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Zhnwgnunyly o dnjhpniuhuughtt nwiympbph $nnnetugqiinibphg b puntingn-
utinhg dwppdwb, sjudwqbpsdwut gnpépipugutpp: Unnwugywué hwdwhp hblnwgnunipui
wpnniupnid Upwljyt) k dnjhpplthinughtt pnwuniplphg uphjugbkpduyhtt Ukpnnny dnjhp-
nkuh nhuhihghnh vnwgdwt dudwbwlulhg inktininghw, npp tkpuwpnd k dnjhpnkh nh-
uniibhnh dwppnud ppwntinipn bikdkuntbnhg, unwugdusé dwpnip MoSz-h b Si-h thnpbjuwn-

unipnh dudjnud b pphtnubph pupdpetipdwunhdutught uhptq opusuh vhowduypnid:
Upwbgpuypl punkp. Unthpntuhnwiht punwiynipe, wwppuinsnid, dwppnud, Unjhp-
nkuh nhuhihghn, vwep dudinud, uhihghnd, uhtptq, opushu:

Ltkpwsmpini. Unjhpytth nhuhihghnp, ouinphhy pupédp obpdwljuyniunipe-
juatt (1300...1800 °C obpdmunhdwuubpnid), LEjnpw- b obkpdwhwunnppuljunige-
juill, juylt Jhpupnipini k gty dudwbwlwljhg wkthjuynud, hwinjuybu nw-
pugnighsiph wpnuypmpmind’ pupdpebpduunh&utughtt HEjnpu]unwpub-
ubiph yuwupwundwt hwdwp: Fugh wyn, dnihppkuh nhuhihghnp dks Yhpwunnipe-
nil nith wnpuuwwnh b §ndynghghntt Wynipbph wpnwugpoipmniinid’ phthwybu
Juynily, Jhquljuynit Swsynyputph vinugdui b wnndwghtt juywiptbpnud okpdw-
thnpumtmjhsubiph yuwnpuwundwy hwdwn [1-4]:

Unjhppkuth nhuhthghnh uvnwugdwt wdbbwnwpwsyws dbpngp pupdp obip-
dwunhfwbwht hiptwwnwpwsynn uptiptqu £ (RPU-Ukpnn) [5], kpp oqunugnps-
Ynud kb dwpnip dbnmwunuljut Unjhpnbwtnoh b uhjhghnd: Gpw hbwn Ukt
dwpnip Unjhppbuuthnont unwgdwt wbuuninghwt puquutny t b juwydus k
Uks dSwiubph htwn, dnu §nnuhg dknunquljui dnjhppbbwthnon uvinugdwb hw-
dwip Unjhppbuthnught fpnwyniph opuhnugnighs ppodwt wpyniupmd Uptnjnpun
Eu wpunubnymd qquijh pwtwlnipjudp ssupuyht qugbn:

Blukin] Ykpnhhojuhg wohtwnwiiph twwwnwlji b nknululb dnjhpykih-
nujht pnwiynipbphg dowll) phuywhywiwlwt unpdbpp pudupwupnn dnghp-
nkuh nhupihghnh nnwugdwt dudwbwlwulhg nkjutininghw:
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unph gpduspp b dbpnghliugh hhdtwdnpoudp: $npdh hpuuwiugdut
hwidwp ogunugnpsty t unhppkihnughtt pnwiynip hknlbyjuy dnnudnp pu-
nunpnipjudp, %. Mo=48,4; Cu=0,87; Fe=2,75; Si0:=6,14; Al203=1,06; CaO=1,02;
MgO=0,47; S=33,1; Re=0,025 (dtnp k phipyty 22 «Quugkqniph wynudwdnjhpptiught
yndphtiwn» ®RC-hg, KM®-4 dwlupoh dnnnugyws dnthppbiughtt junwiynip,
QOUS 212-76): Lwuth np Unjhppkuhniughtt pnwiyniemd yupnibwljynn fpwntinipn-
ukph kS yupniwlnipynitp Jupnn £ wqnby uhtptqynn dnihpnkih ghupihghnh
hwnlnipnitutph Ypuw, hpujwbwgyt £ pnwiyniph duppnid: Unjhppbuhunwght
hunwiynipp ywupntbwlnud £ dhigh 4% dnnnntwgbnubp, npnup qquh nddw-
noipjniuubp Bu wnwewginid funwiyniplph jpwnunippubphg dwppdw hhgpodb-
nuwnipghuljut gnpdppugnud: dnunnntwugqhtnubphg pnuyniph dwppnudp ju-
nunyly E bwnphmdh dknwuphunh b ON-7 bdnuwpuph opught jnisnypend
hunuyniph wnugmy dwipugdwt gnpépipugnid: dninnnbugkinutpnh duppmuhg
htwnn httwpunpmipini £ unbndynud duipugjus pnwiynipn wqupqjuspuquin-
Ul tqubwlny dwpply tub spudhg SiO2-hg b wshuughtt dwutihubphg: Unghp-
nhthnughtt pinwiyniph dwppnudp Ca, Mg, Al, dwutiujh Fe jpuntnipnubphg hpw-
Jwbwgyl] k 3%-ng wgnunulut ppynd nmwuppunisdudp: Suppuynisnid hpw-
Juwbwgyt k40 °Cobpdmunhfwunid, 5 dw/ iniinnnipjudp, nph pupugpnid dnjhp-
ntkuhnh nuppunisdut wunhfwip whtpwb E unwugynmd, tpuph 1niskihnipe-
miup uyqphwuuh hwdbdwn juqdnid £ 22,5%, hull Ca, Mg-p wdpnnonipjudp
wbgunid Eu nusnype: Unjhppbkuhnughtt mnwiymph dwppnidp SIO2-hg hpuljw-
tugyty k 20%-ng unnpuopustiughtt ppdny 50 °C obptwunh&mbmd 8 dwd nlin-
nnipjul wuydwbtbpnud: SiO-h wuwpnibwlnipniip juqunud £ 0,04...0,006%:
Unjhpptthinught pinwyniph hbnwgqu dwppnudp daugus Al2Os-h, Fe-h, Cu-h juwn-
tnipnuikphg hpuljwiwg]t] t 6%-ng wgnunuljui ppdn] nuppunisdudp 50 °C
ohipdwunhfwimd 10 dw/ minnmpjut yujdwbbbpnid: Unwowugus pwwn thnpp
pwiwlh Udnihppkh Enopuhnp b Unjhppbuwppyh hknpugdwt hwdwp pnwbynipp
1Jwgyky £ 10%-ng wdnuhnidh (nidnypny: Uwpnip Unjhpnkuh ghunydhnp (qugyty
t popws opm b snpugyl) Julnimudughtl snpuiingnid’ 120 °C gkplwunhgwbnd:
Cpowju dhowduynh yuwonyuwinipjut wnnidny ppnt b hhduyght jnwsnyputpp
skiqnpuigyty ki Uju tnutwlny Jipudouldus dnjhpntth nhunydhnnp hp dwppnt-
pjudp huwdwywwnwupwinid £ unwinupunny SOk 48-19-133-90 «Unjhpnkuh
nhunidhrp) tbpjuyugynn wuwhwbgttpht:

Unjhppkuhnughtt januiyniphg dnjhpnbuh nhuhihghnh vinugdut duadwbuy
nupwgnn ntwljghwtiphg wdktwhwjwiwlwip hbnlbyuh k.
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MoS:2 +3Si + H21 = MoSi2 + HaS +SiS:

Uhhjugtpduyhti dkpnnyny dnjhpntuh ghupihghnh uvinugdwt tyunwlng
Juwnwpyl] E unbjuhwswhughtt putwlmppudp bpuigmpbph dwppnidhg htnn
unwugyusd MoSx-h b Si-h (dtnp E phpyby (MY «Nipw) mnndhqughw» UNC-hg Kp0O
dwljuhoh uhthghniuh thnoh -50 ¢4, ROUS 2169-69) luwununid: Unwugwé fuwununip-
nhg vunp dudjdwb tnputwlng wuwnpuunygby tu pphljintkp (P=250...300 U7w),
npnip wjunthbnb Gupwnpldt Bu uhiptqh: Opuhnugdw gnpépupwugutpp ju-
hubnt tyuunuyny Ykpujuiqunudp junwpdly b opusuh dhpwuypnid: Nthwy-
ghuyh wpmynipnid Unjhpnbp vhwinid  upjhghnidh hbn' wnwgwgubny dnjhp-
nkuh nhuhihghy, huy 8énidpp uhihghnidh unybhnubph (SiS, SiS2) mbkupny wdpnn-
onipjulp htinwunid k nbwljghuyh mwupwsphg b Ynunkuwgynid vunbwputinud:
Uhihghnudh unybhnubpp ququyhtt Jhdwyjh wugunud Bu 1130 %Cthg pupdp obpduwu-
nhfwinud: Muwnh, nkwlghuyh nwwpwsphg uhjhghnidh unydphnubiph hinwgdwh
hwdwp, uptiptqp juunwpdt £ 1150 °C 60 pnwk mbnnnipjudp: @njuwuqndui
nbnnmpjui hblnwqu wykjugniudp hwigkgunid £ Unjhpnkuh nhupihghnh wupnt-
twlnipjut stusht swthny wykjugdwn:

Hunnuipyty Eunjhpnth nhunibhnhg ubihiugtpiuyht dtpnynd unjhpnkih
nhupihghnh vnwugdwt gnpdptipwgh htnwgnunud  gbpdwswbipuwswthwljut b nh-
dtpkughwy-otipduyht Yhpnidnipju Ukpnnn] DERIVATOGRAPH-C uwpph up-
ongny, Uhtsh 1200 9C otipdwunh&wunid, 10 wuwy/pnwl nupugdutt wpugnipyudp,
hutpwn (Ar) quqh dpuninpunid: ‘U.1-nuid pipdws b dnjhppkth nghunydhnhg un-
lhpntuh nhuhihghnh uinugdwi nhphjunwghpp, nph tpimésmpiniihg tpbnud
nn Uptsl 900 2C ohpdwumnhlwi nwpwgubihu tunigh quiqusp nuinwun wulw-
unid L, 900 °C otipdwuinhdwhg ufuynud £ Eyqnpbpd qgnpéplpwg, npt wjupudnud £
980 9C-nid: Elqnptpd Epunp yuydwuwynpyws k dnjhpykuh nhuhihghnh gnjwug-
dwdp: Lunioh Yohnp, ujuws 940 °C okipdwunhdwithg, hunkuuhynpk thnppuinud
t, hsp wuydwbun]npyus k ssuph hinwgdwdp SiS-h inkupni:

Unjhpptith nhuhihghnp uhtipbquut dudwbul wpwewgws HeS quqtpp ju-
pnn ki Jjuin]tp NaOH pméniypny wnwguglityny NasS, Jtpghtu b uhjhghnith uniy-
$hnutph htwn Yupth E oginugnpsty npugbu $innnnbwghinn’ opuhnuhlt hwipw-
ynipknh hwpunwgdwb gnpépupwugnid:
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Uy. 2. Upphlpmgkpuuyply dlpnnny vinugywé dngppplih nhupipghnh dhypniunnigyuépp
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Bqpuljugnipjnii. Zknwgnugb) L dnjhppthnughtt punwiymptph $innnw-
quuiyniptphg b ojudhg dwppdwb gnpépupwgp, nphtt hwenpnby E jonwiynipenid
wnlu jwntnipn Uhitkpuybph tnup ppniitpny dwppdwb gnpspupugp: Unghp-
nupnwghtt pnwiyniptph dwppndhg winwgqws dnihpnbih ghunydhnhg uhih-
Yugtpduyhti dbpnyny juunwpyty dnjhpnkth ghupihghnh vinugdwt gnpspu-
pugh htnwgnunnmd: njuuqnuut oyynhdw) nkdhd hwudwpyby k 1150 °C okpdwu-
wh&wlp, whnnmpynibp’ 60 payk: Uhliphqp juwnwpyt) kopush dhowjwpnud:
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C.A. APYTIOHSH, A.K. JABUJSH, A.C. TPUT'OPSIH, A.P. AKOBSH,
T.H. CA®APSAH

HNCCIIEAJOBAHUE ITPOLUECCA INOJIYYEHUSA JUCUJIMLIUIA
MOJIMBJAEHA OUMCTKOM MOJUBAEHUTOBBIX KOHIIEHTPATOB

HccnenoBaHbl TIPOIIECCHI OUUCTKYA MOJIMOICHUTOBBIX KOHIICHTPATOB OT (hJI0TOpEarcH-
TOB M CMECEH U mpolecc odecnuiaMiInBanus. B pe3yabTaTe KOMIUIGKCHBIX HCCIICIOBAHUIN
pa3paboTaHa COBpEMEHHASI TEXHOJIOTHS MPOU3BOJICTBA JUCHWIUIIMIA MOJIUOICHA CHIMKOTEP-
MHYECKAM METOIOM K3 MOJHOICHUTOBBIX KOHIICHTPATOB, BKJIFOYAIOIIAS OUUCTKY JAHUCYJIb-
¢dbuma MoubOIeHa OT MPUMECEH DJIEMEHTOB, MPECCOBAHUE CMECH MOJIYYCHHOTO YUCTOTO MO-
porka MoS; u Si ¥ BEICOKOTEMIIEpPaTYPHBI CHHTE3 OPUKETOB B CPEIIE BOAOPO/IA.

Kntoueevie cnosa: MOMMOICHUTOBBIN KOHIIEHTPAT, PA3NIOKEHHUE, OYMCTKA, TACHIIU-
U MOJTUO/ICHA, XOJIOTHOE TIPECCOBAaHMNEe, KPEMHHUH, CHHTE3, BOJIOPO/I.
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S.A. HARUTYUNYAN, A.K. DAVIDYAN, A.S. GRIGORYAN,
A.R. HAKOBYAN, T.N. SAFARYAN

INVESTIGATING THE MOLYBDENUM DISILICIDE PRODUCTION
PROCESS BY MOLYBDENITE CONCENTRATES

Processes of purification of molybdenite concentrates from floatation reagents and
mixtures, as well as the process of decantation are investigated. As a result of complex
invetigations, an up-to-date production technology of molybdenum disilicide is developed
by the silicothermal method from molybdenite concentrates, which includes purification of
molybdenum disulfide from mixed elements, compression of powder mixture of the
received pure MoS; and Si and high-temperature synthesis of briquiets in hydrogen
environment.

Keywords: molybdenite concentrate, decomposition, purification, molybdenum
disilicide, cold compression, silicon, synthesis, hydrogen.
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U.G. UNRULSUY, @.U. YUUPL3UL, U.U. UNLUL3UL,
U.U. 2Urnke8Nkhusuy, L4, 4ULTUILBUL

SUL UrSUUNUUTUER USUSIUO UUNULUINUD 2Q0RLUTL
ULSNRURLUSPL H6dNrUUSINN, ZUUUNRLIUORLLELP QEMUUSHL
UTUYUUL @NrOCLEUSLEND 26SUNSNhUL

Munidtwuhpyty Bu nnwp wpunudndudp vnugdus b ynnuunjw phptpny wdpw-
twynpuéd dntpdwt wynudhughtt pEdnplugyny hwdwdnyqusputnh eipdught dowljudwu
b jurmguéph ni hunljmpniitibph dbudnpuwt gnpéplpwgubpp: Upnyniupnud plunpdty Bu
Upudwt b skpugdwt jujupldus shpdwunhfwtibtpp’ Tu=530+£10°C; Ts=80+10°C, b dtpwg-
dwb mbnnmpmiup® 76=36 dwi, npnup wuyyuhnymd Eu 06=570..580 Ut/1£ HB=1240...1250 Uuw,
8=8,5...9,5 % pupdn dkjuwhjuljuwt hwnlnipnibikph uvinwugnud:

Unwigpughl punkp. dnynud, ynnuunju phphp, wdpwbwdnpnid, wynidhugh
hwdwdniJusp, nwp wpnwunnud, dunwd, Skpugnid, Jupdpnipinil, wdpnipni:

Ukpwbmpinii: Pupdp mbuwjupup wdpnipjudp, hpudpnipyudp, wjwu-
nhinipjudp b wy wpdlipuynp hwnlnipjnitubpny odngwé tnp Wynipkpnh untns-
dwt ptwquyunnid, dks hbwnwppppnipnit b ukpuyuginid phph dbnwnutph
hhupny b dbnmwunuljut phptipny wdpubudnpus Yndwynghiuyghtt Wynipbpp, npntg
duwypulp jupnn b wdpugdl] ghuybpe dwubthlubpng jupspugdw b nhuybpu
hwwunhljutpn] wdpugdwt vkluwthquubpny:

Zuwynth k [1, 2], np wpynibwpkpulut wynulhtiughtt hwdwdnyuspubph
hwjuuwpulonqus Junniguspp ukpluyugunid k {kghpnn wwppbph gusp ww-
poibwynipjudp whiy nisnyp’ htnbpdbnwnujuwi $wqbph tbhpdniswpubpny
(ALCu, Al.CuMg, Mg:Si, FeAls Lt wyjtn): Ujuuyghuh Junnigusph nhypnid wyjnidh-
twjht hwdwdnyuspubpp, npybu Jubnb, niukt gusp wdpnipmit b pupdnp wjwu-
nhimpni: Uklyuwljughtt obpdwunpfunubpmd wpynudhtiughtt hwdwanyjuspub-
nnud wnwy b wuynit junniggwsp b (kghpnn pununphsutinh giphwgbgus whun
musnypn wnidhunud: Ujuyhuh Jupnigusph phypmid wjnudhtiughtt hwdw-
Antjuspubpp unytwybu yjuwunhly by, puyg qquphnpkt wdbjh wdnip, pw hw-
Juuwpulppnus Jhdulnid: QEpdwdsuljdudp wdpugynn wynidhtiughtt hwdw-
dntJuspubpnid wnwybjugniy wdpnipjut hwutknt tywnwlng wthpwudtown £
wjb wdpwbwynpl] Uknwunuljut phptpny b Jjadwt dhongny unwibiw] mthwdw-
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uwpulohn junnigusp® {kghpnn wwpptpny giphwugbgus yhn (nisnyp, wyunt-
htwnl skpugdwt dhongny tyquunk] giphwgkgus whun (nisnyph mpnhdwtb nt
htnbpdbnwnulut dugkph whpwndwin:

Glukny Jtpnhhojuihg’ wopnmwnwiph byl £ hbnnwgnunk) mmwp wip-
nudnuudp nnugqus b ynnuuwnju phptipng wdpuwbwynpyus dnydw wyne-
dhttughtt pEdnplugynn hwdwdniyjuspubph obpduyhtt dpwljdwt qnpdpupwgp,
Junnigyusph nt hwnnipniuubph dbwynpdwt dbjuwthquutpp b punply n hhd-
twnpl) oipdwdowljiwt oyyinhw nkdhdubipn:

vunph gpduspp b dkpnnhiuyh hpdtwdnpowdp: Zknwgnunipiniubpp ju-
wnwpyt] ku Al-Cu-Fe-Si hwlwlwupgh hwdwdniuséph 4pw, nph phuhwjwb pu-
nunpmpiniup phipdus E wnpnruulnud: Uodws pununpmipjudp dujpuljt wdpu-
twynpyby k20 hwn Epuybwlub 60 «F¢ npudwughé nitibkgnn ynnuuwn-40 dwly-
uhoh phptpny’ uly. 1-mud gnyyg mpJws upubduyny:

Unjniuwly

AS5E+(5,7...6,5)%Cu wijnidplughl hunfwdnijjudph phupuliul pununpnipinilp

Al,% | Fe, % Si, % Cu, % Zn, % Ti, % Ujp mupntp, %
94,5 0,32 0,11 | 45..55 0,04 0,01 0,02

N 24500
AN

Ul 1. Upynidhbuyhl dugpulnid wnpwuuyw pliph nkpuppdwi ufubdwi

Qnjuspubpnid nhunphinughtt wthwdwubpnipyut Jepugdut btyyunwyng
npuip Eupwplyt) Lt hnungbwgunn ppsdwi’ 500+10°C-nd 10 dw/ ypuhdwdp,
nnhg htinn $24,5x50 i/ swihbpny quubwlui tdnpubpp Luipupyyt) B tiup wp-
nwudnuui’ A=4 wpunudndub gnpsuligny: Swp wpnudnnidhg hknn tdnpubpp
kupwpnlyt) tu ppodwb (T=3007C, 1=3 dwi)' npuignid wnju dbwgnppujh jw-
nnulubpp yEpugubint tyunwyny:

Uhidwt jwdupluws obpdwunhfwh phnpdwt tyunwlng wnwugdus
uudniputipp Lupwpldl] Bu nwwpugdwt 425...5259C ohpdwunh&wiwght thpny-
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poud, wuhyb] wyny okpdwunhdwund 15 pngé b dhugdby opnid: Ujunthbnb tdniy-
ubpp Gupwnpyyt] b wphtunwjub skpugdwu (Tt = 120°C, Totp = 48 dwitd), nphg
htwnn niunidtwuhpyby B dbjumthjuwljwt hwnlnipniaubpp:

Zbnwgnunmpjuwt wpyniuphtpp: Uudwi gonpdpupwugh htnwgnunipiut
wpyniupubpp phpdws Bu uly. 2-nmd: Ukjuwthjulwt hwnlnipmitttph ntund-
twuhpldwt wpyniupnid npybu dhudwt judupus obpdwunhdwt ptnpdl
Tupu= 515...525%C, tipp 09=555...565 UL/, 6 =8,5...9,5%, HB = 1230... 1250 UQur
Zudwdnijudph vhipnjunnigquspp pipdws L uly. 3-nud:

e, | gy, 5. %
UNw UuAP add

1750 — 550 / 20
1500 — 500 / 15

Cp—ol_
\(
1250 450 10

4
—
1000 + 400 ,/ / 5
e\ 115
:7

750—— 350 0
420 440 460 480 500 520 540

Unudwt gbpdwunhdwip, °C

Ul 2. «A5E+(4,5...5,5)% Cu+uynnuuumyu jplplpy pununpnippudp wynidhbuyhl hundwdng -
YJwdph wipnipyul, Jupdpnipyui b hupuwpkpulul Eplupugdul jujuguwénipmniin
Ul pEpilmmuinpdwiihg. tywn = 15pnuyl, Ts= 120°C, ts = 48dwf

busytu tplinwd E uly. 2-hg, dudwib oipdwunhdwuth pupdpugdwn qnigpi-
pug Ukdwinid Eu hwdwdnyusph wdpnipniup b upspnipniup, npp yuydw-
twnpjws b dudwt dudwiwl dujpuljh wewbjugnyt (Eghpdwdp b giphw-
gligws yhuy musnyph vnwugdwdp (. 3), nphg skpugdwt dudwiwl wigwn-
Jud hunbpdbnunuljui dwqbpp, pusluqus (hukny wdpnne dwjwny hwjuw-
uwpuwswth b (hukng juhun dwbpwhwwnhl, tywunnd o wdpnipjut b jups-
pnipjwi pupdpugdutp’ dhwdudwwl thnppugtbing hwpwpbpulwt tpliupw-
gnudp b wjmunplnipniin:
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Ul. 3. «A5E+(4,5...5,5)% Cu+uynpuuuyw ok plpy pununpnipyudp wynidhbuyhl hudwdng -
Ywéph Uphpnhunnigyudpp dpjws Jhdwlnid (Tupe = 515...525°C, tyuwr =15 pnuyk) x500

Zugnpy thnynd ntuntduwuhpyly b skpugdwt gnpspupwgp, tpp wknh L
niikinud dpdwl dudwbul] winwugus giphwughgus whtn (nusnyph npnhnud,
hust ninklgynid £ hunbkpdbnunujut dwgkph wipwnnidny: Uhadus wpnidh-
twyhtt hwdwdnyjusputph Uks dwuh nhupnid wju gnpépupugp nknh k nitbunid
ukyuluwyht obpdwumhfutubpnid (0...307C), b hwwnntl] mupwugmd sh yuhwby-
UYnud, hull npny hwdwdniusputipnid wyt ujuynid £ dhuyt djudus wdnipinh mw-
pugdwit dudwbiutly (unynpupuip dhsh 200°C obpdwunhgwtintp), npp puguinpynid
E nhdniqhnt gnpéppwugutph wijnhjugdudp: Uudws tdnpubpp Bupwuplyl tu
Stpugdwi 20...200°C ohpdwunmhdwtughtt nhpnypenid b wwhdt) 48 dwd, nphg
htwnn Juwnwpdl) i Jkluwthuljut thnpdwpynudubp (. 4): Zbnwugninmpniunbph
wpnitpnid, npybu stpugdw jwdupydus obpdwunhdwl, punpyl) k 80°C-p,
Epp HB = 1230...1250 U, o9=570...580 UL/12 6 =8...9%:

@npdtph hwgnpn thnynud junwpyby b skpugdwt okpdwunhdwinid tdniy-
ubph yuwhdwt nbnynipjut jwjupynd: Ldnubpp dugt) b Bupwuplyl) Bu ok6-
pugiwi’ jujuplyus nkdhdutpny (Tu= 525°C, u= 15 pngk, Tsip= 80°C), m. wywh-
b stpugdwit obpdwumhfwunid 0...72 dw/ iniinnnipjudp, nphg hbnn uuntgyty
Eu b Bupupldl) JEpuwuhjulut thnpdupynudubph (. 5): Upyntupmid npuytu
wwhdwl judupyjus nbnnmpnih punpdty k36 dwdp, tpp HB = 1240...1250 U,
04=570...580 UUL/AF, § =8,5..9,5 %.
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Ul

1750 —+

1500 —+

1250 —+

1000 —+

750 ——

04,

UuP

580

540

500

460

420

6, %
or 25
/ N~
/ g 20
/ HB
Pa— 15
K
K%\ \; .
E “\f
5
0 40 80 120 160 200 240

Otpugdwt gbpdwunhdwip, °C

Ul 4. «A5E+(4,5...5,5)% Cu+ynnuuuyw jplplpy pununpnipyudp wynidhbughl hudwdn-

Ywdph wdpnipyul, jupdpnipyul b hupwpbpulwl Eplupugduwd Jupnjwdnipiniin
Skpuguul pkpdwumpdwihg. Tu=525C, tywn = 15 pngk, 5= 48 dund

e, |

U
1750 —+

1500 —+

1250

1000 —+

750 ——

0d,
Uuil

580

540

500

460

420

5, %

——

25

20

B

15

15/

e

10

5

12

o4

36

48

Otpugdwt mbnnmpiniup, dwd

60

/e

Ul 5. «A5E+(4,5...5,5)%Cu+ynpuyunnyu plypkpy pununpnipyudp wynidhbughl hunfudnig-

Ywdph wdpnipyul, Jupdpnipyul b hupwpbpulwl Eplupugduwd Jupnjwénieiniin
Skpuiguull pkpuluninpdulnid wuwhdwl inhnnnipnilipg. Tu= 525 °C, Tyun = 15pnuyk, Ts = 8°C

CunpJwd nkdhdubpny obpdwdowlyws hwdwdnyusph dhypnlwnnig-
Jwbdpp phpuws kY. 6- nud, hwdwdwyt nph’ wyl wnidhth hhupny whir jniényype

E' opouyyuuingus AloCu b FeAls hunbpubnwunuljut dwuqbpny:
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Uy, 6. Lunjuplpjud nkdhulibpny dpnws b Skpuginh Eipupljus «ASE+(45...5,5)%Cur

+ynpuuuyu pliplp paguppnipudp wyndhbuyhl hudwdnywéph dphpnhunngguépp’
Tipr = 515...525°C, tgun = 15 pnygk, Tsen = 80...9PC, tyuwra= 36 dunl (x500)

Mhuy Jhfwlnid wynidhth b Epuph dhol nikinh niukgnn whungdwuquyh
thnjuwqpbgnipiniuubpp hbnnwgnngl) Eu dp owpp hinhtwljubtph Ynndhg, vwljuy
wnwyl] hbnbnnuiwut wopwwnwbpubp juwnwpb Eu Lkpdwbp nt Yhupphup [3]:
Zudwdwyt wyny hbnwgnunnipiniiubph' wynudhuh htn pwuph phthwlwb thnfu-
wqnligmpnitt ujuynmd E 590...600°C obpdwiunhgmutbpnud, pun npnud, wyjn ujuynid
E npnowljh huympughnt dwdwtwjwhwingushg htinn: Gnjumqptignipjut wpugnt-
pintup uygpnid winid k, huly vh pwtth dwd wg' huyue wpgbjulynud: Zuunwn-
Jb E bl wyly, np ynpuuunnid wnljuw wswshup junspugnunnid k thnpuwgnbtgne-
prutip: Lunipubiph Ypw wpdws hunntly thobkph dhongny hwuwnwwngt) £, np Al-Fe
wnwotuhtt vwhdwip hwdwywwnwupwind £ Al - Fe:Als uwhdwth: thnighw-
1ht dwubwlgnid &t dhwytt Al-h wwnndubpp, Fe-h munndubpt punhwbpuybu sku
dmubmlgnid wyn gnpépipught: Uwhdwbwght obpnnid wynuyhuh dhwlnndwih
nhyniqghwgh wpyniipnid Yninulynid ko swljnnhubp: Owlinunikunipjuit dkdw-
gnudp hwigkgunid £ vwhdwtiughi gkpuninid §ninuljnh pwypuydwn b htnbpdk-
nwnuluwb okpnh hwunnipjut wdh tJuquuip: Vwptwuuwb wyywunhl nEdynp-
dwmghwh nhypnid thnjuwqptgnipjut ujqph obpdwunh&wun dh thnpp tqugnid &
Uhtgl ~5609C, hulj ULS nidnpuughwubph nhypnid® dhish ~400°C:

Glutyny Jiphhojuhg' Juunwpyly o hbnwgnuumpnitttp® dAngdwdp uinwg-
Jwsd b wyunthtnl mwup wpunudnus ynnuunyu phjpipny wdpubudnpdws hw-
dwdntJuspnid wnjw dhobwquyhi pkpunnh punipp wupgtnt hwdwnp: Uyg twyu-
nwlny juwnwpyt] k dhipngnunujhtt wbhwihg, nph wpyniipmd vwhdwbught
wnhpnypend hunbpdbnwunujut bugtp (FeAls, Fe:Als) skt hwyyntwpbpyty (uly. 7):
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Unughkumnpughnt Ynpbpp phpnipniup yiuynd E dhedwuquyhtt nhpnypenid wynt-
dhtnud Epljuph whin (nusnyph wnjuynipu hwuwnp:

Al

j9)

Ul. 7. «Al — ynnuuup Indynghuuyhl ynipnid indwynbbinbbph pusfujudnipiniin
(x600). wunnlbphkpp uinwgyly ki pkinngkiyul S&wnuquypdwil dhongny. w) Fe-h puopiju-
Snipyniip, p) Fe—p b Al-h puphujuidnippunll plnnkiupyniprul thnihnpunipiniip

Guunupyty E dnyws b wpnudndut nwppbp nhidhdubpny tiwup wpnwdngus
udnipubph dwlpnljunnigusph hbnnwgnunid (uly. 8):

w) P)
Ul 8. «Uugpul] - plyp> Induynghunughl ynyeh Jwulpnjunnigyuspp (x200).
w - dnyynidpg hkwnn " Uplsl nwp wpnundynidp, p— nwp wpmudynidhg hknn (A=4),
q — vup wmnwdnnidhg hkwnn (A=6)

Pusytu tplinud | ujuphg, tmup wpnwdniut dudwtuly phiptpp ns dhuy
nhdnplugyly Eu, wyp thuldl B «plp — dugpulpy pudutdwt hwppnipniincd
wnlw dniydwl junpnstbpp: Zknwgnunipniuubph wpyniupmd wupqyl) L np
wlgniduyht okpinh hwuwnnmipiniup sh gipuquugnid 5 44, npny wuyugnigynid £
wlgniduyhl okpnh pupdp dkhwthjuubh hwnlnipnibtibph wnjunipnion:
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Bqpujugnipni: Ywnwpjws nkuwfut b hnpdwpupulwt hknwgnunt-
pinttubph wpnyniupnid pinpyty Eu «A5E+(4,5...5,5)%Cu+uynnujunyu phjpkp» pu-
nunppmpjudp wynidhttuyhtt wdpwbwynpjws pupdpudnip nhdnpdwgynn hw-
dwdnJusdph ohipdwdowljumt nkdhdubpp. djudwt gbpdwumnhdwun’ Tu= 5309C,
Stpugdwt oipdwuwnmhgwup® Ts = 807C, stpwgdwt mbnnnipniup’ s = 36 dwif,
npniip wywhnynud G pwpdp dEppwthjulwt hwnlnipmpiaibiph vnugnud®
os=570..580 UL/, HB = 1240...1250 Ulw, & = 8,5...9,5%: Ujuyhuh nkdhdubpny
otpdwdowljws hwdwdnyqusph dhyjpnjunniguspp ubpuyuginid k wynidhh
hhupny why nsnyp’ sppuyyunyus AlCu bt FeAls hunbpdtnwnuljut $uqtpny:

Zlnwgmnnuprnibhlpp Gunnupyly o Zuyuunulip wqquypl ynppunkhbplulol hu-
vwjuwpubph «Ynipughunipeinil b dkbnugnipghuy puquypll ghnwhbunwmgnunulul jupn-
punnnphuynid:

QLualuNkhE8UL 8ULY

1. Kouaues B.A., JluBanor B.A., Enarun B.U. MeranioBefeHre U TepMuIeckas oopa-
00TKa IIBETHBIX METAJUIOB M CIUIABOB.- 131, 2-¢.- M.: Metamnyprus, 1981.- 416 c.

2. Monpoasgdo JI.®P. CrpykTypa 1 CBOWCTBA AIIOMUHHEBBIX CIDIaBOB.- M.: Metamtyprus,
1979.- 640 c.

3. HBanosa B.C., KonbeB .M. YpouHenue MeTayuioB BosiokHamu: MoHorpadus.- M.:
Hayxka, 1973.- 207 c.

Zuyuwunwith wqquyhtt ynjhnkpthjuljwit hwdwjuwpwi: Unipp tbpuyugt &
Judpwugpnipini 21.11.2023:

C.I'. ATBAJISAH, I''A. BACUJISIH, A.C. ATBAJISIH, C.A. APYTIOHSH,
H.B. BAPJAHSH

HCCJEJOBAHUE IMPOIIECCOB TEPMUYECKON OBPABOTKHA
APMHUPOBAHHBIX AIFOMUHUEBBIX TE®OPMUPYEMbIX
JUTEWHBIX CILTIABOB, IOJYYEHHBIX T'OPSIYUM
BbBIIABJIMBAHUEM

H3yueHsl mporiecchl TEpPMUYECKON 00paboTKi U (HOPMUPOBAHHS CTPYKTYPBI U CBOCTB
ApMHPOBAHHBIX CTAJIbHBIMU BOJIOKHAMH AJIFOMUHHEBBIX ﬂe(bOpMpreMBIX JIUTEWHBIX CILjIa-
BOB, IMOJYYCHHBIX MCTOJOM TOpAYCTO BbIAaBJIMBAHUA. B peE3yIbTaTe 6BIJ'[I/I BI)I6paHBI OIITHU-
MalbHble TEMIEpPaTypbl 3aKajiku U ctapenus: T,= 530+10°C, T., = 80+10°C u nponosmxu-
TEIBHOCTD CTAPEHMUS: Ter = 36 ydc, KOTOPBIE 00ECIICYNBAIOT TIOTyYCHHE BRICOKHX MCXaHHU-
4ecKUX CBOMCTB: 65 = 570...580 MH/ m%, HB = 1240...1250 MIla, & = 8,5...9,5%.

Knrouesvie cnosa: nmutbe, CTanbHBIC BOJIOKHA, YIPOYHCHHE, aJFOMHUHUEBBIN CIUIaB,
ropsiuee BbIAABIMBaHKE, 3aKaJKa, CTAPCHHE, TBEPIOCTh, POYHOCTb.
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S.G. AGBALYAN, G.A. VASILYAN, A.S. AGBALYAN,
S.A. ARUTYUNYAN, N.V. VARDANIAN

INVESTIGATING THE THERMAL TREATMENT PROCESSES OF
REINFORCED ALUMINUM DEFORMABLE CASTING ALLOYS
OBTAINED BY HOT EXTRUSION

The processes of heat treatment and formation of the structure and properties of
aluminum deformable casting alloys reinforced with steel fibers obtained by the method of
hot extrusion are studied. As a result, optimal tempering and aging temperatures are selected.
Tr = 530+10°C, Tag = 80+10°C, the duration of aging. tag=36 hours, which provide high
mechanical properties. o= 570...580 MH/m? HB = 1240...1250 MPa, & = 8.5...9,5%.

Keywords: casting, steel fiber, strengthening, aluminum alloy, hot extrusion, hardening,
aging, hardness, strength.
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b.B. MOBCHUCSH

BJIMSIHUE COOTHOLIEHMS C12A;/CA U ®TOPHUJIOB CaF, U AlF; HA
MPOLIECC T'HIPATAIIMY U TBEPJAEHMUSI IVIMHO3EMUCTOIO
LEMEHTA

UccnenoBano Bimusaue cootHomenus CaOAl,03/12Ca0-7Al,03, AlF; u CaF, na
(dopMHUpOBaHIEe CTPYKTYpHI U (pa30BOro cocTaBa KIMHKEPHBIX MUHEPAJIOB alFlOMUHATHOTO
[EMEeHTa B NpOILecce THApaTaluy. Y CTaHOBJIEHO, 4TO MOoclie 24 9acoB TUIpATAL[M OCHOB-
HBIMH THIPAaTHPOBAHHBIMU (ha3aMi B W3YYEHHBIX IIEMEHTHBIX KaMHsX sBIusrorcs CAHio,
C,AHs, AH3. Tlokasano, uto BBeaenue gropunos AlF;u CaF, cHmkaer Temneparypy JIHK-
BUJIyCca CHCTEM M CIIOCOOCTBYET yBENIWYEHHIO cKopocTh oOpazoBanusi CA. CxaHupyromen
ANIEKTPOHHON MHKPOCKOIHEH BBISBICHO, YTO MPOIIECC TUAPATAINN KAJBIUEBBIX ATFOMHHATOB
LIEMEeHTa MPY HU3KUX TeMIIepaTypax MOXKHO pacCMaTpHBaTh KaK OJJHOBPEMEHHO IPOHCXOIs-
M€ PEaKIUH.

Knroueswvie cnosa: BbICOKOTIIMHO3EMUCTBIN LIEMEHT, AJIFOMHHATHI KaJIbLHS, TJIaBICHHE,
KPUCTAJUTU3ALMS, THAPATALNS, TEPMUYECKUI 1 (Hha30BbIi aHAIIH3.

BBenenne. MoHOAMIOMUHAT KaJbLUs SBISETCS OCHOBHBIM BSDKYIIM KOM-
MOHEHTOM B KJIMHKEpE TIIMHO3EMHUCTOTO IIEMEHTa, KOTOPBI oTin4aercsi HaunboJee
BBICOKUMH THAPATAIMOHHBIMH U BSDKYIIMMH CBOMCTBAaMHU, 0OECIICYNBACT BHICOKYIO
NPOYHOCTH U ObIcTpoe TBepaeHue [1]. CrenoBaTenbHO, HCXOIHBIE COCTABBI, SIBIISIO-
Iyecs OCHOBOM KJIMHKEPHBIX (ha3, PaclooKeHbl B OTHOCUTENBHO y3KOH 001acTu
cucrembl Ca0-Al,O3 [2]. CaAl,0, mnaBurces kourpysntHO npu 1600 °C, n momyue-
HHUE TJIMHO3EMHUCTOTO IIEMEHTa METOJIOM crieKaHus Hed(p(EKTUBHO BBUIY Malloro
KOJIMuecTBa 00pasyroIencst skuakol (a3sl U BEICOKOW BA3KOCTU paciuiaBa. [losTomy
TJIMHO3EMHCTBIN IEMEHT HPEUMYIIECTBEHHO IMOTyYaloT METOJIOM IUIABJICHHS, B IPO-
necce KOTOpOro MHEPTHBIE OKCHABI BOCCTAHABIMBAIOTCS M HE BXOAST B COCTaB
KJIMHKepa. PealibHble KIMHKEPHBIC (ha3bl SBISIOTCS MHOTOKOMIIOHEHTHBIMU CHCTE-
MaMH, COCTOSIIIIUMH U3 TPUPOJIHBIX MUHEPAIIOB, COJCPKAIINX 3HAYUTEIILHOE KOJIH-
YEeCTBO Pa3HOPOAHBIX AJIEMEHTOB. Hannune B HE3HAUUTENLHOM KOJIUUYECTBE APYTHX
3JIEMEHTOB, HE W3MEHSIONINX 00pa30BaHUE OCHOBHBIX KPHCTAINYECKUX (pa3 KIIMH-
Kepa, CYILECTBEHHO CHIDKAET TEMITEpaTypy JMKBHIYCa MHOTOKOMITOHEHTHOW CHCTEMBI
(3bdexT nepBrIx H00aBOK) M TeMiepaTypy oOpaszoBaHus xuIkoi ¢assl [1, 3].
KinnHkep rImMHO3EMHCTOrO IEMEHTa, IOJIy9aeMoro OXJIaXKICHHEM paciulaBa, Xapak-
TEPU3YETCs ONPENEICHHBIM XUMHUYECKUM COCTaBOM M COCTAaBOM KITMHKEPHBIX (a3,
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(hOpPMUPYIOIIMXCS TPU PA3IMYHBIX CKOPOCTSIX OXJIAXKIICHUS KIMHKEPHOTO pacIliaBa.
OCHOBHBIMH KPUCTAJUTMYECKHMH (ha3aMH, PECTaBIAIONMI NPaKTHYECKUH HHTe-
pec B TIIMHO3EMHCTHIX 1leMeHTaX, sBistoTes CA(CaOAl,O3), C1247(12Ca0 .7AI203)
n CA> (CaO2Al;03). MatpuuHble KIMHKEPHBIE COSTMHEHHS MOTYT COJIEp)KaTh B
KPUCTAIIMYECKUX pelieTKax H30MOp(HbIe H30BaAJICHTHBIC U FeTePOBAIICHTHBIC 3a-
MEILEHHBIE KaTUOHBI ¥ aHHOHBI, YTO XapaKTepHO Mpu (JOPMUPOBAHUH PEABHBIX (a3
[4, 5]. BeiaBieHo, 9YTO HAaMOOJNBITHE KOHIICHTPAIINN ITPUMECHBIX SJIEMEHTOB JIOKAJTH-
3YIOTCS B QIIOMHHATHBIX M almoMoeppuTHBIX (azax (no ~13-15%) BBugy ocoben-
HOCTEH MX KPHCTAJUTMYECKOH CTPYKTYPBI (OJHOBPEMEHHOE NPUCYTCTBHE OKTadIPH-
yecknx ¥ TeTpadapydecknx nosummii Al *u Fe** [6]). B paGoTax BbISBIEHO, 4TO IPH
BXOXKJICHMH TpexBaneHTHeIX HoHoB ( Cré*, Mn**, Ti**, Fe*") B xpucranmueckyro
pemerky CA (CaOAlO3) u CA; (CaO2Al,03) yekopsroTCs MPOIECCH THAPATALINN
¥ TIOBBIMIACTCS TPOYHOCTHh OETOHA U3 TIIMHO3EMHUCTOTO IeMeHTa [7].

IMocranoBKa 3a1a4mn 1 000CHOBaHUE MeTOAMKH. B HacTosmieli pabore mpu-
BEJ/ICHBI PEe3yJIbTaThl NCCIEOBAHMS MIPOLIECCOB THAPATALMH [IEMEHTOB, COJEPIKAIINX
1o 5,0 mace.% ¢mocyrone mobasku - AlF; u CaF; B cucteme Ca0-Al;03-SiO,
HaxoJdIIuecss B TOJe MEepPBUYHON Kpuctawmsanuu coenuHeHuit CioAz, CA ¢
MOCTOSIHHBIM conepykanueM 50 macc.% Al,Oz n orpaHUYCHHBIM TTOCTOSTHHBIM CO-
nepxkanueM 10 macce. % SiO,. VcenenoBaHbl 3akOHOMEPHOCTH Tpo1ieccoB (a3oodpa-
30BaHUsl, TEIUIOTHI U CKOPOCTH HMPOTEKAHUsS IIPU TUApaTaluy 1ieMeHToB. [Ipencras-
JICHBI PE3YJIbTAThl UCCIIEAOBAHUS MUKPOCTPYKTYPBI LIEeMEHTHOTO KamHsl. CHHTE3 oIl
peleNeHHBIX COCTaBOB MPOBOAMIICS ABYMS crioco0amu: TBEpIO(a3oBbIM CHHTE30M
W TUTaBJIEHUEM IIMXTHI B diekTpuueckoit meun Nabertherm P570 B atmocdepe Bo3-
nyxa nipu Temmnepatype 1500 °C B kopyHIOBOM THTTIE C TIPOOIKUTENLHOCTEIO 60 M,
CKOPOCTb OXJIaKJIEHHs paciiaBa B Teun coctaBuia ~20 °C' mun™. Jina cunresa
KJIMHKEPOB MPUMEHSUTNCh XUMUYECKH yrcThie BemecTBa (xu4) CaCOs, AlLOs, SiO,,
AlF3, CaF,. uddepenumanpHo-repmuueckuii ananmu3 (ATA) mpoBoauics mpu
HArpeBaHUM MOPOIKOB 00pa3iia B IIIATHHOBOM THUTIe Ha jaepuBatorpadpe Q-1500
(3ranon-Al,03), ckopocts Harpesa 10 °C yun™. Tuaparamuio NopomKoB EMEHTOB
u TeroBoi 3ddexT m3ywyanu Ha aepuBarorpade Q-1500. HaceimHasi mioTHOCTH
nopoukos ~1100 e/, TTacThI TOTOBHIIM ITyTeM CMEIIHBAHMUS [IEMEHTHOTO MOPOIIKA
C KMIISTYeHOM aucTrwunpoBanHoi Bogoit npu W/C coorHomenuu 0,5. Pentrenoda-
30BbI aHann3 (PDOA) cHHTE3MPOBAHHBIX MaTEpUAOB M MPOJYKTOB THAPATALUH
1IEeMEeHTOB TpoBowin Ha qudpakromerpe URD 63 ¢ ucnons3zoBanuem Cug,— u3-
JyYeHUsI U HUKEJIEBOTO (GUIIBTpa, CKOPOCTh PErUCTPAllMK COCTaBILIIA 2 /MuH. Diek-
TPOHHO-MHUKpOCKonmueckrne (OM) nccienoBanrsl MPOBOAWINCH HA CKAaHHPYIOMIEM
anektpoHHoMm Mukpockore (SEM) Prisma E( Thermo Fisher Scientific).
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JKCcnepUMEHTAIbHASL YacTh U 00CY:KJAeHHe pe3yJabTaToB. [ JIMHO3eMUCThIE
IIEMEHTHI, B OTJIMYHE OT JPYTHX [EMEHTOB, B KOTOPHIX oOpasyrommecs (a3bl U Ipo-
1ecc TBEpJIeHHUs HE 3aBHCAT OT BPEMEHH M TEMIIEpaTyphl THApATalluy, B IpoLecce
TUApaTayi 00pa3yoT Pa3IudHbIe KPUCTAIHYECKIE U aMOP(HbBIE THAPATHl B 3aBH-
cumoctr 0T cootHoureHuss W/C, BpeMeHH OTBEpXkICHHUS U, TJIAaBHBIM 00pPa3oM, OT
temmeparypsl [8]. [Ipu HU3KKX Temriepatypax ruapatanuu (Hmke 15 °C) obpasyercs
CAHjio, Torma xak B uaTepBajie Temmueparyp 15... 27 °C CAHio MokeT cocymecTBo-
BaTh ¢ CoAHg u AH3 [8,9]. CocTaB mpoayKTOB rHpaTaliii MOKET 3aBUCETh OT T10-
BEIIICHUS] TEMIIEPATyPhl CBA3YIOIIEH MacChl 3a CYET TEeIUIa, BBLACISIONIETOCS MPU
rujpaTanni. KuHeTuka mpeBpaimeHns 3aBUCUT OT TeMIepaTypbl U BIAXKHOCTH H
CBsI3aHa ¢ OCOOCHHOCTAMH CTPYKTYpPHI CTA0MIBHBIX THAPATOB U UX PaBHOMEPHOTO
pacmpenencHus B o0beMe TBepaeromeid Maccel. [Iporecc u obpasyrontuecs (assl
B3aUMOJICHCTBYSI ATIOMUHATOB KaJbIIMs C BOJOW MU3y4YalUCh MHOTMMH HCCIIEI0BA-
tensimu [10], ¥ 10 HACTOSIIIIETO BPEMEHH HET OMpeIeIeHHbBIX JaHHBIX 00 00pa30BaHUH
psifa CoeAMHEHUH, 9TO, MO-BUANMOMY, CBS3aHO C HEONPENEIEHHOCTHIO COOTHOIIIE-
HUSI BOKYIIETO M BOJIBL, IPUCYTCTBHUEM YTIIEKHCIIOTO ra3a, puMecei u T.1I.

Ha puc. 1 npeacraBnensr nannbie uccnenosanuii JITA ucxomgHoro u 00pasnos
HIMXT, comeprkarux gomonautenasno AlF;u CaF,. Ha kpuBoii ITA moporiika HCxo-
Horo cocrara (Macc%: CaO - 48,0, Al,O3 - 48, SiO- - 4,0) BeIpakeHHBIH SHIOTEPMHU-
aecknii s3dpdext npu 873 °C (kp. 1) 06ycioBieH pa3noxenreM KapOOHATa KalIbIHs
CaCOs. TTpy fanbHeifIIeM MOBBITIEHAN TEMIIEPATyphl B IMHPOKoil obmactu 10 1250 °C
HaOII01aeTCsl BO3pacTaHue YHEPTUH CUCTEMBI, CBS3aHHOE C MPOLECCaMy CIIEKaHMUs
YacTUIl KOMIIOHEHTOB MIUXTHI. [I0OTHOCTBIO cCHUCTEMa MEPEeXOANT B pacIliaBlIeHHOE
cocTosTHHE ¢ YHA0TepMudeckuM dddexrom mpu T =1420 °C.

400 GO0 H0O 1000 1200 1400
T T v T T
— T4z0
1
573
S P =
1387
=T ]
= 2
—_— sas
13%x
= 3
i 'H"U L i i
400 GO0 HOO 1000 1zZ00 1400

. "

Puc. 1. Kpusvle ougpgpepenyuanbHo-mepmuiecko20 anaiusa UCXOOHbIX WUXM YeMeHMO08
(6 macc.%): 1- Ca0 48,0, Al,0348, Si0»4,0; 2 - ceepx 100% 5% AlFs; 3 - ceepx 100 5% CalF
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Pe3ynbraThl TEpMHUYECKOTO aHaM3a MOPOIIKOB, cojepkammx 5,0% AlF; u
CaF,, moka3pIBaroT, 4TO BBEICHUE (PTOPUAOB 3HAUYUTEIHLHO CHHXKACT TEMIIepaTypy
maxBuzyca cucteM (33 °C u 67 °C) 1 criocoGCTBYeT yBemueH 0 CKOPOCTH 06pa3o-
BaHusi CA mpy OTHOCHUTENBHO HH3KHX Temreparypax. CiaboBbIpakeHHbIE SHIOTEP-
Mideckue dQdexTsl Ha kpuBbX 2 1 3 mpu 1353°C u 1387°C cBs3anbI ¢ MOTHBIM
IUTaBJICHUEM KOMIIOHEHTOB CMECH.

OcHoBHBIMH (DazaM¥ TIPH KPUCTAJUTM3AINH PACIUIABOB IIEMEHTOB SIBIISTIOTCS
CA u C12A7 (puc, 2. kp. 1, 3). Pesynbtarel POA 006pa3iioB ieMEHTOB, COCTaBbI KO-
TOPBIX PACIIONIOKEHBI B MOJIe TIepBUYHON KpucTam3zanuu CA, MoKa3bIBaoT, 4TO B
MPOIYKTaxX KPUCTANIN3AINH PEBATUPYET MOHOATIOMHHAT KATbIIUSI, OTIHYAIOIIETOCS
HaMOOJNbIIEeH HHTEHCUBHOCTHIO AU(PPAKIMOHHBIX MAKCUMyMOB. MeHee HHTEHCHBHBIE
MaKCUMyMBI TIpuHauiexkar coequaeHnio CioA7, TPOSBIIIOTCS TaKKe OTHOCHTEIBFHO
crnabble TMHUM, OTHOCsIecs: K reneHuty CoAS. Pesynbrarel nzyueHus (hazoBbIX
W3MEHEHUH B COCTaBE TECTa, MPOUCXOIAIINX HA PAHHUX CTATUAX THAPATAIUH IIe-
MEHTa B YCIIOBUAX HU3KUX Temmeparyp (Hmwke 15 °C), mokazanm, uro oOpa3oBaHUe
MPOJYKTOB THPATAlMK HAOJIOAeTCS B TEUCHUE NIEPBBIX MUHYT (puc. 2, kp. 1, 3),
Y TIPOUCXO/IUT YBEIUUCHUE TEMIIEPATyPbl CUCTEMBI U PE3KOE MOBBIIIICHHE IPOYHOCTH
006pas3IoB.

W3BecTHO, 4TO MPOAYKTHI TMAPATALIMU LIEMEHTA C BBICOKUM COJEpKaHHEM
Al;,O3; mocTerneHHO BHIOU3MEHSIOTCS ¢ 00pa30BaHUEM HOBBIX T'MAPATHPOBAHHBIX
¢a3. BzanmoselicTBre amoMUHATOB KBS C BOJIOH MPOTEKACT IO OJIM3KUM CXEMaM,
1 00pa3yroTCs MPAKTUYeCKH OfrHaKoBbie coeaunenus [10]. Kak BugHO U3 peHTre-
HOTpaMM, B HauaJbHbIE CPOKU TBEPJICHHUS MPOJYKTOM Tuiapararmu ssisiercs CAH1o,
KoTopoe B nanbHekmeM nepexoaut B CoAHs. Coeaunenne Ci2A7 ¢ BOJON pearupyeT
AKTUBHO, CXBATHIBaeTCS 32 CYMTAHHBIC MUHYTHI U B HadaIbHBIN Meproj o0pazyeT
rugpoamomMuHaT cocrtaBa CoAHs, kotopeie, oOneras 3epHa Ci2A7, 3aTpyIHSIOT
CHIpaTalMIo aJlFOMUHATa. B mmpoliecce ruapaTalyy BbIICISETCS TakkKe Tesieo0pa3HbIi
CHAPOKCHU anroMuHus. B3aumoneiicteue renenura CoAS ¢ BOIOM MPOTEKAeT 04YeHb
MeIeHHO ¢ oOpa3zoBaHueM CoASHg 1 pakTHUYeCKH SBISIECTCS HHEPTHOW MPUMECHIO.
[Ipomecc rumparanui KOMIOHEHTOB IIEMEHTAa MPH HHU3KUX TeMIIepaTypax MOKHO
paccMaTpuBaTh Kak OJJHOBPEMEHHO MPOUCXOISIIUE PEAKIINH:

CA + 10H = CAH1g,; C1247+51H = 6C,AHg + AH3; C,AS + 8H = C,ASHEs.
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O-CA 'V -CAS A -CAH,
V- Clev X - C12A7H10 m -C,ASH,

Puc. 2. Penmeenozpammbl nOpouiko8 yemMennmos u npoOyKmoes ux 2uopamayuu’
1- yemenm, cooepocawuii 5% AlFs; 2- cuopamuposannoiii yemenm ¢ 5 % AlF,
3- yemenm; cooepacawuti 5% CaFz; 4- cuopamuposannwiii yemenm ¢ 5 % CaF;

Kpucrannusyromuecs npu rugpatanyuy alrOMUHAaTHbIE (a3bl TTTMHO3EMHUCTOTO
[IEMEHTa CPACTAIOTCs, 00pa3ysl TPEXMEPHbBIH KapKac ¢ BBICOKON HayaJbHOM Mpou-
HOCTBIO. IHTEpECHO TO 00CTOSITENBCTBO, UTO BhIAEAMBIIasicsa TBepaast gaza CAH1o
nanee pacnanaercst Ha CoAHg u rens Al,O33H20(AH3) [11].

N3 OM cHumMKOB (puc.3) BUIHO, YTO MUKPOCTPYKTYpa MPEBPALEHHBIX TPO-
JIYKTOB THIpaTalluy MPEACTaBisieT co00i HepaBHOMEPHBIE CKOIICHHS THIPOAIIIOMU-
HATOB KaJIBIIMS, IOTPY>KEHHBIX YaCTHYHO B 3aKPUCTAIUTN30BaHHBIN aMophHBIi AHs.

[onHOCTBIO TMAPAaTHPOBAHHBIEC ATIOMHUHATHI IPU BOJOLEMEHTHOM OTHOIICHHH
0,5 oOpa3yloT Tpu TuHa T'MAPATHUPOBAHHBIX aMIOMHHATOB. CTpyKTypa LEMEHTa,
cozieprkariero GTopua amoMuHus (puc. 3a), MPeICTaBICHA IIOTHBIM CKOILUICHHUEM
3aKpYUEHHBIX IUIACTUHYATHIX KPUCTAIUIOB, U MPU THAPATalid 00pa3yloTcs MacCHB-
HBIE KPUCTAJUIBI, TIOKPBITEIE amopdHon (dazoit (puc. 36). Llement, comepxxamuit
CaF,, mpencTaBneH UTOJIbYAaTBIMU U XJIOMBEBUIHBIMH YacTUIAMU, TIPH THAPATALUN
00pa3yloTcs NPEUMYIIECTBEHHO UT0JIbYAThIC YACTULIBL.
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Puc. 3. DM cnumku nosepxrocmu uzioma o6pazyos YyemeHmos u 3ameepoesuiux
yemenmuwlx mecmos uepes 24 yaca: a - yemenm, cooepacawuti CaFo; 6- 3ameepoesuiece
mecmo ¢ CaFy,; 6- yemenm, cooepacawuii AlFs. 2- sameepoesuiee mecmo ¢ AlF3

3akiiioueHne. YCTaHOBIICHO, YTO MPH THApPATALUN ATIOMHHATHOTO [IEMEHTa
nocie 24 yacoB ruaparaludyd OCHOBHBIMU THAPATHPOBAHHBIMU (a3zaMH B M3Yy4eH-
HBIX IIeMeHTHBIX KaMHsax saBistrorest CAHio, CoAHg m AHs. Tlokasano, uto BBEne-
nue GpropunoB AlFzu CaF, cHkaeT TemrepaTypy JMKBHIyCa CUCTEM U CIIOCOOCTBYET
yBEIMYEHUIO cKopocTH oOpasoBanusi CA. CkaHUpYIOLEH 3JIEeKTPOHHOH MHKPOCKO-
MTUE BBISIBIICHO, YTO TPOLIECC THAPATAINHN KAIIIMEBhIX ATIOMHUHATOB [IEMEHTA MPH
HU3KUX TEMIIEpaTypax MOXHO PaccCMaTpHBaTh KaK OJHOBPEMEHHO MPOHCXOMISIIIIE
PpEaKIHH.
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£d. UNYUPUSUL

CrA7/CA BY, CaF,, AlF; 3SNLCPYUED ZULULGIUUSNREBUL
U21t8NkE3NRLL ULNRUPLUSUSPL 8GUTLSh 2RI USUSUUL &Y,
UUrusuuL aNrocueusk 4ru

Muumdwuhpyty £ Ca0.Al203/12Ca0.7Al203, AlFs L CaF2 hwpwphpuljgnipjut wqph-
gnipjniup hhppuwnwugdwt gnpépupugnid wjnidhttwnuwht gbdbunh Yhutpught Jhuk-
pwjubph pununpmpub b wquyhtt juquh dbwynpdwt Jpu: Mwpqyl) & op hhppuwnw-
gniuhg 24 dud htinin niuntdtwuhpdws ghdbunwpwpbph hhdtwlwi hhppunwugjws du-
qtpp hwtinhuwinud B CAHi, C2AHs, AHs: 8nyg E wipdus, np AlFs-h b CaFz -h tkpunisnudp
ujuqtgunid t hwdwljupgbtph (hjypnniuh gbpdwunhdwp b tyguunnid E CA-h wnwgwg-
dwl wpwgnmipjul pupdpugdwin: Ujwbwynpnn LEjupntught dhypnulnuyh Jhongny
wupqyby k np gudp ebplwunhdwbubpnid jujghnudh wjnudhtiwnttph hhppuwnwgdw
gnpépupwgp Junptih Eghunwplt npybu dhwdwdwbwl pipwgnn nbkwljghwibp:

Unwbgpuypl punkp. punan wjnidhtunught gkdbun, fuyghnidh wynudhiwntkp,
hwynud, pynipinugnid, hhnpuwnnid, okpduyhtt b puquyhtt wtwihg:
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B.V. MOVSISYAN

THE IMPACT OF THE C1,A7/CA RATIO AND THE FLUORIDE CaF, AND
AlF; ON THE PROCESS OF HYDRATION AND HARDENING OF
ALUMINA CEMENT

The effect of the ratio CaO.Al,03/12Ca0.7Al,03, AlF; and CaF; on the formation of
the structure and phase composition of clinker minerals of aluminate cement during
hydration has been studied. It is found that after 24 hours of hydration, the main hydraulic
phases in the studied cement stones are CAHi, C2AHs, AHs. It has been shown that the
introduction of AlF; and CaF; fluorides reduces the liquidus temperature of the systems and
increases the rate of CA formation. Scanning electron microscopy has revealed that the
process of hydration of calcium aluminates of cement at low temperatures can be considered
as simultaneous reactions.

Keywords: high-alumina cement, calcium aluminates, fusion, crystallization,
hydration, thermal and phase analysis.
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Ltnbughtt puguhwiipbpnud hwipuptpwinny hwipwpuph nknuihnjudwt dudwbul
wthpwdtown t hhdttunpl] puguhwiph pugniidwt hpuwywpwlnid hwupwpwph prhsph

htowynpmpnip’ juh]ws hwipwptpunh phpnipnithg b whnuihnjudny quiiqush
Juntwynipinitthg: Unpkjuyghtt hbtnwgnunnipinitiubpny npnoyt) Bt hwipwptpunh b mmwp-
php juntwynipjudp nt swthbpny pnnqubgynn (ketuwyghtt quuqyush dholt wpwphit othdw
wtnibutpp: Unwugjws wfjubpny dowldly i pugwhwiph pugnibdwt hpuwwpuynod
hwipwptpuwnny wknuihnpyny muppkp untwynipjudp hwipwpwph unpubph prhsph
htnunpnipjut npnodwt jupnjubnipniuttpn:

Unwbgpuyhli punkp. huupuptpun, wywpwljnnpubph suhbp, (Eptught quiqus,
Juntwynipinil, $hghjulul Unply, wpnwph sthdwh whlni:

Lhpwdmpinit: Zwtpwpbpwinny hutipupwph quiqush mbnuithnpudw th
owipp ophtiwswithnipyniiubph nuuntdtwuhpdw hwdwp wunpuundws hghlju-
jut dnphjuynpdwt unkinh Jpu junwpjws hbnwgninmpmniabph wpynio-
pnud wnwtdtwgyt] E wyupwlunnpubph gupddwi Eptip mbkuwy [1].

* wywpwlnnpp jupnn k pupdyty, bpp uwhph hwppnipjub phpnipniip
ghipuquignid E wyywpulnnph htn juquws wpnwpht wblniup,

o wyupuwljnnnpt nith uljqpiwjut wpwugnipmnil,

o ginpuwl b gunljwdl pupddwt nhujpnid:

8nyg k wipyky, twl, np gnpnudp hwipwpwph Yunnph wijuint duh pupy
owndnid L hwpwpbpunh plp hwppnipniuny, husp punipuqpynud E php hwp-
poipjull Ypu wnluw unpynipnpn dwubphtt dwpduh hwwpuwlh hwupdusubpng b
ptp hwppmipjut ypw wniw wwppkp Yhnbkph hbn hydwb onipe dwpduh
wunnwlub pupdnidny (. 1 w):

Sunjudl swpdnudp pumpwugpynd t php hwppnipjut Jpw npnpwufh
wpuqnipjudp owupdynn dwpduh obn hwpusubpny:
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Unnphjujht hEnmwgnuumpinitibpny npnodty £, np hwtpwptpunh dnnkih
hwwnwlh phpnipjub apte = 40...43° nhuypnid wmywpulunnpubtpp upnn Eu pwpd-
b1 bwl ujqphwut wpugnipyut puguljuynipyub nhypnid (4. 1 p):

UY. 1. Zubpwpbpuwnp dnplih Yypuw wypupulnnphbph pwupdiwl ujubdunnpl
wunnlkphkpp. w) ginpnud, p) gunfuwdl pupdnid

Puquuphy nhunwpynudutpp gnyg i k], np wyupuljnnptibph owpdnudp
uljgpnid gunjwdl b, munhfwbwpwup wjbt quetnid £ dwupnn b npny dudwbwy
wbg wugunid £ thnpp gmunljipny qinpdwt [2]:

Zwupwphpwinh Udnghiny unpnit yniphph pnquigdwi gnpdpupwgh Unnk-
uynpdwt dudwbwl nhunyl L Eptughtt quiuqdush hnuph wmywhtnkqpugnid,
wyupliph’ (Enlughtt quitqwsh npnhnudp weundby dwip sunhwdwubph, phn npod,
UkS Yunpubph swpddwt wpwgnipmniup ks E thopplphg [3]: Ljwwndl) £ twb
wuyupwlpnnpibph jubg jupnjws hwipupbpunh uUnnkh hhuph Junnigdwsphg:

Zwupwpbpuwwnny (Entughtt quiuqush wywpuwlunnpubph swpddwt wpw-
gnipiniip hwunwwnntt sk tnyb Epjpuyuthwlwb &b niukgnn wwwpuyht funp-
utpp Uh nhypnid Jupnn Bu ppuljut wpbgnmipnit nibbbiw] wywpubph owpd-
Uwl wpwgnippub Jpu, dniu phypmd’ puguuwljui:

Lintuugbpny (kntughtt quiqgush pnquigdwt dudwtuy, npyjtu Jutnb,
UbkS wpugmipinit ki qupqugunid Ynpuynit b dhohtt suhbph 50...200 fg quiug-
Juény wywpuwljnnpubkpp [3]:

Zwupwpbpuinny (Entuyghtt quuqdush wywpuljnnpubph owpddwt wpw-
gnipniitt nt hknwghédp jupuuwsd G ny vhuyt hwipwptpuwnh pupdpnipniihg b
hnphgnuh tjuundwdp nmubgws phpnipjut wilyniihg, wy bwb nbnuthnpudnn
quigwsh b hwupwptpwnh hhuph dultplinyph dhol tnus sthdw f gnpsuilighg:
dtpohtiu yuydwbtwynpdws k twl pnqutgynn (Entughtt quigquénid wuyupw-
Junpubph Eppusuthwlub dubkpng b swithbpny, hyybu bwb hwipwpbpuwnh
hhuph niph mkuwlny [4]:

annh gpJusdpn b dkpnnhljuyh hhdbtundnpmadp: Zwupuptpunny pnnug-
Unn wyywpuyhti quqush nwppbp swihbph funpibph wpinwpht pthdwb gnp-
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Swljhgubph wpdtpubpp wuydwbtwynpdws b hmbpupkpunny pnyuigdw wypn-
ghunud mbknuthnhuynn quiqush wnwudht swhwdwubph pudwidwdp: Fugu-
hwupbpnid hwtipw- b wyuwpwpkpunitph junnigdwt dudwbwl whpwdbon
wyuyuwt b ppuig phpnipjut tjuqugnyi wijjut gquhywinwdp, husp hwdw-
yuunwujuwinid £ pnyubgynn Wniph ptujub phpnipjut wiljuin jud iyniph b
hwupwptpuinh huwnwlh thott wpunwpht sthdwt wuljjuup: Unynpupwp, untiuy,
unpnil gpoitnubph phwlub phpnipjut wulnitp sh gbpuquugnid 40°-p b thn-
thnfudnud £ jupe]us gpoiinntibph hwinhlabph unpnpnipyniihg:

Swp Yhdwjulut guydwuubp niukgnn Juypbpnud, npntn whdplughtt b
snp tnuwbwlubpp hwenpynid Eu dhdjubg, hwmtipw- b wyywpupkpuwnubnh swhw-
gnpédwt dudwtwl] hwipwpkpunh ptpnipjut nwghntw) whljyub npnodwt dw-
dwbwl wthpwdtown £ hwpgh wntl) pnqugynn (kntughtt quiqush juntwynt-
pinip:

Mbwp L ok, np unpmitt wyupubkpnid junttwynipniip muwpuwsdus b w-
hwdwswth b jupdws £ wmywpubph unpubph swithbphg: Ophtiwly, Ntwuynidsnp-
8hny puguwhwupnid duwswslh mmul] gunninn hwipupwph dhghjuljus hwnlni-
pmtuttinh mundtwuhpoipniup gnyg k vdby, np hwipwpwph swhwdwubph dbdwg-
dwt htn tpwimd Jupniy wjugnid £ junbudnipjut qupnibwynipmniip b
50...100 ¢« swthwdwuh hwudwp juqunid £ 0,18% [5]: Ujunkn hunttwnipjut hhu-
it quitqyuidp wnlu E wnun]by dwip' 10...25 #/sunhundwubpm] gpouinntibpmad:

zZhnwgnunipjul wpynibiputpp: Ukp Ynnuhg junwpguws $hghjulwut un-
nhjuynpdwt thnpdwpymdubph wpnyniupubph hhdwb ypu (wn. 1) dowldby
wnuppbp funtwynpjudp wywpwljnnpubph dwuthlubph b hwpwpbpunh unnkjh
hwwnwlh dholi juqudws wpnwpht sthdwb wulniuttph dhol Juhudwénipniu-
ukip, npnp gnyg b npgus uly. 2-nud:

Unyniuwly 1

Swippkp fpinbun/mppudp waypupulnnpbbph Jwubhlakph b hwbpuplbpunnh unnpkih
hunnwlh dpoll juquyjué wpunuphl pthwl wblyniGabph dholl fujujwdnipinibbbpp

Unnhjughtt unkunh hwipwptpwnh hhuph htn wywpwljnnpubtph
Uujuiph wpuwphb othdwl whlpnibubpp, wuw.
supundwup, quuqusuwyhtt juntuwynipjniip, %
7478 snp wywpuwlnnputp 7 - 10 12 17
0..5 36...39 40...41 | 42...44 | 45...49 | 37...38 | 35...37
35...38 39...40 | 41...43 | 40...42 | 35...36 35
9...11 33...34 36...38 | 39...40 | 37...38 | 32...33 33
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Uyywpuwlunnpubph pntwynipjut b hwpwptpunh dngbh hwnwyh dholt
wpunwphtt othdwt wiljjut Jwpdwénipjut thnthnjunipmiip wnwyk] qquih &
nuninud, tpp quuquémy 1 o/ swhbpny dwutthjukph yupnibwlnipniup pupdn
E: Zuynth E twl, np pnqutigynn (Entiughtt quiqgush 20...25% puntuniput nby-
pnid wpuwphtt othdw wulniup vnwugynid L wybkih thnpp, pul untwynipjut
1nhy pugujunipjut nhwypnid [1]:

Zwupwpbpunitiph sowhwgnpsdw thnpdp gnyg £ nyl), np pnquigyny (kn-
tughtt quigquénid dwp dwuthlubph 10...20% swihny wwuwpnibwlnipju nhiy-
pnid junbwy hwipwpwph gpujhinwughntt nwghntw) ponuugnidp htwpwynp k
hwupwptpuinh 43...45° phpnipjut nhuypnid: Uyt ghwpnud, Epp dwip dwuthljubph
nninuujhtt upnibwnipniup quiqgusnid hwutnid E 50% b wykih, hwipupt-
pwwnp phpnipjul wulniup wkwp k 1huh ny yulwu 50°- hg [2, 6]:
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Uly. 2. Supplp finbun/niprudp agupulpnnpbiph duabhfakph b hubpupbpunnh unnkih
hunnwyh Upoll wpunwuphl pthfwl whlpul thnhnfunipyul Juhnjwuéniyentbakpp

Pugwhwipnid hmpw- b wmywpupbkpunny (knttujhtt qubqush pnnubg-
dwt dudwtiul nknh £ niubumd wyupuljnnpubph pudwitnid puwn sunthbiph, npnp
hwupwptpuwnh hhuphg nnipu qunig htwn, puguhwiph pugniadwt hpuwwpw-
ynd poskiny gpynid ko nwppbp nuguupymitikpny [7): Gahpudbown E toky, np
dhghljuljut Unpbjughtt hbnnugnuinnipniiitbpny unwugyws wywpuljnnpubtph prhsph
htnunpmipjniuubpp puuljutht Unin G hwogupluyhtt dkpanny npnpdws wp-
dtiputipht [3]: Unpljuyht hbnnwgnunipniatbpnyg unwugdus ndjuubph hwpupt-
npuiwt otnnudp hwoqupluyhtthg uquniud L pnipe 10...20%, husp gnyg E mwhu
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hwtpwptpunny (Entiughtt quiqush pnqugdwt widnuig gninnt suthbph npno-
dwt wbtwjhnhl wpnwhwjnnipjub padupup £onnipiniun [6]:

dhqhjuljut Unnbnid ninhn wnwugpny hwuipupkpunh nwupptpuyh nhu-
pnid junwupus hbnwgnunnmipniiibph wpyniupind puguhwph pugniadw
hpwywpulmyd wywpuljnnpibph pehsph hinunpmipjut npnoywsd wpyniupubpn
phipdws bl wn. 2-mud: Ugn infyuyabiph hhdwb Jpu dowlpjws b wuyupuljinnpibtph
prhsph hipwnpnipjut jupudwsnipmniup hwiipwptpunh phpnipjut wulniithg
b bpjupnipintithg (. 3):

Ugniuwl 2
FPuguhwliph phpniiwl hpunyupuwinod wgupulpnnpliph pnpsph hkpun/npnieul
npnoywés wpyniaplbpp
Zwipwptpunh | Uywpwlunnputph pehsph hipwdnpoipinibp, o
ptpuwl wuljniup, Zwpwptpuwnh Epupmipniip, &
wuul. 60 90 120 150 180 210 240 250
45 39 48 61 68 78 84 89 97
50 51 62 75 100 118 123 125 150
55 62 77 90 115 146 137 131 164
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230 5 A
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200
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Uujupuljnnpliiph pehsph tpjupmpmbp L,
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(S

Zuipwpbkpwinh kpljupnipniip Ly, o

Ul 3. Uyupulpinnplbph pnpsph hkpun/npnipyul Jupnjwdnipiniip unpbjuypl uinkingnid
hwbhpwpbpunnp Epljupnipiniihg b plpnippul whlnilpg. 1- unpljp plpnippul whlniip
au=45; 2- tnylip " ow=50% 3- knylp av=55: R-p plknkpdpliugimt gopswlhgh | x-p’
hwhpuwyplpunnh hhuph Epluwpnipmniap, o
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Bqpuljugmipinii: Unpbjuyhtt hnwgnunipnitubph wpgyniuapnd  dowly-
Jws Juuébnipniuiipnhg tpimud E, np htgpwt Uk ki pnnugynn hwmpwpunh
swthwdwubpp, wyipwut thnpp E dnnlijh hhuph htn npwitg juquws wpunwpht othdwb
wllntp:

Zwupwplpwwnh bhqhjulwt dnpbjuyhtt unkunny juwnwpduws htnwgnun -
pintuutpny dowlyl) Eu juppudnipiniutp hwipwpbpunh phpnipjut wuljjul,
npu Epljupnipjut b puguwhwiph pugniidwt hpwywpuwlinud wywplunpukph
prhsph htinwynpmipniutnh dholi:

GUYULNRE8UL 8ULY
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J.LA. MAHYKSIH, JI.C. BAJIACAHSH

OBOCHOBAHME PACCTOSIHUS ITOJIETA KYCKOB PYJIbl HA
IMPUEMHOM IIVIOIIAJIKE KAPBEPA ITPU NEPENNYCKE IO
PYJIOCKATY 'OPHOH MACCBHI PA3BHOM BJAKHOCTH

Ha HaropHsIx Kapbepax IMpU I'PaBUTAIIMOHHOM CIIOCO0E Mepermycka TOPHOW MacChl
OJTHMM M3 Ba)XKHBIX BOIPOCOB SIBJISIETCSI YCTAHOBJICHHE PAlMOHAIBHOTO yIJia HAKIIOHA pYy-
JIOCKaTa B 3aBUCUMOCTH OT BJIQXKHOCTH M pa3MepOB KYCKOB MOPOJbL. B cTaThe nmpuBeaeHbI
pe3yNbTaThl MOJICIBHBIX UCCIICAOBAHUI ISl OTPE/IeNICHNs] BEJIMYMHBI BHEIIHETO yria Tpe-
HUSI MEXKY PYAOCKATOM M TOPHBIMH TIOPOJIaMK Pa3HOM BIXKHOCTH M KycKoBaTrocTH. Pa3pa-
0oTaHa HOMOTpaMmMa Jyisl OTPE/ICTICHUS JATbHOCTH M0JIeTa KYCKOB TOPHOM MOPObI B 3aBH-
CHUMOCTH OT JUTMHBI ¥ yTJIa OTKOCA MOJICIH PYAOCKaTa.

Knrwouegvie cnosa: pynockar, pasMepbl KyCKOB TIOpOJIbI, TOpHasi Macca, BIa)KHOCTB,
(husmyeckast MOJICINb, YIOJI BHEITHETO TPCHUS.

L.A. MANUKYAN, L.S. BALASANYAN

JUSTIFICATION OF THE FLIGHT DISTANCE OF ORE PIECES AT THE
RECEIVING SITE OF THE QUARRY AT PASSING OF THE ROCK MASS
OF DIFFERENT HUMIDITY THROUGH THE ORE ROLL

One of the important issues in upland quarries with the gravitational method of
transferring the rock mass is to establish the rational angle of inclination of the ore roll
depending on the humidity and size of the rock pieces. The article presents the results of
model studies to determine the value of the external angle of friction between the ore roll
and rocks of different moisture content and lumpiness. A nomogram has been developed to
determine the flight range of rock pieces depending on the length and repose angle of the
ore roll model.

Keywords: physical model, ore roll, moisture of rock mass, lumpiness, angle of
external friction.
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8nyig kL mpyky, np LEnpuynpyus vhowuypnid quiiquswyhtt wuyphgdw nhupnud
wuyphgdwt phintwynpubnipyut dkdwgnidp (Wuypnighly Wniph wbuwlwpwp swhiuh
Ubkbwugnudp) sh Yupnn hwinhuwbw) wupkguws quuqiush dwtpugusnipjub wuwnh-
Sutth (ujuguwt hhdtwlwt munnnipnit: Uwhdwidl) E np wuypkgdwb Eukpghuyh gnp-
dniubnipjut wpynibwybnnipjut pupdpugnidp jupws b dknpuynpyus pinynud wuy-
pnighl Wniph (ML) thgph hwjwuwpwswth nknupwjunidhg: ML-h puoluudnipjul punt-
pwghpp wpnwhuwyuynud b phwljut (wyywuph wdpmpmniy, quiugush pniuyunipeinil), tubkp-
gbnhy (Mu-h phnnbwugdwt wpwugnipmnil, ququgnugiu wpquuhph gupnid) gnpéni-
utpny b hnpuwnwyuypigdu nkjuinnghwjut ywpwdtnpbpny:

PEpJws ki MU-h mbuwjuwpwup swhiuh npnydw thnpdw-wpynibwpbpujut wuy-
phguwl wpmyniupubpp’ hwpdh wetbing (hgph wpudwghsdp, quiqush pnlwjimpinip b
wyuph wdpnipyniup: Skuwfwi b hnpdwpwpulub nwdjujtkph hhdwt Jpu wpwewplyyty
E hnpuunuwywptgdut wupwdtnpbph npnodwt tndngpuid, npp pny; L mwwhu denpu-
Unpus wyupubph yuypbgdwt nhypmu juthiwnbul)] quyptgws wuyupubph vwbipug-
Jwdnipjnip:

Unwigpuyhll prunkp. MU-h 1hgph Junnigdusp, MU-h mbuwupup swhiu, quugdush
pInjuyunipinil, wmwywuph wdpnipntl, yuyptgduws quuqush hunhljuwswthught juqu:

Lhpwbnmipinii: Mujpbgdwt wpynibwdbnnipmniip puguwhwipbpnud pun-
nnoynid £ wuyptgudwt tubpghujh oqgnujup gnpéniubnipjudp, npp puguhwiph
wojuwnwipuyhtt hpuywpwlnid juwywhnigh withpudbion dwiipugdusnipjudp
b vipqus yupwdbnpbpny guyptgqus quuqyush hyjwsp: Zuypnih k np T0-h
1hgph pwtiwjh thnthnpunipniip b quiqubdnid Jipohtthu hwjuwuwpwswth puoju-
Judnipmiip hudwpdmud | wuypbgdut npulh pupdpugdwt juplnpugnyu gnps-
pupwg: Uwljuw)t qujptgdubt wonmwnwbpubph Epjupwnb thnpdp gnyg b nwihu,
np M- (hgph purtiwalh thhnpamppandp b Ylpghihu huduupuisth pughdusn-
pjudp, wnwig hwoyh wntbnt wuyptgynn dhowduyph junniguspuyhlt wnwud-
twhwwnlnipniuubpp, ns vhon £ htwpudnp wywhnyb yuypkgdwt wthpudbon
wpynibpbp [1, 2]:
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‘Luhiugduyhtt wphtwnwpubpnid wuyplgdwt Fukipghugh hwjuuwpusuth
puwounudp (hnpuwnwigpuyhtt gutigh b Mu-h 1hgph oyyunhdw] ywpwdbwnpkph ptwn-
poppniip) unwpynud B pun MU-h nbuwlwpup swhuh vwhdwbughl wpdtp-
ubtiph Ukdnmipjut 3, 4]:

Uju vwhdwbwihtt wpdbputph Yhpwpnidp pugwhwiptpnid hpwljwbug-
Ynud £ hkwnlju) uljgpnitipny.

—hwdwduyt yuyphgdut wojuwwnwbpubph hpwljwbugdut nbuuhjujut
Jwintwlwpgh phunpdmd £ N0-h nbuwupup Swhuh vwhdwbught wpdtpp.

—-Qujujws wuyptgynn pinih Swjwihg b pinpfus MTu-h nkuwfupup
swhuuhg hwpyuplynud kwuypmghy Wyniph pubwyp.

~ puwn wuypkgyny pnh kpypuswhulut wwpwdbnpkph junupgod §
wuypnighl Wniph pugumu wwjpkgynn pninud:

Uju dnintignidp &hown £ uhunn gEnpuynpus (dwip pinjuyiuntipiudp) wuwp-
ubkph ntwypnud, tpp quiquénid dknpuynpyus wwupttiph dhohtt suhbpp sku qb-
puquiugnid Ynunhghnt hwnhuwjunipniup b dntinjhn (swthwqubg unonp pin-
Juyumipjudp) vhowjuypnid, npintn Eukighuwyh Ypnnp hwiinhuwinwd £ MU-h hgph
pwiwlp: Uhghly, junonp bt wmthudbdwn jungnp pinljuyinipyudp wywpibpnud M-h
nbuwluwpup Swhuh thnthnpunipmniup sh jupnn ninhn hwdbdwnwlwt jupudu-
Snipjudp qdwjunpkt thnthnpul] wywpubph dwtpugubnipjut wmunhdwup: Uw
yuyUutwynpjws t uputing, np denpudnpus hwtpwunpobph Jupdusputipnid
Uhown tljwinkih b mwppbp Aukpny b swthbny &bnpbp, npnup 1gyws ku gusp wljniu-
wnhl §nonnipni niubkgnn dhowljjuy wywpubpny jud onny (puunwpl] nupw-
dnipnil): Uhowlljjuy wwwpubpny 1gdus genplph wnjuympiub phwypmd wuyyuph
puypuydutt gnpdplipugt nintklgynud L wuyplgdut tukpghugh gpnidughtt Ynpniun-
utipny: Oy 1gwsd &hnphph wnuwmipniup hnpwnwigph thgpuynpdwi dudw-
tul] qquihnpkt dkdwgunid E MU-h Swpaup (hnpuwnwbgpnid NMU-h 1hgph ujwl w-
hpwdton pupdpnipjut wywhnynidp juwnwpynid £ MU-h qquijh Ynpniunbbpny):

Muunh gnpuynpus quiqusnid, Jupudws Jhpwunynn Nu-h nbuwlw-
pup Swhuuhg, wuypkgynn pinyh swjwihg, dhgunjuyph wipmpjub pinipwugphg,
htwpwynp skt Ephpuswhwlut nisdwdp hpujutwugul; MU-h hwjuuwpuswth
pupfunid Ut wyl piphwiipugl) popnp pugwhwbpbph hudwp: Udbpht' jmpupubs-
mip hwipwduyp nith MU-h mbkuwlwpup Swuuh hp vwhdwbwght wpdtpp, nph
Ubénipjniup htwpwynp & npnoby dhwyt thnpdw-wupununpuljut bputulng® wyuy-
phgdwt wpyniupubph hhdwb Jpu:
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Zkwnlnwd £, np MU-h nbkuwljupup swjuuh gnpénn uwhdwbughtt dkdnipiniu-
ubkpp dhnpuynpyud vhowuypnid Gupulu i thnthnjudwi, hwljunwly nlypnud®
quiqquénid nbknh Yniuktu yuyptkgdut tukpghuyh wthwjwuwpuswt pagpunid,
npt b Yuduqbkguh wuypbkgdwut tukpghwjh wwnhy gnpéniubnipmniip wuyunph
dwtipugdwt nhupnud:

Uh owpp htinhtwljutp [5-8] wnwewnlky i MU-h nbuwljwpup swpauh hwy-
Jupy npubu bjuyknught gnpsnt pigntubing wywph withpudbon dwipugw-
dnipjniup, Epp npnohy u quiqusnid Lenpunpdws wwqupubph dhohtt swthbpp:
Zhnhtwlubph Ynnuhg wowewplyus wyu (nisnidubpt ntukt nmbuwljut dninkgmd-
ubp, b gnpstwjutnud Yniubiwp uyywuynn wpyniuputiph bujub obnnudubp: Uju
ntypnid wnwewpdws Mu-h hwpdupluyhtt nbuwwpup swhup jhwinhuwbw
wuyphgdut wupudtnptph hwpdupuwt ninponpynn vwhdwbught gniguthy:
vunpht gnpstwut (nisnid mwnt hwdwp withpudbow £ htinhtwljutph Ynnudhg
wnwowpyus uyu nkuwlub nsndubpp hnpdw-wpnunpujut yuydwbibpnd
hpujutiwgut] hnpuunwuyuwjpkgdut owyyunhdw] wwpwdbkwnpbph pbwnpnipeyudp,
npp juwuhndh wuypbglus quiqush thpjwsp wihpudton junpuyim pjudp:

Onpdw-wpununpuljut wuydwbubpnid MU-h mbuwwpwp Swpaup nin-
nnpnnn uwhdwbwihtt wpdbpp, juhdws ywuyptgynn pinlh dEnpuynpusdnipint-
uhg (pinjuyunipiniihg), thnthnpugnud £ dbks dhowluypny: Uw Jiuynid k wy dw-
uhl, np wuypkgdwt Eutipghwyh Ypnnp denpuynpdus vhpwjuypnud, hmnjuytu
hunonp b mthwdbdwwn junonp pinljuyinipjudp quiqusnid, hwinhuwtnud £ quiig-
Jwsh pinjuyunipniup, b unynpupwp Eutipghugh gpnudught Ynpniunbpp tdwi
quiguénid jpugdmd ku MU-h nbuwupup swhuh dksugdudp hnpuwnwig-
pwjhtt gwigh pnwugdwb Smuwujuphny:

Uwuptbph pujpuydwt b nknuowpddwt gnpdplipugp hwbipmunhdwiw-
1ht pinhh wuyptgdwt ghypnid wuydwiwnpgws b ququgnjugdut wpquuhph
Lupdwi bt jupJwdnipjutt whph tkpgnpénipjudp:

Uju dbénipnitiubph vwhdwbwghtt wpdbpubpp npnoynud B wuyphgdut
Eukpgbwnhl gnpénuttphg, wuyptgdnn dhowduyph juenigwspuyghtt b wdpnipjui
punmipwqnphg: Ujuhtipt yuypbgdwt tukinghuwyh oquuuljup gnpéniubnipiniup punpny-
Unud £ wquyptgynn dhowduyph U Yhpwundnn Nu-h Eubpgbnhl hudwywnwupuw-
unipjudp b quuquénid ytpohthu putiunyg b hwjuwuwpuswth pupfududntpyudp:

bhuinyt, MU-h hujuuwpuswth puojududnipmiip quuquénmd b Jipphtthu
Eutpgbwnhly gnpéntiubpp (jhnntugdwt wpugnipmniup, ququgnugdw wpqu-
uhph guonidp hnpuwnwtgph wuwnpl, yuypkgdwt gnpdniubnipjut nbnnnipniup)
hnpunwigpnud whdhgwjuinpk jujudws Eu MU-h 1hgph npudwgshg:
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Niunh NMU-h hnpuunuyuypkgdwt oywnhdw] yupwdtnpbph puwnpnidp,
JuhiJws quugush pinjujinipinithg, wdpnipjut punipwgphg b hnpuwnwugph
npudwgshg, npp juyuhmlh guypbglus quiqusht §ndwywln dhyjusp wh-
hpwdton dwipugdusnipjudp, pununtd E wpphwljwt juinhp:

unph gpusdpp b hbnwgnuum pyub Ubpngubpp: Znpunuyuyphgdu ww-
pudbwnptph oywnhdwy dkdnipniuubpp judws kb wquyptgynn dhowuyph bjw-
YEwnughtt gniguithoibphg b hpunynn MU-h mkuhfulwt punipwugphg, nph Eabp-
gbwnhl] wpdbputpp yupaqws Eu Mu-h 1hgph mipudwgshg: Ujuhtiptt hnpuwwnwwuyg-
phguwt wupwdtwnpbph hwodupl junwpbihu npytu hwunwpl ywhwnp L pln-
bk wuyptgynn dhowduyph junniguspughtt wnwtidtwhunympnitiubpn, wywuph
wdpnipjub punipwghpp b Mu-h thgph nnipudwghsdp:

Niunh yuyphgdwt Eukpghuyh gnpénnpjut jupquynpniudp yuwhwbenid
1nwdt] hbnlyw) jaunhpubpn.

—jupnjws wuyptgynn pinlh dknpuynpjusnipiniihg, wywph wipnipyu
punipwqnhg, MU-h thgph pudwgshg npnot) MU-h gt owyyinhuwy thwunwgh swipuup,
nnp juwuwhnyh guyptgyws quigush juinttwupgdus duipugdut pupén Gp,

—npunr punnpjus Mu-h thwunwgh swpuh npnolp hnpunwigpuyht guigh
wupwutnpbpp, Mo-h |hgph pwlalyp:

MU-h mbuwupwp Swjuuh ptnipnipniup junwpyty ELuywpwth ynhud-
Unihpnttih, Upwpuinh pupwph, Upudniuh puqupnh, Lupwpbpnh quppn-nhn-
nhwntkph puguhwipbpnid hpujutwugdws thnpdw-wpunwunpuljut 144 quiqdu-
Suyhtt wuyptgnudubph wpyniupubph JEpnisnipjut hhdw Jpu: Lodws pugu-
hwuptnh dpwljynny hnphgnuubpp tbpuyugdus tu dhohly, junonp b wthwdbdwn
hunonp pinuyunipjudp: Ugyunh wdpnipniup hwbipwyjuyyph mmwuppkp hnphqnuk-
nnud hnthnpudmud £ dbs dhowljuyptipny (wy. 1):

Nuypkgdwt Gpp punpnonn gniguthoubph (quypbkgqus qutgqush dwpwg-
Judnipiniup b thydwsdph juyipp) hhdwt Jpu juquyl) b junonp pinljuyunipjut
quiqubstbpnid yuyptgdut oyynhdw) yupudknpbph npnpdwt indngpud, npp
Juuwwhnyh wihpudton Junpujinipjudp b §ndyuljn hiduspny wuyptgdus
quqqusd (uly.):
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Unniuwly 1

FPuguhulipbph hulipuunpdwbuyhl ppnfp Ejullnughl gniguihobbpn

2 5| 2
5 & 2| S| E
g = < g =R R
= = = ®; 2, =]
= ‘e 8 2 =1 = ] =2 g
= = 5 2 2 5 = =5 B | =
= ! = 5 3 7 = <1 S| B
=3 5 =] = g, = =9
3 B & B BECY 3 3 2| 3
3 S = = S - = % [ = ,Eh 3
= g c =] 3 X S e, X
: £ Ex z 2 25 | 5| 2| £
[op] [=} - 3 3 ] [= =]
| 3 3 & o = o 3 2 3
I g = e - & < = E 3
= 5 g = g s 5
g = 3 3 =] s 3
g6 € g g 21 2
a & Bl 5| &
8| Y| B
N N
Lwowpwih |opuhnuyhi b £=6...10 Uhghts, funonp, 2.55...2.65 | 15.0 | 250 |58...68
uni)dhruyhte £=10...14 | wmuhwdkdwwn junonp
hwlpwpup
Upwpwwnh | jpwpup, f=4.8 Uhght, funpnp, 2.34...2.68 | 12.0 | 180 |70...75
dupdwpugws | £=8..12 | wthwdbdwwn fjunpnp
Ypwpup,
wmpuykpunhu
Upuwuniuh puquijn f=6..10 | Uhght, junpnp, 2.43..2.75 | 10.0 | 140 |72...78
££12..16 |wuhudbdwwn junpnp
Lwpwpkpnh | qpuunphnphw | £=8..12 | Uhght, junonp, 2.65..295 | 8.0 | 120 |75...82
f=16...18 |wuhwdbdwwn jungnp

Yuhuws MU-h thwunwgh swjuuhg pun hnpunwigph inpudwgsh, wdpnt-
pjul punipuigphg b wpuyptginn nknunfwup pinjuytnipyniiihg npngdty £ wuyptg-
Jwd quuqubsh Ejpp punt hwnhluyunipjul, b wnweht swpph wuyptgus quitg-
Yush hyjwsph juypp (wn. 2):

ZEnwqnuinipjut wpmbphbpp: Quiqduswyhtt yuypkgdwh wpyniuputph
guwhwndwl yuhwuhoubpt ki yuypbgws quiqush dwipugusnipjui wu-
nhdwbn b thusdph juytpp: Uwtpugusnipjut wunhdwtt wpnwhwjnynid k
wuyplgqus quiqush ptnkiuhynipjudp, npp ptintpugpynud | wuyptgdus quitg-
Jwéniud Junpubph wpwydbjugnyt swthtpny jud wpnwswthu Junpubkph Epny b
hwjuuwpuswith dwbipugdusnipjudp, nptt wpnwhwynnd t wyuyptgqué quug-
Jwsh Lipp pun hunhwjim pjui: Muypbglus quiqush thywsph jwybpl wp-
nwhwjnymd £ yquyplgdus quiugush wnwudhtt Yunnputph sypndut wnwyb-
(ugnyt hinwynpnipjudp [9]:

Un. 2-nud ppdws Eu dpohty, junpnp b wthwdbdwwn ungonp pinjuyuntpiudp
wyupiubpmd ppujuugdus quitqusughtt yuyptgldwt wpyniiptbpp: puiighg
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htwnlinid £, np MU-h dhliiny thwuwnwgh swhuuh nhypnid Ynunhghnt dpulghw-
utiph wpwybkjugnyu Ejp nphnymd k dhohtt pinjuyunipjudp wywpubpnud (86,4 %):
Iunonp b wthwdbdwn fungnp pinjuyinipyudp wywpubpnid Ynunhghntt $puly-
ghwubph Epp hwdwyuwunwuppwtwpwup juqunid £ 84,0% 1 78,6 %:
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Ul. Iunonp pinluybniprudp qubqyusibpnid wuypbglul ouynpduy wupudbnplph
npnodwl andngpuidp
NMuyptkgyués quiqush wnwtdhtt Yunpubkph sypundwt hbnwynpnipjub
wnwybjugnyt dbdnipmit tjuunynmd b wihwdbdwwn funonp pinujunipyudp
wywnpubpnd (20,8 ), dhohtt pinljuynipjudp wwywpttpnud wyt nith btjuqugniyh
wipdtp (15,3 u):
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Unyniuwmly 2

Nuypbgus qubqyudh hunpluybnippul uqdp  Jupajus M-p nkuwlwpup Swjuuhg,
qubgyudh pinljuyhnipiniihg b Anpunnuigph npunfuigdhg

Nuyphgws quiqyush Lipp, (%) Nuyphg]usd quiqyus -
&1 Dumllllam?rlllbl]mqhnqumhll;mwl?h((zle) E TU-h wkuwlupup ngsa Eqm nq ' (ﬂn 'lll‘lbqill
2] .~ B nbuwupup swhiuh b
gl 8 52 hnpunnuitigph hnpunnwbigph npundiwgsh
2l 25 - = | 25 wnpuniwgsdh, il g
3] &3 ERE] S e =8 u
2 22 =3 52 28
g &= == 24l g c
o = =2 2 g &%
g 2% <3 £s 2E
El ge‘é 7 & S *;;-:g 120 | 140 | 180 | 250 | 120 | 140 | 180 | 250
[=a "
,5 Ex=}
&i[70...50 [ 100..300 | 300..500 | 500..700 | > 700 | -
6...10 087 [0.91]0.95 [1.01 [146 [186 [243 [352
105 | 376 224 264 | 3.1 [10..14 096 [1.00 [1.04 [1.10 [153 [21.0 [274 [396
>14 [1.02 [1.06 117 [17.0 [232 4338
6..10 [0.72 [0.76 [0.84 [0.87 [124 [17.0 [229 [327
. 102 | 245 318 295 | 40 [10..14 081 [0.84 [0.92 [0.95 [140 [192 [257 [3638
= >14 089 [0.95 1.02 [158 [219 409
5 6..10 |0.61 [0.63 [0.69 [0.72 [11.4 [154 [207 [297
100 | 204 32.8 315 | 53 [10..14 0.8 [0.71 [0.78 [0.81 [129 [17.6 [23.8 [34.0
>14 [0.79 |0.82 092 [149 [204 38.8
6...10 0.49 (053 [057 [0.63 (102 [142 [183 [27.38
10.0 17.8 31.0 336 | 76 [10..14 058 [0.62 [0.67 [073 120 [165 [226 [346
>14 [0.70 [0.74 084 (140 [193 37.0
6..10 [1.07 [1.13 [1.19 [1.25 [17.0 [240 [29.3 [39.8
9.0 328 233 284 | 65 [10..14 |1.14 [1.17 [1.25 [1.28 [183 [25.8 [315 [423
>14 [131 [1.35 144 (214 [292 495
- 6..10 [085 [0.93 [096 [1.02 158 [223 [282 [363
2 | 84 243 30.0 29.7 7.6 110..14 |098 [1.05 [1.11 [1.18 [17.8 [235 [314 [418
) >14 [1.12 [1.18 129 [21.0 [267 46.8
v;; 6..10 [0.73 [0.78 [0.85 |0.88 [156 [213 [27.2 [332
= | 86 19.2 25.9 377 | 86 [10..14 [0.90 [0.93 [0.99 [1.02 [182 [245 [29.0 [39.0
o >14 [1.05 [1.08 117 [205 [275 446
Ey 6..10 Jo0.61 [0.67 [0.72 [0.77 [13.8 [195 [23.2 [308
5| 80 17.4 228 412 | 106 [10..14 |0.74 [0.80 [0.84 [0.90 [168 [22.6 [265 [364
>14 087 [093 1.04 [185 [24.0 420
6..10 |058 [0.63 [0.66 [0.69 [144 [194 [231 [298
7.7 143 212 440 | 128 [10..14 |0.64 [0.70 [0.75 [0.81 [17.3 [21.0 [250 [348
>14 [0.76 |0.81 093 [190 [238 39.6
6..10 [1.07 [1.13 [1.19 [1.25 [17.0 [240 293 [3938
7.3 30.4 226 282 | 115 [10..14 |1.14 [1.17 [1.25 [1.28 183 [258 [315 [423
>14 [131 [1.35 144 [214 [292 495
6..10 [1.09 [1.12 |1.16 198 [263 [313
E 7.1 18.8 30.5 300 | 126 [10...14 [1.6 [1.23 |1.26 215 278 |374
g >14 [155 [1.39 [1.45 250 [304 [383
S 6..10 086 [0.92 [0.96 174 [235 [301
E | 64 16.5 25.0 371 | 15.1 [10...14 [0.98 |1.03 [1.09 208 [290 [327
= >14 [1.12 [1.18 [1.23 248 [316 [357
2 6..10 [0.74 [08 [0.86 205 [25.4 [298
5| 61 15.0 21.0 403 | 17.6 [10..14 |0.385 [0.91 [097 193 [250 [313
>14 [1.01 [1.07 [1.13 230 [278 [338
6...10 |0.61 [0.66 [0.72 166 [204 [25.38
4.8 135 14.1 458 | 206 [10...14 [0.73 [0.79 [0.85 182 [233 [296
>14 [0.88 [0.94 [0.99 204 [255 [334
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Un. 2-h ybpnudmpyutt wpmyniupmd vwhdwtby £ NM'L-h mbuwljwpup swipuuh
uwwhdwbwhtt wpdtpp mwppbp pinjujuntipjudp wywpubph nhypnid (wrn. 3):

Ungjnruwl 3
NU-p nbuwlupup Swpuh vwhilwbughl wpdkpp pun wuypbglng qubgush
pinluylnipul
Quiigyush Uwuph wdpnipjniip pun NU-h mkuwljupwp Swhiup
pinjuyunipiniup U.U. Mpnunnuljnunygh uwhdwtiughtt wpdtpp
f=8..10 0.60...0.70
Uhoht pinjuyumpjudp | £=10...14 0.65...0.75
> 14 0.80...0.85
f=8..10 0.75...0.80
unpnp pinjuyimpyudp | £=10...14 0.90...0.95
> 14 1.00...1.05
f=8..10 0.85...0.90
Uuhwdbdwwn junpnp
. f=10..14 0.95...1.05
>14 1.10...1.15

Bopujugmpmt. MU-h nwkuwupup swhuh vwhdwbughtt wpdtpp wwuppbp
pinyuyuntpyudp wwwpubkpnud wwppkp k.

e MU-h mbuwljupup swhuh vwhdwbtughtt wpdtpp dhtiing pinjuyunipyudp
wywpubpnud jupjwd b weyupbiiph guypbjhnipput gniguithphg b MU-h (hgph
wnpudwqshg:

¢ Uhohti pinjuyunipjudp wwyuptbipnud dwipugusnipjut bipp punpnonn
gnpéntp hwdwpynud £ quiqubdnid Ynunhghnt junpubph yupnitwlnipiniup:

¢ Junponp bt wthwdbdwwn junpnp pinjuyunipjudp quiqustubpmd wywph
puypuydwi b mbnuowpddwt gnpépupwugn mbnh t mubund guypkgdut ququ-
gnjugdwtt wpgquuhph updwt tbpgnpédnipjut (Ujunguyhtt ubpgnpénipjuity) ubppn,
nnl nintlgynud £ wyyuph tuqugny pugpuydut b puypuydus qutgush wnw-
Jhpugnyt mbnuowpddw gnpépupwugny:

QUUULNRE3UL 8ULY

1. BypoB3pbiBHBIC paboThl Ha yronbHEIX paspe3ax / H.S. Penun, B.I1. Borateipes, B./.
ByTtkun n ap. - M.: Henpa, 1982.- 248 c.

2. Araponsin I'.A., Arapousin A.I'. VccinenoBanue BIUSIHUSL TPOYHOCTHBIX CBOWCTB U
CTPYKTYPHBIX OCOOCHHOCTEH MaccuBa Ha 3((eKTHBHOCTH B3PHIBHBIX paboT Ha Kapbepax //
Bectauk HarmoHnanbHOTo MOJMTEXHUYECKOTO YHHBepcuTeTa ApMeHuu: Metamryprus,
MaTepHallOBeIcHHEe, HeApomoiab3oBanue.- Eperan, 2019.— N 2.- C. 104-115.
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3. ABaeeB ®.A., bapon B.JI., I'ypos H.B., Kantop B.X. HopmaTuBHBI cripaBOYHHK 110
OypOB3pBIBHEIM paboTaM.- 5—¢ u31., mepepad. u mor.- M.: Henpa, 1986. - 511 c.

4. TOCH 81-02-03-2001 I'ocynapcTBeHHBIE 3JIEMEHTHBIE CMETHBIE HOPMBI Ha CTPOUTEIh-
Hble paboTsel '9CH -2001, c6. Ne 3 I'ocerpoit Poccun. —M., 2001.- 54c.

5. Kyty3os B.H., Pyouos B.K. ®u3uka B3peIBHOTO pa3pyIIeHUs TOPHBIX mopoia. — M.:
MI'H, 1970. -182 c.

6. Ky3nemoB B.M. Marematnyeckue MoJesu B3pbIBHOTO jeina.- HoBocubupck: Hayka,
Cubnpckoe otaenenue, 1977.- 259 c.

7. Kuznetsov V.M. The mean diameter of fragments formed by blasting rock // Soviet
Mining Science.- 1973. - Vol. 2.- P. 144-148.

8. Cunningham C.V. Fragmentation esitimtaion and the Kuz-Ram model- four years on //
Proc. 2nd Int. Symp on Rock Frangmentation by blasting.- 1987. - P.475-478.

9. Chakraborty A.K., Riana A.K., Ramulu M.A. Parametric study to develop guidelines
for blats fragmentation improvement in join ted and massive formations // Eng. Geol.-
2004. - P. 105-116.

Zugyuuwnwtth wqquyhtt wnhwnbjpuhjulwt hwdwjuwput: Unipp thpuyugyl
hudpugpnipinit 21.12.2023:

I''A. ATAPOHJIH, B.I'. OBCEIISIH

PET'YJIMPOBAHUE JEACTBHSA SHEPT YU B3PBIBA ITIPU OTEOMKE
YCTYIOB KAPBEPA PA3JIMYHOM BJIOYHOCTH

[okaszaHo, 4TO yBenMUYEHNE B3PBIBHOIO HArpyXeHHs (YBEIMYEHHE YACIBHOTO pacxofa
B3pBIBUATHIX BellecTB - BB) mpu MaccoBoM B3pbIBe B TpeHIMHOBaTOH (0JI0YHOI) cpere He
MOJKET CIY>)KUTh OCHOBHBIM HaIlpaBJICHHEM IS YIyYILIEHUs] CTENICHU APOOJICHUST B30pBaH-
HOMW Macchl. Y CTaHOBJICHO, YTO MOBbIILIeHHE () (PEKTUBHOCTH ASHCTBUS SHEPTUU B3phIBA 3a-
BHCHUT OT paBHOMEPHOCTH pacmpezencHus 3apsaa BB B TpemuHoBaToM 65oke. Xapakrtep
pacrnipenenenus 3apsga BB B 6:104HOM MaccuBe BhIpakaeTCsl MPHUPOIHBIMU (IIPOYHOCTD I0-
poIBL, OJIOYHOCTH MacCHBA), YHEPTETHUECKIMH (CKOPOCTh AeToHaru BB, maBnenne razo-
00pa3HpIX poaykToB BB) (hakTopamMu 1 TEXHOIOTHYECKUMH TTapaMeTpaMu OYPOB3PBIBHBIX
pabor.

[IpuBeneHs! pe3ynbTaThl OMBITHO-TIPOMBIIIIICHHBIX B3PBIBOB MO OIPEIENICHUIO Y/IeITb-
Horo pacxona BB ¢ yuerom nmuamerpa 3apsina, GJIOYHOCTH MacCHBa W IMPOYHOCTH ITTOPOJI.
Ha ocHoBe TeopeTHyecKknX M 9KCIEPUMEHTAIBHBIX JaHHBIX MpeAioKeHa HOMOTpaMMa JUIs
OTIpe/IeNICHNsI TTapaMeTPOB OYPOB3PHIBHBIX PadOT, MO3BOJIAIONIMX MPHU B3PHIBE B TPEIHMHOBA-
TOM MAacCHBE IIPOrHO3MPOBATh KaueCTBO APOOJICHHUS TOPHBIX MOPOI.

Knrouesvie cnosa: xoHctpykuus 3apsgaa BB, ymensnbiii pacxox BB, 0mounocTh
MacCHBa, IPOYHOCTh MTOPOABI, TPAHYJIOMETPUUYECKHUI COCTaB B3OPBAHHON MacCHhI.
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G.A. AHARONYAN, V.G. HOVSEPYAN

REGULATION OF THE EXPLOSION ENERGY ACTIVITY AT
EXPLOSION OF MINES OF DIFFERENT OCCUPANCY BLOCKS

It has been shown that in the case of mass explosion in a fractured environment,
increasing the explosion load (increasing the specific cost of the explosive material) cannot
be the main way to improve the degree of fragmentation of the exploded mass. Is is
determined that the increase in the efficiency of the blasting energy activity depends on the
even distribution of the charge of the explosive material (EM) in the cracked block. The
characteristic of the distribution of EM is expressed by natural (rock strength, blockiness of
the mass), energy (speed of detonation of the EM, pressure of the gas formation) factors
and technological parameters of drilling.

The results of experimental-industrial blasting for determining the specific cost of
EM are given, taking into account the diameter of the charge, the blockiness of the mass
and the strength of the rock. Based on theoretical and experimental data, a nomogram for
determining the drilling parameters is proposed, which allows predicting the crushing of
blasted rocks in case of blasting of fractured rocks.

Keywords: structure of the explosive charge, specific consumption of the explosive,
blockiness of the mass, strength of the rock, composition of the granularity of the exploded
mass.
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ABTOMATHYECKOE OGHAPY/)KEHUE U PACIIO3HABAHUE
IIUPPOBBIX MOJIYJIUPOBAHHBIX CUTHAJIOB C ITIOMOIIBIO
HEWUPOHHOM CETH

Bomnpocs! aBTOMaTHueCKOro 0OHapyKEHUs ¥ paclo3HaBaHUs IU(POBBIX MOILYIHUPO-
BaHHBIX CHT'HAJIOB CTaHOBSITCSI Bce 00Jice aKTyaJbHBIMA B COBPEMEHHBIX CHCTEMaX CBS3H.
OTH IPOIECCH UTPAOT KITIOUEBYIO POJIb B 00ECHICUCHNH HATECKHON 1 3(h(HEKTHBHON CBSA3N
B CaMbIX Pa3HOOOPA3HBIX 00JACTSIX - OT MOOMIBHON CBSI3H 10 PaJMOBEIIATENbHBIX U CIIYT-
HHUKOBBIX CHCTEM. Ba’kKHOCTH 3THX IPOIECCOB MPOAOIIKACT PACTH C yBEIHUEHHEM 00BeMa
JaHHBIX, IIepe/IaBaeMbIX 4epe3 3TU CUCTEMBI, U C Pa3BUTHEM HOBBIX TEXHOJIOTUI CBS3H.

TouHoe oOHapykeHHe W KIacCU(HKAIMS CUTHAIOB MO3BOJISAIOT CUCTEMaM CBSI3H KOp-
PEKTHO UHTEPIPETUPOBATH TepeaBaeMyto HH(POPMAIIHIO, YTO, B CBOIO OYepe/lb, 00eceyuu-
BAaeT Ha/IE)KHOCTh U A(PPEKTUBHOCTD Mepelauyl JaHHBIX. DTO 0COOEHHO Ba)KHO B YCIIOBHSIX,
KOT/Ia CUTHAJIBI [IO/IBEP)KEHBI Pa3IMuHbIM BHIAM MOMeX M UcKakeHHH. [1oaToMy paspaboTtka u
yIydIIeHHE METOIOB aBTOMAaTHYECKOTO OOHApY)KEHHS M PACIIO3HABAHWS CTAHOBSTCSA BCE
6ostee BaXKHBIMH JIJIs1 00ECTIEYEHHS BBICOKOTO Ka4eCTBa CBS3H.

[pencraBnena cucremMa, OCHOBaHHas Ha HEHPOHHOW CETH, CIIOCOOHAsT aBTOMATHUECKH
00HapyXHUBaTh CUTHAIIBI C OHON HECyIeH 4acTOTOH B Auamna3oHe 1o 6 /71y u xiaccupuim-
poBaTh uYeThlpe Tuna nudpoBbIX MomynupoBaHHbIX curHanoB: BPSK, QPSK, 16-QAM u
64-QAM. Cucrema cnocoOHa paboTaTh NpH HAJIMYMK aJIATHBHOTO OEJIOro rayCCOBCKOTO
Hryma, capura (assl 1 4acTOThl B IPUHUMAEMOM CHUTHAJIE.

B craTbe mpencraBiieHbl anropuTMbl OOHAPY)KEHHS M PACIIO3HABAHUS CHTHAJIOB, Pa3-
paboTanHble B mporpamMmuoii cpeae LabVIEW. Onucanbl apxutekTypa U runepnapamerpsl
HEWPOHHOM CEeTH, KOTOPbIE MO3BOJLSIIOT OBICTPO M 3((EKTUBHO 00yYaTh CETh. DTH aJTrOPHUTMBI
1 METOJbI 00Y4EHHS MOTYT OBITh IIPUMEHEHBI U aJJalITUPOBAHBI AJISI IPYTHX CUCTEM U TIPH-
JOKEHHUH, 9TO AETAaeT WX OYEHb MOJIE3HBIMU IJISI IIMPOKOro Kpyra 3amad. Cuctema Oblia
MIPOTECTUPOBAHA KaK Ha MOJENMUPYEMBIX CUTHANAX, TAK U B PealbHOM KaHaie cBs3u. [lomy-
YEeHHBIC PE3YNbTaThl MOATBEPKIAIOT dPPEKTUBHOCTH MPEIUIOKCHHBIX METO/IOB U TOAYEp-
KHMBAIOT UX NOTEHIMAN JJIs JaNbHEUIIEro IPUMEHEHUS U UCCIEN0BaHHA.

Knrouesvle cnosa: ciektp curiana, aBTOMaTH4ecKoe pacro3HaBaHue HUpoBoi Mo-
JYJSALUUHA, HEWPOHHAS CETh, JJMTUBHBIM OEJbI rayCCOBCKHMH IIyM, CABHMT (pasbl, CIBUT
YacTOTEHI.

BBenenue. Ha mpoTspkeHHM MHOTHX JIET B 0OJAaCTH aBTOMAaTHYECKOTO
pacno3HaBaHusl MOAYJIALMHU JOMHUHHUPOBAIM J1BA TUIIMYHBIX MOAXO0JAA: TEOPETHUKO-
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pelIaoNMil ¥ MOAXO0M paclo3HaBaHUs 00pa30B. TeOpPETHKO-PEIIArOIUN MOIX0/]
HCITOJIB3yeT BEPOSITHOCTHBIC WU (YHKIIMU TpaBmomomoows [1], B To BpeMs Kak
MOJXO0J pacro3HaBaHUsl 00pa30B HCIIOIB3yeT METObl, OCHOBAaHHbIE HA MH(OpMa-
TUBHBIX MIPU3HaKax curHana [2]. HecMoTpst Ha TO, YTO TEOPETUKO-PELIAIOLININ TTOIXO
MOJKET 00EeCTIeYUTh ONTHUMAJIbHBIE PELICHHS, OH YacTO HYXKAAETCS B 3HAUMTEIHHBIX
BBIUMCIIUTENBHBIX pecypcax. B oTnuune oT 3TOro, MpaBUIbHO CIPOEKTHPOBAHHBIM
METO/I, OCHOBAHHBIN Ha HH(QOPMATUBHBIX MIPU3HAKAX, MOXKET JIOCTUYb IIPOM3BOIU-
TEIBHOCTH, COIOCTABUMON C TEOPETUKO-PEIIAIOIINM METOJIOM, CYIIECTBEHHO CHH-
JKasi BBIYUCIIUTEIBHYIO CIIOKHOCTh. MeTon pacno3HaBaHHs 00pa3oB AETHUT MpO-
1ecc Kiraccu(rUKanuy Ha JBE COCTABIIAIONINE: TTOJICUCTEMY U3BJICUEHUS IIPU3HAKOB
U TO/ICUCTEMY paclo3HaBaHus 00pa3oB. Poiib mojcucTeMBl U3BJICYEHNUS IPU3HAKOB
3aKJIF0YAeTCs B U3BJICUCHUH KIIIOYEBBIX HHPOPMATUBHBIX IPU3HAKOB U3 IPUHATOTO
CUTHaJa, TEM CaMbIM yMEHbIIasi 00bEeM JaHHBIX, 00pabaThIBAEMBIX B MOJICHCTEME
pacrio3HaBaHus 00pa3oB. B mocneanue roasl 06110 MHOTO YCHEIIHBIX OMBITOK HC-
[I0JIb30BaTh MCKYCCTBEHHBbIE HEHPOHHBIE CETH B IOACHUCTEME PAcllO3HAaBaHUS 00-
pazos [3.,4].

OTH 1Ba moxxona ObUIN TIIATENBHO MU3YYEHBI M IPEACTABISIOT COOOH LIEHHBIE
3HaHUS B 00JIACTH aBTOMATHYECKOTO pacro3HaBaHusA MOAyJuu. OIHAKO MHOTHE
CYLIECTBYIOIIME UCCIAECIOBAHM K METO/IBI HE YUUTHIBAIOT HATMYKE (DA30BOTO C/IBUTa B
IPUHUMAEMBIX CUTHAJIAX, YTO MOXKET NPUBECTH K OLIMOKaM KiaccU(pUKalMy U CHU-
JKeHUI0 3P PEeKTUBHOCTH B pEaNbHBIX KaHAJIAX CBSI3H.

Henpro gaHHON PabOTHI ABMISAETCS pa3pabOTKa CUCTEMBI IS aBTOMaTHYECKOTO
oOHapyXeHHS U PACTO3HABAHUS IU(PPOBHIX MOAYIHMPOBAHHBIX CHTHAJIOB, CIIOCO0-
HOU 3P (EKTHBHO QYHKIMOHUPOBATH MPH HAJIMYUU aJJTATHBHOTO OEJI0r0 TayCcCOBCKOTO
nryma, caBura (hasbl M 94acTOThl B curHaiie. [y peanusanuu cucteMsl ObLT BEIOpaH
METO/I pacro3HaBaHus 00pa3oB, a B KauecTBe Kiaccu(hUKaTOpa B MOJCUCTEME pac-
Mo3HaBaHUs 00pa30B UCIIOIB30BaJIaChk HEHPOHHAS CETh MPSAMOT0 PaCHpPOCTPAHEHHSI.

H3Bnevyenune npusHakoB. B ob6macTi aBTOMaTHYECKOTO PaciO3HABAHUS ITU(-
pOBO MOAYJSIMK MH(POPMATHUBHBIE MIPU3HAKH CUTHAJIA OOBIYHO KIaCCU(PHIMPYIOTCS
Ha /IBa OCHOBHBIX THIIA: MTHOBEHHBIE BPEMEHHBIC [IPU3HAKU U CTATUCTUYECKUE TIPH3-
Haky. [lepBbie MOTydaroT M3 MTHOBEHHON aMITIUTYZABI, a3kl M 9acTOTHI CUTHAJA,
BTOpPBIE - C UCHOIB30BAHUEM MOMEHTOB BBICIIETO MOPSAKA, KyMYJISHTOB U LIUKIIHU-
4eCKUX KyMYJSIHTOB. HekoTopsie ucciae1oBaHus HCIIONb3YyI0T 00a THIIA IPU3HAKOB
JUTSL yJTyqIIeHHUs aITOPUTMOB Paclio3HaBaHUS.

B nanHO# craTtbe ncnosb3yeTcs HAOOP MPU3HAKOB, BBIYMCIEHHBIX U3 MIHO-
BEHHOU aMITTUTYBI U (a3bl curHaya. Habop mpu3HaKoB, MpeaioxKeHHbIH B [5], ciy-
JKUT OCHOBOM 11 MHOTHX MCCIIE0OBaHUH, UCTIONIB3YIOIINX MTHOBEHHbBIE BPEMEHHBIC
NPU3HAKU AJIS AJITOPUTMOB paciio3HaBaHus nudpoBoi Moxynsauu. Hamu mpenio-
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KEHO LIECTh HOBBIX MPU3HAKOB B JIOTOJHEHUE K Opcpy [S]. JlBa U3 OTHX NPU3HAKOB
NPEICTAaBISIOT CO00M MOUMDUIIUPOBAHHbBIE BEPCUH Tgq U [Uys -

IIpennokeHHbIE IPU3HAKU, KOTOPBIE BBIYUCIISIFOTCS HA OCHOBE MIHOBEHHOM
aAMIUTUTY Ibl, ONIPEAEIISIOTCA CIEAYIOINM 00pa3oM:

® CTaHAAPTHOE OTKIOHEHUE HOPMAJIM30BAHHON MTHOBEHHOM aMIUIUTYBL:

A 2
_ Y(an(D)—tan) 1)

g,
an n-1 g

I/Ie N - KOJIMYECTBO BBIOOPOK; [Lyy, - CPENHEE 3HAYCHHE HOPMAaJM30BAaHHONW MTHOBEH-
HOM aMIuuTy bl (paBHO 1);
e KOYQPULMEHT aCHMMETPUH HOPMATU30BaHHOW MTHOBEHHON aMIUTUTYIbL:

N 3
San — 2(an() Hgan) : (2)
nogn

e cpeHee 3HaueHHE aOCOTIOTHOTO 3HAYCHUS HOPMAIM30BAaHHOW IIEHTPHUPO-
BAHHOW MTHOBEHHOM aMILIUTYIbI:

Hanc = %Zlanc(i) l, 3)

rae ay. (i) - HopManTMU30BaHHAS ICHTPHUPOBAHHAS MCHOBEHHASI aMIUTHTY/1a, KOTOPas
ompeieNseTcs CAeayoIUM 00pa3oM;

anc(i) = an(i) -1 (4)

o k03 (HUIIMEHT aCUMMETPUH aOCONIOTHOTO 3HAYEHHUS HOPMAaJIHN30BaHHOMN
LEHTPUPOBAHHON MTHOBEHHOM aAMILIATYAbL:

N 3
Sanc — Y(lanc (D] l;anc) : (5)
N danc

ITI€ Ogpne - CTAHAAPTHOE OTKJIOHEHHE a0COJIOTHOTO 3HAYCHUS HOPMAIM30BaHHOM
LIEHTPUPOBAHHON MTHOBEHHOU aMIUIATYAbL;
e k03 uIIeHT FKcIecca aOCOMIOTHOTO 3HAUEHHsI HOPMAIN30BaHHOM LIEHTPH-
POBaHHON MIHOBEHHOH aMILIUTYIbI:
. 4
K. = Y(lancMl-tap,) 6
anc — 4 . ( )

N Oanc

[MpeanoxeHHbIe TPU3HAKK, KOTOPBIC BHIYUCISIOTCS HA OCHOBE MIHOBCHHOM
(hazml, OMpeNeNIIOTCS CISTYIONTIM 00pa3oM:
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® cpeiHee 3HaUYEHHE a0CONMIOTHOTO 3HAUEHUS LIEHTPHUPOBAHHOW HETMHEHHON
KOMITOHEHTBHI MTHOBEHHOH (pa3bl:

Hpent = %Zl(pcnl(i)li (7)

€ P epy (1) - HEHTPUPOBAHHAS HETMHEHHAS KOMIIOHEHTAa MCHOBEHHOM (hasbl;
® CTaHJApTHOE OTKIIOHEHHE a0CONIOTHOTO 3HAYEHUS [IEHTPUPOBAHHON HENH-
HEWHOI KOMIIOHEHTHEI MTHOBEHHOM (a3bl:

Opcnl = \/% [Z <P§nz(l')] - [%Zl(pcnl(i)l]z- (8)

Monynsuun 16-QAM n 64-QAM MoxHO KiaccupUIUpoBaTh MO HabOpy
NPU3HAKOB O gy, San, Hancs Sanc ¥ Kane- OHaKO KIaccupUKays TUIIOB MOAYJISLUH
QPSK u BPSK He MoXeT OBbITh JOCTUTHYTA C TOMOIIBIO 3THX ISTH XapaKTEPHCTHK.

Ha6op nmpu3HaKOB, BHIYUCIECHHBIX W3 MTHOBEHHOW (asbl CUTHANA (Upcn U
Opcnt)> MOKET OBITH MCIIONB30BAH IS Kiaccuukanuu Tunos moaysiuu QPSK u
BPSK. Knaccudukarwst MeXXKI1acCOBOH MOAYIISAIIMH MOXET OBITh JOCTHTHYTA TOJIEKO
MyTeM KOMOWHHPOBAHUS CEMH XapaKTEPUCTUK, OIIMCAHHBIX BBILIE.

Casur (a3sl cuTHaNIa BIUSET TOJBKO Ha JIBa MIPU3HAKA U3 OMMHMCAHHOTO BEIIIIE
HA00PA: Upcny U Openg- HECMOTPS HA OTO, 5TH NPU3HAKK TIO-TPEXKHEMY NIPUMEHUMBI
JUTSL PacIio3HaBaHMs TUTOB MOJYJSAIUU. DTO CBA3aHO C TE€M, YTO 3HAYECHUS ITHUX
npu3HakoB s TunoB moayisnuu QPSK u BPSK monagaroT B oTaenpHbIE quamna-
30HBI (0€3 KaKoro-imbo MEepeKpBITHs) U MOTYT OBITh Pa3IuMMBbl Ha MPOTSLKEHUH
BCETO IMUKJIA caBuTa ¢assl (puc.l).

0.7-

S M

0.55-

0.5- QPsK

.upcni 0.45- — BPSK

0.4-
0.35-
0.3-

025- 0 0 aa
0 25 50 75 100 125 150 175 200 225 250 275 300 325 360

Pe

Puc.1. 3nauenue [ycn; 6 3a6ucumocmu om cosuea gasvl @ ora cueranos QPSK u BPSK
npu SNR = 7 06

TecTtupoBanue HelipoHHOM ceTu. Kaxnas HellpoHHAs CETh COCTOUT U3 BXOA-
HBIX, BBIXOJIHBIX U CKPBITHIX cioeB. Habop mpu3HaKoB, ONpeNeleHHbIX B MPEAbI-
IyILEM pazjielie, UCTIONIb3YEeTCs B KaueCTBE BXOAHBIX JAHHBIX AJIs HEMPOHHOH ceTu.
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BrIXOHO CII0M HEMPOHHOM CETH OIPEAEIAETCSA HA OCHOBE KOJIUYECTBA TUIIOB MO-
IOyJSILMH, KOTOpble HE0O0X0IuMO KiaccuuuupoBatb. ONTHMAaIbHOE KOIUYECTBO
CKPBITBIX CJIOEB M HEHPOHOB OBLIO OMPEAEICHO B X0/I€ IKCIIEPUMEHTOB.

st mpoBeneHus SKCIIEPUMEHTOB PACIIO3HABAHKS MCIOJIB30BaJIacCh HEHPOHHAs
CeTbh, paHee omnucaHHas B [6]. Ha ocHOBe pe3ynbTaToB SKCIIEPUMEHTOB ObLIa BBIO-
paHa apXUTEKTypa HEMPOHHOU CETH C ABYMS CKPBITBIMHU CJIOSIMH, KXl U3 KOTO-
PBIX COIEPKUT YETHIPHAALATH HEHPOHOB.

g xaxxaoro Tuma MOAyIAnMU B mporpaMMHoii cpene LabVIEW Grio cre-
HepupoBaHO 500 HU3KOYACTOTHO 3KBUBAJIEHTHBIX CUTHAJIOB CO CIy4alHBIM OTHO-
[IEHNEM CUTHAJ/IIyM B auana3one oT 6 10 30 05 u cimydaitHeIM (ha30BBIM CIABUTOM
B nuanasone ot 0 1o 45 rpagycos.

OKCIepUMEHTHI II0Ka3alH, YTO Ipolecc 00yUeHHs CETH CTAaHOBUTCS 3HA4U-
TENBHO CI0)KHEE, KOTJIa HI)KHUHN TMpe/IeNl OTHOLICHHUS CUTHAJI/IITYM IS TeHEPHUpYe-
MBIX CUTHAJIOB COCTaBisieT 5 0B wiu MeHbiue. Jaxe eciu ceTh Oblia 00ydeHa Ha
TaKUX JaHHBIX, KJaCCU(PUKAIMI MOIYIUPOBAHHBIX CUTHAIIOB 16-QAM u 64-QAM
C OTHOLICHHWEM CHTHAJ/IIyM = 5 OF WM HUXKE CTAaHOBUTCA HEBO3MOXHOH. CeTb
paccMarpuBaeT UX KaK OJWH U TOT K€ TUI MOAYJISILHMU U JaeT BEPOATHOCTH Pacio-
3HaBaHUS OKOJI0 99% IJIs1 OJJHOTO W3 HUX W BEPOSITHOCTH pacnosHaBaHus okoio 0...1%
Ul Jpyroro. OTO MPOMCXOIUT MOTOMY, YTO 3HA4YEHHs KIIOYEBBIX NPU3HAKOB,
paccunTaHHbIX I8 Kinaccuukamuu curHaioB 16-QAM um 64-QAM, HaumHAIOT
NepeKpbIBaTh APYT Apyra NpW 3HAYCHWU OTHOIICHUS CUTHAN/IIYM 5 OF W HUXKe
(puc.2). M3-3a 3T0r0 OBUIO MPUHATO PELICHUE 00YYaTh CETh, HCIOJb3Ys CUTHAIIBI C
OTHOIIIEHUEM CHUTHAJI/IIyM B tuana3one ot 6 1o 30 0b.

- QAME4
— QAM16

0 10 20 30 40 50 60 70 a0 90 100
Puc. 2. 3nauenue Sy, 012 100 cmoodenuposannvix cuenanos npu SNR = 5 o6

Huanazon casura asel 0611 BeIOpan oT 0 10 45 rpaaycoB, MOCKOJIBKY 3HA-
YEHHUE [lpcn; B OTOM [IMANA30HE OXBATHIBAET BCE 3HAYEHUs, NMPHUCYTCTBYIOUIME Ha
MPOTSDKEHUU BCETO IUKIIA caBUra ¢assl (puc.l).

ITocne ka0l ar1oxu, npoueameil B HEHPOHHOW CETH, BBIYUCIIAETCS Cpell-
HeKBajpaTtudeckas ommoOka cetu. Eciam oHa craHoButcs menbine 0.01, To cetb
cuuTaercsi 00y4eHHOM:
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(9)

A€ m - KOJIMYECTBO BBIXOJHBIX HeﬁpOHOB; 8711. - 3HAYE€HHE OIIMOKH M -TO BBIXOO-

HOT'O HeWipoHa; n - pa3Mep 00yUarouX JaHHbBIX.

i Tecta pacrio3HaBaHus ObDI0 creHeprpoBaHo 1000 CHTHAIOB IS KaXIIOTO
THTIA MOAYJISIIMY TPY YKa3aHHOM 3HAa4YeHHH CUTHai/mryMm. CMerienne ¢a3pl HauH-
Hasoch ¢ 0 TpasycoB M YBEIMUMBAIOCH HA OJMH IPagyc ¢ KaXKIbIM CTEHEpHUPOBaH-
HBIM CUTHAJIOM. B KOHIIE ObIIa pacCUWTaHa CPEIHSS BEPOSTHOCTh PACTIO3HABAHUSI.
Pe3ynbTaThl TEeCTa pacro3HaBaHUs NMPEACTaBICHbI B Ta0I. 1.

Tabauya 1

Pesynomamol pacnosnasanus yugdpoewvix MoOyasyuLl CMOOEIUPOBAHHBIMU CUSHALAMU

Curnan/mym, 06 | BPSK, % QPSK, % 16-QAM, % 64-QAM, %
30 98.17 99.55 99.15 98.89

20 98.15 99.55 99.15 98.81

15 97.41 99.54 99.14 98.9

10 97.35 99.44 99.11 99.17

7 97.79 97.08 99.03 99.15

6 97.94 91.51 32.59 99.1

IIpu SNR = 6 05 BeposTHOCTH pacmno3HaBaHust MoAyssiuu 16-QAM pesko
nagaet 10 ~30%, HO ceTh Bce ellle CIocoOHa KiaccupumpoBaTh Moay i BPSK

1 QPSK ¢ BbICOKO# BEpOsATHOCTHIO (Tabm. 1).

Quadrature

T
05 0.0

Quadrature

In-Phase In-Phase

Puc.3. Cucnanvusie cozee3ous ceenepupogannvix cuenanos 16-QAM u 64-QAM npu
SNR =6 0B u ¢, = 35°

Bricokas BeposSTHOCTE pacro3HaBanus Moayisiuu 64-QAM B coueTaHuu ¢
HU3KOH BEPOATHOCTHIO pacno3HaBaHus monyisanuu 16-QAM mpu SNR = 6 0
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yKa3bIBaeT Ha TO, YTO CETh HE CIOCOOHA KiaccupuuupoBaTh Moaysinuu 16-QAM
n 64-QAM npu 1aHHOM 3HaUYeHHWH CUTHAI/TIyM (puc.3). s 3Ha9eHUi CUTHAIY/TITYM
Oonblie 6 0F ceThb KIacCUPUUUPYET BCe PACCMOTPEHHBIE THUITBI MOAYJISLUK C BbI-
COKOI1 BEpOSITHOCTBIO PAacO3HaBaHMUsI, HE3aBUCHMO OT 3Ha4eHUs (pa3oBOro ciBura.

TecTupoBanue cucrembl. J[j1s1 TECTUPOBaHUS AITOPUTMOB PACIO3HABAHUS
uu(poBOH MOIYJSIIMK B PeajbHOM KaHalle CBsI3M Oblla coOpaHa cucremMa Ha 0ase
npuemorniepenaryrka PXle-5841 ot kommanun NI (National Instruments). [Tpuemo-
nepenatunk PXle-5841 cocrouT u3 reHepaTopa u aHAIM3aTOPa BEKTOPHBIX CHUTHA-
JIOB C AMAMa30HOM 4acToT oT 9 k[ y 10 6 I Ty u nonocoit mpomyckanus 10 1 I7y. K
IpUeMOIIepeIaTINKy ITOJKIIOYEHB! JIBE aHTeHHBI THNa BuBanban ¢ kodddummenrom
ycuieHus. 5 0F W ¢ MHMPHHOW TJABHOTO JIETIECTKA JUarpaMMbl HalpaBIEHHOCTH
~45 rpagycos (puc.4).

Puc.4. Cucmema obHapysicenust u pacno3naganust YuGpossix MoOYIUPOSAHHBIX CUSHATIO8
na 6ase PXle-5841

B nporpammuoii cpene LabVIEW Obin pazpabotan 010K niepeiadn 1udpoBbix
moxaynupoBanHbix curnanoB BPSK, QPSK, 16-QAM u 64-QAM. Curnan nepena-
BaJics Ha Hecymel gactote 2.4 11y, mpy 3TOM YacToTa BEIOOpKH 1Q maHHBIX ObLIa
500 xIy (puc.5):

1Q Rate = Symbol Rate x Samples Per Symbol. (10)

Jli1st peanu3anuy anroputMa oOHapyKeHHsl Hecylleil 4acTOThl CHrHajia Obul
npumeHeH uHcTpymeHTapuii RFmx SpecAn (LabVIEW). Ilepen navanom mporecca
MOKMCKA HECyIIeil 4acTOThl CUTHaNa HEOOXOJUMO 3aaTh HAYAIBbHYIO U KOHEYHYIO
4acToTy mnoucka. [1o 3aBeplICHMH MOMCKa MPOrpaMma OMpENeNsieT W BbIAacT
HECYIIYIO YacTOTy CUTHaJIa, KOTOpask MEET HAaHOOJIBIIYI0 MOIIHOCTh B 33J1aHHOM
JIMana3oHe YacToT.
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OpHaKo 1J1s1 KOPPEKTHOTO MpUEMa CUrHalla HeIOCTaTOYHO UMETh TOJIbKO WH-
dhopMmarmro o Hecymeit gactore. Takke HEOOXOIUMO HMETh XOTS OBl PHOM3UTENb-
HO€ 3HAYCHUEC YaCTOThI BI)I60pKI/I IQ JaHHBbIX. I[J'ISI OLICHKH 3HAYCHHA 4aCTOThI BBI-
0opku [Q maHHBIX HCIONB30BANACH €r0 CBSI3b C 3aHUMAaeMOM MOJIOCOH MpOITycKa-
Hus curHana (puc. 6):

1Q Rate = 1.25 X Occupied Bandwidth. (1)

B koneuHoM utore O0KM OOHApY>KEHUsI HECYIIEH YacTOTHI CHI'HAJIA, OLICHKU
3HA4YeHHS YacTOTHI BEIOOPKHU 1QQ MaHHBIX M pacro3HaBaHUS HMU(PPOBON MOIYIISAIHH
OBUIM MHTETPUPOBAHBI B OJIOK npuéMa curHana (puc.6). PesynpTathl Tecta pacmo-
3HABaHMA IIPU UCIIOJIB30BAHUHU PEAJIHOI'O KaHajla CBSI3M U 0€3 CIBUra 4acTOTHl B
CUTHAJIe MPEeJICTaBICHbI B TabJ. 2 (OTHOMIEHNE CUTHAJ/IIYM PacCYUTHIBAIOCH MPH
nepeaaye cCUrHana).

Resource Name Constellation GENERATING |
L pXI1Slot7 J 2 Actual SNR (dB)
ot7 B -
o 150238
18-
Modulation Type 16- Actual Symbol Rate [5/s]
= 625k
< 160AM 14-
2 Error Out
Center Frequency [Hal 1- status  code
2406 = 08- ¥ H"—

0.6-
0.4-
0.2-
0-
-02-
_04-
06~
_08-

source
Power Level [dBm] ~

-3

v

)

Amplitude

Symbol Rate [Hz]

§2.5k STOP

Samples Per Symbol
8 = -
RER
14-
18-
-1.8-
Dhase OFf. 2-, , . , \ . : . :
ase Offset - 2 15 -1 05 (] 05 1 13 2
0 = Time

Signal SNR (dB)
15

Puc.5. Humepetic npoepammel nepedayu yugposuix MOOYIUPOBAHHBIX CUSHATIO8
Tabnuya 2

Pesynomamel pacnosnasanus yughposwix Mooyrayuil ¢ peanbHbiM KAHAIOM CE53U
(6e3 cosuea wacmomol 6 cucnaue)

Curnan/mywm, 05 | BPSK, % QPSK, % 16-QAM, % 64-QAM, %
30 99.46 99.64 99.96 99.01
20 99.45 99.64 99.96 99.03
15 99.45 99.64 99.96 99.02
10 99.45 99.63 99.95 99.02
7 99.58 99.53 94.68 99.01

[TockonbKy Tpu 0OHAPYKEHUH HECYIIEH YaCTOTHl MOTYT BO3HUKHYTH OITHOKH
OIICHKH, OBUIO WCCIICIOBAHO BJMSHHUE CIBUTA YaCTOTHI B CHTHAJIC HA TOYHOCTH
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pacno3HaBanus (puc.7). B pe3ynbrare 5KCIEpUMEHTOB BBISCHUIIOCH, YTO JIOITYCTH-
MBI TIPE/IEN CABHIA YacTOThI B CHTHAJIE, IPU KOTOPOM CHCTEMa OCTaHeTcsl paboTo-
crocoOHoM, npuMepHo paseH +1Q Rate/2.2. OnHako, HE3aBUCUMO OT 3HAYCHHS
C/IBUTA YacCTOTHI B CHUTHAJIE, CHCTEMa HE MOXeT OTIM4uTh Moaymsiuuio BPSK ot
QPSK, mockonbky co3Be3aue curHaia OyZeT BpalaThCs, W MPH HOPMaIH3alliH
o0a curHana CTaHyT MJCHTUYHBIMHU. Pe3ynbTaThl TecTa paclo3HaBaHUs C MaKCH-
MaJIBHBIM JIOITyCTUMBIM CABHUIOM YacTOTHl B curHane (225 x/y) mpu TeKyIHX
HaCTPOUWKaX CHCTEMBI IPEJICTABICHBI B TA0I. 3.

Resource Name Censtellation

L pXI1SIot? j 2-

Start Frequence [Hz]
=
22000006 |/

Stop Frequence [Hz]
=
s 2

Amplitude
<
;

Reference Level [dBm] -

% -1.2-

Number of Samples

= -2
e

Puc.6. Humepetic npoepammol 06Hapyscenus u pacno3Haganus yuppogwix
MOOYIUPOBAHHBIX CUSHATIO8

Resource Name Constellation
1
% PXI15lot7 = 2- Error Out
18- status  code
16- i H"
14- source
12-
Start Frequence [Hz] "
= 1-
22000006 |5 v
08-
06-
- Center Frequency [Hz]
2.400005G6
2 02- __
Stop Fi H 2
op Frequence [Hz] £ o Peak Power [dBm]
2.6000006 £
04-
o6- Estimated Q rate [Hz]
) 523,477k
0.8-
Reference Level [dBm] - Modulation Type
R
14-
e Mean Probability
989012
-18-
2
Mumber of Sampl , | . . \ . . . '
e 2 15 E ) [} 05 i 15 H sTOP
[ == I8 Tme

Puc.7. Pacnosnannviii cuenan ¢ mooynayuei 16-QAM npu SNR = 30 0F u co cosucom
yacmomul 6 cueHane 5 kly
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Tabnuya 3

Peszynomamur pacnosnasarnus yugposvix Mooyisyull ¢ peaibHblM KAHALIOM
C653U (C MAKCUMATLHBIM OONYCMUMbBIM COBUSOM YACTNOMbL 8 CUSHATE)

Curnan/mym, 06 QPSK, % 16-QAM, % 64-QAM, %
30 99.53 99.69 98.98
20 99.52 98.33 99.00
15 99.52 97.28 98.99
10 99.52 95.51 98.99
8 99.52 79.73 98.99

3axiioueHne. ABTOMAaTHYECKOE PACIO3HABAHHME TUMA IHU(POBON MOIYISAINH
ABJISIETCS] BAYKHOM M CJIOXKHOM 3a/auell B COBPEMEHHBIX cHcTeMax CBsi3u. Koppekrt-
Has paboTa TaKko¥ cucTeMbl 00ecIeYnBaeT BO3MOKHOCTD HAZEKHOW paboThl KOMII-
JieKca MpHeMOoNepeaTInKa WM MPAaBUIBHOTO B3aHMMOACHCTBUS C HEXENaTelbHbIMU
WCTOYHUKAMH U3ITyUESHHUS.

B nanHo#i pabote npencTaBieH METOX MOACTPOMKH CHCTEMBl OOHAPY KEHUS
M pacro3HaBaHUs MU(GPOBBIX MOAYJIHPOBAHHBIX CHUTHAJIOB Ha OCHOBE HEWPOHHOM
cetu. [Ipennoxken meron pacuera Habopa MHGYOPMATUBHBIX NPU3HAKOB CHTHAJA, C
IIOMOIIbIO KOTOPOI'0 MOXKHO OCYILECTBIISITh BEICOKOTOYHOE paclio3HaBaHue nudpo-
BBIX MOZYJISILIMIA IPY HAJIWMYUK B CUTHAJIE aAJUTUBHOIO OEJI0T0 rayCoBCKOro IIyma,
casura ¢a3sl ¥ 9acToThl. CHCTEMa M alTOPUTMBI PACTIO3HABAHNSA OBUIA TIPOTECTH-
POBaHBI C MOMOIIBI0 CUMYJIALIMN CUTHAJIOB U HA peajbHOM KaHalle CBA3M. Pe3yinb-
TaThl TECTHUPOBAHUS TOATBEPAMIN pPabOTOCHOCOOHOCTh M BBICOKYIO TOYHOCTH
CUCTEMBI.

[TomydenHsle pe3ynbTaThl MPUHOCIT IEHHBIH OMBIT M OTKPHIBAIOT HOBBIE
MEePCIEKTUBHI 1715t Oy IyIUX MCCICAOBAaHUN B 3TOW 00JIacTH.

Paboma evinonrnena npu noddepoicke Komumema no svicutemy oo6pazo8aHuro
u nayke PA 6 pamxax nayuno-uccaeoosamensvcrkozo npoexkma Ne 21T-2B028.
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LE3rNLUSEL 8ULSEh UhN3NY, 6 USHL UNTNRLUSYUO UTULTULE
UdsSNUUS ZUSSLULELNRULC &Y, LULU2NRUL

BJuyht Unpmugdus wqputpwbph wjnndwn hwjnbwpbpnidt nt Swuwynidp
quwny b wylih wpphwiwi b gueind dudwtiwluyhg juwyh hwdwwupgbpnud: Uju
gnpépupwugulntt wnwigpwyht nhp o pwnnud wwpptp npnpuukpnud hntuwh b wpnnt-
tw]tn hwnnpulgnipynit wyuhnybint hwdwp pegwsht juwyhg dhsh pwnhnhbpwpduw-
nud b wppuyulughtt hadwlupgbp: Fpubg juplnpoipiniip sowpnibwnud £ wgl) juuyh
hwdwljunpgbph dhongny thnjuwmigynn njjujubph wédnn sdwjwh b hwnnppuljgnipju tnp
wnkuninghwibph qupquguui htwn dklunby:

Uqnuipwtittinh dogphnn hwynbwpbkpnudp b quuwlupgnudp pnyp £ wowihu, np
Juuwh hwdwlwupgbpp £hon dEjuwpwkt thnjuwbgws nbnklinipniup, npt hp hippht
wwwhnymd £ wjuubph hntuwih b wpynitwybn thnjuwtgnid: Uw hwnuybu juplnp
E g Uhpwuypbpnid, npntn wqnupwtubpp tupwlu b mwuppkp nkuwjh dhowdwnnipe-
jniuutph b wyuwyunnudubph: Zknbwpwp, wjundwn huyntwptpdwut b fwtwsdwt dbpnn-
utph dowlnid n1 junwpbjugnpénidp quuny wykh Jupbnp £ qguoind pupdpnpuly
hwnnpnuljgnipinit wmwyuwhnytnt hwdwn:

Uju wohiwnwbpnid abpluyugdus b ukjpnwghtt gmugh hhdwb pu jupniggus
hwdwljupg, npp Jupnn £ wdundwn YEpynyd huynbwpbpt) dhish 6 24g mhpnypoud quinjnn
b Ukl Ypnn hwdwjunpnit niikignn wqnuipwttkp b quuwlupgl] pduyhtt dngnyudnpgus
wqnuipwbbph snpu mbuwl BPSK, QPSK, 16-QAM U 64-QAM: Zudwljwipgl h Jh&wyh &
wphiwnbnt punmbjus wqnuowh Jpu hwybnulughtt quniyyub uuhinwly wnunilh,
thnyuyhtt b hwdwhujuught obndut wnjuynipjut nhypnid:

Uphiwnwtipnid ubpuyugus ku LabVIEW spugpuyhtt thgwduypnud dpwljdud wg-
nuipwttbph hwyntwpkpdwb b fwtwydwt wignphpdubpp: Ljupugpdus Eu ubypniugh
gugh Swpnwpuybnnipniup b hhybpywpwdbnpbpp, npntp poyp Eu wwhu wpwg
wpnnituy b niuniguil) guigp: Uju wygnphpdubpp b ntunigdwt dkpnnubpp Jupnn Gu
hwpdwpkgyl] b Ghpunb] wy hudwlupgbph b hufbpjusibph htn' ppubp oguuljup
nupdubny wowewnpuwipubph juwnwpdwi juyi ppowbwlnid: Zudwlupgp thnpdwplyyty
E hswybu dnplijuynpus wqnuipwbibph, wyiytu b hpuuwt juynimhmd: Uppuwnwpnud
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ubpuyugus i tub hwdwlwupgh ptunwynpdw wpyniipttpp: Uju wipgniupubpp hwu-
nuunid b wnwewplynn Ubkpnnubtph wpymuwdbumpmniap b pungdnud npuig ubkipnudp
htwnwqu Yhpwndwi b hbnnwgnunipyu hwdwn:

Upwbgpughli punkp. wqnuuowih uwybklup, pyuyhtt dnnnijjughugh wiundwun
Swtiwynid, ubjpntughtt gutg, hwybnidwghtt quniyywt vy hwnwl wndndy, thnyuyhb obnnud,
hwdwwljuwghtt ghnnid:

T.A. GRIGORYAN, M. TS. AIVAZYAN

AUTOMATIC DETECTION AND RECOGNITION OF DIGITAL
MODULATED SIGNALS USING A NEURAL NETWORK

Issues on automatic detection and recognition of digital modulated signals are
becoming increasingly relevant in modern communication systems. These processes play a
key role in ensuring reliable and efficient communication in a wide range of areas, from
mobile communication to broadcasting and satellite systems. The importance of these
processes continues to grow with the increase in the amount of data transmitted through
these systems and with the development of new communication technologies.

Accurate detection and classification of signals allow communication systems to
correctly interpret the transmitted information, which, in turn, ensures the reliability and
efficiency of data transmission. This is especially important in conditions when signals are
subject to various types of interference and distortions. Therefore, the development and
improvement of the methods for automatic detection and recognition are becoming
increasingly important for ensuring high-quality communication.

The present article presents a neural network-based system capable of automatically
detecting signals with a single carrier frequency in the range up to 6 GHz and classifying
four types of digitally modulated signals: BPSK, QPSK, 16-QAM, and 64-QAM. The
system is capable of operating in the presence of additive white Gaussian noise, phase and
frequency offset in the received signal.

The algorithms for detection and recognition of signals, developed in the LabVIEW
software environment are presented. The architecture and hyperparameters of the neural
network allowing quick and efficient training of the network are described. These algorithms
and training methods can be applied and adapted for other systems and applications, making
them very useful for a wide range of tasks. The system was tested both on simulated signals
and in a real communication channel. The results obtained confirm the effectiveness of the
proposed methods and emphasise their potential for further application and research.

Keywords: signal spectrum, automatic digital modulation recognition, neural network,
additive white Gaussian noise, phase offset, frequency offset.
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DEVELOPMENT OF PARAMETERIZED MODEL OF LOGIC ELEMENTS AT
CLOCK TREE SYNTHESIS

Clock synthesis, routing optimization, placement and logic optimization are the
three primary phases of physical design implementation. Since clock network synthesis
uses at least 30% of the entire power budget, it is one of the crucial steps. Power
consumption for high-performance blocks can reach 50% of the entire power. Not only
would a high-quality clock tree will fix timing violations, but it will also minimize power
usage and routing resource use. A new neural network based parameterized model is
proposed in this paper, which can be used to obtain not only the list of logic elements, but it
also can predict the circuits timing behaviour. Different ICs using SAED 14 and 32 nm
technologies are designed using the proposed method.

Keywords: clock tree synthesis, automation, physical design, timing critical, neural
network.

Introduction. There are three primary branches of clock distribution: the
conventional clock network, the multisource clock network, and the mesh network
(Fig.1). The mesh network is deeper in the global clock trunk than the multisource
clock network, while the multisource clock network is shallower. This is the
difference between the two types of clock networks.
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Conventional Clock Network Multisource Clock Network Mesh Clock Network

Fig. 1. Three main branches of clock distribution
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The clock structure will include a global driver and a local sink (Fig.2)[1].
Mesh routing distinguishes between conventional clock networks and mesh
networks, often known as multi source clock networks. Higher local sink depth is a
benefit of multisource clock dispersion. In comparison to a full mesh network, it
trades off routing resources, and consequently power as well. The reduced on-chip
variance is a benefit of the mesh network. The drawback of the mesh or
multisource clock distribution is that proper clock network delay propagation
requires the use of spice simulation to extract the cell, net delay, and output
transition time at the mesh routing. This is due to the inaccuracy with which static
timing analysis (STA) can determine the mesh driver's cell output delay, mesh net
latency, and mesh net output transition.

Sz s L L
T L L L S

Fig. 2. Global and Local sinks

The distinction between the mesh clock distribution and the multisource
method is that the latter may skip step 7 since step 1 contains additional tap drivers.
Traditionally, a custom method has been used to complete the global driver stages
1 through 5 (Fig.3), because the EDA tool is not yet ready to handle the
implementation [2-6]. The drawback of a tailored solution may be the requirement
for numerous iterations to reach the desired time convergence and latency.

This is because of the nature of the estimated versus expected implementation
error gap. For global clock drivers, some designs may have used a bespoke super-
clock cell [7,8] in order to obtain a greater driving range and reduced power
consumption.

In different physical implementation tools, basically two CTS flows are
supported, Classic CTS and Concurrent Clock & Data (CCD). During the first flow,
first runs CTS then data path optimization. The clock tree is built while ignoring
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the data paths, the goal is to minimize skew. In the second CCD flow, CTS and
data path optimization perform concurrently and it is recommended for timing-critical
designs. The clock tree is built with full knowledge of data path timing the goal is
to meet setup/hold timing.

[1] Tap Drivers Generation -
[2] Mesh Routing Creation v

[3] Mesh Driver Creation

S

u
[=2]
w

[4] Global Driver Creation / 7

2

i

[5] Drive to Mesh Strap Routing

[6] Mesh Driver Simulation

[7] Sink Tree Optimization ‘

Fig. 3. Clock tree optimization steps

Various approaches have been used to optimize power, delay and skew to
make clock distribution networks suitable for low-power and high-performance
designs. An extensive study of different clock distribution networks, their timing
performance is carried out. Different architectures for clock distribution networks
are employed to meet various design requirements [9-14].

Thus, having a parameterized model to choose the right cell known as super
clock cell from Logic Libraries will shrink selecting time for Physical Implementation
EDA tools the clock tree will be balanced and time convergence, latency, power
dissipation will be in the desired range. Having a parameterized model also shrinks
time-to-time, as iterations in already mentioned clock tree optimization steps will
reduce. Choosing super clock cells from Logic Libraries is a difficult task, neural
network principles are used during this work. The proposed model can be used for
all clock tree strategies during optimization.

Neural networks (Fig.4) are computational models inspired by the human
brain, designed to recognize patterns, and make decisions.
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Fig. 4. Graphical abstraction of a neural network

Keras, a high-level neural network API [15], simplifies the implementation
process by providing an easy interface for building and training models. Algorithms
within neural networks, like backpropagation, optimize weights to minimize errors
during training, enhancing the model’s ability to generalize patterns in data.

Keras API incorporates diverse algorithms for training neural networks. One
fundamental algorithm is backpropagation, wherein the model (Fig.5) refines
weights based on the gradient of the loss function concerning those weights. This
optimization process aims to minimize the disparity between the predicted and
actual outputs during the training phase.

Keras Models

- —a

Sequential API Functional API
! |
‘ Input | | Input |
y \ v
‘ Layer | | Layer | | Layer
v v
‘ Output I ’ Output |

Fig. 5. Two models of Keras

Moreover, Keras supports various optimization algorithms, such as Adam
and Stochastic Gradient Descent (SGD), influencing the weight updating. These
algorithms contribute to the improvement of convergence speed and efficiency during
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the training process. Additionally, Keras provides activation functions like ReLU,
Sigmoid, and Tanh, introduction of non-linearity to the model. This characteristic
enables the model to grasp intricate patterns and relationships within the data.

Having an automated flow to generate a cell list for the clock tree synthesis
provides several benefits:

¢ Automation: A flow allows for automation of the process, reducing the
change of human error and saving time.

o Scalability: As the design complexity increases, manually maintaining a
cell list becomes impractical.

And also, using neural networks for predicting the clock tree synthesis
results in the early stages of design with cells offers several benefits:

¢ Speed and efficiency: Neural network can quickly process large amounts
of data and make predictions faster than traditional methods.

e Complex pattern recognition: Neural networks excel at recognizing
complex patterns within datasets. In the context of CTS, where the interactions
between different cells and components are intricate, neural networks can capture
these relationships and provide more accurate predictions.

o Adaptability: Neural networks can adapt to different design scenarios and
change in requirements.

e Early design insights: Neural networks can provide early insights into
potential CTS challenges and optimizations.

The proposed approach. A new methodology is described aimed to fasten
the process and help the tool to fix the selected problem during the CTS stage.

The CTS creating and analyzer program which is implemented using the
proposed algorithm is described below.

The CTS creating and analyzer work can be separated into three main parts:

1. Library analyzer — which will select the most optimal cells from std cells
library for CTS.

2. Clock tree analyzer —Al - based system, which will predict the results
after CTS, which used the selected cells.

3. CTS — The CTS process in physical implementation tool, where we use
cells required in the library analyzer stage.

Graphical implementation for the above mentioned (Fig. 6).
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STD cell library | | Technology inputs | | Design information

Library analyzer |

|

Clock tree analyzer |

| Results |

Fig. 6. Graphical approach to the proposed algorithm

As mentioned, the first stage is the library analyzer. The Library Analyzer,
implemented as a Perl script, examines the .lib file, identifying and systematically
reporting on the presence of all symmetric cells. As a result, Library analyzer
yields a comprehensive list of symmetric cells as a consequence of its analysis.
Notably, the defined threshold for inclusion is set at 30%, signifying those cells
surpassing this symmetry criterion for utilization in our Clock Tree Synthesis
(CTS) processes. Also, library analyzer filters the cells from one VT because, it is
essential to achieve synchronous and reliable operation in integrated circuits. This
uniform VT is instrumental in mitigating skew, which refers to timing
discrepancies among different segments of the clock tree. By ensuring a consistent
VT, clock signals, propagate at comparable speeds throughout the circuit reducing
timing variations and enhancing the overall performance and stability of the
system. The main steps for library analyzer are: (Fig. 7).

lib file(s)

Cells extraction with timing
tables

Comparison

Cell list

Fig. 7. The library analyzer’s workflow
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In the second stage, we analyze our design for the CTS side by using the
analyzer. The program is python-based where the user should do the steps
mentioned below (Fig.8):

Neural network model
definition

Cell list

Compile model and train Predicted results

Dataset

Result prediction

Fig. 8. Part of the used database

1. Load and split dataset which has been initially created. The part of the
initially created database shown in Table. 1.

2. Normalize the input features.

3. Define the neural network model: The script uses the “Sequential” model
from the “keras.models” module. The model consists of three Dense layers with
different activation functions. The first layer has 64 units and uses the “relu”
activation function. The second layer also has 64 units with “relu” activation. The
third and final layer has a single unit with a linear activation function.

4. Compile the model: The model is compiled using the “mean_squared_error
loss function and the “adam” optimizer. This prepares the model for training.

5. Train the model: The model is trained using the “fit()” function, which
takes the training sets (“X_train” and “y_train™), the number of training epochs, the
batch size, and the “verbose” parameter to control the progress output.

6. Evaluate the model: After training, the model is evaluated on the testing
set using the “evaluate()” function. The mean squared error (MSE) between the
predicted values and the true values is calculated and printed.

7. Make predictions on new data: Finally, the model is used to make
predictions on new input data. A new data point is created (in this example, with
arbitrary values), normalized using the same scaler used for training and passed to
the model to obtain the predicted slack value. The predicted slack is then printed.

8. In the final stage, the real CTS in physical implementation tool is
implemented, with the use of predicted cells.

L3
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Table 1

Dataset of different technologies

Tech |Metal| Gate |Macro|STD cells| Utili Cells Slack |Setup | Hold
nology | stack | count | count | utilization | zation ®s) | (ps) | (ps)
12 10 152903 |5 56.07 091 |LVT_INV_S 3; |[-038 |-35 |-1
LVT_INV_S;
LVT_INV_10
14 11 152424 |5 55.35 091 |LVT_INV_S 4; |-0.12 |-10 (-2
LVT_INV_6
12 9 140880 |5 75.77 0.84 |LVT_INV_S; -04 |-26 |-1
LVT_INV_10
16 11 168452 |3 68.23 0.75 |LVT_INV_3; -0.1 |0 0
LVT_INV_4;
LVT_INV_6;
LVT_INV_8
MUX2_MM_2

Results. The library analyzer provides an automated solution for cells
selecting process. The solution is technology independent and fully automated
which means that it gives an opportunity to do the selection automatically instead
of doing it manually. For the design parameter prediction, a CTS analyzer has been
developed which is a neural network-based workflow. The CTS analyzer gives an
opportunity to check the design slack, setup, hold, and dynamic power consumption
results in early stages. The CTS analyzer’s operational (predicted results raw) and
results from design (real results row) outcomes are comprehensively presented in a
tabular format (Table 2).

Table 2

The predicted versus real results

Design Predicted results Real results
Slack | Setup | Hold | Dynamic | Slack | Setup | Hold Dynamic Power
(ps) | (ps) | (ps) |Power(mWt) | (ps) | (ps) | (ps) (mwt)
Designl |-15 |-7 -2 0.967 -12 |-8 0 0.923
Design2 |-13 -9 -25 1.125 -11 -11 -26 1.101
Design3 |-8 0 -6 0.865 -9 -2 -7 0.894

Conclusion. In this paper, a digital standard cell library parameterized neural
network model was developed, from which the most optimal cells mostly fast and
symmetrical, are selected for the construction of the clock tree. The proposed
model is able to achieve timing and power improvement compared to the default
clock tree synthesis. It is suitable for full chip clock planning, as reducing iterations
for spice simulation tool to backannotate the driver cell delay. Next, parameters are
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pre-determined, the maximum deviation of which is 20% compared to the real one.
The application of the model makes it possible to reduce the design time, as it gives
a chance to get an idea about the parameters of the circuit in the initial stages of
design. Since customization is allowed, it can be part of the non-default permuton
exploration in design space optimization (DSO.AI) [16] tool, for future studies.
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4.C. UGLPL3UL, U.U. QULUSSUL, U.U. 1.N1hTUUSUL, U.U. 1ULU.L8UL,
E.B. WULUNES3UL

UbPLLrNULTULTEULUSEL OULE UbLEERh HY6NLNRU SCUUULULUYUL
SUCCGCk MU UUESM US4 U0 UNYGLE UTUUNkUL

Uhppnugnutipwiwghtt Swinh, dhouhwgmuubph b nknupwphidwt judupynudp $h-
qhjulut twhwgsdwt tptip hhdtwlwt thnykph B Luth np vhippnugnuiywtiughtt Swnt
oquuugnpému E wdpnng Hukpghwyh wntiuqh 30%-p, hnbwpwp' wyi $hqhljului juplinp
thnitphg Ukl b Pupdp wpgynitugbnnipyudp hunbgpuy upkdwbph hwdwp Butpghugp
uywnnulp Jupnn k hwubt) wdpnne tukpghuyh 50%-ht: Lwjwpydws uhtippnuqnuipwbiu-
jhtt dwnp ny Uphuyl Yninnh dudwbwlh pwpinnudubpp, wpb Juguqtguh W tubpghwgh, W
Uhouhwgnidubtph nkunipuh ogunugnpénidp: Unwowiplynid k tubjpnuughtt gmgh 4pu hhdu-
Jwsd unp yupudbnpugyws dnnby), npp jupnn E oguuiugnpdyty ny vhuyt mpudwpwbuljui
wnwppbph gwiyp vnwtwnt hwdwp, wyh jutjpuwnbund | ujubdwibph dwdwbtulught
wupwdbnpbpp uhippnugnuipwbiwght Swnh hwhwgsdwb pipwugpnid: NMupwdbinpbpp
qguwhwwnbint hwdwp wnwowplyuws dbpnnny twpwgsyl] Eu mwpunbuwl htnbkqpuy
ufubdwikp UUNRY 14 b 32 td wkutninghwibpm]:

Unwagpuypli punkp. uhuppnugqnuiipwiughtt Swnh uhliphq, wjnndwnwugnid, $hqh-
Julwt twpwgsnd, phnpljuljui dudwbwl, ubjpniughtt guug:
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B.III. MEJINKSH, A.A. TAJICTSH, C.A. TYKACSH, A.A. KA3APSIH,
9.E. KAPAIIETSIH

PA3PABOTKA MTAPAMETPU30BAHHOM MO/IEJIX JIOTUYECKUX
SJIEMEHTOB TP CUHTE3E JEPEBA CUHXPOCHUI'HAJIA

OHTI/IMI/ISaHI/ISI CHHXpOCI/IFHaHOB, Me)KCOC}II/IHeHI/Iﬁ nu pa3MeHleHI/I$[ e TpI/I OCHOBHBIX
sTana (GU3NIECKOro MPOCKTHUPOBaHUs. [T0CKONBKY IepeBO CHHXPOHHU3AIMU TOTPEOIIAET HE
meHee 30% oOmieit SHeprum, CIeI0BaTeNFHO, 3TO OJWH M3 BAKHBIX TANoB. J{1s1 BEICOK03 (-
(heKTHBHBIX OJOKOB NOTpEOICHHE SHEPTUN MOXKET gocTurath 50% ot obmiero odbema 3HEp-
rar. ONTUMHA3HPOBAHHOE JIEPEBO CHHXPOHU3AINH HE TOJIBKO MCIPABUT HAPYIICHUS CHHX-
POHM3AINY, HO TAKXKE CHU3UT SHEPronoTpedIeHIe M UCTIONB30BaHUE PECYPCOB MEKCETEBOTO
coenHEeHUs. B maHHON cTaThe TpemiaraeTcs HOBasl MapaMeTpPU30BaHHAS MOJETH Ha OCHOBE
HEHPOHHOH CEeTH, KOTOPYIO MOXHO HCIOJIB30BaTh HE TOJBKO IS MTOJMYYCHHS CITUCKA JIOTH-
YECKHX DJIEMEHTOB, HO W JUTS MPOTHO3MPOBAHKS BPEMEHHBIX TTAPAMETPOB CXEM IIPU MOCTPOE-
HUM JlepeBa CHHXPOCHTHaIOB. C HCIOIb30BaHUEM MPEIOKEHHOTO METO/Ia OLIEHKU Hapa-
METPOB OBUIM CIIPOCKTUPOBAHBI PAa3IMYHbIE HHTErPaJibHbIe cXeMbl ¢ TexHonorusmu CAY /]
14 1 32 um.

Kntoueevie cnosa: cuHTe3 AepeBa CHHXPOCHUTHATA, aBTOMATH3AIN, (PH3MUECKOE
MIPOEKTUPOBAHNE, KPUTHIECKOE BpeMsI, HEHPOHHAS CETh.
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LEARNING METHODOLOGY FOR VALIDATION OF MEMORY BIST
SOLUTIONS VIA A SHARED INTERFACE

Memory built-in self-test (MBIST) continues to have its unique place in IC industry.
It provides test and repair capabilities which significantly increase IC manufacturing yield.

In general, the integration of MBIST solutions in a system on chip (SoC) is done via
automated flows. Possible issues occurring in the flow should not be skipped as it will
degrade the performance of SoC or even may disrupt its functioning. The probability of
issues is increased if the SoC has specific structure adding limitations for MBIST solution
such as testing the memories by shared interface. Dedicated validation environments (VE)
help to overcome these issues.

Validation challenges of the MBIST solution via a shared interface for a specific
case of multi memory bus BIST engines (MMBBE) are discussed, and a solution is proposed.
To avoid the exhaustion increase for the integration scenarios random choices combined
with some exhaustions are done depending on a given feature’s priority. Meantime, it is
mentioned that for big configurations the usage of random values of parameters might bring
to missing some corner cases. Due to that it is recommended to use further some learning
methods for reducing the VE iterations and exhaustion within a given iteration. In all the
cases, a targeted analysis should be done and decisions should be additionally taken to find
out a reasonable number of these iterations.

In this paper, a methodology is proposed to soften the mentioned above exhaustion.
A new algorithm of learning is proposed, and the results of the algorithm application are
adduced which justify its efficiency in reducing the exhaustion.

Keywords: MBIST, test and repair validation, shared interface test, test integration,
SoC test, randomization.

Introduction. The continuous increase in the requirements set to IC
performance creates new challenges for its maintenance for various criteria, in
particular, reliability. Test and repair solutions [1,2] which increase IC reliability,
typically do not meet IC vendors’ specifications. Particularly, the latter do not
accept any modification in the system which brings additional limitations when
inserting a testing infrastructure. In such systems, the testing units are connected to
the shared interface which allows to have access to them, and the test can be
applied through those connections [3]. Considering these, the multi-memory bus
BIST engine (MMBBE) solutions are proposed [4,5] for shared interfaces.
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1. MMBBE structure. To test multiple memory groups, MMBBE uses an
already implemented shared interface (Fig. 1). It consists of common signals which
are necessary to test memories. The type and number of memories and interfaces
may vary depending on SoC specification. Having the description of memories and
interfaces, the proper MMBBE is created.

Mem Mem
Shared P2 P2
Mem
Interface Memory 1P5
P1 Mem Mem
P2 P2
Mem Mem Mem Mem Mem Mem
P2 P2 IP3 IP3 IP3 IP3

Mem Mem

P2 P2 Memory IP 4

System on Chip

Fig. 1. SoC with memories

Each memory group may have different addressing, read/write and sharing
mechanisms. A memory in a group may have its own banks, several ports, and
other features (Fig. 2). As per [6] MMBBE is connected to the group via a bus
which supports pipeline stages, memory latencies, shared connections within a
group, etc.

[
[
Port
Group 2
Bank | | Bank
1] 2 — ~ MMBBE
— — Pipeline stages
Bank | | Bank N
Port |L2 /L% || port
Group 1 Group 3

Fig. 2. MMBBE to memory group connections
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The integration of the MMBBESs with the described features may have some
mismatches which can cause unacceptable consequences. One covers the system’s
description from test perspective including testing units, i.e., memories. Insufficient
or inappropriate description can lead to wrong implementation of the MMBBE.

To assure that the test solution through the shared interface is properly
implemented, a validation methodology was suggested in [4]. The methodology
tried to solve two problems:

1. find the parameters which describe the system’s important features and
perform exhaustive variations on those values with an expectation to provide a
reasonable coverage;

2. avoid huge variations by selecting random values for the rest of the
parameters.

The methodology has defined the primary parameters which indicate the
existence of some features in the system. For these features, a validation environment
(VE) has been created which allows to create the described above scenarios with
configurable value ranges.

It is mentioned that for big configurations to avoid exhaustion increase,
random values of parameters are used, which might bring to missing some corner
cases. In particular, the MMBBE VE enables iterations both for primary and non-
primary parameters. The variations on parameters whose values are chosen
randomly, can be performed multiple times. To estimate these variations, it is
proposed to use learning for outlining the scope of varied parameters for localization
of failures and for bypass from repeating iterations. That will reduce the VE
iterations, and an exhaustion within a given iteration according to some criteria.

In the next section, the mentioned approach and a learning algorithm for VE
usage are described in detail.

2. The proposed solution. Basically, MMBBE VE iterates through the
primary binary parameter (PBP) values and, for each such specific scenario of
values named further PBP vector, randomly selects acceptable values of the non-
primary parameters.

To represent the VE functionality in more detail, the following variables are
defined:

n — the number of PBPs;

i — iteration index for VE actions;

For each iteration i the following variables are defined:

N; — the number of random variations for a PBP vector;

F;— the number of the observed failures;

ki — the number of essential PBPs with fixed values;

Pi— the percentage of the observed failures.
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After defining othe above variables, the following actions are sequentially
executed using the VE:

1. Assigning the initial value: i=0.

2. Assessing the value and assigning the value to Ni.

3. Generating N;i-2" testcases for simulations using MMBBE VE (k=ki,

4. Performing simulations and determining the F; set.

5. Calculating Pi = Fi/(Ni2"%) -100% (k=ki).

6. Performing essential ordering of parameters and their values via analysis
of PBP vectors that bring to failures during simulations:

o the parameter which occurs with the same value most often in the considered
PBP vectors is named the most essential;

e in the case when the occurrence is similar for more than one parameter or
for two different values of the same parameter, the determination of their ordering
is carried out using other criteria (e.g., via secondary parameter analysis, less time-
consuming during runs, etc.).

7. Increment i.

8. Assessing the k;jvalue as follows; the fixed scenario composed of k; bits of
a PBP vector should yield more than half of the failures from F; and P;i> Pi. If
there are several similar combinations, the greatest is chosen. If all scenario failures
have close values, the exhaustion of all values in iterations is inevitable.

9. Inverting the PBPs which are chosen at iteration i-1, and fixing for the
rest of the iterations.

10. Repeating steps 2-9 until the ki=n.

3. Experimental results. The application of the proposed method is applied
to the SMS MMB processor compiler of Synopsys using MMBBE VE. The 8 PBPs
are described below.

1. Multi interface design. Specifies whether the testcase contains a single or
multiple MBIST interfaces.

2. Multi memory design. Specifies whether the testcase contains an interface
which is connected to the multiple memory instances or not.

3. Repairable design. Specifies the ability to repair at least one memory
instance.

4. Design with latencies. Specifies whether there is a memory instance with
operation latency or not.

5. Design with memory masks. If specified, there is at least one memory
instance which has a data masking port.

6. Design with partially connections. If specified, there is at least one memory
instance whose address/data bits are not fully accessible through MBIST interface.

72



7. Design with multi-port memory. Specifies whether there is a memory
with multiple read/write ports or not.

8. Design with multi-bank memory. If specified, there is at least one multi-
bank memory instance.

For the first iteration, No was chosen 50 and 50*28 testcases were generated.
Running these testcases it became clear that Fo=241 (P,=1.88%). Since the
generated cases are numbered, the priority list of failures can be composed
observing these numbers. Considering MMBBE structure, 6 PBPs were fixed to the
values which were most common in failing testcases. The features corresponding to
the first two fixed values were 8" and 5" PBPs as enabled. The rest of the fixed
PBPs had more even distribution, and the adjustment of those was necessary to be
carried out. To highlight the impact of these four fixed values, the previous two
PBPs were inverted. The second iteration was done with N1=3200 to keep the same
number of testcases. As expected, the number of failures increased due to
localization becoming F1=541 (P1=4.22%). For the second iteration, 4", and 6
PBPs with enabled values were common which could be inverted for the third
iteration. The details for all iterations are described in Table.

Table

Validation Environment lterations

Iteration (i) Fixed bits (ki) Testcases (Ni*2(Mk) Failed cases (Fi/P;)
1 0 50*256 241/1.88%
2 6 3200*4 541/4.22%
3 6 1600*4 201/3.14%
4 6 800*4 427/13.34%

For the last two iterations, the number of fixed bits (ksand ks) are the same,
because the combinations give approximately similar failure percentages. After 4"
iteration, corner cases remained which will be manually analyzed.

In fact, each next iteration takes less time and requires less effort to analyze
failures. The proposed method can be used for different number of parameters, and
for each iteration, the reducing scheme may vary depending on system structure
and its representation form.

Conclusion. A validation methodology is proposed for memory test and
repair solutions working with shared interfaces. The steps of the proposed approach
estimate and reduce the number of execution iterations of a validation environment
as follows:

1. dependencies between some elements of the PBP are determined and
exhaustion is performed based on the consideration of these dependencies;

73



2. after an estimation of an impact for a given dependence, the specific
values of the PBP corresponding elements which highlighted the consideration of
the dependence are inverted, and a search for new dependencies is initiated,;

3. due to the application of the approach, the number of considered random
test-cases is reduced by 30% on average;

4. the performed experiments have confirmed the efficiency of the proposed
approach.
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U.4. RULUSBUV, U.4. cNkhLNR3UL

NrUNkP3ULINN, UBENTIULULNREBNRL 2ZDTNN, UULSLECE CLYZULARD
YUNNRN09 LVEMYUNNRSIUD PLeLUEGUSUINITUL LORONPULECD
JUdbBrusuuy 2uUuur

Zhonn uwppliph tkpjurnigqué punwynpnudp (MBIST) supnitwlnud | qpun gty
hn nipnyu wbknp htnbqpuy ujukdwitph (PU) wpynibwpbpnipiniunid: Uju pudbemd
ptunnuynpdwi b JEpuljuiqudwb htwpwynpnipniuubp, npnup qquihnpbt pupdpugunid
El PU wpgyniiwpbpnipjut yhwnwh Gph nnlnup:

Cunhwunip wndwdp, pnipbnnud (SoC) MBIST nisnidutinh htnbkqpnudp Juwnwupymd £
wyunndwnugusd hnupninhubiph dvhongny: Znupninnid wnwewgnn htwpwynp punhpukpp
suyiinp k pug ponuytl, putth np pputp Yyunpwpugubi jud, tnythul, juuhwibt pne-
ptnh wphtwnwtipp: Munhpubph hwjuwibwlwinipniip dkdwinwd , Epbk pniptint niith hw-
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wntl] Junnigwsp, npp uwhdwwhwlnidubp £ wbjugunid MBIST jnisdwt hwdwp, opp-
twly hhonn uwppbph phununpnidl pighwing Juwnigne dhengny: Zwdwwywinwuuwi
Yutpugdwi dhpwjuyptipt (VE) oqunid ku* hunpwhwpbint wju punhpubpp:

Lutiwpyyt) tu MBIST jnusdwt Juytpugdut dwpunwhpudbpubpb pighwinip ju-
wnuny phunwynpdwb hwdwlupgbph ghypnid, b wpwewplyt) b nusnid: Panbkgpdut
ugkbiwpubph hwwnwpynudubph wghg ntuwthnt hwdwp hwnuihputph hwnwplynud-
ubpp qnignpyynid b wuwnwhwlwh plupnipynibiph hbn' Jujujws ndjw hwnluihsh
wnwolwhbppnipniihg: Uhtinygt dudwbwl toyniud k, np UbS Ynubhgnipughwbinh nhiu-
pnud wwpwdbkwnpbph wpdbipubph yuunwhwlwb ptnpnipjut yupuquynid jupnn £ pug
pnnuyk) npny wulnibuyhtt ghwptph nphuwpynudp: Uy hull qundweny wnwewnplyt) b
ogquugnpédl] npnowlh numguinny dkpnnubp Juybpugdwi dhowuyph ugkiwpltph
hwwnwpynuip Wjuqtgubint hudwp: Ponp phwptipnud, withpudbon i iyuunuljumnnjus
Ykpnisnipynit b npnonidibp hwinwpynudbph npewdhn phip npnobjn hundwp:

Unwownlynud t dkpnpupwtinipinil, npp dbnunud E Jbpp tjupugpdus hwwnwp-
ynuip: Unwowplynid b nuniguwiynng tnp wignphped, hull wignphpuh Yhpundwb wpg-
jniupubpp tkpjuyugdnud G, npnup hwjuwuwnnud Eu npu wpynibwdbnnipiniup hwnwpl-
dwt ijuqkgdwb gnpénud:

Unwbgpuyhlr punkp. MBIST, phunuwnpdwi b JEpuljuiqudwt Juybkpugnud, pug-
hwinip juynnny phunwynpnud, phunwynplwt hpinntigpmud, pyniptnh Ypu phunwyn-
pod, uwnwhwlwbwgnid:

A.B. BABASIH, C. K. IIYKYPSAH

OBYYAEMASI METOJ0JIOT Usl BAJIMJIAIIMY PELIEHUM IO
BCTPOEHHOMY CAMOTECTUPOBAHUIO YCTPONUCTB MAMSITH
YEPE3 PA3JIEJSAEMbI NHTEP®ENC

Bcerpoennsie cucremsl camorectupoBanus namstu (MBIST) npopomkaror 3aHuMaTh
YHHUKaIBHOE MECTO B HHAYCTpHH HHTEerpanbHbIX cxeM (MC). OHu mpeaocTaBIsSioT BO3MOXK-
HOCTH TECTUpOBaHHA W BoccTaHOBiIeHHs VC, 4TO 3HAYUTENBHO YBEIMYHMBAECT BBIXOJ T'OA-
HbIX FIC BO BpeMst UX MTPOU3BOJICTBA.

Kak npaBuio, uaterpaius MBIST B cucremy Ha kpucramie (SOC) ocymiecTBisercs
MOCPECTBOM OPraHU3alli aBTOMAaTH3UPOBAHHOTO IOTOKA JUIsl Ipoliecca MHTerpanuu. He
CllelyeT WTHOPUPOBAaTh BO3MOXHBIMH NpOOJEMaMH IIPU IMPOXOXKICHUM dYepe3 MOTOK,
MOCKOJIBKY OHHM MOTYT yXYIIIHTH MPOM3BOAUTENBHOCTE SOC MM Jaxke HAPYIIHUTh ()YHKIHO-
HupoBanue SoC. BeposTHOCTh MOSBICHUS TAKUX MPOOJIEM YBETMYUBACTCS, €CITH CTPYKTypa
SoC HaknapIBaeT MOMONHUTENbHBIE orpanndeHus Ha MBIST, nanpumep, Takue, Kak TeCTH-
pOBaHHue MaMsITH Yepe3 paszaensieMblil nHTepdeiic. HyKHbI crieranbHO ITOCTPOSHHBIE CPEIbl
Baymarmu (VE) mis mpeononeHrs OTMEYEHHBIX TTPOOIIEM.
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OO0cyknensl npoodiems! Banmunanin MBIST gepes pasnensemsiit uaTepgelic B KOHKpeT-
HOM Cllyyae Hcroib3oBanus mporeccopa MBIST (MMBBE) misi HECKONBKHX YCTPOKMCTB
MAMSTH, CBS3aHHBIX Yepe3 paslelisieMylo IIMHY, W MPEUIOKEHO COOTBETCTBYIOIIEE pelie-
HHe — cpela Bajuaaluu. Bo n3bexanue yBenudeHus rnepebopa Iuisl CLieHapUEeB MHTETPaLliy
BEITIOHSJINCE CITyJaifHbIe BBIOOPKH B 3aBHCHMOCTH OT IPHOPHUTETA JAaHHOH (YHKIUH B
COUETaHUM C onpeAeNEHHBIM nepedopoM. [Ipu 3TOM ynoMuHaIoCh, 4To JUIsl OOIBIINX KOH-
(urypanmii MCONB30BaHNE CITyYaiHBIX 3HAUYCHUI ITapaMeTPOB MOXKET IPHUBECTH K TPOIYCKY
OIpe/IeNIEHHBIX TPAaHUYHBIX Clly4aeB. B CBs3M ¢ 3THM OBUIO NPEUIOKEHO B JalibHEHIIeM
HCTIIOH30BaTh 00YUAIONIyIO CpeAy BalHIaIUy Uil yMeHbIIeHus uteparmit VE u nepedopa
B TIpeleniax JIaHHOW uTepanuu. Bo Bcex ciryyasx HeoOXOIMMO ITPOBECTH LielIeHANPaBIICH-
HBII aHAIIN3 ¥ IPUHATH PEIICHUS U1 HAXOXKACHHUS Pa3yMHOTO KOJTHIESCTBA TAKUX UTEPALIUL.

B nanHO# cTaThe npemiaracTcsi METONIONIOTHST CMSATYEHHsT YIIOMSIHYTOTO BBILIE TIepedopa.
[IpemnoxeH HOBBI 00YJArOMIUIACS aITOPUTM W TIPUBEICHBI PE3yNIbTaThl €r0 MPUMEHEHHS,
00ocHOBBIBaroIIHe ero 3G (GEeKTUBHOCTD [T CHIDKSHHS Tiepedopa.

Knrouesoie cnosa: MBIST, Banmmpnarwis TeCTUPOBAHUS 1 BOCCTAHOBJICHUS, TECTUPOBA-
HHeE ¢ 001MM MHTepdericoM, HHTerpalys TECTUPOBAHMS, TECTUPOBAHUE CUCTEMBI Ha KPHCTAILIE,
paHAOMU3aINSL.
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APPLICATION OF TEMPERATURE DEPENDANCES OF PARAMETERS
IN A SINGLE-DIODE FIVE-PARAMETER MODEL OF SOLAR PANELS

Current economic developments promote the application of solar panels. This results
in more companies producing solar panels with quite different specifications. On the other
hand, the specifications provided by the manufacturers generally do not contain the full
information to be able to calculate the output of the solar panels in different usage
conditions. For this reason, we are in the process of building a solar panel model that allows
to calculate the output of the solar panels in different usage conditions based on the general
data provided in datasheets of commercially available panels.

Previously we provided the methodology of building a solar panel model from the
data provided in datasheets of solar panels. In this article, we refine the proposed
methodology and apply it on a solar panel BP4180T produced by BP Solar. The output of
the refined model is compared with the results of the previous model and with the datasheet
data of the solar panel of interest.

The analysis of the obtained results shows the applicability and repeatability of the
proposed model.

Keywords: solar panel modelling, PV cell, testing system, solar energy,
physical losses in solar panels.

Introduction. A solar panel can be modelled as a single-diode circuit in
parallel with a current source, where the diode is the result of the semiconductor
material of the solar cell [1-3]. For achieving results closer to real data, more
complicated models have been developed for solar panels. Among them, the most
used model for characterizing the solar panel performance is the so-called physical
loss mechanism, also known as the single-diode five-parameter model (Fig. 1).

Is

TS
bO @]

@«— < —> @

Fig. 1. The physical loss model of a solar panel with one diode and two resistors
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This model uses one diode and two resistors to describe the electrical losses
inside the solar panels. The series resistance represents the energy dissipated in the
form of heat in the electric circuit and the shunt resistance represents the current
that takes a shortcut to the end instead of going through the desired path. To
describe other existing defects in the solar panel such as non-uniform dipping, a
diode is included in the model.

Based on solar panel’s one diode two resistors physical loss model, the
general current-voltage characteristics of a PV panel can be written as:

v+Rg .
i=Ln—1I (em - 1> — v;::js [4]. (1)

The following characteristics are usually presented in datasheets of commercial
Solar panels: Vocste) (open circuit voltage), Iscstey (short circuit current), Pmaxsto)
(maximum power), Temperature coefficient of Isc, Temperature coefficient of Voc
and I-V (current-voltage) characteristic curves for different temperatures.

However, this information is not sufficient to estimate the expected power
output of the Solar panel for the given illumination and temperature conditions.
One needs to have the model of the Solar panel to be able to perform these
calculations.

Model Discussion. In article [4], there is a mechanism on how to obtain
solar PV model’s parameters values through datasheet data. For this purpose, the
article provides a Flowchart. Based on these principles, instead of long mathematical
calculations, we have built a computerized model in a MULTISIM environment
[5]. The new model generates outcomes identical to ones presented in [4]. We
compared the data generated by the model with the results of measurements of the
parameters of the solar panel presented in the datasheet (Fig. 2). We demonstrated
that although the simulation and measurement results are in general agreement,
there is a significant deviation between simulation and measurement results.
Hence, the output of this model does not repeat the data presented in the datasheet
of solar PV [5], which means that this model has some accuracy limitations.
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Fig. 2. Comparisons of the output of previous models [1][4] with measurement results:
a- simulation results (cross markers) compared to the results in [4] (solid lines),
b- simulation results (cross markers) compared to the measurement results from datasheet
(solid lines)[1]

To find the limitations of the model and improve it, some research has been
carried out. The thorough inspection of the model showed that in equations [2-5] the
temperature dependencies of ls, Vo, lo were taken into account, but temperature
dependences of resistors Rs, Rsn weren’t taken into account [5]:

Voc(T) = Voo + ko (T — Tsrc), 2
ki
Iie() = Ioe (14955 (7 = Tsz)) )
Voc(T)

Voc(T)—I5¢(T)Rg -

Io(T) = (I5o(T) — ZeetDleeDie) o™ v (4)
sh

Voc(T) Voo (T)

pn(T) = Io(T)e ™s"e + 0, (5)

In fact, for every material the electrical resistance has some dependence on
temperature, therefore we are suggesting that this model’s resistors should also be
encountered as being dependent on temperature [6]. With this assumption, we took
a linear dependence on temperature for the resistances in model (6):

R(T) = Rsrc(1 + a(T — Tsrc))- (6)

With the presented equation (6), a new model for BP-MSX120 solar panel
has been built [6]. To obtain I-V characteristics of the solar panels at different
temperatures we have changed the values of serial and shunt resistances according
to (6). To define the temperature coefficient a, we went through the cycles of the
algorithm/flowchart from [4] (Fig. 3) to find Rs and Rs, resistances of PV panel for
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each temperature point. In [4], the authors went through that cycle once, for only one
temperature they have found one value for Rs and one for Rsh, then they used those
values for each temperature point [4]. In contrast, we went through the steps of the

cycle for each temperature [6].

Initalize Ry Rqn, and V;

Newton-Raphson or
A4 Bisection method
PV =f(Rs, Rsn) from expression of Inp,

\ 4
New Rs | |Rsh =f(Rs,V:) from expression of dP/dV New Ry

Y l A

dP/dV@MPP = 0?

A

di/dV@ls = -1/Rsn?

\ /

Yes

\ 4
Final values for Rs,Rqn, and V;

\ 4
End

Fig. 3. A flowchart for determination of the PV panel model parameters [4]

With these steps we have obtained an average value of temperature
coefficient 0=-0,002. This value of temperature coefficient is in the range of TCR
(temperature coefficient of resistance) of silicon [7-9]:

R,—R
TCR = —2— 7
¢ Ry (Tz—Ty)' ( )

which is equal to 0.007 for pure silicon but may vary between (£0.001 — 0.008)
°C~! for semiconductors with different doping concentrations [10, 11]. For
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undoped polysilicon films the TCR is about -0.025 °C~* [12]. As a result, we
obtained the data shown in Fig. 4.

4

nt [A]
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Voltage [V]

a)

Fig. 4. Comparisons of the “new” model [1] and the “old” model [4] with actual results
for BP-MSX120 solar panel [5]: a- simulation results (solid lines) considering temperature
dependence of serial and shunt resistances (“new” model) compared to the datasheet
values (dashed lines) of BP-MSX120 solar panels, b- simulation results (solid lines)
considering temperature independence of serial and shunt resistances (“old” model)
compared to the datasheet values (dashed lines) of BP-MSX120 solar panel

In Fig. 4a, the datasheet data (dashed lines) compared with our modeling
results (solid lines), which includes temperature dependences of serial and shunt
resistances of the model.

In Fig. 4b, the datasheet data (dashed lines) compared with the result of the
simulation (solid lines) where the temperature dependences of serial and shunt
resistances of the model are not taken into account.

The comparison of Fig. 4a and b clearly demonstrates that the model now is
significantly improved.

To evaluate the model improvement, we have calculated the root mean
square deviation (RMSD) of modeling results from datasheet values for “old” and
“new” models (Table 1).

Table 1

The calculated RMSD values of 1-V curves obtained by measurement and simulation
(BP-MSX120)

T °C Root Mean Square Deviation
' datasheet data V'S existing model datasheet data V'S introduced model
0°c 0.094 0.079
25°C 0.046 0.034
50°C 0.087 0.087
75°C 0.072 0.072
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Table 1 indicates that the introduction of new temperature dependences
improves the model accuracy and brings the output of the model closer to the
measurement results.

The comparison of the maximum power points (MPP) resulting from
measurements, from “new” model and from “old” model is presented in Table 2.

Table 2
The output power at MPP of BP-MSX120 solar panels
T °C Power at Maximum Power Point, W
' datasheet introduced model existing model

0°cC 125.4914 129.1214 134.0488
25°C 113.9456 115.1346 120.0760
50°C 103.3572 103.1626 105.5378
75°C 89.8748 89.9456 91.2999

We calculated the MPP of solar PV because it is one of the most important
parameters of Solar PV panels. It is as important as Isc and Voc. That means, if
MPP of the curves does not match with the datasheet, the results that we obtained
are not correct, even when the values of Isc and Voc match with the values of those
given by the datasheet BP-MSX120 solar panel.

Simulation and Results. To prove the consistency of the newly proposed
model, we decided to apply this model to another commercially available Solar
panel — BP Solar BP4180T.

Using the formulas of article [1], and the parameter detection algorithm
given in the same article, we have found Rs and Rsh. Then, by the method we have
proposed, the temperature dependances of series and shunt resistances obtained.

Then, we carried out the “new” and “old” model simulations for different
temperatures and plotted the corresponding 1V curves on Fig. 5 and 6.

“

Current [A]

0 T 'llll lel Slll 4Ill T 50
Voltage |V
Fig. 5. Simulation results (solid lines) considering the temperature dependence of serial
and shunt resistances (“new” model) compared to the datasheet values (dashed lines) of
BP4180T solar panels
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Fig. 6. Simulation results (solid lines) considering the temperature independence of serial
and shunt resistances (“old” model) compared to the datasheet values (dashed lines) of

BP4180T solar panels

The comparison of Fig. 5 and Fig. 6 clearly demonstrates that the model is
improved when the temperature dependances of series and shunt resistances are
encountered. This means that the proposed model works for BP4180T solar panel

as well.

To show more accurately the data improvement, we calculated the root mean
square deviation (RMSD) for BP4180 solar panel at different temperature conditions

(0, 25, 50, 75). First, we compared the deviations between the “new’

)

model

simulation results and the datasheet data, then we compared the deviations between
the “old” model simulation results and the datasheet data (Table 3).

Table 3

The calculated RMSD values of 1-V curves obtained by measurement and simulation

(BP4180T)

Root Mean Square Deviation

0
T.7¢ datasheet data V'S existing model | datasheet data VS introduced model
0°c 0.07902 0.07759
25°C 0.08640 0.08640
50°C 0.08755 0.08752
75°C 0.09877 0.09867

Then we calculated the maximum power points for all IV curves and
compared the results with datasheet values (Table 4). As can be seen, the output of
the “new” model is closer to the datasheet data than the output generated from the

“old” model.
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Table 4
The output power at MPP of BP4180T solar panels

T oC Power at Maximum Power Point, W

’ datasheet introduced model existing model
0°c 200.3549 199.8877 199.4987
25°C 182.8636 179.2859 179.2859
50°C 166.9706 161.8130 158.8646
75°C 145.0250 144.0908 138.3472

Conclusion. In this work, we applied the proposed by us new model to
another solar panel. Following the same algorithm as in previous works, performing
calculations and modeling, we got the model output for BP4180 solar panels for
different temperatures. We compared the IV curves obtained by the new model with
the curves of the datasheet, then we compared the curves of the old model with the
curves of the datasheet. As a result, a clear improvement of the model is noticeable
when we introduce the temperature dependence of serial and shunt resistances of
the solar panel model.

Thus, it is shown that the new model proposed for the simulation of solar
panels generates results much closer to the measurements than the old model does.

REFERENCES

1. Simonyan A.T. New modeling approach to single-diode model of solar panels using
multisim software // Proceedings of National Polytechnic University of Armenia:
Information technologies, electronics, radio engineering. -2023. - N1.- P. 78-86,
doi:10.53297/18293336.

2. Kadeval H.N., Patel V.K. Mathematical modelling for solar cell, panel and array for
photovoltaic system // Journal of Applied and Natural Science.-2021.-13(3).-P.937-
943, doi: https://doi.org/10.31018/jans.v13i3.2529.

3. NadiaM., Lassad H., Abderrahmen Z., Abdelkader C. Influence of temperature and
irradiance on the different solar panel panel technologies// International Journal of
Energy Sector Management.- 2021.- Vol. 15, No. 2. - P. 421-430, Doi: https://doi.org/
10.1108/1JESM-06-2020-0002.

4. Sera D., Teodorescu R., Rodriguez P. PV panel model based on datasheet values//
Aalborg University, Institute of Energy Technology, DK-9220.- Aalborg, Denmark,
IEEE, 1-4244-0755-9/07.- 2007.- P. 2392-2396.

5. Petrosyan O.H., Muradyan S.T., Simonyan A.T. Introduction of New Temperature
Dependances of Parameters in a Single-Diode Five-Parameter Model of Solar Panels//
2023 IEEE East-West Design & Test Symposium (EWDTS).- Batumi, Georgia, 2023.-
P. 1-4, doi: 10.1109/EWDTS59469.2023.10297091.

84


https://doi.org/10.31018/jans.v13i3.2529
https://www.emerald.com/insight/search?q=Mars%20Nadia
https://www.emerald.com/insight/search?q=Houcine%20Lassad
https://www.emerald.com/insight/search?q=Zaafouri%20Abderrahmen
https://www.emerald.com/insight/publication/issn/1750-6220
https://www.emerald.com/insight/publication/issn/1750-6220
https://doi.org/%2010.1108/IJESM-06-2020-0002
https://doi.org/%2010.1108/IJESM-06-2020-0002

6. Simonyan A.T. Design of a system for measuring the maximum power point of solar
panels // Bulletin of National Polytechnic University of Armenia.- 2022. - P.177-182.-
UDC 621.316.58

7. Chigak A.S., Sheryazov S.K. Study of the energy characteristics of solar cells // South
Ural State Agrarian University.- Chelyabinsk, Russia, 2020. —P.406-411.

8. Belsky A.A., Glukhanich D.Y., Carrizos M.J. Analysis of specifications of solar
photovoltaic panels // Renewable and Sustainable Energy Reviews.- 2022.-Vol.15,
112239, ISSN 1364-0321.

9. Singh P. , Ravindra N.M. Temperature dependence of solar cell performance—an
analysis // Solar Energy Materials & Solar Cells, Department of Physics.- New Jersey
Institute of Technology, Newark, NJ 07901, USA, Elsevier B.V., 2012.- P.36-45,
doi:10.1016/j.s0lmat.2012.02.019

10. Norton P, Brandt J. Temperature coefficient of resistance for p- and n-type silicon //
Solid-State Electronics.- 1978.-Vol.21, issue 7, ISSN 0038-1101.- P. 969-974, doi.org/
10.1016/0038-1101(78)90296-4

11. Bullis W.M., Brewer F.H., Kolstad C.D., Swartzendruber L.J. Temperature
coefficient of resistivity of silicon and germanium near room temperature // Solid-State
Electronics.-1968.-Vol. 11, issue 7, ISSN 0038-1101, P.639-646., doi.org/10.1016/
0038-1101(68)90065-8.

12. Kovalevskii A.A., Dolbik A.V., Voitekh S.N. Effect of doping on the temperature
coefficient of resistance of polysilicon films // Russ Microelectron 36.- 2007.- P.153—
158, doi.org/10.1134/S1063739707030031.

National Polytechnic University of Armenia. The material is received on 10.04.2024.

U.S. UhUNLBUY, O.2. NMESLNUBUL, U.S. UNRLUNBUL

Urt49U3bL 4U2U00UYP UBY- RN 2BULS -NULUUESE UNYELE
YbLUNNRESNPULL' ZUTYDP UNULELNY, QGLUUUSREKULUSEL
YU UONRE3NRLLET

Ukpjuyhu mbnbuwuwt qupqugnidubpp tyuunnd Bu wpbughtt Juhwtwlyubph
Yhpundwip: Uw hwigkgund t tpwl, np wykih own pubpmipniuibp wpnwnpnd Bu
wplughtt quwhwbwlitp” dhwiquidwy nwppkp pinipugptpny: Uwluyh wpnwngpnnbph
Ynnuhg wpwdwnpjué punipwugpbpp hhdbwlwind skt yupnibwlnd  wdpnpowjut
nbntjuwnynipniy, npytugh htwpwynp (hth hwpdupyl] wpbhuyhtt Jubhwtwyubph Epp
oquuugnpsdwb mwppbp wuydwbbpnud: Nunh wydd wpbughtt Jwhwbwlutph ungkh
Jupnigdwt thnymd Gup, Epp hwpquplynid £ wpbuyhtt quhwbiuljubph Epp nwppbp guy-
dwbibpmud’ hhdikny Juhwbwlbph nkuihjulul huunnwpgeipmd dkpljupug]us
npunhwunip wyjwubph Ypue

Lwjuyhtt wojuwwnwpbpnid ukpuyugpty Bup wplughtt quhwiuwlubph dnghbh
Jwpniguwh Ukpnpupuimpniip’ wphughtl quhwiwlibph nkpthjulub huunnwpnpnd
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ubpuyugus ndjujutph hhdwt Jpu: Uju hnnpubdmd gnyg k. nipynid wnwewplyny
Ubpnnh Ypyubhnipiniup b Jhpwenwdp wyt BP4180T wpbwyhtt quhwiwlh pw, np wpnw-
nnnud k BP Solar -p: Ywwnwpbjugnpdyws wju dnphih wpyniiptitipp hwdbdwngt) B bwpu-
nnn Unnbjh wpyniupubph b wplwjhtt quhwbwlh wkpuhulwt huunwpneowd tkplw-
jugqwd wnyjuutph htwn:

Uwnwugjws wpnniupubph hpnudnipniup gnyg k wwwhu wnwewplynn Unnbih Yh-
punbjhnipiniup b yEkpupunwunpbihnipmibn:

Unwibgpughl punkp. mipliughtt quhwbwlh unnk), dninnynpunughtt quhwtil, phu-
nwynplwt hwdwlwpg, wphwght tutipghw, bhqhjujwt Ynpniunbbp wpbwhtt dwpwn-
ngubkpnu:

A.T. CUMOHJIH, O.A. IIETPOCSH, C.T. MYPAJISAH

NPUMEHEHUWE OJHOJAUOJHOM MATUHAPAMETPHUYECKOM
MO/EJIX COJTHEYHOM IMAHEJIN C YYETOM TEMITIEPATYPHbBIX
3ABUCUMOCTEMN

Texyiiee 5KOHOMHUECKOE Pa3BUTHE OJIArONPHUIATCTBYET UCIIOIB30BAHUIO COTHEUHBIX
Oarapeii. OT0 IPHUBOIUT K TOMY, YTO BCE OOJIBIIIC KOMITAHHI TPOU3BOIIT COTHEUHBIC MTAHEH C
COBEPILEHHO pPAa3HBIMH XapakrepucTukamu. OJHAKO crenu(UKamuy, MPeIoCTaBIsIeMbIe
TIPOM3BOAMTEISIMH, OOBITHO HE CONEpIKAT IOTHON WH(pOPMAIINH, MO3BOIIIIONICH pacCYUTaTh
MOIIIHOCTh COJTHEUHBIX MAHENEH B pa3IM4HbIX YCIOBUAX MCIIONIb30BaHMsl. UMEHHO MOATOMY
HEO0XOIMMO CO3/IaTh MOJICNb COTHETHOH TTaHeITH, KOTOpast TIO3BOJIUT HaM PAacCUUTATh MOIITHOCTh
COJTHEUYHBIX OaTapeill B Pa3IMYHBIX YCIIOBHSIX, OCHOBBIBASCH HA OOIIUX JAHHBIX, IPEACTaB-
JICHHBIX B TEXHUYECKON JOKYMEHTAIMH MaHeeH.

B npeapiaymux padotax HamMHu ObUIA MPEUIOKEHA METOAMKA MOCTPOCHUS MOJICIH
COJIHEYHOM MaHeNu Ha OCHOBE JIaHHBIX, MPEACTABICHHBIX B TEXHUYECKOM JIOKYMEHTE COJI-
HE4YHOU nmaHenu. B 3Toli cTaThe MpoAeMOHCTPUPOBAHA TOBTOPSIEMOCTh IPEASIOKEHHOTO Me-
TOIA U TPUMEHIEMOCTh ero K coiHeuHoi manenu BP4180T npoussoacrea BP Solar. Pe-
3yJbTaThl 3TOM YIYUIIEHHON MOJEIU CPABHEHBI C PE3ybTaTaMu NMPEABIAYLIEN MOJIENH U C
JIAHHBIMH, MPEICTABICHHBIMU B TEXHUUYECKOM JOKYMEHTE MHTEPECYIOIIEH COJIHEYHOU Ma-
HEJH.

AHanu3 MOJIyYEHHBIX PE3yJIbTaTOB MOKa3bIBAET NMPUMEHUMOCTh U MOBTOPSEMOCTD
PpaboTHI IPEITI0KCHHOW MOJIEITH.

Knrouesvle cnosa: MonenupoBaHue COJIHEYHBIX MaHeseH, (POTOAIEKTpHUECKHE dIie-
MEHTBI, CUCTEMa TCCTUPOBAHUS, COJMHECUYHAs SHEPrus, GU3UYCCKUC MOTEPH B CONHEUHBIX
TaHessX.
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BENCHMARKING AND IMPLEMENTING DEEP LEARNING
ALGORITHMS ON FIELD PROGRAMMABLE GATE ARRAYS AND
APLLICATION SPECIFIC INTEGRAL CIRCUIT PLATFORMS

Issues on the enhancement of Artificial Intelligence (Al) performance using Field-
Programmable Gate Arrays (FPGA) and Application-Specific Integrated Circuits (ASIC)
are studied. It focuses on benchmarking and implementing deep learning algorithms, crucial
components of modern Al, on these advanced hardware platforms. The study begins with
an explanation of the significance of deep learning in Al and the growing need for efficient
computing platforms like FPGA and ASIC. These platforms are known for their high-speed
processing capabilities and low power consumption, making them ideal for Al applications.

The research then delves into a detailed analysis of how deep learning algorithms
can be optimized and executed on FPGA and ASIC platforms. It highlights the methods
used to benchmark the performance of these algorithms on the mentioned hardware,
providing a clear comparison with traditional computing systems. The paper also discusses
the challenges and solutions in integrating deep learning algorithms into these specialized
hardware environments.

Further, the advantages of using FPGA and ASIC for Al tasks, including improved
processing speed, reduced energy consumption, and enhanced ability to handle complex Al
computations are studied.

Keywords: FPGA, ASIC, artificial intelligence, neural networks.

Introduction. The field of artificial intelligence (Al) has seen an unprecedented
acceleration in performance and efficiency, primarily driven by significant
advancements in deep learning algorithms and their implementation on specialized
hardware platforms. This paper delves into the comparative analysis and practical
implications of deploying deep learning models on Field-Programmable Gate
Arrays (FPGAs) and Application-Specific Integrated Circuits (ASICs), two of the
leading hardware platforms that offer distinct advantages for Al applications. It is
predicted that the Al on chip market revenue will be rising exponentially in the
coming decade [1] and will increase more than 13 times until 2032 (Fig. 1).

FPGAs, known for their flexibility and reconfigurability, present a compelling
option for Al research and development, allowing for rapid prototyping and adaptation
to evolving algorithmic needs. The adaptability of FPGAS to changing requirements
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and algorithms is discussed in-depth in the [2] works of Hauck and DeHon (2010),
who highlight the architectural benefits and design considerations of FPGAs for
computing tasks.

Artificial Intelligence chip market size, 2022 to 2032 (USD billiion)
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Fig. 1. Al on chip market revenue predictions

On the other hand, ASICs, with their specialized design tailored for specific
applications, offer unmatched efficiency and performance for well-defined tasks.
[3] explores the design space and optimization strategies for ASICs in Al, emphasizing
the potential for achieving high throughput and energy efficiency in deep learning
applications.

The core of this paper focuses on benchmarking the performance of deep
learning algorithms when implemented on these platforms, considering metrics such as
computational throughput, power consumption, and latency. Benchmarking efforts
draw on the methodology outlined in [4] comprehensive analysis of deep learning
benchmarks across various hardware platforms, providing a framework for evaluating
FPGA and ASIC implementations. The data from [4] is summed up in Fig. 2.

By integrating insights from these reference papers, the current study offers
a nuanced understanding of the trade-offs involved in choosing between FPGAs
and ASICs for Al tasks. It examines how the inherent flexibility of FPGAs might
be leveraged for experimental and evolving Al models, while the efficiency of
ASICs could be harnessed for large-scale, high-performance applications with
stable requirements.
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Furthermore, this paper contributes to the ongoing discourse on optimizing
hardware architectures for Al by presenting case studies and empirical data on the
implementation of cutting-edge deep learning algorithms on both FPGA and ASIC
platforms. Through this analysis, it seeks to provide actionable insights for
researchers and practitioners in the field of Al, guiding the selection and
optimization of hardware platforms for diverse Al applications.

FPGA g ASIC
Fast - Time to market ] Slow

Low l Time to market - High
Simple ' Time to market - Complex
High - Time to market ] Low
High - Time to market ] Low

Fig. 2. Pros and cons of FPGA against ASIC

Incorporating an examination of benchmarking methods into the discourse
on the implementation of deep learning algorithms on FPGA and ASIC platforms
is essential, especially given the inherent challenge of establishing equivalency
between disparate FPGA models and ASIC designs. This paper extends its analysis
to address these benchmarking intricacies, adopting a multi-faceted approach to
navigate the heterogeneity of hardware specifications and performance metrics.

Benchmarking deep learning implementations on FPGAs and ASICs involves
a nuanced methodology that accounts for not only raw performance metrics such as
computational throughput (in operations per second) and power efficiency (in
operations per watt), but also factors like programmability, scalability, and the
adaptability of the hardware to evolving deep learning models. The complexity of
this task is amplified by the diversity in FPGA architectures and the specificity of
ASIC designs, which necessitates a standardized yet flexible benchmarking
framework.
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In essence, the benchmarking methodology outlined in this paper is designed
to provide a fair comparison of FPGA and ASIC platforms for deep learning
applications. By addressing the challenge of establishing equivalency between
heterogeneous hardware platforms, this approach enables a more informed
decision-making process for researchers and practitioners in the field of Al,
guiding the selection of the most suitable hardware for specific deep learning tasks
and objectives.

Method. To perform proper benchmarking between FPGA device and ASIC
design two aspects are compared:

o Power efficiency

e Maximum clock period

Of course, to ensure equivalent conditions for comparison several
considerations must be made.

1. The same RTL code is used during synthesis for FPGA and ASIC design.

2. During synthesis and implementation stages, the same constraints are
used for FPGA and ASIC design.

3. ASIC design uses a transistor library for the same technology and
operating voltage as the FPGA device’s internal logic. During the analysis stage
both environments are simulated in a typical corner.

4. For both devices, the same generated RTL code is used. The RTL is
generated by using several caffe models and executing IBM’s AccDNN tool [5].

5. For FPGA, the RTL models are synthesized, implemented, and analyzed
using Xilinx Vivado tool [6]. The board used in the research is Vitrix-7.

The flow used to achieve proper benchmarking between ASIC and FPGA is
illustrated in Figure 3 which includes all mentioned steps. ASIC design is created
and simulated by Synopsys Design Compiler tool [7] (Fig. 4). The technology used
for the implementation is Synopsys Advanced Education Design 32/28 nanometer
(nm) library, since it is the same one used for Virtix-7 FPGA boards. The transistor
library is selected based on the operating voltage (1.05V), process (typical) and the
transistor type (rvt). The constraint file between Vivado and Design Compiler tools
is shared since both support the *.xdc format.
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Neural Network Training

]
Caffe model
[ [ Behavioral RTL ] [ Constraints ] ]
K Artix-7 SAED32/ i
Synthesis board 28nm Synthesis ]
Implementation ] Operating voltage 1.05V [ Implementation
l Tested temperature 25C 1
Tested process Typical
Power Transistor technology 28nm Power
Timing Timing
Utilization/Area ‘ Utilization/Area
Comparison

Fig. 3. FPGA vs ASIC benchmarking flow

Fig. 4. ASIC design synthesized by Design Compiler (on the left). Design placed on FPGA
(on the right)

Experimental results. Several neural networks were passed through the

mentioned flow (particularly cifar10 [8], vggl6 [9], yolo [10], Alexnet [11]). Both
static and dynamic powers were measured and compared. Total power is equal to

the sum of static and dynamic powers as shown in Figure 5.
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Static Power Dynamic Power
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Fig. 5. Power dissipation in ICs

t
S = fo Vbplieak dt, 1)

where S is the static power dissipation, V, — the source voltage, I}, — the total
leakage current of the system.

t
D = [, CVppfedt, )

where D is the dynamic power dissipation, C — the total switching capacitance of
the circuit, Vpp — the source voltage, f. — switching activity or frequency.
Finally, the total power dissipation, which is the sum of D and S will be:

t
E=D+S5= fo (VDDIleak + CVL%ch)dt- (3)

The tools are measuring the system power based on equations (1), (2), (3),
and the results are shown in Table I.

As can be seen from the results, all ASIC designs show significantly lower
power consumption due especially in the dynamic domain. The main contributors
to this reduction are optimized design, lower parasitic due to shorter and more
efficient routing and clock paths.

The second aspect of benchmarking is the maximum clock frequency which
directly impacts the computation capability of the design. Apart from the device
limitations, the only entity which keeps the working frequency down is the slack
represented in formula (4):

Slack = Arrival_time — Required_time, 4

where Arrival_time is the time elapsed for a signal to arrive at a certain point.
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Power measurement for several ANN implementations (in Watts)

Table 1

Platform Power cifarl0 vggl6 yolo Alexnet
- Dynamic 2,328 7,128 7,338 7,212
Virtix-7 -
Static 0,244 0,736 0,797 0752
ASIC Dynamic 0,189 0,4859 0,5132 0,4808
Static 0,0235 0,0849 0,0927 0,08997

The Required_time is the latest time at which a signal can arrive without
making the clock cycle longer than desired.
The slack should always be positive, otherwise the design will not function
properly.
Table 2

The maximum working frequency with the acceptable slack for several ANN
implementations (in MHz)

Platform cifarl0 vggl6 yolo Alexnet
Virtix-7 186,7 219,3 128,0 185.4
ASIC 568,4 472.3 232,9 281.9

Conclusion. This study has provided evaluation of deep learning algorithm
performance on FPGA and ASIC platforms, highlighting the trade-offs between
flexibility and efficiency. The findings demonstrate that while FPGAs offer
adaptability and are conducive to research and development, ASICs excel in high-
throughput, energy-efficient computations for established deep learning tasks. The
benchmarking methodology adopted ensures a fair and informative comparison,
considering factors such as power efficiency, clock frequency, and design area. The
data shows improved power efficiency of ASIC designs compared to FPGA by
average 90.2%. At the same time, ASIC designs have 67.5% higher clock frequency
capability. The future work will expand on the implications of these findings for
the design of more specialized hardware and the optimization of deep learning
algorithms for these platforms. Also, microbenchmarking can be added to the
methodology to increase the equivalency between the devices, and gain more
insight into the further design optimizations.
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PEAJIMZAIIUA U CPABHEHUE AJITOPUTMOB I''IYBOKOT'O
OBYUYEHMS HA IVIAT®OPMAX ITPOI'PAMMMPYEMBIX
BEHTUJIBHBIX MATPHULl 1 UHTEI'PAJIBHBIX CXEM
CIIEHUAJIBHOT'O HASHAYEHMUA

Hccnenyrorcst BOnpoch! MOBBILEHHS TPOU3BOAUTENBHOCTH UCKYCCTBEHHOTO MHTEILIEKTA
(M) c ucronp30BaHMEM MpPOrpaMMUPYEMbIX BeHTHIBHBIX Matpull (IIBM) n mHTerpansHbIX
cxeMm cnenunanbHoro HazHaueHus (ICCH). OcHOBHOe BHUMaHHE YEIACTCS TECTUPOBAHHIO
W BHEJPEHHIO aJITOPUTMOB TITyOOKOTO OOy4eHMsl, BAYKHEHIIINX KOMIOHEHTOB COBPEMEHHOIO

HCKYCCTBEHHOI'O MHTEJUIEKTA, HA OTUX IIEPEAOBBIX aIlllapaTHBIX rmaT(bopMax. UccnenoBanue
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Ha4yMHaeTcs ¢ 00BICHEHUS 3HaueHus riryookoro o0y4yenust B U u pacryueit morpedHOCTH B
3¢ PEeKTUBHBIX BBIYUCIUTENBHBIX IUIaTopmax, Takux kak [IBM u UCCH. Otn nnardopmst
W3BECTHBI CBOMMH BO3MOKHOCTSIMH BBICOKOCKOPOCTHOHM 00paOOTKM M HU3KUM SHEpronoTpede-
HHEM, YTO JeJlaeT UX HACATbHBIMU JUIS MPUI0KEHUH MCKYCCTBEHHOTO MHTEIUIEKTa. 3aTeM
UCCIe/IOBaHNE YrITyOJsieTcss B MOJAPOOHBIN aHaIN3 TOro, KaK ajrOpUTMBbI IIyOOKOro oOyue-
HHS MOTYT OBITh ONTHMH3HPOBAHbI M peann3oBanbl Ha iatgopmax [IBM u UCCH. B Hem
OCBEILAIOTCSI METOJbI, UCTIONIb3yEMBIE TS OLIEHKH MTPOM3BOAUTEIHLHOCTH 3THX aITOPUTMOB
Ha YIOMSHYTOM 00OpYZIOBaHWH, OOECTICUNBAsI YETKOE CPABHEHUE C TPAAMIHMOHHBIMH BBIUHCIIH-
TeTbHBIMU cucTeMaMi. OOCY)KHAroTcs MpoOJeMbl W PEIIeHUS 110 WHTErpaluyl alrOpHTMOB
ITyOOKOro 00y9eHHs! B 3TH CHENMAIN3UPOBAaHHBIE alllapaTHBIE Cpeibl. M3ydaroTes mpenMyInecTsa
ncrions3oBanmst [IBM u UICCH nnst 3amau MU, BKiFOYast TOBBIIICHHUE CKOPOCTH OOpaOOTKH,
CHIDKEHHE SHEPronoTpedIeHNs U paclIipeHre BO3MOKHOCTEH 00pabOTKY CIIO’KHBIX BBIYHUCIIE-
Huit U1

Kniouesvie cnoea. nporpaMMHupyeMble BEHTWIbHBIE MATpPHIBI, HHTETPAJIbHBIE CXEMBI
CIEeNHMANTbHOTO Ha3HAUYEHUs, NCKYyCCTBEHHBIN HHTEIUIEKT, HEHPOHHBIE CETH.
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DESIGNING A HIGH BANDWIDTH LOW NOISE VOLTAGE MODE
DRIVER

During recent years wireline data speed rapidly increased, and data rate limits reached
112 Gb/s making power, noise, and reliability requirements tighter. Modern systems should be
flexible to perform on various frequencies and support multiple protocols keeping proper data
quality on the output. For high-speed data transmission, modern circuits use the PAM4
signaling method instead of NRZ to reach a higher bandwidth, by keeping lower clk and
data rates. PAM4 data transmission method makes all mentioned parameters’ variation range
even more strict. Parasitic components of the circuit make it hard to reach enough bandwidth
required for proper clock and data transfer.

Keywords: SERDES, transmitter, voltage mode driver, clock, receiver, PAMA4.

Introduction. Nowadays, demand for high speed SERDES interface IPs is
increasing at a tremendous speed. Recent developments in Al, 10T and cloud
computing require data transmission speed up to 224 Gb/s. One of the main
challenges for robust data transmission in high speed SERDES systems is bandwidth
limitation. Recent developments propose to use PAM4 signaling to increase data-
rate without any bandwidth overhead. Using Quadrature clocking in both transmitter
and receiver is also being widely used. This approach allows to have lower operati-ng
clock frequency. Quadrature clocking architecture results in numerous design
challenges in the transmitter. The most important part during transmitter design
with quadrature clocking architecture is 1UI pulse generation. Fig. 1 demonstrates
how 1UI generation is being done using 4 phase clocks. Using a quarter rate
muxing circuit instead of 2:1 method allows to achieve twice the higher data
frequency of mux output without its input clock and data frequency change, from
another point of view, the design of such a circuit could be more complex.

1UI generation is mainly performed in pre-driver circuits. There are several
well-known approaches to 1UI generation for both voltage mode and current
drivers [1-3]. These circuits should properly pass the provided information for each
data phase keeping rail-to-rail signal and proper bandwidth. Additionally, as the
overall specification becomes more stringent for greater data speeds, it is essential

to design cells with low signal jitter.
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High signal noise could alter the output data edge positions causing high bit-
error rates and errors in the data package.

D_0 | | Ii
oo [l | | |
8 Gb/s data
D_2 | [ | | 4 GHz signal
03 | I |
clk 90 8 GHz clock

Fig. 1. The 1UI data generation process

To overcome the described issues, an inverter with resistance feedback is
adopted which improves the overall bandwidth of the circuit and decreases the
output data jitter [4].

When the Miller effect is taken into consideration, Rfin and Rfout might be
used to represent feedback resistance (Fig. 2).

Rf

WA
4X1 N | ow
MUX |~

Miller effect

4X1 N ow
|~

MUX % %
Rf in Rf out

Fig. 2. The inverter with resistive feedback
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In the equations above A,(= —A4,) illustrates the small signal gain of the
inverter. Using this feedback, the output time constant of 4:1 MUX will be
decreased by shunting the output resistance with Rfin.

From another point of view, with a decreased input impedance of the inverter
results in lower signal swing on its input. Additional signal buffering will bring
back the signal swing to the proper value.

The proposed design. To cover the PCle6 data rate, the proposed pre-driver
(Fig. 3) is designed in SAED (Synopsys Armenia Educational Department)14-nm
technology to operate at a frequency of 16 GHz which is enough to pass the 64
Gb/s bandwidth in the PAM4 mode. A resistance tuning option will be included to
make it possible to run the pre-driver for even higher frequencies. For standards
with lower frequencies where 4:1 MUX bandwidth is enough, a feedback resistor
can be disabled to prevent the crowbar current, hence, additional current
consumption.

PD/PU control 4x1 MUX
data_3
a3
data_en clk270 }4
data_3_n clkl
data_en_n cIk90 9_{
cIk180
e | .
—A\A

data_z
d2
data_en clk180
data_2_n clk270
d2_n
data_en_n: clkd
<lks0
data_1
d1
data_en Ik
do

data_1_n clk180
di_n

data_en_n k270
data_en :D— ko

data_0

cIko
data_0_n ciksp __:
do_n
data_en_n. oIk180
<Ik270

Fig. 3. 4:1 mux with feedback resistor

4:1 mux is designed to receive 4 phase data coming from serializer circuit
aligned with 4 clock phases. Each data line is controlled by two 90-degree shifted
clocks. The circuit consists of inverters controlled by NAND and NOR circuits,
inverters could be set at high-z state while NAND and NOR signals are the
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corresponding signals. Each data line passes input data allowed by its input clock
signals.

To enable signal folding while the driver is deactivated in power down (PD)
mode, an extra input signal control circuit was added. It is composed of
independent NAND and NOR logics that serve as switches for power-off and
operational modes. Both cells transmit data while in functional mode, but when in
PD mode, they pull down 4:1 MUX P and N inputs to logic high and low levels. As
a result, the general 4x1 MUX circuit is deactivated regardless of the clock signal,
and fake data switching is prevented.

This will result in a high Z state at the 4x1 mux output in PD mode, causing
the crowbar current to flow through the feedback resistor even in power-down
mode. To avoid such issues, the resistor itself will also be deactivated in such
circumstances. To prevent a high Z state, the output point could be pulled to 0 or
logic high level.

The data are following up to the main muxing part where the clock signals
are used as controls to pass for each data line. Clock signals need to be aligned to
have 90-degree phase shift. As there are 4 data phases shifted towards each other
for 90-degree, clock signals for each mux are chosen to serialize each input data
without crossing each other. Clock and data paths routings should be designed
carefully not to add additional phase error between signals, paths should be
perfectly matched and avoid unnecessary couplings.

Mux logic on its turn consists of NAND and NOR parts, these cells receive
data and data inverse signals correspondingly, therefore output stage PINV/NINV
transistors receive opposite signals on their input.

In the power-down mode, PINV and NINV are disabled, the output signal is
not driven and pulled to a high-impedance state. Transistor sizes are chosen
carefully to provide a minimal load for clock and data routes and guarantee proper
functionality.

Feedback resistor with its switches. After MUX, driving inverter with designed
feedback resistor logic is used (Fig. 4) to reach the appropriate bandwidth, the
designed logic allows to choose a feedback resistance value for multiple frequencies,
which also has a function to be disabled and use the inverter as a buffering stage.
The designed mux bandwidth is enough to operate in 8 GHz frequency providing
rail-to-rail signal at its output, also the signal jitter is low, and, using a feedback
resistance solution will add additional power consumption to the circuit, therefore
its disabled. This frequency is enough to have a functional driver solution for
PCle4 standard operating at the NRZ mode.
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Rrni/2 |:| Rr/2
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Rro/2 o Ri/2
res_ctrii_n
feedback_en

res_ctri0 Buffering stage

Fig. 4. Implementation of a resistive feedback inverter

Looking at PCle5 and PCle6, it is known that the first standard uses NRZ
signaling and requires a 16 GHz signal at the driver input. PCle6 standard in its
turn uses the PAM4 method to achieve 64 Gb/s data rate using the same frequency
at pre-driver. In this case, MUX itself drives poor signal, with ~1 ps data jitter on
its output. These values are not acceptable, the feedback resistance circuit should
be switched ON, with a correctly chosen resistance value.

As described correctly the chosen resistance value will put the MUX
bandwidth in the proper point, making output signal noise lower, the buffering
stage brings back degraded signal levels to the proper logic levels.

The resistance value changed to find the optimal point where data jitter and
its quality are presented properly, lowering the resistance value too much will
increase the block power. By lowering resistance signals, logic levels also degraded,
therefore additional buffering can be necessary to drive the signal back to rail-to-rail
values which also affects power consumption.

For this design, 4.6 kOhms resistance value was chosen for 16 GHz operational
mode, and signal levels are decreased ~150 mV at the MUX output with 213 fs jitter
values, after buffering signal levels reaching rail with data noise 400 fs (Fig. 5).
Looking forward to allowing 112 Gb/s data transmission input data is set to 7 GHz
with 14 GHz 4 phase clock combination. Receiving such a signal on its input MUX
will drive, the 28 GHz signal which will allow the driver to drive the 56 Gb/s signal
in NRZ mode and 112 Gb/s in the PAM4 mode [5-7], this speed corresponds to
modern die-to-die PHY's solutions, where data transmission speed is higher than
100 Gb/s.

To perform in such frequencies, an additional resistor with its switches is
added to the design, which will allow choosing the proper calibrated resistance

value for each frequency.
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Fig.5. The feedback resistor output signal before and after the 4.6 kOhms resistor enables

Calibrated with 1.7 kOhms MUX delivers a signal with 410 fs noise buffering
stage decreasing 6 ps noise value without the proposed solution. After buffering, the
driver stage would receive a 700 fs data jitter signal with proper logic levels (Fig. 6).

Fig. 6. Feedback resistor output signal before and after the 1.7kOhms resistor enables

The finalized noise and power values are presented in Tables 1 and 2
correspondingly [8].

Table 1

Noise values and power consumption for 16GHz

Feedback Feedback
Parameters OFF ON
;ZE;'I_'Z MUX output jitter [fs] 1000 213
Jitter after signal buffering [fs] 1200 400
MUX current consumption [uA] 446 534
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Table 2

Noise values and power consumption for 28 GHz

Feedback Feedback
Parameters OFF ON
ii?:]r?all_'z MUX output jitter [fs] >6000 410
Jitter after signal buffering [fs] >6000 700
MUX current consumption [¢A] 690 781

In [4], the studies show the data-dependent jitter at the feedback resistor output
signal before and after enabling the 450 Ohm resistor for the 30 GHz frequency,
which is enough to support the 56 Gb/s data rate in the 40-nm technology. The
compared noise results are presented in Table 3.

Table 3
Noise value comparison for 28GHz and 30GHz
Feedback Feedback
Parameters OFF ON
28 GHz signal MUX output jitter [fs] | >6000 410
30 GHz signal MUX output jitter [fs] | 5200 170

Conclusion. As a result, the designed feedback resistance logic in SAED 14-
nm technology not only delivers good quality signals in high frequencies but also
gives the flexibility to choose optimal values of resistance for each frequency
giving the advantage of not losing additional current between the operation modes.
With only one resistance on feedback, the circuit will be designed to pass only the
highest frequency possible (112 Gb/s), there will be high current consumption
because of the crowbar current of the inverter even in low frequencies (64 Gb/s)

where higher resistance values are enough to pass the signal.
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PULAC ENTNPLUUYNRESUUR, UNUYUYUSNRL LULTUL rEFPUNY
Z20NNrM2b GLRUSHL ZULANR38D LUIUQONRUL

Uhkpohtt tnwphitkphtt wdjuyitkph hwnnpuiwh wpugmpmth wgk) b huubbyn] dhish
112 Q@PApY-h, hush wpyniupmid jpunwugl) B hgnpnipjul, wnuniyh b hntuwhnipjut
tjundudp vwhdwignn wwhwigutpp: Fudwiwlwljhg hwdwljupgbpp whwnp k {hukh gynth,
npybugh jupnnubwl, yuwhwywibng Gpughtt wqnuowih npwljp, wppupwwnt; mwppkp
hwdwhwljuinipniiubpny: SYyuutph wpwgq hnjpwbgdwt hwdwp dudwwlwlhg upat-
Uwlkpp NRZ-h thnjuwpkll ogunugnpsnid & PAM4 wqruiipwiughlt dbpngp wylih dks
ponnibwlnipjut hwutbnt hwdwp, ywhywibng nwljunuhtt wgputpywuh b wdjuukpp
gudp hwdwjunipiniup: PAM4 dnpnijjughwh nhwpnud k) wdkjh E thoppubnid Jpnugyug
popnp wupudtanptph poygiunpbih gbndwb dhpwluypp: Thpugh dwjupmswlub pununphs-
ubpp nddupugind ki pujupup ponnibwlnipjut hwutkp, npb wihpwdton £ yuwmowd
nwljnuyhtt wqpupwth b wjuukph thnjuwigdwt hwdwp:

Unwigpuyhli punkp. SERDES, hwinnpnhs, jupdwt nkdhd npudwpwinipjudp hw-
nnpghy hwigniyg, mulnnuyhtt wgnupwb, pungniths hwugnyg, PAMA4:
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A.T. KOCTAHSH, A.C. CAAKSH, A.X. TEBOPI'SIH, C.K. I'YVJISAH

PA3PABOTKA JIPAMBEPA PEXXUMA HATIPSIDKEHUS C BRICOKOM
MPOITYCKHOM CIIOCOBHOCTHIO 1 HU3KUM ITYMOM

B mocneaHme roap! cCKOpOCTh Mepeaady JaHHBIX MO MPOBOJHON CeTH OBICTPO pocia,
a MpeseNbl CKOPOCTH TIepeadn JaHHBIX focTHriu 112 I'b/c, 9T0 yKeCTOdmIo TpeOOBaHUS
K MOIIHOCTH, IIyMy M HaJieXHOCTH. COBpEMEHHbIE CHCTEMBI JOJDKHBI OBITh THOKUMH, YTOOBI
paboTarh Ha Pa3NIMYHBIX YaCTOTaX U MOAJEPKUBATH HECKOJIBKO MPOTOKOJIOB, COXPaHssl HaJl-
JeXxaliee KadecTBO JaHHBIX Ha BeIXoJe. /111 BBICOKOCKOPOCTHOI Mepeaun JaHHBIX COBpe-
MEHHBIC CXEMBbI HCIOJB3YIOT MeToa curHamuzaimun PAM4 Bmecto NRZ, 4To0bI A0CTHYB
OoJiee BBICOKOW MPOIYCKHOM CIIOCOOHOCTH 33 CYET CHHIKEHUSI TAKTOBOM YacTOTHI U CKO-
pocTH mepenauyn JaHHBIX. Merton mepemaun naHHBIX PAM4 nemaer nuama3oH W3MEHEHHUS
BCEX YMOMSAHYTBIX MapaMeTpoB eme Oomee cTporuMm. llapasuTHble KOMIOHEHTHI CXEMBbI
3aTPYAHSIOT IOCTIDKEHHE JIOCTATOYHOM IPOITYCKHOM CLIOCOOHOCTH, HEOOXOIMMOH JUTS TIPaBIIIb-
HOW CHHXPOHHM3AIMHU U IIepeJadl JaHHbBIX.

Knrwuegvie cnosa: SERDES, nepenatunk, apaiiBep pexkuMa HaNpsKEHUs!, TAKTOBBII
CUTHAJ, NpueMHuK, PAM4.
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CIIMCOK ABTOPOB

1 ABetucsd Aot A3aToBud

2 AraponsH 'aruk AHymaBaHOBUY

3 Arb6ansu Ama CypeHoBHa

4 Ar6ansu Cypen I'eBopkoBuu

5 AiiBazsa Maprun [{onakoBuy

6 AxobsH Acs PadaemoBHa

7 Apyrtronsu CamBen Ainb0epToBUY

8 ApyTtronsH CupaHynr AnoToBHA

9 babastH Apmen BpexxoBnd

10 banacansn Jlycune CypukoBHa

11 Bappaunsu Hapune BapysxanoBHa

12 Bacunsn [asiHe ApTameBHa

13 Tl'anctsaH ApmaH AIOTOBUY

14 T'eBoprsH Aiik XaunkoBud

15 I'puropsin Apmune CaiaeBHa

acrimpanTt, HITY A; umxeHep - skcnept, pa3padoTyuk
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16 I'puropstH Mymier TaporoBrnd

17 I'puropsH Turpan ApamoBuy

18 I'ykxacsia CeBak ApmiakoBud

19 T'ynsu Capruc Kapenosuu

20 MaBuasx Aptyp Kapenosuu

21 Kazapsas ApTtyp ApaukoBud

22 Kapanetsas Opuk EpBannosuu

23 Kocrausu ApyTion Turpanosud

24 ManyxksH JIeBOH AHIpaHUKOBUY

25 MenuksH AHym BasrenosHa

26 MenuxsH Basren 1llaBapmesuy

27 MogcucsH barpat Bareesuu
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30 ITerpocsta Oner ApyTIOHOBIY

31 Caaksu Aptyp CrenaHoBUY

32 Cadapsu Tareuk Hukonaepna

33 CumonsH Apnu TurpanosHa

34 Ilykypsin CamBen Kumosuy
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«Zuyuuinuith ghumpniubtph wqquyhtt wjugbdhugh b Zuwjwunwih wqquyht
wnjhnkjuhuljut hwdwjuwpwih wnkntjughp. wkuthjujwi ghnnipnibtbph ukphw»
hwintunid nuyugpynid k. mbuwfub b thopdwpwpwlub hbitnmwgnunnipnibubph wpn-
jniupubpp nkuthjulwt ghumpeniuutph htnbju) pudhuutphg dipkuwohunipeinil, dknw-
nipghw, Wnipwghwunipnil, pugkppoguugnpédwt mkuninghwukp, shtwpupulw jw-
nmigwspubp, hhnpwyihjw b hhppnunkthjuljwb juenygubkp, Eukpgbnhlw, LEjunpw-
wnkthlw, ghnwlu vwppuohtnipni b swhnquljut wkuthljw, hwrynnujub nku-
uhw b hudnplwnplu, nwughnkEupnuhu, dhypnkEjupniuhu, juqbpughtt wkjuthiu,
wyunndwnugnid b junwjupuwb hwdwlupgtn:

Zwbnbunud nruuwputnmd Bo wjugbdhwfwt b gniquhtt ghnwhbunwugnuuujui
htunmhwnnunubph, pothkph, ghrnwwpuunpujut dhwynpnudutph b wyp juquulbpyne-
pintuknh ghnwjwt gnpéniubnipyut wpwyby Jupbnp wpynibpubpp:

Zwinbuh hhdtwlwt tyuunwljt b upuil] ghnwnbuthjuljut woweppugn b
ywuwnb] wpnunpnipyu Uk wyn wpynitupubph ubpgpdwip:

Zuugbup twppuwnbuuws b fwpunwpugbnibph, hbnwgnunnutph b ghntwljwb-
ubkph yuyt opowtittinh hwdwn: Loyu £ mbkutind Eptp wdhup dkl wiqud:

B xypnane "UsBectus HanmonanbHoi akanemun Hayk PA u HanmonaneHOro mnomutex-
HUYECKOTO yHUBepcuTeTa ApMeHun. Ceprsi TEXHHYECKUX HayK" MyOIMKYIOTCS PEe3yJIbTaThl TECOPETH-
YECKUX M OKCIEPUMEHTAJIBHBIX nccnenosaﬂnﬁ, OXBaTBbIBAIOIINX OCHOBHBIC pa3feibl TEXHUYCCKUX
HayK: MAallIMHOCTPOCHUE, METAJUTYPIrUsl, MaTCPUATIOBEACHUE, TEXHOJIOI'MU HEAPOIIOJIb30BaHusA, CTPOU-
TeJIbHbIE KOHCTPYKIUH, THAPABIIMKA U THAPOTEXHUYECKUE COOPYIKEHHUS, DHEPIreTUKA, JIEKTPOTEXHUKA,
Hay4HOC HpI/I60p00Tp06HI/I€ 1 U3MCPUTCIIbHAsT TEXHUKA, BbIYUCIUTCIIbHAA TCXHUKA U I/IH(i)OpMaTI/IKa,
PaguodJIEKTPOHUKA, MUKPOSJIEKTPOHHUKA, JIa3€pHAA TEXHUKA, aBTOMATU3AIUA U CUCTEMbI YIIPABJICHUS.

)KypHan ABJSICTCA MEPUOANICCKUM U3JJaHUEM, OCBEIIAIOIINM HanboJliee BaXKHbIE PE3YJIbTaThI
Hﬁy‘{HOﬁ ACATEIIBHOCTU AKaAEMHUYECKHUX H OTPACICBBIX HAYYHO-UCCIEAOBATECIIBCKUX HWHCTUTYTOB,
By3OB, HaquO-HPOI/BBOﬂCTBeHHbIX O61)C)11/IHBHHFI u ap.

OcHoOBHas 1EJIb JXXypHajla - npornaranagupoBaTb q)yHI[aMeHTaJII)HI)IC " OPUKIIaIHbIE UCCICN0-
BaHHUA B 06J'laCTPI TCXHUYCCKHUX HayK, CHOCOGCTBOBaTb BHEAPCHUIO HUX pesyanaTOB u ycncopeHmo
HAYYHO-TEXHHUYICCKOI'O IMporpecca B IpOU3BOJACTBE.

KypHan paccuuTaH Ha LIMPOKMH KPyr YYEHBIX, HUCCIeNOBaTeNled W MHXKEHEpoB. Brixomut
OIUH pa3 B TpU MEcCALA.

The journal "Proceedings of the Republic of Armenia National Academy of Sciences and
National Polytechnic University of Armenia. Series of Technical Sciences” publishes the results of
theoretical and experimental investigations concerning the main branches of technical sciences:
mechanical engineering, metallurgy, material science, mining engineering, natura utilization, building
constructions, hydraulics and hydrotechnical constructions, power and electrical engineering, scientific
instrument making and measuring devices, computer science and informatics, radioelectronics,
microelectronics, laser eqeupment, automation and control systems.

The journal is a periodical edition that presents the most important results of scientific
activities at academic and branch scientific-research institutions, universities, research - industrial
companies, etc.

The main task of the journal is the propaganda of fundamental and applied investigations in
the field of technical sciences, and the promotion of their introduction and the acceleration of
scientific and technological progress in industry.

The journal is intended for a wide range of scientists, researchers and engineers. It is

published once in three months.
% %k %
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Office Word: Znyjush swwp Jupnn b (hub) dhtish 10 by, hwnnpynudubphup® dhugh 4 Lp: Skpuwp
sowpunpynid £ A4 swihuh pnph Ypw, wpuwwnwpuyhtt nuownp’ Top-5ud, Bottom-5,1ud, Left-5,75ul,
Right-1,75ul, Footer-4,6ul, dhgunnujhtt mwpwénipiniup (Line spacing)’ 1,1, wupphpnipiniup (First
line)" 0,75 u: Zuykpkl thikyne phwpmd ynipp ywpugpynud b Sylfaen wwnwinbuwyny, nwowswihp
10, huly pmubpbi fud whqpkpkb jhtkn qhypnud® Times New Roman wnununnbuwlny, nunwsuthp' 11:

2.@nph Ytpth dwp walpmind gpynud E hwdwyhunwih nwubnppujut pupuljuihop’
wnbkpuinhlt hwdwyuinwupib (Eqyny (2S8%, YAK, UDC), hwgnpn nnh Yhinpnunid® qjjuminwunkpny
htnhtwy(utp)h wijui-hwpuidui ulqphwwnwuntpp b wqquuniu(ubp)p' bold, 10 wmwnwswthny
huybpb, wugbptt b pniubpbt wkpunbph phypnd: Zopjwsh Ybptwghpp wpynud £ htnhtwyh
wqquinjubip hwgnpynn winnh Yenpnimu® bold, wipnnontpjup quunwnkpn]” 10 twupwswthny
huyjtipkt, wiqikpku b pniubpkt mbkpunbtph nhypnid:

3. unpp ujuynud E wdthnthnudng (winnwuwghw) wjt (kqUny, npny tkpjuyugdus ko Ud-
thnthnudt wjupuynd £ wnwigpujhtt puntpny’ mwnwswthp' 9 hugbpk nbkpunp nhypnd b 10
wwnwswihny whqkpkl b pniukpkl whpunbph ghwypnid, b dhwj «Unwbgpught punbkpy wpnwhug-
wnipynip® bold, italic: Unithmhmup whwp E (htih 500 Whohg ny wkih tkpunyuy dhewluwyphpp, wowbg-
puightt puntipp fud punwljugulgn pnittibpp 4-8 pun:

4. Bpuwouunpynud £ ymiph owpunpdwb hnlyuy jupgp. «Ukpwsnipniy, npp whwnp
hwdwrnun tkpweh hwpgh Jhdwlyp, phduyh wpphwiwinieniup b hbnwgnuumput tywwnwyp,
«wunph gpuspp b dkpnphluyh hhdtwdnpnudpy, «Zknwgninmpjut wpynibpibpp», «Gqpuilju-
gnipyniiy, withpudbynnipjub nhypnid” twl wy) pudhbtbp hudwyunwuhwb Jeplugpbpm):

5.Skpunnnid hnmudutipp gpujuinipjuip toynud o mpynuilnit hulugstpny: FPutiwdlbpp
ubpluyug]mu ki inp nnnhg, Equation Editor pwgpni, italic, munwswihp' 11, withpudbynnipjuh
ntwypnud hwdwpwlwynud ki vinnh Jipenid’ unynpuljut (Ynp) hwljugsh dbye:

6. Vjupubpt nt wnpnuuwlubpp hwenpynud o nbpunnud hwdwywnwupiwt hnnudubpht:
«Ulp. » It «Unniuwly puntpp, tupubph dwjugpoipniip b wynuuwljubph wiuunidubpp gpdnid
kb Iralic 9 nwpwswihm] huybpki whpunh phypmd b 10 nwpwswhny wiqbpkt & pmubpbh
wnbkpuwnbph nhupnid:

7.Skpunnht hwonpnnud £ gpuijuinipyut guiyp' 9 wwnwswthny huytpkt imbpunh nhiypnud b
10 wwnwsurthny wigqibpkt b pniubpkl wkpunbph ghypnud, dhwg hinhtwhh wqquibmh m wiguwb-
hwjpuijui ujqpuwnuntpp’ bold, «Fpujuinipyut guul» wpnwhuwnnipniip’ winnh YEtnpnund,
quunwuntpny: Swulnid gpuljuinipjut mpupwisnip wnpnip hwdwpuwlupynud £ pun mbkpunnid
bp hnuwt hbppujwinipyui: Fpujuinipjut wnpmputpp Wuwppkpujut hpwnwpulnipniuutph
nhwpnud ubpuyugynud Eu hinlyju) Jupgny. hinhttwlh wqquindip, widui-hwjpuiju uyqpiwnw-
ntipp, YEptwghpp, hwinbuh wiquiunudp jud pugnitdws hwywynudp, hppnwpuwldw wwptphp,
hwinnph m poqupluut hudwpbbpp, hbppulut hudwpp, Gmph qhnbkndwb tekpp, qppph phypmu’
htnhtwlh wqquiniup, wujui-hwjpwitdut uyqpwnwntpp, Yiptwghpp, hpuwwnwpwldwt Juypp,
hpuwnwpulsmipniup, pYuluip, kotiph pubtwlp:

8. Apuljuuinipjut gwulht hwenpynid G wdthnthnudubpp djniu Eplne (kqnitpny (Ept wbkpuwnp
huwytipku £, wdthnthnudubpp btwje' pniubpb, wyw® wagibpk, ek pnwubpkt b, twpe® huygbpbl, wgw®
wlq bpkl, kpk wuqbkpby k, twju® huygbipbt, wyw® powebpki): Udthndinwdubpp popnp Epkp (Eqniuatpnyg
hntug pnywitnunipjudp b wpwigpwyhtt puntpnyg whwp khubkh tnyuwwi:

9. Skpuinp unnpuqpynud £ htinhtwly(ukp)h Ynnuhg, tpynud k ynipp adpugpnipinit hwudubnt
wduwphyp: Skpunp fudpugpdus b uppugpyus nmuppbpulp hwdwdwjutgynd khtnhtiwly(utp)h htn:

10. Zknhtwy(ukp)t wewbdht bony ukpluyugunud b (k) wqquinil, winil, huwjpwtniip
(Inht), wlwnwwyph, unynplynt Juyph |phy whdunap, qpuntgpué ywpnnbp, ghinwlui wunh-
Lulp, hipwinuwhwdwpubpp (wputwnwipuyhl, b b peguyhi):
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HPABUJIA O®OPMJIEHUS CTATEN

Matepuas npejcTaBseTcs B peJaKLiMI0 B COOTBETCTBUH CO CJeJYIOLINMHU NpaBUIaMHU:

1. Cratps B 1BYX K3eMIuapax u ¢aitn craren B popmare Microsoft Office Word. O6bvem cratbu
He JoJbkeH npeBblmaTh 10 cTpaHun, oObeM cooOuieHuit — 10 4-x crpanul. Popmar cTpaHuipl — A4.
PaGouee mone: Top — 5¢cm, Bottom — 5,1cm, Left — 5,75¢cm, Right — 1,75¢cm, Footer — 4,6cm, MesxxcTpodHBIit
unrepBan (Line spacing) — 1,1, kpacnas ctpoka (First line) — 0,75cm. [lns crarbu, HamucaHHOH Ha
apMSIHCKOM si3bIKe, mpumensieTcst mpudrt Sylfaen (pasmep mpudra - 10), a Ha pycCKOM M aHIIIMHACKOM —
Times New Roman (pa3mep wpugra — 11).

2.B 1neBoM BepxHEM yIUIy NEpBOrO JIMCTA YKa3bIBACTCS YHHBEPCAJBHBINA NECATHYHBIA Kiaccudu-
karop (287, YK, UDC); crpokoii Hinke - nanuuanst (M1.0.) u bamunus - 3armaBHeME OyKBaMu, mPHAT
Bold, pazmep 10 — Ha apm., pyc. U aHIUL. 53., BBIPABHUBAHUE 110 LIEHTPY; CTPOKOH HIIKE 10 LIEHTPY YKa3bIBaeTCs
Ha3BaHME CTaThU — 3aryiaBHbIMU OykBamu, mpudT Bold, pasmep 10 — Ha apMm., pyc. u aHIII. 53.

3.Marepuan TekcTa HaYMHACTCSA C AHHOTALMHM W IPEACTABIACTCS HA TOM SI3BIKE, HA KOTOPOM
HalMCaHa CTaThs. TEKCT aHHOTALUM JOJDKEH COCTOATH He Oosiee yeM u3 500 3HAKOB, BKJIFOUasi MPOOEIBI.
Iocne aHHOTAIMY THIIYTCS KIFOYEBBIE CIIOBA — OT 4-X 10 8-M CJIOB WK cloBocoveTaHuil. Pasmep Tekcra
AQHHOTAIlMM M KJIIOYEBHIX CIOB 9 — Ha apm.s3., 10 — Ha pyc. m aHri. s3., cioBocoderanue “Kunrouesvie
cnoea”- Bold, italic.

4. PeKOMEHAYEeTCsl CICAYIOIUH HOPSIOK HM3JI0KCHUS MaTepuana CTaThbU: BBEACHHE, B KOTOPOM
JOJDKHBI OBITH KPAaTKO HPEACTABICHBI COCTOSHHE BOIPOCA, aKTYaJlbHOCTbH TEMBI M ILICNIb UCCICIOBAHUS,
MOCTaHOBKA 3a1a4d ¥ OOOCHOBAaHHE METOAMKH; Pe3YJIbTaThl HCCIICNOBAHUS; 3aKIIIOUCHHE (ITH, a MpU
HEOOXOJUMOCTH, U APYTHE pa3Jeibl JOJDKHBI HMETh COOTBETCTBYIOIHME 3arOJIOBKH).

5. CchUIKM Ha JUTEpaTypy B TEKCTE NAIOTCS B KBAJPATHBIX CKOOKaX. POpMyIbl 1 MaTeMaTHYECKHE
BBIpakeHHs1 HabuparoTcsi pegakropoMm Microsoft Equation, italic, pasmep — 11. ®opmynbl Habuparotes ¢
HOBOH CTpPOKM, BBIpABHHBAaHHME IO LEHTPY. IIpu HeoOXoammocTH, MX HyMmepyroT. Homep ¢opmyisl
pacroaraeTcsi B KOHIIE CTPOKH, B KPYTJIBIX CKOOKaXx.

6. PrcyHKH 1 TaOMHIIBI pacIoNaratoTcs B TEKCTE MO X0y CChUIKM Ha HUX. CnoBa “Puc.’] “Tabmuya’, a
TaKoKe Ha3BaHUS PUCYHKOB M TabmwmIy munrytes italic, pazmep 9 — Ha apm.si3., 10 — Ha pyc. U aHrII. 53.

7.B KOHIIE CTaThH JAETCsl CIMCOK JUTEPaTyphl: pasmep 9 — Ha apm.s3., 10 — Ha pyc. u aHrIL. 3.
CinoBocoueranne “CIIMCOK JIMTEPATYPbBI” pacnionaraercs B IEHTpE CTPOKH 3arIaBHBIMU OyKBaMH,
Bold. [utupoBanHas nuTepaTypa HyMepyeTcsi B MOpPSAKE CCHUIKM Ha Hee B TekcTe. KaxIpli MCTOYHUK
MIPE/ICTABIISIETCS B CICAYIOLIEM MOPSIKE: B CIydae CChUIKU Ha CTaThIO M3 )KypHaNa: paMuiIns, HHUIHAIBI
HN.0O. - Bold, Ha3BaHue cTaThu, Ha3BaHHE JKypHaJa, MECTO U3/IaHUs, TOJ] U3J[aHHs, TOM M HOMEp U3/IaHus, C
KaKkoH MO KaKylo CTPaHHMIIbI 3aHMMAeT CTaThsi B ATOM J)KypHale; B Cilydyae CChUIKM Ha KHUTY: (amusius,
uHnmuaabl WM.O., Ha3BaHWE KHHTH, MECTO W3JaHHUs, Ha3BaHMC H3IATENbCTBA, TOA M3JaHUs, oOliee
KOJINYECTBO CTPAHHIIL.

8.Tlociie nuTepaTyphbl MPEACTABISAIOTCS AHHOTAMM BMECTE C KIIIOYEBBIMH CIIOBAaMH Ha JBYX
Ipyrux s3bikax. Ecnm cTaThs HampcaHa Ha apMsSHCKOM S3bIKE, TO CHauala JaeTcs aHHOTALHUs Ha PYCCKOM
A3bIKE, 3aT€M Ha aHMIMHCKOM; €CIM HAIMCaHa Ha PYCCKOM SI3bIKE — COOTBETCTBEHHO HA apMSHCKOM H
QHITIMHCKOM, a €CJIM Ha aHTJIMICKOM — COOTBETCTBEHHO Ha apMSHCKOM M pyccKoM s3bikax. CopeprkaHue
QHHOTAIMH U KIIFOYEBBIE CJIOBA JJOJDKHBI OBITh HA TPEX A3BIKAX OJHHAKOBBIMH.

9. Crarbs HNOJIUCHIBACTCS aBTOPOM (aBTOpaMH). B KoHIle cTaTbé cTaBHTCS Jara (YHCIO, MECHI,
rOJ1) MpelcTaBlieHus cTaTbi. OTPEeAaKTHPOBAHHBIA M OTKOPPEKTUPOBAHHBIH BAPHAHT PYKOIUCH COTIIACOBBI-
BACTCsI C aBTOPOM (aBTOpaMH).

10. Ha otnenbHO#t cTpaHuiie HEOOXOAMMO MPEICTABUTH CICAYIONIME aBTOPCKUE JaHHBIE: (haMuIus,
HMsl, OTYECTBO; IMOJHOE HAaMMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHHMMaeMas JOJDKHOCTb, Y4eHas
CTEINEHb U 3BaHKe; HoMepa Tele(hOHOB (CITy>KeOHbIN, JOMAIIHUH, MOOMIIBHBIN).
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RULES FOR PREPARATION OF MANUSCRIPTS

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 Sylfaen, font
size 10, and the texts in by Times New Roman, in font size 10 .

2.0n the top left corner, the Universal Decimal Classifier is placed in the language of the
manuscript (2S%, VK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, 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, English and Russian.

3.The text begins with an abstract in the language it is 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 500 characters including
the spaces, the number of keywords or word combinations - 4-8.

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

5.The references in the text should be given in square brackets. The formulae should be
introduced by the Microsoft Equation Editor. They should be 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 manuscript should be signed by the author(s) with indication of the submission date.
The edited and proofread version of the manuscript should be agreed upon by the author(s).

10. On a separate page, the author(s) should introduce his/her/their full surname(s), name(s),
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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