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Read/Write Memories

This module presents a brief introduction to the operation of
read-only memory, programmable ROM, static and dynamic
read/write semiconductor memory devices.

a.k.a. “ROM” (Read Only Memory)

a.k.a. “RAM” (Random Access Memory)

Volatility

o Most RAMs lose their memory when power is removed
o NVRAM = RAM + battery

o Oruse ROM/EEPROM

ROM

o “Permanent”

o Combinational — Lookup Table

Programmable ROM (EPROM, EEPROM, Flash)

o Can modify the data through special programming methods
SRAM (Static RAM)

o Memory behaves like latches or flip-flops

DRAM (Dynamic Memory)

o Memory lasts only for a few milliseconds

o Must “refresh” locations by reading or writing
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Read-Only Memories

2" x b ROM
/ — A0
— 1A Do b
— A2 D1 ——
address { . data
inputs . . > outputs
- ]
— An-2 Db—1 /
\ - | An_1

A memory device stores binary data at an array of
externally selectable addresses (indices)

Memories can be either Read-Only or Read-Write,
and Volatile or Non-Volatile
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Why “ROM”?

Program storage

o Boot ROM for personal computers

o Complete application storage for embedded systems
Actually, a ROM is a combinational circuit, basically a truth-
table lookup.

o Can perform any combinational logic function

o Address inputs = function inputs

o Data outputs = function outputs

o Thus, you can think of 2™ word, n-bit wide memory devices as
look-up tables useful for realizing up to n Boolean functions of
m variables
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;

Yo
(Do)

Y1
(D1)

Yz
(D2)

Y3

Logic-in-ROM
Example

Circuit inputs form the address
Desired outputs (D’s) are stored

. DC ©3) at each address
(A2)
Inputs Outputs
A2 A1 Ao D3 D2 D1 Do
8 x4 ROM 0 0 0 1 1 1 0
0 0 1 1 1 0 1
0 P DO p—— YO 0 1 0 1 0 | 1
: A1 DIpBD—Y1 0 1 1 0 ] 1 1
D2}—Y2
POL A2 1 0 0 0 0 0 1
D3f—— Y3 1 0 1 0 0 | 0
1 1 0 0 1 0 0
1
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Read-Only Memories

Example: Combinational Logic Implementation

FO=A'B'C + AB'C' + AB'C
F1=A'B'C + AABC' + ABC
F2=A'B'C' + A'B'C + AB'C’
F3=A'BC + AB'C' +ABC’

Address A B C|FR F_ F F, Word Contents
TT0 0 OI[0 0 1T Gle

00 1|1 1 1 o0

01 0f[0 1 0 0

ROM o1 1[0 0 0 1

8 words by 1t 001 0o 1 1
4 bits i 0 1|1 0 0 0
11 0/0 0 0 1

11 1]0 1 0 o0

HE T

ABC F, F F, Fq

address outputs
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256 x 8 ROM
yo—{ Ao Dof—— PO 4x4 Vlultlpher
. 11— 1A D1 —— P1
multiplicand
Ye——2 o2 P2 Example
Y3 —— A3 D3f—— P3
product
X0 — A4 D4|— P4
multiplier : AS - ps
E X2 —— A6 D6 [—— P86
X3 — A7 D7 f—— P7
00: 00 OO 00 OO0 OO0 00 OO0 OO0 00 00 00 00 OO0 00 00 OO
10: 00 01 02 03 04 05 08 OT7 08 09 OA OB OC 0D OE OF
20: 00 02 04 O5 OF 0A OC OE 10 12 14 16 18 1A 1C 1E
30: 00 03 06 09 OC 0F 12 15 18 1B 1E 21 24 27 24 2D
40: 00 04 08 OC 10 14 18 1C 20 24 28 20 30 34 38 3C
5O: 00 05 0A OF 14 19 1E 23 28 2D 32 37 3C 41 46 4B | The 4-bit multiplier + 4-bit multiplicand
§0: 00 06 OC 12 18 1E 24 24 30 36 3C 42 48 4E 54 A | form an 8-bit address.
70: 00 O7 OE 15 1C 23 24 31 38 3F 46 4D 54 5B 62 69| Thg ROM has the product for every
BO: 00 05 10 18 20 28 30 38 40 48 50 58 80 68 70 78 | combination of multiplier and
90: 00 09 12 1B 24 2D 36 3F 48 51 BA 63 60 75 TE &7 | multiplicand pre-stored.
AD: 0D OA 14 1E 28 32 3C 46 50 bA B84 6E T8 82 &C 96 Applying a pair of multiplier and
BO: 00 OB 16 21 2C 37 42 4D 58 63 6E 75 84 8F 94 AL multiplicand as an address selects the
€O: 00 OC 18 24 30 3C 48 B4 60 6C 78 84 90 9C A8 B4| comesponding 8-bit product stored at
DO: 00 OD 1A 27 34 41 4E bE 68 7b 82 8F 8C A9 BE C3 | the Corresponding storage location.
Ed: 00 OE 1C 24 358 46 B4 62 70 TE 8C SA A BS C4 D2
Fo: 00 OF 1E 2D 3C 4B bA 69 78 87 96 Ab B4 C3 D2 E1
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+5V
- Internal ROM
3:8 decoder < < |«
L 2 2 2|27 Structure
= A
©a 74%138
olg, Y0 15 ROWOL nian S
toleen  vi ot ROWLL e S
5
G2B |19 ROW2L hich 2 A
ROW3_L
- 1 va o™ _L HicH s
2
B ROW4_L
:) :; il va lo! L HicH P
ROWSs5_L
vs o L Low P
ROWe6_L
ve ot _L HiGH P
7 ROW7 L HcH
Y7 > )LX 74HC14
HiGH DOL 4 2
Ui Do ©
uz
Low Di_L 3 4 D1 1
PDP-11 boot ROM U2
0 HeH D2_L s 8
(64 words, 1024 diodes) . D2 ©
HiGH D3 L o 8 D3 0
uz2

rortions © Lopyright U4, (raetano Botriello and Kandy H.

Katz




Two-Dimensional Decoding

+5V

S SE s ET
3-t0-8
decoder0 o %
b A A
s A A
" o sl B | S S S
s L ] ] ] e ]
sl L] | ]
. B ] 0 ] ] ] ]
QO 0 O 0O 0 0 0 0 0 O O 0 O O O O
I so 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Al — 151 .
e 5o 16-to-1 multiplexer
Ag— @ 183 v
Do
Katz 9
Larger Example, 32Kx8 ROM
A6 —|
A7 —
A8 — |
A— 9-to-512 512x641512x 64512 x64|512x64|512x64|512x64|512 x64|512 x 64
:10_ decoder array array array array array array array array
11 —
Al2 —
A13 —]
A4 —]
NV VRV VY
A0
A1
A2 64-to-1 64-to-1 64-10-1 64-to-1 64-t0-1 64-10-1 64-to-1 64-t0-1
AS mux mux mux mux mux mux mux mux
A4
AS
D7 D6 D5 D4 D3 D2 D1 Do
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Today’s ROMs
The transistor is present

256K bytes, 1M byte, or larger or absent if we want to

. store a logic-0 or a logic-
USG MOS tranSIStOFS 1, respectivew on the

Voo corresponding bit line.
active-high < <: <_: <R
decoderoutputs\ <§ <; o <§ <;
h;?h;? L'{
address L decoder * LE‘ LE‘
inputs - .

kN 0
T*'q_,' I"q_,' D;?
active-low bit lines, —

I data to inverting
pulled LOW — a “ee
if transistor present - R
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ROM Control and I/O Signals

Adg—
Al o——
. row storage
. decoder array
L]
POWER POWER
Am-1 O0—— ON ’—O ON
Q
POWER
Am O ON
Am+1 O column
: multiplexer
An-1 0O e
CS_L o—= . & @
OE_L 0——O
* & &
Db-1  Db-2 Do
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ROM Timing

ADDR stable X stable X stable

YN

- “m-“”.\.\".\rkﬂ -

Cs_L f

— g

—=|loH |=—

OE_L

- A p —= —a-| oy |-— —a| Iop |=— —a| lgy [=— —a| Iop |=—

DATA valid valid valid
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EPROM: Erasable programmable ROM

Programmable component is a MOS transistor

o Transistor has “floating” gate surrounded by an insulator @<—F\
o (@) Negative charges form a channel between source and e w o33
drain storing a logic 1 flosiodie | MBI
o (b) Large positive voltage at gate causes negative charges to —— %%8 333
move out of channel and get trapped in floating gate storing a RBAIS
logic 0 (@ ]
o (c) (Erase) Shining UV rays on surface of floating-gate VN
causes negative charges to return to channel from floating
gate restoring the logic 1
o (d) An EPROM package showing quartz window through SIeSeIee] v
which UV light can pass m o |8 d [
Better write ability
o can be erased and reprogrammed thousands of times LA%;’; 5-30 min

Reduced storage permanence

o program lasts about 10 years but is susceptible to
radiation and electric noise

Typically used during design development
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EEPROM: Electrically erasable programmable
ROM

Programmed and erased electronically

o typically by using higher than normal voltage
o can program and erase individual words
Better write ability

o can be in-system programmable with built-in circuit to provide higher
than normal voltage

built-in memory controller commonly used to hide details from memory
user

o writes very slow due to erasing and programming

“busy” pin indicates to processor EEPROM still writing
o can be erased and programmed tens of thousands of times
Similar storage permanence to EPROM (about 10 years)
Far more convenient than EPROMs, but more expensive
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Flash memory

Extension of EEPROM

o Same floating gate principle

o Same write ability and storage permanence
Fast erase

o Large blocks of memory erased at once, rather than one word
at atime

o Blocks typically several thousand bytes large
Writes to single words may be slower

o Entire block must be read, word updated, then entire block
written back

Used with embedded systems storing large data items in
nonvolatile memory
o e.g., digital cameras, TV set-top boxes, cell phones
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EEPROMs, Flash PROMs

Vip
2} 2}' L L [ ] 2}
- = -
floating gate . 9 .
OEGE . G )
nonfloating gate ——" IZ ut Iz
L" L"—' L" active-high
] word lines
Programmable L"Il—' L|| ; L|||l—'
and erasable /
using floating-gate L|||; L|| y L|||;
MQOS transistors
. r
h
active-low bit lines
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Typical commercial EEPROMs
8K x8 16K x8 32K %8 B4K %8
2764 27128 27256 27512
Voo —vpp Voo — vPp Voo — vep % a0
Viu Lol Pam Vi Lo PaM % a0 L
19 a0 19 1 ag —_la _®lan
_z At _: A1 _: A2 _; A3
__“lao _ - _ |
- o0 11 - A2 oo 1 . A3 o0 1 S Ad 00 1
— A3 o1 12 — A3 o1 12 — A4 o1 12 : A5 o1 12
— A4 o2 13 — A4 o2 13 : A5 o2 13 -3 AB o2 13
°{as 15 il Y 15 i Y 1 AT e
4 P o3 4 P 03 3 A7 03 25 AB o3
3 O4 '° a 04 1° 25 04 e 24 04 e
A7 17 AT 17 AB 17 —— A9 17
25 A8 o5 |— 25 A8 05 |— 24 A9 O5 1 —— 21 0 o5 |—
24 A9 06 15 24 A9 (8]5 18 21 A10 (o]5} 15 23 Al o]} R
— 19 — 19 — 19 — 19
or |- o7 |- or |2 o7 |12
a0 a0 2 1an —Zae
2an S e — a2 a3
a2 22 a3 —Z{a14
D nlcs a3 a4 —Has
2z OE 20 cs 20 cs 20 cs
Zeloe 2o 22~ cEnvpp
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EEPROM Application

microprocessor 5V = 27256 27256
VPP VPP
A0 A0 A0
Al Al A
A2 A2 A2
A3 A3 A3
A4 A4 80 A4
As As 0‘ As
A6 A6 oi As
A7 LA A7
A8 A8 A8
A9 S A9
A0 A0 Af0
Al A1t A1
A2 A12 At2
A3 A13 A3
A4 A14 At4
Als cs cs
A6 OE OE
P u2 us
A8 Al19-0]
A9
Do D[7-0]
D1
D2
D3 si Ao 74x10 1/2 74x139
D4 A HIMEM_L SE0000_L
ps |22 i = tq e :z? : SEB000_L
D6 | 2° Al5 us A 1y2 o SF0000T
o7 |27 oo | :B :vg 57 SFeov0 T
READ o— 12 -
WRITE o0
Ut
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Typical address, data 2"« h RAM
and control layout
’ AO
— A1
address .
|nputs "
-
N An—1
’ DINO DOUTO
DIN1 DOUTA
data . data
inputs < = outputs
-
N DINb—1  DOUTb-1
—QCS
control
inputs —QOE
—QOWE
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SRAM operation

Individual bits are D latches, (not edge-triggered D flip-
flops.)

o Fewer transistors per cell.

Implications for write operations:

o Address must be stable before writing cell.

o Data must be stable before ending a write.

NO—— [, N B - — 1IN our|—
SEL L —+—0O) . —O fvEnL
WR_L o—0O —0
Portions © Copyright 2004, Gaetano Bortiello and Randy H.
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0-Transistor SRAM Implementation
SRAM:
o Requires 6 transistors memory cell
o Holds data as long as power supplied %
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SR 3 M array DIN’S/ “l;\te DIN2 e DIN1 DINo
010
s L / LE‘ ;NEL out L

decoder

N ouT

N ouT

A2 2 3
L IN OouT
Al 1

A0 —o 10 L

N ouT

m;
56=

T E]
—T =T |—T| T
g o ol ol o ol e

z
o
e
S

N ouT
SEL

=
3

N ouT

I
MQ_M%Q_MM_M
| e 0 e e B e 2
|l e A el A il A el B

.
S
T
L
T

710

N ouT N ouT N ouT N ouT

SEL SEL SEL SEL

WR WR WR WR
WE_L WR_L
Cs_L

IOE_L

OE_L

DOUT3 DOUT2 DOUT1 DOUTo
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SRAM control lines
A2 —|2 30
—{ IN  OUT [—= — IN OUT [— —
A1 —1 ——0Of SEL 0 SEL T
»——0f WR ——0| WR ——
A0 —|o £ o]
—{ IN  OUT [—= — IN OUT [— —
——0Of SEL 0 SEL o
»——0f WR ——0] WR »——
510
Chlp select 1IN ouT |—s e IN ouT [ -
——0Of SEL 0 SEL o
Output enable e Al H—-o| wr -
. 6O
Write enable L o ool | e corl— ||+
0 SEL ——of SEL -
»——0f WR ——0] WR »——
7r
—IN OUT|—= —IN OUT|— o
—O{ SEL —0O SEL —
WR —O| WR ——
WE_L WR_L
Cs_L
IOE_L
OE_L
DOUT3 DOUT2
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SRAM read timing

Similar to ROM read timing

ADDR

stable

X stable

CS_L

Note: WE_L = HIGH
OE_L

- Pl

m Ll\l'.'.\.\."‘_\(...\ ]

/_4

= tacg —=|

T

(874

pourt

valid

-

fon

[ [P TR P
valid
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SRAM write timing

(WE-controlled write)

({C8-controlled write)

ADDR stable ) ( stable (
[=— fosw —=| = g = |=—lcgw—=
cs_L f /
- A /
= fas = fwp | A = -—— fwp —=|TaH|~—

WE_L

/

= f
=1y

= 15— |-m- Iy =

DIN

valid

valid

Address must be stable before and after write-enable is

asserted.

Data is latched on trailing edge of (WE & CS).
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Bidirectional data in and out pins

7
LH IN OUT | | IN  OUT [ +—IN  OUT [ | IN ouT
o SEL o sEL o sEL —of sEL
ol wr o WR o WR Lol wr
WE_L —s
CS_L —
OE_L 40}
DIO3 DIO2 DIO1 DICO

Use the same data pins for reads and writes

o Especially common on wide devices

o Makes sense when used with microprocessor buses (also

bidirectional)
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SRAM devices
HM628512
Similar to ROM packages HM628128 [0
2| a0 1 A
1 10
HM62256 10 :; ) :‘;
HM6264 10 9 8
A0 A3 A4 13
10 9 8 7 100
A0 Al A4 100 13 As o1 14
G =
A a ® a2 A o o LIS EE
? A2 1 A3 5 A6 102 |18 f A7 103 L7
"1 a3 1 aq 1 °l a7 17 “las 18
6 5 100 27 103 26 104
A4 11 A5 12 A 18 A9 19
5 100 4 101 26 104 23 105
As 12 As 13 A9 19 A10 20
4 (o]} 3 102 23 105 25 106
A6 13 A7 15 A10 20 A1 21
3 102 25 103 25 106 4 107
AT 15 As 16 A1 21 A12
25 103 24 104 4 107 28
A8 04 16 A9 105 17 P Al2 q A13
Gl Y 7 “ a0 s il PO “lata
21 105 23 106 3 31
A10 18 A1 19 Al4 A15
23 106 2 107 31 2
At1 o7 19 = A12 2 A15 A16
_2lat2 —{an At 2 f a1y
— o WE ——{A14 —O|WE — 1 A18
2 lcst I 2 nlcst e
% fosz P gcs 0 lcse —“0lcs
22 22 2 2
_Zgoe _Zgoe iy o' Zoloe
28-pin DIPs 32-pin DIPs
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DRAM (Dynamic RAMs)

SRAMs typically use six
transistors per bit of storage.

DRAMs use only one

transistor per bit. i bit Iine\\
1/0 = capacitor ™
charged/discharged - T

o~ T
L
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DRAM read operations
bit line
wordline\ ‘\\
1-bit DRAM cell —L

o~ T
L

o Precharge bit line to Vp/2.
o Take the word line HIGH.

o Detect whether current flows into or out of the cell with sensitive
amplifier circuit.

o Note: cell contents are destroyed by the read!
o Must write the bit value back after reading.
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DRAM write operations

bit line

-

word line

\ .
1-bit DRAM cell - —L

[y
<

Take the word line HIGH.
Set the bit line LOW or HIGH to store 0 or 1.
Take the word line LOW.

(]

(]

(]

o Note: The stored charge for a 1 will eventually leak off.

Portions © Copyright 2004, Gaetano Bortiello and Randy H.
Katz 31

DRAM charge leakage

0 stored 1 written refresh refresh refresh
Vap & / / / /

T L e e
‘ LOW \

ov e
time

Typical devices require each cell to be “refreshed” once
every 4 to 64 mS.

During “suspended” operation, notebook computers use
power mainly for DRAM refresh.

Portions © Copyright 2004, Gaetano Bortiello and Randy H.
Katz 32




DRAM-chip internal organization

64K x 1 row E 256 X 256
DRAM decoder array

row address
column address

A0-A7T ——
RAS_L —C —

control column latches,
CAS_L O > multiplexer, and demultiplexer
WE_L —O)

latch, mux, and
demux control

DOUT DIN

Portions © Copyright 2004, Gaetano Borriello and Randy H.
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Detailed View of DRAM Read/Write

gttt 1
&
5 I | 1| I
/I I A I G O G
LT L AT L
g I I I I
o = = = =
e T 1 X [1
-ei-1 0 eullion U0 eullion U mnflion N0 eulon
| T| T| T| T
5 = = = =
= | = [ & &
1 AT
IO e e
RAS —+0/,1 o ofyl 0fy1 Mpan
| RAS0-0 RAEH =1 ‘ |
LV V VIV e
' ior
LATCH ]

DATA SELECTOR (4 TO 1 MUX)]
D.O. (DATA OUT)
TRISTATE
BUS 34




DRAM read timing

ADDR X row address X:Xcolumn addressx
Note: WE_L = HIGH

RAS_L : \ / \store row latch

load row-address register,
read selected row and store in row latch

CAS_L /\ /
load column-address register, \

output-enable DOUT, drive with selected bit output-disable DOUT

DOUT { ( valid )—

into selected row

Portions © Copyright 2004, Gaetano Bortiello and Randy H.
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DRAM refresh timing

ADDR X row address X

MNote: CAS_L = HIGH

RAS_L —/\ [

load row-address register, \

read selected row and store in row latch store row latch
into selected row
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DRAM write timing

ADDR

X row address X:Xcolumn addressx

RAS_L ; ‘

load row-address register,
read selected row and store in row latch

T~

store row latch

into selected row

WE_L \ /
Mote: DOUT = Hi-Z
DIN X valid X
CAS_L

—

load column-address register,
merge DIN into selected column of row latch
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Synchronous DRAM (SDRAM)

SDRAM latches data on active edge of clock
Eliminates time to detect ras/cas and rd/wr signals

A counter is initialized to column address then
incremented on active edge of clock to access
consecutive memory locations

[ [ [ [

clock

ras

| l

cas

address

|

data

row

]

data ‘

data
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SRAM vs DRAM

*DRAM access time is typically 10 times of
SRAM

*The cost of SRAM is typically 100 times of
DRAM

*SRAMSs are usually used for memory cache
*DRAMSs are usually used for main memories
and frame buffers
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Summary

‘ROM
-EPROM/EEPROM/Flash ROM
‘RAM

-SRAM

DRAM (SDRAM)
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