EECS251B : Advanced Digital Circuits
and Systems

Lecture 19 — SRAM

NVIDIA Announces New GPU Architecture

March 17, 2024. Blackwell-architecture GPUs pack 208 billion transistors and are
manufactured using a custom-built TSMC 4NP process. All Blackwell products feature two
reticle-limited dies connected by a 10 terabytes per second (TB/s) chip-to-chip

interconnect in a unified single GPU.

https://www.nvidia.com/en-us/data-center/technologies/blackwell-
architecture/

EECS251B L19 SRAM B€I’k€1€y (OO



Announcements

® Project
®* Midterm reports due tomorrow!

® Preliminary design review after Spring break

®* Homework 3 due tomorrow

®* Quiz 3 after Spring break

®* Lab 5 posted today
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SRAM Cell Design Trends

BL BLB

IEDM 02

Cell in 90nm Cell in 32nm
(1pm?) (0.171um2)

* Key enabling technology: STI

* Impact: Increased cell density

EECS251B L19 SRAM




SRAM Cell Trends (22nm)

finFET — integer number of fins

A little analysis by using a ruler:

*» Aspect ratio 2.9

* Height ~178nm, Width ~518nm

» Gate ~ 45nm (Lg is smaller for logic)

0.092um? cell in 22nm from Intel (IDF’09)

planar

0.346um?2 cell in 45nm from Intel (IEDM’07)
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22nm SRAM — Discrete Widths /
® FinFET cell design (

High-Density Cell Low-Voltage Cell

(PD:PG:PU)

(PD:PG:PU)

. : : E. Karl, ISSCC’12
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14nm SRAM c/

® Aspect ratio ~2.5

® Cell area = 0.05um?
® Height = 140nm (2 gate p)
®* Width = 350nm

®* Lg ~ 32nm (longer than for logic)

E. Karl, ISSCC’15
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10nm SRAM

HDC
0.0312 um?2

LVC
0.0367 um?
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®* High-Density Cell (HDC) g
1:1:1 (PU:PG:PD)

® Low-Voltage Cell (LVC)
1:1:2 (PU:PG:PD)

Guo, ISSCC’18



10nm SRAM + Ruler

288nm = 8 MxP
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2CPP =108nm

Lg ~ 20nm
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SRAM:

Assist Circuits
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Basic Ideas

®* Dynamically change voltages

®* Negative BL helps with writing

® Lower VDD (Vg,) helps with writing

®* Higher WL helps with writing, lower hurts

®* Lower WL helps with read, higher hurts

®* Half-select condition: WL selected for write,

but write operation is masked (BLs stay high)

EECS251B L19 SRAM
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SRAM In Practice
®*7nm AMD Zen2 (Singh, ISSCC’20)
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SRAM In Practice
®*7nm AMD Zen2 (Singh, ISSCC’20)

« Moving bitline precharge
to VDD creates both

bitcell stability and VDD
writeability challenges \DDmax
« High level of
configurability allows for
Silicon ﬂeX|b|I|ty VDD where VDD-VDDM=superVmaxThreshold
VDDM

VDD where VDDM-VDD=superVminThreshold

superVminEn  VDDmin
System T
Management superVmaxEn
Voltage Assist controller | wiLUdEn
thresholds NegBIEn
Programming SRAMs
details
Fuses
Assist configurations
[
[
L
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Controller pauses voltage
increase and unsets
superVminkn register before
continuing to raise voltage

Controller pauses voltage
increase and sets
superVmaxkn register before
continuing to raise voltage

/

superVminEn=1

superVmaxEn=1

N
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SRAM Peripheral Circuits
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Peripheral Circuits in SRAM O/
® Decoders (and pre-decoders) (

® Column circuitry: read, write, multiplex, mask
® Write assist techniques
® Read assist techniques

® Redundancy
® BIST
*ECC

® Power management

EECS251B L19 SRAM 17




Sense-Amp Trigger

®* Sense-amp trigger needs to be timed carefully

® Too early: Incorrect evaluation

® Too late: Unnecessary timing margin

s

® Problem: Delay based on inverter chains does not track the delay of the memory cell

EECS251B L19 SRAM
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Aside: Delay Lines, Replicas and Time Amplification O/

®* We will encounter it several times in this course [(

®* Used in a wide range of mixed-signal circuits

L 1 1
A Slmple de|0l)’ line Time-to-digital converter (TDC)

Tinv Start-Stop difference read out as a thermometer-coded binary value

Resolution set by inverter delay

Start

Sub-inverter delays are hard to generate
Small a requires large area

Lee, Abidi, JSSC 4/08
EECS251B L19 SRAM 19




Sense-Amp Triggering

® Replica bitline

bs

Wordline driver

| . |
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Process Type

Block decoder

Replica delay tracks better across corners
But still mistracks across a wide range of supplies

Amrutur, Horowitz, JSSC 8/98
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Time Amplification O/

* Time amplified through metastability (by using setup time characteristics) g
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Lee, Abidi, JSSC 4/08
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Voltage Scaling: Multiplicative Replica Bitline

® Conventional replica

Timing Replica ) Memory Cell (MC) Array
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Niki, JSSC'11

n replica cells discharging replica BL in parallel to
reduce the current/cell variation by \/n

Threshold for discharge is set accordingly to Vpp — nV
Limits n to ~2-4

0 1 2 3 4 5 6 7
Replica Cell Count (n)
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Voltage Scaling: Multiplicative Replica Bitline O/

> Multiplicative replica

Sufficient Count + Timing Multiplier
of Replica Cells Circuit (TMC)
WL /CK Activation
o: 1/(k x k172) x k o 1/k172
—. 7

e il
' \ SAEi

Timing Multiplier (\"gag (Prop.)
Circuit (TMC)

1/k
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> Programmable replica delay

7

Multiplicative replica scales the delay, w/o
increasing variance correspondingly

]
CK
Timing Replica —’Iy : : |
SAE :,—,—,—,{: AL, I
1

Timing Multlpller Circuit ( TMC)

SAE Delay Unit
Backward Path
Forward path digitizes
SAEi to CK delay
Backward path multiplies

SAEi

—
(@]
'@

n<'

(1gy)
19 eolday

§7§

Forward Path k=

Backward Path

Niki, JSSC'11

Forward Path k=3
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Redundancy and ECC
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Redundancy and ECC

® Redundancy
® Spare columns (or rows)
® Selected at test via eFuse

® Possible to dynamically program redundancy

*ECC

® Error detection/correction codes
® Parity

* SECDED

* DECTED

EECS251B L19 SRAM
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Redundancy

® Principle

K faulty
elements

Address

N memory elements

» Columns

R spare memory
elements

D14 D15  Spare
Columns

Lo

DO D1 D2
0 1 >
LA eyl ]]lllf%
v foeenn |{nen | Nuttiplexer
TTETITI | ARSI | EETIIT
it foon ] sessees
Tehenneggeaninnl |l|“||-\_ 10
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==

Qo

Qt
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Q2

i

e

FTP
Control
(20 bits)

SN

Decoder

Normal

elements

Spare
decoder 0

Spare

QIR

Spare
decoder 1

QRIRR

McPartland, CICC’00.

elements

®: Programmable device

Horiguchi, Itoh, Springer 2011.
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Redundancy

® Effectiveness (Bickford, 2008)

SRAM Yield vs Megabits SRAM Yield vs Megabits
for 0,1,2 repairs per 147 Kbit segment @5.10 Sigma Vmin cell fail rate for 0,1,2 repairs per 147 Kbit segment @5.20 Sigma Vmin cell fail rate
100% [ v 100% [ ——
T~ ~—
\\ ~— 4
-
\ . — <4
80% S 80% =
\A\ q
~

60% e N 60%
i) ) S o
g i3]
p pe
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&
<
0% 0% -
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Megabits Megabits
< 0Perfect =% 1Repair -V 2Repairs < 0 Perfect =# 1Repair -V 2 Repairs

Figure 11 Modeled Yield impact comparison for 65 nm SRAM complier. Vmin cell fail rate used in
analysis shown in the left chart i1s 5.10 sigma. Vmin cell fail rate used in the analysis shown in

EECS251B L19 SRAM the right c}.lart 1s 5.20 sigma. 147 Kbit segment 1s a standardized array size block segment used
for comparison purposes



Soft Errors O/

®* From packaging and cosmic rays (
D

C

® Packaging:
® Lead ore contains Po-210 -> (5 days) -> Bi-210 -> (22.3 years) -> Pb-210
® Or Po-210 -> (138.4 days) -> Pb-210
®* Need ‘old lead’

® Cosmic rays

® Large particles collide with Earth’s atmosphere to produce alpha (and other)

particles



Error Correction O/

® Parity — Single Error Detection (SED)
* p = d,®d,Dd.Dd,Dd,Dd,Dd,Dd, f

® Single Error Correction Double Error Detection (SECDED)

Wikipedia
- (7

® Double Error Correction Triple Error Detection (DECTED)

®* Hamming codes with additional parity

®* BCH codes — higher decoding complexity

EECS251B L19 SRAM 29




Multi-bit Errors

Bit-line direction

D Memory cell
. Soft-error bit

Ref.: K. Osada et. al., [11).
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RO 7 R
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+

DO
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BT BB BT

Cell_0

Model used in circuit simulation

P-well

\at/

S ¢

N\ /

NMOS

\n+/

" D1

(NL1)

Rwell

Cé]l_1 <= Parasitic bipolar current

Model used in device simulation

Kawahara, ISSCC’07 tutorial




Multi-bit Errors

Cosmic ray hit Cell 0

1.5 :
S NLO (circ. sim. __j >
5 1.0 2 1.0
805 0.5
>o 0.0 D0 (NRO) (dev. sim.) :—2 0.0

.0.5 f.ailur:e Data fail due to funneling 0.5

0 200 400 600 800
Time (ps)

INV_0 (hit) INV_1 (adjoined)
h'd N\

Ref.: K. Osada et. al., [11)

Adjoining Cell_1

1 (NL1) (dev. sim.)

Data fail due to

the parasitic bipolar effect

failure

NR1 (circ. sim.)

600

400
Time (ps)

200

800

Weli%’}-
e
\ Rwell 0 0 1 1 1 1 1 1 1
P-well NMOS ' 200 400 600 800
< = = = Parasitic bipolar current Time (ps)

Kawahara, ISSCC’07 tutorial




Multi-bit Errors

Ref.: K. Osada et. al., [11)

.SRAM cell _hit node Nc=16 SRAM cell with parasitic bipolar
#:0::~ <1>! !—:5‘} <6>! mﬂ? <3>! <9> :
Well ell
tap_QV_0.14V__ 0.72V_0.86V 1.0V_0.88VY 0.75V 0V tap
No failure Bipolar action No failure
- failure
Equivalent circuits of 16 SRAM cells between well tap PWELL
)
» 10 > 100
g o 9 L Simulation g’ Measured Peak neutron energy: 63.5 MeV
o= 8F o 80T
°u 7F iy Well tap/16 cslls
s> 6F 3 60
53 0T = Parasiti
- 4F £ =40 C
<% 3F = @ bipolar
’clé 8 2F Nc is the number of cells o) 20p Well tap/ce L
= 1F . | .between well taps. : '-Fu 0 -._L:_—b.-.
00 16 3 64 128 F 0 50 100 150 200
Nc (bit) Neutron energy (MeV)
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Multi-bit Errors: Interleaving

Placement at alternate addresses

Multi-error B

Word<(Q>==
Word<1 e

Word<2>==—
Word<3>e

Word<4>=—
Multi-error A

2to12to 1|21t0 1 2 to 1
[ 1| [ 1| 1 [ 1|
SA ||S.A||S.A. S.A.
| i | i | n
L A J
[ | Memory cell v A

B sot-error bit Data: 128 bit Parity: 10 bit

Ref.: K. Osada et. al., [12).

JIITT!
T EF

IIT] [IIITl

OIITT] [OOTIITl
v v

Data is not corrected || All data is corrected

Neutron peak energy: 63.5 MeV
Total fluency: 6.14 x 108/cm?

w/o ECC

This work

0 200 400 600 800 1000 1200
SER (arbitrary unit)

EECS251B L19 SRAM
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6T SRAM Alternatives

34




8T-SRAM

RWL
WWL ] * Read circuit?
J_ L|—|_. * |Interleaving?
NO
- IAXRL :I
I N1
WBL RBL

* Dual-port read/write capability (register-file-like cells)

* NO, N1 separates read and write
* No Read SNM constraint

* Half-selected cells still undergo read

* Stacked transistors reduce leakage

L. Chang, VLSI Circuits 2005




eDRAM

® Process cost: Added trench capacitor

Pre-Chame

Bulk _ECII -
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Read/Write Bit-Lines (M2)
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Barth, ISSCC07, " Wang, IEDM'06
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Crosspoint Memories

® Barrett, IRE Trans. Comp. 1961.

EECS251B L19 SRAM

BIASED CORE SWITCH

26 TWISTORS

32 COPPER STRIPS, .060" WIDE
BONDED TO MOUNTING BOARD

Fig. 2—Memory structure. I; and /s are access drive currents to
core-selection switch. Presence or absence of a magnet over a
twistor-strip solenoid crosspoint yields a “zero” or “one.” Signals
observed between twistor and return wire.
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Crosspoint Memories

A McGraw-Hill Publication

Amorphous semiconductors: jury still out 56
Designing low-noise bipolar amplifiers 82 September 28,1970 L] Neq Ie, Ne Ison, Moo re, Elecf ronics’7o

The big gamble in home video recorders 89

Electronics

®* 16 x 16 array (256b) of ‘read-mostly memory’

y ADDRESS

3

Y
$5340av x

EERK
o
KK
]
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Crosspoint Memory

Iggr=5mA
. V=25V

6 ty 210ms

Iggser < 200mA
V& 25V
tp5pus

VReap £ 3V(SET)
= 5V(RESET

EECS251B L19 SRAM geap

® Four modes
® Form
® Set

® Reset

®* Read

ING DEVICES

=

=
=
=
w
=
e i
=
E
L
=
o
55}
a

»

Endurance
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3D Crosspoint Arrays /

) 7/
» K au, | E D M’ O 9 1T1R Array Cross-Point Array
VSET
% Vger qD lez
l_;\
Top Electrode I l I I
OTS i’ i | i i
Middle Electrode SL =
— : WLs ——
Gnd RRAM
RRAM
BLs

word lines (1) i Yeh, JSSC’] 5

word ling )
ord lines (2) Vdd bus

(3) word lines
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Crosspoint Arrays

® Read and sneak currents

(a) F F F F
F

F

F

F

F

Vss

I NN\
MAIN, 2P \ lcowve Word Lines (M)
Vss

EECS251B L19 SRAM

IMA'N,ZP
VSS =ICELL + (N'1 )(M-Z)(VR-VSS)'!RR

Bae, TED 4/17
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Summary

®* SRAM periphery
® Decoders

® Assist circuits

® Sense amp timing replicas

® 6-T SRAM alternatives
* 8-T SRAM
®* eDRAM
® Crosspoint arrays (e.g. RRAM)

EECS251B L19 SRAM
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Next Lecture
® Spring break

®* Low power design

EECS251B L19 SRAM
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