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Introduction

•
T

his chapter discusses how
basic m

em
ory system

 operates?

•
Tw

o m
ain R

A
M

 technologies, SR
A

M
 and D

R
A

M

•
R

A
M

*
R

andom
 A

ccess M
em

ory

*
Prim

ary m
em

ory system

*
R

andom
 access

*
R

ead-w
rite capability

*
V

olatile
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Static R
A

M
 (SR

A
M

)

•
Stores each bit in a m

iniature digital circuits w
ith m

ultiple
transistors

circu
it

fo
r

o
n

e b
it

in
p

u
t

o
u

tp
u

t

w
rite en

ab
le

M
iniature static R

A
M

 circuit that stores one data bit. T
he

circuit contains m
ultiple transistors.

•
W

hen w
rite enable is on, circuits sets output =

 input

•
W

hen w
rite enable is off, circuit ignores input, retains old

output
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A
dvantage A

nd D
isadvantages O

f SR
A

M

•
A

dvantage

−
high speed

•
D

isadvantage

−
pow

er consum
ption and heat.

−
num

erous transistors consum
e sm

all am
ount of pow

er
each, but overall generate sizeable heat.
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D
ynam

ic R
A

M
 (D

R
A

M
)

•
U

ses a circuit that acts like
a

capacitor,w
ith the device

storing charge

•
W

hen value is w
ritten to D

R
A

M
, hardw

are charges or
discharges according to the value.

•
If

a
reading operation is perform

ed, the charge is exam
ined,

and an equivalent digital value is generated
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D
R

A
M

: P
roblem

 A
nd Solution

•
Problem

−
capacitor loses charge fast, som

etim
es in less than a

second

•
Solution

−
read a bit of m

em
ory before charge dissipates and w

rite it
back again

−
use a refresh circuit to perform

 the above task

−
a

single refresh
circuit cycles through one bit at a tim

e

•
D

espite the refresh circuit D
R

A
M

 is cheaper than SR
A

M
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D
R

A
M

: R
efresh C

ircuit

circu
it

fo
r

o
n

e b
it

refresh

in
p

u
t

o
u

tp
u

t

w
rite en

ab
le

B
it in D

R
A

M
. A

n external refresh circuit m
ust periodically read

the data value and w
rite it back again or the charge w

ill dissipate,
and the value w

ill be lost.
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Q
uantitative M

easures O
f M

em
ory Technology

D
ensity,L

atency,R
ead and W

rite perform
ance

•
D

ensity

−
the num

ber of m
em

ory cells per square area of silicon

−
the num

ber of bits that can be represented on a standard
size chip.

−
high density: m

ore
m

em
ory in sam

e space.D
ow

nside,
m

ore pow
er generated and dissipated.

−
density increase follow

s M
oore’s

law
:doubles every 18

m
onths.
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R
ead A

nd W
rite P

erform
ance

•
Speed

−
how

 fast can m
em

ory respond to requests

−
cost of access (read) m

ay be different from
 cost of update

(w
rite).

−
both read and w

rite costs are im
portant.

In m
em

ory technologies, the tim
e required to fetch

inform
ation from

 m
em

ory differs
from

the tim
e required

to store
inform

ation in m
em

ory,and the difference can be
dram

atic. T
herefore, any m

easure
ofm

em
ory

perform
ance m

ust give tw
o values: the perform

ance of
read operations and the perform

ance of w
rite operations.
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L
atency A

nd M
em

ory C
ontrollers

•
L

atency
is

the tim
e that elapses betw

een the start of an
operation and the com

pletion of an operation

•
M

em
ory C

ontroller

−
found betw

een
the processor and physical m

em
ory

−
ittranslates m

em
ory address and requests

−
itresponds to requests at the earliest, but m

ay need m
ore

clocks to reset circuits

B
ecause a m

em
ory system

 m
ay need extra

tim
e betw

een
operations, latency is an insufficient m

easure
of

perform
ance; a perform

ance m
easure

needs to m
easure

the tim
e required for successive operations
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R
ead A

nd W
rite C

ycle T
im

e

•
To

m
easure sequence of operations, com

pute average
m

em
ory cycle tim

e

−
R

ead cycle tim
e (tR

C
)

−
W

rite cycle tim
e (tW

C
)

R
ead cycle tim

e and w
rite cycle tim

e are
used as

m
easures of m

em
ory system

 perform
ance because they

m
easure

how
 quickly the m

em
ory system

 can handle
successive requests.
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Synchronized M
em

ory Technologies

•
C

lock controls w
hen read or w

rite operations begin

•
W

hat if the processor clock is different from
 m

em
ory clock?

−
controller can hold the request on either side for longer
tim

e

−
the difference in clock can affect perform

ance

•
M

em
ory system

s w
ith synchronized clock system

−
SD

R
A

M
: Synchronized D

R
A

M

−
SSR

A
M

: Synchronized SR
A

M
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M
ultiple D

ata R
ate M

em
ory Technologies

•
M

em
ory is usually the bottleneck

•
A

pproach

−
low

er m
em

ory clock tim
es to som

e m
ultiple of processor

clock, say 2. M
em

ory can deliver
data faster.

•
the underlying technology is called fast data range m

em
ories

•
exam

ple of fast data rate m
em

ories are
double data rate and

quadruple data rate
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E
xam

ples O
f M

em
ory Technologies

Tech
n

o
lo

g
y 

D
escrip

tio
n

D
D

R
-D

R
A

M
 

D
o

u
b

le D
ata R

ate D
yn

am
ic R

A
M

D
D

R
-S

D
R

A
M

 
D

o
u

b
le D

ata R
ate S

yn
ch

ro
n

iz ed
D

yn
am

ic R
A

M
F

C
R

A
M

 
Fast C

ycle R
A

M
F

P
M

-D
R

A
M

 
Fast P

ag
 e

M
o

d
e D

yn
am

ic R
A

M
Q

D
R

-D
R

A
M

 
Q

u
ad

D
ata R

ate D
yn

am
ic R

A
M

Q
D

R
-S

R
A

M
 

Q
u

ad
D

ata R
ate S

tatic R
A

M
S

D
R

A
M

 
S

yn
ch

ro
n

iz ed
D

yn
am

ic R
A

M
S

S
R

A
M

 
S

yn
ch

ro
n

iz ed
S

tatic R
A

M
Z

B
T-S

R
A

M
 

Z
ero

B
u

s Tu
rn

aro
u

n
d

 S
tatic R

A
M

R
D

R
A

M
 

R
am

bu
s D

yn
am

ic R
A

M
R

L
D

R
A

M
 

R
ed

u
ced

L
aten

cy
D

yn
am

ic R
A

M

E
xam

ples of som
e of the com

m
ercially available R

A
M

technologies
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M
em

ory A
ccess A

nd M
em

ory B
us

•
W

hat is the connection structure betw
een: processor-

controller-m
em

ory

•
H

ardw
are connection betw

een processor and m
em

ory is
called a bus (m

em
ory bus)

•
B

us provides parallel connections

•
M

any
parallel w

ires betw
een the processor and controller

allow
sim

ultaneous transfers, i.e. higher perform
ance

p
ro

cesso
r

co
n

tro
l-

ler
p

hysical
m

em
o

r y
...

parallel interface

Parallel connections betw
een a processor.A

connection that
contains N

 w
ires, allow

s N
 bits of data to be transferred

sim
ultaneously.
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M
em

ory T
ransfer Size

•
A

rchitecture view

−
Parallel connections im

prove perform
ance

•
Program

m
ing view

−
Parallel connections define a m

em
ory transfer size

−
A

m
ount of data read or w

ritten in a single operation
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P
hysical A

ddresses A
nd W

ords

•
L

et N
=

 m
em

ory transfer size, i.e. N
 bits per block (or w

ord).

•
T

ransfer size is also called the w
ord size or w

idth of w
ord

•
E

ach w
ord is assigned an unique physical m

em
ory address

•
T

he above approach is called w
ord addressing

•
M

em
ory is an array of w

ords

w
o

rd 0
w

o
rd 1

w
o

rd 2
w

o
rd 3

w
o

rd 4
w

o
rd 5
...

p
hysical

ad
d

ress
012345

32 bits

Physical m
em

ory addressing on a com
puter w

here w
ord is 32

bits. W
e

think of m
em

ory as an array of w
ords.
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P
hysical M

em
ory O

perations

•
C

ontroller supports read and w
rite. In read, processor

specifies address; in w
rite, processor specifies address and

data to be w
ritten.

•
C

ontroller accepts or delivers com
plete w

ord only,no
partial

w
ords.

•
Physical m

em
ory is organized into w

ords, w
here a w

ord is
equal to the m

em
ory transfer size. E

ach read or w
rite

operation applies to an entire w
ord.
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W
ord Size A

nd O
ther D

ata T
ypes

•
Increasing the w

ord size increases transfer rate, and hence
higher perform

ance

•
D

ow
nside: a larger w

ord increases cost of hardw
are

•
W

hat is an optim
al w

ord size?

−
large enough to hold integer and other com

m
on data

values

−
should accom

m
odate frequently used instructions

−
parallel hardw

are takes space and adds to cost, w
ord size

m
ust be a com

prom
ise betw

een perform
ance and costs

32 bits is com
m

on now
.A

rc hitects m
ay choose m

em
ory

size,integer
single-precision F

P
 and others

to
be

sam
e

size i.e.
32

bits
C

S250 -- Part III
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A
n E

xtrem
e C

ase: B
yte A

ddressing

•
Program

m
ers can access sm

all data item
s like

characters
w

ith byte addressing

•
M

em
ory is organized into array of w

ords rather than bytes

•
C

onsequences

−
m

ore addresses are needed w
ith byte addressing, since

bytes are sm
aller than w

ords

−
C

ontroller m
ust support byte transfer
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B
yte A

ddressing W
ith W

ord T
ransfers

•
C

om
bining higher speed of w

ord addressing, w
ith

convenience of byte addressing

−
N

eed intelligent m
em

ory controller that can translate
betw

een the tw
o

addresses

−
C

ontroller accepts byte address from
 processor,but uses

w
ord address for m

em
ory,itperform

s a translation

0
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20
21

22
23

...

p
hysical

ad
d

ress
012345

32 bits

A
possible m

apping betw
een byte addresses used by a

processor and w
ord addresses used by the underlying

hardw
are.
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B
yte W

rite Is E
xpensive

For
w

riting a byte,controller reads entire
w

ord
from

m
em

ory,
replaces the byte,and w

rite the entire
w

ord
back

to
m

em
ory

•
C

om
putation

−
L

et B
 be byte address, W

 be w
ord address, N

 be num
ber

of bytes/w
ord

−
W

=
B

/N
(ignore rem

ainder)

−
O

=
B

m
od N

 (byte offset)
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U
sing P

ow
ers O

f T
w

o

•
M

ore com
putation m

eans m
ore A

L
U

 tim
e and hardw

are

•
E

xam
ple: L

et
num

ber of bytes/w
ord, N

 =
 4. T

hen,
-

W
=

all except last tw
o

bits in B
-

O
=

last tw
o

bits in B

1
0

0
0

1
0

0
.

.
.

B
yte A

ddress, B
 (17)

W
ord A

ddress, W
 (4)

O
ffset, O

 (1)

E
xam

ple of m
apping from

 byte address 17 to w
ord address 4

and offset 1. U
sing a pow

er of tw
o

avoids arithm
etic and

logical calculations

To avoid arithm
etic calculations such

as
division or rem

inder,
physical m

em
ory is organized such

that the num
ber of bytes

per w
ord

is
a

pow
er of tw

o, w
hich

m
eans the translation from

a
byte address to w

ord
address and offset can be perform

ed
by extracting bits
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B
yte A

lignm
ent A

nd P
rogram

m
ing

•
B

yte alignm
ent: integer value is aligned if the bytes of the

integer correspond to a w
ord of the underlying physical

m
em

ory

T
he organization of physical m

em
ory affects program

m
ing:

even if a processor allow
s unaligned m

em
ory access,

aligning data on boundaries that correspond to the physical
w

ord
size can im

prove
pro gram

perform
ance
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M
em

ory Size A
nd A

ddress Space

•
Processor lim

its address to be sam
e size as integer

•
If

size of integer is 32, a 32 bit value represents 2 32

•
Y

ou can have 2 32
unique addresses

•
A

ddress space denotes set of possible addresses
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P
rogram

m
ing W

ith W
ord A

ddressing

•
If

w
ord address is used, m

anipulations w
ill have to

be
perform

ed for byte operations

•
L

ogical bit shifts and bit m
asking are used if w

ord/byte are
pow

ers of tw
o

−
e.g. to extract leftm

ost byte (w
 >

>
 24) &

 0xff
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M
easures O

f M
em

ory Size

P
hysical m

em
ory is organized into a set of M

 w
ords that

each
contains N

 bytes; to m
ake

controller hardw
are

efficient,
M

and N
 are

each
chosen to be pow

ers
oftw

o.

•
E

xceptions

−
K

bs K
ilo bits

=
2 10

bits

−
M

bs M
ega bits =

2 10
kbs
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P
ointers A

nd D
ata Structures

•
M

em
ory addresses form

s basis of abstractions like
linked lists and trees.

•
Pointer variable hold m

em
ory address

•
Pointers can be assigned values and dereferenced

int *iptr;
char *cptr;
iptr is a pointer to a w

ord
iptr+

+
 increm

ents value of iptr by 4 (assum
ing byte

addressing).
iptr now

 m
oves to the next w

ord
cptr+

+
 increm

ents value by 1, and cptr now
points to next

byte.
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A
M

em
ory D

um
p

A
d

d
ress 

C
o

n
ten

ts
O

f M
em

o
ry

0001b
d

e0 
00000000

0001b
d

f8 
d

ead
b

eef
4420436f

0001b
d

f0 
6d

657200
0001b

e18 
000000c0

0001b
e14

0001b
e00 

00000064
00000000 

00000000 
00000002

0001b
e10 

00000000
000000c8 

0001b
e00

00000006

Sm
all portion of a m

em
ory dum

p show
ing the contents of

m
em

ory.T
he address colum

n gives
the m

em
ory address of the

left-m
ost byte on the line, and all values are show

n in
hexadecim

al.
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M
em

ory B
anks

•
Processor uses m

ultiple controllers to connect to m
ultiple

m
em

ory banks.
M

em
ory banks allow

sim
ultaneous parallel

access

•
B

anks m
ay be transparent to program

m
er,i.e. hardw

are
autom

atically exploits parallelism

•
A

lternatively,program
m

er m
ay be responsible for placing

data on separate banks
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Interleaving

•
A

m
em

ory optim
ization exam

ple

•
Spreads consecutive m

em
ory bytes across m

odules

•
L

ike
banks, allow

s sim
ultaneous access for obtaining higher

perform
ance

•
H

ardw
are deals w

ith division of requests, the operations are
hidden from

 program
m

ers

•
N

-w
ay interleaving m

eans using N
 m

odules

in
terface

m
o

d
u

le 0
m

o
d

u
le 1

m
o

d
u

le 2
m

o
d

u
le 3

0
1

2
3

4
5

6
7

8
9

10
11

...
...

...
...

req
u

ests

4-w
ay interleaving w

ith num
bers show

ing the bytes assigned
to each m

odule. Successive bytes are placed in seperate
m

em
ory banks to optim

ize perform
ance.
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C
ontent A

ddressable M
em

ory

•
A

n
exam

ple of a m
em

ory that goes beyond storing data

•
C

om
bines technology and m

em
ory organization for high

speed searching

•
C

onceptualize C
A

M
 as a m

em
ory organized in 2D

 array,
each row

is
a

slot.

•
Processor specifi

es the search key
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E
xact m

atch

•
K

ey m
atched against each slot

•
Slots are sam

e size, can be searched in parallel (num
ber of

slots does not affect perform
ance)

•
Parallel searches =

>
 m

ore hardw
are

•
C

A
M

 is expensive
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Ternary C
A

M

•
A

n
alternate form

 of C
A

M

•
A

llow
s partial m

atch searches on bits using 0 or 1 and not
"don’tcare"
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Sum
m

ary

•
E

xam
ined technology and organization aspects of m

em
ory

•
Physical m

em
ory are organized into w

ords and accessed via
controllers

•
Program

m
ers fi

nd byte addressing convenient

•
B

yte addressing can be translated into w
ord addressing and

vice-versa

•
U

sing w
ord to be a m

ultiple of tw
o

of
byte size allow

s
translation to
be perform

ed w
ithout com

putation (using shift and m
ask)

•
Pointers allow

program
m

ers to obtain and m
anipulate

m
em

ory addresses

•
C

A
M

 com
bines m

em
ory technology and organization to

provide high speed search m
echanism
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