEMEHHOTO OIpENETeHHs COOCTBEHHBIX
MHOTOWJICHOB C TMEPEeMEHHbIMU KO3 QHUIUEHTaMH, OOpaTHBIX MaTpul U
COOCTBEHHBIX BEKTOPOB-()YHKIIHIA;

e QR-ajropuT™Ma Ha OCHOBE HCIIOJB30BaHHUS IMPeoOpazoBaHuil Xaycxojjaepa
JUTS OTIpefieNieHHs] COOCTBEHHBIX 3HAYEHUH-(DYHKIIMH U COOTBETCTBYIOIIMX
COOCTBEHHBIX BEKTOPOB—(YHKIIHIA;
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TOTO K€ aJNrOpuTMa C IIEJbI0 ONpENeNIeHHs] KOMIUIEKCHBIX COOCTBEHHBIX
3HAYCHUH-(YHKLIUH.

B nmaToli raaBe HaluId MECTO pa3pa60TaHHLIe H-aHaﬂOI‘I/I MCTOA0B FpCBI/IJ'IJ'Iﬂ,
0JI0YHOrO p336I/IeHI/Iﬂ, OpTOroHaJIM3aluu FpaMMa-H_[MI/II[Ta, HUCKIJIFOUYCHUA Faycca-
)Kop)laHa IJIL OIIPEACJICHUA MapaMCTPUUCCKUX HCGBI[OO6paTHLIX MaTpull, a TaKKe
CHUHTYJISIPDHOTO PAa3JI0KCHU.

B miecrtoif raBe mpeacTaBiieHbl MPEAIOKEHHBIE HENPEPHIBHBIE MOJIENN ObICT-

poro cybrpaauentHoro mupdepenmmanproro crnycka (HMBCI'JIC) u ux kBasuim-
HeitHble skBuBaseHTH (KJIMBCI'JIC), ynpoiieHHble BapyuaHThl TOCIEIHUX, a TaKKe
uX JIOKaJbHbIe /[-aHanoru (TeilylopoBCcKas u maieeBcKast) Uil PeLICHUS! HePEPBIBHBIX
3aJlad MaTeMaTH4YecKOro MporpaMMHUpPOBaHUA. 37eCh e NPUBEACHbI AHAJIOTMYHBIC
MOJIETH JJIsl PeUIeHHUs TUCKPETHBIX 3a/lad MAaTeMaTHYeCKOro MpOrpaMMHpOBAHUS —
MOJTHOCTHIO U YACTUYHO LIEJIOYUCIICHHBIX, a TaKKe OMBAJICHTHBIX U IICEBIOOYIEBBIX.

B cenbpMoi riaBe pacCMOTPEHBI CIASAYIOMNE JUHAMUYCCKUE 3aa9H:

IBa BHIAa HEKAHOHHYECKHX CHCTEeM Ju(QepeHUraNbHbIX ypaBHEHUI
(Hepa3peleHHbIX OTHOCUTEIBHO TMPOU3BOIHBIX HMCKOMBIX MNEPEMEHHBIX),
IUIS pelIeHHs] KOTOphIX mpemiokeHsl coorBeTcTByromue HMBIJIC u
KIIMBCT' ZIC. IIpu 3TOM MCTHONB30BaHBI METOJ KBaJPAaTUYHBIX MTPadHBIX
¢ynkuuit 1 npuHmn Makcumyma [loHTpsiruHa. [lanee Ha OCHOBe MpejyIo-
JKEHHBIX MOjIeNel pa3paboTaHbl COOTBETCTBYIOLIME Jl-aHanory;
JTUHAMHYECKHE 3KCTpeMalIbHbIE 33Ja4H, /U PEUIeHUsI KOTOPBIX MpeJioxKe-
Hbl cooTBeTcTBYomue Tpexaranasle HMBI'JIC n KJIMBI'JIC, a Taxke nx
cOOTBeTCTBYIOLIHE [[-aHanory;

M30MEPUMETPUYECKUE BapHallMOHHBIE 3aJaud, AJs PEIleHHs KOTOPBIX C
WCIIOJIb30BaHUEM MpHHIMIA MakcuMyMa [IoHTpsirMHA TpeIoKeHbI COOT-
BercTByromme HMCT'ZIC u KJIMCI'ZIC TpaekTtopuii NpOIBHXKEHHS, a
Takke MX [[-aHanorm. 37ech ke pacCMOTPEHBl MaTeMaTHYECKHE MOJIENIN
KpaeBbIX YCIOBHW TpPH TIaJKOM MOJBIKHOM MHOIOOOpa3HH Ha JIEBOM
KOHIIE W TJAJKOM IE€pPEMEIIAI0IeMCs] MHOT0OOpa3sMu Ha NPaBOM KOHIIE
ONTHUMAJIBHBIX TPAEKTOPHH;

OJIHOKPUTEPHUAIIbHBIE 3a/1a4H ONTHUMAJIBHOIO YIPaBJICHUS TPEX Pa3iIMYHBIX
KJIACCOB, IS pEHIeHHS KOTOPBIX FHCIIOJBb30BaHBl  COOTBETCTBEHHO
KJIACCUYECKUH, “OrpaHUYEHHBIA” MPUHLIUI MaKCHMyMa M METOJ PelyLH-
poBaHHOTO ()a30BOTO MPOCTPAHCTBA COBMECTHO C ‘“‘OrpaHMYEHHBIM” MPUH-
[IUTIOM MaKCHMyMa, Ha OCHOBE KOTOPBIX IMPEIOKEHBI COOTBETCTBYIOIINE
HMBCT JIC u KJIIMBCT JIC, a Takxe ux Jl-aHayioru.

B BochMoI¥i ri1aBe pPacCMOTPCHBI ClICHUAJIBHBIC 3a/1a1uu:

MMPEAIOKCHBL I[-aHanor pacliCiyiCHuss  MapaMeTpUICCKUX JIMHEHHBIX
JANHAMHUYCCKHUX CHUCTEM, a4 TAKXKC yr[pOH.[GHHBIfI OKBHBAJICHT 3TOr0 METOAA,
S3HAYUTCIIBHO o6nerqafoume o CpaBHCHUIO C IIEPBBIM MCTOAOM BbIYUCIIN-
TCJIbHBIC MTPOLCAYPhI PACHICTIIICHUS
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® paccMOTpEeHbl aBTOHOMHBIE JIMHEHHbIE MaTpu4Hble ypaBHeHus (Cuib-
BecTpa, JIAmyHOBa, a Takke PsJ YaCTHBIX 3ajad), AJsl PELICHUS] KOTOPBIX
NpU TPEINONOKEHIH BBIMOIHEHNST YCIOBUH pa3pellMMOCTH U HCIIONB30-
BaHUH KPOHEKEPOBa MPOU3BEACHUS MAaTPHIL MPEJIOKEHbl aHAIUTHYECKAs H
PEKyppEeHTHasi CXEMBl BBIYUCIUTEIBHBIX MPOLEAYP, WX HEMpPEpHIBHBIE U
MpaBble KOHEYHO-Pa3HOCTHBIC SKBUBAJIEHTHI. JIJI1 HENpPEpHIBHBIX MOJETeH
MPEUIOKEHBI TAKXKE COOTBETCTBYIOIIME J[-aHanory;

® mpemoxeH J[-aHalor aHAIUTHYECKOTO PELICHHs OJHOrO YaCTHOTO HEaBTO-
HOMHOTO JINHEHHOTO MATPHYHOTO YPAaBHEHUSL.

Crnemyer TOMYEPKHYTh, dYTO MOHOTpadusi, HECOMHEHHO, CIIOCOOCTBYET
BBISIBJICHHIO HOBBIX XapaKTEPHCTHK M BO3MOXKHOCTEH I (hepeHInaIbHbIX Mpeod-
pa30BaHU, a TaKXKe YCTAHOBJIECHUIO COBPEMEHHOIO “CBEXero” B3risga Ha J0cC-
TOMHCTBA M HEJOCTATKH 3THX MpeoOpa3oBaHMil. BcecTopoHHHMe — mcciemoBaHUS
aBTOPOB TTOCITY>KWJIM OCHOBOH JUISl HOBBIX MJIEH M BOIUIOIICHHS MX B TECOPHUIO M TPaK-
UKy auddepeHnnansHbIX TpeoOpa3oBaHuii B BUE Pa3paOb0TKH Pa3InYHbIX CPEJICTB —
METO/IOB, aJITOPUTMOB, TTAKETOB MPUKIAJHBIX NMPOrpaMM H T. J., Ha 0a3e IUPOKOTO
UCIIOJIb30BaHMs BO3MOYKHOCTEH COBPEMEHHBIX HHPOPMAITHOHHBIX TEXHOIOTHH.

YHHUBEpPCATLHOCTh  TPEJICTABICHHBIX B MOHOTpaQMH HOBBIX  HAYYHBIX
pe3yJIbTaTOB yOeAUTEabHO MOATBepXkaaeT 3(P(PEKTUBHOCTh MPEIIOKEHHBIX B HEH
MOJIXOJIOB JUTS PEIIeHHs HIMPOKOTO Kpyra HaydHO-TIPAaKTHUECKHX 337a4 Ha OCHOBE
NPUMEHEHHUS] HOBOT'O OMEPAIMOHHOTO METO/1a - MU PepeHINANTBHBIX TPeoOpa3oBaHMiA
¥ HEOOXOAMMOCTH JIAIbHEHINIETO Pa3BUTHS KaK X TEOPETHUECKUX, TaK U TPUKIAIHBIX
ACTIEKTOB.

Kak moka3bIBaloT HMCCIIEIOBaHUSI aBTOPOB, BO3MOXHOCTU TU(PPEepeHIINATBEHBIX
npeoOpa3zoBanuii st 3QGEKTUBHOrO peleHUss MHOTUX HAYYHO-TIPAKTUYECKHUX 3ajad
B HACTOsIIIee BpeMs JaIeKO He Hcuepranbl. MOIHBIE CpPEeACTBa COBPEMEHHBIX
WHQOPMAITMOHHBIX TEXHOJIOTUH M HEOCHOPHMBIE MPEUMYIIECTBA KOMIIBIOTEPHOTO
MOJICTUPOBAHNS, HECOMHEHHO, OTKPBIBAIOT MIMPOKUE MEPCIEKTUBBI JUIS BBISBICHHUS
HOBBIX  BO3MOXHOCTEH, KAUeCTBCHHBIX M  KOJMYECTBEHHBIX  XapaKTEPHUCTHK
T epeHInATBEHBIX TPe00pa3oBaHUi MPH PEIICHUN Pa3IMYHbIX 3a/1a4.

MoHorpadus npeHa3HAYEHA JUIS MIUPOKOTO Kpyra YhTaTelleil 1 MOXKET OBbITh
BeChMa I0JIe3HA HAYyYHO-TEXHHYECKHMM paOOTHUKAM, AaclHpaHTaM, WHXXeHepam,
nporpaMMucTaM W Jp. Bce HaydHbIe MOJOXEHHS MOHOTpadUH COMPOBOXKIAIOTCS
MHOTOYHCIICHHBIMI MOJIEIbHBIMA U MPAKTUYECKUMHU MPUMEPAMH U HX PEUICHUSMH,
YyTo eme OoJblIe MOJYEPKHBAET LEHHOCTh MPOBEJCHHOTO HMHTEPECHOTO HCCIIEHO-
BaHUSL.

3aB. kadenpoit “MaTemMaTnyecKoe MOJIETHPOBAHNE B SKOHOMHKE’
EI'Y, n.1.H., npod. A.A. ApakensH
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11.
12.
13.
14.
15.

16.

17.

18.
19.

20.
21.

22.
23.

<61huuyuLtrh SNh8UY

. Wwquu Ytwyhp Uwpuinhuh

WJwquu “Ywpbu Swghyh
Wywquu Uwpwnpht Snjwyh

Unnwwnwdjwt Yjwnhdhp
Epduwunh

Ugnwywtu Lwpby PEujwdhup

Uybunhujwtu Updhub Sunpgh
Uyhtjwtu Ywhb Mndbuh
Pniwhwpjwu Ywht Ywaqgbup

Gnhgnnjwitg Ywpnwt Myninph
“Ywpphuywu Ywhpwd <pwph
“nfunywt dwuuw Gwghyh
Rwpqupuwu Hwyhpe Swghyh
NiphYwu Uqunnthh (Gnpnup
fuwihih Upwnh Unhwddwn
Fuwswwnpjuu Ywnhuwy
Mwduwytih

funinwytpnywu Ugnwn Uniphyh

funinwytprywu Uniphy
Fuwshyh

Mbwpnujwu O|kg <wpniejniup
Uwpwhpnujwt Lnpwjp
Jdhywdup

Uphdntjwu Ubtw Udpwwnp
Uhdntjwu Uwpghu
<nyhwuubiup

Jwpnwujwu Updwt Upwdh
Jwpnwujwu Mnpbu <pwuwnp

|

|

|

|

|

nbfuuhywlwu inuopku, “Lnpdwpnd”
umne

wuwhpwuw, MY b U wdphnu, <NBL
wn.g.p., nhgbuwn, nblwu, NS U 4<
dwyninbin, LML

Ywuh dhowqquiht wlywntdhwih
wlwnbdhynu, n.q.n., ypnpbunp,

MY b U wdphnu, M<K

Swpuwpwgbin - bwluwagdnn,
“Uhunthuhu Upduhw” ®PC

Wn.g.p., nhgbiitn, SS U U wdphnu, LMBL
nwuwfunu, SS U U wdphnu, £MBL
n.q.n., wpndtiunp, wdphnuh Jwphs,
U4urU, <Mk

wuwhpwuw, U4RU wdphnu, <MAL
wuwhpwuw, SUTCU wdphnu, ML
$-d.q.jp., nngtitn, U4RPU wdphnu,<MABL
wuwhpwuw, b U £ hunhwnnun, <FUU
hwjgnpn, 4< wdphnt, <LNBL
wuwhpwuw, U4RPU wdphnt, <ML
nwuwfunu, U4PU wdphnu, LMBL

n.g.[e., nwnhnbwpunwpwagbun,

“Orange Updbtuhw” PLL

n.g.1n., ypndtiunp, 4 b U wdphnup
Jwphs, LML

nngtuwnn, n.q.p., U4PU wdphnu, KMBL
nngtiuwn, n.q.p., U4PU wdphnu, LMBL

hwjgnpn, SS U U wdphnu, £MB<

<BU wywnbdhynu, n.q.n., ypndbunn,
SS U U wdphnuh ywnhs, LML
wuwhpwuw, U4RU wdphnu, <MAL
wuwhpwuw, Stnlwundwlwu nbfuunin-
ghwubiph Jowydwu U dtubigdbuph
wdphnu, 6ML
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11.
12.
13.
14.
15.

16.
17.
18.

19.

20.
21.
22.

23.

CIIMCOK ABTOPOB

Apnansa Hapex bennamuuoBuu

Asetucsa Apmune ['eBopkoBHA
AsunsH Bare PomenoBuu
AiiBazsH [laBun MapTuHOBUY

AiiBazsu Kapen ["'arukoBug
AliBazssH Maptus LlonakoBuy

ApyctamsH Bragumup
EpBannoBuu
Bbynuatsan Bare Baszrenosuu

Bapnansa Apman ApamMoBuY
Bapnansu Py6en ['panroBuy

I'puropsanu Bapnan IletpoBuy
Hap6unsa Barpawm ['paiipoBud
Hoxonsu JKanna I'arukoBHa
3aprapsa Jlasua ['arukosud
MaptrupocsH Hopaiip
BunbsimcoBuu

ITerpocsH Oner ApyTroHOBHY
CumonstH AnHa Cm0aToBHA
Cumonsia Capruc OranecoBud

VYnuksH A3aryn TopocoBHa

Xamuu Apaxu Moramman
XauarpsiH Barunak Padaenosuu
XynasepasH Amot CypukoBud

XynaBepasta Cypuk XaqyuKOBHY
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WHXCHEP - IPOSKTUPOBIIIHK,
3A0 "Cunoncuc ApmeHus"

K.T.H., fotieHT, kap. UT u A, TUYA
npenojasarens, kap. UT u A, TUYA
TEXHUYECKUW TUPEKTOP,

00O "Hopmakom"

acrimpanT, kad. KIIP, TUVA

K.T.H., IOLIEHT, ieKaH (QaKyapTeTa
PTuCC, TUYA

akaj. MexIyHapoaHOU akaJeMHuu
CBsI3H, J.T.H., Ipod., kad. KIIP, TUYA
I.T.H., mpoceccop, 3aB. kad., MBMI],
T'MyA

acnpanT, kadg. MBMII, THUY A
acnupanT, kad. UT u MeHemxmenTa,
EI'Y

acnimpasT, kadp. MBMII, TUYA
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ZNUOLErk Q64U NrU UL YULNLLErT

Zuyuunuih whnwjui fupunwpughtnujui hwdwjuwpwh (Mnjhnbkthl) Pwbpkpp gpuijunu-
Unn hwbinku E, npp hpwwwpwlnud £ ghnuinbuthjuljub, twb wundhpdws wljiuplughu-gipnswljut
punyph hnnjwsutp, hwnnpynudubp, hisybu b wfju) ptwqujunh wijuih ghntwfwtitph hnpljju-
ubpht, unp gpplpht, hwdwpuwpwih dwubtwlgnipjudp juyugws ghnnwdnnndubphtt tdhpduws wynuphp,
Judpugpnipyutih nuyndus twdwlubp:

Unipp fudpugpmipnit tkpjuyugynid £ pun hbnbyjw) wuwhweubph.

1. Bplnt ophtiuy, twb LEYjwnpntwghtt mwppkpulny, hwdwljupgsughtt pupyuspp’ Microsoft Office
Word: Znnpjwéh swduyp Yuipnn b (huty dhish 10 ke, hwnnpnnudubphip® dhigh 4 Ep: Skpuwnp swpunpynud
k A4 sunthuh prph Ypw, wpliwnwipuwghtt nupwnp’ Top-5ud, Bottom-5,1ud, Left-5,75u, Right-1,75uu, Footer-
4,6ul, dhounnuyhl mwpwédnipiun (Line spacing)’ 1,1, wuppbpnipyniup (First line)' 0,75 ud: Zuybpk 1h-
Ul ghwpnud ympp swpwgpynid E GHEA Grapalat nwnwwnbuwlng, nnwowswihp' 10, huly pnwubpkih
Jud whgikpkih plygpnid® Times New Roman nununnbuuym], wunwsuphp 11:

2. Enph ykplh dwju wilniunad gpdnud £ hudwyhnwith nmuuinppujut qupujuihop’ wkpunht
huwlwyuwnwujiwt (kqny (287, YIK, UDC), hwynpn nnnh JEiwnpnunid”’ gjjuwnwntpny htnhtiwl(utp)h
wiui-huyjpuiui ulgptuwnuntpp b wqquinib(abp)p' bold, 10 wwnwswihny huwykpkt wbpuwnh
phypnid b 11 nunwswihn] wiqikpkb b pniubpbl whpunbph nhypnid: Znggush Jeptughpp npgmd k
htnhtwlh wgquijwip hwgnpnnn winnh hunpnund® bold, wdpnnonipjudp glluwwnwntpny' 10 mwnw-
suthny huybpbt nbpunh nhypnid b 11 wwnwswihng wiqpbpky b prubpbb nkpunbph nhypnud:

3. Umipp ujuynid |k wdthnthnudnyg (winwnwghw) wyt (Eqyny, npny ubpfuyugyws E: Udhnthnudu w-
Jupunid E wnwigpuyht punkpny’ nunwswdgp’ 9 huybph whpunh ghygpmd b 10 wwpwswihng whg-
(Epkt b pniubpk wkpunbph ghypnud, b dhuyt «Unwigpuwyjhtt puntpy wpunnwhwynnipyniiup” bold, italic:
Udthnthnidp whwp E (hh dptish 5 ning, wowbgpught punkpp jud punwljugwlgn pimubbpp 4-8 pun:

4. Bpwohwynpynd £ wniph swpunpdwt hbnbyjw) Jupgp. «Ukpusnipiniy, npp yhwnp Ehwdwnnn
ubkpwnrh hupgh Yhdwljp, phdwgh wpphwlwinipemiip b hblnwgnunipyut tyuwnwlp, «<vugph gpduspp b
Ukpnnhljuyh hhdtiunpnudpy, «Zknwugninnipub wpyniuplibpp», «Gqpujugnipmnily, withpudbynnmput
nhypnid’ twl wy) pudhbibp hwdwyuinwujuwl JEplwgpbpny:

5. Stpunnud hnmudubpp qpujuwinipyuip toynd & nipnuulnit thwugstpny: Pwbwdlbkpp
ubpuyug]mu kb tnp wnnhg, Equation Editor spwqpny, italic, wwpwswihp' 11, withpudbynmpyub
nhypnid hudwpwlwpynd Eu minnph ykpenid”’ unynpuljuts (Ynp) thwljugdni:

6. ULljwpubkpt nt wnpniuwlutpp hwenpyniud o imbkpunmd hwdwwywnmwupuw hnnudubphie: «Lg>
«Unniuwlp» punbpp, tjupubph dwuugpnipniup b wnpnuuwfutph wbquinwdubpp qpynud Eu Italic 9
wnwnwsuthnt] huybpbl nkpunh ghygpnid b 10 nupwswihny wiqbpk b poukpbt whpunbph phypnid:

7. Skpuwnhtt hwgnpynmud k gqpuljuiinipjut guulp' 9 mwnwswithny huytpkt wkpunp nhypnid b 10
nwnwsuthn whqbpkt b pniubpkt nbpunbph glypnid, dhuyh hbnhtwlh wqquibniih ot win]wb-
hwjputwl uljqpununtpp’ bold, «Fpuljwbinipjut gl wpnwhwpnnipmiin’ wnnh Jeunpnind,
qluwtuntpny: Swynid qpujwinipjul jpipupwignip wnpnip hwdwpwluwynud £ pun wkipunnd hp
hnuwt hippuluinipjui: Fpuljuinipyut wnpmiputpp Wuppbpuwt hpunwpuynipmniiubph nghwpnid
ubpuyugynmd Bt htwnlyuw) Jupgny. htnptwyh wqquiunitp, wijwb-hupuidui ulqpiunwntpp,
ytptwghpp, hwintuh witduinudp jud pugniudws hwwywynudp, hpunwpuwldw wwpkphyp, hwnnph nu
ponqupluwh hwdwpibpp, hEppulwi hwdwpp, bniph qinbniwb tekpp, gpplph phwpnd hinhtwlh
wqquunibp, wijub-hwjpuitqui  uljgptwwnuntpp, Jtptwghpp, hpuwwnwpuwlidwi  Juypp, hpunw-
pulsmipiniip, puljuibp, tokph pulimlyp:

8. Gpulwinmpjut guiulhtt hwenpnynd L widthnihmdubpp Uniu Epyne (kqnitkpnyg (kpt wkpunp
huytiptu E, wdthnthnudubpp bwhe' powubipbl, wyw' wiqibpky, el nnwebpko k twpe® hwybpbt, wygw®
wlq bpkl, bphk wigikpbu £ bwh' hugbpbt, wyuw' powebpb): Udhntnodubpp ponp Gpkp (Eqniubpnyg
hntug ppywinulnipjudp b wnwigpwjht puntpny whwp k 1hukh tnytwlwi:

9. Stpuwp unnpugpymud E hinhuwy(utp)h Ynnuhg, tpynd L wnipp judpwgpnipinii hwdubno
wduwphyp: Skpunh fudpugpyus b uppugpyus nuppbpuyp hwdwdwyutkgynud £ htnhtwy(utp)h htwn:

10. Zbknhtwl(ukp)u wpwudht bony ubplyuyuginud b (k) wqquinil, wunil, huypwunitup (phy),
wpliwwnwyuyph, unynpbint Juyph phyd widuinwdp, qpunbgpuws wwownup, ghiwljwub wuwnmhgwip,
hEnwhinuwhwdwpubipp (wownwipwyhi, nwb b ppowjht):
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MPABWIA O®OPMJIEHUSI CTATEM

Bectnuk ['ocynmapcrBeHHoro wumkeHepHoro yHuBepcurera Apmenun (IlomurtexHuk) -
peLeH3UpYeMBI JKypHaJI, B KOTOPOM IIyONHKYIOTCS CTaThMl HayYHO-TEXHHYECKOTO XapakTepa,
coOoOIIeHNs], 3aKa3Hble 0030pHO-aHATUTHUECKHE CTAaThH, a TAKKe MaTepHaIbl, IOCBSIICHHBIC I00MIeSIM
W3BECTHBIX B JAHHOW OOJACTH YYCHBIX, HOBBIM KHHIaM, Hay4HbIM KOH(EPCHIMSAM MNpPH Y4acTUH
YHHBEPCUTETA, M IINCbMA B aJJpeC PeAAKLHUH.

Matepuain npeiCcTaBIAeTCs B PEAAKIHUIO B COOTBETCTBHH CO CIIEAYIOIIMMH IIPABHIAMH:

1. Crarss B IByX 9Kk3eMIuIspax u aiin crater B popmare Microsoft Office Word. O6bem cratbu He
nojokeH mpesbimath 10 cTpanum, oO6beM cooOmeHnit — 10 4-x ctpaHud. PopMaT cTpaHunsl — A4.
PaGouee mone: Top — 5cm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75cm, Footer — 4,6cm,
Mexxcrpounblid nHTepBan (Line spacing) — 1,1, kpacnas crtpoka (First line) — 0,75cm. [lns crathy,
HAIUCAHHOW Ha apMsSHCKOM s3bike, npumMensiercst mpudt GHEA Grapalat (pasmep mpudra - 10), a Ha
pycckoMm u anruiickom — Times New Roman (pasmep mpugra — 11).

2. B 1eBoM BepxHeM yIrIy MepBOrO JIMCTa YKa3bIBaeTCS YHHMBEPCAIbHBIA  JICCATHYHBIN
kinaccudpukatop (2SS, YK, UDC); crpokoii Hike - waunuaisl (M.0.) u damuius - 3ariaBHBIME
6ykBamu, wpudt Bold, pasmep 10 — Ha apm.si3., 11 — Ha pyc. U aHIUI. 513., BBIPAaBHHBAHHUE IO LICHTPY;
CTPOKOI#i HIDKE MO [EHTPY yKa3bIBAaCTCs Ha3BaHMWE CTAThU — 3ariaBHbIMH OykBamu, mwpudT Bold, pasmep
10 — Ha apm.s13., 11 — Ha pyc. U aHIIL. 53.

3. Marepuan TekcTa HAYWHACTCS C AaHHOTAIMU ¥ MPEACTABISIETCS Ha TOM SI3BIKE, HAa KOTOPOM HallH-
caHa craThs. TeKCT aHHOTAIMH JOJDKEH COCTOATH He Ooliee yeM u3 5 crtpouek. ITocne aHHOTAlUK MUIIYT-
sl KIIFOUEBBIE CII0Ba — OT 4-X 10 8-M CJIOB WM CJIOBOCOYETaHHMil. PasMep TeKCTa aHHOTAILMU M KITIOUEBBIX
cloB 9 — Ha apM.s3., 10 — Ha pyc. U aHrL. s13., coBocouyeranue «Krouessie crosan - Bold, italic.

4. PexoMeHIyeTcsl CNEYIOLINH MOPSJOK H3JIOKEHHsS MaTepHala CTaThbH: BBEICHHE, B KOTOPOM
JIOJDKHBI OBITH KPaTKO MPECTaBICHBI COCTOSIHUE BONPOCA, aKTyalbHOCTh TEMBI M LIeJIb HCCIIEIOBAHNS;
MOCTaHOBKA 33a7a4d M 0OOCHOBAaHHE METOAWKH; Pe3yJbTaThl HUCCIEAOBAHMS; 3AKIIIOUEHHE (3TH, a TpH
HEOOXOIMMOCTH, U IPYrHe pa3aesbl JOJDKHBI HMETh COOTBETCTBYIOLINE 3arOJIOBKH).

5. CcbUIKH Ha JUTEPATypy B TEKCTE JAIOTCS B KBaJApPATHBIX CKOOKax. DOpMyYIbl M MaTeMaTHYECKUe
BeIpakeHHs1 HabuparoTest penakropom Microsoft Equation, italic, pasmep — 11. ®opmyisl HaGuparoTCs ¢
HOBO#l CTPOKHM, BbIpaBHHMBaHHE IO IeHTpy. IIpum HeoOxomumocTH, uX HyMmepyrorT. Homep dopmyist
pacroJjiaraeTcsi B KOHIE CTPOKH, B KPYTJIbIX CKOOKaXx.

6. PucyHkn W Tabiuubl pacrojiaralotcs B TEKCTE 10 XOAy CChulkM Ha HuX. CnoBa «Puc.y,
«Tabnuyay, a TaxKe Ha3BaHUS PHCYHKOB M TabiuI numyTes italic, pasmep 9 — Ha apm.si3., 10 — Ha pyc.
U aHIIL 53.

7. B KOHIIE CTaThH JACTCS CIHCOK JIUTEPATyphl: pasMep 9 — Ha apMm.a3., 10 — Ha pyc. U aHIIL. A3.
CnoBocoueranue «CIIMCOK JIMTEPATYPBI» pacnonaraercs B LEHTpe CTPOKHM 3arjaBHBIMU
6ykBamu, Bold. ITutupoBaHHas JquTepaTtypa HyMepyeTcs B HOPSJIKE CCHUIKM Ha Hee B TekcTe. Kaplid
MCTOYHHMK TIPE/CTABIACTCS B CIACAYIOIIEM TTOPSKE: B CIIydae CChUIKM Ha CTAThIO U3 JKypHana: dpamMuims,
uanmuanbl M.0. - Bold, na3Banue craThy, Ha3BaHWE XXypHalla, MECTO M3AHUS, IOJ U3JaHHS, TOM U
HOMeEp M3/IaHHsl, C KaKOM IO KaKyK CTPAaHHMIIbI 3aHHMAeT CTaThsi B 9TOM JKYpHAJIe; B CIIy4ae CChUIKU Ha
kHHTY: (pamuiansi, muunuaiasl U.0., Ha3BaHHe KHUTH, MECTO HM3/aHMs, Ha3BaHHE HM3IaTENbCTBA, I'OJ
U3/1aHusl, 001IIee KOJIMYECTBO CTPAHHUII.

8. ITocne JIMTEPATYpPhl NPEACTABIIAOTCA aHHOTAIIUA BMECTE C KIIFOUYEBLIMU CJIOBAMH Ha ABYX APYTrUX
si3pIKaX. Ecau cTarhs HanucaHa Ha APMAHCKOM fA3bIKE, TO CHa4YajIa Jac€TCsd aHHOTAllUA Ha PYCCKOM A3BIKE,
3aTeM Ha AaHIJIMHCKOM; €CIM HalicaHa Ha PYCCKOM SI3bIKE — COOTBETCTBEHHO HAa AapMSHCKOM H
QHTJIMIICKOM, a €CII Ha aHTJIMHCKOM — COOTBETCTBEHHO Ha apMSHCKOM H PycCKoM s3bikax. ConepikaHue
QHHOTAIUH 1 KITFOYEBBIEC CJIOBA TOJKHBI OBITh Ha TPEX A3bIKAX OJANHAKOBBIMH.

9. CraTbs NMOANMCHIBAETCS aBTOPOM (aBTOpaMu). B KOHIlE CTaTbU CTaBUTCS AaTa (YHCIIO, MECHIL,
rox) TNpeAcTaBieHus craTbi. OTPENAKTUPOBAHHBII M OTKOPPEKTHPOBAHHBIH BapHaHT PYKOIHCH
COTJIACOBBIBACTCS C aBTOPOM (aBTOPaMH).

10. Ha otaenpHO# cTpaHulle HEOOXOAMMO MPEJCTABUTH CIIEAYIOIINE aBTOPCKHE JaHHBIe: (hamuius,
UM, OTYCCTBO, IMOJHOC HAMMCHOBAHUC MECTa paGOTbI, MECTa yqeGm; 3aHNMaeMas NOJDKHOCTD, yUC€Has
CTEMeHb U 3BaHKe; HoMepa Teae()OHOB (CITyKeOHBIH, JOMalTHUl, MOOWITHHBIN).
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RULES FOR PREPARATION OF ARTICLES

Proceedings of State Engineering University of Armenia (Polytechnic) is a peer-reviewed
journal which publishes 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 University, letters addressed to the editorial board.

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

1. The authors are requested to submit two hard copies, and also the electronic version of the
manuscript by Microsoft Office Word. The volume of scientific paper is limited to 10 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 corner, the Universal Decimal Classifier is placed in the language of the
manuscript (2S%, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in Armenian,
and in font size 11 for the ones in English and Russian should be in the centre of the next line. The title
should be placed in the centre of the line following the author’s surname in font size 10, bold, all in
capital letters for texts in Armenian, and in font size 11 for texts in English and Russian.

3. The text begins with an abstract in the language it has been presented. 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 summary should not exceed 5 lines, the number, of keywords or
word ocmbinatiors - 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 introduced
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
“References” should be placed in the centre of the line in capital letters. 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, title, year, numbers
of the volume and issue, page numbers, and for books — the authors names, 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 Armenian,
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
content and keywords.

9. The article 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),
patronymic(s); the full name(s) of employment place, educational institution; the position occupied
scientific degree, telephone numbers (office, home, mobile).
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