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Memory Overview and Periphery
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Today

0 Memory
s Overview

= Periphery

0 Project 2 1s on this
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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
Y
S
( 0—> Word 0
S
S]—p- Word 1
2 Storage
-§ —p Word 2 Cell
(@] TE
$< —
Z ——H
S
SNi,. Word N-2
N I -
L =y WordN ]l

|

Input-Output
(M bits)

N words => N select signals
Too many select signals
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Memory Architecture: Decoders

M bits
Y
S
( 0—> Word 0
S
I—»- Word 1
S
_§ — Word?2
(@] TE
< —
= —
S
SNi,. Word N-2
N 1 -
L =y WordN ]l

|

Input-Output
(M bits)

Storage
Cell

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

[ 1111~

Word 0

Word 1

Word 2

Word N-2

A 4

Word N-1

]

Input-Output

(M bits)

Storage
Cell

Decoder reduces # of select signals
K =log,N



Array-Structured Memory Architecture

Problem: ASPECT RATIO or HEIGHT >> WIDTH

HL-K Bit Line

Storage Cell
/

«z .................................. Word Line

1 I.I:I TTT e

-

Amplify swing to
rail-to-rail amplitude

Selects appropriate
word

Input-Output
M b1ts§)
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Latches/Register — Can Store a State

0 Build register from pair of latches

0 Control with non-overlapping clocks

: : . . 0,
o1 S A
D XXXXOCONKNNC P, P,
e I et o
R RISl

Register
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Memory Periphery

Penn



Periphery

0 Decoders

a0 Column Circuitry
= Bit-line Conditioning
= Sense Amplifiers
= Input/Output Buffers

a Control/Timing Circuitry
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Array Architecture

Q 2" words of 2™ bits each
0 Good regularity — easy to design
a Very high density if good cells are

used
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Bitline

18pooa Moy

ey

|
Conditioning

2M columns

] LHOHOH R EHCHEH R CHEH CHEHEH EHEH T
| CHOHCHOHIHOHOHOHCHOHCH O HEHEH L HEH |

Column
|Circuitry

s | LHOHOHOHIHOHIHLHOHLHECH LCHE R CHLHEH ]
S I I I e o O e I I o I R I o

|

Address Data (2™ bits)

e e
gl — -

n



Array Architecture

m[w)n;

\

Colymn
P itry
n

Y
Address Data (2™ bits)

a 2% words of 2™ bits each e s e
D (=i :
1 Good recularity — easy to desion ul[wllul=}
. g ty . y g mj(miint |_—L|', Bitlines
a Very high density if good cells are 0] g g m)
used _[DE oI %
g |: Ij_ |j_ Ij_ Memo
g [ |‘_L|— t|—|‘_"|—f EHCEHEW
f_% |j~ |t|— |j~ 2m crgr:ﬁﬂﬁs
BEEE
nlinlin}
F HLH
nlinlin}
nlinlin}
nlinlin?
T
|
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Decoders
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Array Architecture

a 2 words of 2™ bits each

0 Good regularity — easy to design
a Very high density if good cells are

used
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| Bitline

Address Data (2™ bits)

L[ [ |
\ m I__l_|_ lj_ |__L|— Conditioning
[HHOHCH
mjfmifi} |_—L|', Bitlines
1O OO
_[DE: |__L|‘ |j— |__L|; Wordlines
myin}int
g [ Ij_ lj_ Ij_ Memo
E [ |__L|’ tl' I__Ll—f EHC:eIls,Wr
f_%, D‘ D‘ H 2m crc?r:ﬁqﬁs
%GDG
(T
[HOHH
FGDG
\ (O OH O OH
VEEEE
CF CHOHOH
C T T T Jcvouty
10
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Decoders

0 n:2” decoder consists of 2° n-input AND gates

= One needed for each row of memory

s Build AND from NAND or NOR gates

Static CMOS

[——— A2-to4linesingle bit decoder — — — o Truth Table

|
Ao ﬁl—‘—DC I A1 Ag|Ds D2 Dy Dy
{>O Do o oo o o0 1
TS

N—yp

0 1 0 0 | 0

1 0 0 | 0 (

|
|
| D 1 1|l o0 o o
|
|
|
|
|
|

Minterm Equations
Do-Aj-Ao

D1 E-A()

_______________ J Di-Arr Ao
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Large Decoders

a For n > 4, NAND gates become slow

= Break large gates into multiple smaller gates

A3 A2 A1 AQ

YIVIVIY

word0

word1

word2

word3

0w Ty

Y Y Y Y

word15

¥
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Large Decoders

a For n > 4, NAND gates become slow

= Break large gates into multiple smaller gates

A3 A2 A1 AQ

1 1 1 ]

YVIVIYI|Y
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Predecoding

a0 Many of these gates are redundant

s Factor out common
gates into predecoder
s Saves area

= Same path effort

Penn ESE 3700 Spring 2025 - Li

A3

A2

Al

A0

VIVIVIY

| ‘ ’ / predecoders
M %Ln/l e
/ predecoded lines
<
‘D»— word0
'j \— word1
p - word2

,j - word3

~
\- word15
5




Row Select: Precharge NAND

Precharge
GND A0 At A2 A3 Vdd
| |
O )

. . 0
T T T {:
— — -

T 1 T 1 lI__|_ E
— — 0

1 1 1 1 ll_—|_ :
0

11 T - :
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PPA ev
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Row Select: Precharge NAND
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il
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Row Select: Precharge NOR

at
I'E'l:[-ll:[-ll:ﬂ-_l

llﬁ:ﬂil_litﬁiﬂ_:-'-_l

Vdd
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Column Circuitry

& Bit-line Conditioning

Penn



Array Architecture

a 2% words of 2™ bits each Qe B
0 Good regularity — easy to design g g g g
a Very high density if good cells are g g g g -
used |j lj t} 5 Wordlines
g |j Ii! t! Ii! - Memo
g |j lj E |j"- EHCEHEW
f_% lj |j |j |j Em::rgr:ﬁﬂﬁs
OO
OO
CHOHOH O
OO
1O OO
miiniinlin
T

n

Y
Address Data (2™ bits)
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Array Architecture

| Bitline
Conditioning

a 2 words of 2™ bits each

L T 1
| | SEEE
0 Good regularity — easy to design g g g g
a Very high density if good cells are g g g g -
used |j lj t} 5 Wordlines
g |j li! t! - Memo
® [HI t(lj '- EHCEHEW
f_% lj |j |j Em::rgr:ﬁﬂﬁs
OO
OO
CHOHOH O
OO
1O OO
miiniinlin
SEaE n
C T T T e
WL A

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

a 61T SRAM Cell

= Used in most commercial chips

= Data stored in cross-coupled inverters

0 Read:
= Precharge BL, BL’
= Raise WL
o Write:
= Drive data onto BL, B
= Raise WL v

BL BL'

WL
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Column Circuitry

0 Some circuitry is 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)
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Bitline Conditioning

a Precharge bitlines high before read operations
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Bitline Conditioning

0 Precharge bitlines high before reads
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Bitline Conditioning

a Precharge bitlines high before reads

— Voo — Voo
BJL (b |5L' L e L
AL _{F I ||
BL | = |BL
EQ

a What if pre-charged to Vdd/2?

= Pros: reduces read-upset

= Challenge: generate Vdd/2 voltage on chip
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Column Capacitance Consequence

0 Preclass1l: What is capacitance of a bitline?

a W (pass transistor size), d rows, Y=C 0/ Co

aACCCECSS

bit bit_b

word
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Column Capacitance Consequence

a0 Preclass1: What 1s capacitance of a bitline?
D WH,CCCSS

a Preclass2: What is the delay for the cell to drive the bitline
during a read?

(pass transistor size), d rows, Y=C 0/ Co

0 Wy (inverter size in cell), R,

bit bit_b

word
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Column Capacitance Consequence

a0 Preclass1: What 1s capacitance of a bitline?
D WH,CCCSS

a Preclass2: What is the delay for the cell to drive the bitline
during a read?

(pass transistor size), d rows, Y=C 0/ Co

0 Wy (inverter size in cell), R,

o Preclass3: Waccess=Wbuf=1, y=1/2
0 Delay for d=32, 5127

bit bit_b

word
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Column Capacitance Consequence

a0 Preclass1: What 1s capacitance of a bitline?
D WH,CCCSS

a Preclass2: What is the delay for the cell to drive the bitline
during a read?

(pass transistor size), d rows, Y=C 0/ Co

0 Wy (inverter size in cell), R,

a Conclude: Can’t size up cell=>driving bitline will be slow

bit bit_b

word
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Sense Amplifiers

a Bitlines have many cells attached
s Bx: 32-kbit SRAM has 128 rows x 256 cols
= 128 cells on each bitline
0 t,q ¢ (C/I) AV
= Bven with shared diffusion contacts, 64C of diffusion
capacitance (big C)
= Discharged slowly through small transistors in each

memory cell (small I)

Q Sense amplifiers are triggered on small voltage swing

< AV> Ve, V(1)

Vpre I AV

V(0)
|Sense amp activated t

Penn ESE 3700 Spring 2025 - 11 ‘Word line activated




Ditterential Pair Amp

0 Ditferential pair requires no clock

0 But always dissipates static power

P1|p—| P2
sense b sense

sBL—{|N1  N2| BU
N3
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Clocked Sense Amp

0 Clocked sense amp saves power
0 Requires sense_clk after enough bitline swing

0 Isolation transistors cut off large bitline capacitance

bit bit b
sense_clk [ { isolat.ion
transistors
_# F_ regenerative
% F feedback
|
sense sense_b
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Word Line Capacitance

a0 Preclass4: What is capacitance of word line (row)?
8 W, ...— transistor width of column device
= W columns
= =Caisnn/ Co

0 Preclass5: Delay driving word line?

.. Drive inverter
wldrive bit bit_b

word
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Column Drivers: Memory Bank

Y YYYY XYY YY Y Y Y

R I e e R Y L

Pt Pt it O it O 1 A P A St it

Pt it it it N P P A St it

Pt Pt it O it O 1 R Pt St it

Pt it it it P R P St it

F I st P R St A P A it I PV A

Pt it it it O P R P St it

| ||

l

l

Y Y Y Y Y Y Y
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Tristate Buffer

a Typically used for signal traveling, e.g. bus

0 Ideally all devices connected to a bus should be
disconnected except for active device reading or
writing to bus

0 Use high-impedance state to simulate disconnecting

Input En Ouptut
En
0 0 Z
Input Output
P P 1 0 Z
0 1 0
Active-high buffer : 1 1
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Tristate Buffer

En

Input OQutput

Input | >
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En

CMOS circuit




enable

in 4&% out

Tristate Inverters

7\ —
\/ ( \\.
N~/
A

En [

En{ >

L dl Output
Input = F 1 -

.]|H_t T
S
L o]
)
1

A
.\\ » // J

Input [ >

L)
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Memory with column decoder

>-to-4 Memory
0 | | | | | | | |
Decoder —11-bit| | 1-bit| — 1-bit| — 1-bit| —|1-bit| —|1-bit| —|1-bit| —|1-bit
AO___|
ROW 1 | . | . | . | . | . | . | . | -
Decoder —| 1-bit 1-bit| —{ 1-bit| - 1-bit| | 1-bit| —|1-bit| | 1-bit 1-bit
2 | | | | | | | |
AL | _|1-bit| || 1-bit| | 1-bit| || 1-bit| || 1-bit| | 1-bit| || 1-bit ||| 1-bit
3 | | | | | | | |
s _|1-bit| || 1-bit| | 1-bit| || 1-bit| || 1-bit| | 1-bit| || 1-bit ||| 1-bit
Tristate
\ \ «——Buffer
VNN NN
2
o D
. ° 3%
Column cs 0 1
Select (AZ) CS 1-to-2 Decoder Column Decoder
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Read/Write Memory

8x4 Memory
0 | | | | | | | |
—|1-bit| — 1-bit| —|1-bit| — 1-bit| —|1-bit| — 1-bit| | 1-bit| | 1-bit
AQ0 — 2-to-4 1 | | | | | | | |
ROW ——{1-bit| | 1-bit| | 1-bit| | 1-bit| || 1-bit| - 1-bit| || 1-bit| +| 1-bit
Decoder | | | | | | | |
—{1-bit| | 1-bit| - 1-bit| |- 1-bit| || 1-bit| - 1-bit| | 1-bit| | 1-bit
Al__ |
3 | | | | | | | |
CS —{1-bit| —| 1-bit| - 1-bit| | 1-bit| | 1-bit| — 1-bit| | 1-bit| +—| 1-bit
AW AN YA YA YA T4 Y4 Y Y4
Y& Y5 &Y (Y55 [YEY Y& Y& [YEY
Column 0 1
Select (A2 CS 1-to-2 Column Decoder
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Read/Write Memory

8x4 Memory

0 | | | | | | | |
—|1-bit| — 1-bit| —|1-bit| — 1-bit| —|1-bit| — 1-bit| | 1-bit| | 1-bit

AO— 2-to4 1 | | | | | | | |
ROW ——{1-bit| | 1-bit| | 1-bit| | 1-bit| || 1-bit| - 1-bit| || 1-bit| +| 1-bit

Decoder | | | | | | | |
—{1-bit| | 1-bit| - 1-bit| |- 1-bit| || 1-bit| - 1-bit| | 1-bit| | 1-bit

Al— 3 | | | | | | | |
CS —{1-bit| —| 1-bit| - 1-bit| | 1-bit| | 1-bit| — 1-bit| | 1-bit| +—| 1-bit

_ STA STA STAL A STA A mTA STA

Rd/Wr = 0 | Rianik@Enl T T YT

Y& Y4 Y45 [Y45 [Y&Y Y& Y& [YEY

Column 0 1

Select A2y =1CS

1-to-2 Column Decoder
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Read/Write Memory

8x4 Memory
0 | | | | | | | |
—|1-bit| —|1-bit| —|1-bit| — 1-bit| — 1-bit| —|1-bit| | 1-bit| | 1-bit
AO— 2-to4 1 | | | | | | | |
ROW -~ 1-bit| | 1-bit| || 1-bit| I 1-bit| - 1-bit| || 1-bit| | 1-bit| | 1-bit
Decoder | | | | | | | |
——1-bit| | 1-bit| || 1-bit| - 1-bit| - 1-bit| || 1-bit| | 1-bit| | 1-bit
Al— 3 | | | | | | | |
CS —|1-bit| | 1-bit| || 1-bit| - 1-bit| - 1-bit| || 1-bit| | 1-bit| | 1-bit
_ STAL STA STAL SUA sUAL A m7A STA
Rd/Wr = 1 | T T YT
5| [0 YN [Y5 V4 [YEY (Y5 [V4
@
O
O
Column 0 1
CS 1-to-2 Column Decoder

Select (A2) =1
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Idea

0 Memory for compact state storage

0 Share circuitry across many bits

= Minimize area per bit = maximize density

0 Aggressively use:
= Pass transistors, Ratioing

= Precharge, Amplifiers to keep area down
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Admin

0 Project 2 out

= Work in teams of up to two
= Final report due Wednesday 4/30

0 Wednesday 4/16 Midterm 2 (next week)
= 1:45pm-3:45pm in class
s Midterm 2 Review session (4/16) - in class
= Lectures 11-18
= Closed note, calculator allowed

s All old exams online
s 2015-2024

= Do review your preclass!!
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Additional Reading (Optional)
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ROM Memories
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MOS NOR ROM

Vbp

_ﬂ | \ |_4 |'4 Pull-up devices

WL[O0]

. GND
WI[1]
WL[2]

. GND
WL[3]

BL[0] BL[1]  BL[2] BL[3]
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MOS NOR ROM

Vbp

_Iﬁ | s |'C{ |‘4 Pull-up devices

WL[O0]

. GND
WI[1]
WL[2]

. GND
WL[3]

BL[O] \ BL[\]  BL[2] BL[3]
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MOS NOR ROM

Vbp

_ﬂ | \ |_4 |'4 Pull-up devices

WL[O0]

. GND
WI[1]
WL[2]

. GND
WL[3]

BL[0] BL[1]  BL[2] BL[3]
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MOS NOR ROM

Vbp

_ﬂ | \ |_4 |'4 Pull-up devices

WL[O0]

. GND
WI[1]
WL[2]

. GND
WL[3]

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

Vbp

|'4 Pull-up devices

BL[2] $-e BL[3]

BLIO) peBLI]

WL[O0]

WI[1]

WI[2]

WL[3]

All word lines high by default with exception of selected row
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MOS NAND ROM

Vbp

|'4 Pull-up devices

BL[2] $-e BL[3]

BLIO) peBLI]

WL[O0]

WI[1]

WI[2]

WL[3]

All word lines high by default with exception of selected row
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MOS NAND ROM

Vbp

|'4 Pull-up devices

BL[2] $-e BL[3]

BLIO) peBLI]

WL[O0]

WI[1]

WI[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
/

«z .................................. Word Line

1 I.I:I TTT e

-

Amplify swing to
rail-to-rail amplitude

Selects appropriate
word

Input-Output
M b1ts§)
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MOS NOR ROM

Vbp

_ﬂ | \ |_4 |'4 Pull-up devices

WL[O0]

. GND
WI[1]
WL[2]

. GND
WL[3]

BL[0] BL[1]  BL[2] BL[3]
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MOS NOR ROM

Vbp

_ﬂ | \ |_4 |'4 Pull-up devices

WL[O0]

. GND
WI[1]
WL[2]

. GND
WL[3]

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

Vbp

|'4 Pull-up devices

BL[2] $-e BL[3]

BLIO) peBLI]

WL[O0]

WI[1]

WI[2]

WL[3]

All word lines high by default with exception of selected row
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MOS NAND ROM

Vbp

|'4 Pull-up devices

BL[2] $-e BL[3]

BLIO) peBLI]

WL[O0]

WI[1]

WI[2]

WL[3]

All word lines high by default with exception of selected row
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MOS NAND ROM

Vbp

|'4 Pull-up devices

BL[2] $-e BL[3]

BLIO) peBLI]

WL[O0]

WI[1]

WI[2]

WL[3]

All word lines high by default with exception of selected row
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Serial Access Memories

0 Serial access memoties do not use an address
= Serial In Parallel Out (SIPO)
= Parallel In Serial Out (PISO)
= Shift Registers
= Queues (FIFO, LIFO)
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Serial In Parallel Out

a 1-bit shift register reads in serial data
= After N steps, presents N-bit parallel output

clk

==

PO P1 P2 P3
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Parallel In Serial Out

0 Load all N bits in parallel when shift =0
= Then shift one bit out per cycle

PO P1 P2 P3

shift/load
clk | | | |

ERINCR I
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Shift Register

Q Shift registers store and delay data

0 Simple design: cascade of registers

clk | | | |

Din-+H |/ ; ; / Dout
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Denser Shift Registers

0 Flip-flops aren’t very area-efficient
a For large shift registers, keep data in SRAM instead

0 Move read/write pointers to RAM rather than move
data
= Initialize read address to first entry, write to last

= Increment addtess on each cyals

| \1;

|
|

S readaddr
00...00— 5 dual-ported

@9 . SRAM
1111 % writeaddr

@
I $
reset Dout
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Queues

a Quenes allow data to be read and written at different
rates.

0 Read and write each use their own clock, data
0 Queue indicates whether it is full or empty

0 Build with SRAM and read/write counters
(pointers) storing read/write address

WriteClk —| €«— ReadClk

WriteData —/»  Queue |—/» ReadData

FULL €— —» EMPTY
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FIFO, LIFO Queues

a Farst In First Out (FIFO)
= Initialize read and write pointers to first element
= Quecue 1s EMPTY

= On write, increment write pointer
= [f write almost catches read, Queue 1s FULL

= On read, increment read pointer
= If read catches write, Queue is EMPTY

Q Last In First Out (LIFO)
s Also called a stack

s Use a single stack pointer for read and write
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