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Memory Overview and RAM Core
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Today

0 Memory

= (Classification

= Architecture

= RAM Core

= Periphery (next week)

= Serial Access Memories (next week)

0 Project 2 1s on this

Penn ESE 3700 Spring 2024 -Khanna



Memory Overview

Penn



Semiconductor Memory Classification

Mask-Programmed

2
E"PROM Programmable (PROM)

SRAM FIFO FLASH
DRAM LIFO
Shift Register
CAM
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Memory Architecture: Core

M bits
/A\ ~
S
r 701 Word 0
S
! — Word 1
S
2_>. Word 2 %te(ﬁage

N Words
AL
|

S
SNi Word N-2
Ni» Word N- ]|

I

Input-Output
(M bits)

N words => N select signals
Too many select signals

Penn ESE 3700 Spring 2024 -Khanna



Memory Architecture: Decoders

M bits
/A\ ~
S
r 701 Word 0
S
! — Word 1
S
2_>. Word 2 %te(ﬁage

N Words
AL
|

S
SNi Word N-2
Ni. Word N- ]|

I

Input-Output
(M bits)

N words => N select signals
Too many select signals
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M bits
A

Word 0
Word 1

Word 2 %tgﬁage

Word N-2§
Word N-1

I

Input-Output
(M bits)

—>
S
—
—
—
_,I

Decoder reduces # of select signals
K =log,N



Array-Structured Memory Architecture

Problem: ASPECT RATIO or HEIGHT >> WIDTH

HL-K Bit Line
Storage Cell
/
Ak L. o
AK+_1 Rl lliL Word Line
A1

Amplify swing to
rail-to-rail amplitude

TITTTTIT

Selects appropriate

-
word

Input-Output
M bitsg)
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Latches/Register — Can Store a State

0 Build register from pair of latches

0 Control with non-overlapping clocks

o o/ \ [\
> TXODNNONC o, b,
0} 0000000 e
ok X

Register
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ROM Memories
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MOS NOR ROM

Vbp

WL[O0]

WI[1]

WL[2]

WIL[3]

Penn ESE 3700 Spring 2024 -Khanna

BL[0]

BL[1]

BL[2] BL[3]

Pull-up devices

- GND

.. GND
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MOS NOR ROM

Vbp

WL[O0]

WI[1]

WL[2]

WIL[3]
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BL[0]

BL[1]

BL[2] BL[3]

Pull-up devices

- GND

.. GND
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MOS NOR ROM

Vbp

WL[2]

WIL[3]

BL[0] BL[1]
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BL[2] BL[3]

Pull-up devices

- GND

.. GND
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MOS NOR ROM

Vbp

WL[O0]

WI[1]

WL[2]

WIL[3]
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BL[0]

BL[1]

BL[2] BL[3]

Pull-up devices

- GND

.. GND
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MOS NOR ROM

Vbp

_Iﬁ _Iﬁ |'C{ |'4 Pull-up devices

WL[O]
. GND
WL[1]
WL[2]
 GND

WIL[3]

BL[0] BL[1]  BL[2] BL[3]
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MOS NAND ROM

VbD
ﬁ ﬂ |'4 |'4 Pull-up devices
- Z;Z—[O] Z-BL=[1] . -B=L.[2] BL[3]
WL[0]
WL[1]
WL[2]
WL[3]

All word lines high by default with exception of selected row

Penn ESE 3700 Spring 2024 -Khanna
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MOS NAND ROM

VbD
ﬁ ﬂ |'4 |'4 Pull-up devices
- Z;Z—[O] Z-BL=[1] . -B=L.[2] BL[3]
WL[0]
WL[1]
WL[2]
WL[3]

All word lines high by default with exception of selected row

Penn ESE 3700 Spring 2024 -Khanna

16



MOS NAND ROM

VbD
ﬁ ﬂ |'4 |'4 Pull-up devices
- Z;Z—[O] Z-BL=[1] . -B=L.[2] BL[3]
WL[0]
WL[1]
WL[2]
WL[3]

All word lines high by default with exception of selected row
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Array-Structured Memory Architecture

Problem: ASPECT RATIO or HEIGHT >> WIDTH

HL-K Bit Line
Storage Cell
/
Ak L. o
AK+_1 Rl lliL Word Line
A1

Amplify swing to
rail-to-rail amplitude

TITTTTIT

Selects appropriate

-
word

Input-Output
M bitsg)
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Memory Periphery

Penn



Periphery

0 Decoders

0 Column Circuitry
= Bit-line Conditioning
= Sense Amplifiers
= Input/Output Buffers

a Control/Timing Circuitry

Penn ESE 3700 Spring 2024 -Khanna
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Array Architecture

Q 2" words of 2™ bits each

a0 Good regularity — easy to design
0 Very high density 1f good cells are

used

Penn ESE 3700 Spring 2024 -Khanna

Bitline

18podag Moy

|
Conditioning

Wordlines

a— Memory
Cells
2" rows =
2M columns

|
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
(]
|

| CHIHCHOHOH R CHEHEHLHEHEHE R CHEHEH T
| LHIHOHOHOHCHOHOH CHIHCHCHEHEH EHEH [

|Cmumn
Circuitry

s | LHIHOHLHIHLCH LR LI L L L]

]

Address Data (2™ bits)

=
il —f—-

n
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Array Architecture

Q 2" words of 2™ bits each

0 Good regularity — easy to design
0 Very high density 1f good cells are

used

Penn ESE 3700 Spring 2024 -Khanna

\\ | [_. !J_| l% l itioning
[HCHOHOE
j Ij— t" m’, Bitlines
HCH OO
_[E |__L|— IJ__I— I__Lk Wordlines
[HOHH
g [ Ij_ Ij_ I__Ll_ Memo
E [ |__L|’ tl' |j—f anellsw
f_%, D‘ D‘ H 2m crc?r:ﬁqﬁs
?&j [HOHLCE
CHOHOH
[ O [H
F CHOHOH
\ [HOH CHOH
[HOHLHCH
L L
[ |

| Coliymn
cigeliitry

n

Address Data (2™ bits)
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6T SRAM Cell

a Cell size accounts for most of array size
= Reduce cell size at expense of complexity

o 6T SRAM Cell

= Used in most commercial chips

= Data stored in cross-coupled inverters

0 Read:

= Precharge BL, BL’ BL

BL'

= Raise WI. WL

0 Write:
= Drive data onto BL,, BL

m Raise WL

Penn ESE 3700 Spring 2024 -Khanna
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6-transistor CMOS SRAM Cell

WL
Vdd
My |b— | My
. 1. Q Q
| M5 - ? ]
e |

Penn ESE 3700 Spring 2024 -Khanna
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6-transistor CMOS SRAM Cell

WL
e
| |
M, M,
. 1. Q Q—
M S —— ]
GV 6
M M3
BL ) BL
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6-transistor CMOS SRAM Cell (preclass 1)

WL

Assume 1 is stored

(Q=1)

Read Operation: .

- First bitlines get ypp
precharged high
(Vdd)

- Then wordline goes
high (Vdd)

- Precharge
disconnected first!

Penn ESE 3700 Spring 2024 -Khanna

Vdd

o

Q VDD
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CMOS SRAM Analysis (Read) (preclass 1)

VDD WL
Vbp
K =" &
1l o — | - =
\TrT__ AV 1 e
L

VDD M I— Voo VDD
o L1 1 .

a) Which two transistors are discharging \BL to Gnd?
b) What regions of operation are the transistors in?
c) Write the KCL equation for the two transistors

Penn ESE 3700 Spring 2024 -Khanna

27



CMOS SRAM Analysis (Read)

VDD WL
VoD
K =" &
1 o0 B L T4
LT AV 1 e
L
VDD M I—VDD DD

k

n,M5 (

Penn ESE 3700 Spring 2024 -Khanna

2
Vop —AV - VTn) - kn,M1 ((VDD -V5,)AV - 2

AV?
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CMOS SRAM Analysis (Read)

VDD WL
Vpp
" =~ o
L 0 B | -y
LT AV 1 e
L
VDD M I— oo VDD
W u
ko \L) (Vop-aV-1,) Constraint on AV?
n, — 1 — n
kn,MS Z AVz
L

5

Penn ESE 3700 Spring 2024 -Khanna

Vyop =V, )AV - 5
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CMOS SRAM Analysis (Read)

VDD WL
VoD
BL _|0| M4 BL
0 il L Tretdl |cr = Wi/L,
._‘IWI'_.I_AV 1 = WL
VDD M I—VDD VDD

<

4 )
kn,Ml _ L 1 _ (VDD_AV_VTn)
k. /4 AV?

M N Vop =V )AV = 7

5
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1 (VDD _2VTn )2

aNIGIE

Vo, =15V, WV
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CMOS SRAM Analysis (Read)

1.2 —
1\
= 0.8
2 N
~ 0.6 \
& 0.4 SO
= S~
g 0.2 ' ——
0
|

0 05 11215 2 25
Cell Ratio (CR)
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SRAM Read

0 Precharge both bitlines high
0 Then turn on wordline, WL

0 One of the two bitlines will be pulled down by the
cell BL BL'

0 ExxA=0,A_b=1 WL
= BL discharges, BL’ stays high
= But A bumps up slightly

Q Read stability
= A must not tlip
= N1 > N2
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6-transistor CMOS SRAM Cell (preclass 2)

WL
: Vdd

Assume 1 is stored
(Q=1) M2 M4
Write Operation: . 1 Q | | @ _M_
- Want to writea 0 ypp M L0 ! 6
- First drive bitlines

with input data M; M3

- Then wordline goes
high (vdd)
Still driving bitlines

Penn ESE 3700 Spring 2024 -Khanna
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CMOS SRAM Analysis (Write) (preclass 2)

1 0 _T:()l_l_'lM—Gi‘_.

VDD 0

a) Which transistor discharges Q to Gnd?

b) Which transistor must it overpower?

c) What regions of operation are the transistors in?
d) Write the KCL equation for the two transistors
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CMOS SRAM Analysis (Write)

VDD

VDD WL
VDD
[
1 o = " Terl
VTRl Vo1

Kp,ma (VDD _‘VTp‘)z - kn,M6
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[(VDD - VTn )VQ -

2
_9
2

]
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CMOS SRAM Analysis (Write)

VDD

2

VQ
(VDD — VTn )VQ TN

Kpma _ 2

k,,,M6 (VDD — ‘VTP‘)z

Penn ESE 3700 Spring 2024 -Khanna

36



CMOS SRAM Analysis (Write)

L

VDD

P | [ewiL
L o0 'l Terd W, /L

VDD o

2

2
Kpma _ Wop V500 - ; Vo =V, Kpma Vpp =V WV = VZTn
2 —
kn’M6 (VDD B ‘VTPD B— kn,M6 (VDD - ‘VTp‘)z
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CMOS SRAM Analysis (Write)

0.5 — ‘
W, /L
PR =_—4/"4
= 04 o Wo/L
g" 0.3 /
> 0.2
S 0.1
0 |
0 0.5 | 1.5 18 2

Pull-up Ratio
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SRAM Write

d

d

Drive one bitline high, the other low

= Depending on write data

Then turn on wordline, WL

Bitlines overpower cell with new
value

Ex:A=0,A b=1BL=1BL =0
= Force A_b low, then A charges high
Writability
= Must overpower feedback inverter
= N4 >> P2

Penn ESE 3700 Spring 2024 -Khanna

1.0

0.51

0.0

..................................

0

T T T T T T
100 200 300 400 500 600 700
time (ps)
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Column Circuitry

0 Some circuitry 1s required for each column

= Required: Bitline conditioning
= Precharging

= Driving input data to bitline

= Increased speed: Sense amplifiers

= Aspect ratio (square memory): Column multiplexing

(AKA Column Decoders)

Penn ESE 3700 Spring 2024 -Khanna
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SRAM Column Example

read

JID

s

Blt||neCDndemng

word_q1

HA 9

Penn ESE 3700 Spring 2024 -Khanna

JA G )9
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SRAM Column Example

read

s

Blt||neCDndemng

word_q1

HA 9

Penn ESE 3700 Spring 2024 -Khanna

JA G )9

write

word_q1 T T

LA 39

Bitline Conditioning

T

9

More
Cells ®

SRAM Cell

JLA g9 Qg

write_q1

o

data_s1

< BE
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5T SRAM

Waccess

BL

Penn ESE 3700 Spring 2024 -Khanna

restore
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Charge Sharing

Initially
s A@1V
« B@ OV

0 Q,=1V*C1=Cl

Penn ESE 3700 Spring 2024 -Khanna

C1

CO
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Charge Sharing

Initially
s A@1V A

B
« B@ OV yd
0 Q,=1V*C1=C1
Close switch o) P — E—
- Qtot:Vﬁnal*<Cl+CO>
0 Charge conservation < V4

u QA:Qtot
0 C1=Vig,,*(C1+CO) Cl

V.
fmal 1+ CO
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Consider (preclass 4)

0 Read: What happens to voltage at A when WL turns

from 0217
= Assume W, .. large W)
- Waccess > > \X/vpu:1 WL
= BL initially 0 — i
LA BL
} B
] T 00

Penn ESE 3700 Spring 2024 -Khanna
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Voltage After enable Word Line

0 Qg =0
= QA — (1V><VZCO+yWaccessCO>

0 100tF= CBL> >CA: (V(Z +Waccess> C())

Penn ESE 3700 Spring 2024 -Khanna

—100f
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Voltage After enable Word Line

A Qpp =0
= QA — <1V><YZCO+yWaccessCO>
- 1OOfF:(:BL>>(:A: (Y<2+Waccess>CO> A i BL

—100f

aCCeCSS

a After enable W, ... (W
= Total charge Qg +Q 4 unchanged

large)

= Charge conservation
= Distributed over larger capacitance~=Cg;,
n V=V ~=C,/Cgy,

Penn ESE 3700 Spring 2024 -Khanna 48



. Simulation: W, ,=100 F A %
Transient Response , I
>

o Lk .

0 2e-10 4e-10 6e-10 8e-10  1e-09
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Consider (5T SRAM) (preclass 5)

0 What happens to voltage at A when WL turns from

0217
= Assume W, .. large [/
= A mitially 1 ¢ WL
= BL initially 0
dq[ 10
A - BL
® \—

Waccess
HOHE |
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Simulation W =20

aCCCSS

Transient Response

0.8

0.6

0.4

0.2

PO
Lo~
~
P~
i
=
H
1n»
H
H

1e-1@e-1Be-1%e-1(he-1®e-1Fe-1Be-1®e-101e-09

S
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Simulation W

aCCCSS

—4

Transient Response

0.6

.........

IIIIII
llllll
.||l|l|"l‘c

||||||
0.4 SSP YLL
- % ‘j||
vt H
wt H
» H
\\\\ H
N L A !
T—— A
<. S R, D eensslesmssassenssesemas assas sesssessmases bans sesamessn'ssnsse s mese ‘e s A —
0.2
i o
o | | | . not A
£ PO H i
P i i BL llllllllllllll
+ - ] 1
0 um}t..“\...... 23aEssEajasasasassEsasseases s s e s BEEEHEN
i i i i ' i 1 I

1e-1@e-1Be-1%e-1(be-10le-1Fe-1Be-1®e-101e-09
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Charge Sharing

a0 Conclude: charge sharing can lead to read upset

= Charge redistribution/sharing adequate to flip state of bit

Transient Response

1 A ES— T
0.8
0.6 i
>
0.4
0.2 A
S R not A
O _5‘:: \“‘u“““‘“uum Bl llllllllllllll
WL

1e-1®e-1Be-10te-1(Be-1®Be-1Fe-1Be-1®e-101e-09
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Waccess=20

S

1

0.8

0.6

0.4

0.2

Transient Response

"
//
‘‘‘‘‘‘ A —
o not A
=Y
0 fubgtenns | g
1e-1@e-1Be-1%e-1®me-1®Be-1¥e-1Be-1®e-101e-09
s
Waccess=4
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Charge to middle Voltage

0 Pre-charge bitlines to Vy,/2 before begin read

operation
0 Now charge sharing doesn’t swing to opposite side
of midpoint . Tj‘e
L N
0.7 \
06 \
C 16 § 05 \\
( :l Lwi N 03 ‘\\

L — Vin
i

Penn ESE 3700 Spring 2024 -Khanna
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Compare

0 Both W,....s=20; vary BL. precharge voltage

Transient Response Transient Response
1 1 ﬂ/ e I T T
0.8 [+ 0.8 L
0.6 [ 0.6 H-frfrrfrmmmemeeee
> R i
0.4 - > 04 bt
0.2 Sl 7 A —— 0.2 A —
\\Hm% nOJtB'IA IIIIIIIIIIIIII ' not A
0 s WL [ J I P — — S F— - .
S A I I | s
1e-1@e-1@e-10te-1(Ge-1Ge-10e-10Be-1®e-101e-09 1e-1(Re-1Be-10te-1Ge-1Me-1Te-1Be-1®e-101e-09
S s
0 precharge V44/2 precharge
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Simulation W

aCCesS

=20 (precharge Vdd/2, reading 0)

Transient Response (reading 0)

0.6 _, ............

0.4 [

..... WL LU

1 FEEEEEEEEEEEEEEE l-~__4cn-rm»nuMWwmewmmwﬂmmmmnm-mnnlun-m

NOt A =esmmmsnn

BL IRIERIRENIN

0.2

I
o e T T T

4
O .............

Jomeeeeeneeenns
i

0.0000000@Q000000@2000000@3000
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Simulation W,....=20 (with precharge Vdd/2)

Transient Response Transient Response (reading 0)

1 . . T ! 1 - T =
NOt A ==sssmsss
BL sunnn
0.8 | 0.8 WL :
0.6 i os
> e -
0.4
0.4
02 - A —— ]
not A 0.2
(o J ™ PR S N—— R R BL e .
WL
1 1 1 1 1 1 1 0
1e-1Pe-1Be-10e-1Be-1Be-1Te-1Be-1®e-101e-09 0.0000000@53000000@EE000000@EE000000@EA000000@E300000006B000000(
S S
Read 1 Read 0
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Multiple Ports

0 We have considered single-ported SRAM

= One read or one write on each cycle
a Multiported SRAM are needed for register files

0 Examples:

= Pipelined ALU register file: ‘
s add r1,r2.13 SHO1
= R3ERI1+R2 . SRC2 2
< Q
= Requires two A £ | DST %
reads and = 1!
D
one write '%
S | ALuop
1)
£
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Dual-Ported SRAM

a Simple dual-ported SRAM

= Two independent single-ended reads

s Or one differential write

bit
wordA

bit_b

wordB

Penn ESE 3700 Spring 2024 -Khanna
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Dual-Ported SRAM

a Simple dual-ported SRAM

= Two independent single-ended reads

s Or one differential write

bit bit_b

wordA
wordB

0 Do two reads and one write by time multiplexing

= Read during phl, write during ph2

Penn ESE 3700 Spring 2024 -Khanna 60



Multi-Ported SRAM

0 Adding more access transistors hurts read stability
0 Multiported SRAM i1solates reads from state node

0 Single-ended bitlines save area
wb1 wb2 wb3 b1 b2 b3 rbd

1]
e IC

-

G
<+ VT

Penn ESE 3700 Spring 2024 -Khanna
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Register File Cell

o Single-ended 2-read/1-write ports (Slow-write)

bitWR bitRD1 bitRD2
I1 I3
A
¢ N2 N1 N3 @
L_J LJ L J
N4 .
_J

12 1T
wordWR &
wordRD1 L
wordRD2 L

WrEN
Penn ESE 3700 Spring 2024 -Khanna
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DRAM

0 Smaller than SRAM

0 Require data refresh to compensate for leakage

Penn ESE 3700 Spring 2024 -Khanna
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3-Transistor DRAM Cell

a Cell 1s inverting on read operation

WBL RBL

WWL

RWL
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3-Transistor DRAM Cell

a Cell 1s inverting on read operation

WBL RBL

WWL

RWL

Penn ESE 3700 Spring 2024 -Khanna

LN

RWL
/

X / Vop-Vr
14
wBL /| \ PP
__/

RBL Vpp-Vr
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3-Transistor DRAM Cell

a Cell 1s inverting on read operation

WBL

WWL

RBL

RWL

Penn ESE 3700 Spring 2024 -Khanna

WWL / \
RWL
SN
X
/ Vop-Vr
V
WBL / \ PP

RBL Vpp-Vr _\] AV
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3-Transistor DRAM Cell

a Cell 1s inverting on read operation

WBL RBL

WL WL |\

s o

RWL

s No constraints on device ratios
s Reads are non-destructive

= Data stored has a V. drop
=  When storing a 1, value at X = V-V
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1-Transistor DRAM Cell

BL

Penn ESE 3700 Spring 2024 -Khanna
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1-Transistor DRAM Cell

BL

Write "1"

Write: Cs is charged or discharged by asserting WL and BL.

Penn ESE 3700 Spring 2024 -Khanna
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1-Transistor DRAM Cell

BL

Write "1" Read "1"

LIV N
X GND / VDD_V{
|

Vbp |
/T
VDD/2 - - VDD/2

sensing

BL

Write: Cs is charged or discharged by asserting WL and BL.
Read: Charge redistribution takes places between bit line and storage capacitance

C
s
AV = VgL = VpRg = (VBIT_VPRE)CS+ Cp

Voltage swing is small; typically around 250 mV.
Penn ESE 3700 Spring 2024 -Khanna
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1-Transistor DRAM Cell

BL

Write "1" Read "1"

WL_JLﬁL
X GND / VDD_V{
|

VoD |
) N Y
VDD/ 2 « - Vpp/2

sensing

BL

Write: Cs is charged or discharged by asserting WL and BL.
Read: Charge redistribution takes places between bit line and storage capacitance

C
s
AV = VgL~ VpRg = (VBIT_VPRE)CS+ Cp

Voltage swing is small; typically around 250 mV.
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DRAM Cell Observations

o 1T DRAM requires a sense amplifier for each bit line, due to
charge redistribution read-out

0 DRAM memory cells are single ended in contrast to SRAM
cells

0 The read-out of the 1T DRAM cell is destructive; read and
refresh operation are necessary for correct operation

0 Unlike 3T cell, 1T cell requires presence of an extra
capacitance that must be explicitly included in the design

0 When writing a “1” into a DRAM cell, a threshold voltage is
lost. This loss can be circumvented by bootstrapping the
word lines to a higher value than Vpp
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Big Idea

o 6T SRAM

= Robust cell when sized carefully

o 5T SRAM
= More sensitive to sizing than 6T SRAM

0 Minimize area of repeated cell
= 6T/5T SRAM
= Mulitport trade off area for function

= 1'T/3T DRAM helps but slower

a0 Compensate with periphery (next time...)
= Decoders
= Bitline (column) drivers

= Sensing/Amplification (regeneration/restoration)
Penn ESE 3700 Spring 2024 -Khanna
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Admin

0 Homework 6 due tonight
0 NEW Homework 7

s Come to lab 4/22 and turn in worksheet for credit

a Project 2 out now
= Design SRAM array

= Work in teams of up to two

s Milestone due F 4/19
= Will get feedback from me by M 4/22

= Final report due Wednesday 5/1

Penn ESE 3700 Spring 2024 -Khanna
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