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PaCCMOTpSHLI 0a30BbIe IIPUHIUIIBI CO3aHUA, aPXUTEKTYPHBIC, CXEMOTEXHHUYECCKUEC U KOHCTPYKTUBHO-TOIMIOJOTMYECKUEC

0CcO0eHHOCTU paanannoHHO-cToiKuX CD-610K0B O3Y M perucTpoBbix GhaitjoB ajs ucnojb3oBanus B cocrae CBUC

THUIIA «CUCTEMA HAa KPUCTAJIJIE». C(I)OpMyJII/I];)OBaHbI OCHOBHBIC Tpe60BaHI/IH I IPOrpaMMHBIX CPEACTB CUHTE3a U KOMITH-

JISIIMU, Ha OCHOBE KOTOPBIX pa3paboTaHbl KOMNUIAATOpbl CD-610K0B O3Y.
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The paper considers the basic principles of SRAM and register files IP-blocks creation, its architectural, schematic and

topological features of radiation-hardening-by-design for the use in the system-on-chip. The main requirements for synthesis

and compilation software have been formulated. SRAM IP-blocks compilers have been developed on this basis.
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BBEAEHUE
Mapmipyt npoektupoBanuss CBUC Tuna «cucteMa Ha KpucTasie»
(CHK) cTanmapTu3upoBaH 1 OCHOBBIBAeTCS Ha IPUMEHEHU U OUGIM-
OTeK JIOTUUECKHUX DJIEMEHTOB B 3aJaHHOM TEXHOJIOTMYECKUM Oa3uce
¥ coXHO-DyHKIMOoHaNbHBIX (C®D) 6J10KOB, KOTOPbIE MOTYT OBITh
OMMUCaHbl HA A3bIKE BHICOKOTO ypoBH# (Soft) 1ubo mpeacTtaBiaeHbI
B BUJie Jlornuyeckoit cxembl (Firm) wiau Tonosoruu (Hard) [1].
CroxHo-dyHkinoHaabpHble (CP) 610ku O3V SIBASIOTCS OTHUMK
13 OCHOBHBIX U 00s13aTe1bHbIX 0s10KoB CBC CHK. O6Bbem namsitu
B coBpeMeHHBbIX HaHOMeTpoBbIX CBUC CHK mocTosiHHO pac-
TeT W B HacTosimiee BpeMs nocturaet 70—90 % momany ux siapa.
Hanpuwmep, B panuanmnonHo-ctoiikux (PC) CbBUC CuK pa3paboTtku
AO HITL «3JIBUC» curHanbHOro Mukpormpoueccopa 1892BM8s
(250 M, 30 MJIH TPaH3UCTOPOB) U MHOIOKaHaJbHOTO agarTepa
1892X 14D (180 um, 50 maH TpaH3uctopoB) CP-610KM MaMsITU pas-
JIMYHOTO THUIAa 3aHUMAIOT COOTBETCTBEHHO 57 % u 76 % nuoiiaan
snpa CBUC (puc. 1). [TooTomy Haubosee BaXHbIe MOTPEOUTENb-
CKME U TeXHUYECKHE XapaKTepUCTUKH, TaKMe KaK BbIXOJ TOAHBIX,
OplcTpoleiicTBME U MOTpedisieMast MOLIHOCTh, a TaKXe pajgualu-
oHHas croiikocTh (PC), npu 3a1aHHOM YPOBHE TEXHOJIOTMU 3aBUCST
OT UCITOJIb3YEMBIX TIPU UX MTPOCKTUPOBAHUN aPXUTEKTYPHBIX, CXE-
MOTEXHUUYECKUX U KOHCTPYKTUBHO-TOTIOJIOTUYECKUX PEIICHUI [2].
AKTyaJbHOI 3amaueit B o0nactu pa3zpaborku CP-610k0B O3Y
SIBJISIETCSI TPOGIeMa TMOBBIIIEHUST HAIEXKHOCTHU U BBIXOAA TOIHBIX
TMPU YMEHBIUIEHU U MPOEKTHBIX HOPM, B TOM YHUCJIE B YCIOBUSIX BO3-

NEecTBUS crielnanbHbIX (hakTopoB. JlaHHas mpobiiema 00ycioBIeHa

YMEHbIIIEHNEM T€OMETPUUECKUX PA3MEPOB MPUOOPOB U yCUICHUEM
BJAMSHUS BapyualMii TEXHOJOTUYECKUX MapaMeTPOB U BHELTHUX BO3-
NEeHCTBYIOIMX (haKTOPOB Ha MX DJEKTPUUYECKUE XapaKTEPUCTUKH.

Amnanus ocodbenHocreit kKommepueckux CD-610k08 O3Y nmomor
BBISIBUTH PSIJ HEIOCTATKOB B TEXHUUYECKUX PEIICHUSIX, KOTOPbIE
He MO3BOJISIIOT MOJYYUTh TPeOyeMblii yPOBEHb PaIuallMOHHOM CTOM-
koctu CBUC mig a3poKocCMUYeCKUX TPUMEHEHU M, B YaCTHOCTHU
0 c60CYCTONYNBOCTU M CTOUKOCTU K TUPUCTOPHOMY d(DdeKTy rpu
BoszeiicTBuu TsiKeabix yactuil (TY). DkcnepuMeHTalIbHbBIC UCCIC-
noBaHus paga CBUC, pazpabortanHbix o KMOII-TexHomorusIM
00bEMHOr0 KPEMHU S C UCTIONIb30BAHUEM TaKUX OJOKOB MaMsITH,
TMOATBEPAUIU UX HU3KYIO PaLHMALMOHHYIO CTOIKOCTh IO BCEM paau-
AUMOHHBIM (hakTOpaM.

Wmeromuecs B HacTosIIee BpeMsl pe3yIbTaThl UCCIeTOBAHU I
tecToBbIX KpucTaysioB 1 CBUC, a Takxxe nHbOpMaIus u3 orede-
CTBEHHOI1 1 3apy0exXHOI TUTEePaTyphl TO3BOJUIIN CO3AATh EANHYIO
METOIOJIOTUIO PAANAIIMOHHO-CTOHKOTO MpoeKTupoBanust CP-610k0B
O3Y u anantuposars ee a1 KMOII-TexHo10rnit 00 beMHOTO KpeM-
Hus ypoBHeit 250 um, 180 HM u 90 HM. C ucnoab30BaHUEM TaHHOM
METOJI0JIOTUU 1O COOTBETCTBYIOLIMM TEXHOJOIUSIM pa3paboTaHbl
napaMmerpusyembie CD-610KM 01HO- 1 ABYXITOpTOBbIX O3Y 1 peru-
cTpoBbIX GaitioB (nanee — CD-60ku O3Y) ¢ MOBBIIIEHHBIM YPOB-
HeM HaJIeXHOCTU M panualmoHHON cToiikocTu. B Ta6i. | mpuse-
TIEHBI OCHOBHBIC 2JIEKTPUUYECKIE TTapaMeTPhl Pa3paboTaHHBIX OJIOKOB.
[MTapameTpbl paAnallMOHHON CTOMKOCTHU 0JIOKOB COOTBETCTBYIOT Tpe-
OGoBaHUSM, IpeabsaBiasieMbiM K DK B 1 annapatype, paboTaroniei npu
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Puc. 1. Tonoaoeuu CBHUC CuK: a) 1892BMS8, 6) 1892X/[4D
Fig. 1. VLSI SoC layouts: a) 1§892VMS8YA; b) 1892HD4F
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BO3ICHCTBUY YPOBHEW paauainy, XapaKTEPHBIX TSI KOCMUYECKUX
armaparoB, aBUAIIMOHHOW TEXHUKU U APYTUX IPUMEHEHUIA.

B nanHOI paboTe paccMaTPUBAIOTCS OCHOBHBIE aPXUTEKTYPHBIE,
CXEMOTEXHUYECKHE U KOHCTPYKTHUBHO-TOMOJIOTUYECKUE METObI
npoektupoBaHus CP-6;10k0B O3Y, mospossoine pa3pabaTbiBaTh
KOHKYypeHTocnocoOHble CHK 1o 1ocTymHbBIM 6a30BbIM TEXHOJOTUSIM
00BEMHOI0 KPEeMHUSI.

APXUTEKTYPHBIE OCOBEHHOCTH C®-BAOKOB O3y
Paspab6oranubsie CP-6s10k1u O3Y UMEIOT CIIeAYIONINEe apXUTEKTYP-
HbIE OCOOCHHOCTH.

1) Ucnosib30BaHKe MMIYJIbCHOTO 00paIeHHs] K HAKONMUTEJI0, NPU
KOTOPOM BBIOOD HYKHO¥ STY€iiKU MPOUCXOJNUT M0 AKTHBHOMY Nepenany
BHYTPEHHEr0 KPATKOBPEMEHHOT0 HMITYJIbCA

Ipu 5TOM 1JIs1 COXpaHEHU ST CYMTAHHOU MHMDOPMALIMU UCTIOTb-
3YIOTCSI BBIXOJHBIE aCUHXPOHHbIE PETUCTPhI-3alieaku. JJaHHBI

MPUHILIKT MMO3BOJIIET YMEHBIIUTD MOTPEOISIEMYIO MOLIIHOCTh, 00Y-
CJIOBJICHHYIO MPOTEKaHUEM TOKa Yepe3 TPaAaH3UCTOPBI CBSI3U siueeK
MaMsITU BBIOPaHHOM CTPOKU, a TAKK€ YMEHBIIUTh MOITHOCTD, CBSI3aH-
HYIO C Mepe3apsiioM pa3psiAHbIX IKUH. [Ipy 9TOM yMeHbIIAeTCs A1~
TEJIBHOCTD NMPeObIBAaHUS SiU€eK B aKTUBHOM COCTOSIHUM, B KOTOPOM
OHU UMEIOT MOHUKEHHYIO OMEXOYCTOMYUBOCTD, B PE3YJILTATE YETO
YMEHbIIAETCSI BEPOSITHOCTh cO0eB HakornuTe . CTpyKTypHasi cxema
0J10Ka IpeIcTaBlieHa Ha pUc. 2 Ha ITpuMepe ogHonopToBoro O3Y.
Hakonurtens CD-610Ka pa3nesieH Ha HAKOMUTEIW ISl MJal-
WX W CTAapIInuX pa3psinoB. Kaxkablit pa3psia MpenctaBisieT co0oi
MOZYJIb, CONlepXKAIlMit HAKOTIUTEb pa3psiga, GopMUPOBATEIUN CUT-
HaJia BBIOOPKHY CTOJIOIA, YCUTTUTE b CYUTHIBAHU S U ApaiiBep 3auCu.
YrpaBiieHUe MOLYJSIMM pacliojiaraeTcsl B LIEHTPaJbHOM 4acTU
C®d-6710Ka, B KOTOPO TaKxXe HaXoAsTCsd GOopMUpPOBATEIU CUT-
HaJla BBIOOPKY CTPOKU U AetindpaTopbl CTPOK U cTosiOHOB. Pa3pa-
6oTaHHbI CD-0JI0K SABASIETCS CHHXPOHHBIM M CONEPKUT BXOIHBIC

INTRODUCTION

The design flow of VLSI SoCs is standardized
[1] and based on using standard cell librar-
ies of the specified technology basic set and
IP-blocks which can be defined by means
of a high-level language (“Soft”) or presented
in the form of a logic scheme (“Firm”) or
a topology (“Hard”).

SRAM IP-blocks constitute a basic and
essential part of VLSI SoCs [2]. The mem-
ory capacity of present-day nanometer VLSI
SoCs has been increasing and now accounts
for 70—90 % of their core area. For instance,
IP-blocks of various memory types take 57 %
and 76 % of the core area of 1892VMS8YA sig-
nal microprocessor (250 nm, 30 mln transis-
tors) and 1892HD4F multichannel adapter
(180 nm, 50 mln transistors), designed

by R&D Center “ELVEES?”, respectively
(Fig. 1). Both VLSI SoCs are radiation hard-
ened. Therefore the most important con-
sumer and technical characteristics such
asyield, operating speed, power consumption
and radiation hardness at a given technol-
ogy node depend on architectural, schematic,
constructive and topological solutions chosen
at the design level.

The problem of reliability and yield
enhancement in the context of reduction
in design rules and exposure to special effects
is a relevant task in the field of SRAM IP-
block development. The problem results from
reduction in device dimensions and growing
influence of varying technology parameters
and exposure factors on the electrical perfor-
mance of the devices.

The features analysis of standard com-
mercial SRAM IP-blocks has revealed a range
of limitations of technical solutions which con-
strain the required level of radiation hardness
of VLSI for aerospace applications, in partic-
ular regarding failure tolerance and latch-up
effect tolerance on exposure to heavy particles.
The experimental research of some VLSI ICs
with such SRAM blocks developed using bulk
silicon CMOS technologies has confirmed their
low radiation hardness over all radiation factors.

The up-to-date research results of test chips
and VLSI as well as information from Russian
and foreign sources have allowed a common
design methodology for SRAM IP-blocks radi-
ation-hardening and its adaptation to CMOS
bulk silicon technologies of 250 nm, 180 nm and
90 nm technology nodes. This methodology
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Tabauua 1. Pazpabomannsie CP-610ku O3Y no ob6semuoim KMOIT-mexnonroeusm
Table 1. The SRAM IP-blocks developed according to bulk CMOS technologies

Kou-Bo
CJIOB
Number
of words

IIpoexTHas
HOpMa, HM Tun O3Y

RAM type

Technology
node, nm

PaspsaaHocTs
Digit capacity

MouHoCTh
HA MaKC.
yactoTe , MBT
Power at the
highest fre-
quency’, mW

Bpems
BbIOOPKH Iaomanp,
HC MM’
Access Area, mm’
time’, ns

BricTpoaeiicTBue,
MTI'n
Operating speed,
MHz

OnHOMopTOBOE 1,248
Singlo-port 1024, 2048 6,7,20,32 100 <29 2Kx32) <39
JIByXIIOPTOBOE 1,910
250 Double port 2048, 4096 7,8,32 100 <31 2Kx32) <68
PerﬂlgTPQBbfﬁ b 256 12 100 29 0,174 14
egister file
s 642048 4-16 200 <20 0,118 <18
Single-port
180 Ao 1282048 4-16 200 <27 0,207 <37
Double-port
Per“lng.oB“f% el 16, 256 12,32 200 <18 0,095 <28
egister file
OnxoropToBoe 64—4096 4-40 500 <15 0,295 <29
Single-port
90 Hgy"“"pTOB"e 64—4096 4-40 500 <18 0,417 <33
ouble-port
LErIEmp et SR | o) /g 4-40 500 <18 0,417 <3
Register file

* [Ipy HOPMaJIBHBIX YCIOBUSIX GYHKLIMOHUPOBaHU s 6J10Ka ¢ MAaKCUMaIbHOI MHGOPMAIIMOHHOM eMKOCTBIO Ha eMKOCTb Harpy3ku 0,2 nd.
* Under normal operating conditions of a block with the maximum information handling capacity per load capacitance of 0.2 pF.

3alleJK1 Ha yIpaBisollMX BXoIaxX. AHAJOTMUHYIO CTPYKTYPHY IO
cXeMy UMeEIOT pa3paboTaHHblie 6J10KM AByXnmopTtoBoro O3V u peru-
CTpOBBIC (Daiiibl.

2) Vcnosb3oBaHWe NPUHIUNA PABHOYIAJEHHOCTH OJHOAIPECHBIX
CTOJIOIOB CMEXKHBIX Pa3PsI0B HAKOMUTEJISI, NP PeaIU3ANUU KOTOPOTO
CTOJIONBI C OOLIMM a7IPECOM CMEKHBIX Pa3PsiI0B OKA3bIBAIOTCS HA PaB-
HOM PaCCTOSIHMM JPYT OT apyra (puc. 3)

B aToM ciyuae Tsakenas yacTuliia IJisl TOTO, YTOOBI BBI3BATh COOI
n-if KpaTHOCTH B CJIOBE, JOJI)KHA TTPOMTU BAOJb CTPOKM HAKOMUTE S

rne Wy, — WIMPUHA OAHOTO pa3psijia MaTPUILIbl MaMsATH, ONpe-
nejasieMasi Kak LIMPUHA OJHOTrO CTOJOLA, UM STYeH KU MaMsITH,
YMHOXEHHas Ha KOA(MOUIIUEHT MYJIbTUTIIIEKCUPOBAHU S CTOJIOLOB
B OTHOM paspsne. JlaHHbI KoadbUuLMeHT npu pa3padoTke BIOU-
paeTcst He MeHbIlle 8 UCXOAsI U3 pacueToB 3P PEeKTUBHON TUHBI
TpekKa YaCTHIIBI.

B ciyuae xorma yacTuila mepecekaeT Ha CBOEM MYTH Aettudpa-
TOP CTPOK, KOTOPBII1 OOBIYHO PACIIOIaTaeTCsI B IIEHTPE HAKOMUTE S,
IUIMHA TIyTU L, yBEIMYNBAETCA Ha INMPUHY demndparopa Wy, TO

MyTb, PaBHBII

has been used to develop parametrizable 1P-
blocks of single- and dual port SRAMs and
register files (hereinafter referred to as SRAM
IP-blocks) with advanced reliability and radi-
ation hardness. Table 1 shows the key electri-
cal characteristics of the developed IP-blocks.
The radiation hardness characteristics comply
with the requirements for electronic component
base and equipment operating under exposure
to the levels of radiation typical of spacecraft,
aircraft equipment and other applications.
This paper considers the basic architectural,
schematic, constructive and topological meth-
ods of designing SRAM IP-blocks allowing the
development of competitive SoCs based on cost

effective basic bulk silicon technologies.

€CTh

ARCHITECTURAL FEATURES

OF SRAM IP-BLOCKS

The main architectural features of the devel-
oped SRAM IP-blocks are described below.

1. Using impulse access to the memory array
whereby a particular memory cell is selected
by active internal short impulse transition.
Herewith output asynchronous latch registers
are used to store the read information. This
approach allows reducing the power consumed
while the current flows through the coupled
transistors of memory cells of the selected row
as well as in the power consumed when the bit
lines are recharging. If this occurs, the cells are
in the active state, when they are less noise tol-
erant, for a shorter time, which leads to lower

L,=n Wesp T Wik

failure probability of the memory array. Fig-
ure 2 shows the structural scheme of the block
exemplified by a single-port SRAM.

The memory array of the IP-block
is divided into arrays for least significant
and most significant bits. Each bit is made
as a module containing a bit memory array,
column access drivers, a sense amplifier and
a record driver. The control logic is located
in the centre of the IP-block as well as the row
access drivers and row and column decod-
ers. The developed IP-block is a synchronous
one and contains input latches at the control
inputs. The developed blocks of a double-port
SRAM and register files have a similar struc-
tural scheme.
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Honoeuu 90 um

Fig. 2. The structural scheme of 1P-blocks of a single-port SRAM based
on 90 nm technology

B ocTanbHBIX cydassX CTOJOIBI CMEXHBIX Pa3psiTOB OKa3bIBa-
I0TCSI B HETIOCPENCTBEHHOM OJIM30CTH APYT OT APYTa, YTO IPUBOIUT
K TIOSIBJIECHM IO MHOTOKPATHBIX OIIMOOK B OMHOM CJIOBE MpU Momaia-
HUU TSKETON YaCTULIbI.

3) Illupokuii 1MANA30H BHIOOPA YKMCJA CJOB M Pa3PAIAHOCTH
C orpaHMYeHHMeM MaKCHMAaJbHOI HH(OPMALMOHHOI eMKOCTH 0J10Ka
He Oouee 64 Kour

WccnenoBaHust mokas3ajgu, 4TO MpU OGOJIbIIEM pa3mepe 0JIoKa
CYIIECTBEHHO YBEJIMUUBACTCS eMKOCTD Pa3pSIAHBIX IIUH, YTO MPU-
BOJIMT K 3HAUUTEIBbHOMY YBEJIUUYCHUIO MTOTPEOISIEMO MOIITHOCTHU
U MTUKOBBIX TOKOB, 3aMEIIJIECHUIO CKOPOCTH Tepe3apsiia pa3psaiHbIX
LIWH, a CJIeN0BaTeNbHO, YXYAIIAI0TCS U MapaMeTPhl ObICTPONEHCTBUS
6J10K0B. JIpyroii TpUYMHOI OrpaHNYeHUsI UHHOPMALIMOHHOIT eMKO-
cTH 6JI0Ka SIBISIOTCS €r0 reOMeTPUUECKIe pa3Mepbl, U3-3a YBeJIH-
YeHMsI KOTOPbIX BO3HUKAET HEOOXOAMMOCTb UCMOJAb30BaAHUSI OOIb-
LIETo KOJMYEeCTBa METAJIJIOB B OJI0Ke J1JIsI CHUXEHMSI COMPOTUBJICHU I
MO IIMHAM MUTAHUS U 36MJIM U YMEHBIIEHMSI TEM CaMbIM MTPOCATOK

I/ISAEAI/U[ MHUKPO- 1 OIITOOAEKTPOHUKU OBIIETO
N CIIEITMAABHOI'O HASHAYEHUA
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Puc. 3. llpunyun pasenoydasennocmu cmoaby08, OMHOCAUUXCS K 00U~
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Fig. 3. The principle of equidistance of the columns with a generic address
in the adjacent bits.

MO HANpsI’KEHUIO Ha COOTBETCTBYIOUIMX IMHaX. B paspaboran-
HBIX OJIOKAX UCITOJIb3YeTCsl UEThIPE YPOBHST METAIIU3ALNU, TPUIEM
B 0J10KaX 110 TeXHOJOruu 90 HM UMeeTCs BO3MOXHOCTb IMPOTpaMMU-
pPOBaHUsI KOJIMYECTBA IIIMH Hall HakomuTeaeM. [1pu GoJibiieM Koiu-
4YeCTBE METAJIJIOB M3-3a YCIOXHEHU ST TPAaCCUPOBKHU OJIOKOB CyIIe-
CTBEHHO yBeauuuBaetcs miomanb CHK.

CXEMOTEXHUNYECKHWE OCOBEHHOCTH
CP-BAOKOB 03V

K cxemorexHudyeckum ocobeHHocTsIM CD-610K0B O3Y MOXKHO
OTHECTH CJIeyIolIIee.

1) IIpumMeHeHUe CHHXPOHHBIX ycuauTeeit cuuroiBanus (YC)

Bnaronapst MCronb30BaHUIO MOIOKUTETbHOI 0OPATHOM CBSI3U CUH-
xpoHHble YC obecreuyunBaloT nojHoe npeodpazoBaHue auddepeHn-
aJIbHOTO BXOJTHOTO CUTHAJIa MaJIOW aMTUTMTYIbI B IIU(POBOIL C UCTIONb-
30BaHMeM oqHOro Kackaaa. Kpome Toro cunxponusie YC, 1o cpaBHe-
HUIO C ACMHXPOHHBIMU, HE UMEIOT CKBO3HBIX TOKOB, HE MMEIOT «JIpe-
0e3ra» MepeKkJTI0UYCHNST U MEHee YyBCTBUTEIbHBI K ITOMEXaM 110 ITMHAM
nutaHus v 3eman. Cuaxponubsie YC mociie nepeKkioueH s IepexosiT
B PEXUM OXUIAHUS, B KOTOPOM OHU HEUYBCTBUTEIbHBI K BXOMHOMY
CUTHAJIy U UMEIOT MOBBIIIIEHHY0 CO0eyCTONYNBOCTb.

2) Hcnonb3oBaHue MeNeii-dMYIsATOPOB PAa3pSAAHBIX U aJPeCHBIX
muH («PUKTHBHBIX» PA3PSATHBIX M AJPECHBIX HIMH) AJIsi CHHXPOHHU3A-
UM YCHJINTEIeil B 1eJsIX ABTOMATHYECKOr0 Y4eTa TEXHOJIOTHYECKOro
pa3dpoca napamMeTpoB npu (hOpMUPOBAHMHM 3a1€PKKH BKIwYeHus YC

2. Using the principle of equidistance
of single-address columns of adjacent memory
array bits whereby the columns with the generic
address of adjacent bits are located at an equal
distance from each other (Fig. 3). In this case,
to cause a multiple bit upset with multiplicity n
in a word, a heavy particle has to travel along
the memory array row a distance of

L,=nW,, o

where W, is the width of one memory array
bit defined as the width of one column, or
memory cell, multiplied by the multiplex-
ing ratio of columns in one bit. This ratio
is chosen in the process of development and

it should be higher than 8 depending on the
effective particle track length calculations.
When a particle goes through a row
decoder which is normally located in the cen-
tre of the memory array, the path length L,
increases by W, decoder width, that is

L,=n W+ W, (2

Otherwise the columns of adjacent bits are
very close to each other, which causes multi-
ple errors in one word when a heavy particle
enters it.

3. A wide selection of word count and bit
count coupled with limiting the maximum
information capacity of the block to 64 kbit.

The research has shown that a bigger block
size translates into a higher bit-line capaci-
tance, which causes a significant rise in power
consumption and peak currents and a reduc-
tion of bit-line recharge speed. Consequently,
the IP-block operating speed performance
degrades. Another reason for limiting the infor-
mation capacity of the block is its physical
dimensions. Scaling up would necessitate using
more metal in the block to lower power and
grounding rail resistance and hereby reducing
the corresponding voltage slumps. The devel-
oped 250 nm and 180 nm blocks use three levels
of metallization; the 90 nm block uses four levels
with a capability of programming the number

of bit lines above the memory array. Using more
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Tabauya 2. BausHue napamempos 102u4ecKoli yenu Ha cmoikocmes
K 603HUKHO8eHUI 3¢ppexma SET
Table 2. The influence of logic circuit parameters on the SET effect

tolerance

1 1 1 1 1

2 2 1 1,34 1,10
3 4 1 2,15 1,25
4 1 2 0,92 2,15
5 2 2 1,30 2,34
6 4 2 2,12 2,69
7 1 4 0,88 7,84
8 2 4 1,28 8,28
9 4 4 2,11 8,91

[l onpeneseHU sl MOMEHTa CUHXPOHU3AL MK YCUIUTENSI TpUMe-
HsIeTCS METONMKA CTATUCTHYECKOTO pacyeTa KpUTUYECKOTO TpaKTa
CUUTBHIBaHUS 1o MeTony MoHTe-Kapio. Pacyer mo naHHoii MeTo-
NIMKe MO3BOJISET YUECTh TEXHOJIOTMUYECK NI pa3dpoc 1 paccoriacoBa-
HUE MMapaMeTPOB TPAH3UCTOPOB B sTUeiiKe MaMSITH, OMPEAEIISIONINX
BenMUYMHY AuddepeHInantbHOTo HanpsikeHus Ha Bxonax YC, u TpaH-
3ucTOopoB B YC, onpenensomux 3HadeHue YyBCTBUTEIbHOCTH YCHU-
nutens. [TockonbKy 06beM naMsTu B pazpadbarsiBaeMbix CHK MoxeT
JIOCTUTATh HECKOJbKHUX MErabut, HEOOXOAUM Y4eT pa3opoCcoB napame-
TPOB TPAH3UCTOPOB 110 65, YTOOBI UCKITIOYUTH BO3SMOXKXHOCTb CHUXKE-
HUSI BBIXOZA TOIHBIX 13-3a (PYHKLMOHAJIbHBIX OTKa30B OJIOKOB MaMSITH.
TIpu HeGOobIIOM 0ObEMe MaMsTH TaKO yueT npuBes Obl K M30bITOY-
HOCTU U O€30CHOBATEJIbHOMY CHUXEHUIO ObICTPOJAEHCTBUS OJOKOB.
[Mostomy Ha ypoBHe CD-6,10K0B, pa3pabOTaHHBIX IO TEXHOJOTUY
90 HM, MTpenycMOTPEeHa BO3MOXHOCTD BBIOOPA 3aepKKHU BKITIOUSHU ST

YC BHEIIHUMHU YIPABASIIOUIMMY CUTHAJIaMU B 3aBUCUMOCTHU OT 00b-
eMa naMsTi Ha KpucTajie. PazHuna Mexay MUHUMAaJIbHBIM U MaKCHU-
MaJIbHBIM 3HaUeHUSIMU 3aiepX KU BKItoueHust YC He npesbiiiaet 10 %
OT BpeMeHHU BBIOOPKHU 6J10Ka ¢ J110001i opraHu3aiiueit 1 mHGopMalmoH-
HOIi eMKOCTbIO.

3) Ucnoab3oBaHue pa3aesibHbIX leNeil 3aNUCH M YTEHHS M0 BHeIll-
HUM Pa3psAHBIM HIMHAM /715l NOBbIMIEHUS ObICTPO/ECTBUS B PeXMMe
YTeHus

TloBbIleHME GBICTPONEHCTBUSI OCTUTAETCS 32 CUET YMEHBIIEHU ST
COOCTBEHHBIX €eMKOCTE! BHEIITHUX Pa3psIAHBIX IIUH CUUTHIBAHU S
Gyraromapst NICKJIIOUEHWIO BIMSTHU ST TPAH3UCTOPOB 3ATTHCH.

4) TlpuMeHeHHe TPAH3HCTOPOB C YBEJMYEHHOU INVPUHOI KaHAJIA
ISl IOBBIMIEHUS] KPUTHYECKOTO 3apsAia B y3JaxX JOrHUYeCKHX Hemnei
U 3aIeNIoK

Cbou B siueiikax maMsiTU, BOZHUKAIOLKME PU MOTaJaHUU TSIXKe-
JIBIX 4acTULl, 9(DHEKTUBHO UCTIPABISIOTCS CPEICTBAMU MTOMEXOY-
CTOMYMBOro KOAMPOBaHMSI Ha CUCTeMHOM ypoBHe. OnHako GyHK-
LIMOHAJbHBI/ cOO0ii MpU MonagaHWM YaCTULBI MOXET BOSHUKHYTb
B paboTe yIpaBJIsIoNIeii JOTUKH, YTO MOXKET MPUBECTH K PA3TUIHBIM
nocnenctBusaM B padote Bceit CHK. BriOop aGCONIOTHBIX U OTHO-
CUTEJBHBIX Pa3MePOB TPAH3UCTOPOB B TOTUUYECKUX IIETISIX UCXOJS
13 TpeOOBaHU IO TOPOrOBOMY 3HAUYEHUIO JIMHEWHBIX TIOTEPhb 9HEP-
ruu (JITID) acdekra sisgercs 3¢hhHEeKTUBHBIM METOIOM MTOIABICHU S
ONMHOYHBIX UMIYyTbcoB HamnpsixkeHuit (SET), Bo3HuKaomux npu
MomnagaHuK YacTULBI B 001aCTU 3aKPBITHIX PN-TIEPEXOA0B.

B Tabu1. 2 mpeacTaBiaeHbl pe3ybTaThl CPAaBHUTEJIBHOTO aHaJIn3a
JIOTMYECKOit 1enu ¢ KoahdUIMeHTOM Harpy3ku M u Koadduiu-
eHToM MolHocTu K, Kackana, Ha KOTOPOM MOJEINPYyeTcs BO3eH-
CTBME TSIKEJOW yacTullbl. Pe3ynbpTaTsl B TabaM1Ie HOPMUPOBAHBI
Ha 3Ha4yeHus, cooTBeTcTBYIoMe uenu ¢ M =1u K, = 1, u ycpen-
HEeHBI UTsI TPOeKTHBIX HOPpM 180 HM, 130 HM 1 90 HM ¢ yueToM K03~
GULMEeHTOB MacIITaOMPOBAHU Sl TApAMETPOB TPAH3UCTOPOB.

W3 moy4yeHHBIX pe3yabTaTOB BUIHO, YTO yBeInYeHHEe KOdDbu-
LIMEeHTa HATPY3KHW IMPU HEM3MEHHBIX pa3zMepax MCXOIHOro Kackaaa

The difference between the minimum and the

metal makes block wiring more complicated,
which makes the SoC area significantly larger.

SCHEMATIC FEATURES OF SRAM
IP-BLOCKS

The schematic features of SRAM IP-blocks
are as follows:

1. Using synchronous sense amplifiers. Due
to positive feedback, synchronous sense ampli-
fiers ensure complete transformation of a differ-
ential input signal of low amplitude into a digi-
tal one using one cascade. Besides, synchronous
sense amplifiers are not susceptible to through
currents or switch bounce and are less sensitive
to noise on power and grounding rails, unlike
the asynchronous ones. The synchronous sense
amplifiers go to the standby mode after switch-
ing, in which they are insensitive to input signals
and have a higher failure tolerance.

2. Using emulator circuits of bit lines
and addressing lines (‘fake’ bit and address-
ing lines) to synchronize amplifiers for auto-
matic parameter tolerance accounting while

forming the on-delay of the sense amplifiers.
The Monte Carlo method of critical read path
statistical calculation is employed to deter-
mine the moment of amplifier synchroniza-
tion. This method takes into account the varia-
tions and mismatch of parameters of transistors
in a memory cell, which determine the differen-
tial voltage at the sense amplifier inputs, as well
as the corresponding values for transistors in the
sense amplifier, which determine the ampli-
fier sensitivity. As far as the memory capacity
of the developed SoCs can be as high as several
megabits, it is necessary to account for transis-
tor parameter tolerance of up to +6c, to elimi-
nate the risk of yield decrease due to functional
failures of memory blocks. Given the memory
capacity is small, such accounting would cause
redundancy and unreasonable decrease in the
operating speed performance of the blocks.
Therefore the 90 nm IP-blocks offer a capa-
bility of choosing the on-delay of the sense
amplifier by means of external control signals
depending on the memory capacity of the chip.

maximum value of on-delay of the sense ampli-
fier does not exceed 10 % of the access time
of a block with any layout and data capacity.

3. Using different circuits for writing and
reading on external bit lines to improve the oper-
ating speed performance in the reading mode.
The improvement in the operating speed per-
formance is provided by means of reducing the
intrinsic capacity of external reading bit lines due
to elimination of influence of writing transistors.

4. Using transistors with a higher channel
width to raise the critical charge in the nodes
and latches of logical circuits.

Failures in memory cells caused by heavy
particles can be effectively eliminated by means
of anti-noise coding on the system level. How-
ever heavy particles may cause functional fail-
ures of control logic, which may affect the whole
SoC functioning. The choice of absolute and
relative dimensions of transistors in logical cir-
cuits based on the requirements for the thresh-

old value of linear energy transfer (LET) of the




CHOCOﬁCTByeT HE3HAUYUTEJIbHOMY BO3pacTa-

HMIO BETMYMHBI KPUTHYECKOTO 3apsina (Qypyr)
1 yXyAauaeT ObicTponeiicTBue uenu (t; —
BpeMs 3alepXKM Kackana). [opasmo 6osee
3 HEeKTUBHBIM OKa3bIBa€TCs MPOMOPLUO-
HaJIbHOE YBeJIUYeHUE BCeX pa3MEPOB TPaH3U-
ctopoB. Tem He MeHee B TpaKTaX CUHXPOHU-
3allMU U YIIPaBIISIOLIei JIOTMKe COBPEMEHHBIX
CBUC KoauuecTBO 3J€MEHTOB, OJHOBpE-
MEHHO MOAKJII0YaeMbIX K OTHOMY KacKauny,
MOXET NOCTUTATh HECKOJBbKHUX IECATKOB.
Tak, Hanpumep, B CD-610kax O3Y Koauue-
CTBO TaKUX 3JIEMEHTOB MPOTMOPLIUOHAIBHO
KOJIMYECTBY CTPOK MM cToJ0110B. Kak mpa-
BUJIO, HATPY304YHbIE KacCKaJbl, Ha KOTOPbIE
rnepenaeTcsi CUrHal, JOJKHBI BHITOTHSTHCS
¢ MUHUMaJbHBIMU MPU 3aJaHHOM YPOBHE
croiikoctu pasMmepamu. [1pu aTom B nepena-
JOIIeM KacKajie clielyeT yCTAaHOBUTD Pa3Mephbl
COOTBETCTBEHHO B M pa3 6oibiie. [Ipy MeHb-
mux pazMepax GpoHT cTaHeT Oojee MOoJIo-
TUM, a B HATPY30UHBIX Kackanax BO3HUKHET
MPOMEXYTOK BPEMEHU, KOTAa 00a TpaH3u-
cTopa B Kackaze OyayT MPUOTKPBITHI U HAYHET
MPOTEKaTh CKBO3HOI TOK. DTOT MPOMEXYTOK
BpEeMEHU OyleT cpaBHUM C AJTUTEIbHOCTbIO
(poHTa MMITY/IbCA TOKA YACTULIBL.

KOHCTPYKTHUBHO-
TOIIOAOTUYECKHNE OCOBEH-
HOCTH AYEEK ITAMSTH AASL
CP-BAOKOB 03Y

OCHOBHBIM 3JIEMEHTOM, OT KOTOPOTO 3aBH-
CSIT MapaMeTpbl pafMalHOHHOMN CTOKOCTH

effect is an effective method of suppression
of single event effects (SET) which arise when
a particle enters the area of closed pn-junctions.

Table 2 lists the results of a comparative
study of a logical circuit with M load fac-
tor and K, power factor of a cascade used
to simulate the influence of a heavy par-
ticle. The results in the table are normal-
ized according to the values corresponding
to a circuit with M = 1 and K, = 1 and are
averaged for 180 nm, 130 nm, 90 nm tech-
nology nodes taking into account transistor
parameter scaling ratios.

The results show that an increase in the
load factor, the dimensions of the initial cas-
cade being the same, leads to a minor increase
in critical charge value and impairs the operat-
ing speed performance of the circuit. Scaling-up
all transistor dimensions proves to be far more
effective. Nevertheless, the number of elements
simultaneously connected to one cascade in syn-
chronization paths and control logic of up-to-
date VLSIs can be as high as several dozen. For
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ala 6|b 6|c

Puc. 4. bazosvie carou mononoeuu 11 6T ¢ n-KanarbHoiMu Mpan3ucmopamu c853u: a) Kommep4e-
ckuil (S), 6, 8) paduayuornro-cmoiikue (RT1, RT2)

Fig. 4. Basic 6T memory cell topology layers with n-channel coupling transistors: a — commercial
(RS); b, ¢ — radiation-hardened (RT, RH)

ala 6|b 6|c

Puc. 5. baszosvie caou mononoeuu A1 8T ¢ p-kanHarbHbLMU MPAH3UCMOPAMU C8A3U: G) KOMMepYe-
ckuli (S), 6, 8) paduayuonno-cmoiikue (RT1, RT2)
Fig. 5. Basic 8T memory cell topology layers with p-channel coupling transistors: a) commercial (RS);

b, ¢) radiation-hardened (RT, RH)

instance, the number of such elements in SRAM
IP-blocks is proportional to the number of rows
or columns. As a rule, the load cascades where
a signal is sent are required to be designed with
the minimum dimensions possible at the given
level of hardness. Having this in mind, the trans-
mitting cascade should have the dimensions M
times as large. With smaller dimensions the front
will become less steep, there will appear a time
interval in the load cascades when both transis-
tors in the cascade are half-open and a through
current will start flowing. This time interval will
be comparable with the impulse front time of the
particle current.

CONSTRUCTIVE AND
TOPOLOGICAL FEATURES

OF MEMORY CELLS FOR SRAM
IP-BLOCKS

The main element determining the radiation
hardness of SRAM IP-blocks is a memory cell.
Various hardware designs and constructive and
topological implementations of CMOS memory

cells for radiation-hardened nanoscale VLSI
SRAMs have been researched [3—7]. There
exists a system of parameters for comparing
and choosing memory cells. The promising
memory cells for these applications are defined.
Figures 4 and 5 show the basic topology layers
of a conventional single-port 6T memory cell
with n-channel coupling transistors and a 8T
memory cell with p-channel coupling transis-
tors implemented in IP-blocks using various
CMOS bulk silicon technologies ranging from
250 nm to 90 nm in commercial and radiation-
hardened versions.
The memory cell topologies are designed
according to radiation hardness categories [8]:
+ RS (Radiation Soft) — standard radia-
tion non-tolerant memory cell susceptible
to latch-up, designed without implement-
ing any radiation-hardening methods;
* RT (Radiation Tolerant) — radiation tol-
erant memory cell, unsusceptible to latch-
up, designed using some radiation-harden-

ing methods;
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CD-6s0koB O3Y, gaBusiercsa siueiika namsatu (S1I1). B [3—7] uccneno-
BaHbI pa3JIMYHbIE BADMAHTHI CXeMOTEXHUYECKOM peannu3auu U KOH-
CTPYKTUBHO-TOMOJOTM4YecKoro ucnoiHeHus KMOII-sueek namst
IUJIs paAualMoHHO-CcTolikuX HaHopa3MepHbix CBUC O3Y. Pazpabo-
TaHa cucTeMa rnapaMeTpoB sl cpaBHeHUs u Bbioopa SAT1. Onpene-
JIEHBI MePCNeKTUBHbIE ISl JaHHBIX TPUMEHEHU I sTUeiiKu maMsITH.

Ha puc. 4 u 5 npuBeneHbl 6a30Bble CIOM TOMOJOTMU KJIaCCUUYECKOMI

omxHomopToBoit 6T STl ¢ n-KaHaJIbHBIMU TPAH3UCTOPAMMU CBSI3U

u 8T ATl ¢ p-KaHaJIbHBIMU TPAH3UCTOPAMU CBSI3U, peaju30BaH-

HbIXx B CD-6510Kax mo paznudHbiM KMOIT-TexHoTor1saM 00beMHOTO

kpemHus1 o1 250 HM 10 90 HM B BapraHTaXxX peaau3aluu JJisi KOMMep-

yeckux u PC-nipuMeHeHUid.

Tormonoruu siaeex MaMsITv BHITIOJTHEHBI B COOTBETCTBUU C KaTEro-
pusiMu cToiikocTu [8]:

+ RS (Radiation Soft) — cTaHmapTHas pagualMOHHO-HECTOWKas
ATI, uyBcTBUTENbHAS K 3D (HEKTY «3alleJKUBaHU», 6€3 UCTTOb-
30BaHMsI METOJOB palUallMOHHO-CTONKOr0o MPOeKTUPOBAHMSI;

« RT (Radiation Tolerant) — paauauuoHHo-croiikas A1, HeuyB-
CcTBUTEJbHAS K 9(DDEKTY «3alleKUBaHUSI», C UCIIOIb30BaAHUEM
METOIIOB PaIUAIIMOHHO-CTOMKOTO MTPOCKTUPOBAHMUSI;

* RH (Radiation Hard) — crieuuanbHbIit Texniporecc (B T.u. KHC,
KHW), orcyrcrBue addekTa «3auieJKuBaHUSI», C UCIOJIb30Ba-
HUEM METOMIOB PaINAlIIOHHO-CTOWKOTO MPOEKTUPOBAHUSI.
Tomonorust PC-BapuaHTOB 37IeMEHTOB MaMSTHU BBITIOTHSETCS

C MPUMEHEHUEM CIEAYIOINX KOHCTPYKTUBHO-TOMOJIOTMYECKHX Mpa-

BUJI IPOEKTUPOBAHUS.

1) Tononoruueckast koHdurypauus SAI1 BoIOMpaeTcst Mo coBO-
KYMHOCTH MapaMeTpoOB TaKoi, YTOObI 00eCIeYuTh BICOKHE MOKa-
3aresu O3Y 1Mo OCHOBHBIM 2JIEKTPUUYECKUM MapaMeTpaM M napa-
MeTpaM paaMallMOHHOI cToiiKocTu. B KauecTBe npumMepa B Tad1. 3
TMpeACTaBIeHbl OCHOBHBIe TapamMeTpbl 6T- u 8§T-siueek, Mo KOTo-
pBIM ocyuiecTBIsiyicss BoIoop stueliku aist CP-6mokoB u CBUC
O3Y no texHoaorusam 180 M n 250 Hm: S; — miomwanb Ha KpU-

CcTalje; 1 — TOK XpaHE€HUH4, MaKCHUMaJbHbIi CKBO3HOW TOK

Oxp
KackKkama Tpurrepa H‘{eﬁKH, BO3HUKAIOWUIU I IIpy nornagaHum TAXKE-
JIOit YacTUIIBI B 00J1aCTh 3aKpPBITOrO TPAH3UCTOPA, tC‘{l) — cOOCTBEH-
HO€ BpEM{ UTEHU A TAaHHBIX; t3]‘ll] — coOCTBEHHOE BpEMs 3aIIUCHU.

ITapameTpsl, xapakTepusylolniue pagrMaluOHHYI0 CTOHKOCTh:

LT = LET,,/100 M3B-cM?>/Mr — mapaMeTp TMPUCTOPHOI 3allUThI
(katacTpoduueckoro orkasza), LT = 1 — tupuctopHsiii apdexr
He nposiBisieTcs (Immune Latch-Up), DT = D /1 Mpan — napametp
N030BO# CTOMKOCTH, Qypyr — 3D hEKTUBHBINA KPUTUUECKUIT 3apsiT
B y3Jie TpUITEpa siueiiku (KOMIUJIEKCHBII apaMeTp cOboeycToiium-
BocTH npu Bo3zzaeiictBuu TY). B mocnenHem crosnbue tabdi. 3 npuse-
neH napameTp Kgpy = Qyppr/ Sy, Xapaktepusylonuit 3¢ GexkTuBHOCTD
MCIOJIb30BaHU S MJIOIIAAY SIYSH KU IS5 TOBBILIEHM ST cO0eyCTOHY M-
BOCTH.

AHau3 pe3yJbTaTOB PacUyeTOB U IKCIIEPUMEHTAJIbHOM OIEHKHU
mapaMeTpoB sTYeeK Ha TECTOBOM KPHCTAJJIe MO3BOJISIET 3aKITIOUYHUTh,
YTO STYEUKHU B MO3ULUSIX 2, 3 11 6 SBJIsIIOTCS Hanbosiee 3 heK TUBHBIMU
IUJTST UCTIONTb30BaHMSI B paiualinoHHO-cToiikux O3Y. Ctatnueckuit TOK
norpebseruss CBUC O3Y ¢ undopmaimoHHoit eMKocThio 4 MOuTa
¢ stueiikoit 6T B BapuaHTe RS mocie o6nyueHust 200 Kpaa COCTaBUT
mnopsiaka 256 MA.

Tlepexon Ha BapuaHT RT MO3BOJUJI YMEHBIIUTD 3TY BEIUYUHY
Ha TPH MOpsIIKa IIEHOU YBeIMUEH U TII0MIaan KpucTaiia Ha 35—40 %.
ITpu 3TOM ObecrieueHa CTOMKOCTb K TUPUCTOPHOMY 3 eKTy.

OfHUM M3 MOAXONOB K BBIOOPY TOMOJOTUYECKON KOH(MUTYpaLlUU
SIBJISICTCST HEOOXOMMMOCTh MAaKCUMAaJTbHOTO Pa3HeCeHMUsT MEXIY OO0
YYBCTBUTEJIBHBIX 00JIaCTEil KaK BHYTPU CAMOI STYSKM, TaK U B CMEX-
HBIX siuelikax HakomuTessl. [TonoGHbIe Mepbl CTAHOBSTCS OoJiee aKTy-
aJTbHBIMU B HAHOMETPOBBIX IMPOEKTHBIX HOPMaX, Tlie KPAaTHOCTh COOEB
moxet gocturathb 10 [9]. [Ipu a3TOM HEOOXOAMMO TaKXkKe CHUZUTD TEMIT
HAKOTUIEHUsI OMMHOYHBIX CO0EB, MTOCKOIbKY HJOCTATOYHO BBICOKAS
TUIOTHOCTb TIOTOKA TSKEJIBIX YAaCTHL] MOXET MPUBECTU K MOSIBICHUIO
OILIMOOK € KPaTHOCThHIO 2 1 DoJiee B KOjIe CJIOBA, KOTOPbIE HE MCITPaBJIsi-
I0TCS1 CTAaHAAPTHBIMU CPEACTBAMU MTOMEXOYCTOIUMBOTO KOAUPOBAHUSI.
MaxkcuMainbHast KpaTHOCTb CO0eB HabogaeTcsl pU NageHU U YaCTULIbI
MO YIJIOM K MOBEPXHOCTH KPUCTaJIa 3a CYeT TepepacipeneieHus
3apsia OT YaCTULIBI MEXKIY COCETHUMU siueiiKaMy WJIM BOSHUKHOBEHUST
TPOCAJIKYU IO HATIPSKEHUIO TTUTAHMSI 13-32 BBICOKOTO COTIPOTUBIICHUSI
TIOIUTOXKKY WU KapMaHa. [103ToMy BBeIeHIEe MEXITy 1yBCTBUTEIbHBIMU
001aCTSIMU BBICOKOJIETUPOBAHHBIX 00J1aCcTe il MPUBSI3KYU TTOTOKKY WIIN
KapMaHa K IIMHAM 3eMJIM U TTUTaHUsI COOTBETCTBEHHO SIBJISIETCS] HAU-
6osiee 3(h(HeKTUBHBIM METOIOM MOBBIIIEHUs cOoeycToitunBocTu SATIT
Ha HU3NYECKOM YPOBHE.

for about 256 mA. A switch to the RT version

« RH (Radiation Hardened) — a special-
ized technology process (including SOS,
SOI), no latch-up, designed using radia-
tion-hardening methods.

The topology of radiation-hardened mem-
ory cells is implemented using the following
constructive and topological design rules:

1. The topological configuration of a mem-
ory cell is selected based on a set of parameters
in order to achieve high electrical performance
and radiation hardness of SRAM. As an exam-
ple, Table 3 lists the key parameters of 6T and 8T
memory cells, which were used to select a cell for
180 nm IP-blocks and VLSI SRAM: S is area
on the chip; /, — through current of the cell trig-
ger cascade, which emerges when a heavy parti-
cle enters the area of a closed transistor; #,,, —
intrinsic time of data reading; 7, — intrinsic

wr0

time of writing. The parameters defining the

radiation hardness: LT = LET,,,/100MeV'cm’/
mg — a parameter of latch-up protection (cat-
astrophic fault), LT = 1 — latch-up does not
appear (Immune Latch-Up), DT'= D /IMrad —

a parameter of doze resistance, Q,. — effective

crit
critical charge in the cell trigger node (a com-
plex parameter of failure tolerance on exposure
to heavy particles). The last column of Table
3 lists K, parameter = Q_,,/S,, defining the
effectiveness of using the cell area to improve
failure tolerance. The dimensions of all transis-
tors are optimized in terms of noise tolerance.
The analysis of calculation data and experi-
mental evaluation of cell parameters on the test
chip shows that cells in positions 2, 3 and 6 are
the most effective for use in radiation-hard-
ened SRAMs. The static consumption current
of a 4 Mbit VLSI SRAM with 6T memory cell
in RS version exposed to 200 krad will account

allowed lowering this value by 3 orders of mag-
nitude at the expense of enlarging the area
of the chip by 35—40 %. In this case the latch-
up tolerance is provided.

One of the approaches to choosing a topol-
ogy configuration is to position sensitive areas
as far as possible from each other both within
a cell and among the adjacent cells of the mem-
ory array. Such measures become even more
important at nanoscale level where failure rep-
etition factor may be as high as 10 [9]. Besides
it is necessary to lower the rate of single failure
accumulation because a sufficiently high heavy
particle fluence may cause errors in the word
code with the repetition factor of 2 and more,
which cannot be corrected by standard means
of anti-noise coding. The maximum failure
repetition can be observed when a particle




Tabauya 3. Ilapamempot pazpabomannvix 6T- u §T-sueex namsamu

Table 3. The parameters of designed 6T and 8T memory cells

2
Sy, MKM

TexHoJiorusg, HM I, HA/OuT

I/ISAEAI/U[ MHUKPO- 1 OIITOOAEKTPOHUKU OBIIETO
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Ijyp> MKA

teye, TIC t3p0, IC Qgpurs DK

Technology, nm Sy, um’ I, nA/bit I, LA t.400 PS t,00 PS DT - Kseu
1 6T, S 180 47 64 20 1,33 55 0 0 7,2 1,6
2 6T, RT1 180 6,5 0,043 21 1,28 47 1 0,3 8,2 1,2
3 6T, RT2 180 10,9 — 54 0,77 58 — — 20,8 1,9
4 8T, S 250 9,4 0,082 64 2,70 158 0 0,3 26,8 2,8
5 8T, RT1 250 10,3 0,003 64 2,70 158 1 0,5 26,8 2,6
6 8T, RT2 250 11,6 <0,00002 64 2,70 158 1 1 26,8 2,3
2) TpuBs3Ka K MOMATOXKKE U KapMaHy BBITIONHSICTCST B KaX 0% 18
ATl B BUae p+ oXxpaHHOI 00J1aCTH BIOJb N-KapMaHa U JIOKAJbHbIX 16 250 HM | nm
KOHTaKTOB K KapMaHy [JIsl MOBBILIEHUSI CTOMKOCTU K TUPUCTOP- " 180 Hm | nm
HOMY 5D (EKTY M YMEHBIIEHUS YTEYKH MEXKIY N-KAPMaHOM U CTOK- 130 Hm | nm
12 90 HM | nm

HMCTOKOBBIMHU O0JACTSIMU N-KaHaJbHBIX TpaH3ucTopoBs AIl, Haxo-
NSIIIMXCS TIOJT HYJIEBBIM MOTEHIIMAOM. Pe3yabraThl UCCIeI0BaH U i
TECTOBBIX CTPYKTYP N+-n-KapMaH U n+-n+ 1Mo TEXHOJIOTUSIM YPOBHS
180 HM 1 90 HM MOKa3bIBAIOT, YTO YTEUKHU MAPA3UTHBIX CTPYKTYP
SIBJISIIOTCSI TOMUHUPYIOMIUMHU MTPU BO3ACHCTBUU CTALIUOHAPHOTO
VOHUM3UPYIOMIETO U3ITYUCHUSI.

3) Tpausuctopsl B SII1 BBIMOJHSIOTCS C yBEJIUYEHHON IMUPUHOMK
KaHasa JJ1s1 TIOBBIIIEHUST Y3/I0BOM €eMKOCTH U JIy4IlleT0 OTBOAA MOHM3a-
LIMOHHOTO TOKA TSKENIbIX YACTULL U, COOTBETCTBEHHO, YBETMUCHUSI KPU-
THYECKOTO 3apsiaa u moporosoro JITID sueiiku. Ha puc. 46 B panuanm-
OHHOM CTOiKOM ucnoHeHuu ST1 ¢ 3TOii e 1ebI0 P-KaHAJIbHbIEe TPaH-
3UCTOPbI BBIMOJIHEHBI B IByX(UHIEPHOM BUJIE, YTO MO3BOJISICT YBEIU-
YUTb TOK XpaHEHUs sTYeiiKK Oe3 cyllecTBeHHOI motepu B mowanu A1
U YBEJIMYEHUSI CYMMAapHOI1 MJIOLIAAM YyBCTBUTEIbHOI 00JacTH.

4) InvHa KaHala n-KaHaJIbHbIX TPaH3UCTOPOB B Tpurrepe A1
YBEJIMUYUBACTCS JJId YMEHbIIEHUS COOCTBEHHOI0 TOKAa YTEUKU
10 O0JIyYeHU S U BHYTPUTPAH3UCTOPHOTO TOKA YTEUKHU MPU 1030~
BOM BO3JIeiiCTBUU, TUOO BBOAATCS KpaeBble yiupeHus (dog bones),
€CJIM 9TO MO3BOJISIET TEXHOJOTHUS. 3aBUCUMOCTD YIeJIbHOTO TOKa
YTEUYKHU MO CTOKY CIa00TEKYIIUX TPAaH3UCTOPOB OT IUIMHBI KaHala

Tok yTeukun, nA/MKkM | Leakage current, pA/um
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Puc. 6. Yoenvroiii mok ymeuku mpaH3ucmopoe 8 3agucumocmu om o0au-
Hbl KAHAAA 0451 PA3HBIX YPOBHEl NPOCKMHbIX HOPM

Fig. 6. The specific transistor leakage current versus the channel length for
different design rule levels

IUTST pa3JIMYHBIX TPOEKTHBIX HOPM, MTpeICTaBIeHHAs Ha puc. 6, TToKa-
3bIBAET, YTO COOCTBEHHBII TOK YTEUKU YAAETCS CHU3UTD DoJjiee ueM
B IBa pa3a Mpu yBeIWYCHU Y JUTMHBI KaHama B 1,5 pa3a.

Ha puc. 7 npencraBiieHa tonojorudeckasi kondurypamus SI1,
paspaboraHHoOil Mo TexHojgoruu 180 HM ¢ MpUMEHEHUEM KPaeBbIX

falls at an angle to the surface of the chip. This
is due to the fact that the charge from the par-
ticle redistributes among the adjacent cells
or there appear supply voltage slumps because
of high resistance of the substrate or the well.
For this reason, the introduction of heavily
doped areas connecting the substrate or the
well to the grounding or the supply rail, respec-
tively, is the most effective method of designing
memory cells at the physical level.

2. The connection to the substrate and the
well is realized in each memory cell in the form
of a p+ stopper along the n-well and local well
contacts to improve the latch-up tolerance and
reduce the electrical leakage between the n-well
and the drain and source areas of n-channel
transistors of the memory cell being at ground
potential. The investigation of n+-n-well and

n+-n+ test structures implemented using

180 nm and 90 nm technologies shows that stray
structure leakages dominate under the exposure
to fixed ionizing radiation.

3. The transistors in the memory cell are
made with a larger channel width to increase
node capacitance and improve the drainage
of heavy particle ionization and, consequently,
increase the critical charge and threshold lin-
ear energy transfer of the cell. In Fig. 4 b it can
be seen that p-channel transistors are realized
in the double-finger form in the radiation resis-
tant variant of the memory cell with the same
purpose. This allows increasing the storage cur-
rent of the cell without sacrificing the area of the
memory cell or expanding the sensitive area.

4. To reduce the intrinsic leakage current
before the exposure and the leakage current
inside the transistor under dose exposure, the
channel length of n-channel transistors in the

memory cell trigger is increased or dog bones
are introduced if it is feasible from the point
of view of technology. The specific drain leak-
age current of low-leakage transistors versus the
channel length for various design rules, shown
in Fig. 6, demonstrates that extending the chan-
nel length by 1.5 times results in more than a two-
fold reduction in the intrinsic leakage current.

Figure 7 demonstrates the topology config-
uration of a memory cell with dog bones devel-
oped according to 180 nm technology. The chan-
nel length at the diffusion edges is 0.34 um.

IP-BLOCK COMPILATION
SOFTWARE

A wide range of SRAM IP-blocks in terms
of information capacity and bit capacity
used to design VLSI SoCs is created with the
help of IP-block compilation software [10].




AOKAAABI KOH®EPEHIIUU

yipeHuii. JIinHa kaHana Ha rpaHuie nudQy3noHHbIX obnacTeii
cocrasiseT 0,34 MKM.

ITPOTPAMMHBIE CPEACTBA KOMIINAAIINN

CP-BAOKOB

CosaaHnue 60b110i HoMeHKIaTypbl CD-6110k0B O3Y 110 NHbOPMa-

LIMOHHO eMKOCTH U Pa3psiTHOCTH LISl TPOEKTUPOBAHU ST BBICOKO-

uHTerpupoBaHHoil CHK ocyuiecTBisieTcst Ipy MOMOLLM TPOrpamMM-

HbIX cpenctB KoMmnuasguuu CD-610koB [10]. KoHuenuus co3gaHus

KOMIUJISITOPOB MaMATH MPEIoaaraeT MoCTPOEHNE CUCTEMbI aBTO-

MaTU3UPOBAHHOTO MpoeKTupoBaHust CD-6JI0KOB 11 MHTETpaluu

nx B CBUC CuK. Huxe nepevyunciieHbl OCHOBHBIE TPUHIIMITBI U TPE-

6OBaHUSI, HA KOTOPHIX 0a3UPYIOTCS aBTOMAaTU3UPOBAHHBIN CUHTE3

u Komnuasiuus CD-610koB O3V:

* UMHBapUMaHTHOCTb MPOTPAMMHBIX CPEICTB MPOEKTUPOBAHMUS
K U3MEHEHMIO MapaMeTPOB TEXHOJOTMYECKOTO Mpoliecca U3ro-
ToBsieHUs1 CBUC 1 ypOBHSI TPOEKTHBIX HOPM;

* MHBapUaHTHOCTb NPOTPAMMHBIX CPEICTB MPOEKTUPOBAHMUS
K CXEMOTEXHUYECKUM U KOHCTPYKTUBHO-TOMOJIOIMYECKUM pelle-
HusM B 6s1okax O3Y;

* HE3aBUCHMOCTb OT CTOPOHHUX JUIICH3UOHHBIX MPOAYKTOB
u CAIIP;

* TIpe[CTaBleHNE BBIXOAHBIX JaHHBIX 10 KOMIIIMPYEMbIM OJI0KaM
B ¢hopmaTax 6a3 maHHBIX cOOTBeTCTBYOIIMX CAITP, He0OXOmMMBbIX
JUJIS1 OCYLIECTBEHUsI CKBO3HOTO npoekTupoBanusi CbUC CHK;

* 06e31edeKTHOCTh CXeMOTEXHMYECKOTO U TOMOJOTNYECKOro CUH-
Te3a M0 3aJaHHbIM UCXOIHBIM JaHHBIM;

* COKpalleHHWe Yuciia 3TaloB MPOEKTUPOBAHMS 32 CUET UCIIOJIb30Ba-
HUS OMOIMOTEKN (DYHKLIMOHATBHBIX sIY€EK, BXOASIIMX B COCTaB 0J10-
k0B O3Y U ONTUMU3UPOBAHHBIX 110 KPUTEPUSIM OBICTPOJECHCTBUS,
MOTPeOIIsIeMO MOIITHOCTU, PAIUAITMOHHON CTOMKOCTH, TTOTIATN

*  BBICOKAsI CKOPOCTD IOJTY-

YEHUS BHIXOIHBIX TaHHBIX;
* TPOCTOTAa YCTaHOBKHU

U HACTPOWKHU MporpaMm-

HBIX CPE/ICTB.

B ocHoBe kxoMmuiasiTo-
poB CD-6s10k0B O3Y nexur
oubnroreka (hyHKIIMOHAIb-
HBIX 2JIEMEHTOB U WX OIU-
CaHUil B COOTBETCTBYIOIINX
dopmarax, mporpaMMHas
00paboTKa KOTOPBIX MO3BO-
JISIeT TOJyyaTh Ha BBIXOIE
60JIbIIIOE KOTUYECTBO OJIOKOB
B LUIMPOKOM JIMarna3oHe pas- Puc. 7. basosvie caou mononoeuu 511
PSIHOCTU U alPECHOTO TMpPO- 6T no mexrnoaoeuu 180 um ¢ kpae-
crpaHcTBa. B coctaB 6ubimo-
TEKH BXOJIAT: sTYeiiKa TaMsITH,

BbIMU YUIUPEHUAMU 8 N-KAHAAbHbIX
mpau3ucmopax mpueeepa s4eiku

Fig. 7. The basic levels of 180 nm 6T
memory cell topology with dog bones

dbopMupoBaTeJ I CUTHala
BBIOOPKM CTPOKM U CcTOJIOLA,
npaiiBep 3ammcu, YCUJIUTEb in n-channel transistors of the cell trigger
CUYMTHIBAHUSI, OJIOK YIpaBie-
HUsI, BBIXOIHbBIE KaCKAJIbl PA3IMYHOI MOIITHOCTH, TOMIOJIOTUYECKHUE dTIe-
MEHTBI 3aMOJHEHUST U CTBIKOBKHU.

[IporpaMMHBIil KOI KOMIWISITOPA PAa3AEISIeTCs O MOIYIISIM, KaKIbIit
13 KOTOPBIX OTBEYAEeT 3a FeHEePALIMIO MPEeCTaBIeHHsI B COOTBETCTBYIOILEM
dopmare: GDSII, LEF, CDL, Verilog, Liberty B HECKOJIBKHX yIJIaX TEXHO-
JIOTUYECKOTO pa3bpoca, HAMpsDKEHMIA TUTaHKST M TeMITepaTyphbl, datasheet-
onucanue 6yoka. [1J1st 3ammycka Koia ¢ HacTpoiiKaMu He TpeOyIoTCsl JIUIIeH-
3UW CTOPOHHUX MPOMYKTOB, a TeHepalysl BCeX MpencTaBiIeHnii 0IoKa,
HEOOXOMMMBIX [IS1 €ro MHTerpaiuu B coctaBe CHK, 3aHnMaeT He Gorbiie

1 BBIXOJIAa TOAHBIX;

The concept of memory compilers implies cre-

ating a computer aided system for designing I P-

blocks and their further integration into VLSI

SoCs. The main principles and requirements

forming the basis of automatic synthesis and

compilation of SRAM IP-blocks are as follows:

+ invariability of design software in regard
to changing VLSI process flow parameters
and design rule level;

* invariability of design software in regard
to schematic, constructive and topological
solutions in SRAM blocks;

* independence of third-party licensed
products and CAD systems;

+ representation of the output data on the
blocks being compiled in data base for-
mats of the corresponding CAD systems
required for VLSI SoC end-to-end design;

« zero-defect quality of schematic and topo-
logical synthesis according to the data
specified for engineering;

« reducing the number of design steps by using
a library of functional cells composing IP-

blocks optimized in terms of operating speed

TpeX CeKyH]I.

performance, power consumption, radiation
hardness, area and yield;

* high speed of data output;

« ease of software installation and configur-
ing.

As can be seen from the above, the basis
of SRAM IP-block compiler is formed by
a library of functional elements and their
descriptions in the corresponding formats. Soft-
ware processing of the elements allows obtain-
ing a wide range of blocks in terms of bit capac-
ity and address space. The library contains:
a memory cell, row and column access driv-
ers, a writing driver, a sense amplifier, a control
block, output cascades of various capacity, topo-
logical filling and connecting elements.

The software code of the complier is divided
into modules, each of which generates presen-
tation in the corresponding format: GDSII,
LEF, CDL, Verilog, Liberty in several corners
of manufacturing tolerance, supply voltage and
temperature as well as datasheet-block descrip-
tion. No third-party licenses are required
to launch the code with the settings; and all

block presentations necessary for its integration
into a SoC are generated within three seconds.

CONCLUSIONS

The proposed methods of designing SRAM

IP-blocks are investigated and certified on the

basis of test chips developed at R&D Cen-

ter “ELVEES” according to various CMOS
technologies ranging from 250 nm to 90 nm.

The test results of VLSI SoCs and SRAMs

mass produced using the corresponding tech-

nologies comply with the requirements spec-
ified for the electronic component base for
aerospace applications.

The authors consider the following results
as novel:

1. Constructive and topological implementa-
tions of memory cells using methods of radi-
ation-hardened design different from the
standard commercial options in higher tol-
erance to external radiation factors. SRAM
IP-blocks developed using these cells have
a high dose tolerance and a latch-up tol-
erance when exposed to heavy particles
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