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Nnudh ndjup hwpuinwgyny, opuhnugué b juwunp hwbipwpwptph Yepudswluwi k-
ponutph YEpmusnipjut hhuwt Jpu wpuwnwpnmd wnwewplynud £ §énudp wupniwlng
uhihgnidp unybhnh b bwnphnwdh phoyndwtpuh wnjuynipjudp opuhnugus wnuduyght
hwbpwpwpbpp hhgpnotpduyhtt unybhyugdwi b dwiipugdwi gnpdpupwgubph hwdwwnt-
nnud: Puquuphy unydhnupunpitinhg ks hinmwppppnipeinit bu ubipjuyuginid opnid hhnpn-
1hqinn b unybhnuging Wynipbpp, npnip wnugnud Ukwtwwljnhjugdut dadwtul wpw-
owgmd ki ynah Yuynit unuy$hnibp’ peluyhihg dhish skqnp dhounjuypkpnid: Gnpéph-
pugp Jupbih b hpujubugit) ungnpuljut giunugibponud dhish 373 & okpiwuinhgwimd
uwnwgynn wpquupph hbnnwgqu pnnwugdudp:

Zkinwgnuyby B uhthghnudh unybhnh b twnphmuh phnlndwtpuh m wnudh opup-
nugws dhtkpwjubph (wqniphwn, dwjwpehw, Yniypphwn, nkinphwn) thnjuwuqpbgnipyu nbwl-
ghwutpp: Uywugnigyty k gudp obpdwunhdwuutpnid uhihghnidh unybhnh b twnphnuth
phoyndutpup pupdp nkwljghnt nitwlnipiniup, npp poy) E nwhu wpugdwi qgnpépupuw-
gnud hpwlwtwgub) wnudh opuhnugus vhubpwubph dwybkpunyputph funp unydhyugnud:
8n1jg L inpqud, np wynudh opuhnugus vhubkpwukph unydhnugdu gnpdpupugh ypu wg-
nnud kb obplwunhgwip, mbngnipniup, unybhnupunph dwuup, hyybu twb hwipwiynt-
ptnh dwupugdwt wunhfwp: Snpdpupwugh wbnnnipjut b unydhnupunph swpuuh wykjw-
gnuup pupdpugumd k opuhnugus dhubpuyubph unydhnugdwt wunh&win: 8nyg L wnpquws,
np wynudh opuhnugué dhubpwiikinh unydhnugniup upjhghnuth unydyphynyg fud twnphnudp
phoyndutpuny nuinunnud t dhtukpujubph dwlibkpinyphtt unydphnuyhtt punupttph
wnwowgdwi hknbwupny: Ujn qnpépupugnid tjunymud E ubkpphtt nhdmqhugh nhuwnpni-
pjut wé, pwuh np qupépupwgp wknh E nitkunwd uhjhghnidh unydhngh jud twnphnuth
phoyndytpuh dwutwygnipjudp nhpniqghuyny wrwewgws uniibhnuyhs (CuzS) punuph
thony: Fpw hknlwipny qnpéplipugh wpwugnipniup dkdwunwd k, b wybjwiunwd k unyybh-
nugqus wnudh dwubwpwdhip: Ujuyhuny, unybpnugdut nkwlghuyh wpugnipiniip npny-
Ynud E dwljipbnypubph wowougdwt wpugnipjudp: Unydhnugdwb gnpspupwugn whiy
dwquyhtt mhywljw pkwlghw k, npp ujuynid k hubpwukiph hwnplutkph dwbipugnidng:

Unwbgpuyhlr punkp. ynhud, opuhn, dhubpw), qununug, dwbipugnid, dkluwbwph-
dhwljul winhjugnid, unybhnugnid, pipdnghttwdhlw, $ninwughw, tjuiynip, wpguuhp:
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Uhpwénipynit: Zujwunwih Zubpuybnnipmniinid wnudwjht hnwdph hw-
dwhp YEpuwdowlnudp hwupwpynibupipmpjut b dbnnwnipghwih qupqugdwb
Juplnp nunnnipynitubphg b Uju htwpuynpnipinit junw hnwdph wdbih wpyn-
thwdbwn oqunugnpénid, wnudh Ynpquut wunmhdwuth pupdpugnid, phuyuhuw-
twlwl tinpdbph yuwhywinud, wpnunpuljut gnpdpupwgutph wjupynwd, thewg-
quyhtt vnwunupunikphtt pujupupnn wpnunpuiph vnwgnid b wy i Uju jaighp-
ubph hpdpnid pujws b tnpugnyt b wnwyl] wpynitwgbn nkuninghwikph
dpwlnudp b tkpypnudp: Mnudh wpnunpnipjut juqdulbpynuwp hwipuybnn-
pintunud Juwdwsd L npnowljh ndupnipmniubph htin, puth np sju opuyht b
Eutipgbnhl wwowpukp, huyybu twb ntnbuwlubt yuydwtkp:

Lhkpjuynudu Zujuwunwih Zwbpuybnnipyut hwpunwgnighs wpphlu-
ubpt wpuunpnud Bu 24...25% wnudh wupnibwlnipyudp pnwiyniptp, npnughg
wnudh Ynpquut wjwinuljut dowldwt nutwuljubpp hwdwp puntnid i wb-
Yhpuntjh hwnluubu, kpp ynudh Ynpgnudp Junwpynd E dhugt uny$hyught
hwipwiymptphg $nnugdui kywbwlng:

Opuhnugws b hpwnp wnuduwghtt hwpwiyniptpp skt hwpunwugynud: buly
22 hwipupmynitwpbpnipmiiinid wndh hnwdph qquih dwup wwpnitwlnud k
huwunp b opuhnugué dhtbpuyutp, npnup ndqup hwpunwgynn i Munh hwipw-
Juyptph hwipwhnidpuyhlt wwownpubph qquih dwup hwpunwugdw skupuplbne
wuwndwnny sh oqunugnpdynid: Uhwdwdwiwly, gnpénn wnkjutininghwubtpp nddup
hwpuwnwugynny, opuhnugws, jawunp b ns Ynunhghnt hwipwpwph wendng sk wuw-
hnynid npu hwpunwgnidp, npt mugimd E puthntiwghtt ynskp: Fhnbu dumd k
sinsyws SOx-h Ynpquut hwipgbpp, npnup juudws tu puyuhyubwlub nddu-
nnipnibuibph htwn: Gnpénn tnwtwny Ynpgqynid £ dhuyt wynhudp, wyithy Epljupen,
nnh wupnibwlnipniip wyy pnwympbpnid juqund E 25...30%, wupnuibngnd
E puthnuitiph mnkupny:

2Z puthniughtt yuwhbunwpuwbitbpnid wpgbt §nunwydty) B ~400 dj mnttw
puthnwlniyunujhtt wnswipubn' wynudh Unnuynpuytiu 0,12% dhohtt yupniw-
Ynipjudp: Uy pwtwlnipmniup wipinhwn wdbjuwinud E, b oppwlju dhowduynh
wyuonyuinipjub nkuwljkhg Jupkh E hwilwpk] wnkwn: Logus juinhpp jahuwn
wpnhwlwb k pnnp hwbpwjuypbph wpnidngy:

Utunuwnipghwuljut gnpdptipugubpnid wpnkt dpwljgnid E tnp nupnnipinil,
nph hwdwduwju funwtynipbph dowlnudp junwpynid b dbjupwbuphdhuljui b
dUbnunuptpduhtt ybpujubqudwy tnwbwlubkph gniquljgdwdp [1-3]: Uju nhy-
pnid mbnh E niuktunid opuhnuykpuljutiqudwt gnpépupugubph htnbuhgugnid b
uljgpniipughtt unp dnnhdhljughwbpny Wnipbph vnwugnmd: Ukhwihjujub
wljnhyugnudp dbdwgumd E yniph dwipugdut wunhdutp, dwljbplinipught
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tutipghwt: Unwowgunid E pmipbnuyhtt gmugh wnuunnudubp: Mhun Wynipebpp
nbkwljghnt upnnnipnibubpp Ukbwinid B, np i bywuwnnd | phdhujub nbwly-
ghuyh wpwugmpyubp:

Cun dwtp Jhdwlnmd iyympbpp Eupuplynid Eu uygpniipuyghtt tnp thnthn-
hunipnitibph: dbpohtiu wuydwtwynpjws b punugdus Jhdwljh $hqhului
wnwiudtwhwnlnipnibibpny, mwuppbph pipuwhwnnly juquny, juybph duny,
dhqhjuljut hwnjwuhoubph thnthnpudwdwyp b wyjt [4-7]:

Ennunp hwipuduypmid opuhnugus wwwpubph gninht juqunud  dninw-
Unpunybu 250 htljnup dwlbpbund b 70 o unpoipjundp quiiqius hudbdwnwpun
hwpniun hwipwjiwgdwdp, nph JEpudowljdwt pughptt wnwetiughte k:

Zhnwuupuyht Eu hwdwpynid wjb gnpdpupwugutpp, npnup bywunnmd ku
wnudh opuhnuyht duh (opuhnubp, Yuppntwwnbkp, unibwnubp b wyk) hnpw-
JEpuyuwtp hkown nnnugynn unydhnubnph: Uhubpujubph dwlkptnypubpp uny-
dhnugunn wnlju tnwbwlutpp skt wywhnynmd wihpudbon wpymuwdbnnipe-
mil, pwth np unybhnuyhtt punubptbptl wnwewunid tu hhdtwiht dhowquy-
nnud, wiuynit B b hynnipjudp puypupnud b $nnugdus pipugpnid: tw k
wuwwndwnp, np hhdtwhtungph wpynibwdbn nsnud £ hwdwpynid hwipupwphp
wpdbpwynp pununphsibph dhibpupupubulut pugungpnipyut thnthnundp'
Yhpwnt)ny hwipwpwph dwtipugdw gnpspupugp:

Nnuduwyhtt nddup hwpunwgyng, opuhnugdus b jpwnp hwipwpwph Jhpuw-
owljdwt dbpnnutph niunidbwuhpnipimiip tkpjuynidu gnibwynp dknwnip-
ghwh ghnwnbjuhjulwt jupbnp hhdtwtnhpubphg E, pwth np wjubinujwuu
Ubkpnnubph Yhpurnudp gquhwbgynn nkjutininghwljw b mtnkuwlw pudupup
gniguiihotibp sh wyyuhnynid: Niunh wihpwdbown k dpwljl) unp nkutninghwuljub
Ukpnnutp b ujubdwltp’ opuhpugus b juwrp hwipwiynipbph hwpunugdwi hw-
twp, npp papuwn wpnhwlul fatnhp b

Glutny Jtpntpjuihg wohtwnwiiph byyuwnuwljn £ ntunidbwuhply wqudh op-
uhnugws hwbipuiyniplpp b gpuighg ynudh Ynpquutt wpwbdbwhwwnlnipmnii-
Ubpp unybhnugdub dkpnnh Yhpundundp:

unnh gpwdpp b dkpnnhljugh hhdbunnpoudp: Gdqup hwpuinwgynn, op-
uhnugws b juwnp hwbpwiynipbph, hwipwdtwugnijutph b puthnuwlnywnwght
howpudubph JEpudowmljdut nwpwsyws tnubwljubphg Eo wtdhpwjut $nwnw-
gnudp, Ununnyhsh, unppghw-$nunnugdut, ukqphqugunn ppsdwb, JEiuwnkun-
Inghwjutt b Yndphtiugyus nbkputininghwtpp: Udktwnwupwsdusubphg b s&upw-
Jut ppyny nnuppujmsdwt dkpnnp: Lhuhuljut nuppujmsdwt (H2S04 b wyy ynt-
php) Enutwlutpp wwhwignmd tu dkbwpwtwl puil b wgpbuhy wqnuiyniptp,
htsytu twb Ynnnqhwluynitt vwppuynpnudubp: Uju dkpnpgubpp Yhpunth skt
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nbknuluwb hwbupwiymptph Jkpudoujdub nypnid: Unwb] hinwtlupuwght Eu
wjl gnpéplipugtpn, npntip mynyus b wynudh opupnughti duh (opuhniikp, fuppn-
bwwntbp, unydwnbp b wyl) hopwlbpydwtp hton nnugynn uni bhnubph:
Uhubpuyutph dwltpbnypubpp unydhnugunng wnju tnuuwlubtpp skt wywhn-
Ynud wihpwudbown wpynitwybinnipinil, pwith np unydhnuyhtt punupttpt wow-
owtinid Lkt hhduyhtt vhpwduypnud, wajuynit i b hkpnnmpjudp puypuyyynud b
I nunugdut pupugpnid: Uju hhdbwpuunph wdbbwwpyniiugin nisnudp hwbipw-
pwph wpdtpunp pununphsutph dhtkpunghwlwi pununpmpyut hmhnpmda
E $innugiui hunlmpymbtkph ju]ugdul tuyunwulny, opuhnugus dhubpug-
ubph dwybpinypubph junp unydbhnugdut dhpngny, hwipwpwph dwipugdut gnps-
plpugnid’ oquiugnpstyny SiS, NazS, Naz[SiSs] Yl wyp uniydhnuyhlt hundwljupgbp:

b nnnughwt gnituynp b hwqugnin dknwnubph hwipwyniptph hwpu-
nuwugdwt hhdttwljw b npnohs gnpépupwgh b dnunwugdub pupwugpnid dknwnh
npuwnp Yhuhg wybiht wuydwbwynpjws k opupnugdus hmipwiynipbpnh wnljw-
nipjudp: Unutuynpuybiu, ynudh §npunh dwutwpudhipn juqunud | ~13 qutqy.
%: Puipny dhubkpwnghwlwb juqd niikgnn hwupwpwupbpp sk upny dowldly
hwpunugdwt wupq tnwbhwlutpny, ntunh whwup E Yhpunt] hwdwlgdws nkju-
uninghwitip, npnp htwpuynpnipnit junwt ndqup hwpunwugynn puquudbnw-
nuyhtt hwhpwiympbtpp thpunt] dywljdw gnpdpupwugnud:

Opuhnugusé hnudph hwpunwgdwt nypnid, nptt wjwigujut dkpngutpng
sh yEpudowljynmid, wmuthpudtown £ hwogh wnubky hisyku hwtpwpwph pununpni-
pymp, wjtybu b nunwpl wywpttph punqugphsttph $hqhjuppihufut b
nkhtinnghwuljut wrwidbwhwwnlnipnitubpp [8]: Bhnninh hwupwyuwph opuh-
nugud gnuint wnudh dhubpwjukpt Eb dwjwupuhunp (Cu(OH)2[COs]), wmgniphwp
(Cu(OH)2[COs]2), wbkunphuip  (CuO), Unmyphwp (Cw0), uphgqninub
(Cu(OH)2.5i4010].nH20) [ uwhdwbuthuly nbnudwubpnid thhpniqp
(CuAls(OH)s[PO4]+.4H20) (Y. 1): Umwhuh hwbpwiynipt wduinuljut dbpnnubpnyg
JEpudpwuljtp gnpstwjuiinid pwn nddup k:
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Ul 1. PEpninh hubpunjuyph opupnuigifué gninm hwipwpupbph dpbkpuybkph dwlpn-
qunpmgijudpp. w- dwpwpipun (x10), p- wgnippwn (x50), q- fnigpfn (x400), - juphgningu
(x50), k- wkinppun (x400), g- thhpniq (x6)

[8-10] wpjuwwnwiiipubpnid wnwewnlyty Eu Ubs pyny nwppbp nnunbw-
qhntitp $imnwghuyni] opuhnugus hubpuiympbph hupunugduh gmguithyikpp
puwpdpugulint hwdwp, npntp, vwljuyl, wpnunpujut Wuydwbikpomd wiput
wpynibwybwn sk, pwbth np ywhwbenid ki pH-h thnpp dhowljwyph yuhwywinid
b wyn wupwdbwnpbph phuwn JEkpuhulnnnipnii:

b nunugdw dbkpnnubph wpynitwybnnipjub ny puupun (htbnt yuwn-
Swnny ULS Jhpunnipnit ki uinwgl] hudwlgqus gnpspupwgutpp, npnughg qnps-
twlwund Jhpundnid Eu dhuyt «iauppunisnid-tunbgnid-pininugnid» gnpépl-
pugp b «unppghw wnwg $hjinpuw» nkpuininghwtkpp [8, 11, 12]: Uyy qnpdpl-
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pugubph hpujubtwgnidp juwyqws E kbujub ndyupnipnitubpp hbw, puuh np
wuwhwbeynid Eu hwwnnily b putl vwppwynpnidubp, hisyhu twlb oppwlju vhow-
Juyph hwdwp wupnitwlnid b phuyguhywbwlwb nhuljbp:

Mnudh hwipuiymptph unydhnugdwts hwdwp oguruugnpsnid Eu §sUph hhu-
pny Uhwgnipniuibp: Odnudp yyupniwlynn gutljugus dnnhdhljunnp dbwdnpomd k
hyniup htinniy $uqh ny vhwdwt hntiwghtt juqd, nph juyntunipniup nponoynid k
Upwgunuyph pH-h wpdtipny, Unphdhljurnnph Ynightnpughuyny, hwtipwtyniptph
puqUuquunipjudp, gyniuh gbpdwunhfuing:

‘LVunphnidh unydhnny unydbhnugduts ghypmid opuhnugus wnudh hwipw-
yniptph dwybkpbnyphtt wowewinid £ unybhnuyhtt punutp, nptt hp junnig-
Jwépny nt hwwninipniutubpny huwdwywwnwuppwiunid t Yndbhuht: Gunubpn
thjupnit | b wijuynit: Unydhnughtt punuiph wdpnipmniat wénd £ wdnthnidh
wnbph (wdnthnh unipdwn) b dwqutghnidh hbipuwdbnwpinphnh wykjugdwb
ntupnid [13]:

Ushumwnwiip [14]-nid Jhpundby Bu wynudh opuhnugws hwtipwpwph unig-
$hnugdwb ulgpmiipnpkl tnp’ EEjnpuphihuljwl, dkpnyubp: Unwewplpfty &
untbhnugdwi kplynt wwuppbpuly: Unwghtl' wnwtg unyhyupuph ibpdmédwl, nph
ntypnid gnpdpupwugh hpujwbwgynud t hwbipwpupnid yupnitbwlynyg s&dph
hwoyht: Bphpnpy tuwnphnudh uny$hnh dhpdnstudp, tpp hwipwpwpp wwpn -
twlnud k phy pwwlmipjudp dsnudp: BjEjunpuphdhuljui unybhnpugdu oujunh-
dw] yuydwbubpnd wnudh Ynpquub Gpp pnwbynipnid juqunid E 30...40%:
Opuhnugwé wynudughtt hwmupwiynipbph unydhnugnidp duipugdwut dudwbul
Py E niwhu muppuljub §&Uph htn thnjuwqpbgnipjub okpdwunhgwp hwug-
iy dhtisl 80°C-h, hisyybu bwl pupdpugl) unybhnuyhtt punuiph wdpnipniip:
Opuhnugwsé wnuduyhtt hwipwiyniph unydhnugdun gnpdpbi-pugnid, pugh wwp-
pulul ssUph Yhpwonudhg, putwplyl) E bwb wy unydhywpwptbph whphuh,
twwinphnidh wnjhunydhnh b wdnthnidh oquugnpsdwt hwpgp: Unydhnugduie
gnpdplpugh wnwuybjugnyt wppnibwdbnmpjut hwuinad Ba wjnhdugqus ssuph
b LEjunpuwljunhjugus wdnthnidh ynjhunybhnh Yhpundudp: Unydhpugdut
b dwipugdwi gnpdpupwugutph hwdwnbnnudp poy) £ wwjhu pupdpugub) ynud-h
ynpquub kppp $ninughwghg hknn' 10...20%: [15] wphiwinubiph htnhlwljukph wyi
pugwnpnud ku pH-h thnppugdwdp, npt wpuqugumy k unyyhnubph wnwewgnudp:
Swppuut §dUpny b dbnwnuljut tpupny séUpwppluyhtt nisnypubpmd swup
gnibwynp dbwnwnubph unybhnugdwt dkjuwihquh puguhuyndwt hwdwp UL,
Uwinhghth b 9.U. YUniynth Ynnlhg juunupygl) o niunidawuhpnieiniiibp [16],
npnig hhdw Jpu hwunwngly L, np unydhnugdus gnpdpipugp wnbknh b niuk-
unwd S -hnuiubph hwpyht, npnip unwugynud B tnuppuljui $sUpny b wmnndwljub
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opwidstiny Yhpuljuiguub thongny ssuph U kpljuph dwutihlubph ukpn Yntnwljnh

wuyUwitbpmd: 2Enhtwlubph upshpny unyypunught (nisnyputphg uniy$hn-
Ubph tuinkgnidp Junwpynid  htnbjug pbwlghwitbpny

Fe + H:SO; — FeSO,+ 2H' + 2e, (1)
S+ 2H"+ 2e — HJS, 2)
MeSO,+ H>S — MeS + H>SO,, (3)

npnkn Me-p Cu, Ni, Co L:

Nhwghinn-tuinkgmghsh NaxS-h ifuquigmjn unjlygnijh wnljuynipinibp whin
dwgnud gnpstuljutinid wdpnnontpjudp vwhdwbwhwlnud E hwljunwly nkwljghuygh
plpwgpp Aujnpuws um$hnitph msp: Uy nhypnud, kpp uny$hnitph tunk-
gnudt pupwinud £ tpjupuwjhtt fyniunid, mbnh E niubunud hbnlbjw) thnpuwqnt-
gmipjnip’

Fe;O3+3H,S—Fe>S;+3H,0, (4)
Fe;O3+3H,S—FeS+3H,0+S: (5)

Unwowgwsd tpluph unydhnubpp duutiwlh tunbgunid tu gniiwynp k-
wnwnubpp:

Upjumwnwip [17]-nud dpwljdly E phtpujutt hwpunwugdwt dbpnn, npp
ubpwpnid £ opuhnugwsd wynuduwhtt hwipwiyniptph unydhnugnidp btwnphndh
wn hunydhnubiph opuyhtt |nidnyputpny 353...368 & otipdwunhdwuntd:

Zwyntuh k §sUpwopwusny unyydhnugdwts dbkpnnp, npp Yhpunynud £ Unw
Py (Unipw) b Chphwnn 9npnnt (Ywbwnw) gnpswpwutbpnud [18, 19]: Swppwnis-
dwl [nisnypubkph dwppnidp Junwpynid £ ssdpugpuising wnudh unibhnug-
dwb hwdwp unbjuhndbnpuljwt wthpwdbon putwlng b juwwph hwdwp 10%
wybkgniyny [20, 21]: Zwunmwwnws k, np dsdpwopwsiny dknwnutph tunbgdw
hunpnipiniip jupgws b huwdwyuwunwupw unybhnubph niskihnipiniihg, npt
hn htppht ninhy hwdbdwnwlwt jujupwsmpiniu niuh SSdpwlju pprdh Ynu-
ghlnpughwhg U huunupd hwdbdunulw’ ssupuepusih gupnidhg n gkpu-
wunhdwithg: Lunbkgdw gnidwpuyht phwlghw nith htwnlbyw) wbupp.

Me?+ HaS = MeS + 2H* : 6)

Zhdtught Uhpwduypnid wnbdh unypbhnugdw dkpnnubphg Yupkh kol
wndh uhthjunught hwpwiymptph, ogpnid (st umy$hnupuph’ uny$hyltph b

nuwppuljut §&uph pwntnipnh dhwdwdwbwlju wjnnljjuguyht nuppujnudnudp:
Anpépupwgt pupwtnud k 433...453 & obipdwuwnmhdwtnid, twwnphnidh hhnpopuhnh
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160 [g/tP inidnyypnid, 1...1,5 dw/ mEunnnipjudp: Mnudh opuhnugus hwupwiynt-

ptnh hnhiwgnbgnipniip twnphnudh unybhnutph htn hhdtwghtt dhowduypnid
ufubdwwnhynpki Jupkih Eyunybpb] hbnbjw) nkwyghugng

8CuCOs + 5NazS + 8NaOH — 4CuzS + Na2SOs4 + 4H20 + 8Na2COs: 7)

Uhhjuwnwhhdtughtt (nusnyph wpunndhg b unpujugnijh (qugnidhg htwnn,
dhtsl pH=9...10, ynudh unydhnubipp Ynpqynid ko hnnwughuyny: Quuyus upul,
nn nju] nkjuninghwt wywhnymd £ pupdp gniguhpubp, hsybu Ynpquube
(90...94%), uwjuy tu b punwiynipnid ynudh yupnibwlnipyub (20...25%) wnbkuwbl-
nitihg, uwluy wpynibwpbpnpyub ke npu Yhpuenidp nddup E pupn nkjuin-
Inghwlui ujubduwygh, putl pbugbunubph b $hpnpldwt gudp wpugnipjut wuwn-
dwnny: Uju htnbwtp E uvnwgws funiuh pupdp pnmpjut b dusnighnipjul,
htsytu tuult NaOH-h nhkqbubpughwjh hhdtwpitinhpubph wnuwmnipjut [22]:

Ushumwnwiip [23]-mid wnwgwnpyynid kE hhdtwyght nisnypttpny mwuppune-
6t b Yhwdwdwtiwly opuhnpuugus ynhtdp nmuppulub §supny unydhnwugbty wyu-
whuh hwipwpwpbph nhypnud, npnig wywpuyhtt hhdpp juquijws E ppdunu-
nonnibwly dhwgnipniuubphg: Unybhnugnudp junwpdby k413 & obpdwunhdw-
tnud, (nsnyph Ynughinpughwt' NHs- 85 g/, COz - 55 [g/if- Oduph swipaup
1,3...1,5 wmbuquu wykih k, pwt hwipupwpnid opuhnugws ynudh pubwlnipmniip,
qnpdplipugh wlngmpinip kplnt dwd't: Unugyly k 30%-wing ynbdh pnwlbynip
90,2% Ynpquwi Ejpny: Snpsptpwugp btwulhithg mwuppbpdnud L wybih dbnd obpd-
wunhdwtuwght nt guép hhdtwyumpjut yuydwbubpny:

Unwiyt] hEpwbljupughtt o wyt gnpépupwugubpp, npnup munnqus tu gni-
twnp dkwnwnubph opuhnuyhti dih (opuhnubp, juppntwwnibp, unydunbp, Unjhp-
nuunibp b wy) hnppwEpydwip hion nnugynn unybhnubiph:

Ujuyhuny, gpuijuinipjui Jbpnidnipniihg puntd E, np opuhnugus wnbdw-
jht hnudph hwdwp JEpudouljdut wdkbwwpynmibuwdtn dhgngubphg £ hwipw-
punh dwbipugdw thnymd twptwljut unybhnugdw gnpdpupwgn:

Zknugnunipjut wpnympubpp: Uhubpuyubph dwlbplngpubpp uniybhnug-
unn wnlju kqutwfukpp sk wywhnynud withpuwdbon wppynibwdbnmpmni, putth
np wnwewgwd untjbhnuyhtt punuptbpp hbyunnipjudp puypuwyyynud Eu $nwnwg-
dwt ppugpnid: Niunh nyjuy hhpdtwpunph wdktwwpynituybn nisnudp hwb-
pupwiph wpdtpunp punumphytph Uhtitpuuputulul puqunpmpiub fogn-
hunudt £ nunugdwt hwnljmpiniuubph jajugdut tywwnwlyny, opuhnugus vh-
ubpuh dwkpinyph junp unydhnugdw thengny, hwipwpwuph dwipugdwt gnp-
dpupugnid oqgunugnpstiny SiSz, NaxS, (Na2S-SiSe) uniibhnuyhtt hwdwljupgtp:
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Uhubpujubph dwlipbnypubpp unybhnuginng wnlw tnwuwlubpp sku
wywhnynid mhwdbyn wpnynitwybnnipnil, pwth np oquugnpéynid Eu uniy-
$hnupupubp, npnup opuyhtt Uhpwjuypnid wnwewgtnid Eu hhdtwht nkwljghw
(Na2S, Na2Sn, BaS, CaS, (NH4)25» b wjqtn), b unipbhnuyjhtt punuptbptt wnwewtinid
Eu hpdtughtt dhpwJuypnid, npuntn unybhnubptt wujuynit Bu b honmipjudp puy-
puyynud L pnunnugdwtt gnpéplipugnid: Opuhnugué hwipwiyniptph unydhnug-
dwt hudwp pupdp Ynughinpughuyny twnphnidh unydhnh ogunuugnpdnidp hw-
gligunud £ hynwuh pH-h Yuipniy w&h, npp puguunpymd E bplint yungwnny. wnw-
ohli’ pupdp hhultwyimpyut hknhwbpny wpwewbnmd ki dkwnwnibkph opuhnutph
hhppuwnikp, npnug junpnubpp Jupnn B dntl) jynweh dke hkig hwipupwphg:
“putp Jupnn kb puljuly fyniuh ke oph fud nkwgknubtph dhgngny: Ujn, hhnpop-
uhnubkpp ny pnpnnupwp btunnd Ea ogrnuljup dpttbpwjubph dwuthlubph b nu-
nwnl] wyupubpph Ypu b gputng Juunugind wpwbdbwgdut wuydwbbbpn:
Epypnpy pH-h pupdp wpdtpubph nhwypnid bwnphnidh uny$hni niih whyunh-
qugunn hwwnlnipniuubkp, husp hwtgkgunid E Yninhnuyhtt unybhnubph dbwynp-
dwitip, npp sh Yusmd opuhnugus dhikpuubph dwltpinyphtt b Juunugund k
npuitg unipphnugdut gnpsplpugp:

Na:S-h opuyhtt (nidnyputpp hhgpnihqh hknbwipny wpwewgunid L nidtn
hhduwyhtt nbwlghu.

NazS + H20 = NaOH + NaHS: (8)

NazS-h 0,1 unpuwy (ndnyph hhnpnihgh wunhdwp 25°C-nud Juqumd E 86,5%:
Zwgnpi NaHS+H20=NaOH+H2S nkwljghwt unynpuljub wuydwuubpnid sh pupw-
unud: 0,1 tinpuw) NaHS-h nisnyypep 25°C-nid hhnpnihqynud £ dhuyt 0,12%-n4 [24]:

Swipwgttiihu NaHS-h nidnyyphg wipwwnynid k ssupwgpwsht.

NaHS + H20 = NasS + H:S: )

Udntuhnidh unydhnp Juyni k£ 15°C-hg gudp obpdwunmhgdutinbpnid b puy-
puyynid k nputhg pupdp oipdwunhguubpnid.

(NH4)2S = NHs + NH4HS: (10)

NHs b HoS-h thnpuwqplignipjut phypnid wnwig vunkgdwt wnwewunid k
NH4HS-p, npp juyntt k dhtgh ~32°C obpdwunh&wip:

(NHs)2S-p opmid hhypnjhqynud £ wnwgwgubiny] s&upugpushi, U nith hhu-
twjht nkwlghw: ULY ung jnidnyyph pH-n 9,3 k.

(NHa4)2S + H2O= NH+OH + HaS: (11)
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CaS-n b BaS-p inyuwtu gpmd hhnpnihqymd Bu b winwgwgunid hhdwght
nkwljghw.

CaS + H20 = Ca(OH)2 + H:S, (12)
BaS + H20O = Ba (OH)2 + HsS: (13)

dhpudowljynn ynudh opuhnugus hwipwiynippnud, dbnnwnutph pungw-
ppudwutph pwtwljutph hoppugdwt yuydwiibpnud, jhpundnn nkuuninghwljuw
gnpédpupugubph hwdwn swhwhoubp B nkuuninghuyh wwpgnipiniup, hnupuy-
unipniun b ppuwjuwbugdut swhwynp wuwpudbnpbpp (eEkpdwunhful, tnbnnne-
pintl, nhwgbkunubph b Eubpghnhl dwhuubkp): Ukluwthjulwb winhdugdub
EpEjunh hwpghtt Yupkih L opuhnugus wynuduwghtt hwbpwiyniphph dbuhnpdwi
Eubpglwnhly swpuubipp hwugt) Wjuqugnyyh:

Uwtpugdwt pupwugpnud, tpp mnbinh k ntbbinid hwmipwiyniph dhjpwtthjw-
Jut wynpjugnd, dkpwhjuljut nidiph wqpbgmpjudp juwnwpymd b dhbpuy-
ubph Eubkpgbwnhl yhdwlh, $hqhjuljui ni phihwljut hunlnipnitiitnh thnthnjunt-
pinil, pun npoud, Eubkpglnhly yh&wyh thnthnpunipniiup Jepupkpnud L hknbpnduq
hwdwljupgbpht, nph whuy pununphsubpp Eupupyynid tu JEpwiuhjuljubt wg-
nhgnipjui: Zwipwiynipbph $hqhjului b hqhiuwphuhwljwi hunlnipmnibtbph
wykih oun Juhus i pniptnudutnulnid wpuntbph mkuwlhg m Ynughnpu-
ghuyhg, pwl pununpnipeinihg b jupnigjwdphg:

bPuswbu tplnwd E [25] wpluwnwtiphg, dwbipugdw dudwbwly whtn dwpduh
Jpw dUEpwbhjuljut wqpbkgnipnit Bt hupgwsttpt ni othnudp, npniip wnwgwg-
unud L hknlbywy Eplinyputpp.

— hwupmgynud Eu juybt vhowluypny LEjnpudwuqhuwlut wihpubp, wyy
pUnid’ dwyliught nu nuuwght,

— wnwgwbmu £ obpunipymi’ nwpugbyng dwipugyus iynipp,

- upwidnud k Ejunpnuttph fdhuhwi, b wowewinid | wnunkugyuyutph
wnwppbpnipntl,

— hwhinygnud E yniph wdpnpowljwinipniip, b dkswiunwd £ ipuw wqun
dwlkplinypn,

- wpwowinmu ki wnwbdquljub phpnplughwikp. htnbwpup oo,
Eupuplytng dbpwthjulwut nidtiph wapbgnipjutp, hy-np dudwbwl] yupne-
twlnud £ «arbignijuhi» Lubipghuygh wwpwp,

- Uwbpugus yniphpnid puypuyynid tu phthwljut juybpp (Ukowin-
1hg, Ubhpmimjpkjhiq b wylr). wyy nypmid wnwewgws b shndwykiuwgdus ph-
dhwjwt Juwbpp jud wquun punhljuttpp wupnittwlnud Eu «wdbignijughi»
Fukpghuyh wwpwpubp:
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Uoyws Eplinypubph hEwnbwupny whin Wynipbpp dknp L pipnid nkwljghnt
Uks Jupnnnipniy, wpuqugusé phuhuljub hnpowugnbgnipnit htiswyku whn w-
quyjhl, wjtybku b whun nt hinniYy pununphsutph dhel, npp b htwpwynpnipmnil
E vrwjhu £hon pnpl] dbjumtwwljnhjugdut dkjpwthquh mkuwlyp:

Uwipugdwtt hudwip hugintth pnjnp dbpkiwibphg wdktwnwpus]wsp pupnt-
Juyht wnugukpt i, npnugnid quntiph hwpgwép npnodnmud £ prujut gpuud huinw-
ghntt nidny: Quuywé tpwi, np pUpniuyhtt wnugubpp ghipdwin wnugdwi hw-
dup skt twppwnbudws, vujuyb utnipp dwbipugdwt hwutinmd Bu juujunught
ptdhuph Yhpundwdp b phpudwodwt wqpbgnipjut ghpulppnipjudp nt othng
qunbtph dwlbplnyputnh hoppugdudp: Unhjugdut tyuwnwlng wpynitbiwytn
E bwl ghipyphnhujub nkdhdp: Unipp dwtipugdwt nt dEpwtthijuljub wljnhqug-
dwb yywinwlny juyt nwpwsnd Bu qunk) ppprughti nt shpught wnugubpnp [25-27]:

Oquugnpédynid i twl JEunpntwjunyu-dninpujuyhtt wnugubkpp, npnig
hhdbiwljwi wew]bmpnibibph ko gungnibkph Yphnpulub pdh wlbugdub
htwpwynpnipnibp, Yndyulnnipniup, htyybu twub phy dbnwnuunwpnipmniup
b mbinuljuyuiph pwpdntiwlnipniun:

Uthumthjuljut winhjugnudp punipugpynid £ dbjumthjuljut nidbph
wqplignipyut nul hwdwlupgh wquun tubpghuyh thnthnpunipyudp, npp Jupkh
E wpunwhwynk) htnlyjuw) nkupny [25].

Guyn = Guuy + Gy, (14)

npunbkn Guye-ut dwbpugdwb pupwugpnid wquun tubkpghugh thnthnpunipniut L,
Guu-ll' dwlipugdwl plipugpnid dwljklinipught Fukpghugh thnghnjum pymp, Grg-i
Ubppht Fubpghwgh thothnjumpenitp b hwohy nE$npuwghwih m dwuwdp poipk-
nuijuiunulh pujpuydwi: dkpp toqusd pnnp ophttwswhmpiniubpnt wkih 1phy
nt hunwl] wpunwhwjnynid kb Wyniph tnipp dwbipugdut nhypnud:

Sthuunnghwljut owwn gnpépupwugutpnh hhtpnid puljus b hbnbkpngku ph-
dhwljub ntwlghwtbpp, npnup phpwind i wgbph pudwbdwt vwhdwinid:
Onuwuqntignipjut wyn mkuwlhtt B yunjuinud hhgpnptpduy unydhnugdu gnps-
pupwgn: Zwpnth kE np unp yhtn $wgh wpwewgdudp pupwugnn nkwlghwubph Yh-
ubnhjul unynpupwp pupguinod £ ipuing, np inp wowewgus uhtn inpugnyu-
gnipniuubpp nddupugunid i nbkwgbntbph dninpp sthnjuwgnué mppnype:
Uwtpugdut yujdwtubpmd tdwt thnfuuqnbgnipimibbph wbgugdw nhupmd,
Epp dwbipugynn whun dwupduh pununphsutph dwljpbnypep wipinhwwn tnpw-
unud £ nkwjghwgh wpquuhputph hinwgniuny, nbkwljghuyh wpugmipiniup sh uwh-
dwbwhwlynid nphdniqhnt gnpépupwugubpny b tjupugpynid t wupq gdughte
hwjuwuwpnidutpny:
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Swppulut §&upny dwup gnitwynp dbwnwnubph opuhnugué hwtpwynt-
ptph hhppnpbpdw) unypppugiwts hundwp yupnunhp gudwi b inpewgynn
niptph wtdhpwlwb othnidp, npp wwhwbgnid E pwntnmipnubpnid pununnphs-
ubph hwjuuwpuwswth pupunid: ‘Unipbph wyny wunhdwth ppwntgbnt mkjuuhju-
Jut vhong Jupny kb hwinhuwbw wnugubpp: Unydhnugdub nt dwpugdwb
gnpédppugubph huwdwlgdwup tywunnid £ iwb wyt, np dbjpwtiwwljnhqugdui
Eutipghuyh wqpbgnipjut wpwbjugni Ll Jupkh £ uguuly, bpp wyi wb-
ouwnynid k thnpuwqnnn yniplph widhgwljut sthdwb wwhhi:

[28] woluwwnwtiph htnhtwlubph Ynnuhg wowewplynud k thnjuwgybtgnip-
jutt hinlbyjw) hwonpyuljuinipnip, kpp HaS-p wnwewinid E muppuljub dupny
Udwipugdwi nhypmd

S+H:0 - HaS + % 02, (15)
wjunthknl nknh E nibktnid HeS ~h thnjuwgnbgnipgniip denwnh htn
2Cu + HaS — CusS+H: , (16)
Fe+2H:S — FeSa + 2Ha : (17)
[29] wpnwwnwlpnud npjws £ unpdhnugnjugdut whtnpuquihtt dkjuw-
thqup
Me +S — MeS, (18)

npnkn Me-ut Mg, Cd, Zn, Sn, Pb, Sb, Bi L

Ujuyhuny, wnugubpnud unipp b ghpingpp dwipugdw nhypmd htwpudnp
E hpwluwtwguty tdwb uhtiptqubp:

N.U. (*Ephunkph wohiwwnwtpttphg hwynuh E, np oipdwuwnhgwp npnohy
gnpénuubphg Ukl L opuhnugwé wnudwyhtt hwpwiynipbpnh nuppuljut §&dpny
hhnpnpbpdw) unybhnugdw gnpéppugnid: 277...343 & okipdwunhgwughti Uh-
owjuypnid oph dwbnighlnipniup thnppuinid k 5 waqud, hul fEYunpnihnpl nh-
ungdwil b ppodwl obpunipnitt wykjwunud k: tw wdbjugund L dhipndwpknh
rhup, hul oph puthwigdut wpugnipnitt nt unpnipniip hwigbgunud B dhjpn-
Qupltinh ubywgbnpdwi, b hpnkiuhquunud E ynipbph pug dwipugnidp:

Lintwjhtt wywptbph dwipugdwut qgnpspipwugh jwjugdut jujudusne-
pintup okipdwunhdwithg pugunpynud E htnbyu) YEpy. dhubpujubpp pinipw-
gpynid B obpdwyht punupdwldw tnwuppbp gnpswlyhgubpny, npp gkukqhuh dw-
dwtwl) hnqugdwt gnpéptipugmd ubpphtt jupdusnipnitiibpnh swqlwt yuwngwn k
hwinhuwinid: Uujuyb Eppupwtuljut gnpépupwugubpt pipwind tu dhjhntw-
Ynp nnuphubph pbpwugpnid, wyn jupusnipniubpp gnpstwljwinid hwutnd B
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qpnjh, nmwpugnidp hwghgumd E dhebwquyhtt jupusnipjut Jepujubqudwi,
nntb b Ukdwgunid E wywph wdpnipinibp:

9.9, Ponhplp, phunwpybny ebpdmunhdwih nt Jupdwt jupdudwudljin
pupdpugdut gnpénlitbpp, npubip Juwk) kwhn dupduh qpgedus Jh&wljh hw:
Pp htipphtt gpgnywsnipiniip kpkp hhdtwlwh gnpspupwughtph’ pthdwh, nEdnp-
dwghuwh wpyniupnid nwpwugdw b puypuyydwt pipugpnid Eukipghuyh wgwn-
dwl wpyniup E: Yhubknhl] qunltpugnidutpp poy Bt wwhu dijpwbuphdhuw-
Jwl gnpéphpugibpp nhunwplyt] wfbih pupy hwdwlwpgbpnid, ophlwly htgnily-
whtny dwpdhl, qug-yhtuy dwupdhl, b wpwbdtugl) obpdwunhfuh nt £updw
wqpbgnipnibtbpp: Zudwlupgnid obpdwunhgwuh pupdpugdut wnpmnip Jupnng
Eu 1hul] wphwpun ubknudwt gnpépupwugp b whin dwpdhtubph Swlinwnhubpp
Uhony htnniljh hnupp: Unwnuynp quwhwwnnidp gnyg k nygky, np okpdwunhgwin
Jwpny k hwuaitly 773...973 4 huly dwutthibph dhel wnwgwgnn &upnudp 0,5...0,6 Uu:
Llut yuydwbubpnid htwpwynp k jhunud npny dhukpuwubph uhipbqp:

Mnudh opuhnugws vhukpwjutkph unydhnugdwt qnpépupugubpn juydus
tu puqUuphy opuhnuybpujuigudwb nbwljghwtph htiv: Ujy qnpdpupwugubpp
pujuljutht pupy G Zhdbwlwb nbwlghwttph pipwtunt hwjwbwlwinipe-
niup yupqbnt hwdwp junwupdl) b iwpptwljut phpdnghtudhuljut hwoduply:
Uy nbwlghwiubph pupwbwnt swihwithop' hwunwnntt updwt b ghpdwunp-
Swuh wuydwubbpnud, @hpuh Eubipghuyh (AG) wjugnidt b AG-h hwpdupljubpp
Juwnwpyby E SEdyhu-Cyupgdwtth dkpnnny [30-34], npp hwdwp wihpudbown ndjui-
ubpp phpus i wpniuwlmuad: Zudbdwnbh ndjujikp vnwbwynt hwdwp hwo-
Juiplubpp Juunwpyby Eu 1 ¢y unybhnupuph hwdwp: Nunidbwuhpynng nbwl-
ghwibph AG>-h hwibdwnnmpmbp htwpwynpnipmb b wwghu npnpkynt dh
ntwljghuyh wnwbnmipiniup dniuh hwdbdwwn: Gph npupdbih phthuljut nbwly-
ghwkpt pupwinud B dhish hwduwuwpuljppnipmiy, wyw dnjklnyjup-utnwnh-
Ynpku nu bpwbwlnid t, np ninhn b hbnwnupd nbwlghwtbph wpugnipniakpp
hwjuwuwpynud L [35], hulj phpdnphttwdhfugh nkuwilyniihg hwjuuwpynud B
pununpudwubph phthwljwt wnnkughwubpp:
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Unyniuwly

Grulynmiplph Fapuyyhubkph b Hnnpnupwmbbph wpdbpbkpp

Swnpkp, AH0%o9s, AS%0s, Thug, Ty,
dhwugnipinil §8/ung 48/ dny-wuawn g g

CuO 155,64 42,68 1515 -

Cu20 170,53 93,09 - -

Cu2S 82,0 119,24 1403 -

CuS 50,62 66,52 - -
Cuz(OH)[COs]2 | 1632,17 402,5 - -
Cu2(OH)[COs] | 1051,43 186,18 - -

Na:sS 386,60 98,32 1223 -

SiSa 205,01 80,32 1363 1403
SiO2 905,41 43,51 1696 -
Na2CO:s 1130,76 138,78 1131 -

NaOH 426,35 64,43 593 1663
H0 285,82 69,95 - 373

CO2 393,50 213,67 - -

SOz 296,89 248,06 - -

Na2S03 1089,51 146,02 - -

Uwnnpl pipgwé G hhdbwlwb nkwlghwubpp b phpudnnhttwdhjuljut hwy-
Jupljutph wpyyniipubpn (by. 2):

Cupwinid ku htnbyw) nkwljghwubpp.

1. 2CuO + SiS2 + H20 = 2CuS+ SiO:2 + H20:
CuO + Na2S + H20 = CuS + 2NaOH:
2Cu20 + SiS2 + H20 = 2CusS + SiO2 + H20:
Cu20 + NazS +H20 = CuzS + 2NaOH:
3CuO + SiS2 + H20 =3/2 CuzS + SiO2 +1/2 SOz + H20:
3/2 CuO + NasS + 3/2H20 = 3/4CusS + +2NaOH +1/4 SO2 +1/2 H20:
2/3 CusOH2[CO:s]2 + SiS2 + 2/3H20 = 2CuS + SiO2 + 4/3CO:2 +4/3 H20:
1/3CusOH2[COs]2 + NaaS + 1/3H20 = CuS + 2/3Na2COs + 2/3 NaOH + +1/3 H20:
1/2Cu20H2[COs] + Na2S +1/2 H20 = CuS + 1/2Na2COs + NaOH +1/2 H20:
10. Cu2OH2[COs] + SiS2 + H20 = 2CuS + SiO2 + CO2 + 2H:0:
11. CusOH2[COs]2 + SiS2 + H20 = 2/3 CusS + SiO2 +1/2 SO2 + 2CO2 + 2H20:
12. 1/2CusOH2[COs]2+NazS+1/2H20=3/4Cu2S+3/4Na2COs+1/4Na2SOs+1/4CO2+ +H20:
13. 3/2Cu20H2[COs] + SiS2+1/2H20 = 3/4CuzS + SiO2+1/2 SO2+ 3/2CO2 + 2H:20:
14.3/4 Cu20H2[COs] + NazS + 1/4H20 = 3/4CuzS + 2NaOH +1/4 SO: + 3/4COz:

0 XN oUW
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Ujuyhuny, phipdnphtudhulub hwpduplubpp gnyg Ea wughu, np @nnmuunp
hwupwuyph opuhnugdwi gnunnt wnudh dphtkpujubph unydphnugdwt nkuljghw-
Ubkpp uhphghnuih uny$hnm] bkl pipwbugm ks hujuwiulwimpmt' tunphmuh
unt bhnh hwdbdwwn: @njumqpbkgnipniub pupwunid £ AG-h Uké puguuwljut wp-

dtipny, npp b hwunwunmy E uhthghnudh unyyhnny wnudh unydhnukph unugdw
Uks htwpwynpnipnip (uly.2):

AG, 424Ing
o

230 300 310 320 330 340 350 360
T. U

-600 -

Ul 2. @ppup Fakpghuyh wpdbpalph Jujujuénipiniip okpluwumpdwihg

Opuhnugws wynuduyhtt hwpwiymptph nnugdutt twpwyuwnpuundw
wlktwwpyniwdbn dkpnnp unybhgugnudi k [36]: TUwipugdwi thnynud hinw-
tljupuyht wuppkpulitphg & uhthghnudh unyphnny Yunt tunphnuih phoyny-
1Epuny unibhnugniup:

‘Luunphnuth phoyndwkpup yuwnpuunygty L hbnlyuy YEpy. tunphnidh ungg-
$hnh Ypw wdbjugyt] L unkuhndbnpuljut putwlny uhjhghnidh unybhy, wjune-
htwnl wyt mwpwgyty k, b unwugyt] hwdwubn quuqus:

Zhnwugnngl b winugnid unydhnugduts gnpépupwugutppn: Ywnwpyt) Eu
htunwgnunipniuubp unybhnugdu gnpdpupugh hunktuhgugdwi hwdwp® k-
huwthjujut wjnhjugdwi vhongny: Ukjumhjuljwut wljnhjugdut ogurnugnp-
snudp htwpwynpmpynt E wnwihu pupdpugibim wyhtn dwpdhbiibph pbwlghnt
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niiwlmpynittpp’ b hwohy poiptinuyhtt Jurmguspnid wpunikph wnwgwgdwi
b ghdniqhuyh qnpépupwgh wpuqugdwi: Mnudh opuhnugus dhitkpuyubph uny-
dhnugnudp uhjhghnidh unydpnny jud bwnphnidh pholndybpuny nuiinwnnud
E dhubkpuyubiph dwlbplngpht unydhnuhtt punuipbph wpwewgdw hbnbwb-
pny: Uy qnpdptpugnid tljuugnud E ubpphtt nhdnighuyh phidwnpmpjut wes, puth
nn qnpdpupwugn nknh Entibumd nbwgbinh (uhjhghnuth unydbhnh jud twnphnidh
phnyndwtpuh) nhpniqhuyny wnwowugws untybhnuyhtt (Cu2S) punuiph vhony:
Uthuuhjuljut winhdugdut jhpuenudp (dwbpugdwi gnpdplpwg), nph p-
pugpnid gnyubmd kb opuhnugud dhikpuyibph pupd dwljpinygpubp unybhnh
otpup htinwgdwt hknbwipny, htwpuynpmipinit £ tnwjhu ubkpphtt ghniqhuygh
nkdhuhg wuguk) Yhubnhjuljut ntdhith: dpw hbinbwupny gnpdpupugh wpwugne-
pintup dbdwinud E, b wkjwunid £ unydhnugqus ynudh dwubwpwdhiin: Ujuuh-
uny, unybhnugdui nkwljghugh wpugnipeniip npnoymid £ dwljbpinyputph wnw-
guglut wpugnipjudp: Unipphpugdwti gnpspupwugp npwhy whinduquyhl
ntwljghw E, npp ujuynid £ dhtkpwjubph hmnhlubph dwipugnidng:

Banulwugnipnii: Spuljuinipiub wljtwpyh njjuitph b junwpjws thop-
dwpwpuwlwb hbnmwgnunnipmnibitiph Jipnisnipjut hhdwb Jpu wpjuwwnmwpnid
wnwownlynud k &éndp qupmbwlnn uhjhgnidh unyibhnh b twnphnudh phn-
ynuwEpuh wejuynipjudp opuhnugwsd wnudwjhtt hwbpwpwpbph hhnpnobpdw-
1ht unydpnugdmt b dwbpugdwb gnpspuipwugubnh hwdwwnbnnid: npépupwgn
Juphkh £ hpujubtwgul] unynpuljut qupunugubpnid dhtsh 373 & obpduunhdw-
tnd’ wpquiuhph hknwgqu $innugdudp: b nwpplpmipnt wunljjuughb k-
pnnh htwpunp E himd twqbguby uny$hnugdwl gnpsplipugh nkhininghw-
Jul wuydwbibpp, qupgkgit) Jkpudswldulb ujukdwi' h hwohy uniy$hpuglul
nt dwtpugdut oybpughwtph hwdwnbndwi, tjugqtgut) twb unydhnugldute
gnpdplipugh hpuwjwiwgdwt ntnbuwlwi Swhubpp: 8nyg L nipdws, np wynudh
opuhnugué dhtbpuyutph unydhyugnidp upthghnudh unydhnnyg jud twwnphmadh
phoynuwtpuny quitiqpunmy E dhubpujibph dwybplinygphtt unybhnuyghtt punuipe-
ubph wpwewgdwi htinbiwipny, nph pupwgpnid tjuwwnynid k tkpphtt nhniqhuyh
phiwnpnipjutt wg: pw hbnbwpny gnpdpupwgh wpugnipniup vkdwiund L, b
wykjwunid £ unydhnugus ynudh dwuttwpwdhip:

Ujuyjhuny, unydhnugduts nbuljghuyh wpugqnipmniup npnoynid B dwljbplimgpe-
ubph wnwewgdwi wpwgnipjudp: Unybhnugdwt gnpspupugp mhyhly yhundbw-
quyht nkwljghw £, npp ujuynmid £ dhubkpwubiph hwnhlubph dwiipugnidng:

Zlmugnunnyeynibbkpp unnwpyly o Zuyuunmulh wqquyhl woppunkbhlulul hu-
dujuwpuwih «Unipughuinipinil o dbnugnipghuw» puquyhl ghunuwhbnwgnunulul jupn-
punnnphuynid:
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C.I'. ATBAJISIH, A.B. ABAT'SIH, T.C. ATAMSIH

OKHMCJIEHHBIE MEJIHBIE PY/Ibl U OCOBEHHOCTH U3BJIEYEHUA
N3 HUX MEJIU METOJAMHU CYJIbOUJALINN

Ha ocHoBe aHanu3a METOAOB NepepabOTKH TPYAHOOOOIraIaeMbIX MEAHbIX, OKHCIIECH-
HBIX W CMEIIAHHBIX PyJ B paboTe MPeIUIoKeHO COYeTaHHe MPOLECCOB THAPOTEPMAIBHOIO
CybQUANPOBaHUS M M3MENIbUYEHHS OKHCICHHBIX MEIHBIX Py C HAJMYMEM CEepocojepika-
IIero CyJb(pHaa KpeMHHS 1 THOKOMIUIEKca HAaTpHs. M3 MHOTHX Cynb(QUANPYIOIIX areHTOB
00JIBLION MHTEPEC NPEACTABILIOT BOAHO-TUIPOIU3YEMbIE H CYIb(GUANPYIONHE areHThl, 00-
pasyroliye pyu MEXaHOAKTHBALUK CTaOWIBHbIE CYIb(UIBI MEIH B KHCJIBIX U HEHTPAbHBIX
cpenax. I[Iporecc MOXHO MPOBOAUTE B OOBIYHBIX LIAPOBBIX MENBHUIAX IIPH TEMIIEpaType
1o 373 K ¢ mocnenyroment ¢proTanuei mory4eHHOro MPOAyKTa.

HccnenoBanbl peakuny B3aMMOJECWCTBHS CyNb(HUAa KPEMHHS C THOKOMIUIEKCOM
HaTpysl ¥ OKUCIICHHBIMM MHUHEpIAMH MeX (a3ypHTOM, MaJaXUTOM, KYIIPUTOM, TEHOPUTOM).
JlokazaHa BbICOKasl pEaKLMOHHAs CIIOCOOHOCTH Cyib(uaa KpeMHUS U THOKOMIUICKCA HATpUs
NPU HU3KUX TEMIIEpaTypax, YTO MO3BOJSIET OCYILECTBIATh TIIyOOKYIO CYNb(pHIALHUIO IO-
BEPXHOCTH OKHCIJICHHBIX MEIHBIX MUHEPAJOB B Ipoliecce u3Menbdyenus. [lokasaHno, 4yro Ha
nporecc Cylb(UANPOBAHHUS OKHCICHHBIX MEIHBIX MHHEPAJIOB BIUAIOT TEMIEpaTypa, Ipo-
JOJDKUTENBHOCTD, PACX0A CYJIb(GHUAATOPA, a TAKKE CTEIIeHb U3MENbYEHNI MUHEPAJIOB. Y Be-
JMYEHHE MPOJOJDKUTEIBHOCTH MPoLecca U CTOMMOCTH CyJIb(UIaTopa MOBBILIAET CTEIECHb
CyNbGUIMPOBAHHS OKUCICHHBIX MUHEpANIOB. [lokazaHo, 4TO CyNb(GHINPOBAHHE OKUCICH-
HBIX MEIHBIX MHHEPAJIOB CYIbGHIOM KPEMHUS WM THOKOMIUIEKCOM HATpHs 3aMelIseTcs
3a cueT 00pa3oBaHMs CyIb(UIHBIX IUIEHOK Ha IIOBEPXHOCTH MUHEpAJIOB. B aToMm mpouecce
MIPOMCXOJUT YBEIMUYCHUE CONPOTHBIICHUS BHyTpeHHe! a1 (dy3nu, MOCKOJIBKY ITPOLECC OT-
paHuuMBaeTcs HHAYIMpPoBaHHOH muddysueii cynbhuaHoii (CupS) reHKol cyabuia KpeMHUs
WJIM THOKOMILJIEKCA HaTpHsi. B pesynbrare yBenuuMBaeTcsi CKOPOCTh TPOLIECCa U MOBBILIAETCS
noJst cyiabduanpoBaHHON Meau. TakuM 00pa3oM, CKOPOCTh PEaKUHH CYJIb(UIUPOBAHUS
OIIpe/IeIIsieTCs CKOPOCThIO 00pa3oBanus nmosepxHocteil. [Iponecc cynaphunupoBanus npea-
CTaBJIseT COOOH THIIMYHYIO TBEPAO(ha3HYIO PEeaKUuio, KOTOpas HAYMHACTCS C U3METIbYCHHS
MHHEPaJIbHBIX 3€pPEH.

Knroueswte cnosa: menp, OKCHI, MUHEpAJI, LIapOBasi MEJbHULIA, U3MEIIbUCHUE, MEXa-
HOXMUMHYECKas aKTHBaLKs, CYJIb(QUIMPOBaHNE, TEPMOAMHAMUEKA, (IIOTALHS, HCXOTHOE CHIPbE,
HIPOJYKT.

413



S.G. AGHBALYAN, H.V. AVAGYAN, T.S. AGHAMYAN

OXIDIZED COPPER ORES AND PECULIARITIES OF COPPER EXTRACTION
FROM THEM THROUGH SULFIDATION METHODS

Based on the analysis of methods for processing difficult-to-enrich copper ores,
oxidized and mixed ores, a combination of hydrothermal sulfiding and grinding processes
for oxidized copper ores containing sulfur-containing silicon sulfide and sodium
thiocomplex is proposed. Of many sulfiding agents, water-hydrolyzable and sulfiding agents
that form stable copper sulfides in acidic and neutral environments during mechanical
activation are of great interest. The process can be carried out in conventional ball mills at
temperatures up to 373 K, followed by flotation of the resulting product.

The reactions of interaction of silicon sulfide with sodium thiocomplex and oxidized
copper minerals (azurite, malachite, cuprite, tenorite) are studied. The high reactivity of
silicon sulfide and sodium thiocomplex at low temperatures has been proven, which allows
for deep sulfidation of the surface of oxidized copper minerals during the grinding process.
It has been shown that the process of sulfidation of oxidized copper minerals is influenced
by temperature, duration, consumption of sulfidizer, as well as the degree of grinding of
minerals. Increasing the duration of the process and the cost of the sulfidizer increases the
degree of sulfidation of oxidized minerals It is shown that sulfidation of oxidized copper
minerals by silicon sulfide or sodium thiocomplex is slowed down due to the formation of
sulfide films on the surface of the minerals. In this process, an increase in internal diffusion
resistance occurs because the process is limited by the diffusion-induced sulfide (Cu,S)
film of silicon sulfide or sodium thiocomplex As a result, the speed of the process increases
and the proportion of sulphidized copper increases. Thus, the rate of sulfidation reaction is
determined by the rate of surface formation. The sulfidation process is a typical solid-state
reaction that begins with the grinding of mineral grains.

Keywords: copper, oxide, mineral, ball mill, grinding, mechanochemical activation,
sulfidation, thermodynamics, flotation, feedstock, product.
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2U3UUSULP ZULMUMESNRESUL CLYE NPT UOULED
ULULUSNRULELD 20ULUSLUSNRUNY, USUSYUD" UPLRSPNRUD
YU.LEPYP BY UOIVUOULUSEL SULTECE 2bULNY ELEUSMUUUSLhUTYUL
PUNUNULSNREE

EEjunpuntthjuywt b jhuwhwnnpysughtt vwppbph dudwbwluljhg wpunwnpoie-
miip wwhwiend k juyt gnpbwnwjub hwnlnipnibbpny yniptph Yhpwnnipmi: Uju
hwdwwnbpunnd wpwbdiwhunnntl] htwnwppppnipnit Bu abpjuyugunid jhuwhwnnpnsw-
jht wshuwstiuyghty, uhjhghniduyht mwppbph b ngpuig dhwgmpnitibph hhdpny phuhwlju
Juopnygubpp, npnup pwinud ko wpnh wkthuh ywhwiettphtt hwdwywnwujuwu
unp pipndwquhuwfui b iphdwquhuwfu yniptph Yywlnudp b vnugdwt wnwownbd
wnkpuuninghwutph qupqugmup: Ujuinuljut wpununpujut tqubwlubpp ptnipugpynid
Eu pwpdp Eubpquuyundudp b putupdtp hnudph oquuugnpsdwdp, nph hkwnbwupny
Fwybu pupdpwinid £ wpunwungpuph huptwpdtpn:

Unyt Jhpwpwlub hbnwgnunipjut sppwtwljutpnid ntumdtwuppynid £ Zujwu-
nwtth wspuwpkp wpwewgnidutnh® nputu hnwdph oquuugnpésdwb wkuthjulwt htwpw-
Ynpnipiniup: Ujp tyuunwlny fhpwnynid b pwpdpobpdwunhdwbiughtt hpwpuyypuydw
Enwbwlp, npp bywunwluninndus £ nknujui wsjuwstughtt hnidph mbjuuninghwlu
Yhpudowldwin: Zpupwjpuydwt wpyniupnd dbwynpynid i Jhuwhwnnpsuyghtt' junpu-
twnpnuyhtt jurnigywsdpny uhihghnidh Jupphnh (Moissanite 3C), 3R wnbkuwljh gpudhwnh nu
FesSiz Jwquny dtpnuhjhghnidh hhdpny hwdwlgyus wnipkp, npnup gnigwpkpnid tu
EEyunpudugtihuwut hwnlnipmniatbp:

Unpwigpughl pwpkp. wspuwphp wowowgnidubp, hnudp, LEjunpudwquhuwului
pununpuiyniplp, jhuwhwnnpnsuyhtt wwppkp, hwdwlgqus ynipbp:

Ukpuwbmpinit: dudwtwluljhg ghinmpiub b mkuthjuwih pwqujunubpmd
pupdn mkhuuninghwubph wnwenpwugp wupdwbwynpyuws k kpjpnud iynipughwnnt-
pjut nnpuh hptunhnmunibph qupqugusnipjut dwjuppulny: Uju mkuwlk-
whg Uks £ ywhwbpwplp hwnjuybu pupdp obpdw-, fEjunpuhwunnppuljuinipe-
Jut nt wnwdquijutinipjut Unyniny’ wgpbuhy vhpwjuypnid opupnuljuyniy, pn
npnud’ nbuwupun Yorny dbinwnubphg phpl, juyt gnpsunwjut tpwbwlnipe-
jadp ympbtph tjundwdp, puth np npuitp htwpuynp E Yhpunt) suypuhbn wuyg-
dwbtbpmd owhwgnpéynn wnwtigpuuibph, gquownwuwhs swsytph, LEjnpw-
Jut Ynunwljunibph, obipdwthnpumtwmyhsubph b wy wpnunpujub qgnpdptpwg-
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ubpnud: Npybu wpwewnbd wyn Wynipbph owppnid hwipy E juplnpby $bph- b k-
nniwquhuwljut hwnlmpniutbpny pununpuiyniptph glipp, npoup Yhpunynud
El hhonn b otinnn oyyunhjuljut vwppbpnid, dwqhuwlwi nuownh vkiunpubpnid,
npuiny hull yuptnp twhwngputtp wvntnstng tnpugny vwppbp twhwgstyne
hwdwp [1-4]: Unyu hwdwnbpuinnud hwpudnp E wdbjugut) mmuppbp dbnwnubph
huwuntunipnubpny tnupugdus jud ny hudwubn dwquhuwlut jhuwhwnnpnhsubpp:
Onhtutly, ywinphgh gnpéwnnypny’ phthwlwb nmwuppbiph wuppbpuljui wnyni-
uwlh III-V (III-Al, Ga, In; V-P, As, Sb) b II-IV (II-Zn, Cd; IV-Si, Ge, Pb, Sn) judptnh
Jhuwhwnnpyhsubpp wupnibwlnwd i TiO2, ZnO b Fe, Co Ni b wy) dwquhumljue
dhwignipniiubp b dwutthlubn: Loqus bplupwbwlnipjudp wpunwunpupubpp
unwtwynt gnpdpupwugubpnid Jhpunynd b Guiynipliph wnwidtwhwinlnipini-
ubpp dbunbinbnt mbuuhulwb uhqpniiupp’ npu hwdwp oquuqnpstinyg hnudph
nup dudjdwl, Enwjudub, fEjupujut giuquuyhtt yupydwb b puptwpngu-
Jundwt pupdpobpdwunpfutughtt uhptqh (PAU) wkjuuninghwkpp: Zupnth £
twl, np wyy bywwnwlny gnpénn nmkutninghwbkph wpyniupnid vnwugynid Eu
pupdn huptwpdtpny wpunwnpupubp, hsp yuydwbwynpjus t nppuugnid Yh-
nunynn pwiupdlp hnwdpny, vwppuynpmdutipny, LiEjunpulwb Eukpghuygh pupdp
dwijuuny b wypt:

Uju womwmnnwupbpp thpdws tu Jipnhhojwy wnkjuthjuljut funhputph
nwsdwiip, nph wyu thnynd byywwnwlp C b Si jhuwhwnnprsuyghtt mwupptph hhupnd,
nun npnud” Epljuph b wyp dbnwnubph yupnibumpjudp, HEjunpuduquhuwuljub
pununpuiympbph uvnugdw dudwujuljhg nkjnininghuyh dowlynudt

unnh npduspp, hndph thnpdwpuwt tnuwiwlh hhpdtwynpnidp: Ghuwhw-
nnppyuyhtt wshiwsth b uhjhghnidh wwpptph b gpuig dhwgnipniuubph hhdpnyg
dwquhuwlwt punqunpuiympbph vnugdut tyuwnwlny uny hbnwgnunniene-
tinud npuyku hnwdp Ginpd £ wpby oquiugnpskynt Zujwunwih Zubpuybnn pjub
npunbppnid mupwsdws vbnmwnulhp wshuwpkp wnwewgnidubpp [5]: Ldwl npn-
onidp hhduymd E wpjuwnwtiph btyyunuljuyghtt inkuwblynithg hnidph hyuuwnw-
Ynp phthwfwi juquh b mbnbuwjuwt tyunujuhwupdwpnipyut Jpu: Zuywu-
wnwth pugkppnud nmupudyws wshiwpkp wpwgwgnidubtph (ZUU) wikjuuninghwlju
thnpdwpynidutiph hwdwp tywwnwlwhwpdwp k gk jhpunk] pupdpeobpduunh-
fwtwyghl, tnup dpunnpuughtt onh wuydwibpnd hpupwypuydwb Enuwbwlyn:
‘Lwpupnnpus hbnwgnunuljutt tyubuljh nbjuthjuljut hppunbunipmiip npnobne
hwdwp oguuugnpsdyby k gqnpdpupwugnid htwpuwdnp thnpuwqpbgnipniubph hw-
Juuwpulpponipjut phpdnphttwdhjuljut gnpsnuutpp hwpdupyne [6] tnutwlyp:
Sthuunnghwlwt tjunwnnudubpny Juplinp hnpowgpbgnipmniaibph hwjuwuwpnid-
ubkpp ukpuyugyusé b unnpl
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CH30H = CH4 + 0,50,, (1

CHs=C +2H,, (2)

2CH4+ 30, =2CO0 + 4 H,0, 3)
2C0=2C + 0y, (4)

2FeS; + 11CO = Fe;05 + 4S0, + 11C, (5)
Fe;03 + 3C=2Fe + 3CO, (6)

Si0, + 2C = Si + 2CO, (7)

Si+ C = SiC, )

Fe + Si = FeSi: )

Uy Epnusnipiniiibpp gnyg B vmwhu, np dhtgh 1000...1100°C obpdwu-
nh&wlttbpnud ZUU hpwpuypuytijhu pipuinud i ngpuitg ke yupnitwljynn pupn
phthwwt vhugmpiniutbph pujpuydwi thnjuowgnbgmipiniubpp: Fpwtg wpn-
miupmd gnjugué upjhghnidp b Uknwnubph opuhnuyjhtt b unydhnuyhtt Uhwugnip-
mibkptt wyuinthbnb hwynbuymd Bu pimipwugpbpny JEkpujutqihy wshiwsdtiwpe-
pYuht nt wshiwstmopmusughtt quqtph vhowuypnid, npntn Unnwynpuytu
1100°C b pupdp obpdwunphdwttipnid wnwewumd ki wpdtipuynp wpquuhpubp
G, Si jhuwhwnnpnswyhtt mwupptpn b SiC, FeSi dhugnmipjniubpp:

ZEnmwgnuinipjut wpquuhpttph wquyhtt YEpnisnipniutbpp juunwnpyty
tku 20U U.R. Lupuinguith wiqut phdhpuljut $hghjuyh ptunhnnunnud® fw-
wnbwlwh wpunwnpnipjut Rigaku MiniFlex 600 dwljuthoh nktnngbhiughtt nhdpuly-
wnnph Uhongny' CuKa-dunwquyputph yguydwtubpnid, pulj wdpnnowljut ybpne-
Snipniup Juywimd E thndbinh wquyht pudubdwubph b gutgkph hwpygwn-
dwl tnubwh hhdwb ypw: Zupy b Jipenud hwybiky, np phwljut Jhgwlynyg hnwdph b
nnuig pulndutpny twpwyuwnpuungws thnpdudnipibph hpupwjpwydwb wp-
quuhpubph swuwjuyht ohduyhtt phdwnpnipiniup npnpyby £ VC 9808 Jnjunuduyy k-
pusuwthny, nkuwljupup LEjunpujut ghdwnpnipmniip’ punwdpiwbiughtt Enw-
twlny [7], hul] dwqihuwljut hwnmpnibubpp’ 2 §) hypmjnhympjut dugiuhuh
dhongny" ntunidtwuhpbinyg thnjuwqpbkgnipjut huinkuuhynipniup:

Zhnwugnuinnipjult Wjupugpoipniip b wpryniipubipp: Ushuwsth, uhjhghnudh
nt nuuilg Uhwugnipniutkph hhupny dwquhuwlut pugunpuiynipiph vnwugdwi
hwdwp npujbu hnwdp oginugnpéyty Eu Zuywunwh Zubpuwybnmpjut wshowpkp
wnwewgnidubpp, npniig phlpujut Yuqup thpjuyugdws k wy. 1-nwd, duquyhte
Jtpnidnipjui nkingkiwghpp' . 1-nud, hulj wpynipubpp’ wn. 2-nud:
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Ugniuwly 1

Zuyuunnuith Zuwbpuw bunipul phpbppnid whuupkp wnwowgnidikph phuhwlui

fuqup, fon. %

C SiO2 | Fe203 | AlOs | CaO | MgO | TiO2 | MnO | CrO | S,N,O,H'wjp- |Cunw-

dwih Ynpniuwnp | dkup

43,4 | 31,6 83 4,2 24 | 07 | 03 | 02 | 01 8,8 100,0
20000 A

18000
16000
14000
12000

8000
6000

Punbtiuuhynipmil, I/To
g
8

4000
2000
0

L

1

1

e

10 20

—T

30

—T T T 77T T TTTT

40 50 60
20 wmuwn.

70 80 90

Ul 1 Zuywuninwlh Zwbpuy bnnippul phpkppnid wSpnupln wnwewgnidibph puquyhl

Ybpyménipyul nkinngkinughpp

Ugniuwly 2

Zuguuunwih Zubpuwy buntppul phpkppnid wShnupkp wnwowgnidilph puquyhl
Yhpniénipyul wpyniiplkpp

Lhihwljut jurnygh wduinudp Lhihwljut putwdlin Quiigjudwyht
dwutwpwdhtp, %
Uhthghnudh Epljopuhn SiOz2 70,9
Nhphwn FeS2 7,1
©BnYopuhn, Fe+2-phwnhug Ca (Mgo.so Feo1) (Si20s) 7,1
Usluwshl C 8,5
£nnuh opuhy CrOs 0,6
Epyup (II),Ephupe (III), dwgubnhwn Fe3O4 2,3
Uhthdwtthwn AlSiOs 3,5

2UU-h phthwljut juquh JEpupbpyug wn. 2-h vdyjugikpht whup | hudiby,
npuig uypdwt pughwinip Ynpnrunp, npp juqinud t 51,4%: dEpohtthu Uky hhu-

twljwl opqutmjut pununnhs hwinhuwgnn wshiwsh Wupnitbwlnipmniiup jug-
Unud | dnnnwynpuytiu 42,5%, s&uphup' 3,0%, ppywsuhup’ 2,0%, hull opusuhup
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wqnunnh hkwn'3,8%: Unyt wnmniuwljh ndjujubpp, djniu Ynndhg' gnyg kb mmuihu,
np ZUU. -h dkg uhjhghnudp hwtinku £ qujhu upjhjwhnnh b uhihdwhwnh, tpupep’
wuipphp opuhniibph, hiswhu twl whphwh U phubwlul hnfrugqignpmtitph
ujuundudp phdwluwmt wykh pupy vhugnipmittiph nkupny, hull wspwshup
hhdtwjutimd qunidmd £ udnpd fud ny pmiptnuyhtt yhgwlynid, puth np wshuwsth
wnwnppbpp Juqunud Eu hnudpnud pinhwinip wupnibwynipyut dhuygt 20%-n:

2U0U-h" owpnnuh mbupny thnpdwidnipubph, htsybu hwh npubg dwbpw-
gnudubipny vnwugyud hwdwubn dwiipuquuqush nt Jipghthu thnobdwdjdus
hwpkph hpwpupuymdp Juwnwpt E gpuphinughls hingny thnuwqygnipyub
nwpuspnid  Juijninid unbndtint nmtbwlnipyudp hugniyghntt Junwpwind:
Guunwpjws thnpdbph nbkpuhjuljut ndjujtiph n wpquuppubph JEpupbpyug
nyjuubpp pipdus b wn. 3-nud:

Ungniuwly 3

PnpdEph wpquuppllbph qubqyudp ' jujuuws wépnupkp wnwowgnilhbph nkuwhg
I hpupuypuydwl gnpéplpugh wuylbiakphg

@.@. | Ushwupkp wnw- | Qulg- Tuinnije- Znrdph hpwpwjpuydwl Zpwpuyjpuydwl
/h owgnidubkph Judp, Jniip, wuydwhbbpp, °C/pnyk wpquupplbpp, ¢
wnkupp q g/ulP
1 Qupnnt 5 1,67 (25 ...1045) /30 + 2,30
2 + (1045 ... 1200) / 40 + 2,40
3 Uwbpuqubg- 5 0,73 +(1200 ... 1270) / 90 0,30
4 Yud 0,32
5 Dnpbdwd|us 2,0 (25...1045)/30 + 0,75
hwphkp 1,54 +(1045 ...1200) /40 +
+(1200 ... 1270) / 90
6 1,50 (25...1045) /30 + 0,60
+(1045 ...1270) /50 +
+1270/80

Un. 3-h wjuubpp jpudowlbnt tyuwinwlny wihpwdbtown t hwydk k), np
2U0U-h hpwpwjpuynudp juwnwpdby b -680 #ifzu-p hwdwywwnwujuwb tnupnipe-
Jadp Uptninpuughtt onh wuydwtbpmy, ptn npmad” 1,2 thnpdbpnud hnwdpp 4...10 42/
swihbpny owpnnut k, 3 b 4-nud” dhush 100 #f/ hmnhljuyhtt swhbipny dwbpw-
quiiqudp, hull 5 b 6-nd” Ykpehuuikphu® 5000 §g/u? gugdwmt tnwly thnpbk-dwdnt-
Uny unwugqwsd 124/ nmpudwgédny b 8...11 ¢/ pupdpmipjudp hwpkpp: Lnyh wnjnt-
uwnud pipdud wndjuyutpp gnyg Eu tiwghu, np thnpdbph wpquuhputph quiiggusn,
bhpwpuwjpuwydwn gnpdpupugh wuydwubphg pwugh, ningnuljhnpkt juydws tu
hnudph mkuwjupup punnipiniihg: Loywus gniguthpubpny Wuydwtwynpdus 1,2
b 5,6 thnpdbtph wpyniupnid vnwgws wpgquuhpbpp hwdwywnwuiwbwpunp
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Juqunid ku hnwdph quiqyush 46% L 36,0...39,0%, huly 3 . 4-nud* uptsh 6,4%p:
Quuwnnpkt tkpuyugyws thnpdbph owppnid npuybu wnwyby wpyniu]bn whwp E
npunniuky 5 b 6 thnpdbph wpnniupubpp, npnugnid unwugws wpquuhpubph Swudu-
(uyhtt phdwnpnipniup munwiynud k 16...50 O nhpnypnid, hull wkuwupup
nhiwnpnipniup Juqunid t onipg 150 Odlui, pugh npuighg, hwdbdwwnwpup
wljnnhynpku ki thhnjuwgnynud 2857 hunnijunpynipjut dwqithuh hbwn (W 2): 4Epoh-
uhu wnbsnipjudp huply £ hwdbil, np 1 b 2 hnpdipmd unwugdus gwpnnth nku-
pny 0,2 ¢ uikindws wpquuhpp nitbwly L ognid jupugws Jhdwlynid wyuhbint quiig-
Jwdny hpkuhg muwulywl whqudubp swip dwquhup: Utnud £ hwngnpgby, np thop-
Atiph wpquuhpubiph nbuwwpwnp Yohep, npybu juinb, gusp t hnudphg dnunw-
Unpuybu Epynt wbqud. wjuybu, ophtiwal]’ hpwpwjpuynidhg htwnn 5,6 thnpdkph
Ejdwl hwpbph mbuwlwpup Yohop juqnd 1,54 ¢/uif, hull wpquuhphup'
onipg 1,0 ¢/uif:

e e

Uly. 2. @npd 2. wShnupkp wnuowgnidilph hpupuypuyyud pupnnip 25;
pigninpynippudp dugihup hln hnpiugnlbgnienul qunbpn
duquyht htnwqu Ybpnismipiniuttph tyuwwnwlny hupdwnp E Enk) oquw-
gnpét] wnwyk] wpnynibwybn hwdwnpynn thnpdbkph wpquuhpubpp: Uju wnbsnip-
judp ly. 3 b 4-nud ukpjuyugyuws L 1 b 6 thnpdbph wpquuhpubph bwquyht ykp-
nwdnipjut nkngbiwgpbpp, hul wn. 4-nuid” 1, 5 b 6 thnpdbph wpyniupubpp” pun
Jtphg yup hwonppuljuin pyui:
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12000 +

10000 4

8000 -

6000 -

4000 -

Punbkuuhynipintl, I/l

2000 -

260 wuwn.

Ul. 3. @npd 1: Qupnnih wnkupny wShnupkp wnwowgnidikph hpwpuypuydwl wpquupph
Dbwquypl JEpnidnippul nkinnglinughpn

20000 ~
18000
16000 -
14000
12000
10000

8000

6000 -

Punbkuuhynipmiip, I/

4000 -
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[ e e I e e L e e T B B e e e L e e e e e
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20 wun.
Ul. 4. @npd 6: Zwpkph nkupny wofnupkp wnwowgnilbbph hpwpuypuydwl wpgquuhph
DSwquypi JEpnidnipnul nkinnglinughpn

ZEnwgnunipjut wpynibpubph wdthnthnudp: Unyt hbnwgnuinipniinod
unugdus nyjuubpp (wn. 4) gnyg ku tnwhu, np hnwdph iwhwywnpuundu
thnymd wshuwpkp wnwgwgnidubpp tywnwljuhwpdwp | dwbpugut) dhish 100 o«
hwwnhluyht swthbph, hull npuwhg htnn vnugduws hwdwubkn pnjupiwntnipnh
thnpbdwdnudp Juwnwpk;*4000...5000 §g/ui? supdwmt yuyydwubpnid:
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Ugniuwly 4

Zuymmnulih Zwhpunybnnyeyul phnbppnid wépuupkn wnwewgnilbikph Apupuypuyul
wpquiupphbph puquyhll yEpinidnipul wppyniiphlpp

Lhuhwljut jurnygh Lhuhwljut putwdlip Quitigusuh
widuinudp dwutwpwdhlp, %
Unhuwuhw (Moissanite 3C, cubic) SiC 38,7
Bnywph upihghn, mhdtughn FesSi3 12,2
Uhihuhny (a-SiO2, quartz a) SiO2 13,8
Upnudhtt thity AINi 3,49
Uwtqut Mn 1,58
Lunwbplup dwiquih tnwuhihghy Fe«MnSi3 0,15
Bpyup Fe 0,47
Ushuwshl C 1,64
Ubhuwbdht C 28,0
dnrkphun C 0,00000067
Unhuwitthwn (Moissanite 3C, cubic) SiC 49,0
EnYywph upihghn, nhdtughn FesSi3 12,0
Ushuwubshu C 39,0
Unhuwtthwn (Moissanite 3C, cubic) SiC 57,40
Bnywph upihghn, nhdtughn FesSi3 12,51
Apuwdhin(3R) C 30,10

2UU-h hpwpuypuydwt gnpspupugubpnid hwdbdwnwpup wpynitwytn
Eu hnudph twtwlut dowlnudubpny twpwyuwnpuundws, hwpbph wbkupny po-
Jujiwntnipnh' (25...1045) °C/ 30 pmyk + (1045...1270) °C/ 50 pmyk +1270°C / 80 pmy &
Enwluydwt yuydwitkpp, tpp hnudpnid wupnitwldnn uhjhljuhnnp b wshuwshiip
hpugynud Eu wdpnnonipjudp: Uodws obpdwyhtt wuydwbtbpmd unnwgyk) Eu 3G,
hunputtwppught jupnigquspny uhihghnidh Yupphn, 3R mbuwljh gqpudhwn b FesSis
phthwljut puttwdling Epluiph uhihghn, npnug dhohtt yupnibwlmpiniuttpp hw-
duyunwupwbwpup juqdnd tu 53,2%, 34,5% L 12,3 %: Uthpwdbtown t Jtpenid
nungst), np, h nmuppbpnipnit gnpstwjuiinpkt HEjunpujut hnuwtph dkhniuhy
hwunhuwgnny ZUU-h, nph swjwjuyhtt ghdwnpnipniup juqunud £ dninwygnpu-
wku 99900 O« hul] wbuwupup phdwnpnipniup’ 376629 Ol ud, thuuwnnpkh
hpwpuypuydus ZUU-u gnigupbipnid Bu fEjupudwugquhuwlut yniptpht punpny
hwunlnipniuubkp, pwih np gputg swdwjuyhtt ghiwunpoipmiip nmunwiynd k
16-50 Od whpnypnud, hull whuwlwpwp phdwnpoipmiip juqdnud £ onipe
150 Oudl

ZEnwgnuintpjul wpyniupubpp, pun Enpjuit, npwgpuy Eu hsybu nbkuw-
Jub, wjiybu £ b ghnnwnbuthjuyut jhpwpwljut tjunwpnidny, pwuh np
gnyg k mwghu.
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1. Yhuwhwnnpnswyhtt uhihghnidh upphnh b wshuowstughtt mwpptph hhd-
pny LiEjupudwquhuwljut puqunpuigniptp uvnwbwnt 20U hpwpwjpuydw
Enutwlh mEjuhjw-nkuininghwjut hpuwnbunipmniup;

2. Zuyuunutth Zwipuuybnnpiniinud hwipwnunuly wshwpkp wnwgwgni-
ukph® npwbu upthghmuh Jupphnh b wsuwstwiht wwpptph hhupny BEfunpw-
dwquhuwlut punuppuiympbph tnugdut nitnbuwut tywnwljwhwupdup
hnudph Yhpwuntjhnipjniup:

Ulutpl k tul, np wopwnwipmd uvnwugdus fEjupuduquhuwut pu-
nunpuiymph juqunud wpdtpunp Yhuwhwnnpnsughtt uhthghnuh fupphngh, ws-
huwstiught wwpptph ot Eplyuph vhjhghnh wewewgnudp yuydwwynpusd k ws-
huwpbp wnwewgnidubph hpwpuwypuydwt dwdwbwl ppwgnn Juwnwihquyht thnju-
wqngmpiniutitipny: Ujuyhuh htnbtnipjut hhdtwdnpnidp httwpuwynp £ unyu hk-
nwgnuinipjui b [8-11] wnpnipubph mEtnnghuljut gniguhoubph hwdbdw-
wnipjut Uhongny:

Yddup sk ujuunk) twl, np hbnmwgnumpjut wpquuhpp junniguspny
hudpujunid £ MaaAXn phthuljut putwdling Max puquyhtt dhugnipniuutphte
[12, 13], npnugnid M wuigniduyhti d pwpph dkwnwnp tpupt k (Fe), A wuppp' uh-
thghnudp (Si), hulj X' wshuwshup (C): Puwuwnnpki, wju hbnnwgnunipjub wpyniu-
pnid unnwgudp' Fe-Si-C, phthwljut tnwuppbph hudwljupghtt nuudnn puqludw-
quyhtt Uhugnipnit E, nph dky wshuwsh wupnibwlnipniup juqunud | 47,4 %,
uhihghnudp' 43,0%, hul tpupp’ 9,6 % Ujunbnhg hp htppht htnbnwd E, np np-
wku YEpotwmynip uoyws phuhwljut dhwgnipyub dke Ukl wwnnd kpjupht dhwg-
Juws Lt 4,5 wunnd uhjhghnid b 5,0° wsjuwshi (Fe + 4,551 + 5C):

Bqpuljugnipintt. Unwowplynid E Epljupe wwpnibwlnn Jhuwhwnnpnsw-
1htt gpuppuinp wwppbiph b uhihghndh upphnh hpdpng (C+8iC), pimpugptpny
L Ejunpudwugqihuuljut panugpuiymptph unugdw gniquljgqus’ thnothpudk-
nwnipghwljut nkjpuninghwljwi nipdughs, pug npnud” b gnpdpupwgh (w-
Juplyws gniguthpubpn: Zudwduyb wpptwnwpnid pipdws nbuwljut wnpnip-
ubtiph wntynipnibtbph’ vnugdws punqunpuiynipp htwpwynp L jhpunt) nkje-
uhuyh mwppbp noppuikpmd” Ejupuljut swupdhsubph wvinunnpubph nt pnnnp-
ubtph, mpuudnpdwnnpubph dhonijutph, pupdpuhwiwhpmlut Yndbph yuwn-
puundwlt tyuunulubpny: Unua Ynnuhg’ wljubplh EhEnwgnunipmniinid uinwg-
Jws wpununpuiph punipugpbpp dwbipudwutbint withpudbownnipiniip, npnig
ouippnid wnwetwhtppen LEjunpudwugquhuwljut hwmnlnipmniaubp B

Zhnmwgnuinipgniup juwnwpyl k2002 «Uhypn- b bwink Ejupnthiws puquyht gh-
nwhbnwgnuuljui jwpnpunnphugh ghnwfwi Spugpbph opowbwlynid:
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C.I. AMPATIETSH, H.B. MAPTUPOCSIH, O.I'. TEBOPI'STH

SJNEKTPOMATI'HUTHBIE MATEPHUAJIBI HA OCHOBE KAPBHUJIA KPEMHUA
N YI'JIEPOJHBIX 2JIEMEHTOB, IIOJTYYEHHBIE ITMPOJIM30M YIJIMCTBIX
OBPA3OBAHUI PECITYBJIUKA APMEHUS

CoBpeMEeHHOE TPOM3BOJCTBO JIEKTPOTEXHUUECKUX M ITOIYIPOBOJIHUKOBBIX MPUGO-
POB TpeOyeT HCII0NI30BAHMS MaTEPUAIOB, KOTOPbIE HAJEIEHBI IIMPOKUM CIEKTPOM (yHKIHO-
HaJIbHBIX CBOICTB. OCOOBIM MHTEPEC B 3TOM KOHTEKCTE MPEACTABILIIOT HOIYIIPOBOJHUKO-
BBIC JIEMEHTHI YIJICPOJ U KPEMHHUI M XUMUUYECKHE CTPYKTYpPBl Ha UX OCHOBE, KOTOPBIE CIIO-
COOCTBYIOT pa3paboTKe psra HOBBIX (EPPOMATHUTHBIX M (epPUMArHUTHBIX MaTEpHAJIOB,
OTBEYAIOIINX TPEOOBAHMAM COBPEMEHHON TEXHHKH, a TakKe MPOrpeccy TEXHOJIOTHH nX
NpOM3BOACTBA. TpaauIMOHHbBIE METO/BI IIPOU3BOJCTBA XapaKTEPU3YIOTCS BEICOKOH 3HEProeM-
KOCTBIO U HCIIOJIb30BAHUEM JIOPOTOCTOAIIETO ChIPhs, YTO CYIIECTBEHHO yBEIMYUBAET cede-
CTOMMOCTB MPOIYKIIHH.

B pamKax IaHHOTO NMPUKJIQJHOTO HCCIEAOBAHMS M3YyYaeTCs TEXHUYECKas BO3MOX-
HOCTb MCIIOJIb30BaHUs YIIICHOCHBIX (popMannii ApMEHHH B Ka4E€CTBE CHIPbsI LIS BBILIEYKa-
3aHHBIX Leneld. [l TOro MCHoIb3yeTcsl METOI BRICOKOTEMITEpaTypPHOTO IMPOIIN3a, HAIlPaB-
JICHHBI Ha TEXHOJOTHYECKYIO IepepaboTKy MECTHOTO YIJICPOIHOTO ChIphs. B pesynbrare
nporecca NUpon3a GOPMUPYIOTCS KOMIIO3UIIMOHHbIE MaTePHaIIbl Ha OCHOBE IOJIYIIPOBO/I-
HHUKOBBIX (a3 - KapOuaa KpeMHHs ¢ KyOuueckoil cTpykrypoil (Myaccanur 3C), rpadura
tumna 3R u peppocrmmmms cocraBa FesSis.

Knrouesvie cnosa: yriepoansle 00pa3oBaHus, ChIPbE, IEKTPOMArHUTHBIE KOMITO3HTHI,
MOJYIPOBOIHUKOBBIE AJIEMEHTBI, KOMITIO3ULIMOHHBIE MaTepUAaIbI.

S.G. HAYRAPETYAN, N.V. MARTIROSYAN, O.G. GEVORGYAN

ELECTROMAGNETIC MATERIALS BASED ON SILICON CARBIDE AND
CARBON ELEMENTS OBTAINED BY PYROLYSIS OF CARBON FORMATIONS
OF REPUBLIC OF ARMENIA

Modern production of electrical and semiconductor devices requires the use of
materials that have a wide range of functional properties. Of particular interest in this
context are the semiconductor elements carbon and silicon and chemical structures based
on their compounds, which favour the development of a number of ferromagnetic and
ferromagnetic materials, at meeting the requirements of modern technology, as well as the
progress of their production technologies. Traditional production methods are characterized
by high energy intensity and the use of expensive raw materials, which significantly increases
the cost of production.

Within the framework of this applied research, the technical feasibility of using
coal-bearing formations of Armenia as raw materials for the above-mentioned purposes is
studied. For this purpose, the high-temperature pyrolysis method is used, aimed at
technological processing of local carbon raw materials. As a result of the pyrolysis process,
composite materials are formed based on semiconductor phases - silicon carbide with a
cubic structure (moissanite 3C), graphite type 3R and ferrosilicon of the composition FesSi-3.

Keywords: carbon formations, raw materials, electromagnetic composites,
semiconductor elements, composite materials.
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Oquiuljup hwtwénubph hwpunugdut dudwtul] wnwgwgus thjhntiwynp nintiiu-
ubpny hwipwhwpunwugdwb wnskpp ywhbunwynpynud bu yngwdpwupubpnid b wwpni-
twlnd ki dbnunuljut oquunujup pununphsutiph qquh yuwowpubp: dhpohtiubphu’ kpl-
pnpnuyhtt hntdph uvnwgdwi nkjubwshtt hwipwquyptph JEpudowljdwt hpwuwpubpp
Junnig quiynid tu npnpnh dwutwghntbph npwunpnipjut Jeunpnunud: putg Jtpu-
towljdwb wpynitbwbnmpjut pupdpugdui hwdwp ghinwplynd Eu ognujup hwbw-
snubinh Jhpudowldwt dudwbwljuljhg wkuninghwibph Jhpuedwb hwpwynpnipmniu-
ubpp: Fpwugny htwpwynp Yhth pwpdpugul] wnsuyhtt tundusputphg qquih wpdtp
ukpuyugunn oginuljwp Ubkinunuijwh pununnphsutph Ynpquub wpnnibwybnnipyniip:

Sthtwsht hwupwuypbph hnwdph tpypoppuyght yhpudowldwi hwdwp, mkunn-
ghwjut upbdwubph Yhpundwi htnwqu wpynibwbnnipjubt pupdpugnidhg pugh,
wnwbdtwhwnnl] jupbnpnipnit niukt twb wnswdpwpubphg wynskph hinwgdwi b
dhtislh hwpunwgnighs dwpphlju nknuhnjudwi htwn juwydws hudbukpuljut jnwsnidubph
Uowlnudp ni Ypohuitbphu Yhpuwndwb nkuthju-ntntuwuwt hhdtwdnpnudp: Mnswdpup-
ubph puunupdut tkpunuiu wnwdt) hwynth tnutwliutphg o hhnppudjhjuyut dbpnn-
tbph Yhpundudp tnwlwyubpp hhypnunhunpitph jud hnqusnis dkpkiwibph ogunu-
qnpéuwup:

znyjudnid pipdwd E ghnnughtt whyh wnswdpwpubphg wynsuyhtt tunduspubph
htpwguwt' hknhtwlh Ynnuhg dowljuws wpnntwgpws uwpph b Jpghtihu wikiwdnn
tdwtwlh Jhpundw nkuthju-ntnbuuut JEpnwsnipniiut nt guuhunujup: Fhnw-
1ht mhwh wnswdpwpubph puunwpydwi hwpnh vwpptph hpuedwt hwjuwuwnp wuydwb-
ukph wywhnydwb hudwp plnpyt) | «Qugkqniph MUY OF puljkpnipjut Ynnuhg Nneh
gt Jpu Junnigqus b ubpjuynidu Yntubpjugdus hwdwinih ynswdpupp:

Unwigpuyhli pwnkp. wnywjhtt tundusdp, wnswupwp, uvwpp, huphwnpdtp, swhuy,
Juuyhwnwy tkpgpnud, gnidwpuyht pipdws swaukp, wpynibwybnnipniu:

Ubkpwbmpjnit. LEntwhwipuyht dkntiwpynipjniiubph Yntubpyugjws yn-
sudpwpubpnid jnrnulduws hwipwhwpunugdw ynskpp wuwpnibwynid Eu og-
nuwlup Ubnwnuiub pununphsubph qquih yguownpubp, npnig wpnpnibwhwbidwb
U Yhpudowluwi tundwdp htnwppppnipmbp wwpbgunwph wbuimd £
yuyUwtwynpjws oquuljup hwbwsnutph hwpunwugdwt dudwbwlwulhg unp
Ubpnnubph b gnymipni niubignn mbjuininghwubph supnitwjuljut qupquguudp:
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Skhutushtt swgmud nilikgnn puthnubph npugbu Epypnpnuyghtt hntdph Yepudowly-
dwl juuinhpttpp, hwmnjuybu YEpghtt muubwdjuljutpht, gnuynd B ghnwulwt
b wpnibwpbpuljut pppwtiwljubnh dwutugtntbph nupwunpmipyu jnpnund:

Untubipjugdus wynswdpupubph Jipudyuldut nbnbuwlub wpynibw-
Jhunnipjut quuwhwndwi wnwgtuyghlt qgnpénuiibphg E wuniwé wynstkphg dbknwunu-
Jut pununphstubph Ynpquut tnuppbp mkjiininghwibph jhpuedwt wppnibwyt-
nnipjul nuuntdwuhpmpgniip: dpw htn Uknby pun jupbnp | wynswdpupih-
nhg wynstph hinwgdwb gnpépupwugh Juquuljbpydwit wnbsynn mwpwplngpe
hudtubpw-nkjuuhjulwt juinhpubph (nwsnidp: 4Epohtiubpu juydws i hwipw-
hwpunugdwt wngkph nbutwsht hwipwduwpiph wpynitugbn b widunubg
mipugdwi hbn b ywhwiynid ki hwmdwwywpthwl mEuthjw-ntnbuwljwt hhd-
twynpnid b thpwpnd B dudwbwlulhg Epnswljut b mkuininghuljut
hunhputiph nidnwdubp, npnup Ynulptn (Entwbpipupubului nkjhtduyght b
plwlhiwulwt wwjdwibbph hbn juygdws swin hwdwje qupinmd &o wbh
puipy nt wbunbuwwbu ny dbntnne: Mnswdpwptbph guunupldut b ynswiht
tunqusdputiphg dbnunuijut oqgunnuljup pununphsutph Ynpquw wpuiwnwip-
utph Juunwpnudp ubpn juydws b puyuwhywituljut dpnwunghnwplnidubph,
huwjuingws hnntph nkynynhjughugh b hwpwuljhg mwpwsputph yEpujuiqdwb
hudtubpunbuthjujut dkjumtthquutph unbnddwt htwn, hhdp unbnstinyg spowuju
dhowduynh tpjupudwdjtn b hntuwh ywhywinipjut hwdwn [1 - 3]:

Qnuhwglgws b pny) juyulgdus ynswupughtt tunduspubtpny Ynuubp-
Jugyus ynswdpupubpnid wjuwtnuljut hwinypwpwupddwt vmuppwynpnidutph
Jhpundwt wpynibwdbnmpntip gudp b Qwunp tkpjuynidu twpowgsynid b
Yhpunynud tu wnywdpwpubph qpuunupldwuit ninndus puqiuphy dbpnpubp,
uwpphp b nktinnghwljut (nudnudkp, npntp hwdwh Yhpwunkh o dhuyt wnswd-
pwpubiph nknunpdwi Ynuyptn objhEbughtt b Enbwbpyjpupuiiulut yguydwtik-
noud: Lhpuynidu gnpstwlwinid wowdbp mwpwsnud B qunl) wnswdpwpubph
nuunupuut hwdwp hhppuyihjuljut nkjpunnghwibtph jhpundw htn juy-
Jwsd uwppbpl nt dkpnnubpp, npnup wywhnynid b nuubpdugus ynswdpup-
Ukphg wnskph htpwgnudp tuqbgubiny opowljw vhowjuyph Jpu puguuwlul
wqnlgnipmnitp, dhwdwdwbwl wuyywhnybing wojnwnwbpubph junwupdwub w-
Juwtignipiniit nt wpnynibwybnnipinip:

Mugph gpudpp. Zwynth £ ghwnwghtt whwyh wnyudpupbtphg wnywiht
tunqudputiph hinwgdwt dbp Ynnuhg dowljus b wpunbwgpué wwppp, nph
niith wnswdpwph nmwpwsphg nnipu nbknuljuyus wipwpd hkbwumniukn, qjuudnp
Snuubttpny pputg wdpulgqus wotwwnwipuhtt hwppwl b gpuw el nignu-
dhg ntknuowpddwt htwpuwynpmipjudp nknuljuydws wynibwdnp hhdpny wownw-
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nuy, nph YEpbh dwut hpuubtwugus E yniubph dhob nknuijuydws uniquplnh
wnbupny: Upjumnwbipujhtt hwppwlh dpu mbknujuywsé tu dghy Jupuwyhlukp,
npnig snywbtkph wquwn Swypbpt wdpugws Bu wpwnwpwlht: Uniqupynh uwnn-
nht dwunid nbnujuypws Eb wywpwgniuh hbpwgdw jnnnduljwownpht vhwg-
Jws wywpwhyniuughtt yndy b oph dwnwljupupdwt pnnnduljuowpht dhwg-
Jus pupdp Lupdwtt Yguthnnbp: Fuudnp &nyubttipn dqdws b vhdjubg qniqui-
htn' Ukl hnphgniwljwi huppnipjul dke, hul] wolunubipuyhtt huppwli hpw-
Jubugus b dnyyubibph tpluyupny wnknupwupddw htwpudnpmipjudp vuygjuyh
wnbkupny, nptt whyubpny htudws k qiluwynp &nwyutubph Jpu: Uwppp jpugnighs
nith puppunhnjuunphy jupwwhlh nbupm] hpujubwgdws ywpdwptp, npp nk-
nuiuydws £ dplitinygt §nnunid qunynn wbpwupd hkbwuniubph dnnwluypnid b
nph swpdupbp &nyubip dqws  wipwpd hkwuyniitbph dholi' qjuwynp &nuuab-
ukpht qniquihtn, n1 §non wdpwligdws L wpjumnwbpuwghtt hwppwlht [4]:
Zwynth £ twlb ghinughtt mhwyh ynswdpwpibph gunupdwt Eputwyh hpu-
qnpéuwl hwdwp Yhpunynn Ukl wy) uwpp [5], nph hudwdwb' ynswdpwpp quinup-
Ynud B gpwknhsutph (hhppmunuhunnputph) b hnquémsé dkpkuugh dhongny: Uju
nkthjuuh msduh hudwduyh wnswipupnd wighughmd ko upudwihng,
wyt (gund Gt opny, nph wpyniupnid dbwdnpnud Bu Epopju b uinnpopju hwip-
wunhfwutbp: YEpopju hwipuwunhdwbpp dowlnud Eu opwitknhsutiph dhon-
gny. wnstpp nynnnud ki b hipttwhnu dind nuppnud nlyh winnpglniyu hwpwu-
nhdwt: Unnpghnbyu hwipwunhfwbbph dowlnidu hpujubwugind Eu jupw-
dwthnumd nknunpjws nnugnn hnnusnis dkpktuyny: Uju dkpkuwyny kpuenh-
Jugdws wnskpp, twpiwybu wigugyws jnqugnn b wnuthiyw hyniuwdninbpny,
nbknuihnjunid i JEpudowuljdut: vpudwuthnut wighuginud B wynswdpuph Ynnh
nquthuyghtt b (fwjuyht gninhkph vwhdwiht: vpudwthnuh hblnwqu qupqu-
gnudp b ophljugud wnskpnh hinwgnidp hnnusnis dkpktuwyny ppuljubugind i
1Swh nunnipjudp’ juybwljut-gniquhtn pipuguotpntpny: 8nipupwynip hw-
onnr pupwuguotipnh upudwhnunid oph huybjnt dwjuppulp hobgunid Eu jnnqu-
thughlt gnuinnt phpnipyut swthny b wunhfwwpup diduginid ki uninpepju hwitp-
wuwnhfuithg wnswipuyhtt jyniuh woph junpoipgniip: Cupuguotpnh Jipehtt uwinp-
onyu hwipwunhgwhg ynstph wnpt wjwpunkinig hknn ynswdpwph phdwnhp
wuwnywph Ynnuhg hpujubtwuginid i Jkpepju hwipwunhgwith nynnuhwpnud:
ZEnwgnunipjub wpyniupubpp. Shnughtt whyh wnswdpwpubphg ynsw-
Jhtt bunjwsputph hkpwgdwh' Ukp Ynnuhg wpnniwgpdws uwwpph [4] fhpundwi
nbpjuhju-ntnbuwuwt hhdbwynpdwt hwdwp npybku wdbbudnn  puquyht
wnuwuppkpul punpydl) b ghnnughtt mhyh ynswdpwpubph gunupdwt hwjpnth
Enutwlp (wpuntwghp Ne2502 A) [5]: Ywwnwpdb b dipmd updws wowppk-
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pwlikph oguugnpsiwl nkhhjw-ninbuwlub hhdbwdnpnid’ hwdbdunkyng
npuig Yphpwndwt hwdwp withpudbon juuyhwnwy tkpppnudubph b powhwgnpéw-
Jwt dwhiubkph swyjuwubpp, npnup tkpwunnid Eu hwynuh vwppbpnid Jhpunynn
hhttwut dbpkuwubph, vwppwynpmidubph, ymptph, ywhbunwdwubph wpdtp-
ubpp, vywuwpyny wdtwljuquh wywnwugupdp b takpquihpubph swhaubkpp:
Cunpws vwppbph fhpundwb mbuthju-ntnbuujwt hwdbdwnm piut hwudwp
wyuydwbwluinpkt punpyl) b «Qutgbgniph MUY OLLC-h Ynnuhg Nnoh ghnp
Jpu junnigus hwdwintt Ynubpdugdus ynywdpunhg wyn uwppbpny wnskpp
htpwgdwl Jpu Juunwpybjhp swhubpp: Muydwbwuwiunpb ptnpdt) L awb tnp
Yjumnnigynn hubpuhwpunugnighy upppluh wtnunhppp qlanh hnuwbipny ghugh
utippl wnswdpwnhg ntiyh hnruhu-wpbit)p guuynn mwpuspp: Zwuyduplutph hw-
dwp wihpudbon Ejulbwnwht wdjuutpp phpdws ko wn. 1-nud:

Unpniuwly 1

Mngundpuphg hlpwgynng Jkpugphlugyus qunlus ynskph sunjuyblpp

Ne 8niguithoh wijwinidp Qunhuwt vhunpp Owuip
1 MNnswdpwuphg hinwgynn yunlws hwgq. wn/imuph 2500,0
unytph putlp hwgq. wn/op 7,35
w/dun 306,0
2 | Munws wynskph nkuwlwupwp Yohep w/itf 1,40
3 | Mnyudpuphg hinwgdwt tupuljw hwgq. P/inuph 1785,71
wunws wynsknh swjup huwq. Flop 525
WB/dun! 429,0
4 | Mnsknp yhpuwephugdw wpmyniupnid whim 1
unwgynn wywpupyniuh hEnpm 3.2
pwlidpnipnip
5 | dkpuophiugdus wuywpupyniuh bpp hwgq. P/inuph 9785,71
huwgq. 1P/op 28,78
hwgq. P/dud 1,20
P/nl 0,33
6 | Skhuuhfulwl oph sSwijuup Pl 0,27
7 | Supyu dke wpumnwtipuyhti opkiph on 340
pwliwlp
8 | Zkppwihnjubph pwiwlp 1 opnid hlpp.
9 | Zkppwihnfuh wlnnnipmniup dunf/

Tnyunlpuiphg wnpynn Jtpugphljmgywd wnskph (wugupuyniuh) Sunjugp
hwoduplyk) k hbnbjw wpnuwhwjnmpjudp [6].
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i+P><H

Q== Fng, 1)

NXTXt

npuitn P — & ynsundpuphg hnwgynn wunlws wnskph nupbljwb putwaljo k, v, H-p'
wyywpwyniumd htngniyy b whin $wqkph hwpupbpulgmpenip, Ye - o gqunljws
wnskph nhuwlupup Yohep, v/4f N - & wwupdu ke wphiwinwbipwihl opkiph
publyp op, T — & opfw wbinnipynitp, dund; t — o' 1 dudmdd Juyplyubbbph pw-
talyp, gl

Putmdlih (1) dke mbnunpbinyg P=2,5x10¢ w2, H=3,2, Yr=1,40 /1, N=340 op,
T=24 du/l1 t=3600 /nf mpdbtpukinp, junwwip.

6
Z5X107 4 5 5x106%3,2

Q=—2 = 0,33 B4pl:

340%X24%X3600

Un. 2-nud pipdws b hwdbdwnygnn nwwppbpuyubph hpugnpsdwt hwdwp
withpudhon Juwhwnwy ikpypnidlibph dkdnipeinibikpp’ nkjbingnghuljwi dkpkiwu-
ubkph b vwuppuwynpnidubph dknppipdwt hwdwp:

Zwdbdwwnynn nnuppbkpulutph Jhpuedwt hwdwp wthpudbon juuhuuyg
ubpnpmudph b swhwgnpdnnuijut Swpuubp uqunn wphunugupdh dnunh, Junt-
1hph, wniptph, Eukpgtnhly Swpaubph b wdnpunhqughntt hmnjugnidutph hwbpw-
gnidwpp pipdws k wr. 3-nud:

Uthpudtown gnudwpuyhl phpdws Swubpp’ pun wuppbpuljabph, npny-ynud
El hwyinth wpnwhwjnnipjudp hbnlbyju) puiwdbing [7].

Cp=C; + EyK;, jb. gpunt/inupp, (2)

npunkn C;- U hiptwpdbph Swubph gnudwpt £ Ay wwwpmd, 474 gpand; Ey- o -
whuw)  tkpgpoudubph npdwdnpduws wpgnibwdbuniputt gopswiljhgp,
ppunl/ppund-nwph (0,14...0,16), pigminjmu t 0,15, K;-u' phy Juughinwy Gkprypoud-
ubph quudwnp, i gpunt

bPuptiwpdtpp Yuquny hnpJusubph swhubph gnidwpp npnoynud £ htnlyuy
wpunuwhwjnnipjudp.

Ci= CU$+Cu+Cq+CL+CE.IIZiI.QI1uH[; (3)

nputn Cpg- p nhY wouwinwwpdh $nunu &, 4 gpund, Cy- U hhutwlwh dheng-
ubkph wdnpunhqughwl, jé. ppund, €4~ o' qunkihph Swiwup, . gpwd; C,- o bym-
phph swhiup, 474 ppa; Cp- & Fubpgbnhl Swhap, 4. gpunk
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Uniniuwmly 2

Zunlbunmyng wnmwpplpubbph Jughuug GkpppnidbEpp nkpibnnghwliwl Jbkpkinubkph I

vwppuynpmlbkph dknppEpnl hundfup

zel =2 gad| .}
Ne Shuinnghwljwi dkpkiwmbbph b .5 £ ;’5-' £ B85 g5
vwppunpmidbph wiwinudp 'g‘ 8 "§ _a B, ] ,.d_'::. o
&= & | BES F
Swppbpwl I (wpinnliughp Ne2502 A)
1 2 3 4 5 6
1.1 Pppnipuynp Epuljudunnp CAT hunn | 1 471,30 471,30
390FL, otiptithh dwuyp 3,9 5,
owipdhsp’ C18 ACERT
1.2 Swhdwjht pnyynglp XCMG TSY230G | Awin 126,32 126,32
1.3 | Qpuubkwnhy/hhnpnunithiinp TM-300 hunn | 4 11,60 46,40
dulihoh
1.4 | Loqugnn Yuwywip hnquéms uwppny] | hww | 1 64,0 64,0
3PJ1 1600/25
1.5 | dbhpwophjugws ynskph wpuudndw/ | gé « | 3100,0 | 0,05 139,66
htnwgdwt funnnjuljupup @325x20 4o/
1.6 | Lognih unpnuluwowph dnbnwddwt | Awwr | 100 0,07 6,73
hwdwp twhpwnbujws ynbnnuikp
(qudpgwtiutp)
1.7 | SEjuhljuljuu oph dwnwljwpupdui gd. o | 2300,0 | 0,03 61,15
wnwthiyu junnnuljupwp @250x5 2/
I'OCT 8734-75 Cr. 09
1.8 | Unuhiyw junnnjuljupwph gpuitkn gs. u/ | 680,0 | 0,03 18,08
&nin @250x5 1/ TOCT 8734-75 Cr. 09
1.9 | Skjuuhhwlwl oph dnuwb yndwwlw- | Aun | 1 80,0 80,0
jut BA-C250H45 D610, Q=1,40015/dwtf,
H=85 «
1.10 | Uwuhwnijjuwnnp KamA3-43114C (6x6) | Awn | 1 66,91 66,91
Ukpkuwgh hhuph Jpu
1.11 | Ujunypmil XCMG XCT16-1, 16 hunn | 1 65,35 65,35
phnunitwynipjudp
Cunudkup - - - 1145,89
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Unynruwl] 2-h pupnilnulnierniip

1 2 3 4 5 6

1.12 | Odwunul wmptp b wvwppuwynpoud- | - - 20% 229,18
ubp

1.13 | Sknuthnpudwt swhiubp - - 5% 57,29

1.14 | Sknunpuwt swhiukp - - 10% 114,59

Cunhwlnipp - - - 1546,95

Swippbpul I1. Zudwdwgh gbwnwght n nyudpunibph nuunupldwb Jkp Yo
Uowljywd uwpph [4]

2.1 Swhdwyht poynngtin XCMG TSY230G | Awin | 1 126,32 126,32

22 Qnuukwnhs/hhnypnunithninp 'M-300 hunn | 4 11,60 46,40
Uwljithoh

23 Jhpwophugws wnsknh wpunwun- gs. | 2000,0 | 0,05 90,10
dwi/hinugdwt junnnduljupwp
©325x20 i/

2.4 Sthuhjuluu oph dwnwjupupdu gd. | 2300,0 | 0,03 61,15
wnwthiyu funnnuljupup @250x5 2/
T'OCT 8734-75 Cr. 09

25 Stuthjwlwt oph dnuwt wndwwlw- | Awwz | 1 80,0 80,0
juit BA-C250H45 D610, Q=1,400 1£/dun/,
H=85 «

2.6 Utudke yniutipny dknunuliju hunn |1 8,0 8,0
wpnwpul

2.7 Uniqupln hunn |1 4,0 4,0

2.8 Uwwpwjuyniuwghtt wyndwy, H=150 4 hun |1 36,0 36,0
132 §dwn

29 Znphqnuuljut nknunpjus hunn | 4 2,8 11,2
gpuiibnhy Ygurhnnbp

210 | Mpnwhuyug nknunpyws opwukwnps | Awwr | 4 2,8 11,2
Yguhnnbp

2.11 | Uphnwwnwipughtt hwppwl jwowdup- | sww | 1 12,5 12,5
dwl dijuwthqutpnyg b hwignygutpng

2.12 | 2qhs yupwwyhlukp dghy &nyububph | Aww | 4 2,0 8,0
htnn dhwupt

2.13 | Mnswdpwph vwhdwutkphg nnipu hunn | 2 9,04 18,07
nbknunpué wpwnpd hkwuyniukp

2.14 | Quwnp nwuibiubp gs. | 1600,0 | 0,002 2,88
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Unyniuwly 2-h pupninulinijeiniiip

1 2 3 4 5 6
2.15 | Pupowthnjuunpuut Jupuuhly huwn |1 6,21 6,21
2.16 | Puprwhnpiunpuut jupwuyhlh gd. u | 800,0 | 0,002 1,44
owipdwphp &nyub

2.17 | &nwubikph dquut Ukhiwbthqlubkp hunn | 2 14,98 29,96

2.18 | ¥uuynp &nwubitbphtt wdpugyus hunn | 20 0,48 9,6
hwwnntl wdpwukp

2.19 | Uwbhwynijuwnnp KamA3-43114C (6x6) | hunn | 1 66,91 66,91
Ubptuuygh hhuph Jpw

2.20 | Uquinlpnilly XCMG XCT16-1, 16 hunn |1 65,35 65,35
phntunttwuynipjudp

Cunuuklip - - - 695,28

2.21 | Odwunul yniptp b - - 20% 139,06
uwppuynpnidubp

2.22 | Sknuthnpudw Swhiubp - - 5% 34,76

2.23 | Stqunpdwl swjuubkp - - 10% 69,53

Cunhwiunipp - - - 938,63

Un. 3-nud phpdué wndjuyubph hhdwt ypu hipwpdtpp Juqunn swhubph
hwupwgnidwpp hudbdwngng 1 b 2 wwppbpuljubph ghypmd hwdwywnwupuw-
twpwp Yuquh.

C; = 0,542 x 10° + 0,275 x 10° + 1,525 x 10° + 0,040 x 10° + 0,036 x 10° =
= 2,418 x 10° g,

C, = 0,521 x 10% 4+ 0,159 x 10 + 1,124 x 10° + 0,033 x 10° + 0,038 x 10° =
= 1,876 x 10° gpunf

Lphy Juuwhuwy tkpgpoudutpp 1 b 2 wuppbpuljitph hwdwn (w. 3) juquly
Eu huwdlwyuwunuuppwtwpwnp.

Ky = 1,547 x 10° ppw,

K, = 0,939 x 10° pput
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Ugniuwly 3

Zudkdwnumyng nmuppkpulhkph Juw g dkpgpnidaEpp b nwupkul pwhwgnpdulubl

wlthmp Swpiubpp
Ne Owjuubiph hnnjusubpp Lwhwulj s e Zudkduwnynn
Quw twp- ‘5 E wnwppbpuljukp
phpulubph | 5 B
I it o= I 11
1 2 3 4 5 6 7
1 Guuyhwuy ubpnppnudubph wp- | - - ujl. gpund | 1546,95 | 938,63
dtipp Ubpkiwmtitinh b vwppw-
Unpnudubiph dinpplipdwt
hwdwp
2 Cwhwgnpbwljut swuubp, - - ujl. gpund | 2417,60 | 1875,53
wyn pnud
2.1 | wpjpmnwyupdh 1phy $nuinu 56 54 ujl. gpund | 541,70 521,34
nun wohiwwnnnubkph pughw-
unip pwtwljh
2.2 | hhpduwlwl dhongubph pwbwyp | 113 | 53 Upl. gpund | 274,88 159,12
npuibg winpnhqughugh swiju-
ubph npnodwt hwdwp (husun)
2.3 | Junbhph sSwhup uwpph b wy 282 | 2081 Ul ppund | 1524,85 | 1123,86
uwppwynpmdubph pwhwgnps- | 4
dw hwdwp (Awgq. )
2.4 | wniptph dwjuu uwpph b wyp - - upl. gpund | 40,12 32,89
nwppuynpmutiph owhwqnps-
dwi hwdwp
2.5 | kubpgbhwnhly Swjuubp uwpph b | 145 | 1548 upl. gpud | 36,05 38,31
wy] uwppwynpnidubph pwhw- | 7
qnpéuwt hwdwp (Udw/d)
Cunhwnipp - - Ul ppunt | 3964,55 | 2814,16
3 | Anudwpuypht pipJué swpubp | - - upl. gpund | 2649,65 | 2016,32
1 w2 yngbph htinwgdwb gnidwpuyhtt | - - ppud/in 1'059,86 | 806,53
pEpywd swhuubkpp

Stnunptiny wpdbplbpp (2) wpnwhwjnmpjui Uky junwwbp.
T wiuppbpulh nhupnid’

Cpr = 2,418 X 106 4 0,15 x 1,547 x 10° = 2,650 X 10° ppunl/unup}:
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IT wuppbpwh nhypnid’
Cp = 1,876 X 10° + 0,15 X 0,939 X 10° = 2,016 X 10° ppu/inupp:

1 w2 wynskiph hipwgdwt hipipdtipp nipupwitgnip nwppbpuljh hwdwp hup-
Juplyt) E hbnbju patwdling.

C = %p ppunl/in, (4)

npnkn Q -t wnywdpwnhg wwnlws wnskph hinpwgdwt pwbwlj £ 1 wwwpnud,
hwdwdw wry. 1-h juqunid £ Q = 2,5 X 106

1 w2 ynskph htinwgdw htipttwpdtpp, hudbdwnnipjut hwdwp phnpgus 1
1t 2 mupplpujubph nypnud, hwdwyuwunuwuhwiwpwn Yuquh.

C. = 2,650%10°
17 25%106

= 1059,86 ppul/in,

2,016x10°
Cz =
2,5%x106

= 806,53 ppwu/in:

(ngh gtnh Ypw ntnunnjus Yntubtp]ugjus ynyundpuphg wunlws wnstph
htnugdwt hwdwp wpwewplyus tinp uwpph b hwdkdwnnmpiut hwdwp pinpdus
Enubwlh nhwypnid tnp vwpph Jhpundwt mbnbuwlut pwhwdbnnipniup 1 -

nnud Yyuquh.
P = (1059,86 — 806,53) X 2,5 X 10° ppuwif

Bqpuljugnipinii.

1. Gwwnwpyk | Nnoh ghinh hnitind juquuynpyws b tkpuynidu Ynbubp-
Jugws gnuyht mhwh wynywdpuphg htnhwyh Ynnihg dpwljjws tnp uwppny
b nputt wdktwdnun tdwtwl] vwppny wnswyhtt tunnusdputiph hinwgdw wkuh-
Junitnbuulub wuppbpuubph hudkdwnnipyniup:

2. Qmdwpwyht phpqwé Swubkph hwdbdwnnipyniihg kpimd £, np dbp
ynnuhg dpujdws b wpnntwugpus uvwpph fhpwenipjub nhypnid wynyudpunhg
1 un Jbpugphljugqud wnskpp nhyh hwpwhwpuinwgnighs pupphju nkquithnju-
dwt dwipuubpp Juquly Eu 806,53 ppwd, hul] hwdbdwnnipjut hwdwp pnpus
wwppbpulh hwdwp' 1059,86 4. gpunk

3. Zhdtwnpyky k, np Oneh qhnh Jpu Jurnigws Ynbubkpjugdus wnsw-
puiphg 1 2 ynskph hinwgdw gnudwpuyhtt phpdus dwjuubpp, dbkp Ynnuhg wpun-
tugpws wwpph Yhpunnipjub nhupnid, 31,41 %-m] gusp £ hudbdwnws plunpdus
wdktudnn tdwtwljh oqunugnpduw Swipaubph htiwn:
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K.B. APYTIOHSIH

TEXHUKO-35KOHOMHWYECKAS ONEHKA BHEJIPEHHUS HOBOI'O
YCTPOMCTBA IS YIAJJEHUSA XBOCTOBBIX OTJIOXKEHMI U3
XBOCTOXPAHW/IMII PEYHOI'O THITA

B xBocTax oOoramienust, 00pa3yIoImuxcs B Ipolecce 000ramieH s MoJIe3HbIX HCKO-
MACMBIX M XPAHSIIUXCS B XBOCTOXPAHUJIHMIIAX, COMEPIKATCS OCTATOYHBIC 3arachl METaJLIH-
YEeCKHX KOMITOHEHTOB. [lepCcrieKTHBEI UX mepepaboTKH JTaBHO HAXOAATCS B IICHTPE BHUMa-
HUS CHEIHAINCTOB OTPACIH KaK MCTOYHHUKA MOJIYYCHUS BTOPUYHOTO CHIphA. [l oueHKH
3¢ PeKTUBHOCTH MepepabOTKU pacCMaTPUBAETCS BO3MOXKHOCTh IIPUMEHEHUsI COBPEMEHHbBIX
TEXHOJIOTHI 000TamIeHNS MOJIE3HBIX HCKOMAEMBIX, C TIOMOIIBIO KOTOPBIX BO3MOYKHO M3BJIE-
YeHHE [ICHHBIX METALTHYECKIX KOMIIOHEHTOB U3 XBOCTOBBIX OTJIOKECHUI.

I[MomuMO 3P PEeKTHBHOCTH MPUMEHCHHS TEXHOJIOTHICCKUX CXEM BTOPUYHOW Iepepa-
OOTKHU XBOCTOB, 0COOYIO BaKHOCTh HMEIOT TAKXKE MHXCHEPHBIC PEIICHUS, CBA3aHHEIC C ya-
JICHHEM 3THX XBOCTOB M3 XBOCTOXPAHIJIHI ¥ MX TPAHCIIOPTUPOBKOW J0 0OOTaTHTENEHOM
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(haOpuKkH, U TEXHUKO-3KOHOMHUYECKAs OLIEHKa 3THX pelleHHid. B HacTosImee BpemMs oHUM
n3 Haubojee pacHpOCTPaHEHHBIX CHOCOOOB ONOPOKHEHMS XBOCTOXPAHMJIMII SIBIISETCS
THIPABINYECKUIH METO]] C UCIIOIb30BAaHHEM I'MPOMOHUTOPOB HIIM 3EMJIECOCOB.

B craTbe npezcTaBneHa cpaBHUTEIbHAS TEXHUKO-9KOHOMHYECKas OLIEHKa MPHUMEHEHHs
3alaTCHTOBAHHOI'O0 aBTOpaMU CTaTbH yCTpOﬁCTBa JJId yaaJIeHUusA XBOCTOB U3 XBOCTOXpaHU-
JIMII PEYHOTo THIAa M Haubojee OJM3KOro K HEMy NpoToTHna. B xauectBe 6azoBoro s
CpaBHEHHS BBIOPAaHO 3aKOHCEPBHPOBAHHOE XBOCTOXpaHwiuiie, chopmupoBanHoe 3AO0
«3anresypckuit MMK» B ymense p. Boxun.

Knrouesvie co6a: XBOCTOBBIC OTIIOKEHHS, XBOCTOXPAHUITHIIIE, YCTPOHCTBO, cebecTom-
MOCTb, PACXO[Ibl, KAUTAJIbHbIC BIOKCHUS, CYMMAapHO MPUBEICHHBIC 3aTpathl, 3pderTus-
HOCTb.

K.V. HARUTYUNYAN

TECHNICAL AND ECONOMIC ASSESSMENT OF THE IMPLEMENTATION OF
A NEW DEVICE FOR REMOVING TAILINGS FROM RIVER-TYPE TAILING
DAMS

The tailings generated during ore processing and stored in tailings dams contain
residual reserves of valuable metallic components. The prospects for their reprocessing have
long been in the focus of industry experts as a potential source of secondary raw materials.
To assess the efficiency of reprocessing, the application of modern mineral beneficiation
technologies is considered, which can enable the extraction of valuable metallic
components from tailings deposits.

In addition to the effectiveness of tailings reprocessing schemes, special importance
is also given to the engineering solutions related to the removal of these tailings from the
tailing dams and their transportation to the processing plant, along with the corresponding
technical and economic evaluation. One of the most common methods for emptying tailing
dams is the hydraulic method, using hydraulic monitors or dredging machines.

The article presents a comparative technical-economic assessment of the application
of patented device by the authors for removing tailings from river-type tailing dams and its
closest existing prototype. For the purposes of comparison, a decommissioned tailings dam
constructed by “Zangezur Copper Molybdenum Combine” CJSC in the Voghji River gorge
was selected as the reference case.

Keywords: tailings, tailing dam, device, production cost, expenses, capital investment,
total discounted costs, efficiency.
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®npp hqnpnipjudp qunhpwth hwipwdwpdhtiph sowhwgnpsdwt gnpénid ghnw-
nkthjulub wpweppwgh gluwynp ninnnipnil, npubu jubnt, nhnwpyynud £ hubtipw-
pwph wpynibwhwidwi wkjuuninghwlwb gnpspupwgutnh dbpkuiwjugnidp, hwnljuybtu
huptwquug (Epuuyhtt vwppwynpnidubph b ppeprwnbjuthugh juyt jhpwenudt n odwii-
nuly wphtwnwupubtph dkpkuwywugnidp:

Ujwh hwupudwpdup hqnpnipinithg’ dwppdwt mupusnipiub juyunipyut ksw-
gnudp, h hwphy Ynnuyhtt wywpubph wynldwb, hwigkginud £ wpynmtwhwidwt dudwul
hwupwpwph npuljh thnthnjudwt gnpsuligh thnppugdwip, nph hwupnigué nunbtuwlut
Juwup npnowlh yuydwbkpnud jupny b ghipuquigh] wownwiph wpnwugpnnujuini-
piut pupdpugdudp yuydwitwynpjus hwipwpwunph Yapquub jpgunynn swppubpp: buly
bEpt dwppdwt mupwénipiul jujinipjub dkdwugnidp wuydwtwynpyws t hwbipudwpduh
hgnpnipjut wény, wyw httwpwynpnipnit E wnwewinid jujugubint ny vhuyt wohiw-
wnwbpuyhtt wuydwubpp, wyjb hwipwpwph wpynitbtwhwtdw npujulju gniguhoubpn:
Zhnlwpwp, hwipwpwph dwppwhwidwt wypwnwipubph dhphiwjugdui wunhguh
pupdpugdwt juunhpp, npuybu dowldwt hwdwlwupgh Juunwpbjugnpsdwi ghpulu
nnnnipinil, Jupkh E dhwbpwbwly pugniubih hwdwpl] hwipudwpdih hudbkdwnwpup
UkS hqnpnipjut wuydwtubpnid:

dtpp owpunpdush hwdwwnbpuinnid juplnpynid £ thnpp hqnpnipjudp qunhpwth
hwipwdwpdhtbph unnpghniyu dowljdwi hwdwlwupgbph jhpurdwi hwdwjuwphuwgh
thnpdh Jkpnismpiniip, npp pugwhwynty b, dh Ynnuhg hnppuqupuphn dkpkiwjug]us
hwdwhpltph oguwugnpsuwi U, Uniu Ynquhg wigwn jud nbuwlunp hwingp poi-
(wwnpnr, husybu twb hwinypuyhtt nupuwdnipjut (guhwldudp dyuldwt hudwljupgtph
Yhpundwt tywnwuwhwpdwpnipyniin:

Unwigpuyhli punkp. hwtpwpwp, dpwldwt hwdwlwpg, hqnpnipmil, pwpuly
hwpbpwly, thnppuqupwphw, wnpunwgnid:

Ukpwbmpinit: Zuyuwunwinid nhinynid £ dwubwdnp ubpnponp Ynndhg
wnwidtwlh hbnwppppnipmit hwdbdwwnwpwp hopp dwupwnwptbpny, vwljuygh
gnitwdnp b wquhy dbnwnubpny <hwpniuns hwpwduyptph b hwpkplwlnidubph
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ujuundudp, npnlg jnipugnidp ywhwbenid k ny Uks dhtwmbumlu dhongubp b
niih thnpp nhuuyumpinit: Uynuhuhttphg Bo Upuygbkpgnt b Swdjminh wnudh,
Skpnkpwuwph b Bniunhph nujh-wyntdh, Swhmdjwh, Updwihuh, Uquunklh,
Lhspyuq-0Ejh nulh-puquudtnwnuyht b th pwpp wy) hwbpujuyptpp:

Zwupwjuypkpp, unynpwpwp, thpuyugus i suwhwquig pupuly (Uhigh
0.6...0.8 ¢/ hqnpnipjudp) b pupul (0.8 #~hg dhtush 2.0  hqnpnipjudp) qunhpwth
(50%-hg wyth wujuwt wuljudp) hwpbpulubtpny:

Quhwquig pupul hwiipwdwpdhuibph gypnid hwipwpnponud piwlju-
untt wohtwnwipuyhtt yuydwutbp unbknstnt hwdwp, hwipwpwph dwppwhwi-
dwbp gnigpupwg, hpujuwbwgynid £ wupthwlng Ynnuyhtt wywpubph wynlynud:
Ubjuubgnipjut juinbubpn] vwhdwidws E, np qunhputh hwipudwpduh nbu-
pnid dwppdwi mwpwsdnipjub iuqugnyb jujunipmniup ykwp k huh 0.6...0.8 4
nnny npnoynud Eu sunhwquiig pupul] hwipudwpdhtibph hqnpnipjut yEpht uuwh-
dwbibkpn:

Pupul] hwtpudwpdhtubph nhypnid swhwgnpswljut pinlh twpwywn-
puunwljut hopjuspubph wighugdwut hwdwp hhdttwljuinid yuwhwieynid k
wunpthulnn wywpubph wnynwd, hull hwipwpwph dwppwhwidwi dudwbul
wunthulnn wywupubph ynlnwd sh wuhwgynid:

Quihwquiig pupul b pupwl hwiipwdwpdhubph pwhwgnpénudp, npybu
Juunt, punipugpynid k gudp nkjthjuninbuwljut gniguthpubpny. hwipw-
hunpoughtt puidnph wphutwwnwtiph thnpp wpnunpnnujwtnipintl, swhwgnpsuljub
pinyh dpwdwb gudp ptinkuuhynipinil b punkpphg hwipwpwnh Ynpquu gusdp
npuljuwputuljuljut gnigmuhoubp [1]:

Zujuunnwinud swhwquig pupuwl b pupwly quohpwth hwipbkpulubph
npnowh dwukp, npybu Jubnt, dpuljdt jud dowlynid B hwdwjuwnt hwtnype
wyywhnynn hudwlupgbpn], npnig ghypnid wrwewimy E pujulubht ubs
wjuquqnyn 1.2..1.5 & dwppdwt nupwdnipjub jwjunipini:

Uwpplutt mupwsnipjul juyinipyut Ukbwugnidp, h hwohy Ynnuyhtt wuyup-
ubtph wnidwb, hwibghginud £ wpynibwhwidwt dudwiul) hwipwpuph glpunpu-
wnwugdwl, nph hwupnigus nbnbuwljut Juwup npnowlh wuydwbtkpnud jupnn
ghpuquugh] wohiwnwiph wpnunpnpujubnipyut pupdpugdudp wyuydwbugnp-
Jwd hwipwpuph wpynmibwhwidwy Ypdwnynn swpuubpp:

9Epp owpunpush hwdwnbpuinnmd Juplinpymd o hadwohuwphught thnpéh
htunwgnunidp b wpyniiuybnnipyut pupdpugdut mnhttiph puguhwjnnudp:

Tvtmpih npdubpn b Whpnnhiesh Khubundnpnup: 2uihwqui pupudy U pupul
hwupudwpdhuitiph swhwgnpddwt gnpénd huyntth L wpununpuljut gnpdplpwg-
ukiph dbpktwjugdw tplnt Uninbkgnid. swhwgnpswljut pinh twhwywnpuu-
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nuljub-fupdwt nt dwppdwt wpprwnwiptibpnud hnpundwin vwppuwynpnidubph b
thnppuqupwuphwn pwpdnn-wnpkpnn Ukpktwbph gniquljgnid b ninnudhq hwb-
pwjunpobpny hwipwdwpdhuttph dowljdmbt hwdwp dwppdwt dkpktuwjugdus
hwdwhpubph oqgunugnpénud [2]:

®npn hgnpnipjudp qunhpwth hwipudwpdhtiibph unnpgbniyu dyuljdwb
wpynituybnnipjut pupdpugdut ninhubph npnudwt hwipgtipp Uonwybu quingty
El kS pyny httinwgninnnubph nipwunpnipjut fEunpnunud, pwtth np uwynuhuh hwt-
puwdwpudhtiibp niukt hwipwpwnph thnpp wwpwpubkp, hwdwp pupy Unpdninghw
(Awpwiinipni), hnthnfjuwljutt hqnpnipnil, nuwpusdwt tpjupnipnit b wil-
dwl junpnipnil, ny hwqunby wijuynit hwipwpwn b wupthwlnng wywpibp:

Oquugnpédyt tu unpht Jkpwpbpnn ymptph hwjwpugpdwi, hwdw-
Jupguui b Jbpnisnipjub Ukpnnubn:

Zhnwqnunnipjut wipyniipubpp: Twubtwghunwlut gpuijuimipjut b gnps-
twlwb nyjuubph hwjupwugpnidp pny) E ngb] wnwtdtwgut) JEpnhhojwy hwp-
ght uyppqws Uh owupp wohtwwnwpkn:

Utipttwjugdws hwdwihputph b thnppuqupuphun hiptimgqiug vwppuyn-
nnulubiph ukpppuudp hwipwpwinh Ynpquutt wpdwnwljut junwpbjugnpsdwt
ophtwljubp L pipusd [3-9] wohiwmwnwiipubipnid:

®npp hgnpnipjudp hwupbpwljubph swhwgnpsldwt wpynibwybnnipyut
pupdpugdwt hwdwp ny wulwu Juplnp ghp niubt juqduljbpyswnbtuuhlw-
Jut b mbnbtuwljut hwdwihp vhpngunmidubpp [10-12]:

Quithwquig Juptnpynd £ hwipwpuph wnpunugdut tduqbgdwit mynus
wnwpwpinyp Uhgngunnidubph b wnwewpynipiniutiph Yhpwunnidp [13-18]:

Pujuljuthtt nipugqpuy nkuninghuljwt nisnidubp Bu npdus [19] wy-
Nnwwnwipmd. ghuwplt] bo «@njhknws unnpgbnbyu hwiph thnpp' 0.8...3.54
hgnpmipjudyp, 70...80¢ wmujuwt wuljjudp nt puuljuthtt uynit hwbipwpwpny b
wupthwlny wywpibpny tbpuyugus hwiipwdwpdhinbph Jyuljdw hwdw-
Yupgtpp (uy. 1):

[19] wojuwnwtiph hnhtwljubpp Gyl B uyt Egpujugnipjub, np wnwewnl-
Jnn nbuthjunbjinnghwuwt pnusnudubptt wywhnynud Bu «2nijhnws nuljne
hwipw]uyph hwbpwdwpdhbiibph hwbpwpwph wwowpubph' pinkpphg Ynpquwt
owynhuw] gniguithptbp b wpnynitwybn jmpugnud:

«Gutibhtiuljn» nuynt hwbpwduypp ubpluyugdws k 0,1-hg vhtisk 1,12/ hgn-
poipynil mikgnn phpkiqhnughtt gninnid 759 wndwdp swthwquilg pupuly 1-hg
dhslh 7 ud hqnpnipjudp hwipudwpuhiitipny, npnugmd nujnt puphajusnipiniup
suthwquilg wthwjuwuwpwswh b wnpun (qulwu 1 ¢/w-hg), dhohtt (1 ¢/in-hg
dhtsl 10 ¢/wn), hmupniuwn (10 ¢/22-hg dhtish 100 ¢/) b giphwpniun [20]:
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gnpSdundp pwldul hudwlupgh nuppkpulpd w) dwppdwl phpunnid hwbpudupdih
Wwilnidp, p) duppdwl phpunnid npuyhl wwwpbkph yninidp

Zhnhtwlubpt wowtdtwgpl) Eu qupptpwg Yupgny hwupwpwph Eupw-
hwpluyht ynuwdp dpwldwb hwdwlupgp (Y. 2), npp hwipwpwnh yuhbuwnw-
Unpuudp dpujdwt hwdwlupgh hwdbdwn pny) L wiwjhu tpljnt wbqud pupd-
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Ul 2. Zuwlpupwph Ehpwhupfuyhl wnldwdp Qowldwh hudwlupgp
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Zwupwpwph Epypnppuyghtt wnpunugduwt pugundwit ninnyus hknwgn-
unipjutt k tdhpdws [21] wpuwwnwupp, nputn phipdws b hwbpwpwnph Lupw-
hwpluwjhtt hwinypny b wynlynn wywptkpny dwppdwt mupusnipjut (guthwl-
dudp Uowljdwut hwdwlwupgh wuppbpuljubp (uly. 3 b 4):

Y

i

/L

EMISRATRY DI 5 - -
P :'.- q.-\oql‘-‘fo 53 - 1 ‘S - ‘v”‘- vat Ll

A Vi

A T R TR R R R R SRR}
20-25 ro-rs

Ul 3. Znppgninulpul §npdinpnogwé Eipuhwupykpny hwbpupwph hulnypny I ynliyng
wwwpbbpny dwppdwl nnupwdniyppul jgunpwduwdp dwldwh hudwlupgh nnuppkpulp

Uly. 4. PEp [npuinpnoyws Eipuwhwuplkpny hulpupwph hubnypny I ynliyng
wwwpbbpny dwppdwl nnupwdnipul jguihwdundp dwldwh hudwlupgh nnuppkpulnp

[22] wphwwnwpubpnid ubpjuyugdws E vuljuupkp skpnbkph hwinypeny
b hwtinypuyhtt nwpuwsmpjut jguthwuldudp hwdwlupgh muppkpuyutphg dkyp,
nnp h huywn k Ehl) (hnppuqupuphn hiptuqtug (Epttughtt dkpkiwubph oqunw-
gnpéuwt puinphhy (. 5):
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Ul. 5. Onpp hgnpnipjudp qunhpuih hwipudupdhbbbph wldwl hudwlupgh
wwppkpuly vwlunjuplp skpinkph habnypny, hubnypughl nwpusnppub jguhaldadp
I hnppuquipuppuin pliplwqinug kpEiwbkph huduypph fhpundudp

«Ukpdwupgnith wpnungpuljub (knbwphdhwwt dhudnpnud» ARC unnp-
ghunlyw hwupbpmud (uyunpkt Yhpunynud £ Juppupwg okpntph hwunypnd b
wunugny (guiynipny (guthwuldwudp dowljdwb hudwlwupgn [23] (Wy. 6):

Uwnpht thopdwsdp wuugnn (guiyniph Lenpdwt pugundwt hwdwp wnw-
owipliyty L uly. 7-nud ukphuyugus nkhuuininghwljwt upubdwi:

& ""E"ﬁﬁﬁ“ze

L "_éég hmiipmx’m[l ESN

Ul. 6. Yupplpwg Eplokpunuih hwingpny I winugnn jquiynipny jguuldudp
hunlwmlgyus wlul hunlwlupgh nuppbpal
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Ul. 7. Qupplpug Eplpbpuwah hwinypny b yhnugng jquiynipny jguhwldudp
hunlwgyus wldwl hudwlupgh Junnupbpugnpdyws vnuppbpuly
Utjuynit wywpwhwipwpwpughtt quiuqush ghypnid thnpp hgnipjudp
hwupwdwpuhuttph dpwldwt hwdwp wowewplyt) £ Juppbpwug sbpinkph hw-
unypny b wdpujuydwdp hwdwlwupgp (uh. 8), npp pny E nwhu iuqtguby 1 v
nipwiwght hwipupwph wpyni bwhwidwi hiptwpdtpp b hwohy wouwnwiph

wpuunpnujuimput b hwbpwpwnh Ynpquuts npujupubwljuljut gniguuhy-
ubph Ukbwgdwl n1 jguhwuljdwut Swhuubph tuquui:
U-U.

=

N

A 3 8
- |
B i1

Ul 8. Qupplpug phpunkph hwbnypny b wdpuluwydwdp dowldwl hudwlupg

«QEpthnwbuln nuljnt hwipwuyph dninhjugws hwiptpwlubph dowl-

dwtt hwdwp, dh pwth hwdwlwupgbphg pugh, wowewplyl) £ hnphgnuwulju
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otkpnbnh hwnipny b jguhwljiwt douljdubt hwdwlunpgp [24], npp tkpunmd k
owhwgnpswljut pinljutph pdpuyhtt twppwywnpuunnd (Ul. 9):
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Uly. 9. Quinhpuih thnpp Agnpnipjundp uninplugyué hwbipuyhl dupdpbbbph dowldub
hunfwlupgp hnphgninulub pEpnkph hwinypeny I jquhuldundp. hubpuyhl dupdhbbbph
nwpudul puuswunhp nigpnipyudp jupdudpp, jupdwl hnpgudphkpp b dupplui
Umupunpnpyudphlph whglugnidp (w), hwbpughl dupdbp nmupwsdwl fraswnhp
nipnnipjudp npjudpp, waypulgplph hnpunnnid I wuypbgnid, hubpupwpughi
qubiquidh pupdnid, hwbinypuyhl nwpwdnipyul duppnud (p)

Onpp hqnpnipjudp hwipbpulubph dwppdwt thnpjusph plunyujuufub
Junpyusph wmquun dwljkpbuh dkbugdwb b huptimquug dbpttwmubph swpdniiwlynt-
pjut wybjugdut tyyunulny untndyt) i quiwqut hwpdwpwipubp [25-27]:

Ujuyhuny, thnpp hgqnpnipjudp hwipudwpdhitph uinnpgbniyu dywljdwt
hudwljupgbph Jhpwndwt wpnwuwhdwiyut thnpdh Jbpnidnipiniipn gnyg L
wnwhu hwipwpwph wnljdwt yuypwigpughtt tyutiuh oo hnpundwb b pupdnn-
wnpkpnn thnppuqupwuphwn uwppwynpnidubph oquruugnpddwt, hwbipupwph w-
owwn I nbuwluynp hwinyph nt hwinypuwhtt mupusnipjut (guthwldwi hpu-
Juitwgdut tyuwnwljwhwpdwpnipmniup:
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Gopujugnpinii. Quhwquig pupul b pupul qunhpwth hwipwdwpdhi-
ubph wnnpglinyu tqutwlny swhwgnpsdwt wpynibwynniput pupdpugnudp
wwhwionud k hwlpwpwnph dwppwhwidwi wpnunpuljut gopéphpwugubtpnud
htwnlyuw) Uninkgnidubph bt Uhgngunnidubph hpuljuiwugnud.

1. Ubptuwjugdws hwdw hpubpnh ogunugnpénud, npbt ninnws & dknph wo-
huwwnwiph Ypdundwtp b, ptwuwbwpwp, hwiipwnppuyhtt putnph wohuw-
nuwiph wpnunpnyuljuintpiub nt puljdwt hinkiuhynipjut dbdugdup:

2. Zwupwpuph dwppwhwidwi dudwbwl) hnpuwndw b pupdnn-wnplpny,
husybu b odwinul] wphtmnwupubpnid thnppuqupuphn vwppwynpnidubph
ogqunugnpédnud, npb nuynws t hwipupwph wnpuinugdwi jpduindubp wuyw-
hnytnd wpynibwhwitdws hwipwpwph npulh pupdpugnid:

3. Pupdpupdtp hwipupwuph wgwn b mbkuwljuynp hwunyye pniyjunpng
ouljdwt hwdwlwpgbph Yhpuenid, htgh wywhnynid £ oqunnujuup pununphsh
(ukph) pupdp wupniuwlnipjudp hwipwpwpbph Ynpgnud:

4. Zwunypuyhtt mwpwdnipjut (guhwlidudp b htnwqu jguthuldudp
towljdwt hwdwlwupgiph Yhpwend, husp pwpdpupdtp hwipwpwph nlypnmid
niqnyud E phwdwubph nbupn] hwipwpwph Ynpniunibph jpgundwin wugw-
hnytny wpynmibwhwidws hwipwpuph pwbwlh pupdpugnid:
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Zujuunnwth wqquyhtt ynjhnbuthjuljut hwdwjuwput: Unipp tbpuyugyt &
hudpugpnipinii 08.04.2025:

JI.C. MAWUJISIH

AHAJIN3 3APYBEKHOTI'O OIIBITA TIPUMEHEHMWS ITOJ3EMHBIX CUCTEM
PAZPABOTKHU KPYTOIA JAIOINUX MAJIOMOIIHBIX KHWJI

OCHOBHBIM HaIlpaBJICHHEM HAY4YHO-TEXHHYECKOTO Mporpecca MpH pa3paboTKe Malo-
MOIIHBIX KPYTOINAJAIOIINX PyIHBIX TeJ, KaK MPaBUJIO, CUUTACTCS MEXaHU3alUs TEXHOJO-
TMYECKUX MTPOIECCOB AOOBIIH PYAbI M BCIIOMOTATENbHBIX paboT, a TaKXkKe MIMPOKOE IpUMeE-
HEHHE MOJ[3¢MHOT'0 CaMOXOAHOTO TOPHOTO M BHOPAIIMOHHOTO 000pYI0BaHNSI.

YBenuueHne NIMPUHBI OYUCTHOTO TPOCTPAHCTBA 32 CYET OTOOHKM OOKOBBIX ITOPOI,
HE3aBHCUMO OT MOIIHOCTH PYAHOTO Tejla, MPUBOIMUT K CHIKCHHUIO KO PHUIIMEHTa H3MEHE-
HUSI Ka4ecTBa PyJIbl IPU OOBIYe, SKOHOMHUECKHUH yIiepd OT KOTOPOTro MpHU ONpeNeNeHHBIX
YCIIOBHUSIX MOXKET TPEBBICUTH CHIDKEHHE 3aTpaT Ha J0ObIUY PYABI 3@ CUET MOBBIIIEHHS IIPOU3-
BOJMTEJILHOCTH TpyJa. Eciy yBennyeHue mupruHbl OYMCTHOTO MPOCTPAHCTBA 00YCIIOBIEHO
POCTOM MOIIHOCTH PYZHOTO TE€NA, TO MOSBIAETCS BO3MOXKHOCTD YIY4IIUTh HE TOJIBKO YCIIO-
BUS TPYZAa, HO U KauECTBEHHBIE IOKa3aTesu 100b1au pyasl. [losTomy 3amauy moBblIeHHS
CTENEHN MEXaHW3alMU PaboT 10 OUYHMCTHON BBIEMKE Py/Ibl, KAK OCHOBHOE HAIIPABJICHHUE CO-
BEPILICHCTBOBAHMUS CHCTEM Pa3pabOTKH, MOXKHO CUHUTATh MPUEMIIEMOH B YCIIOBUSIX CPaBHH-
TENBHO OOJBIION MOITHOCTH PYAHOTO TElna.

B cBf3M C BBIIEHU3IOXKEHHBIM BaKHOE 3HAYEHHUE MMEET aHAJIU3 MUPOBOIO OIBITA
MIPUMEHEHHS CUCTEM TTOJI3¢MHON pa3pabOTKH MAJIOMOIIHBIX KPYTONaJarolIUX PyJHbIX Te,
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BEISIBHBIIHI, C OJTHOM CTOPOHBI, IIEJICCOO0OPAa3HOCTh UCIIONB30BaHHS MAIOTa0apUTHBIX MeXa-
HU3UPOBAHHBIX KOMIUIEKCOB, C IPYTO# - MPUMEHCHHE CHUCTEM, MO3BOJIIOIINX BECTH pa3-
JIEJIHYTO WM CEICKTUBHYIO JOOBITY, a TAKIKE 3aKJIaJIKy BEIEMOYHOTO IIPOCTPAHCTRA.

Knroueswie crosa: pyna, cucrema pa3pabOTKH, MOIHOCTh, TOHKAs JKUJIa, Majoraba-
pHUTHOE 000py0BaHKE, pa3yOoKIBaHHE.

L.S. MAYILYAN

ANALYSIS OF FOREIGN EXPERIENCE IN USING UNDERGROUND SYSTEMS
FOR MINING STEEPLY DIPPING LOW-THICKNESS VEINS

The main direction of scientific and technical progress in the development of low-
thickness steeply dipping ore bodies is, as a rule, considered to be the mechanization of
technological processes of ore mining and auxiliary works, the widespread use of
underground self-propelled mining and vibration equipment.

Increasing the width of the stope by breaking wall rocks, regardless of the thickness
of the ore body, leads to a decrease in the coefficient of change in the quality of the ore
during mining, the economic damage from which, under certain conditions, can exceed the
reduction in ore mining costs due to increased labor productivity. If the increase in the
width of the stope is due to an increase in the thickness of the ore body, it becomes possible
to improve not only the working conditions, but also the quality indicators of the ore
mining. Therefore, the task of increasing the degree of mechanization of the ore extraction
work, as a priority main direction for improving the processing systems, can be considered
clearly acceptable and possible in conditions of a relatively large ore body thickness.

In connection with the above, it is important to analyze the world experience of
using systems for underground mining of low-thickness steeply dipping ore bodies, which
revealed, on the one hand, the feasibility of using small-sized mechanized complexes, and
on the other hand, the use of systems that allow separate or selective mining, as well as
backfilling of the excavation space.

Keywords: vein, ore, processing system, thickness, thin, small-sized, dilution.
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APPLICATION OF SPECIALIZED POPULATIONS IN A GENETIC
ALGORITHM FOR OPTIMIZING THE PLACEMENT OF INTEGRATED
CIRCUIT COMPONENTS

This paper proposes a modified genetic algorithm (GA) for the problem of placing
integrated circuit (IC) components based on the idea of preliminary specialization of
individual populations for the optimization of 1-2 parameters. Unlike classical approaches,
where each individual's genotype encodes the entire solution, the proposed approach
involves launching several independent populations, each initially evolving with a focus on
1-2 selected parameters (e.g., total connection length, thermal characteristics, occupied area).
Once local optima are reached, inter-population crossover occurs: the best genetic solutions
from different groups are combined for further global optimization, taking into account the
full multi-criteria objective function. Experimental results demonstrate that this approach
reduces the risk of getting trapped in local minima, accelerates algorithm convergence, and
improves the final placement quality by 15-20% compared to classical GAs.

Keyword: genetic algorithms, specialized populations, IC placement, multiparametric
optimization.

Introduction. The problem of optimal placement of components in integrated
circuits (ICs) is one of the most critical challenges in electronic design
(VLSI/ASIC/FPGA). The quality of the solution directly affects:

» Performance (critical delays, signal processing speed).

* Thermal characteristics (heat distribution, dissipation capability).

* Area (final chip size and production cost).

* Power consumption.

Traditional deterministic methods (including analytical and heuristic approaches)
often become too complex as the number of objects N and the number of constraints
increase. Genetic algorithms (GAs), which have proven effective in global
optimization problems [1], are widely used for IC component placement. However,
with the continuous increase in the complexity of designed objects, classical GAs
faces the following challenges:

1. High dimensionality. As the number of objects and parameters increases
(e.g., coordinates, mutual constraints, thermal and electrical requirements), the
solution space expands dramatically.
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2. Tendency to local minima. When all parameters are encoded within a
single genotype, there is a high risk of getting "stuck" in local optima.

3. High computational cost. The evolutionary process requires significant
resources to evaluate the multi-criteria objective function.

To overcome these challenges, the original multi-parameter problem is divided
into subproblems, each containing 1-2 key parameters (e.g., total connection length
and/or area; or thermal characteristics and/or delays). A specialized population is
created for each subproblem, evolving based on a simplified objective function.
Once stable local optima are reached, inter-population crossover occurs, where the
best solutions from different groups are combined into a unified genotype that
considers all parameters. Finally, a global optimization is performed using the
original multi-criteria objective function.

LITERATURE REVIEW

Classical Genetic Algorithms in IC Placement

= Holland, 1975: A foundational work that laid the groundwork for evolutionary
modeling.

» The application of GAs to VLSI problems has traditionally focused on
global search using a single genotype that encodes the placement of all blocks [2].
However, as dimensionality increases, issues of scalability and convergence arise.

= There are hybrid methods that combine GAs with other heuristics (e.g.,
local search, simulated annealing, particle swarm optimization), but they do not
fully solve the problem of high-dimensional solution spaces [3.4].

Cooperative Coevolutionary Algorithms (CCEA)

The idea of cooperative coevolution is to divide the problem into
independent subproblems followed by the integration of the obtained solutions.
Several studies have shown that this approach improves convergence and reduces
the risk of getting trapped in local optima [5,6].

= In VLSI problems, "node-based" or "region-based" optimization is often used,
where each section of the chip is considered separately. However, this approach
does not always account for different parameters (e.g., power consumption vs.
delays) but primarily focuses on physical localization.

The difference of the proposed approach

In the proposed method, specialization is not tied to the geographical division
of the placement area, as in cooperative coevolutionary algorithms, but rather to the
selection of a subset of parameters. This approach allows for the early-stage refinement
of the best solutions based on individual criteria (e.g., minimizing connection length)
and later integrates the best features from different subpopulations into a unified
solution.
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PROBLEM STATEMENT

Initial problem

Given a set of N objects (blocks, components, elements) that need to be
placed within a designated IC substrate area while considering:

1. Geometric constraints (object sizes, minimum spacing).

2. Timing constraints (signal delays, critical paths).

3. Area constraints (total occupied area).

4. Thermal constraints (heat distribution, permissible temperature).

The goal of this study is to determine an optimal placement of elements,
represented as a set of coordinates {(xi, yi)} for i = 1,..., N, that minimizes a given
multi-criteria placement quality function.

The objective function

Let X = (x4, ¥4, ..., Xy, Yn) be the vector of placement parameters. Then, the
multi-objective additive quality function, consisting of three partial quality functions,
is defined as:

FX) =w; - Fi(X) + wy - F,(X) + w3 - F5(X),

where F(X) is the total connection length or the estimated routing length at the
placement stage; F»2(X) the occupied area or placement density; F3(X) a function
reflecting thermal impact and/or maximum temperature; wi, w2, ws the weights
defining the priorities of the corresponding criteria.

Limitations of the classical approach

In a standard GA, the genotype can represent either a permutation of objects
or a complete set of coordinates. However, when the number of objects is large and
multiple criteria are considered, the dimensionality of XX becomes excessively
high. This leads to:

» Slower convergence.

= High probability of getting trapped in a local minimum.

» Increased computational cost per generation.

THE PROPOSED METHODOLOGY

The general framework of the proposed approach

The proposed approach operates in two major stages:

= Population Specialization:

= There are several independent populations (e.g. Pi, P2, ..., Py), each of
which optimizes a subset of parameters (1-2 criteria).

= For the population Pg a simplified ~F;(X¢) function is formulated considering
only the corresponding criteria.
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» A classical evolutionary process is carried out: initialization, fitness
evaluation, selection, crossover, and mutation-but only within the parameter space
relevant to the given population.

= Inter-Population Crossover and Global Optimization:

» After reaching local optima (or upon termination), the best individuals
from each population are selected.

= These individuals are combined into a new set of genotypes, where the
optimal parameter values from different groups are gathered.

= A global phase of the genetic algorithm is initiated using the full objective
function F(X), where evolutionary operators are applied again, but now for
optimizing the complete set of parameters.

Algorithm details

The phase of specialized populations

1. Initialization

= Each subpopulation P is assigned its domain related to 1-2 parameters,
and individuals are randomly generated within this domain.

2. Fitness evaluation

» The function ~Fi(X;) considers only the criteria (or part of them) for which
the population P;. For example, if the population specializes in minimizing the total
connection length, we apply: ~Fi(Xi) = Fi(Xj)).

3. Selection, crossover, mutation

= Standard genetic algorithm operators [2, 3] are applied, adapted to a lower-
dimensional space.

» Higher mutation probabilities may be used in the early stages to accelerate
the exploration of the space.

4. Stopping

= The process continues until a stopping criterion is met (e.g., a specified
number of generations or no improvement over several iterations).

Inter-population crossover

1. Selection of the best individuals

» From each population, the top-m individuals are selected (based on ~Fj).

2. Formation of a unified genotype

= For each parameter set (specialized group), the optimal values are taken
from the corresponding subpopulation. Thus, a "hybrid" solution is formed, where,
for example, the positions of elements affecting connection length are taken from the
best solution in population P;, while parameters influencing thermal characteristics
are taken from population P, and so on.
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3. Creation of the combined population

= The new "hybrid" solutions form the initial (or additional) part of the
combined population P_global which then undergoes classical evolutionary processes
based on the full objective function F.

Final global optimization

1. Global evaluation.

= Now, for each individual, the objective function F(X) = w;Fi(X) +
+w2 F2(X) + w3 F3(X), where w1, wa, ws are the weights that determine the priorities,
and F1(X), F»(X) and F3(X) are the quality functions for the corresponding criteria.

2. Selection, crossover, mutation

= A multi-parameter evolution is performed, which "fine-tunes" the solution,
taking into account all the interrelationships between the parameters.

3. Output solutions

= The algorithm stops when the specified number of generations is reached
or when the results stabilize.

= The best individual, according to the F-metric, is accepted as the final
placement.

Advantages of the proposed approach and potential challenges

Advantages

= Reduced dimensionality in early stages: Each population operates on fewer
parameters, accelerating evolution and reducing the risk of early stagnation.

= Avoidance of deep local optima: The likelihood of getting "stuck" in one
area for all parameters at once is reduced, as specialization provides independent
search zones.

= Faster convergence: Due to more effective local optimization, solutions
become "good" in key criteria even before the global phase.

= Improved computational efficiency: The approach allows for parallel
processing of information.

Potential challenges

» Selection of parameter groups: Incorrect selection and distribution of
parameters across populations may lead to conflicts during the global integration.

» Functional or correlated dependency of parameters: If parameters are
closely related, narrow specialization on 1-2 criteria may require a more complex
synchronization mechanism.

» Fine-tuning of parameters: It is necessary to control the number of generations
in each phase, the proportion of migrating individuals, mutation probability, etc.
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PRACTICAL IMPLEMENTATION

Initial Data and Assumptions for Implementation

To test the effectiveness of the method, the problem of placing N objects on
a rectangular IC substrate area was chosen, taking into account:

= Area constraints.

= Delays (critical paths).

» Thermal distribution.

Two approaches were compared:

1. Standard GA with a single population, where each individual encodes the
full set of coordinates X.

2. Modified GA with specialized populations (2—3 groups), each of which
initially optimized only a subset of criteria (e.g., routing length + density, or
thermal + timing parameters).

Experimental parameters

= Size of each specialized population: 50—100 individuals.

= Number of generations for local (specialized) optimization: 300.

= Simplified functions:

o ~Fa- considers only the total connection length,
o ~Fy - considers thermal criteria,
o ~F. considers delays (e.g., maximum critical path length).

= After stabilization of each population, inter-population crossover occurs,
and a combined population of 200 individuals is created.

= Final global optimization: 500 generations, mutation probability 0.03,
and the full objective function F(X) = wi-Fi(X) + w2 F2(X) + w3 F3(X).

Evaluation metrics

= The total value of the objective function F after the algorithm completes.

= Convergence time (number of generations or total processing time).

= Solution stability (variance of results across multiple runs).

Results

The Experiment showed:

1. The standard GA often got trapped in local minima and required more
generations to achieve an acceptable result.

2. The modified GA reduced the final value of the objective function F by
15-20% and shortened the convergence time by 20-30% (compared to the classical
algorithm).

3. The enhanced method demonstrated lower variance in solution quality
across multiple runs, indicating more stable identification of "globally" good
placements.
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Discussion

The results confirm that the preliminary specialization indeed helps in
solving multi-parameter placement problems:

» Each subpopulation quickly "hones" specific criteria without being
"burdened" by others.

» The solutions combined during inter-population crossover are more likely
to simultaneously contain strengths across all parameters.

= Subsequent global optimization only slightly adjusts the found solutions,
improving consistency among the criteria.

However, effectiveness largely depends on:

= Correct selection of criteria groups — it is important to combine
parameters in one population that do not conflict strongly with each other.

» The number of local optimization iterations — if there are too few
generations, subpopulations will not reach a quality local minimum,; if there are too
many, the risk of "overfitting" to individual criteria increases.

Promising directions for further research include:

» Adaptive distribution of parameters among subpopulations during
evolution (e.g., based on current results).

» Hybridization with other heuristics (simulated annealing, local search) to
fine-tune already "good" solutions.

= Integration with design rule checks and penalty system [7].

Conclusion

This paper presents a new approach to the optimization of placement of
integrated circuit components based on specialized populations in a genetic algorithm.
The key features include:

1. Decomposition of the original multi-parameter problem into 1-2 parameters
for each subpopulation.

2. Local optimization in a smaller parameter space at an early stage.

3. Inter-population crossover for integrating the best local solutions.

4. Final global optimization considering the full objective function.

Experiments show that this methodology provides a significant improvement
(15-20% in the objective function) and a reduction in convergence time (up to
30%) compared to the classical GA, which is particularly important when solving
large placement problems in VLSI. Specialization methods can be successfully
complemented by cooperative coevolution, adaptive mutation operators, and other
heuristics, expanding the capabilities of evolutionary IC design.
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4. 6YUL3UL

PUSEEqUO TN EeUSHh RUNUACPLENE SEBNUNMTUL ONSPUTLUSUUL
ZUUU ULULUSGRSUSYIUD TMNNNRLBUSPULE P OQSUSGNONRUL
GGLGShuuuuL ULGNPEUNRU

Unwguplynud k thnthnjujud ghibinhljului wgnphpd (@U) hunbgpuy uubdwgh
(PU) pununphsibph nknugpuiwi jigph hudwp' hhdifws withunwljwb ynyngjughw-
tbph twhbwfwl vwubughnugdub quyuthwph ypa' 1...2 qupudbnpbph owuhdwgug-
dwb nhwypnud: b vnupplpnipnit pguuwlui dnnbgnudubph, pp jnupupwignip wthwnh
gkinunhuyp Ynnuynpnud £ wdpnng nisnudp, wnwwpljynn dkpnnp tbpunnud E uh pwtth wi-
Jwfu wnympyughwibph gnpswplnud, npnip twpbwlwl hnymy qupquimy ko Yhnpn-
twbuyny 1...2 pinplws wupudbnpbph Jpu (ophwyy’ pighwinp vhugdwb bpljupnpe-
niup, ebpduyhtt hwnlnipnititpp, qpuntgyws tnwpwspp): Sknuyhtt oyynhunidutphtt hwu-
utjnig htiinn hpwwiwgynud £ dhpwynuynijjughnt pwswubpnid. mwppkp fudpbphg juqu-
gnyu ghunpjulwi (nsnudutpp hwdwlgynid ki hbnwqu gnpw) oyunpudwjugdwt hw-
Uwp hwolh webbny puquuyupudbnpuljub optlunpy $niihghwt: Enpdupupuljui
wpnniupubpn gnyg L tmwhu, np wju Uninkgnidp tuqkgunid £ inknujut dhuthdniduk-
pod fupybp, wpugqugunid E wgnphpuh hwdwpadpnidp b pupbjugnud | ipptiuljut nk-
nunpuwi npulyp 15...20%-n hudbdunws puuwljui GA-ukph htn:

Unubigpuyhll punkp. qhubnhljwljut ungnphpdibp, vuubughnugjws wnunijjughu,
PU mbnupwppunid, puquuyupudbinpuljut oyyinhdwjugnid:
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A.B. PEBA3SIH

MPUMEHEHUE CIEIAAJIM3UPOBAHHBIX MOMYJIALIANA B
IF'EHETHYECKOM AJITOPUTME JJIs1 ONTUMHU3ALIMU PASMEIIEHUS
KOMITOHEHTOB UHTEI'PAJIBHBIX CXEM

[Mpennaraercss MoauduumpoBaHHblid reHeTnueckuid anroput™ (I'A) s pemeHus 3a-
Jlaud pa3MeIleHUs] KOMIIOHEHTOB MHTErPAIbHBIX CXEM, OCHOBAHHBIA Ha IpeIBapUTEIbHON
CTELHAIN3aliH OTACTBHBIX MOMYJSIININ U onTUMu3anuu 1...2 mapamerpoB. B oTmmune
OT KJIaCCUYECKUX IOIXOJOB, I'Zle TEHOTHIT KayKIO0TO MHAMWBUIA KOIUPYET BCE PEIIEHUE LIENH-
KOM, ITPEIJIOKEHHBII METO]] BKIIFOUAET 3aITyCK HECKOJIBKMX HE3aBUCHMBIX HOIYJISLUM, KaXK1as
13 KOTOPBIX HAa HAYaJIHHOM JTalle BOJTIOIHOHUPYET C POKycOoM Ha |...2 BBIOpaHHBIX Mapa-
MeTpa (Harmpumep, o0IIas JUIMHA COSANHEHHH, TETIIOBbIE XapaKTEePUCTHKHY, 3aHIMaeMast TII0-
maznp). Ilocne NOCTHXKEHUS JIOKAJIBHBIX ONTHMYMOB IPOHMCXOIUT MEXIOIMYJISIIMOHHBIA
KPOCCOBED: JIy4IlIe TeHETHIECKHE PEIICHUS U3 Pa3HBIX IPYIIT 00bEIUHSIOTCS IS JalbHEH-
1Ieit ro0aNbHOI ONTHMU3ALMK C YYETOM MOJHONH MHOTOKPHTEPHAILHOM LieNeBOM (DYHKIIMH.
OKcrepUMEeHTAIbHBIE PE3yNbTaThl MOKA3bIBAIOT, YTO JAHHBIN MTOJXOJ CHHXAET PUCK MoIa-
JaHWUA B JIOKAJIbHBIE MUHUMYMBI, YCKOPSET CXOAUMOCTh aJTOpPUTMa U YJIydIlIaeT KaueCTBO
HUTOTOBOTO pa3mereHus Ha 15...20% mo cpaBHEHHIO ¢ Kiaccuaeckumu ['A.

Knrouegvle cnoea: TeHETUUECKHE AITOPUTMBI, CIIECHHATN3UPOBAHHBIC IOIYIISALNH,
pa3MeIleHNe HHTETPaIbHbBIX CXEM, MHOTOMApaMEeTPUIECKast ONTHMH3ALHUS.
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CURRENT STATUS AND FUNDAMENTALS OF MICROWAVE INTEGRATED
CIRCUIT DESIGN WITH GaN HEMT TRANSISTORS

Gallium nitride (GaN) high electron mobility transistors (HEMTSs) are key parts of
microwave integrated circuits (MICs) because of their high electron mobility, wide band
gap, critical field, permittivity and exceptional thermal conductivity. These options allow
GaN HEMTs to work at higher frequencies and power levels than traditional silicon-based
transistors. For the RF and microwave systems, this gives them efficiency. The importance
of GaN HEMTs in MICs can be listed as follows: higher power density, improved efficiency,
wide frequency operation, thermal stability. These benefits make GaN HEMTs a crucial
technology for communication systems today, defense and space technologies. Different
proposed technologies of recent years on GaN HEMTs have been summarized and
compared. The relatively commonly used GaN HEMT types are presented, including their
models. 3 main sub-branches of GaN HEMT are discussed: types of transistors, transistor
models and characteristics and MICs design. Each of them has its own advantages and
disadvantages, depending on the problem, the most suitable one can be chosen. As a result,
several important problems are highlighted, such as performance optimization, thermal
management solutions, reliability and longevity, signal integrity and noise reduction, future
research directions, etc.

Keywords: high electron mobility transistors, microwave integrated circuits, higher
power density, improved efficiency, wide frequency operation, thermal stability.

Introduction. HEMTs are now the most used type of transistors for RF and
microwave frequency applications, especially when large power outputs are needed
[1]. GaN-based HEMTs show great potential for use in power electronics, largely
because they offer superior breakdown voltages and power efficiency when
compared to silicon-based devices. Key characteristics of HEMTs include factors
like contact resistance, current density, capacitance, and breakdown voltage [2] and
for these good qualities, GaN HEMTs are used for RF and power Devices [3,4],
space applications [5], conventional housing-type power modules [6], etc. This
article can be divided into 3 main categories.

* Types of transistors [7-25] — The term transistors and their relevance in
electronics. Different types of transistors and how they are used in the design of
MICs.
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= Transistor models and characteristics [26-28] — The expanded description
of each type’s characteristic regarding MICs design.

= Microwave integrated circuit design [29,30] — Definition and a close
view of MICs. Modern approaches to the design of the modules, prospects for the
development of the GaN HEMTs disadvantages and advantages in MICs.

1. Types of transistors

1.1. Overview of transistors and their significance in electronics

In [7], basic information about transistors, their function of amplifying and
switching electrical signals are presented. In radio technology, very faint signals
that travel through the air are intensified before being output through speakers.
Additionally, a transistor functions as a switch, activating only when it receives a
specific signal. An integrated circuit (IC) or large-scale integration (LSI) is
essentially a grouping of transistors that perform fundamental transistor functions.
Recently, GaN HEMTs have become popular and are used in designing microwave
integrated circuits, but their efficiency depends on several factors.

= What type of transistor was used?

= Which model of transistor was used?

= What method was used to design the microwave integrated circuit?

1.2. Variety of transistors and their applications in MICs design

The GaN HEMT devices are available in various forms (Fig. 1), depending
on their design, materials, and intended use. Below, we outline the most prevalent
types, along with their respective advantages and disadvantages in relation to MICs

design.
| AGaNLayer 2
2DEG GaN Layer
Channel
AIN Nucleation Layer AIN Nucleation Layer
Silicon Substrate Silicon Substrate
a) b)
Fig. 1. Simplified device cross-sections of a) E-mode and b) D-mode HEMTs (Source: GaN
Power International)
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1.2.1. Enhancement-mode (E-mode) GaN HEMT

In [8], a way to improve E-mode GaN HEMTs is described (Fig. 2). The
focus is on the p-type GaN layer below the two-dimensional electron gas (2DEQG)
layer, and the recessed Schottky gate above it. As a result, GaN HEMT is by
default a normally-ON transistor. By employing a Schottky gate, such as Ni/Au on
AlGaN/GaN, to deplete electrons in 2DEG at the applied negative gate bias Ve,
the HEMT can be disabled. This normally-ON HEMT is also known as a
depletion-mode (D-mode) HEMT. This work begins with creating a usual OFF
HEMT, where electrons in 2DEG are defaulted to be depleted at Vgae = 0 V.
Because positive threshold voltage (VT) requires positive Vg to activate the
HEMT, this device is also known as an E-mode HEMT. For power converters, E-mode
is always preferable to D-mode because it requires less static power and functions
in a failsafe manner. Under the 2DEG layer, the recessed Schottky gate with a p-
type GaN is the main emphasis. Two responses (Vi, Ron) were obtained from the
design of the experiment three factors (AlGaN, Lgac, and p-type GaN) at four levels
for technology computer-aided design (TCAD) simulation. The list of possible
ideal E-mode GaN HEMTs was reduced by feeding 128 sets of observations into
the analysis of variance (ANOVA) and artificial neural network (ANN) models. As
a result, by analyzing all the variants the best device with AlIGaN =4 nm, L g =2 um,
and p-type GaN = 1.2x10 19 c¢m ~ is predicted Vi = 1.263 ¥ and Ron = 3.317 Q.
V1 = 1.224 V and Ron = 3.235 Q, which are extremely like the ANOVA-ANN
prediction, are obtained via the TCAD verification.

Source Gate Drain

\

P BHEG

GaN (2pm)  AiGan (24 nm)

AIN (1 nm)
P-type GaN (100 nm)

Sapphire substrate

Fig. 2. Scheme of GaN HEMT to indicate the device components and their dimension

[9] presents under gate terminal p-GaN layer doping effect for enhancement-
mode (E-mode) GaN HEMT. By simulations, optimal values for the following
performance parameters Ro, and Qg are found. Once a higher doping method has
been used, the device gives lower Ryn, and can be used in lower switching schemes.
For the lower doping method, Q. is lower, which is the result of the device

reaching a certain gate voltage faster.
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The method in [10] focuses on switching energy losses determination for 2
types of GaN HEMTs cascode and E-mode. For comparison, 2 models
TP65HO035WS and GS66508T are used. As a result, for total switching energy
losses E-mode HEMTs are preferable, because energy consumption is two - three
times lower. The dv/dt value of E-mode HEMT became significantly bigger,
specifically when the transistor was turned off (up to 150 V/ns).

1.2.2. Depletion-mode (D-mode) GaN HEMT

In [11], for D-mode AlGaN/GaN metal-insulator-semiconductor (MIS)-
HEMT model on a Si substrate the temperature sensitivity was studied (Fig. 3).
This work reports on the high-temperature (HT) operation around 25°C-400°C and
temperature sensing mechanism of a D-mode AlGaN/GaN metal—insulator—
semiconductor (MIS) D-mode GaN HEMT on silicon substrate. In the subthreshold
functioning region of the transistor, most Si-based CMOS temperature sensors
have little currents (fens of picoamperes/mm) but HT sensitivity. The conductivity
of the 2DEG in the channel region of AlIGaN/GaN HEMTs has been found to be
influenced by donor-like traps at the GaN-cap/Si3Ns interface and acceptor-like
traps in the GaN buffer layer. The data analysis presents the effect of these traps on
the electron concentration in the 2DEG and the temperature sensitivity of the
HEMT drain current. This is achieved by comparing HEMT Ip-Vs measurements
with the results of 2-D simulations. When the drain-source current (Ips) is 10
uA/mm, the temperature sensitivity of the device under subthreshold operation is
close to 8.73%/K. This is comparable to the stated values for silicon devices, but at
far higher current densities and over a much larger temperature range.

Metal
dielectric

Passivation

GaN buffer

Fig. 3. Scheme of GaN HEMT to indicate the device components and their dimension
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In [12], Si based D-mode GaN HEMT device for the high voltage operations
is presented. The device worked over 200 V' with an isolation resistance of
4.68x10°% Ohms/sq and shows a peak trans-conductance of 110 mS/mm. For
device fabrication 650 um thick silicon substrate, was used for forming 2DEG in
GaN HEMT device a GaN buffer layer of 3.9 um and AlGaN barrier layer (20 nm)
over buffer layer was used. For fixing leakage currents a GaN cap layer of 2 nm
thickness is grown over the barrier layer.

As mentioned in [13], the D-mode GaN HEMTs has been used for design
monolithic high-efficiency buck converter. D-mode GaN HEMTs provide greater
frequency and current density, making them suitable for Monolithic Microwave
Integrated Circuits (MMICs) Power amplifier (PA) design. A monolithic GaN buck
converter with integrated drive circuits and GaN switches is the most efficient
strategy for minimizing parasitic and area in the envelope-tracking supply
modulator (ETSM) systems. This buck reaches a peak efficiency of 90.7%, with a
peak output power of 11.6 W at a 112.5-MHz switching frequency. PA efficiency
was increased by 14.3% compared with the PA with fixed supply voltage.

1.2.3. GaN-on-Si HEMT

In [14], GaN HEMTs processed on a silicon substrate is used in this type
(Fig. 4). It offers a cost advantage and is compatible with conventional silicon
processing techniques. Source and drain (S/D) ohmic connections were made using
Au-free Ta/Al metals that had recessed etching. The ohmic contact resistance may
be decreased because of GaN or InGaN regeneration [15-17]. After establishing a
rectangular gate with a Lg of 80 nm using electron beam lithography (EBL), Ti/Al
(20 nm/60 nm) metallization was carried out. In the final stage, the devices' surface
was passivated using 10-nm Al,Os. A Keysight BIS05A semiconductor device
analyzer was used for DC characteristics analysis, and a Keysight N5244A PNA-X
network analyzer was used for RF small signal characteristics analysis. Large
signal RF power characteristics were measured using the Maury load-pull
technique. Ultimately, a metallization process compatible with CMOS was used to
construct GaN-on-Si HEMTs with 80-nm rectangular gates. An exceptional fyax of
74 GHz, and limax of 1.95 A/mm were received. With a mobile SoC-compatible
supply voltage of 5 V, the device obtained Pou>1 W/mm and the gain of 16 dB at
2.5,3.5, and 5 GHz. The outcomes show that GaN-on-Si HEMTs have the potential
to be highly performing and reasonably priced RF in 5 G sub-6 GHz mobile SoC
applications. As a result, it is figured out that the device is perfect for cost sensitive
applications. GaN-on-Si HEMTs offer a balance of performance and cost, making
them ideal for commercial microwave applications. However, there are a couple of
issues with:
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= Lower thermal conductivity - Silicon has a lower thermal conductivity than
SiC, which may restrict its capacity to disperse heat and impact high-power
microwave circuit performance;

= Substrate-related losses - The material characteristics of silicon can result
in parasitic losses at high frequencies, which lowers the effectiveness of MICs that
operate in the microwave spectrum.

Gate Metal

Insulating Material
Source

Substrate (Si or SiC)

Fig. 4. By growing a p-type E-Mode GaN layer on top of the AlGaN the 2DEG is depleted
at zero volts on the gate on Si or SiC substrate

[18] presents 200 mm Si substrate E-mode GaN-on-Si HEMTs working on
up to 100 ¥ Vps voltage for power electronics industry. The device presents an
ultralow drain leakage current at maximum Vps voltage. The dynamic Rgson
behavior of the manufactured devices is measured using a resistive load test
equipment. The 150 uF capacitors and 5 Q to 100 2 load resistors were employed,
with a stress Vps range of 5 V'to 100 V. As a result, a high reliability device based
on Si substrate is presented.

The method in [19] focuses on developing E-mode GaN HEMT in GaN-on-
Si material for 150 mm wafer. The final device structure characterized the
breakdown behavior. Vgr values of up to 1000 V were reached through growth
optimization of the GaN layer. As mentioned by the author for next research of the
electrical characterization of the developed device will be presented.

1.2.4. GaN-on-SiC HEMT

In [20], GaN-on-SiC HEMT technology examined in microwave oscillators
implementation, instead of gallium arsenide (GaAs), indium phosphide (InP), or
silicon germanium (SiGe) technology. By using GaN-on-SiC technology they
avoid the use of additional power amplifiers for the correction of relatively low
output power level. Depending on the field of use of the integrated oscillator, it can
be divided into a voltage-controlled oscillator (VCO) or a fixed-frequency
oscillator (FFO). In [21], the first VCO made with GaN HEMT technology is
unveiled. It features a 10% frequency tuning range, an output power of more than
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28 dBm, a phase noise (PN) of -92 dBc/Hz at an offset frequency of 100 kHz, and
the ability to operate at 6 GHz. Other GaN VCOs which also operate at the C-band
or X-band, as demonstrated in [22 - 24], have limited applications because of their
comparatively low PN. The ultra-low PN integrated FFO described in this study
was made using Cree's 0.25 um GaN-on-SiC HEMT technology, and the die was
connected to the PCB and heat sink for measurement. According to the
measurements, the proposed FFO had an 8.6% DC-RF efficiency, 21 dBm power,
and ran at 7.9 GHz. Additionally, PN is 113 dBc/Hz at 100 kHz and 135 dBc/Hz at
1 MHz offset frequency. In conclusion, that device is ideal for managing heat and
high power, because of its excellent thermal characteristics and high-power
handling, GaN-on-SiC HEMTs are typically the best option for high-power
microwave applications, nevertheless, there are additional issues related to:

» More costly - SiC substrates are more costly than silicon, which raises the
total cost of the device and circuit.

= Complex processing - GaN-on-SiC devices are more difficult to fabricate,
which can restrict supply and make microwave circuit design more complicated.

As mentioned in [25], the GaN-on-SiC-based device has been presented with
a high doped buffer layer. By the following options like a highly doped buffer
region, AIN nucleation layer and SiC substrate under gate terminal a better 2DEG
layer is formed. Compared with other varioants on substrate materials SiC provides
a better lattice mismatch, thermal resistance, etc. (Table).

Table
Some key properties of Al;O03, SiC, and Si
Substrate | Crystal Lattice Lattice Relative thermal Thermal Relative
plane spacing mismatch | expansion 1073 K~1 | conductivity Cost
4 % W/em*K

Al,05 (0001) 4.758 16.1 -1.9 0.42 Middle
SiC (0001) 3.08 35 1.4 3.8 Highest

Si (111) 3.84 -17 3 1.5 Lowest

It is necessary to evaluate certain trade-offs for each kind of GaN HEMT
keeping in mind the specific needs of your microwave integrated circuit design;
For example, how well-balanced are the designs for drivers and ICs, including
power and control?

2. Transistor models and characteristics

Several manufacturers have produced GaN HEMT transistors and therefore
several successful models aimed at different applications that are all available on
the market. Such models are different in key parameters, such as power output;
frequency band; applicable area, such as RF/microwave technology, power
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electronics, etc. This is a comparative evaluation of the advantages and disadvantages
of the different models of GaN HEMT from different manufacturers for their use in
microwave integrated circuits.

2.1. Cree (Wolfspeed) GaN HEMT Model CCGH40045

The model presented in paper [26] is a GaN HEMT model which is
classified as =48V RF IC for microwave applications focused on bandwidth up to 4
GH:z. This device employs GaN technology, which is superior to silicon technology
in terms of dielectric breakdown due to high electrical mobility enhancing electron
density, rectifying and improving power efficiency. Special attention, regarding
thermal management, is paid in the construction of CCGH40045 allowing it to
remain functional at high operating conditions and ensuring a high degree of
reliability against failure in harsh environments. Its compact design facilitates
integration into smaller microwave systems, an essential attribute for applications
with size limitations, such as radar and advanced communication systems, while
maintaining performance integrity. Targeted for radar and communication
applications, this device delivers high power output. Operating at 28 volts, the
CGH40045 offers a broad solution that is suitable for microwave and RF
applications. GaN HEMTs are highly efficient and provide a lot of gain and have a
lot of bandwidth making this device CGH40045 useful noise blocks/linear and
compressed amplifier circuits. For high-power, lower frequency MICs, models like
the CGH40045 are ideal because they have a large power output, and good heat
dissipation as a model type, this model also has some disadvantages such as:

= High degree of thermal power means there will be a requirement of more
advanced cooling solutions whatsoever.

= In compact microwave integrated circuit designs a few models have
relatively larger pack sizes, which can result in larger circuit size.

2.2. Ampleon GaN HEMT model CLF1G0035-50

In [27], a study that explores the characteristics of a GaN HEMT model with
particular focus on RF applications in the 0.5 to 3.5 GHz range has been found. The
model has compatibility with broadband wireless communication systems. The
CLF1G0035-50 GaN HEMT is designed for instrumentation and base station
applications which require high radio frequency ranging from 0.5 to 3.5 GHz
frequency band making it ideal for broadband wireless communication systems.
This device makes use of GaN technology which has excellent thermal
management properties and high breakdown voltage, so the choice depends on
your specific MIC design requirements (frequency range, power output, cost, and
thermal considerations).
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» Limited to lower microwave frequencies, which can restrict its use in high-
frequency MICs.

= These levels may be regarded as moderate, which rules out their use in
cases requiring high power levels.

2.3. Qorvo GaN HEMT model TGF2935

In [28], a general-purpose GaN HEMT for high-frequency applications is
presented, which is up to 18 GHz. It is often employed in RF amplifiers for
communications and defensive applications. The Qorvo TGF2935 model of GHz
HEMT can be described as a wide-band high-power amplifier covering up to 18
GHz frequency range, a typical example being Qorvo’s GaN HEMT TGF2935
model or Qorvo’s GaN technology. This device has a wide bandwidth with good
efficiency and is suitable for RF amplification in communication and defense
systems. High power density and efficient thermal management which is inherent
in GaN technology are necessary for reliable performance in harsh environmental
conditions. Besides, the TGF2935 is built in such a way as to meet high linearity
expectations, thus being beneficial in preventing signal losses across a large
frequency range in multi usage broadband and broadband pulsed applications. For
high-frequency MICs, models like TGF2935 are suitable for high-frequency
microwave circuits loads such as radar and the communication of satellites, but this
model has also some bad points like:

® [t’s more costly than other models which can be a problem in high power
microwave circuits.

= At these power levels, thermal management becomes a major headache
and requires the use of advanced cooling approaches.

3. Microwave integrated circuit design

3.1. Basics of MICs

In [29], foundational information is provided regarding the theoretical
principles of MIC design, including the aspects related to transmission lines,
modeling of linear networks, the definition of S parameters, and elements pertinent
to microwave metrology and network design.

3.2. MICs design key methods

3.2.1. Monolithic and Hybrid Microwave Integrated Circuits

In [30], MMICs and HMICs methods are proposed, which are based on
single or multiple semiconductor dies, to provide standard RF capabilities in
standardized packages. These two MMICs and HMICs for design methods
for microwave integrated circuits are key methods in RF systems, but they provide
different capabilities and functionalities. HMICs and MMICs are the two chief and
integrated circuits used in microwave systems. Apparently, almost all new
microwave components are touted to be MMICs. Their main differences tend to
rest in the construction methods:
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= MMICs consist of 1 single semiconductor die. A single base material is
used to fabricate all circuits and components on the chip. This is done with
standard planar processes, although future MMICs will be designed as 3D circuits
using heterogeneous integration.

= HMICs consist of discrete, semiconductor or integrated circuit blocks.
Devices are then connected with metalized wires and contacts, forming a
modularized structure.

Both types of circuit are then encapsulated in epoxy or similar material. Such
packages are generally standard IPC form factors such as QFN and SOT. Since
these components function at microwave range frequencies, they are not normally
through hole parts, through hole leads tend to cause high frequency signal integrity
problems associated with stubs. When MMIC or HMIC devices do not come in
custom packages they may look close to a Si integration.

3.2.2. GaN HEMTs in MICs design

The GaN HEMT devices are considered a precious resource in MIC design
because of their extremely high electron mobility, allowing these devices to
amplify power efficiently at high frequencies. Thus, their application can be
expanded to MMIC and distributed circuit designs. Still, there are challenges with
regards to managing heat dissipation and integration costs, as these devices are
quite costly to manufacture and dissipate a lot of heat when operated at high power
levels. It remains important to deal with the above issues since this will enable the
devices to be more effectively used in advanced microwave applications.

4. Results

During the analysis, the following measures were indicated concerning the
functioning of microwave integrated circuits with GaN HEMT transistors:

= Performance optimization — Tackling the limitations in the power
efficiency and the frequency response of the microwave integrated circuits utilizing
GaN HEMT transistors.

= Thermal management solutions - Presenting methods of achieving
minimization of heat production and improvement of cooling techniques in GaN
HEMT based circuits.

= Reliability and longevity — Discussing the subject of the increased
tolerance and operational life of the microwave circuits populated with GaN
HEMT transistors under high stress conditions.

= Cost-effective manufacturing - Investigating techniques which will lead to
a decrease in the production cost of these circuits while at the same time improving
the effectiveness of GaN HEMT transistors in these circuits.

= Signal integrity and noise reduction — Discussing methods designed for the
reduction of signal loss and noise in microwave integrated circuits by using GaN
HEMT transistor configuration.
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» Future research directions — Recommending areas for further investigation
such as advancing the materials or scaling techniques to further improve the
capabilities of GaN HEMT transistors for microwave use.

Conclusion. GaN HEMTs have become a pivotal technology in the
development of integrated circuits, especially in applications that demand high
power and high-frequency capabilities. While offering improved electron mobility,
a greater breakdown voltage and exceptionally good thermal conductivity, these
devices have many more advantages over the traditional silicon-based transistors.
Such capabilities help to transfer power effectively, reduce switching losses, and
permit high frequency operation, making the GaN HEMTs ideally suited for RF
amplifiers, power supplies of high efficiency and many other sophisticated electron
systems. However, there are several other problems the GaN HEMT industry is
facing. First and foremost is the high cost of the production that comes with GaN
materials. GaN device production requires expensive substrates such as silicon
carbide or sapphire as opposed to the silicon substrate which pushes up production
costs. Additionally, GaN HEMTs inherently suffer from equipment thermal
management problems because of their high-power density. Proper heat removal is
critical for the designed basic reliability of the device particularly in the cases of
high-power density and for the tightly packed integrated circuitry.
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L4 YUruNessuu

GaN HEMT SCULbhUSNruornd UburnuLbLU3PL hPLSEAruL
UMGUULE P LUMUQOUUL UNUU dh UYL BY ZbULUZUM8Er

Quhmuh thwuphnh (GaN) pupdp HEjunpnuughtt swupdnitulnipjudp wnpuwtghunnp-
ubkpp (HEMT) dhypnwihpughtt hnbgpuy upubdwibph (MIC) hhutwlwi dwubph &a' hpbbg
pupdp REjunpnuwght swpdnitwynipjub, juyt wpgbhjdwb gnunnt, Yphnhluwlwt quownp,
puthuigkihmpjut b pugunhly obpdwhwnnppujwinipyui guinphhy: Uju mwuppbpuljukpp
poy) ki nughu GaN HEMT-ubpht’ wouwnt) m wykih pupdp hwgwumwinpymiaikpnyg
b hgnpnipjwt vwjwpnuljubpny, pubt wjwinuiwb uhjhghnidwihtt mpuiqhunnpubpn:
Nunhnhwdwhwljwinipjut b dhipnwihpughtt hwdwlupgtph ghwypnid qu tpubg wuyw-
hnynmud £ wpynibwdbunnipini: GaN HEMT-ubkph Juplnpnipiniup MIC-ubkpnid jupbjh &
pwnlt hbnbyuy Yhpy wbih pupdp hqnpmpjudp nmpeyni, pupbjudjus wppniw-
Ytunnipintl, (uyt hwdwprujuinpyudp wputwnwip, ehpduyhtt juyniunipnii: Uju wowyb-
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Inipepnibitpp GaN HEMT-ubpp qupdunud B Jupbnpugnyb nkutininghw wjuopdw Juuh
hwdwljupgbph, wupnywbwlwi b mhkqtpujwut wtuninghwttph nnpuubkpnd: 9dhp-
ohtt mwphutphtt GaN HEMT-ukph {Jtpwpkpju) wnwewplynn wmwppbp mkjuininghwubp
wdthnthyt) b hwdbdwwngby B LEpluyugynud tu hwdkdwnwpup hwdwh oguugnpsyng
GaN HEMT-utph wbhuwlubkpp, tkpunju) nputg dnnkjubpp: Lutwplynid ko GaN HEMT-h
3 hhdwlwi kipw&nintp nwpuiqhunnpbph wkuwubpp, npuiqhunnpibph dngkyikp
nt punipwqptipp b MIC-ubph hwhiwgsnidp: dputighg jnipupwisinipt niah hp wnwybjnip-
iutbkpt m pipmpinitubpp, b juwpudws punphg Juptkh b ptnptk] wdktwhwpdwpp: Upy-
jitipmy, plngdymu ku Up putih uplinp utmhpibp, hiswhuhp ki wownwbph owwnhiw-
(ugnidp, ehpduyhtt jupwupdw (nsnidubpp, hntuwhnipniup b tpjupuytgnipniup,
wqnuiowith wdpnnowlwinipniip b whuniyh wjuqbgnidp, wywqu hbnwgnunipnii-
ubph muynnipnibibpp b wyib:

Unwigpuyhl punkp. pupdp LiEjnpntught supdniiulmpudp inputighuwnnputp,
dhypnwihpuyhtt hinbqpuy ujubdwibp, wybih ks hqnpnipjudp punipnil, pupkjudqus
wpnnibwy bnnipin, (uyt hwdwpuwinipyut gnpswpynud, gbpdwyht uyniinipyni:

JLLK. KAPAIIETSIH

COBPEMEHHOE COCTOSAHHUE U OCHOBBI IPOEKTUPOBAHUA
CBEPXBBICOKOYACTOTHBIX HTHTEI'PAJIBHBIX CXEM C
TPAH3UCTOPAMMU GaN HEMT

TpaH3UCTOPHI ¢ BBICOKOH MOMBMKHOCTHIO AnekTpoHOB (HEMT) Ha ocHOBE HUTpHIA
rauust (GaN) ABIAIOTCS KITIOYEBBIMM YaCTSIMH MHKPOBOJHOBBIX MHTerpanbHbIx cxeM (MIC)
13-33 UX BBICOKOM IOJABMIKHOCTH 3JIEKTPOHOB, IIMPOKOH 3alpeIlleHHON 30HBI, KPUTUUECKOTO
TIOJIS, IMAJIEKTPUIECKON TIPOHUIIAEMOCTH M HCKIIOUNTEIILHOMN TETIONPOBOAHOCTH. DTH OIINH
nozpoisitor GaN HEMT pabotars Ha Gosiee BRICOKMX Y4acTOTaX U YPOBHAX MOIIHOCTH, YEM
TPaAULIIOHHBIE KPEMHHEBBIE TPAH3HUCTOPBL. [ paflio4acTOTHBIX U MUKPOBOIHOBBIX CUCTEM 3TO
obecneunBaeT UM 3¢pdexruBHOCTS. Baxkaocts GaN HEMT B MIC 3akimodaercs B CIeAyromeM:
Ooee BBICOKas TUIOTHOCTH MOIIHOCTH, YIIydIIeHHas 3QQEeKTHBHOCTh, paboTa B IIMPOKOM
JIMATa30He YacToT, TePMOCTA0MIBHOCTD. JTH Tpeumytiecta neiaror GaN HEMT Bakueiirieit
TEXHOJIOTHEN /TSI COBPEMEHHBIX CHCTEM CBSI3M, 0OOPOHHBIX M KOCMUYECKHX TEXHOJIOTHH. B
paboTe 0000IIEHbI 1 CPABHEHBI Pa3INUHbIC IPEIaraeMble B MIOCIEIHUE TOIbI TEXHOIOTHH
GaN HEMT. IIpencraBneHsl OTHOCUTENBHO YacTo ucnonszyemsle Thinel GaN HEMT, Bxitto-
yas ux mogenu. O6cyxnatorcst Tpu ocHoBHbIe oBeTBM GaN HEMT: Turs! TpaH3ucTopos,
MOJICTIA ¥ XapaKTePUCTUKH TpaH3UCTOpoB U KoHCTpykIwst MIC. Kaxkmas W3 HUX MMeeT cBOH
MIPEUMYIIECTBA ¥ HEIOCTATKH, B 3aBUCUMOCTH OT MPOOJIEMBI MOXKHO BBIOpPaTh HAaHOO0IIee MOIXO0-
JSIIYI0 TIO/IBETBb. B pe3ynbrare ObUIO BBIIETIEHO HECKOJBKO BaXKHBIX MPOOJIEM, TaKMX Kak
OIITHMHM3ALHNS TTPOU3BOJUTEIBHOCTH, PEIICHHUS TI0 YIIPABICHUIO TEMIIEPATYPHBIM PEKUMOM,
HaJIeKHOCTh M JJOJITOBEYHOCTD, IIEJIOCTHOCTh CUTHAIA U CHIDKCHHUE LTyMa, Oy IyIlie Harpas-
JIEHUS UCCIICJIOBAHUMN U T.[I.

Knrwoueevie cnoea: TpaH3UCTOPBI C BBICOKOM MOABHXKHOCTBIO JIEKTPOHOB, MUKPOBOJI-
HOBBIE MHTErPAJIbHBIE CXEMBI, 00JIee BBHICOKAsl IFIOTHOCTh MOIIHOCTH, yJIy4lIeHHas d(pQek-
THUBHOCTB, pad0Ta B IIMPOKOM JHaIa30He 4acToOT, TEPMOCTaOMILHOCTb.
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1.U. UULShrnusuy

BiFeo7Mno30s LULAGUNULELELP USUSNRUL BY, ZUSUNkE83NPLLE P
NrUNRULOURCLNRE3NRULE

BiFeo7Mno303 Yhpudhjuwub phpwttphg hdyniyuwyht jugbpuyhtt thnpkigpdwi
wktninghuyh vheongny dwinbiwghtt jurnigquépny b nuljk LEjwnpnnukpny pJunpgt hwp-
pulh Yypu vnwgyl) ku twinpunuiptbp: Munidtwuhpdb] B uvnugdus twnpunuigpe-
utiph putnwgdwb JEnnph b jhpundws LiEjunpulwut quonh jupjusnipjut jupudwusnt-
pntuttpp wmwppbp hwwhmipniuttph ghypnwd, hyybu twb phtnwgdwt JEjunph b
HEynpului quownh jupdusnipput jujojusmpmbibpp wpnwupht dwuqihuwlwb qusnh
wqptgnipjudp b wnwtig npu:

Unwbgpuyhlr punkp. Unyynhdbpnk kjunhl, twinpunuip, hdyniyuuht jwgkpw-
jhtt thnpkgpnid, owkipwghnt hhonn uwpp, dwquhuwlwh quow, phinwgdw Jhlnnn:

Lhpwbmipinit: Unyuhdbpnbkunphlukpp, ounphhy hpkug hwnlnipniu-
ubtph, hwdwpynmd Eu hkpwjupuyght yniptp b Yhpunynid Eu hknbjw) ninpunuk-
pnid pupdp nnipyudp Hukpquwiluju oukpughnt hhonny wwppbp, Jupgquph-
nkih hunnmijunnpukp ot quupsttp, dwquhuwut nuownh ubkunpubp, thoip opony/
otinnn uwpptp b wyu [1-9]: Eulipquuiluju owkpwghnt hhonn uwwpptph (0ZU)
Junnmguwi hudwp woljw E dh pubh hhdtwluwb fupnupugbnmpmi’ dkl
wnpwighunnpughtt (1T), mpwiuqhunnpulnupbiiuvwnnpught (1T-1C), Ypluwlh
wnpuwighunnpulnunbiivwnnpughtt (2T-2C), npnug pohoubiph EEjunipuljut upuk-
dwubpp pipdusd G uly.1-nd [10]:

Pwnh qhd Fwnh ghd Pwnh ghd

Fhph qm’}-'i EI Phph ghd Phph ghd Phphghd
Pmipkinh
plunpnipyub ghd Fmiplinh Pmiplnh plunpnipjub ghd

plnpmipjut ghd
w) P 9

Ul 1. Fhkpquublwpn oylpuighni hhonng uwpplph popolinh bEnpuwlub ujubdwbbpp.
w) IT, p) 1T-IC, ¢) 2T-2C
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P nupphpnipmi wjwiqulwi 02U peoh” Hubkpquwifwp O2ZU poontd
Yntnulhy ntbwnipjut jud mpwughuwnnph thwwh LEYunpnnh b hwunnpnhy
hnupninnt dholi quntiynn nhEYywnphly yniph thnpuwpkt hpunynid G dnyypunhdb-
nnbiEjunpw-jut bynmpbp [10]:

dtpnhEjnpuut b $Epnduquhuwljut hwnlnipniutbph dhwdudwbwlju
wnuynipyudp wuydwbwnpyus dnunh$bpnbijunpulul Gnpbpht pinpng
wnwidtwhwnlnipnit £ duqiuhuwbjEjnpuut juyp, npp htwpuynpmipinii £
wnuwihu ukyulughtt obpdwunhdwth ywuydwiutubpnd wpunwphtt Ejnpului/
dwquhuwwt nuonh wapbgnipjudp thnjul] yniph dwqihuwut/hEjupulut
hwnmpnibibpp [4-7): Cinphp] wju wrwbdbwhwnlmpub dnipunh$bpn-Hhy-
wnphlutph hhdwt Jpu yuwnpuwunduws tubpquulw OZU-ukpht punpny L
hsytu dpnkEunpulul, wuybu b pEpnduquhuwlui OZU-ubkph wpwybnt-
piniutbpp, npnughg b wfjujubpph gpugnud/puptpgnid gnpdwnnyputph pupdp
wpwgnipnibp, husubu twb' Fukpghugh thnpp swuup [11]:

Unyynhdbpnt Eynphjubpp bpyme wkuwy 5o dhwdwq b jndynghuwghb:
Npuytu dhwdwq dnipinhdbpnkitlnphl juytt mwpwsdnd k qunk) phudmp Skphunp’
BiFeOs (BFO), npp pniptinuyhtt jurniguspny whipnduijhwn e k [3, 7]: Fhudnipe
dtiphunp ogunugnpsdwt hwdwp hhnwuljupuyhtt ynip £ b dkd npwnpnipjut k
wpdwlbugh] otnphp] Wniphh U Upth pupdp obpuwunh&mbtbph (Te=830 °C,
Tn=370°C), hsytiu il pupdp duwgnpruyhtt pitnwgdwin (Ps=90-100 ¢/ %/uh) hwn-
Jwuhpubph [2, 4-7, 9, 12]: Ujuntwdklwyhy, phudnipe dEppnpt punmipugqpuljut Eu
Py duquhuwkEjunpulut juwyp b npunh dksé hnuwupp, npnup nhnwplynid
bl npubu Wniph phpnipniutkp, pug npoud, wyu phpnipnitubpp upkh b pupt-
(wil] Wniph hnbubkph dh dwup hopewphitgngd kY wyy imph hnbbbpny, wwh-
wwikiny Wyniph unkjhnsuthnpniip, hisybu twb' wy] whpndulhn hnph htn
huwunubint Ukpnyutpny [1, 4-7, 13]:

‘Lwpunnn wpuwnwbpnmid dowljly E dwbquith hwdbnudng phudnip $tphinh
JEpudhulub wdniptiph unwgdwt mbkpuuninghwi, huiptwnmwpwsynn pupdp
ohpdwunhfwiwghtt uhiptqh wkjuuninghwny Juwnwpdt) t BiFeozMnosOs wniph
uhlplqp, nuunudtwuhpd by Eu wypdw gbpdwunhgdwh b wypdw Swljunh nwpus-
dwt wpugnipyub jupujwsnipnitubpp pnwpiununmipymu Junkihph pwtwlhg,
bywwnwljuyht mph uhipbqiuwt wunhduip yupgbne hadwp junwpb | uh-
phqué uniph nkngktwdwquyhtt YEpnidnipinit, nphg htnn wwpq E nupdk,
nn tyunwluyht Wnipp vhptqynud £ wihpudbon duqgny, tpp Epuiyniptph juun-
unipynid qunbjhph pwtwlnipiniup 9...12 % k: Ujunithbnb hpuwbwgyk) E uht-
phqyus wniph dowulnid (lwtpugnid, dwdjnud b ppénud), hknwgnungt) i idniy-
utiph ghhEjupulut puthwuighhnipjut b jnpniunbtph wiljuit nmubqbiuh uje-
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Jubmipiniuibpp hwdwjunipinithg, husybu bwlb ynjunudybpuyht punipwuqpbpnp
[14]:

Ushiwnuiph tyyunnuljp: Munpuunyws BiFeozMnosOs Yipudhuljut ph-
puwputbphg hdwyniuuyghtt juqbkpuyht thnobgpdwb mkjuuninghuwyny wihpudton k
utnutiu] twbnpunupttp b hpujubtwugit] npuitg hwnlnipmniautph hknwgn-
wnnipjnil:

Onpdtwuuit dwu: Lwpunpn wohiwnwph wpyniupnid [14] yuwnpuungws
Yhpudhjulut phpwpuitphg twinpunuipttp vnwbtunt tyunwlng ppuip -
tupwplyt] Eu hdwynyuuyght jugbpuyghtt hnskgpdwt (PLO): PLO nkjuunnghwi
twunpunuupibph quininidwihtt tunbgdwt mkunnghw k, tpp quljninidwghe
hughmud nuh YEpudhjulwb phpwhit mnnus dks hunbkuuhynipjudp huyniy-
uuyhl juqtph thugh dhgngny tymipp thnphwtmd £ phpufuhg b, tyniph unkuhn-
suthnipniip ywhwwibkng tunbkgynd £ hwppwlh ypw npybu twtnpunuipe:
Uju gqnpépupwugn wiknh k ntuktinid junp quninidnid jud ququypht iymiph dhow-
Juypnud, hisp hwdwpe Yhpunynd £ ndynghghnt ymptph tunbgdwt dudwbuly
[15): Ujubipulwi wy wkpinnghwibph hudbdun BLE nkjutninghwjh junrmg-
Judpp puuljuttht wupg L, npp vpubkdwnplnpbt tbpjuyugqus t uly.2-nud [16]:

Zwppul

u
ﬂ .f » ﬂ_v
’ M Nuuybyuljutp
@hpwph Phpwla /

wunn prelihy

Jwlninidwghl {QI

hunfwljuy

Ul. 2. PLO uwppunnpdunl unnigyudn

Ghpunipljujut phpwjup b pjupgt hwppwlp wknungpdl) B qunomdught
hunfuljupgh pughlnud quntnjnn phpuwfuph b hwppulbh pruhstbph dbg: Zuppulh
Enypuswthulub swthbpt B bpupmpmiip 10 42 jayimpmiup 10 ¢, pupdpnt-
pmibp’ 1 /2 Zuppwlh polihsh niith wwpugdwi htwpwynpnipyntl, huly phpwfuh
polhsp wyunindwb hupunnpmpini: Guqh hnupp jupgquiynpnn wwpph Uhengny
ppwshup punthg dwinwfupupl £ Junnudughtt hodwlupgh jughyhl,
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npubn unbndyty £ 0.01 dpwp Supdudp ppywstwghtt thowjuyp: Ujunithbnl KrF
excimer huwnijuwghtt juqph wnpmphg uvnwgdus Uks htnktuhynipyudp juqkph
thntbgp, nph wihph bpljupmpibp’ A = 248 &/, hiwymuh wbngmpmip' © = 30 &7,
Eubpghuygh jutnmipnibip 1.5 242 E, b jwgbpt wojuwnnid k10 Zg hwdwhunipyudp,
hwytihutph b nuyyuljutph dhongny ninnyby k Yhpudhiulwh phpwjuh pu 45°
wilyut nwly, huly hwppwlp nknunpty £ phpwuh ninhn nhiwgp, nph wpnynb-
pmid phpwuh Wnipp thnohwgl) b tunkgyl) b dwnbughtt junnigquspny b nuljk
EEyupnputpny pdupgt hwppwyh Jpuw npybu twinpunue [15, 16]: Lqupgk
hwppwlih §hpundwt tyuwnwljuhupdupmpmniop yuydwiwgnpdws kgt hwbqu-
dwipny, np wyt htnnbkgpkih k uhjhghnidught hwppwlubph htwn, npnup juyunpku
Yhpwnynid ki Jhuwhwnnpnsujhtt mEhuwynid, hisygbu bwlb upjhghnidhg hto-
wnnpku Jupbih £ unwbwy uhjhghnidh opuhn, npp hwdwpdtp k pjupght: Ykpw-
Uhjuljut phpwputpph PL®-h dhgngny unnwgybky ki dvh pwh tuniptbp, npnip
yuunpuuwnyl] L hwppwlh wnwppbp okpdwuwnhdwtubph wuydwbtbpnd
(550...650 °C opdwunmhfwtwghtt uvwhdwinid): Unwugus udnipubpp pipdué tu
y.3-n1d, huly tiniolikiph dwiinbiughl unmgusplitpp ul.4-nud:

Uly. 4. BiFeosMno30s hklipny hubnlwnnigyudphbph oupinplulmb Uphpnulinyny (ZEISS
Axio Observer) wpywé dljuphkp
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Lunpubph dwntughtt jurnmigquspp Juqunid ku pjupgk huppwlh 4pu
tunbkgywé nuljk LEnpnnubp (bwbtnpunuiph fEjupuut huwnlnmpmniaubph
hEnwgnundwt hwdwp), npnug wdpnne dwljpbuny tunkgyt) k btwinpunupp:
‘Luinpunuiph hwunnipniup 200 Zo/t (swthyb L ZEISS EVO 10 dnnkjh mbuwspnn
KEyupniughtt Uhypnuynyn]), dwnibph juyimpmnibp’ 20 ¢4, dwntbph dhol
hnwnpmipynitp 30 4 huly dunntbph Epupnipynibp’ 700 o

Guunupyl] b quunpuungws wdnpubph piinugdwi JEjunph ntunmduw-
uhpnipniutbp wqnuupwih ghubpunnph b oughingpudh dhongny: Quithnidubpp
Juunwpygly tu ul.5-nud pipduws vpubdwgh hhdw Jpuw, npunbny wgqupwih gkuk-
puwnnph Epnud uvnnugws vhtntunhnuhtt wqpupwip hnpwbgynud £ dnyjunp-
$EpnkElinphl twinpunuipny tuniphtt (Cx) b hwjnuh nitwlnipjudp §ninktuw-
wnnpht (C2): Cun npnud, C2 Ynunkumnnpt ptnpynd | wytiybu, np npu nitbwayne-
pintutt wybkh Uks thuh Cx tdniph mbwlnipniuhg, npytugh wqnuipwh qhubkpw-
wnnph Eph uhintunhnpuyhtt wmqnuiipwth jupdwt gipulphn dwup Jhpungh Cx tdnt-
ohti: Oughingpudbh Ul Udntnpp dhugdmd E wgnupwh gkukpwwnnph Gipht, huy
U2 untnpp Cx tdnioh bt G2 Ynigkbuwnnnph phghwimp Yenhb: Syjwy upabdugh
hhuwt ypw junwpdty Bu puquuphy suhnudubp ghibpunnph Gpnud vnwugus
wqnuipwth nuppbp hwdwhinipmitttiph ghypnid’ wnwig wpunwphtt dwg-up-
uwlul quonh wqnbgmpub b twl npu wqykgmpyudp: VY. 6-mu phpdws b tnp-
dwplynudubtph junwpdwt hwdwp hwjupyws hwdwlwupgh ujupp:

Ugtu I = U:
Cx =23
— U
C =

Uly. 6. @npdupynidikph hudwp hujupywds hunluljupgn
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Zhknwgnuyby Bu UnynhdbpnlEynphl twinpunuipny wdnputph phtnwg-
dwt JEjunnph b Yhpundws LEjnpuljut npuonh jupdusnipiut juju]wsnipmi-
ubkpp ghubpuwwnnph Epuyght uvhintunhnuyht mqnutowth twppbp hwdwunipniu-
ukph nypnud (1 UZg, 6 UZg, 10 UZg, 13 UZg), tipp poinp ghypbpnid wgnuipwh
upuwt wdyhnningp gquhywiydby £ 20 o Unwugwé punipugpbpp pipdws
uly. 7-nud:

P, iyl /mi?

E, d/ud

1U¢g

10U<g
13U¢q

Ul 7. Lunipbkph phbnugdul JElunnph o jhpungws Ejunpului nuonh jupjudnipui
quwprjuwénipinihhkpp nnuppkp hwdwpnipniaakph nphuypnid
Nuumdbwuhpyl] Bu bwb wdnpubph pbbnwgdwt JEjunph b hpundus
EEjunpuljut guynh jupdusnipjut juubsnipniuipp wpiiwphtt dwqthuw-
Jul nuownh weljuynipjut phypnid b wnwig gpu: Ulhgpnid swthnudp juwnwpygby
E wowig wpunwpht dwqhuwjut guonh wqpbgnipjut (w), nphg htnn wdnp
nbknunpyl] £ duquhuwljub nupnh mqpbgnipjut iy, nph dwquhuwljut nuownh
hugnijghwt 0.8 & E, b juwnwpyk) E swthnd (p): Unwgywés punipwugqpbpp phpdus
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A.C. MAPTUPOCSH
MOJYYEHUE U UCCJEJTOBAHUE CBOMCTB HAHOILJIEHOK BiFeosMno303

MeTo0M MMITYJIBCHOTO JIA3EPHOIO OCAKACHHUS Ha KPEMHHUEBOH IMOJUIOKKE C MaJbUyMKOBOM
CTPYKTYpOH M AUu-3JI€KTPOIAaMH MOTyYeHbI HAHOIUICHKN U3 Kepammdeckux mumereii BiFeo7Mno30s.
N3yueHsl 3aBUCUMOCTH BEKTOpa IOJIPU3ALUM IOJTYYEHHBIX TOHKHX IUICHOK OT HaNpsHKEHHOCTU
IPUI0KEHHOTO 3JIEKTPUYECKOro MOJIs Ha Pa3IMYHbIX 4aCTOTAaX, a TAK)KE UCCIEIOBaHbl 3aBUCUMOCTU
BEKTOpa MONSAPU3ALUHM OT HANpPSHKEHHOCTH 3JIEKTPUUECKOTO MOJs MPH HAIWYUH M OTCYTCTBUHU
BO3/ICHCTBUS BHEUIHEI'O MATHUTHOI'O IOJIS.

Kniouesvie cnoga: MynbsTH()EPPOINEKTPHK, HAHOIICHKA, HMITYJILCHOE Ja3€PHOE OCaXKACHHE,
OTepaTUBHOE 3alIOMUHAIOIIEE YCTPOHCTBO, MArHUTHOE I0JIE, BEKTOP MOJISIPH3AIMN.

D.S. MARTIROSYAN
OBTAINING AND STUDYING PROPERTIES OF BiFeo.7Mno.303 THIN FILMS

Thin films are obtained from BiFeo.7Mno 303 ceramic targets using pulsed laser deposition
technique on a silicon substrate with a finger structure and Au electrodes. The dependences of the
polarization vector of the obtained thin films on the applied electric field strength at different
frequencies are studied, and the dependences of the polarization vector on the electric field strength
with and without the influence of an external magnetic field are also studied.

Keywords: multiferroelectric, thin film, pulsed laser deposition, operational memory device,
magnetic field, polarization vector.
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THE CLOCK DUTY-CYCLE CORRECTION CALBRATION METHOD
FOR HIGH-SPEED TRANSMITTERS

In modern high-speed SerDes systems, maintaining optimal clock quality is critical
for ensuring data integrity and system reliability. This paper presents the TX delay-loop line
(DLL) clock duty-cycle correction calibration method intended to respond to challenges
coming from increased data rates and high-frequency clocks. The proposed method calibrates
the duty cycle of the transmitted clock, minimizing jitter and skew that can lead to duty-cycle
distortion (DCD), inter-symbol interference (ISI) and greater bit error rates (BER). Through
several simulation tests and validations, it is shown that the method effectively improves
the clock quality, particularly the duty-cycle, thereby enhancing the signal integrity and
system performance in demanding high-speed communication environments. This work
underscores the importance of precise clock duty-cycle correction in achieving robust and
efficient SerDes operation at gigabit and beyond data rates. The proposed method covers
roughly £6.5% of the duty-cycle correction range. Through simulation results we encounter
horizontal eye-opening improvement at transmitter differential output by ~5ps for the 64
Gb/s data rate. The proposed method leads to 3.8% area increase.

Keywords: duty-cycle, calibration, eye opening, comparator, ISI, BER.

Introduction. There’s continual push for higher data rates for the current
high-speed serial links to support modern applications like 5G, cloud computing
and data centers. As data rates increase, various challenges occur, such as power
efficiency, noise immunity and signal integrity. To keep up with the pace and have
the higher data rates within the same bandwidth range, the current trends use Pulse
Amplitude Modulation (PAM4) over the Non-Return to Zero (NRZ) signaling.
Since PAM4 can transmit more data over existing channels without requiring
additional bandwidth, it maximizes the utilization of available channels, which is
critical in environments where bandwidth is limited. It also provides higher
efficiency, less loss at high frequencies, and enables to use slower clock rates than
regular binary communication. Despite these advantages, it’s worth noting that
PAM4 also brings to table some challenges, such as increased sensitivity to noise
and reduced signal-to-noise ratio (SNR) due to limited distance between levels.
Additionally, the design of the transmitters and receivers’ circuitries are
significantly more complex for the PAM4 than for binary signals. Fig.1 illustrates
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the block diagram of the high-speed SerDes systems [1]. Transmitters must
generate multiple voltage levels and maintain signal integrity to avoid introducing
distortion. On the other hand, receivers side need more advanced circuitry to
accurately detect and differentiate between closely spaced amplitude levels.
Advanced equalization techniques are to have to fight against inter-symbol
interference (ISI). In the receiver side the most common blocks for this purpose are
the continuous-time linear equalizer (CTLE) and decision feedback equalizer
(DFE). CTLE is useful in canceling both pre-cursor and long-tail inter-symbol
interference (ISI), but CTLE amplifiers must be designed with sufficient bandwidth
and linearity to support PAM4 modulation [2]. DFE is highly effective against ISI
and effectively cancels it out by using previous decisions about transmitted
symbols to predict and subtract their effects on the current symbol. By mitigating
ISI, DFE can improve the effective SNR which leads to reduced bit error rates
(BER).

TXFFE RX DFE
—_ Equalizer Equalizer _ 0
]

= 0 C P =
S |28 e |8 Sle 2
E o389 [T ] 2 Z
X o |T % 5 = [ b %
Q § " .% 8 Q
Ot 0

Fig.1. The block diagram of the high speed SerDes system

The TX architecture can be generally categorized by a voltage mode driver
(SST) or a current mode driver (CML). Although SST driver’s power consumption
is substantially smaller than CML driver’s power, the data path and clocking power
may not show meaningful difference between the two architectures, especially for a
high data rate systems such as 112 Gb/s. The SST architecture is more preferred
under a limited supply level < 1V, since the data path can be fully CMOS [3]. The
quarter-rate 4:1 multiplexer (MUX) is popular for the last serialization stage due to
its relaxation on the timing constraint and low-power consumption in the clock
path than the half-rate structure [4].

For that purpose, input clocks for the 4:1 MUX should be accurately skewed
by 1UI from each other. To generate the required phases, delay a line loop (DLL)
is used which receives differential clocks from the phase-locked loop (PLL) and
generates the required phases for the driver and serializer. In advanced modulation

schemes like PAM4, where signal levels are closely spaced, any timing error can
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lead to significant data errors. A precise clock path is essential for ensuring the
correct sampling of the digital signal levels. For that purpose, in this article we are
going to introduce a calibration method of the duty-cycle correction for the DLL
clocks, which can significantly improve the transmitters ISI and BER consequently.

Problem description. As discussed previously, a good clock path quality is
an essential attribute for the high-speed data transfer in the modern serial link’s
transmitter (Fig.2). As the clocks are being generated from the PLL and being
transferred to the TX through the routes and multiple logic circuitry, the degradation of
its quality is unavoidable. Additionally, PVT (process-voltage-temperature) variations
make it harder to maintain the desired merit consistent.

e DLL 4

DRIVER

data_in
[0:N]

MIXER

Fig.2. The transmitter’s simplified block diagram

Such imperfections coming from circuitry and PVT variations lead to duty-
cycle-distortion of the clocks (DCD). Its impact even more crucial for the high-
speed clocks (7/8/10 GHz, depends on the data rate). Moreover, as the frequency of
the clock increases so does the jitter coming from the different noise sources, such
as: thermal, shot and especially switching noise.

A distorted clock at the driver stage can potentially lead to the data/bit
errors. The impact of the stated can be measured in a different way, but the most
straightforward and applicable way is to look at the eye opening in the two most
critical points of the data path. The first one is the output of the 4:1 sterilizer in the
driver, and the second one is the output of the driver itself. The impact would be
instantly noticeable at the 4:1 MUX output where the data sent can be disrupted to
the point of no return. It is because the data alignment is being done inside the
MUX at the highest clock frequency (and the output data after this stage is in the
Nyquist frequency). The second point of the measure, the driver’s output, gives
more general understanding of the system performance, where not only clock path
delivers its enormous impact, but also part of the quality is being determined by the
transmission channel, output impedance termination, and applied equalization.
Thus, the impact of the proposed improvements will be measured in the two points

discussed.
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The proposed architecture. PLL and DLL are the two major blocks
delivering the required clocks with the needed phases and frequencies. On the
DLL-to-driver path an additional buffer tree is inserted to ensure proper drivability
and CMOS level clocks at the input of the 4:1 MUX’s.

The basic DLL loop consists of a controlled delay line, a phase detector (PD)
and a low-pass filter. To control the duty-cycle of the clocks at the output of the
delay line, the analog inverters are being inserted into the loop (Fig.3).

Rfb

_/VL

Vin c Vout
[o;

R1

lc

Fig. 3. Duty-cycle correction circuit based on analog inverter

The Ic current is inserted into the inverters input feedback node, in order to
control its transition time, hence affecting duty cycle at the output. The required
currents are generated through the current DACs. The proposed method helps
choose the required codes for the DACs.

The proposed method. So far, we have the DCC correction block (analog
feedback inverter) and the current DACs to control the required insertion input
currents for the inverters. To have a detection/decision making loop, we need a
feedback loop which will adjust the DAC codes. The block-diagram of the loop is
shown below (Fig. 4).
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Fig. 4. The block diagram of the duty-cycle correction calibration method
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At the output of the DCC inverters, a low-pass filter is placed. It integrates
the clocks and sends the obtained voltage levels (VDD/2) to the comparator. The
comparator’s reference node is being connected to the VDD/2, which is being
generated through a precise DAC, serving as a reference for the system’s various
calibration and adaptation algorithms. A 10-bit current DAC is used for the calibration.

After the comparison is done, the results are saved in the 10-bit SAR shift
register We start the calibration from the DAC's middle code, thus, the register's
starting position should be 512. It is the most convenient starting point for
calibration in order to keep the number of repetitions to a minimum. The output of
the register will be decoded and returned to the DAC. The output of the register
will be decoded and sent back to the DAC. We also need to close the loop once the
calibration is complete. For this purpose, each clock cycle of the comparator is
counted, and once the required cycle step is completed, the "cal done" signal is
sent to the digital control block, which controls all the PHY's calibration and
adaptation processes. The calibration process ends when the "cal done" signal
equals "1".

Results. To verify the impact of the proposed method, three different tests
were performed. The first and most straightforward test measures the DLL output
clock duty-cycle before and after the calibration process. Fig. 5 shows the duty-
cycle before the calibration process, and it is equal to 54.7%.
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Fig. 5. The clock’s duty-cycle before calibration

After implying calibration, the duty-cycle is being improved by 4.8%,
resulting in 49.9% (Fig. 6).
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Fig. 6. The clock’s duty-cycle after calibration

Overall, DACs (calibration) cover roughly +6.5% duty-cycle correction range.

As stated, the clock quality will greatly impact on the final 4:1 serialization.
Thus, the next verification is a transient simulation where we can see the data eye
diagram after 4:1 MUX serialization (Fig. 7).

X og
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Fig. 7. 4:1 MUX output eye diagrams before and after calibration

The left diagram is the eye before the calibration and the right one, after.
Before the calibration, due to distorted duty-cycle of the clock, the eye diagram is
“jittery”, resulting in double crossing points and relatively closed horizontal
opening (29.4ps). After the calibration, the eye quality improves in terms of jitter
and horizontal opening (31ps).

Finally, TX differential output eye openings were obtained to understand the
impact in the final stage (Fig. 8).
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Fig. 8. TX output eye diagrams before and after calibration

We can see that the “jittery” eye diagram shown in Fig. 7 results in the poor
quality of the eyes in the TX output. The horizontal eye openings are smaller by
almost 5ps for all three eye openings compared to the obtained diagrams after
calibration.

The added circuitry increases area by 3.8%. However, the comparator and
DACs are regarded as general-purpose devices in the PHY. They are used for a
variety of calibrations and PHY adaptation.

Conclusion. The TX DLL duty-cycle correction calibration method has been
described. The method improves the duty-cycle of the clocks and allows
calibration/correction in a +6.5% range. The simulation results show that after the
calibration, for the typical test case scenario, the duty-cycle is improved by 4.8%.
This results in significant improvements in both the 4:1 MUX output stage and the
TX output stage. MUX output horizontal eye is improved by 1.6 ps. TX differential
output has been tested for the PAM4 modulation at 64 Gb/s data rate. Horizontal
openings are improved by approximately 5 ps for all three eyes. Schematic updates
result in a 3.8% area increase. The proposed method can be used in modern high
speed TX designs.
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L.7. 20unNe3un

SUUSUINrUUL ULTULTCULP 8hULPh ZUUUUUULNRE3UL
Yureuadneuuy YULPLLUSUTUL UBeNY UNrUGUSNC0 2UNNMYh2
ZUuaeNer38uElrh Zuuurs

dJudwbwlulhg wpwqugnps SerDes hwdwlwpglpnid wmwlunuyhtt wqpuowih
npulh wuwhywinudp Jupbnp tpwhwlnipmnit muh wfjujubph wdpnpowjuunipjuu b
hwdwlwpgh hntuwhnipjut wywhnydwt hwdwp: Lipjuyugyws £ hwunnpphy hwignygh
huwyundw géh muljnuwyhtt wgnupwuh jupquynpiwt juihppugdwt dbpnn, npp bw-
Jwwinbugws E wpduquiphint dpnwybu wénn wjupikph thnjuwbgduh wpugmpyub b
pupdpuwhwdwiuljul muljunuhtt wqpuipwitht wetsnn pughpubpht: Unwewplyny dk-
P Juwnwpnud £ wnwlnught wgqubpwih ghlh hwdwdwubmppub jujhppugmd’ wgu-
qlgubiny mqnuupwih pppnngp b gbnnudp, npnup Yupnn kb hwigkgut) ghlih hwdwdwu-
unipjut ubnupnipdwi, dhotuhouyhtt dhpwdnnipju (ULU) b phpuyhtt ujpwjwubph: Uh-
Unijjughnt phuntph b thnpdwpwpului htnmwqunipniutbph wpyniupmd Gpunwd E, np
Ubkpnnyh buluinpbh pupdpudwgingmd E nuluught wqpuiywbh npulp, dwubu]npuugbu’
ghlyih hwdwdwutunipiniup, gpwunyg hul pupkjudtng wqputpwith wdpnnowljuinipiniut
nt hudwlupgh Juwnwpnnuliuinipniip pupdp wpwuqugnpsmipjudp hwnnppulgdwi
hwtgnygutipnud: Upfjumwnwupnid pungdynid E mujunughtt mqnupwith ghlih hwdwdwu-
tmpyut &qpn jupgquijnplwi ptpp’ ghquphp b wilth pupdp wjjuguph hojuwbglub
wpuqgnipniiibph nhypnid hntuwh b wpynibwdbn hwnnpyhs-punniuhy hwignygh wo-
Juuwnwph hwdwp: Ukpnpt wyywhnymud £ dninunpuytu +6.5% ghljjh hwdwdwutnipe-
jut Jupqunpdwi whpnyp: ®npdkph wpyniipubph hwdwdwyl' hwynphs hwignygh k-
puyht nhdlpktighuwy wsph hnphgniuljwt pugdwspp puptuyyty k Sup]-ny 64 ApA] nyu-
ubph thnpwbgdwt wpugnipjut phypnid: Unwewplyny dkpnnp hwigkgunid | dwlkptkup
3.8% Ukswuglwl:

Unwigpuyhl pwpkp. ghljih hadwdwutnipeiniy, juhppugnid, wsph pugjusdp, hw-
Ubkdwwnhs, ULU, phpwyhtt upnwjwbp:
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JJ. AKOTISTH

METOJ KAJIMBPOBKU KOPPEKIIUU TUCBAJIAHCA 1O
JJINTEJBHOCTHU TAKTOBOI'O CUT'HAJIA JIJIA
BBICOKOCKOPOCTHBIX IEPEJATYHUKOB

B coBpemeHnHbIX cucremax BbIcokockopocTHbIX SerDes (Serializer/Deserializer) non-
JepKaHue ONTHMAJIBHOTO Ka4eCTBa TAKTUPOBAHMUS SABJISIETCSI KPUTHUYECKH BaXKHBIM JUIs 00€ec-
MICUEHMs] LIEIOCTHOCTH JAaHHBIX W HAJEKHOCTH CHUCTeMbl. B maHHOI pabote mpexacrasieH
METOJI KATMOPOBKH C MCTIOIb30BaHUEM 3aneprkku 1o uaun (DLL) mis koppekunn Gopmbl
CHTHAJIa TAKTOBOT'O CHUTHAJIA C yYETOM AMcOanaHca Mo JIUTENTbHOCTH UMITYJIbCOB, IIPEeIHA3-
HauYeHHBIN JUI pearnpoBaHUs Ha BBI30BBI, CBA3aHHBIE C POCTOM CKOPOCTEH Iepenadu AaH-
HBIX U BBICOKOYACTOTHBIMU TAaKTOBBIMH CHUTHaslaMHd. [IpeyioKeHHBI MeTox HaleleH Ha
KOPPEKLHUIO KO3 PHIIMEHTa 3all0JHEHUs] TAKTOBOTO CUTHAJIA, MUHUMH3ALUIO JUKUTTEpa U
CMEIICHNUS, KOTOpPBIE MOTYT IPUBECTH K UcKaxeHHIo (opmbl curHana (DCD), MeskcuMBOITB-
HeIM nomexam (ISI) u yBenmuenuto ommbok nepenaun (BER). Ha ocHoBe HeckoibKHX
TECTOB W IPOBEPOK C MOMOIIBI0 MOZCIUPOBAHHUS MOKa3aHO, YTO JaHHBIA MeTox 3((PEKTUBHO
yIIydIlIaeT KaueCTBO TAKTUPOBAHUS, OCOOCHHO KOA((UIMEHT 3aM0IHeHNUS, TEM CaMbIM I10-
BbIIIasl IIEJIOCTHOCTh CHTHAJa M MPOHU3BOIUTEIBHOCTh CHCTEMBI B YCIOBHSAX BBICOKOCKO-
POCTHO# Tepenadyn JaHHBIX. [lomdepkuBaeTcss BaKHOCTh TOYHOW KOPPEKIUH aucOamaHca
10 JITENHHOCTH UMITYJIBCOB JJIS TOCTKCHUS HaIexKHOH 1 3 dekTuBHON paboThr SerDes
Ha CKOpOCTSIX B ruraburax M Beime. [IpenioskeHHbIH METOl OXBaThIBACT MPUMEPHO IHAIa30H
Koppekuuu +6,5% oT MmoJHOro auarna3oHa. B pesynbraTe MomenmpoBaHus 3aMKCHPOBAHO
yJIydIlleHne TOPU30HTAIBHOTO PacKpBITHS I1asa (eye-opening) MpUMepHO Ha 5 nc NpH Iie-
penaue JaHHBIX CO CKOPOCThIO 64 [Oum/c. Peanu3anust 7aHHOTO MeTOJia IPUBOAMT K yBe-
JIMYEeHUIo iomanu Ha 3,8%.

Kntoueevie cnosa: nnutenbHOCTH UMITYJIbCA, KalUOpalys, pacKpbiTHE Iia3a, KoMIa-
patop, ISI, BER.
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THE LINEARITY IMPROVEMENT METHOD IN CONTINUOUS TIME LINEAR
EQUALIZERS

Nowadays, the usage of high-speed SERDES systems has increased, and the
requirements for specific components have also risen. Data rates and clock frequencies
have escalated to 224 Gbps and 16 GHz, respectively, leading to stringent requirements and
greater challenges in their implementation.

One of the significant challenges is the system linearity. The SERDES system data
path consists of a Serializer and Driver from the transceiver side, along with channels that
connect the transceiver to the receiver. In the receiver, there is an Analog Front End (AFE)
that includes a Continuous Time Linear Equalizer (CTLE) and an Analog-to-Digital Converter
(ADC) for the final conversion to digital signals. Along this path, signal degradation occurs,
depending on the signal frequency and channel losses. To address these issues, AFEs are
employed, which typically consist of an attenuator, Continuous Time Linear Equalizers,
and, in some cases, variable gain amplifiers.

It is important to address the linearity problems encountered within the AFE and
ADC blocks. Linearity degradation, or poor linearity, can result in significant issues within
the system, including incorrect data conversion and an decreasing Bit Error Rate (BER).

This paper addresses linearity issues within the Analog Front End (AFE), with a
particular focus on the Continuous Time Linear Equalizer (CTLE). The primary nonlinear
behavior stems from the CTLE, largely due to the utilization of various reactive components.

Keywords: continuous time linear equalizer, linearity, Serdes system, Analog Front
End, Transmitter, Receiver, Transceiver.

Introduction. In modern high-speed SerDes systems, it is crucial to employ
an Analog Front End (AFE) that equalizes the signal and mitigates losses incurred
from the channel. AFEs typically comprise both passive and active components [1].
Passive components are utilized for signal attenuation, whereas active components,
which often include a Continuous Time Linear Equalizer (CTLE), are employed
for signal equalization [2]. The CTLE plays a pivotal role in compensating for signal
degradation and enhancing overall system performance. The basic architecture of
an AFE is illustrated in Fig. 1.
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Fig. 1. Analog front end architecture

Continuous Time Linear Equalizers (CTLEs) are differential circuits that
consist of a degeneration resistor, a degeneration capacitor, and output load resistors.
The degeneration resistor and capacitor play crucial roles in the performance of the
CTLE. The degeneration resistor helps to linearize the transconductance of the
differential pair, thereby improving the linearity of the circuit. The degeneration
capacitor, on the other hand, introduces a zero in the transfer function, which helps
to boost high-frequency components of the signal, thereby compensating for high-
frequency losses in the channel.

Modern CTLEs also incorporate inductors, which enhance bandwidth and
gain [3]. The inclusion of inductors introduces additional poles and zeros in the
transfer function, which can be strategically placed to further improve the
equalization performance. The poles and zeros in the transfer function of the CTLE
are critical in shaping the frequency response of the equalizer. Proper placement of
these poles and zeros allows the CTLE to effectively compensate for the
frequency-dependent losses and distortions introduced by the transmission channel,
ensuring that the signal integrity is maintained [4]. The transfer function H(s) of a
CTLE typically includes terms for the degeneration resistor Rd, degeneration
capacitor Cd, and inductors L. The general form can be expressed as (1):

A(s)
HS)5 M

where A(s) and B(s) are polynomials in s, the complex frequency variable. For a
CTLE with inductors, the transfer function looks like this (2):

o S2+wzS+w?
S2+wpS+wp?’

H(s) @

where oz represents the frequency of the zero introduced by the degeneration
capacitor and wp represents the frequency of the pole introduced by the inductors

and other reactive components.
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The basic architecture of a Continuous Time Linear Equalizer (CTLE) is

illustrated in Fig. 2 [5].
/ voD N\

\ CTLE -/

Fig. 2. Basic continuous time liner equalizer architecture

Problem description. Continuous Time Linear Equalizer with nmos input
transistors (Fig.3) has been designed by SAED14 nm FinFet technology [6], and
HSPICE simulations have been performed.

T

Rp Rm

Lp Lm

Out_p Odt_m

e

[

k CTLE /

Fig. 3. The designed continuous time liner equalizer architecture
493




AC analyses were performed to determine the gain and bandwidth
characteristics of the Continuous Time Linear Equalizer (CTLE), and the results
are presented in Fig. 4.

200k
) 597 (in)
alss] 659
alFFl 575

/X:20.96 YMAX:6.07

HERTZ(Hz) (Ioa) Took ™ 10M 100M 16 106 (169

Fig. 4. CTLE AC analyses curves

Transient analyses were conducted to evaluate the linearity of the Continuous
Time Linear Equalizer (CTLE). The applied signal frequency was set to be three
times lower than the Nyquist frequency. Initially, the target design frequency for
the circuit was established at 16 GHz, which is in accordance with PCle 6 standards
[7]. These analyses are crucial for understanding the dynamic behavior of the CTLE
and ensuring that it performs effectively under varying signal conditions. By setting
the target frequency at 16 GHz, the design aims to meet the stringent requirements
of high-speed data transmission standards, thereby ensuring robust and reliable
communication. The results of the transient analysis are depicted in Fig. 5, which
illustrates the small-signal gain and linearity characteristics when the gain is 1 dB
lower than its maximum value. This method is a common approach for measuring
circuit linearity in SerDes systems. By analyzing the small-signal gain and linearity
at this specific point, we can gain valuable insights into the performance and reliability
of the CTLE under real-world operating conditions. Ensuring that the gain remains
consistent and linear is essential for maintaining signal integrity and minimizing
errors in high-speed data transmission.

494



|[TT_CTLEOUT
alss_CTLEOUT]
@IFFCTLEOUT

[TT_CTLEINT
aiss_CTLEIN]
@IFFCTLEIN]

BT GAIN
@ISS_GAIN]
@IFFGAIN]

\\\\\

Fig. 5. CTLE Linearity curves, transient analysis results

It is essential to mention that both AC and transient analyses were conducted
for the typical (TT), fast (FF), and slow (SS) corners. These analyses were performed
with supply voltages of 1.2 V, 1.32 V, and 1.08 V, and at temperatures of 25°C,
125°C, and -40°C, respectively. This comprehensive approach ensures that the
CTLE's performance is evaluated under various process, voltage, and temperature
(PVT) conditions, providing a thorough understanding of its behavior across different
scenarios. A summary of the AC and transient analyses for these three PVT
conditions is provided in Table 1.

Table 1

The main parameters of CTLE

Measurement SS TT FF
Peak frequency (GHz) 20 20.9 20.9
Gain_at Nyquist (dB) 6.59 5.97 5.75
Peak Gain (dB) 6.93 6.43 6.07
Gain at low frequency (dB) -19.6 -17.6 -15.1
Output Linearity (mV) 269 276 311

Degeneration resistors are commonly employed to enhance linearity, which
is a standard approach for amplifiers and equalizers [8]. However, based on the
linearity numbers presented in Table 1, it is evident that linearity varies across
corners by up to 10%, which is unacceptable for modern systems. Even with a
supply voltage of 1.2 V, maintaining good linearity across all PVT corners is
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challenging due to the small saturation margin of the input devices. This issue is
more pronounced in the slow (SS) corners and other slow conditions. Ensuring
consistent linearity across different process, voltage, and temperature conditions is
crucial for the reliable performance of high-speed SerDes systems. Addressing
these variations is essential to meet the stringent requirements of modern
communication standards.

The proposed solution. One of the solutions proposed at the Irish Signals
and Systems Conference involves replacing current source transistors with
polyresistors. Additionally, a replica path was added to control the current through
the CTLE, along with a 4-bit R2R digital-to-analog converter (DAC). The
proposed solution has improved the linearity problem. However, it is not applicable
to contemporary chips, as it increases the area of the CTLE by using resistors and
adding the replica path with the R2R DAC [9].

The proposed solution do not include as many changes and additions to the
CTLE. The proposed changes and solution are as follows. An additional transistor
is incorporated into the main signal path m1 and m2, with its gates connected to the
common mode voltage of the main data path signal, typically originating from the
attenuator. The source of this transistors is connected to a current source, while the
drain is connected to the outputs of the Continuous Time Linear Equalizer (CTLE).
Furthermore, a new circuit has been added, consisting of controllable current
mirrors and current sources [10]. This component can be any circuit that is
independent or exhibits low variation across PVT conditions, such as a constant
current source circuit. The basic circuit diagram of the updated scheme is shown in
Fig. 6.

S

Constant current source

lvem

Controllable current
mirror

Fig. 6. The proposed circuit diagram
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The newly added transistors in the differential paths, along with the
programmable current mirrors, offer the capability of adjusting the current value
through the main CTLE path. This adjustment results in a change in the drain
voltage of the input devices, thereby increasing the saturation margin and
enhancing the linearity values. This technique can also be employed to mitigate the
linearity issues in cases of excessively high values, ensuring optimal CTLE
performance without the noise associated with high-amplitude signals. By fine-tuning
the current through the CTLE path, the design achieves improved signal integrity
and reliability, which is crucial for high-speed data transmission systems. A
controllable current mirror designed for three thermometric bits is utilized to cover
a wide current range. This design allows for precise control over the current
flowing through the CTLE path, enhancing the flexibility and performance of the
equalizer. Additionally, the transistors connected to the CTLE outputs are chosen
to be 20 times smaller to prevent any bandwidth degradation caused by device
capacitance and metal connections. Figure 7 presents the implementation of the
controllable current mirror at the transistor level.

Constant current source

lvem

!

Fig. 7. Controllable current mirror

Results. In the initial step of the method verification, HSPICE simulations were
conducted, and AC analysis was performed to assess the impact of the newly added
transistors on the frequency response, particularly concerning bandwidth. Based on
the results shown in Fig. 8, the impact of the newly added device is negligible, with
the bandwidth degradation due to the device capacitance being less than 1%.
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Fig. 8. CTLE AC response with the proposed method

In the next step, transient simulations were performed to identify the impact
of linearity values with minimum and maximum current levels, which were controlled
through three thermometric bits in the current mirror. Figure 9 shows the linearity
curves for the SS corner, while the linearity values for the other two corners are
presented in Table 2, along with other important parameters measured during the
AC simulation.

a5 max_outl|  1.2{in)
@[ss_min_out]

[(5s_max_in] 2.(in)
@iss_min_in]

xvi od (lin) 02 04 06 08 1 12 14 16 18 2

Fig. 9. Linearity curves for SS corner with minimum and maximum codes
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Table 2.
The main parameters of CTLE with the proposed design

Measurement SS TT FF
Peak frequency (GHz) 20 20.9 20.9
Gain_at_Nyquist (dB) 6.46 5.89 5.66
Peak Gain (dB) 6.79 6.35 5.98
Gain at low frequency (dB) -19.5 -17.4 -15.2
Output Linearity with 269 276 311
minimum code (mV)

Output Linearity with 680 698 731
Maximum code (mV)

Based on the results shown in Fig. 9 and Table 2, it is evident that the
proposed solution addresses the linearity problems and increases the linearity
values for the SS corner by up to 680 m/V.

Conclusion. Continuous Time Linear Equalizer has been designed with the
SAED 14nm FinFet technology. Poor linearity numbers are observed.

An architectural update has been proposed to enhance the linearity of the
Continuous Time Linear Equalizer (CTLE). The results indicate that the linearity
values for the worst corner are improved by up to 680 mV. Compared to other
solutions, the proposed solution shows a 23% higher improvement. Although there
is a slight increase in the circuit area and power consumption due to addition of
transistors in the differential path and the implementation of a programmable
current mirror, this increase is considered acceptable given the significant
improvements achieved in linearity performance.

The SAEDI14 nm FinFet technology libraries have been used during the
HSPICE simulations, and outputs have been exported by Galaxy Custom Designer
tool.
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UULLULYZUS QOUSPUL ZUUUZUCEGSU UL 2ULANR33NRU QOUSLNRE8UL
LU9USUUL UGN}

Ukpuynmdu pupanp wpugnipjudp SERDES hwdwlwupgbpp juyunpk oquuugnpéynid
kb, b npuig pununphsttipht wnwewnpynn wuwhwbgtbpp jpunwgly Bu: SYjuyukph thnpuwg-
dwt wpugnipniutbpp b mujunuhtt wqputpwuitph hwdwhinipniiubpp hwuby B 224
Qrhp/ynl b 16 42g-h hwdwwywnwuwtwpwp, npp hwtqigunid Euwhdwbwhwlnudubph
hrunugdw b ks dwpunwhputpiubtph wewewgdwt nputg hpujuiugdu gnpdpupugnid:
YQuplnp dwpuwhpuwdbpubphg diyp hwdwlupgh gdwjunipeniut k: SERDES hwdwlwpgh
wnjuyibph ninhtt punugus E hwenpnuljutiugunn hwgnyghg, tipuyhtt mwtinng hwignyghg
b hwinnpnhy hwgnyghg, hisybu twb hnupninhukphg, npnup Juwynud tu hwnnpphy hw-
dwungp pugniths hwdwlupgh htw: Cugniuhsnid ndyuubpl wignud Eu pugnihy hwi-
qnuygny (AFE), npp Juqujws E wupunhwn gdwjhtt hwdwhwpptgunn hwtgnyghg (CTLE) b
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wiuynquipyuyht Yepyuihnjuhshg (ADC) Jpgtulut pyuwyhlt wqnwiywbiph thnfuwilytpy-
dwt hwdwp: Uju nupnt ppwugpnid wqpuipwih Juunpupugnid £ nbnh ntubund Juiu-
Jws wqnupwith hwgwunipiniiihg b hnupninnt yuwndwrny wnwewgus Ynpniuniknhg:
Ujn ughputipp nustnt hwdwp oquuugnpéynid u pungnithy hwignygubpp, npnup unyn-
pwpwp punugus tu duphs hwugnyghg, wipunhwn gdwyhtt hwdwhwprtgung hwtgnyghg b,
npny phwypkpmd, thnthnpuuljut nidbinugdwt gnpsuiigny nidbnupupubphg: Ywpbnp
wlunpuyuptwy pugnithy hwignygnid b whwnqupduihtt jEipyuthnjuhsnid hwinhwnn
géuyunipju juunhpubphic Fduyinipjut Junpwpugnudp jud Jun gdwjunipiniup jupnn
E hwtigkgl) hwdwlwupgnid pwbwlwh ughpubph, tbpuryuw) wdjujutph ujuw) thnpow-
Ytpuydwi b phph uppuyh wbkdyh (BER) iuquwi: Gunpunupd E junwpdl) pugniihy hwb-
gqnuygh géuwyunipju ppunhpukpht, hwnjuybu wpwewgnn wipunhwwn gduyhtt hwdwhwp-
plgunn hwugnygh ywwdwnny: Zhdbwlwi ny gduyhtt Juppughst wrwewinid £ wiply-
hwwn gbughtt hwlwhwpptgunny hwignygnud, hhdtwljwimyd wwppbp pbwljnhy pununphs-
ubtph ogurnugnpddwh yuwwndwnny:

Umubgpuypli punkp. Uipunhuwwn gduyhtt hwdwhwppetginng hwiqnyg, gduyimip-jnid,
Serdes hwdwijupg, pugniithy hwignyg, Zunnpphs hwdwluwpg, punniihs hwdwlunpg, hw-
nnpnhy-pugnihy:

C.A. XAYATPSAH

METO/I YJIYUIIEHWUA JUHEMHOCTHU B JIMHEMHBIX YCUJIUTEJIAX
HEINPEPBIBHOI'O BPEMEHHA

B Hacrosiiiee Bpemst Hapsily € IIMPOKUM HCIIONB30BAHHEM BBICOKOCKOPOCTHBIX CHCTEM
SERDES yBennumimuch Takke TpeOOBaHUS K KOHKPETHBIM KoMITOHeHTaM. CKOpOCTH Tepe-
JIa4¥ JAHHBIX M YaCTOTHI TAKTOBOTO CHrHaja qocturiu 224 [ '6um/c v 16 1Ty COOTBETCTBEHHO,
YTO ITPUBEJIO K OOJBIINM BBI30BaM IpH UX peanu3anui. OnHON 13 3HAYUTEIBHBIX MPOOIeM
SIBIISICTCS JTMHEHHOCTh cucTeMbl. [1yTh manHbeix cuctembl SERDES cocrout u3 cepuanmsa-
TOpa ¥ ApaiBepa cO CTOPOHBI NIEPeAaTINKa, a TAKKE KaHAIOB, KOTOPBIE COSIUHSIOT Tepe-
JIaTYMK C TIPHEeMHHUKOM. B nprieMHuKe HaxoauTcs aHaiorosblit Gppont-aua (AFE), koTopsii
BKJIIOUaeT B ce0s JIMHEHHbIH SkBanaiizep HenpepbiBHOro Bpemenn (CTLE) u ananoro-mud-
poBoii peodpazoBatens (ADC) 11t OKOHYATEIFHOTO IPe0OPa30BaHKs B IM(POBHIC CUTHAIBL
Ha stom IIyTHU MPOUCXOAUT ACTpaaalusd CUrHajla, 3aBUCAIIasd OT YaCTOThI CUI'HAJIa U IOTEPb
B KaHaie. [ pemenuns atTux npobieM ucrnonbsiyrorest AFE, KoTopble 00BIYHO COCTOAT U3
aTTEHI0AaTOpa, JTMHEHHBIX SKBAIA3epOB HENPEPHIBHOTO BPEMEHH M, B HEKOTOPBIX CIIydasiX,
YCHUIMTENEeH ¢ IepeMeHHBIM KOd(DGHUIMEeHTOM ycuieHus. BaxkHo permmTs npoOiaeMsl JIMHEeH-
HoctH, Bo3HMKaronue B 6iokax AFE u ADC. [lerpanaius TuHEHHOCTH, WK II0Xas JIMHEH-
HOCTB, MOKET IIPUBECTH K 3HAYUTEIBHBIM ITpo0OIeMaM B CHCTEME, BKJIIOUAsl HEMPABHIBHOE
npeoOpa3oBaHUe AAHHBIX U CHIKeHHe Kodddunuenta ommbok 6utoB (BER). B manHoit
CTaThe pacCMaTpUBAIOTCS POOJIEMBI JINHEWHOCTH B aHasioroBoM (poHT-3H7€e (AFE) ¢ 0coObiM
aKI[EHTOM Ha JIMHEHHBIH dKBanaiizep HenpepbiBHOro BpeMenu (CTLE). OcHoBHOE HenmMHEH-
Hoe moBeneHne Bo3HHKaeT m3-3a CTLE, rmaBHBIM 00pa3oM M3-3a HCIOJIB30BAHUS PasiIid-
HBIX PEAKTHBHBIX KOMIIOHEHTOB.

Knrouegvie cnoea: nuHEMHBIM dKBanaii3ep HENPEPHIBHOIO BPEMEHM, JIMHEHHOCTS,
cucrema Serdes, aHayioroBasi BXO/iHasl 4YaCTh, IIEpeJaTUHK, IPUEMHHUK, TPAHCHBED.
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THE LATENCY IMPROVEMENT METHOD FOR HIGH-SPEED SERDES
CLOCK-DATA RECOVERY LOOP

High-speed serializer/deserializer (SerDes) systems are essential for enabling rapid
and reliable data transfer in modern digital communication interfaces. Central to their
operation is the clock and data recovery (CDR) circuit, which reconstructs a clean sampling
clock from incoming serial data streams to ensure accurate data interpretation. Among
various architectures, dual-loop CDRs combining both frequency and phase tracking loops
have become prominent for their ability to handle frequency offsets and maintain precise
phase alignment. The timing characteristics within these CDR loops, including
synchronization between digital control signals and clock domains, play a critical role in
overall performance. Improper timing management can introduce jitter, glitches, or
metastability, directly impacting the bit error rate and reliability of high-speed links. Thus,
careful attention to timing such as the use of synchronizing elements like D-latches is vital
for robust, low-jitter CDR operation in high-speed SerDes applications. While a D-latch is
commonly employed to synchronize and stabilize the transfer of digital control codes from
the CDR loop to the phase mixer (PMIX), its use introduces certain drawbacks like timing
errors in the loop. This is the potential cause of BER degradation which is a crucial
parameter to meet the industry compliance standards. The usage of the proposed method
improves jitter tolerance resulting in an additional design logic and in a negligible area
increase.

Keywords: SerDes, latency, j itter, phase mixer, BER, receiver, D-latch.

Introduction. High-speed electrical serial links are at the core of modern
data center and server architectures, enabling the massive data throughput required for
energy-proportional computing. As the demand for bandwidth grows, contemporary
systems increasingly rely on serializer/deserializer (SerDes) architectures that support
per-lane data rates reaching multi-gigabit per second operation speeds leading the
clocking scheme to become the dominant factor of power consumption in highspeed
transceivers [1]. In a typical SerDes setup, the transmitter (Tx) converts parallel
data into a high-speed serial stream using a clock generated by a phase-locked loop
(PLL). This serial data traverses a lossy backplane or copper channel, where it
suffers from signal degradation and inter-symbol interference (ISI). At the receiver
(Rx) in high-speed SerDes systems, the critical stages for ensuring reliable data
transmission are the blocks responsible for data equalization such as CTLE
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(Continuous time linear equalizer), FFE, DFE and clock and data recovery (CDR)
circuit. Data equalization is responsible for compensating for the channel-induced
losses and inter-symbol interference (ISI) that occur as the signal travels through
the backplane or copper cable. This process restores the integrity of the received
waveform, opening the eye diagram and making the signal suitable for further
digital processing. Following equalization, the CDR block extracts a clean
sampling clock and recovers the transmitted data from the equalized but still
potentially noisy signal. The performance of these stages directly impacts the
overall bit error rate (BER) and timing accuracy of the SerDes link, as any residual
distortion or timing misalignment can lead to data errors or increased jitter in the
recovered clock.

Fig. 1 shows a block diagram of a typical high-speed serial-link (SerDes) [2]
consisting of the main building blocks mentioned earlier.

Transmitter (Tx) Chip Receiver (Rx) Chip
Parallel Driver " CDR Parallel
Data +EQ Recovered Data
—

— o | Channel CDRw Data Data s —.,—’
. Serializer o > ) o Sampler ———— Deserializer| $
) Data_Tx Data_Rx P s
_ T F

I Recovered
CLK
™ B Bl CLKrx Clock L Clock
Recovery
Reference Reference
Clock Clock

Fig. 1. Typical high-speed serial-link SerDes architecture

In modern high-speed SerDes receivers, digital CDR architectures are
widely adopted to achieve robust clock recovery under multi-gigabit operation. In
these digital approaches, the CDR is composed of two feedback paths: a frequency
loop, which corrects long-term frequency offset between the transmitter and
receiver clocks, and a phase loop, which provides fine-grained phase alignment to
the incoming data stream.

The phase and frequency error signals are typically processed through digital
proportional and integral accumulators, whose outputs reflect the necessary clock
corrections. To interface with the analog domain, the filtered digital control word is
converted to an analog signal by a current-steering digital-to-analog converter
(IDAC). This analog signal directly controls the phase interpolator (PI) or phase
mixer circuit (PMIX), which adjusts the phase of the recovered clock with high
resolution. The PI thus acts as a finely tunable delay element, enabling precise
clock alignment required for reliable data recovery at multi-gigabit rates.

This digital-to-analog signal path from the digital CDR logic, through the IDAC,
to the PI/PMIX not only provides flexibility in loop design and programmability,
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but also enables low-jitter, high-speed operation essential for contemporary data
center and server applications.

The digital CDR model (Fig. 2) [3] consists of digital bang-bang phase
detector, a frequency integrator, a phase integrator and a phase interpolator.

Digital BB-CDR

Data<1>
Data<1.5>
Data<2>

3

Phase
integrator

hase *
Number

Frequency Phase
integrator || Interpolator

BBPD

4-Phase Clock

Fig. 2. The block diagram of the digital CDR

The CDR design. When designing such CDRs (Clock Data Recovery circuits),
the D-latch placed at the output serves several important purposes that are crucial
for ensuring reliable and stable operation . Primarily, the D-latch acts as a
synchronization element, capturing the control signals generated within the loop at
precise moments aligned with the system clock. This synchronization helps prevent
glitches and transient disturbances from propagating downstream, which is especially
vital at the high data rates characteristic of modern SerDes systems. Additionally,
the latch provides a stable, consistent control input to the phase adjustment
circuitry, thereby enhancing overall loop stability. By isolating the digital control
logic from the analog domain, the D-latch also contributes to improved noise
immunity and timing predictability.

The CDR loop presented along with the analog clock path(PMIX, ILO,
ADC) in Fig. 3 consists of bang-bang phase detector, followed by D-latch feeding
trough the phase and frequency tracking loops, which are isolated from the analog
clock path by using D-latch to avoid glitches when large code fluctuations occur
resulting overall loop stability. Then the IDAC is used to pass the codes to the
analog clocking.

Clock path

Fig. 3. CDR loop design
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Problem description. By the use of D-latches the latency is introduced due
to time-interleaved sampling [4] to the overall CDR loop. Therefore, it is important
to consider certain trade-offs, such as potential added jitter and timing complexity
because of additional latency introduced (Td), which can impact the performance
of the overall clock recovery system especially in high speed SerDes systems.

The proposed method. To address the additional jitter and latency problem
introduced by the D-latch, the selective-latch method is proposed (Fig. 4).

Proposed selective approach

Fig. 4. The CDR loop with the proposed solution

This will allow us to remove a D-latch, hence its negative impact on the
CDR loop when it is necessary.

In Fig. 5 we can see that the CDR needs to be locked at first when starting
up and its output codes should be settled to some small code range. At this point
we can say that the CDR is locked and all the BER and other measurements will be
performed after that time point for reasonable results. And since the D-latch mainly
filters large fluctuations as they occur at the beginning of the process, it we will
have an option with the proposed solution to enable the D-latch path at the output
to improve the loop stability and avoid large settling times.

Loelk time BER measurement fime
pa——

CDR freq codes

15 ¢

10

code (n)

0 50 time (us) 100 150
D-Latoh on (mux=0) D-latoh off (mux=1)

Fig. 5. The CDR output frequency codes

Simulation Results. To check the proposed method’s impact on the system
performance, the Matlab simulation is performed using the designed simulink
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model of the system consisting of an approximated data transmitter and receiver
(TX/RX) circuits and the designed CDR circuit, which also provides the ability to
select between different channel models. This model allows to perform 20 times
faster simulations resulting in 10% accuracy degradation.

The jitter tolerance (JTOL) measurements are performed to be able to
evaluate the difference between the two approaches. The jitter tolerance is
examined and the maximum input jitter at a given frequency that a CDR loop can
tolerate is predicted [5].

-25dB/16GHz channel -4dB/16GHz channel

— with Initial loop —  with Initial loop

with Proposed loop with Proposed loop

Fig. 6. The JTOL curve comparison for long and short channel cases

The JTOL curve comparison (Fig. 6) shows that disabling the D-latch after
the CDR is locked results in an overall better curve. The simulations were
performed with the long(-25dB) and short(-5dB) channel models to have a more
broader picture of the improvement.

Conclusion. A CDR with controllable output path is proposed. The method
improves the latency when the BER is measured, meanwhile allowing the use of
the initial version to isolate the large code fluctuations at the CDR output with the
D-latch while locking phase. This results in improvement in BER which translates
to better jitter tolerance. The usage of the proposed method results in additional
design logic change which causes a negligible area increase(<0.5%). The proposed
method can be used in modern high speed SerDes systems where digital clock-
data recovery is supported.
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UrUaUueNro SERDES ZUU UYL BMNRU SYSULULENP BY SUUSUSPUL
U2HULCULP 4ErUYULILUTL CEUSE ZUNUNUUL RUSELUAUTL
UGENY

Upwquqnps ubphwjugunn/wuywubphuwjugunn (SerDes) hudwjupgbph ntpp juplnp
b dadwbiwlulhg pyuyhtt hwunnppuygnipniuutph hunbpdtjuttipnid wpwg b hntuwh
wnjukiph thnjuwgnudtt wywhnybne hudwnp: Ypuig wphunwbipmy giuwynp nhp | ju-
nwupnd nyjuitkph b nuunughtt wqputpwih Jepujuiqudwi (CDR) snpwl, npp yipu-
Juuqunud £ dwpnip mujuiuyghtt wmqpuiipwt dniinpugpynn hwenpruljut tidjuutkiph hnupk-
nhg wfjuykph &ogphn phpkpgmu wywhnyknt hwdwp: Uh swpp nuappbp junnig]usp-
ubpny onpwikphg wopwtdtwunwd k tplninh CDR-p, nptt nith b hwdwnipjub, b thnyh
thnthnpunipinibibphtt hbnbing wpwtdhtt mnhukp, ptgp pny £ vniwhu onlil] hwdwunip-
jutt b thnyh obnmudubpp: Uju wmhwh onpwttph dudwbwljuyhtt wuwpwdtnpbpp guhwtgnud
bkt hwdwywwnwujiwinipnit pyuyhtt jurwupdwi wqpquywittph b tmwljunuh wg-
nuipwih dpol, hush htnbwpny Yupunpdnud k ipwig nhipp wdpnne onpuygh wojuwwnwuph
wpynituybnmput pupdpugdwt gnpénud: Ny &ogphwnn dudwbwljuyhtt junwjupnudp
Jupnn b wpwowgul) mqnpuiowth ppprngubp, sknnudubp juwd ny juynit Jh&wly, npnup
niqnuljhnpkt wqpnud Eu phpuyhtt uvhiwputph b wpuqugnps hwdwlupgbph hntuwhnip-
juit ypu: Nrunh ogphnn dudwtwluyhtt jurwdupnid hpujwtwgynid k uhijupniiugung
wwppbph d-uliknhsh ogunugnpduwdp, hisp Juplnp E juyni b thopp pyny wqpubpwih
pnprngutnny CDR snpuyh wplunwiph hudwp wpuquqnps SerDes hunlwljuipgbpnud: H-ulik-
nhyp unynpwpwp Yhpundnd £ pyughtt jurudupdwt wqnubpwbubph uhtijupniiuwgdwi b
Juymiimpjut hwdwp thnfuwbgkny wdjuyitpp CDR onpughg thnyuyhtl owntihshn (PMIX),
uwuyt ppu oguuugnpdnidp Yupnn L wpwewgul] npny phpnipnibubp, husyhupp tu
dudwtwluyhtt uppwutipp: Uw Jupnn t hwigkgub] phpuyhtt vhpwuiph qunpupugdul,
nnp Juplnp swithwithy E wpynibwpbpnipjut hwmdwywinwuwinipjut uinwinupunubph
mbkuwtlynithg: Unwownlynn dkpnnh Yhpwonudp pupbjuynud b wqpubipwth pppnngh
poyjunnpth vwhdwp, nph hpwgnpsdwt hwdwp wwhwieymd E hwybjjuy mpudwpw-
twlut nwpph oquuugnpsmd’ hwbghkghitin] wibipwi vwikpbup dksugiwi:

Unwbgpuyhl punkp. SerDes, hmywunnud, wqnuiipwith pppnng, thnyuyhtt wnthsy,
phpwihtt uptwjwp, punnithy hwbignyg, F-ultkinhs:
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AX.TEBOPTSIH

METO/J YJIYYIIEHUA 3AJEPKKHA 1JIs1 KOHTYPA BOCCTAHOBJIEHUSA
TAKTOBBIX JAHHBIX B BBICOKOCKOPOCTHBIX SERDES CUCTEMAX

BricokockopocThbie serializer/deserializer (SerDes) cucTeMbl HEOOXOIUMBI IS
obecrieueHHs1 OBICTPOTO M HAJIEKHOTO OOMEHA TaHHBIMU B COBPEMEHHBIX LIU(PPOBBIX KOMMY-
HHUKAIMOHHBIX MHTEpdelicax. B 1ieHTpe ux paboThl HAXOMUTCSI KOHTYP BOCCTAHOBJICHUS TaK-
ToBBIX MaHHBIX (CDR), KOTOpBIN BOCCTAHABIMBAET YUCTHI TAKTOBBIA CHTHAI M3 BXOJSIINX
MIOCIIE0BATENbHBIX [TOTOKOB JAHHBIX AJISI 00ECIEYCHUs] TOUHON MHTEPHPETAuN JAHHbIX.
Cpenu pa3nmMaHBIX apXUTEKTYp 0CO00€ MECTO 3aHHUMAaOT ABYXKOHTYpHBIE CDR-cxemsl,
00BEANHSIONINE KOHTYP OTCIIC)KUBAHUS YaCTOTHI M KOHTYpP OTCIIEXKHUBaHMSA (a3bl Onaroxaps
CBOEHl CIIOCOOHOCTH CHPABIATHCS C YAaCTOTHBIMHM CMEIIECHHSMH W IOJIEPKUBATh TOYHOE
(a3oBoe BbIpaBHHMBaHHE. BpemeHHble xapakrepuctuku B 3tux CDR-cxemax, Brimowas
CHHXPOHH3ALNIO MEXIY HU(PPOBBIMU YIPABISIOINMI CUTHAIAMH M TAKTOBBIM CHTHAJIOM,
UTPAIOT KPUTUYECKYIO POJb B OOIIEH MPOM3BOANTEIBHOCTH. HenpaBuibHOE yIipaBieHHe
BPEMCHEM MOXKCET IMPUBCCTU K JAPOKAHUIO CUTHAJIA, TJIFOKaM WJIN MeTaCTa6I/lﬂbHOCTI/I, 4qTo
HamnpsMyto BiisieT Ha onmoOku nepeaaun (BER) 1 HajgexHOCTh BRICOKOCKOPOCTHBIX CHCTEM.
ITosToMy ocoboe OTHOILIEHHE K TalMHUHTY, HalpUMeEp, UCHOJIb30BAaHUE CHHXPOHH3UPYIOIIHIX
9JIEMEHTOB, TAaKMX Kak J[-TpUTTepOB, SBISETCS BKHBIM IS CTaOMIbHOM paboTel CDR-cxem ¢
HU3KHM JPOKaHWEM CHTHAJIA B TMPWIOKEHUSIX BBICOKOCKOPOCTHBIX SerDes. Xotst JI-Tpurrepsr
OOBIYHO HCIIOB3YIOTCS A CHHXPOHHU3ALMK 1 CTa0MIIN3aLMH TIepeAadr IM(PPOBBIX YIIPaBIIIO-
mmx konoB oT CDR k ¢azoBomy mukcepy (PMIX), 3To BBOIUT omnpenenéHHbIe HETOCTATKH,
TaKhe KaK BpEMEHHbIE OIIMOKH B KOHTYpe. DTO MOXKET CTaTh NpuunHoN yxyamenus BER,
YTO SIBJSIETCS| BaYKHBIM MTAPaMETPOM JUIsl COOTBETCTBHUS OTPACIIEBBIM cTaHAapTaM. Mcmomnb3o-
BaHHE IpPeJJIaraéMoro MeTo/ia MOBBIIIAET TOJEPAHTHOCTD K JIPOKAHUIO CUTHANA, YTO MpH-
BOOUT K )106aBJ'IeHl/IIO JIOTHUKHU B )1H3aﬂH 1 K HCBHAYUTCIIbHOMY YBCJIMYCHUIO TIJIOIIAAN.

Knrouesvte cnosa: SerDes, 3anepixka, IpoxaHue curHaia, ¢pa3opblii mukcep, BER,
NpUEMHBIHN y3en, J[-Tpurrep.
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LATTICE MODELS OF SELF-ORGANIZED CRITICALITY AND FULL
INFORMATION DISSEMINATION SCHEMES: APPLICATIONS IN UAV
SWARM SYSTEMS

This paper presents a comprehensive review of self-organized systems and gossip-
based communication schemes, with a particular focus on applications in UAV swarm
coordination and communication algorithms. The proposed UAV coordination strategy employs
dynamics of special quasi-random walks to achieve scalable and balanced swarm behavior
without centralized control. The developed tool for designing optimal communication schemes,
Graph Plotter, supports verification of gossip properties and fault-tolerance. Validated by
simulations, a decentralized UAV swarm system has been constructed.

Keywords: exactly solvable lattice models, non-equilibrium systems, self-organized
criticality, gossip problem.

Introduction. The relevance of complex self-organizing systems and
communication schemes based on lattice models of both non-equilibrium and
equilibrium statistical mechanics arises from their widespread applicability in the
modeling of complex dynamical processes.

Lattice models have been extensively studied in the context of statistical
mechanics, including the Potts spin model, the densely packed dimer model, the
totally asymmetric simple exclusion process (TASEP), the Abelian sandpile model,
the O(n) loop model, the rotor-router model, and other related systems. Among the
combinatorial analytical methods employed are the Bethe Ansatz approach and the
enumeration of spanning trees based on generalized Kirchhoff theorem. The
analytical results and proposed hypotheses have been validated through simulations
using a two-dimensional frontal cellular automata algorithm and the Monte Carlo
method. Uniformly distributed spanning trees were generated using Wilson’s
algorithm, which is based on loop-erased random walks.

The developed methods and algorithms for optimal fault-tolerant schemes of
full information exchange have been adapted to construct decentralized, multi-
agent, and self-organizing systems, in which potential communication failures
caused by external factors are effectively neutralized. To support the design and
analysis of such systems, the simulation tool Graph Plotter has been developed,
enabling verification of classical gossip properties, broadcast robustness, and k-
fault tolerance under various network configurations.
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Unmanned aerial vehicle (UAV) swarms represent a promising frontier in
autonomous systems, offering a wide range of applications in surveillance, mapping,
search and rescue, and environmental monitoring. The effective coordination of such
swarms demands robust mathematical models capable of capturing their inherently
decentralized and dynamic behavior. The approach presented in this work is
grounded in self-organized criticality (SOC) and lattice-based models, such as the
Abelian sandpile and rotor-router models, which naturally embody principles of local
interaction, robustness, and emergent global structure. The proposed decentralized
coordination strategy for UAV swarms is based on the Eulerian properties of rotor-
router model. According to this model, UAVs follow quasi-random trajectories
within dynamically defined sub-areas, ensuring deterministic yet uniformly
distributed coverage. The rotor-router mechanism enables self-organized swarm
behavior, eliminates the need for centralized control, and supports balanced task
allocation across the operational area. This coordination approach is particularly
suited for scalable and resilient multi-agent systems operating in dynamic
environments.

Theory of self-organized criticality: review of results. In [1], the g-state
Potts spin model defined on anisotropic ladder graphs (lattices) is investigated.
Assuming thermodynamic equilibrium, the representation of the partition function
(probability generating function) as a sum over all subgraphs of the lattice has been
studied. In particular, by using the well-known contraction-deletion property of
graph edges for computation, a system of linear recurrent equations (a fixed-size
transfer matrix) has been constructed. By solving this system, the exact partition
function has been computed, and the Fisher zeros have been constructed in the
complex plane. This result generalizes the results of the work [2].

In [3], the totally asymmetric simple exclusion process (TASEP) with a
fixed number of particles and discrete time has been considered on finite rings
(one-dimensional lattices with periodic boundary conditions). As an example, the
backward-ordered sequential update rule has been chosen, which is invariant under
parallel translation for periodic boundary conditions. It has been proven that the
state update defined in this way leads to a stationary state in which all possible
configurations of particles have equal probability. The generating functions of the
conditional probability distributions for transitions between states over a time
interval T have been calculated, along with the mean velocity of particle flow and
the diffusion coefficient at all stages of the evolution. An exact and explicit
expression has been obtained for the stationary velocity of TASEP on rings of
arbitrary size and particle density. The evolution of small systems toward the
stationary state has been clearly demonstrated. By interpreting the generating

510



function as the partition function of a thermodynamic system, the distribution of its
zeros in the complex plane has been studied.

In [4], a generalized form of the TASEP model with particle-dependent jump
probabilities is considered. Using the Bethe ansatz combinatorial approach,
determinant-form expressions have been obtained for the transition probabilities
between non-stationary states over a discrete time interval T. Keeping the number
of particles fixed, in the continuous-time and infinite-lattice limit, this result
converges to the one presented in the work [5].

In [6], the TASEP model is presented on a ring with discrete time and
particle-dependent jump probabilities. The mean flow velocity per particle has been
exactly calculated for different types of dynamics at all stages of the evolution, and
the relaxation to the stationary state has been explicitly demonstrated. These results
constitute generalizations and extensions of the findings presented in the works [7-10].

In [11], the fully packed dimer model (domino tiling) on a two-dimensional
square lattice with a single empty site at the center has been analytically studied.
By generalizing the spanning tree representation to a spanning webs representation,
determinant expressions have been obtained for the random variables describing
the mobility of dimers. In the thermodynamic limit of large lattices, these expressions
are reduced to the evaluation of Toeplitz determinants and their minors. The
probability that the empty site is fully jammed, as well as other characteristics of
diffusion, have been exactly calculated. Their values agree with the numerical results
and proposed hypotheses presented in work [12].

In [13-17], the probability distribution of height variables in the Abelian
sandpile model on a two-dimensional square lattice [18,19], as well as the asymptotic
expressions for their two-point correlation functions, have been analytically
calculated. The obtained asymptotic expressions exhibit logarithmic behavior, as
previously predicted by logarithmic conformal field theory. It has been shown that
the probability distribution of site heights in the Abelian sandpile model is directly
related to the probability that the trajectory of a loop-erased random walk (LERW)
passes through a given neighboring vertex of the starting position (return
probability). This fact has been proven through a mapping onto the local monomer-
dimer model. The exact values of the listed quantities had remained at the level of
conjecture for many years, despite the development of computational methods,
their optimizations, high-precision numerical approximations, and numerical
simulations, as reported in [20-23].

In [24], the fixed-energy sandpile model on a square lattice with conservative
sites (closed boundaries) is considered, and a connection is established between its
threshold density py(ho) and the stationary density pg = 2.125 of the Abelian
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sandpile model with open boundaries (absorbing dissipative sites). Considering the
empty-field initial state (hy = 0), a slight difference (pgpy(0) = 2.125288 ...) was
observed in the works by A. Fey et al [25,26]. In [24], by generalizing the set of
initial states, negative initial heights have been considered. A hypothesis was
proposed that the difference p;,(hy) — ps sharply tends to zero as the initial
negative height increases in absolute value (hy — —o0). This hypothesis is proved
in the mathematical work by L. Levine [27], where a formal theory is developed
and a more general theorem is proved.

In [28], the correlation function of k loop-erased random walk (LERW)
paths with starting and ending points grouped at two locations separated by a fixed
distance r has been studied. Using combinatorial methods, an asymptotic
expression containing a logarithmic factor has been obtained and compared with
the corresponding quantities in other models. A connection has also been established
with the corresponding conformal field theory.

In [29], exact values of boundary correlations have been obtained on the
two-dimensional half-plane for the percolation model (O(1) loop model) and the
spanning tree model (0(0) loop model).

In [30], the dense dimer covering model defined on a square lattice placed
on a cylindrical surface has been studied. Using the Temperley—Lieb transfer
matrix formalism, and by adapting the transfer matrix to classify arrow
configurations into different classes according to the number of non-contractible
loops arising from the considered topology, the partition functions (probability
generating functions) have been calculated. To reveal the occurrence of Jordan
cells in the transfer matrix, an extended transfer matrix has been introduced, which
not only retains information about the positions of the dimers but also generates
colors propagating along the branches of the associated trees.

The rotor-router model (model of multi-Eulerian walkers [31]), which
represents a quasirandom walk process of a particle (or information), has been
investigated. In [32], certain properties of particle behavior have been studied
within a recurrent state environment without absorbing sites. In particular, the
correlation between emerging dimers (cycles of length 2) and contours (cycles
containing more than 2 vertices), as well as the mean value of the difference in
their numbers, has been analytically calculated. The diffusion properties of the
particle have also been studied on the infinite square lattice. In [33], a loop
reversibility theorem has been proven for the rotor-router model. The model
defined on semi-infinite cylindrical lattice is investigated in [34]. The set of labeled
vertices on the lattice that generate closed loops through rotor dynamics has been
examined in [35]. For these vertices, a hypothesis is proposed that the trajectory
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formed by their order of appearance asymptotically takes the shape of an Archimedean
spiral. We have shown that this property is directly related to the tree-like structures
that describe the evolution of vertex clusters visited during the walk. In the case of
the square lattice, we have obtained that the average number of visits to the origin,
(no(t)) at time t > 1 satisfies (ny(t)) = 4(n(t)) + 0(1), where (n(t)) is the
average number of spiral turns.

A comprehensive analysis and the relations between constants obtained
explicitly in uniform spanning trees are presented in [36]. The enumeration of
spanning trees is employed in the investigation of Abelian sandpile, rotor-router
and dimer models.

Optimal information dissemination gossip schemes: review of results.
Research has been conducted on the design of network-optimal schemes for full
information exchange in multiprocessor systems, as well as on the analytical
derivation of formulas for the minimal values of their key characteristics (number
of links, number of calls, execution time) [37-41]. To ensure the system’s fault
tolerance at a given level, several theorems have been proven [42,43]. In particular,
the previously obtained upper bounds for the minimal number of calls in such
schemes have been significantly improved. Additionally, an exact value has been
obtained for the implementation time of k-fault-tolerant gossip schemes with an
even number of vertices under minimal time.

A software toolkit (Graph Plotter) has been developed for the design,
editing, and analysis of gossip schemes [44]. This tool allows users to verify
various characteristics and properties of the constructed schemes. These include:
classical gossip property, k-fault tolerance, broadcast, NOHO, NoDup, validation
of broadcast schemes in three Messy models, the ability to detect disjoint paths and
broadcast sub-schemes, and more.

Using a self-organization model, the well-known problem of minimizing
energy consumption in computer networks has been reformulated [45-47]. For
certain partial cases of this problem, new algorithms have been developed and
implemented for the dynamic optimal distribution of user programs (tasks).

Applications in UAV Swarm Systems. UAV swarm movement is modeled
as a multi-particle walk over the mission graph (representing the surveyed area),
with the rotor-router deterministic mechanism applied [48]. Based on this
approach, a coordination algorithm is designed to ensure the multi-Eulerian
property, that is, each directed edge of the mission graph is visited by exactly one
UAV (see Fig.). This algorithm satisfies essential self-organization requirements,
including decentralized control, resilience to node failure, equitable task
distribution, and verifiability of swarm membership [49-51]. Our results on gossip
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schemes provide analytic guarantees for the optimality of communication, enabling
secure and efficient full information exchange within the swarm, even in the
presence of environmental obstacles or disruptions. UAVs exchange not only
coordination data but also captured images. Further, the implemented fault-tolerant
schemes dynamically adapt the swarm structure in response to UAV loss or
interference [52].

l 1
N S N N | R

Fig. Demonstration of the multi-Eulerian property in a rotor-router-based UAV swarm on
a square lattice. Each edge represents two directed edges, one in each direction. Blue dots
represent UAVs navigating the graph deterministically. The external clockwise cycle,
highlighted in green, is actively traversed by the UAVs. All (bidirected) edges within this
cycle are eventually traversed in both directions, with each direction covered by a unique
UAV. While the specific edge traversal patterns are not predetermined for individual UAVs,
the system collectively ensures full directional coverage. The interior of the inner
anticlockwise cycle (also highlighted in green) remains entirely unvisited, illustrating
selective coverage and deterministic exclusion of certain regions

The theoretical foundation developed through spanning tree correspondences
and information dissemination theorems has enabled the construction of distributed
software-hardware platforms for real-time swarm management. These platforms
support encrypted communication [53], navigation along obstacle-aware paths, and
automated workload balancing to optimize imaging coverage and minimize
mission time. The result is a highly reliable, scalable system architecture suitable
for real-world deployment in mission-oriented UAV swarm applications.
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4.U. 1N1.NU3UL

PLRLUYUQUUUE MY UOD UhShulUuULNRE8UL 8ULSUSHhL UNYELLEN
Nk LCPY FLSNLUUSHUSE SULUOUUL UNEUULED UbLUANRULED
UpU-UElh GrUUk ZUUUYU ARG NRU

Ukpjuyugdws E huiptwjuquujipydws hudwlupgtph b GOSSIP hhupny hwnnp-
nulguub oupnhuwy uubdwbbph hudwyuphwl wiiupy hwnndy nywnpmpenth pupa-
ubkny npuig Yhpwnmpnibutphtt UEU-ubkph Epudh hwdwwpgquwi b hunnppuygdwi wy-
qnphpUutph dke: UEU-ubkph hwdwlupquut wnweowplynn nwquujupnipiniup hhduqus
E hwunnl] pugh-yunwhwlwi nhghpiwl ghtwdhugh Jpu’ wpwig Yhnpniug]ws
Jurwjupdwdp tpudh dwupynwpwynpynn b hwjuuwpulyondus Jupptt wyywhnybnt hw-
dwip: Zunnppuygdu ouypinpdwy ujubdwbkph twhiwgddwt hwdwp untndyt) t Graph Plotter
qnpshpp, npp htwpuwynpnipnit £ wiwghu uinmgbne gossip hmnlynipyniuttpp b Jpupufu-
niunipiniup: Uhuniyjjughwitpny hwunwndus UEU-ukph tpudh wwyulkinpnt hudw-
Jupgp btwhiwugdybty b junnigyty b

Unwmibigpughll punkp. £ogphun (nisynn guuguyhtt dnnbjukp, ny hwjuwuwpwlohe hw-
dwupgbp, huptwuquultpyws Yphuhjulwingpni, GOSSIP uunghp:
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B.C. IOT'OCSH

PEIIETOYHBIE MOJIEJIM CAMOOPIAHU3YIOIIENCSA KPUTUYHOCTHU U
CXEMBI ITOJIHOI'O PACITPOCTPAHEHUA NTH®OPMAIIMA: IPUMEHEHUE
B CUCTEMAX POsI BECITMJIOTHBIX JIETATEJIBHBIX ATIITAPATOB

[pencrasnen BcecTOpoHHMIT 0030p CaMOOPraHU30BaHHBIX CUCTEM W KOMMYHHKAIIMOH-
HBIX CXEM Ha OCHOBE gOSSip-MoJiesiell ¢ 0COObIM BHUMAHUEM K X IPUMEHEHHUIO B KOOPIH-
HallUU W alTOPUTMAaX CBS3M POsi OeCMIIOTHBIX JeTtarenabHbIX anmnapatoB (BITJIA). Tlpemna-
raemas ctparerust koopauHaruu BIIJIA ocHOBaHa Ha NUHAMUKE CIIEIUAIBHBIX KBA3UCITY-
YaifHBIX OMyKOaHUH, 9TO TO3BOJISET JOCTHYh MACIITaOMpyeMoro U cOalaHCHPOBAHHOTO TIO-
BeJICHUS posi Oe3 IIEHTPAIN30BaHHOTO yIpaBieHus. Paspadoranubiii nacTpyMeHT Graph Plotter
TpegHa3HaueH Ul TOCTPOCHUS ONITUMAIIBHBIX KOMMYHHUKAIIMOHHBIX CXEM U ITOIIePKUBACT
IIPOBEPKY CBOWCTB gOSSIp M YCTOWYHMBOCTH K OTKa3zaM. Ha ocHoBe MonenupoBanus Oblia
CKOHCTPYHUpOBaHa CHUCTeMa JelleHTpann30BaHHOro posi BITJIA.

Knrouesvie cnosa: TOUHO pelIacMble PELIETOYHBIE MOJIEH, HEPABHOBECHBIE CHCTEMBI,
CaMOOPraHU3YIOLIAsICsl KPUTUYHOCTb, 33/1a4a gossip.
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2.U. Ufpaursuy

UNRC-M5LCNANROD UNUMNLERU UPUNULUUESMUYUL CULHZULIUSIUD
ZUYUNUCQ UUSCPSULECE NCNTUUL OrUuarushu bruuuuusnhun
ThHETULSPUL 264 UCNNRE3NPLLEP UbLUNUUUR (1)

Uhpjuyugdus t Unip-Mkupnniqh Yndytpu dhuyupudbnpuub pighwbpugyus
hwljunund dwinphgubph npnpdwt niyndwynghghntt pyuw-wbwihinhy tnwbwlh spugpuyh
hpuwjubwugnudp: Ubhwjhnply tqutwyutpp hhdudl) o Unip-Nhupnnigh 3-pn wuydwh Jpu
PBJw-whwhnhly dkpngubpp hhdudl) o vinugus wihwihnhy hwpwpkpuygnipniuubph
1 Mnipunyh nhdptipkughw dhwthnpnipnittbph Jpus Zupynnuju tnutwlubpt hpuluw-
twgyl] o nbntjunjuljut nkjuunnghwitph dudwtwlwlhg vhengutpny, dwutwydnpw-
whu spugpuynpuwi Python (kqyny, NumPy b SymPy gpunwpuibitipny: Opugpuyghti hpu-
Juwuwgnidp thnpdwplyk) E ninnuulnit dwnphgny Unpbjwghtt ophtwyh pu:

Unubigpuyhli punkp. Ump-Nkupnnigh Yndyipu dhwyupudbnpuljut pinhwipug-
Jwd huljunupd duinphg, wbghnhl pusnwd, nhdtptughw dbwthnjumpniuubp, pyu-wiw-
1hwhly 1nisnud, Spugpuynpdwt Python 1kqni, NumPy qpunupwi, SymPy qpunupui:

Ukpwénipnite: [1] wphiwnwpnid wnwewnlyty b Unip-Nkupnniqh Yndw-
1Epu Uhuywpudbinpuub pighwipugyus huunupd A* (), twnphgutph [2]
npnodwh dkpnnubp A(t) e, monquilnit dunnphgibph nhuypnid: Ugy dkpnngib-
nnud oqgunuugnpdyly ki Unip-Mbupnniqh 1-hty, 2-pg b 3-py wuydwbubpp: Unygl wo-
hrwwnwupnid ubpuyugynid i pw-wbwjhnhly dkpngubph Spugpuyhtt hpuljw-
twgmutbph wignphputitph pinlj-upedwttpp b Python 1kqym] gpujws dpugptpp [3]:

Gupunpbup' wipywé b A(t) e, dwninhgp, npntn A(t) € C™": Uwwniphgh
sunhbipp [4] Uniinpuigpbymg htwnn withpudbown k ununpugpl) dunnphgh wuppbpp
wnn wn nnn U hpuphg wnwbdiimgqud puguniikpng (. 1): Ujunthtnb wppkl
htwpwynp £ wnwdtwugut) dwnphgh mupptph hpului b hins dwukpp [5]:
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<>
NumP
i >1€ Math for i in range(m)
SymPy »|
}

row = [sympy.parse_expr(element, local_dict = dict(t=t))
for element in input().split()]

A(t) = A(t).row_insert(i, sympy.Matrix([row]))

Aq(t), Ag(t) = A(t).as_real_imag()

v

numerical_analytical_method(A4(t), A(t), t)

t = sympy.symbols('t, real = True)
A(t) = sympy.Matrix() @

Ul 1. Uunnphgh sunhliph b nnupplph dnunpugniul pinf-upubiul
PJw-wbuyhwhly dkpnnh Spwgpuyhtt hpuljwbwgnudp [6]: A(t) dwwnphgh
wnwnppbph A4;(t) ppuub b 4,(t) Ytnd dwubph dwwnphgubpp npnokjnig htiwn
wlhpudhow t npnoby npuilg nuppbph wdwbgyuyitpp’ dhish wuhwieynn goum -

pjut unnwugnuup: Ujunithbnb ykwnp E dntnpugpl) dwupnwpuwght gnpduigh (A) nu
Unnupldwb YEuwnpnth (appr_cner) wpdbpubpp b hwpdby A, () nt 4, () dwwnnphg-
utph nhulpbwnubpp (WY, 2): Ugunbn real matrix, imaginary matrix 1 variable uju-
pudbunptpp tkpjuyuginud Bo hudwyuwnwujuwbwpwp 44 (8), 42 (¢) dwnphgubpp
b t ywpwdbwnpp:

numerical_analytical_method(real_matrix, imaginary_matrix, variable)

Y

real_matrix_derives = find_derivatives(real_matrix, variable)
imaginary_matrix_derives = find_derivatives(imaginary_matrix, variable)|

y
iH. appr_cmr;

Y

real_matrix_discretes = compute_discretes(real_matrix_derives, variable, H, appr_cntr)
imaginary_matrix_discretes = compute_discretes(imaginary_matrix_derives, variable, H, appr_cntr)

|

Ul 2. Uwunphghkph nnuppbph wéwbgruydbph b dunnphguyhi nhuliplnbbph npnovul
wyqnphpup ppnl-ufulidl
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A;(t) b A, (t) dwnphgubph mwuppbph wswugyujubpp npnoynd Bu wnwb-
&bt $nrtiyghuyh thengny (Y. 3), npp

+ Untnpnud unwiund £ uyt dunnphgp, nph viwppbph wdwugyuubpp whwp £
npnoky, hsybu twb wyt hnthnpuwlwip, pun nph whwnp E junwupyh wswbgnidp,

< hpnud JEpunupdunud £ dntnpughtt dwinphgh muppbph wswugyujubphg
Juquyus dunphgubiph qugdusn:

find_derivatives{matrix, symbol)

v

derivatives = list{[matrix])

I matrix.is_zero_matrix

denvative = sympy.diffimatrix, symbeol)
derivatives append(derivative)
matrix = derivative

S |

—

return derivatives

Ul 3. Uwunphgh nnupplph wlwbgyuy hlpp npnonn uyqnphpuh pinl-ufubdui

Bpuyhtt quiiqwsh 1-htt tnuppp Ununpuyht dunnphgh k, 2-pn wmuppp dman-
puyhti dunnphgh wwppbph 1-ht jupgh wéwbgyuiutphg uqujws dunnphgp, 3-pr
wwppp Ywnphgh wuppbph 2-pn jupgh wowbgiukphg Juqujwd tunphgp, b
wynuitu owpnittwly dhtish yuhwbgynn &ownnipjut unnwgnidp:

A;(t) b A, (t) dmnphgutinh nhulptwnitpp [7] hwoyynid Bt wnwbdht niul-
ghwyh thongn (uy. 4), npp

< Untnpnid uvnwind £ dwnphgh nmupptph wswugyujubphg Juqujws
dwnnphgubiph quiiguédn, hsytu twb wyt thnthnjowlwip, pun nph junwpdb £
wbwugniup, b dwupmnnwpuyhtt gnpsuiljgh nt Unnwpdw YEnpnuh wpdtpubnp,

< bpnud JEpunupdunud E dunphgughtt ghuljpbnibph qubgdusn:
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compute_discretes(derivatives, symbol, scale_coeff, value)

!

discretes = list()

for k in range(len(derivatives))

discrete = (scale_coeff ** k / math.factorial(k) *
derivatives[k] subs(symbol, value))
discretes.append(discrete)

L 7

—

return discretes

Uy. 4. Uninphguyhl phuliplinbbpp hupyng wiqnpppdh pinl-ujubdwi

Blpuyhtt quugqjwsdh 1-htt mwppp Untnpughlt dwwnphgh 0-pry jupgh nhuy-
phnt £, 2-py nwppp’ dwnphgh 1-ht jupgh phuyptunp, b wpubu pwpnibwy:

A;(t) b A, (t) ywmwnphgukiph wwppbph wswbgyuiubpp npnobinig b dwwnph-
guyht ghuljpinubpp hwpybnig htwmn (. 5) wuhpwdtown E hwodty X, (t) b X, (t)
dwnphgubph nhulptnibpp [1, putwdl (20)-(23)] Uhbsh yuhwbednn &ynntpjul
unwgnudp:

l

2= sympy Matrix([real_matrix_discretes{0].T, imaginary_matrix_discretes[0].T))
=apinv()

l

X4(K) = [x[0:m, 0:n].copy().T]
Xp(K) = [X]0:m, n:2 " n].copy().T]
K= |_matrix_discretes), /_matrix_discretes))

|summa:[numpyzeros((m m), int).numpy.zeros((m, m), lnl)]‘

for i in range(k)

index1 = k- iif k - i < len(real_matrix_discretes) else len(real_matrix_discretes) - 1

index2 =k - iif K - i < len(imaginary_matrix_discretes) else len(imaginary_matrix_discretes) - 1
summal0] += (X;(K)[i]" * real_matrix_discretesfindex1]" - Xp(K)[i]" * imaginary_matrix_discretes{index2]")
umma[t] += (X, (K)[]7 * imaginary_matrix_discretes{index2]T + X(K)[i]” * real_matrix_discretes{index]")

J
i

Xy = -summa[0] * X, (K)O).T + summal1] * X,(K)0L. T
X,(K).append(x;.T)

Xp = summa[] * X,(K)[O0].T + summal1] * X,(K)[0]. T
Xa(K).append(x,.T)

T

!

Uy 5. X, (t) & X, (t) dunnppghliph nhulplunibph hupyuplyh png-upubdwi
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Lwith np punhwinip phypnud 4, (t) b 4, (t) fwnphgubpp jupnn o niuk-
tw] mupplp pwbtwlh ghulpbnitp, wtwnp L hpuljuwtwgub) hugkputtph &ounnd
(kpt huntpup ULS L jud hwjwuwp dwinphguyht ghuljpbwnibph quqyush wwp-
phph pwwlhly, wyjuhtph' quiqquésmu wyn himkpunt nupp gnympymia smith, wuw
wjy ghuyptnp hinfuwphgnud £ qpojuljut dwinphgny):

X1 (K) b X3(K) dmwnphgujhtt nhuljpbnttpp hwogbinig htnn (uly. 6) wpnku
htwpwynp k Jkpuljuiqut) X, () b X, (t) dwnphgubpp [1, pawdl (17)]:

X4(t) = numpy.zeros((n, m), int)
X,(t) = numpy.zeros((n, m), int)

for k in range(K)

X4(t) += ((variable - appr_cntr) / H)¥ - X4(K)[K]
X,(t) += ((variable - appr_cntr) / H)¥ - Xo(K)[K]

|
v

Ul 6. X,(t) b X,(t) dunnphgilph Jepulwbginfmb pinl-ufubdwi

Ujuyhuny, ntukbwny X, () b X, (t) dwmwnphgubpp (4. 7), Jupkih L npnoly
twl A% () e Uwinphgp [1, pubiwdl (5)]:

v
A" = Xq(t) + sympy.l - Xa(t))

/*/
Ce2 >

Ul 7. AT () pem Yuninphgh npnodwl ppnfj-ufubdub

Unnphjuyhti ophtiwly: Gupwunpbup' wpdws k htwnlywy dunphgp.

(1+)+j-(1+t2) t2 (=5t +j - (=2+3t)].

A® = [ jt (A +¢) +5)) 2jt
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Thytpkughw) dbwthnjunipnitubph hwdwywwnwupwb b hwpldh wntbng,
np dwlnphiyut Unnwpldwh Jeinpnh wpdbpp t, = 0, hywbu twb punpkny
dwmupnwpughtt gnpduiljgh H = 1 wipdtipp, pyu-wbiwjhnhl dbpnnh hpujubwug-dwu
wipniupp gnyg L npdus vl 8-nud:

Enter mxn matrix sizes

m=2

n=3

Matrix sizes are: m =2, n =3

Enter elements of A(t) matrix:

~1+t+I%(1+t*%2) t**2 -5%t+I%(-2+3%t)

Ixt 1+t+5%I 2%Ix*t

A1(t) = Matrix([[t - 1, t*%2, -5%t], [0, t + 1, 0]])
A2(t) = Matrix([[t*%2 + 1, 0, 3xt - 2], [t, 5, 2xt]])
NUMERICAL-ANALYTICAL METHOD

Enter scaling coefficient: H = 1

Enter approximation center's value: 0

X1(K) = [Matrix([

[-0.167, el,
[ 0, 0.0385],
[ 0, 0]11), Matrix([
[ 0.111, 0],
[0.6513, 0.0355],
[-0.611, 011), Matrix([

[ 1.1, ©.0385],

[ 0.24, -0.00421],

[-1.48, -0.0641]1]1), Matrix([
[ 2.07, ©.0953],

[ 0.278, 0.0142],

[-0.397, -0.0463]1)]

X2(K) = [Matrix([

[-.167, 01,
[ 9, -0.192],
[ 9.333, 011), Matrix([
[ 0.5, 0],

[-0.0897, 0.0148],

[ 6.389, A]1), Metrix([
[ -9.36, -0.0256],

[0.69263, 0.00626],

[ -6.722, -8.8128]]), Matrix([
[ 1.67, ©.049],

[6.468, 0.0123],

[-3.74, -€.1441])]

X1(t) = [Matrix([

[2.07+t#:3 + 1.1#t++2 + 0,100%t - 0.167, 0.0953+ 457 + 0,0385%txx2],

[ 0.278xtx+3 + 0,24xtxx2 + 0,6513%t, 0.0142xtxx3 - 0,60421%txx2 + 0,6355%t + 6.6385],

[ -0.397xtkx3 - 1.48xtxx2 - 0.6114t, -0.0463%t#x3 - B.0641%1%42]1)]

X2(t) = [Matrix([

[ 1.67%tx3 - 0.38xtxx2 - 08.5%t - 0,167, 0.049%t4x3 - 0.0256xtx%2],

[ 0.468%tH+3 + 0,00263%tH#2 - 0.0897+t, 0.0123%t#x3 + 0.00626%t4+2 + 0.0148+t - 0.192],

[-3.74%tix3 - 0.722%t%%2 + 0.389%t + 8,333, -0, 14bxtax3 - 0.0128xt%x2]])]

A+(t) = [Matrix([

[2.1%t#3 + L.0xt4e2 + 0.20%t + Dx(1.7%texd - €.38%twx2 - 0,54t - 6.17) - 8.17, 0.0954t4¢3 + 0.038xtxx2 + [x(0.049¢txxd - €.B26xtex2)],
[ 0.28%tixd + B.24xtxx2 + 0,051%t + Tx(0.47%t4xd + 0.6026xt4x2 - 0.09¢t), 0.014xtxx3 - 0.0042¢txx2 + 0.636%t + [x(E.012¢t%x3 + C.E063xtwx2 + 0.015%t - 0.19) + 0.038],
[ -0.dxtoad - L5xTrs2 - 0.61%t + Tx(-3.74txx3 - 0.72¢t442 + 0.394t + 0.33), -0.046%txx3 - 0.064xtx2 + [x(-0.14xtxx3 - 0.013%tx%2)]])]

Ul 8. Pyu-wihuypwnpl dkpnyh Spugpuyhl ppuluiugduwi wpnyniipp ghuwplyus
ophlalh fpuw
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O.C. ABI'APSH

TMIPOTPAMMHASI PEAJIN3AIIASI ONPEJAEJEHUS KOMILIEKCHBIX
OJITHONAPAMETPUYECKHNX OFBOBIEHHBIX OBPATHBIX MATPHUI] MYPA-
MEHPOY3A C IPUMEHEHUEM JU®OEPEHIIUATBHBIX
MMPEOBPA3OBAHMIA (I)

[IpencraBnena nporpaMMHas peanu3aiys YUCIeHHO-aHATUTHIECKOTO JEKOMITIO3UIIMOH-
HOT'O METOJIa ONPEAEIECHHU KOMIUIEKCHBIX OJHONApaMETPUIECKUX 00OOIIEHHBIX 00paTHBIX
Matpul, Mypa-Ilenpoy3a. AHanuTHdecKre METOIBI OCHOBAaHBI Ha 3-eM yCJIOBHH Mypa-
ITenpoysa. UncneHHO-aHATUTHYECKNE METO/IbI OCHOBAHBI HA ITOJyYEHHBIX aHAINTHYECKUX
COOTHOIICHUAX M IuddepeHnuanbHbIX mpeodpazoBanusx Ilyxosa. BeraucimrensHbeie me-
TOJBI PEATM30BAaHbI CPEICTBAMU COBPEMEHHBIX MH(OPMAIMOHHBIX TEXHOJOTHH, B YaCTHOCTH
s3bIKa rporpammupoBanust Python, 6nbmorexkamu NumPy u SymPy. Ilporpammnast peanu-
3a1us TECTUPOBAHA HA MOJIEIBHOM IIPUMEPE C MPSIMOYTOJAbHOM MaTpULEeH.

Kniouesvie cnoga: xoMIuieKcHas ofiHOIIapaMeTpHuecKas 0000IIeHHas oOpaTHas Mat-
puria Mypa-Ilenpoy3a, aHamuTHyeckoe perieHue, nuddepeHIaibHble MPeodpa3oBaHus,
YHCIICHHO-aHAJIMTUYECKOE PElIeHne, S3bIK nmporpamMMmupoBanusi Python, 6ubnmorexka NumPy,
6mbmmorexa SymPy.

H.S. ABGARYAN

SOFTWARE IMPLEMENTATION OF DETERMINING COMPLEX ONE-
PARAMETER GENERALIZED INVERSE MOORE-PENROSE MATRICES
USING DIFFERENTIAL TRANSFORMATIONS (I)

Software implementation of numerical-analytical decomposition methods for
determining complex one-parameter generalized inverse Moore-Penrose matrices are
presented. Analytical methods are based on the 3™ Moore-Penrose condition. Numerical-
analytical methods are based on the obtained analytical relations and differential Pukhov
transformations. Computational methods are implemented using modern information
technologies, in particular Python programming language, NumPy and SymPy libraries.
The software implementation is tested on a model example with a rectangular matrix.

Keywords: complex one-parameter generalized inverse Moore-Penrose matrix, analytical
solution, differential transformations, numerical-analytical solution, Python programming
language, NumPy library, SymPy library.
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«Zuyuunnwtth ghnmpmniitbph wqquyhtt wugbdhugh b Zuywunwth wqquyh
wnjhnkpthjulut hwdwjuwpwuih nknjwughp. mkuthjuywt ghnnipmnibibph ukphw»
hwintunid nuyugpynid & mbuwub b thopdwpwpwlui hbnwgnunnipiniiubph wpy-
niupubpp nkuthjulwt ghnnipeniuitiph hbnlywy pudhtutphg dbphiwshunipenil, dknw-
Inipghw, nipughunnipinil, pugtppoquiugnpsdwt wkuuninghwukp, shttwpuwpulub u-
nmigquspubp, hhnpuyihjuw b hhppnunkthjuwt juenygubkp, tukpgbnhlju, LEjunpw-
wnkthiw, ghnwlu vwppwohtinipnit b swthnquljut wklthljw, hwyynnujub nke-
uhw b hupnplwnplu, nunhnkEupnuhu, dhipnkEupnthlu, juqbpught nkuthlu,
wjunndunugnd b junwjupdwt hwdwlwupghp:

Zuwinbunud (nruwpwidmd i wjwunbdhwuub b guqughtt ghnwhbnwugnunuljui
htunmhwnnunubkph, pothtph, ghnnwwpununpujut dhwynpnudutiph b wy) juquwlbpyne-
pinituttnh ghnwljui gnpéniutinipjut wnwyl] Juplnp wpyniupubpp:

zwbnbuh hhdtwlwt tyuwunwlt b upuil] ghnwnbthjuljut wowepipugp b
bywuwnk] wpnunpnipyub Uk wyn wpnniupubph ukpypdwin:

Zuungbup twppuwnbuws b fwpunwpugbnibph, hbnwgnunnuiph b ghntwfwb-
ubkph juyt opowititkinh hwdwn: Loyu £ wmbkutind Eptip wdhup dkl wbqud:

B xypnane "UsBectus HamuonanbHoil akamemuu Hayk PA u HanuonansHoro momurex-
HUYECKOTO yHUBepcuTeTa ApMeHun. Cepus TeXHHUECKHX HayK" MyOIUKYIOTCS PE3yIbTaThl TECOPETH-
YECKHX M IKCIICPHMEHTAIbHBIX HCCIEAOBAHUH, OXBATHIBAIOIIMX OCHOBHbBIE Pa3/eibl TEXHUYECKHX
HayK: MalIHHOCTPOCHHE, METAJLIypriis, MaTepHAIOBEICHHE, TEXHOIOIUH HEAPOIIOIb30BaHHUs, CTPOU-
TEJIbHbIC KOHCTPYKLHH, THAPABINKA U THAPOTEXHUYECKUE COOPYIKEHHs, SHEPreTHKa, SIeKTPOTEXHHUKA,
Hay4YHOE MPHOOPOCTPOCHUE M M3MEPUTENbHAS TEXHHUKA, BHIYMCIMTENIbHAS TEXHUKA U HH(MOPMATHKA,
PaJMOdIEKTPOHNKA, MUKPOJIEKTPOHHKA, JIa3ePHAsl TEXHUKA, aBTOMATH3ALMSA 1 CUCTEMBI yIIPaBICHHUS.

Kyphain sBIsIeTCS IEPHOJUICCKUM H3IaHUEM, OCBELIAIONINM HanOosee BaXKHbIC Pe3yJIbTaThl
HAay4YHOH NEATEILHOCTH aKaJeMHMYECKUX M OTPACIEBBbIX HAyYHO-MCCIEAOBATEIbCKHUX HHCTUTYTOB,
BY30B, HAy4YHO-TIPOU3BOICTBCHHBIX O0BCANHEHHUI 1 JID.

OcHOBHas 11eNb XKypHaJla - NPOIaraHAupOBaTh (QYHIAMEHTAIbHBIC U NPHKIAJHBIE HCCIEH0-
BaHMS B OOJNACTH TEXHHYECKHX HAyK, CHOCOOCTBOBATh BHEIPEHUIO HX PE3YJIBTATOB M YCKOPEHMIO
Hay4YHO-TEXHUYECKOT'0 IPOrpecca B IPOU3BOACTBE.

XKyphan paccunTaH Ha IIMPOKWH KPYr YYCHBIX, UCCIIENOBATENCH M HHXCHEPOB. BBIXOIUT
OJIMH pa3 B TPU MecsLa.

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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ZNFUOUEP 269 U4N U UL WULALLE L

Unipp fudpugpnipinit ikpljujugdnud k pun htiinbyju) wwhwbgubph.

1. Bplynt ophtiwly, twb LEyupntwghtt nwppkpuyny, hwdwlwupgswyhtt pupduspp’ Microsoft
Office Word: Znnjwish swjwip Jupnn b (hul) dhtsh 10 by, hwnnpynudubphiup® dhigh 4 ke: Skpuwnp
owpunpymd £ A4 swihuh pnph Ypw, wpiwwnwbpuyhtt nuownp’ Top-5ud, Bottom-4,75ul, Left-6,2ud,
Right-1,8ul, Footer-4,5ud, dhownnnuyhtt tnwpwdnipiniup (Line spacing)' 1,15, wuppbpnipjniup (First
line)' 1 ud: Zuykpkl (hukynt nhypnid Gnipp swpuypdmy k Sylfaen wwnwnbuwyny, nwnwswtp' 10,
huly pniubpkb Jud wigbpki hikm ghypmy® Times New Roman nwnwinbuwlyny, wunwswihp 11:

2.@nph Ytpth dwp wulniund gpynud E hwdwyhunwih nmwubnppujut pupuluthop’
nbpunhtt hwdwyuinwupiub 1Eqyny (28%, YAK, UDC), hwgnpn nnh Yhinpnunud® qjluminwunkpny
htnhtwy(utkp)h wijui-hwjpuidui uljqpiwwnwuntpp b wqquuniu(ukp)p' bold, 10 mwnwswthny
huytipbt, wugbpbi b powubpbt mbpunbph phwpmd: Znnjwsh Ykptwghpp wipynud t hinhuwlh
wqquinjubip hwgnpynn winnh Yeinpnimu® bold, wipnnontpjuip qjuunwnkpnyd’ 10 tunwswthny
huwytipb, wigbpkh b pniubpbt wkpuntph nhypnud:

3. umnipp ujuynid E wdthnthnudng (winwnwghw) wjt 1kqyny, npny ukpjuyugdus bt Ud-
thnthnidt wjuwpunynd E wpwigpwjhtt punkpny’ wwnwswthp® 9 huybpbit mbkpunh phypnd b 10
wwnwswihng whqkpkl b pniubpkl whpunbph nhwypntd, b dhwgl «Unwigpughtt punbpy wpunwhug-
wnipynip® bold, italic: Unithmhmup whwp E (htih 500 Wthohg ny witih tkpunyu) dhewluwyphpp, wowbg-
pughtt puntipp Yud punwljuyyulgntpmtibpp 4-8 pun:

4. Gpwouunpynd £ ymiph owpunpdwb hbnlyjuy jupgp. «Ukpwsnipniy, npp whwnp
hwdwpnun tkpwnh hwpgh dhdwlp, phduyh wpphwiwinipeniup b hbnwgqnuumpyut tywwnwyp,
«wunph npuspp b dkpnphljuyh hhdtudnpnudpy, «Zknwgnuinmpjut wpyniipubpp», «Gopuilju-
gnipyii, withpudbynn prub nhypnid” twl wy) pudhbibp hudwyunwuhub Jeplugpbpny:

5.Skpuinnid hynudubpp qpuljuiinipubp pdnud ki mpnulymt thuljugstpny: Pubwdlbpp
ubpuyug]mu ku np nnnhg, Equation Editor pwgpny, italic, nupwswithp' 11, wthpudbynnipjut
nhypnid hwdwpuwluwynud G mnnh JEpenud” unynpuljut (Ynp) thwljugsh dke:

6. Vjupubpt nt wnnuuwlubpp hwenpynud i wnbipunnid hwdwywnwupiwt hnnudubpht:
«Ul. » b «Umyniuwlpy puntpp, tjupibph dwujugpnipniip b wpniuwljutph wijuinwdubpp gpgnod
Ll Italic 9 nwnwsuhm] hwjbpbt wkpuinh ghypnid b 10 nupwsuhny whgkpkt b poiubpkh
wnbpuntph nypnid:

7.Skpuwnnht hwyonpnniud £ gpuijuinipyut guyp' 9 wwnwswihny huybpkt mbkpunh nhypnid b
10 wwpwswihng wiqibpkt U pniubpk whpunbph ghypnid, dhwg hinhtwhh wqquibmth m wi]ub-
hwjpuiui ujqpuununtpp’ bold, «Fpujutnipjutt guwul» wpnwhwynnipniip’ wnnh jEunpnund,
qluuinunkpny: Swtlnud gpuljubmipyull pipupwismip wnpmnip hudwpulwpynud k pun inkpunnud
hn hpuwi hEppuluinipyut: Ypulijuinipiut wnpnipubpp Wuppbpuljuwt hpuwnwpwuynieniabkph
nhypnud ubpjuyugynid Eu htnlyjwy jupgny. hinhttwlh wqquintbp, widui-hujpuitdut uyqptunw-
nkpp, YEptiwghpp, hwinbuh witduinudp jud pugnijuws hwywynudp, hpunwpuldwt mwupkphdp,
hunnnph m poquipluwt hwdwpibpp, hippaljut hudwpp, nigph qenbndw tkpp, qpplph ghugpnid’
htinhtwlh wqquiniup, wiqui-hujpuwiqut ujqpiwnwntpp, Jeptwghpp, hpunwpuldwi Juypp,
hpwwnwpulysnipniup, pyulwip, kotiph pubwlp:

8. Apuljutinipjut gmuht hwenpynid ko wdthnthnudubpp djniu Eplne (kqniutpny (pt nkpuwnp
huytipku £, wdthnthnudubpp twhe' pnwubpb, wyw® wagibkpk, ek pnwubpkt b, twpe® hugbipbl, wyw®
wlq kpkl, kptk wuqkpku E, twju® hugbipkl, wyw® pnwubpk): Udthndinwdubpp pognp Epkp (Eqniubpnyg
hntug ppyuwiinulnipjudp b wpwigpuyht puntpny whwp k1hubkh tnyuwlwi:

9. Stpuinp unnpuigpynud k hinhily(ukp)h Ynnuhg, tognud £ igmpp fadpugpnnipni hwtdibine
wduwphyp: Skpunh fdpugpqus b uppugpyus mwppbpuljp hwdwdwyitgynud Ehtnhtwl(ukp)h htwn:

10. Zknhtwy(ukp)t wewtdht bony ubkpljuyuginud b (1) wqquinil, winil, hwjpwbnibp
(Ipp), wphmwnwjuyph, umnpbint quyph iphy widuinudp, qpunkgpus ywpwnnbp, ghnwlub wunh-
Lulp, hinwinuwhwdwpubpp (wputwnwipuyhly, b b peguyhin):
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MPABUJIA O®OPMJIEHUS CTATEN

Marepuan npejcTaBsieTcs B peJaKLiMI0 B COOTBETCTBUH CO CJeAYOLUMU NpaBUIaMU:

1. Cratpst B IBYX 3K3eMInIsipax u ¢aitn crareu B ¢popmate Microsoft Office Word. O6vem cratbu
HE JOJDKeH mpeBblmats 10 cTpanun, o0beM coobmeHuit — 1o 4-x crpaHun. dopmar crpaHums! — A4.
Pabouee mose: Top — S5cm, Bottom — 4,75cm, Left — 6,2cm, Right — 1,8cm, Footer — 4,5cm, MexxcTpouHbIi
untepsan (Line spacing) — 1,15, kpachas crpoka (First line) — lcm. Jlnst craTbu, HamucaHHO#M Ha
apMsIHCKOM si3bIke, mpumensiercs: mpudt Sylfaen (pasmep mpudra - 10), a Ha pyccKOM M aHIJIHIICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBOoM BepXHEM YIJIy IEPBOrO JIMCTa yKa3blBACTCS YHHBEPCAJIbHBIM JIECSITHYHBINA KiacCH(H-
karop (2SS, YK, UDC); crpokoii Hinke - nannuans! (M.0.) u damunus - 3arnaBHeMEA OyKBaMu, mWpHOT
Bold, pasmep 10 — Ha apm., pyc. ¥ aHIUL s13., BRIPABHUBAHUE 10 LIEHTPY; CTPOKO# HIDKE MO HIEHTPY YKa3bIBACTCSI
Ha3BaHME CTaThbU — 3aryiaBHbIMU OykBamu, mipudT Bold, pasmep 10 — Ha apMm., pyc. U aHIJI. 53.

3.Marepuall TeKCTa HAYMHAETCS C AHHOTALMM W MPEJCTAaBISCTCS HA TOM sI3bIKE, HA KOTOPOM
HaIMCaHa CTaThs. TEKCT aHHOTALMM JIOJDKEH COCTOSTH He Oosiee yeM m3 500 3HAKOB, BKIFOUasi MPOOEIBI.
INocne aHHOTAIMY MHIIYTCS KIIOYEBBIE CIIOBA — OT 4-X 10 8-M CJIOB WK cioBocoveTaHuil. Pasmep Tekcra
AHHOTAIlMM M KIIIOYEBBIX CIOB 9 — Ha apm.sa3., 10 — Ha pyc. m aHri. s3., cioBocoueTanue “Knrouesvie
cnoea” - Bold, italic.

4.PekOMEHyeTCs CIIeIYIOIIMIA MOPSI0OK HM3JI0KCHUsI MaTepuaia CTaThbU: BBEJICHHE, B KOTOPOM
JIOJDKHBI OBITH KPaTKO TMpPEACTABICHBI COCTOSHHE BOIMpPOCA, AKTYyalbHOCTh TEMbI M LeNIb MCCIICAOBAHHMS;
MOCTaHOBKA 3aJa4d M OOOCHOBAaHHE METOAMKH; PEe3YJIbTAaThl HCCIIENOBAHUS; 3aKIOueHHe (9TH, a Npu
HEOOXOJUMOCTH, U APYTHE pa3Jeibl JOJDKHBI HMETh COOTBETCTBYIOIHE 3ar0JIOBKH).

5. CchUIKM Ha JIUTEpaTypy B TEKCTE NAIOTCS B KBAJPATHBIX CKOOKaX. POpMyIbl 1 MaTeMaTHYECKHE
BBIpakeHHs1 Habuparotcsi pepakropom Microsoft Equation, italic, pasmep — 11. ®opmynbsl HabuparoTes ¢
HOBOH CTpPOKH, BBIpaBHHBaHHE MO IeHTpY. [Ipu HeoOxomumocTH, ux Hymepyror. Homep ¢opmyiist
pacroniaraercsi B KOHIIE CTPOKH, B KPYIJIBIX CKOOKax.

6. PucyHKH 1 TabNHIIBI PACIIONAraroTCs B TEKCTE 10 X0y CChUIKU Ha HUX. CnoBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUS PUCYHKOB W TabOiuil nuiytes italic, pasmep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIIL. 5I3.

7.B KOHIIE CTaThH JAaeTCsl CHHCOK JIUTEpaTyphl: pasmep 9 — Ha apm.s3., 10 — Ha pyc. U aHrIL. 3.
CinoBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B [EHTPE CTPOKHU 3arjaBHBIMU OyKBaMH,
Bold. IlutupoBanHas nuTepaTypa HyMepyeTcsi B MOpPSAKE CCHUIKM Ha Hee B TekcTe. Kaxapli MCTOYHUK
MIPE/ICTABIISIETCS B CICAYIOLIEM MOPSAKE: B CIyyae CChUIKM Ha CTaThIO M3 )KypHANa: (haMuiius, HHUIHATIBI
HN.0O. - Bold, Ha3BaHue cTaTbu, Ha3BaHHUE JKypHAaJa, MECTO U3/IaHUs, TOJ] U3JJaHHs, TOM M HOMEp U3/1aHusl, C
KaKkoH MO KaKylo CTPaHHMIIbI 3aHHMAeT CTaThsi B 3TOM JKypHAJle; B CIydyae CChbUIKM Ha KHUTY: (amuius,
uHuuaapl M.0., Ha3BaHWE KHUIHM, MECTO H3/aHMs, Ha3BaHWE H3JaTelIbCTBA, O] H3JaHMs, ollIee
KOJIMYECTBO CTPAHHMIL.

8.Ilocne nuTEepaTypbl MPEACTABISIIOTCS AHHOTALMKM BMECTE€ C KJIIOYEBBIMH CIIOBAaMH Ha JBYX
Ipyrux s3plkax. Ecnm cTaThs HamucaHa Ha apMsSHCKOM S3bIKE, TO CHayasia JaeTCs aHHOTAlUs Ha PYCCKOM
A3bIKE, 3aT€M Ha aHMIMHCKOM; €CJIM HAIlMCaHa Ha PYCCKOM SI3bIKE — COOTBETCTBEHHO HA ApPMSHCKOM U
AHMIMHCKOM, a €CIIM Ha aHIVIMHCKOM — COOTBETCTBEHHO Ha apMSIHCKOM M PyCCKOM si3bikax. ConepiaHue
AHHOTALUI ¥ KJIIOUEBbIE CJI0BA IOJDKHBI OBITh HA TPEX S3bIKAX OJMHAKOBBIMH.

9. CraTpg MOANHCHIBACTCS aBTOPOM (aBTopaMu). B KoHme cTtathm craBUTCS naTa (YUCIIO, MecAl,
roj) mpencTaBiieHus: cTaTbi. OTpeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIM BapHaHT PYKOIHCH COTIIACOBBI-
BAaeTCsl C aBTOPOM (aBTOpaMH).

10. Ha otnmenbHO# cTpaHuile HEOOXOAUMO MPEACTABUTH CIISAYIOIIHE aBTOPCKHE MaHHbIe: (amuus,
UM, OTYECTBO; IMOJHOE HAaMMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMas MOJDKHOCTb, ydeHas
CTEINEeHb U 3BaHKe; HoMepa Tele(hOHOB (CITy>KeOHbIN, JOMAIIHUHA, MOOUIIBHBIH).
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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 — S5cm, Bottom — 4.75 cm, Left — 6.2 cm, Right — 1.8 cm, Footer — 4.5 cm, Line-
spacing — 1.15 cm, the first line — 1 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 (287, YK, 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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