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Abstract

An ultra wide voltage range (UWVR) SRAM should achieve high performance and energy-
efficiency across a wide range of operational voltages. UWVR SRAMSs should achieve these
goals without compromising on reliability and error resilience.

In this work we first explore a dual rail SRAM based UWVR solution for SoCs in which
SRAM power is not a dominant share of total chip power. We identify the limitations of dual
supply SRAMs in enabling aggressive DVFS and propose a Low Standby Power,
Capacitively Coupled Sense Amplifier that extends operational voltage range of periphery
supply to much lower levels than array supply with high energy-efficiency.

For designs where SRAM power forms a major part of total chip power, we propose a
solution by co-designing SRAM cell topology, layout and assist schemes. This approach is
well suited for L1 cache design. Operation range of a 32Kb SRAM has been expanded to
operate at more than 50MHz at 0.35V to 3GHz at 1.2V across process corners in 28nm
UTBB-FDSOI technology.

We propose a Dynamically Strengthened Pull Up (DSPU) 8T cell to improve low voltage
write speed, as well as a Differential Read Asymmetric (DRA) 8T cell. These cells are
designed to optimize read speed and stability, independent of write related constraints. In this
work, we also propose a Data Dependent Dynamic Supply and Body Modulation (D3SBM)
write assist scheme that can be easily combined with conventional assist schemes to further
lower minimum operational voltage of SRAMs by about 100mV. Along with the cell
topology and assist scheme, we also propose a litho-friendly interdigited layout topology that
reduces wordline capacitance by more than 50% and enables the use of multiple wordlines
and proposed assist schemes to extend high performance operation range of SRAMSs.

We also define a figure of merit for low voltage and ultra wide voltage range SRAMs to
benchmark benefits of the proposed design techniques in terms of density, energy-efficiency
and error resilience. We conclude that the schemes and methods proposed in this work lead to
significantly better LV and WVR SRAM implementations and provide additional levers of
design optimization to SRAM designers.

viii



Contents

1

Lo YA AV 2= 1A o] o P TP O PP PP POPPPPTTPPPPP 1
O R Y o o) [Tot= i o] W AN =T =T L OO TPP TP P PP PPPPPON 1
1.1.1  High Performance COMPULING .....cciieeiiiiiiiieieee e e e sttt ee e e e e s sttt e e e e e e s e ssataeeeeeeeesssnantnneeeeaeessannnranneeeaes 2
L1.1.2  WWIPEIESS SENSOIS. . e iuteiiiiieitiee sttt e e sttt ekt s st e sk et e s st e e Rt e s s e e R et e R e e e aaEe e e nnn e e nnne e e nnneesnreeenneen 2
1.1.3  Wearable EIBCIIOMNICS .......uueiiiiiiiie ittt e bt e et e e e st e e e e e sabb et e e s bbeeeeabnneeeaas 2

I T |V =T [Tot= LI = 1=t 1 (o] (o ST PP PP P PP POPPPPTTPPPPP 3
1.1.5  AULOMOLIVE EIECIIONICS ... .eeeiiiiiiiieee ittt et et e e st e e e e sbb e e e e s bb e e e e abnneeeaas 3
1.1.6  Mobile Phones and TabIetS.........cooiiiiiiiiiiii ettt et e e et e e e anbneee e 3
1.2 Ultra Wide Voltage RANGE SRAM DESIGN ... ..uutiiiiiiiieiiiiiie ittt ettt et e e st e e s snbe e e e s nnbreeeeaneee 4
R B LT S @ (o F- T 4= Lo [ OO P PP PUPPPON 5
[N O = L= oo [T TP O PP PP PPPPPPTPPPPP 7
2.1 SRAM OFQANIZALION ...cciutiiieiiiiee ettt ettt e e ettt e e e ettt e e e aa b et e e e aa b et e e e aabe e e e e aabbe e e e anbbeeeeanbeeeeeanbneeeennnee 8
2.2 SRAM Cell OPEIALION ... .cciiieie it —————— 9
P R ViV | (= @] o1 =1 1T o OO PP PP TTPPPN 10
A A £ =T To H @ o 1= - 1o ] I PP PR TP 11
2.3 Low Voltage Read/ Write in @ SRAM CEll........ccoo oo 14
2.3.1 Read/ WIite ASSIST SCNEMIES ........oiiiiiiiiiei et 15
2.3.1. 1 WOIAINE BOOST ......veeeiiiitiiee ettt ettt et e st e st e e e s n e e e e sann e e e e snne e e e snrneeeaas 16
2.3.1.2  WOrdliNg UNUEIUIIVE ......veeeeiiteiee ettt ettt et e e s s e e s sn e e e s snne e e e snreeeeaas 16
2.3.1.3  PUISEA WL ...ttt ettt ekt e e ettt e e bt e e b e e e e bb e e e e abre e e e 17
2.3.1.4  Multistep Wordling MOAUIALION ..........coiuiiiiiiiiiiei et e e 17
2.3.1.5  WIE-DACK ...ttt e b e et e e e e 18
2.3.1.6  PUISEA BitlINE ...ceiiiiieeei ettt e e e e 18
2.3.1.7 NEQALIVE BItliNG..ccceeiiiiieeeeeeeeeeeeeee ettt 18
2.3.1.8  SUPPIY LOWETING ...eeeteeeieieee ittt ettt e e e e e ettt e e e e e s st et e e e e e e e e e s anbbbbeeaaaeeeanns 19
2.3.1.9  SUPPIY BOOST ... ettt e e e e a et e e e e e e e bbbaeeeaaaaeaaan 19

FZA T I O B €1 {010 [ To I = = VL3 o PP UPT T UUPPPPPPTUP 20
2.3.1. 11 NEQALIVE VSS ..ttt e ettt e e e a bt e e sttt e e e sabb et e e snbbe e e e anbbeeeesbbeeeeabreeeeans 20
2.3.2 Decoupled Read/ WIte OPEratiOnS.........coiueiieiiiiiieiiiiieesiiiee e atiee e aibeee s sebeee s ssnbre e e ssnbeeeessnbeeeessnees 21
2.3.3  SOft Errors and Err0or RESIHIENCE. ......ouuuiiiiiiiie ittt sttt e e e e 23



2.4 Wide Voltage Range ChallENQES .......cceiiiiiiiiiiiiiii et e e e e e s st e e e e e s st ee e e e e e e s e annntanaeeeees 25

A A |V 1= 03 (o P PRRP 26
N = 111 Vo T 1o | PSSR 26
2.4.3 Logic and INtErCONNECE DEIAYS .....uuveiieeiiiiiiiiiie e e e et e e e s s e e e e s e st e e e e e e s asnnnrreaeeaaeesennnnenes 28
244  REHADINTY ....veeieeeeeee e r e 29
2.4.5 Data Retention VOIAQE ....ccecii ittt e e e e e e s e st e e e e e e s s s nn e e aeeeee e s e nnrenes 30
S T o U (=TT 03 1Y/ | SRR 30
251 Low Voltage Figure of Merit (LV-FOM) ......cuuiiiiiiiiiiie et 30
2.5.2 Wide Voltage Range Figure of Merit (WVR-FOM) .........ooiiiiiiiiiiie e 32
Dual Rail SRAMS fOr WVR APPlICALIONS .. .uuuuiiiiiuiiiiiiiiieiiieieieiarerersrarnrererererererererereee ... 35

K A Y IS o1 1T TP PP O U PP PPPPPPTOPPRP 36
3.1.1 Periphery Supply to Array SUPPIY TranSIition .......ccoooeieie i 36
3.1.2  Array Supply to Periphery SUpply TranSition ........cccooieiiii i 37
3.1.2.1 Bitline on Periphery SUPPIY ..ottt 37
3.1.2.2  Bithne 0N ATAY SUPPIY ..eeeeeeiiieeee ettt e et e e et e e e s st e e e e sbreeeean 38

3.2 Capacitively Coupled SeNSe AMPIITIEE ... 40
N R @ o 1= - 11 o] o OO P PP OPPPPO 42
3.2.2  Circuit Design and CharaCteriZation .............eeoiuiiieiiiie et 44

G TR T D 11 = U - Y1 S 2 Y SR 48
K O g =11 [T oo o OO PPUPPPRPPPPRPN 49
Enabling Monorail SRAM for WVR APPlICAtIONS .......uuiiiiiiiiiiiiiie et 51
4.1 Cell TOPOIOGY ..o 51
4.1.1 Dynamically Strengthened PUll Up 8T Cell ......cooiiiiiiiiii e 52
4.1.2 Differential Read ASYMmMELriC 8T Cell .....ccoiiiiiiiiiiii e 54
AV 41 I =] [ O PPRRTT P 55
4.2.1 Data Dependent Dynamic SUPPlY MOAUIALION ........ooiiiiiiiiiiiiiie e 55
4.2.2 Data Dependent Dynamic Supply and Body ModUIAtioN ............cccuuieiiiiiiiiiiiiiiiiieee e 58
G T I Y01 | S PP PP PP PPPPPP RPN 60
4.3.1  THIN ZIQ-ZAG JAYOUL ...ttt e e e e e e ettt e e e e e e s e bbb et e e e e e e e s anbnbreeeaaeeeanns 61
4.3.2  Multi-finger Multi-wordling TaYOUL............cooiiiiiieiii et 61
4.3.3 Layout TOpology BENCRMAIK..........ciiiiiiiiei ettt e e e 63
N =T (o [ o 1=T=To LT PRRPTTT 65
I =T 1= o] 11 YO PEPTT T 66

Xi



5 Y R Y ANV T 1= =V T =T =T} o 1 SR 67

5.1 Write Improvement and Cell SIZING.....uuii it e e e s s e e e e s s s st e e e e e e e s e snnranaeeeaes 68
IV = =T-To ] =Y 4 To1=] 4 =] o | T 71
5.3 SRAM INSTANCE DESIGN ....eeeiiiitiiieiiitiiee ettt ettt ettt e e et e e e s bt e e e st et e e e st e e e e e aabe e e e e aabb e e e e aabbeeeeabbeeeesabneeaean 74
LG T8 R A od 011 (1 (1 74

LR 0 - Vo 1 U | PSR 76
LT R T XY 1Y S Yod =11 4 [T 80
B5.3.4  TESEADIILY ....eeiiiiiiiiie e e b e e neee 81

6 SO RESUITS cau ittt et e e e et s e s e et e e e et e s e eaba e s e aaa e e s s baesssabn e ssaaassesebassaeesnneens 85
6.1 Fabrication and TeSt INFrASITUCIUIE .........iiiiii e e e e e e e st e e e et e s s e b e e s eaa e e eabaaas 85
B.2  WVIEE RESUILS ....ueiiieii ettt ettt e e et e e et e e e e et e e e e e e e e s et e ee e et e e e s et s e s e e s e e et esseaan e seanseeeatasss 86
LSRRI (=T=To [ = =TS U] LT 87
6.4  Sense AMPHiEr BENCRMAIK. ...ttt et e e et e e e e s bbeeaean 90
6.5 LV-FOM/ WVR-FOM BENCAMAIK ....uiiiieeieiiiie ettt ettt e et e e e et e e st e e e e et e e e e et e e s eb e e eeaaanas 91

7 (@70 o Tod LU E=] Lo o 13T 94
% T U (UYL T 95

7. 1.1 EXEENSIONS OF thiS WOTK . .ceeeiiiite ettt ettt e e ettt e e et e e e e e e e e e et e e e e et s e s eaaeseeataeeeennaeees 95
7.01.2  FUIher EXPIOTALIONS ......cooiiiiiiiiieiii ettt ettt e et e s e e e e e et e e e e nbae e e e aneee 97

8 R =T (=T A LT =TT 98

xii



List of Figures

Figure 1.1: Memory hierarchy in an advanced processing UNit ............ueerereriiiiiiiieiree e s ciiieee e e e e e s s snreeereee e e s snnneeens 1
Figure 2.1: Organization of memory cells into a structured SRAM INSTANCE ........ceeveeeiiiiiiiiiieiee e 8
Figure 2.2: SRAM structure and DASIC OFgANIZALION .........ccoiiuiiiiiiiiiie it e et e et e et eeesnareee e 9
FIGUIE 2.3: BT SRAM Cll ...ttt e et e e et e e e e e st e et e e st b e e e e abb e e e e sbbeeeesnnneeeean 9
Figure 2.4: Write Operation in @ 6T SRAM Cell.........ooi i 10
Figure 2.5: Read Operation in a 6T SRAM Cell (BLB and BLFI are shown with dashed lines) ............ccccccovuneee. 11
Figure 2.6: Bitline architecture of a SiNgIe-Core SRAM ... e e e e e s e annreees

Figure 2.7: Representative safe operating region of SRAM cell indicating reason of fail at different

DOUNGAIES ...ttt e st e e s n et e e s r e e e e sn e e e e snre e e s nnreeeean 14
Figure 2.8: Wordline Modulation based ASSISt SCNEMES ...........uuuiiiiiiiiiiiiiii 17
Figure 2.9: Conventional Thin Layout of 6T SRAM Cell. Some metal regions are not shaded to show

underlying layers. WL and VSS are drawn in Metal-3 and run parallel to poly. ..........ccccocveeiiniineene 20
Figure 2.10: 8T SRAM cell with Gate Coupled Read Port (8T-GCRP) .......cccviiiiiiiieiiiee et
Figure 2.11: Differential Read 10T-GCRP SRAM Cell .....cooiiuiiiiiiiiiiiiiie e 23
Figure 2.12: Electron-hole Pair Generation in Event of High Energy Particle Strike ..........cccccoviviiiiinininininininnnnn, 24
Figure 2.13: Particle Strike on a Device in FDSOI TEChNOIOQY .......uuuuruiuiuiiiiiiiiiiiiiiiiiiieieiiieieininenrnreinrennn. 25
Figure 2.14: Conventional Latch Type Sense AMPIIfIEr...........uuiuiiiiiiiiiiiiiiiiiii e 27
Figure 2.15: Timing Diagram Depicting Operation of Conventional Latch Type SA. ..o, 28
Figure 3.1: Skewed Inverter Based Level Shifting from Periphery Supply to Array SUPPIY ...ooovvviiiiiiiiiiiiniee. 36
Figure 3.2: Circuits Connected to a Bitline iN @ SRAM ... 38
Figure 3.3: Representative View of SRAM Cells Coupled to a Conventional Latch Type SA.......cccccoviiveininen. 39
Figure 3.4: Low Standby Power Capacitively Coupled Sense Amplifier (LSTP-C2SA) with VDDP

PEE N A g ... ———————— 40
Figure 3.5: Low Standby Power Capacitively Coupled SA (LSTP-C2SA) with Q-pt Precharge............cccccvvvnnne. 41
Figure 3.6: Operational Signal Diagram of Conventional LatCh type SA ...........uuiviiiuimieiiiiiiiiieieiieiieieeeeieenennnnnn, 42
Figure 3.7: Signal Diagram of LSTP-C2SA - VDDP Precharge Variant ...........cccoouveiiiiiiieiniiiee e 42
Figure 3.8: Signal Diagram of LSTP-C2SA - Q-pt Precharge Variant ...........cccccoiiiiiiiiiiiiiiiee e 43
Figure 3.9: Interdigited metal-1 (small part highlighted on top-right) to implement capacitors for LSTP-

C2SAs. Metal-3 was also used similarly to implement the capacitor. ...........cccooveeie e, 44
Figure 3.10: Test Setup to characterize conventional SA and LSTP-C2SA ... 46
Figure 3.11: Dispersion of Cell Current required for correct read with different values of C1 and C2 ................. 47
Figure 3.12: Standard Deviation of Current Requirement for different types of LSTP-C2SAS.........cccooeeeveeennnns 48
Figure 4.1: Dynamically Strengthened PU 8T (DSPUST) Cell.......cooiiiiiiiiiiiiiiieee et 52
Figure 4.2: Write Operation iN DSPUST Cell ........cuuiiiiiiiiiieiiiiie et e s e e snneeeas 53
Figure 4.3 : Differential Read Asymmetric 8T (DRASBT) CEII .....oiiiiiiiiiiiiiie e 55
Figure 4.4 : DRAST cell with Dynamic Data Dependent Supply Modulation (D3SM) enabled............cccccceeeennnns 56
Figure 4.5: D3SM €nabled BT CEII ..... ...t e e e e et e e e e e e e e s anbbbeeeeaaeeeanns 56

Xiv



Figure 4.6: D3SM based Timing Diagram for conventional 6T Cell ...........cooooiiiiiiiiiiiiee e 57

Figure 4.7: LV preferred implementation of D3SM in DRAST Cell.........uuiiiiiiiiiiiiiieeee e 57
Figure 4.8: Modified representative layout of a 6T cell (Figure 2.9) to implement D3SM .........cccocvvviiniieeenninnnn. 58
Figure 4.9: DRAST Cell with D3SBM €NabIed ..........coooiuiiiiiiiiiiiiiie e 59
Figure 4.10: D3SBM €nabled 6T CeIl... ...ttt e e e e e s nnnnee s 59
Figure 4.11: Write Operation with D3SBM write assSiSt SCEME .........coouiiiiiiiiii e 60
Figure 4.12: Thin Zig-Zag layout of conventional 6T SRAM Cell ........c..oviiiiiiiiiiiice e 61
Figure 4.13: Multi-finger MWL layout of conventional 6T SRAM Cell.........ccoooiiiiiiiiiiei e 62
Figure 4.14:; Multi-finger MWL layout 0f DRASBT CelIl........oiiuiiiiiieee et e e e e e e e e e e e 63
Figure 5.1: Write Time limited Vmin improvement with various Write Assist Schemes in 28nm LSTP

Bulk technology at SNSP 101, -40C.........cuuiiii ittt e e et e e s sbreeeean 69
Figure 5.2: Write Time limited Vmin improvement with various assist schemes in 28nm UTBB-FDSOI

teChnNOlogy At SNSP 10, “40C ... ittt et e et e s st et e e e nbre e e s aneee 70
Figure 5.3: Read Speed and Stability Enhancement Techniques on DRAST Cell........cccooviiiiiiiniiiiiiniiiee e, 72
Figure 5.4: Effective Read Current Improvement with various Read Assist SChemes...........ccccccvvvvivvviniiiiininnnnn, 74
Figure 5.5: Top-level block diagram of 1Kx32 instance organized into smaller banks............ccccccovveivinininininnnn. 75

Figure 5.6: Alternate implementation of bank architecture with similar performance, improved density

AN 1EAKAGE ....cc e 76
Figure 5.7: Thin Layout Of DRASBT CEIL......coo ittt et e e s e e s snnneeas 77
Figure 5.8: Multi-finger MWL layout of DRAST cell (Stick diagram) .........ccooiiiiiiiiiiiiiiiee e 77
Figure 5.9: Layout implementation of stick diagram of FIgQUre 5.8 .........c.uiiiiiiiiiiii e 78
Figure 5.10: Z-shaped cells interlock into each other in SRAM @ITAY ...........uuvuruiuiuimimiminininininrnn——————. 78
Figure 5.11: Organization of 5 wordline drivers iN ROWAEC ............uuuuuiuiuiuiiiiiiiiiiieiiieieieiereieererernee ... 79
Figure 5.12: Layout view of UWVR SRAM instance designed on lines of architecture in Figure 5.5................... 81
Figure 5.13: 6 instances of UWVR SRAM in DSP core designed by CEA-LETI and ST ........ccccccvvvvinivininininnnnnnn. 83
Figure 5.14: UWVR SRAM in testchip with SRAM boundary shown with black outline on top-left

FEOION OF TN GIE ..ttt et e e et b et e e s bb et e e s bbe e e e s bbeeeeabreeeean 84
Figure 6.1: Micrograph of DSP Core with 6 UWVR SRAM INSANCES ......cccoiuiiiiiiiiiieiiiiiee it 85
Figure 6.2: Vmin Lowering with Write ASSISt SChEMES ......couiiiiiiiiiii e 86
Figure 6.3: Impact of Read AsSiSt 0N VMIN ACrOSS PrOCESS COMMEIS .....uiiiiiieaiiiiitiieetaaaeaaaaiitreeeaaaeeaaaberreeeeaaaeaann 89
Figure 6.4: Vmin Lowering with Read Assist - CAD Vs SilicON MEAaSUreMENLS ........ccceeiiiiiiiiiiiieeaen e e e 89

XV



List of

Table 1.1:
Table 2.1:
Table 3.1:
Table 4.1:
Table 4.2:
Table 5.1:
Table 5.2:
Table 6.1:
Table 6.2:

Table 6.3:

Table 7.1:
Table 7.2:

Tables

Target specifications for UWVR SRAM ...ttt
Vmin limiting SRAM characteristics and impact of various assist SChemes ...........cccccceeevvieeniiieeeee
Read power consumption in VArioUS SCENANOS .........cuurieiiriieeeiitieeeeitieeeesteeeesstseeessbreeesssbneeessnnneeeeaas
Improvement in Write Time With DSPUST Cell.......cooiiiiiiiiiieiiiie e
Benchmark of different layout topologies for 6T Cell...........oovvvvviviiiiiiiiii,
Updated target specification for UWVR aligned to 28nm UTBB-FDSOI technology........ccccccccvevevee...
Comparison of different layout topologies and Cell tyPES .........uuvuiviriiiiiiiiiiiiiiiiiiiiiiieieinrnieeneee.
Read Power Consumption with LSTP-C2SA and reference designs........cccccccvvvvveviiiiiiiiiiiiiieiececeeeee
Benchmarik of energy efficiency (measured by Power-Delay-Product) of implementations

based on different SAS in a Dual Rail SRAM ...t
Comparison with recent Wide Voltage Range SRAM (Vmin<0.6V) work in advanced

Le=To T aTo] (oo VA aTo e LoY ol i 12 3 o) ISP
Achieved performance of UWVR SRAM VS Target ...

Comparison of Different Alternative Implementations Based on Methods proposed in this

XVi


file:///C:/Backup/PhD/Closure/Thesis/Thesis-v1.0.docx%23_Toc422242878
file:///C:/Backup/PhD/Closure/Thesis/Thesis-v1.0.docx%23_Toc422242878
file:///C:/Backup/PhD/Closure/Thesis/Thesis-v1.0.docx%23_Toc422242880
file:///C:/Backup/PhD/Closure/Thesis/Thesis-v1.0.docx%23_Toc422242880

	PHD_Thesis_Anuj_Grover_2009EEZ8463.pdf



