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TTepiAnyn

Mvhun civar pia cuAoyh ané keAid amoBnkeuong padi pe
KaTdAAnAa KUKAwpara yia eicodo kai ££0do amoé kai mpog

ThV PVAuN.

- MTopoupe va ypdgpoupe kai va diapdaloupe keAid

H pvAun RAM (Random Access Memory) opyaviuve Td
deoopéva oe AECeIC

Ta dedopéva mpoomeAduvovTal pHeow piag akoAouBiag
amo ohpaTa

- Kupartopopyéc xpoviauoU (timing waveforms)

O1 amokwdIKOTIOINTEG €ival aTmd Ta IO CNUAVTIKA
KOHHATIA TWV UVNHWYV

- EmAéyouv ouykekpipéva dedopéva

O1 aTaTIKEG PUVAUEG XAVOUV Ta dEdOUEVA TOUG OTAV TIG
aTroouvO£COUNE ATTO TO pELUHA.
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Comments about Memory Access
and Timing

= Q1 uTtoAoyI0TEC £XOUV KEVTPIKNA Hovada emre epyaaiac (CPU)
- O eme€epyaoaThc yevvdel onpata eAéyxou, d1euBlivoeic kal dedopéva
yid Thv UVAUN
- O Tipéc amoBOnkevovTal kai diapdalovral améd T HVAHN

° O xpoviouog Tou
ouoTNHATOG €ivai
TTOAU ONHAVTIKOG

O emeepyaoTng
oivel dcdopéva
O0TOUG KUKAOUG
EYypapwyv

O emeepyaoTng
TTEPINEVEI TO XPOVO
TIPooTEAAONG OTIC
avayvwoeig
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Tumor Memory Arrays

Memory Arrays
I | I
Random Access Memaory Serial Access Memory  Content Addressable Memory
(CAM)
| |
Read/Write Memory Read Only Memaory . .
(RAM) (ROM) Shift Registers Queues
(Volatile) (Nonvolatile) | |
| | | | A S
L 1 Serial In Parallel In I Firstin | LastIn
IStati{: RAM | :Df,fnamin: RAM I Parallel Out Serial Out I First Out | First Out
| (SRAM) I | (DRAM) | (SIPO) (PISO) I (FIFO) | (LIFO)
_—m e e = | e e - - I —_——— — =
| | | |
Mask ROM Programmable Erasable Electrically Flash ROM
ROM FProgrammable Erasable
(FROM) ROM Frogrammable
(EPROM) ROM
(EEPROM)
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TUmol RAMs

* Static Random Access Memory (SRAM)

- Operates like a collection of latches

- Once value is written, it is guaranteed to remain in the memory
as long as power is applied

- Generally expensive
- Used inside processors (like the Pentium)

* Dynamic Random Access Memory (DRAM)
- Generally, simpler internal design than SRAM

- Requires data to be rewritten (refreshed), otherwise data is
lost

- Often hold larger amount of data than SRAM
- Longer access times than SRAM
- Used as main memory in computer systems
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SRAM vs. DRAM

Static RAM (SRAM)

Acdopéva amoOnkevovrtal oe Latch.

write/read
L storage cell

data — E

+TaxuTepn mpoowéAaon HvAHUNG.
+Aev xpeialetai refreshing.

+KaAn oupmepipopa otov Bopupo.

-MeyaAUTepo péyeBoc/bit and
DRAM.

Dynamic RAM (DRAM)

Acdopéva amoBnkevovral oe
gpopTio dynamic node.

write/read
data = storage cell

_I_\_-I.- C
1

+Mikpo péyeOoc/bit pvAung.

-Xpeialetar refreshing Adyw
leakage. TTio apyn ané SRAM.
-TTpopAnpara pe Gopupo (noise).
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Ta paoika onpata Twv RAMs

Mpappéc €106d0ou kar eE6dou
dedopévwy (input and output
lines, DIN - DOUT) ln data input lines

H pvApun tepiéxer 2k Aé€eic
(memory words)

K ypappég 81e0Buvong k address lines —— |
(address lines - ADDR) Memory unit
emiAéyouv 1 Aé€n amd Tic 2K Read — > 2k words

@éToupe TO ohpa Read n bit per word
(asserted) yia va petagpépoupe
dedopéva athv £€odo.( OE -

output enable)

@éToupe To ohua Write n data output lines
(asserted) yia va

amoOnkéuaoupe Ta dedopéva
NG €106dov. (WE - write
enable)

Chip Enable/ Chip Select (CE-
CS) oav yeviKOG 01aKOTITNG
Ag1Toupyiag

Write ——

Fig. 7-2 Block Diagram of a Memory Unit
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H doun Twv RAMs

* Eotw éva moAU amAo chip
- TTepiéxer 8 Aé€eig Twy 2 bytes n kaBe pia (16 bits)
- Tléoa bits dievBuvonc xpeialépaoTe ;

EmiAoyni 1 amé 8 01010000 11100110

. | : .
gec Bg\ggy : 11001100 11111111 1 16 Data and Input signals
1 001 ;00000000 10101010 ' 535 qddress signals
) 010 (01010110 00111111 l
3 011 | 11111111 00000000 :

4 100 1 00000001 10000000
5 101 | 01010101 11001100
6 110 I 00000000 11111111 |
7 111 L _

AEEN
Each bit stored in a binary cell
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ApXITEKTOVIKA Mvnuwy

Bit line
/ —>| : I Storage cell
: :I 3
S :
Row Address g 4)| ...................... I.. ................. ‘Word line
il

Sense amplifiers(read)/
Drivers (write)

I I I I I I I I Read: select desired bits

Column Address \ Column decoder /

i Data I/0
HY220 - Mwpyoc¢ Kahokaipivog & BaciAng TTamasuotaBiou

Write: do not write
unwanted bits




H d1eUBuvon Tasl oTov

decoder

- Movo pia £€odoc
evepyn
H Word line smiAéyel
pia ypapph (row) amo
bits (word)
KdBe binary cell (BC)
amoOnkeverl 1 bit

Ta dedopéva e1godouv

amoOnkevovTdl 0TAv TO
Read/Wprite sivai O

Ta dedopéva e€odou
Pyaivouv oTav To
Read/Write civai 1

Address
inputs

Memory
enable

Word 0

Word 1

2 X 4
decoder

Word 2

Word 3

Input data

Ta eowTepikd The RAM

i

BC >

1

Y

BC >

!

Y

BC >

1

Read/Write

Y

BC >

v
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Output data

Fig. 7-6 Diagram of a 4 X 4 RAM
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Ta eowTepikd ThC SRAM

° NO.'.e. n Input data r'd Word
kaBuoTéonon Word 0 I ! ! }
e€apTarai B B N e R vt N N e e
Kuplwg amo Tov .. —— ! ! f f
ap19uo Twy inputs | Word 1 I ! ! ¥
Aégﬁwv dz ><d4 $>| BC|>| ¢>| BC|>| ¢>| BC|>| > BC >

+ H kaBuaTtépnon d i i i *
dev emnpedaleTai Word 2 i I ¥ }
aT[O To nKOC > BC> e BCpP> e BC> > BC >
TWV AECewV Memory gy ! f ] f

, Word 3 * + + +

© r[ooa addr'ess L] BC (> L] BC > L1 BC > > BC >
bits , Read/Write } 1 i I}
xpelalopaoTe yid

16 words? Q Q (2 :7

Output data
Fig. 7-6 Diagram of a4 X 4 RAM
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‘Eva keAi SRAM - 6 transistors

word :

line T

bit pit &

Otav n word line evepyomoicitar (V) T0TE N
TiuA Tou Latch diapdleTal ota bit kai bit katd
T0 di1dPaopa TnS UVARNG K n TIPA Tou Latch
ypdweTal améd Td bit kai bit katd Thv eyypaeh
TNG HVAHNG.
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Mia Tumikh opyavwon SRAM : 16-word x 4-bit

Din 3 Din 2 Din1 Din0O WrEn
v | \4 | \4 | \4 |
Wr Driver Wr Driver Wr Driver Wr Driver
- + - + - + - +
| | | | | | I I Word G AQ
| SRAM [ | || SRAM | | || SRAM || || SRAM || >
Cell Cell Cell Cell (%— ) Al
I | | | | | | | Word 1 34 Al
| SRAM | | | SRAM | | | SRAM | | | SRAM | | Q|
Cell Cell Cell Cell S 1. A3
o
I | | | | | | | Word 15
| SRAM | | SRAM | | SRAM | | SRAM |
Cell Cell Cell Cell
~ Sense Amp| |~ Sense Amp| | Sense Amp| |~ Sense Amp
Dout 3 Dout 2 Dout 1 Dout O
13
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ATtAoTtoinpévo didypappa
xpoviopoU SRAM

—

Address Valid Address

j: Access Time
Data Out J Data Out

WE ] [
Cs
Memory Cycle Time
Address Valid Address
Data In 4< Input Data

Read: ‘Eykupn address, kai pyetd Chip Select (CS)
Access Time: O xpovog via Thv £€odo Twv dedopévwy PETA

amno éykupn address

Cycle Time: EAdxi10TOG XpOVOG HETAEU OUVEXOUEVWY

AEITOUPYIWV TNC UVAUNG

Write: 'Eykupn address kai data pali ye WE, peta CS
- H Address mpémel va gival éykupn setup time mpiv o WE kai 7o

CS svspvonomeouv

- Kau hold time apol amevepyomoinBouv

HY220 - Mwpyo¢ KaAokaipivog & BaociAng TTamasuotaBiou
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APXITEKTOVIKA Yid
MevaAuTepec MvApueg

« 2" AéCeic amo 2™ bits n kaBepia
+ Edv n > m pmopoupe va tnv dimAwooupe (fold) katd 2«
o€ AMiyoTEpPEC YPAUUEC Kal TTio TTOAAEC OTHAEC.
- ATOKWOAIKOTIOINTAC aThAWY |
+ Kavovikétnta otn oxediaon - eUkoAn oxediaon

bitline conditioning

wordlines
HEEEEEN e
+«— bitlines
3 |
= | _ ;| memory cells:
—P E I 20 rows x
2 171" | 2 columns
L Ll
n-k} ) I - i i |
column
) B circuitry
column
decoder ¢ : ¢ ¢

2™ bits
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SRAM Banks

/Oy
Data
Address
LK Address Data ‘L Address Data
—s| CS2 CS2
r CS2 L+ Css
i # CLK 512Kx36 CLK 512Kx36
Icroprocessor Address = SPB = SPB
ADSC - spam TADSC spam
CLK | WEx WEx
— (Bank 0) — (Bank 1)
Cache —| Ok *| OE
Controller S .| T3,
ADV ADSP | ADV ADSP L
] i}
ADS

HY220 - Mwpyo¢ KaAokaipivog & BaociAng TTamasuotaBiou
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TummkOC Xpoviauoc Aouyxpovnc SRAM

—1
| rite Write enable
A h SRAM Add::—;:: g Eggtfc Chip Enable
syncnronous NS Memory Matrix b
’ . , , 8 Data
-Xpoviouo¢ povo pdaon Twv 2| | _[?_ Pins
’ “"\-
ondarwy | Read | & crabio
Sense Amps/Drivers Logic| Output Enable
Column Decoder
]
Write Timing: Read Timing:
: : High Z
0 X ibatatn; )—————( XXXXXXXXX_Data our XXXXX X

1
1
A XWmTe Addr'ass X
|
1

Junk I

I Data Out

X Read Addr'ess

OE_L : | | \
! I I
WE_L: \?‘ / :: Write
: I ' Hold Time

I— .
! 1 Write Setup Time

Read Acces

I
X Read Ac{dress
I
]
1
)

|
|
|
1
g
5

Time

—_— - - -

|
I
]
[
I
Read Access
Time

17
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TumKOC Xpoviguoc 2uyxpovnc SRAM

Synchronous - SRAM
Xpoviopoég pe pdon Ta ohpdTa oTnv dkpUn Tou poAoyiou
Write-after-Read mpopAnua - Wait states - Bus Turnaround
2.7a read Ta data Pyaivouv HETA Thv akUh v oTa writes Ta data pémel va umouv mpiv TNV

akph Write Enable
ﬁ' | Chip Enable
Address : matrix
Pins g Data
| | Pins
| T [
=\ B o
difference between read and =
ite timings creates od high CLK-Q delay
cycles (“wait states”)
L R, R, \ W, R, Ws
CE 1 [\ L Hj
WE U I
CLK | I \ \ \ \ | \
Address —{ &, :"}."[ 7 S '_}7
Data ; Q, : Q; 3 Q,

HY220 - Twpyoc¢ Kahokaipivog & BaciAng TTamasuotaBiou
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TUTTIKOC XpOVIOHOC
ZBT Synchronous SRAM

» Zero-Bus-Turnaround (ZBT) n No Bus Latency (NoBL)
- Pipelined £¢¢odog AUvel To TpéPAnua Write-after-Read
- Mewver Clk2Q delay kai emiTpémel uynAdTEPN oUXVOTNTA PoAoyioU
- Extra kUkAo¢ kaBuoTépnon oTnv avdyvwon

Address
Pins
R, R, W, R, W,
CE 1 —
WE I ¥ ey B N
CLK \ \ \ | \ \ |
Address {_ A, K A, A
Data :::: one-cycle 9 ) Q@ Q
latency... (ZBT write to Aj) (ZBT write to Ag)
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Xpoviopoc SRAM yia Read amo Datasheet

CLOCK

:EUMUUUUUUUUL_
o _J\ﬂuwwwwuuum

ADSP

...\/Z Z Z Z/L
ffTT\/—ﬂﬂf\/'

o — T t t t t T t t
- | | | | | | |
o) | I I I I | I THEC
L L L L L L L 1 1
D CD) ) ) ) ) D)
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Xpovnouég SRAM via Write ané Datasheet

CLOCK

o /\Hm\//uuuuuuuu
e /\ 7 /L/L/\JL/EJ_NL/\J
w7 f Y f VEVENENENENE v

1055 ks icsy |
| I I
J— |
Cs {‘l £
I I I
| | |

| |
I I
i i
| |
| |
ADV : :
| |
| |
I L
OE
T T T
I I I
H-—-wr-—-i:H | |
\" T
Data | ( D3-2 ] D3-3 )ﬁ(:ﬂdtl
Data Out

B0

on't Care
Undefined ) 1



Xpoviopoc SRAM via Read/Write amé Datasheet

e TLOAA T \AAA A .
ADDRESS ... : : ..E.. ' !

L AWAWAWA SRS U AV AWAW AW

I I
e - I I I I I I I | | | I |
el I | | | | | I I I I
— | | | | | | [ ! !
s § ENVANVANY, NVANVANVANVANY
| | | | | | | | i i i | i
I I I I I I 1 1 1 1
ADV
I I I I I I I
| | | | | | |
I I I I
- T I I I I T
OE | | | | [ [ [
I ! ]
[ Iy [ [ [ o [
| ] e T I | REOO0 LR \GRERY
Data Out R G R R (R e e e 11 R, ) (R
I I I I I I I
| | | | | | |
I I I I I I
Data In { D5-1
| | | | | |
L4




Dual-ported Memory Internals

Add decoder, another set of + Example cell: SRAM
read/write logic, bits lines, word WL,
lines: ? I
T T WL,
dec, ||dec, cell ﬁvjwﬂ.
array
X Y | | | | b2 b1 B’I B2
r/w logic
e thw logic Repeat gvery’rhing but cross-
coupled inverters.
address v I v I v I v I »  This scheme extends up to a
ports data ports couple more ports, then need to

add additional transistors.

HY220 - Mwpyo¢ KaAokaipivog & BaociAng TTamasuotaBiou 23



First-in-first-out (FIFO) Memory

Used to implement gueves.

These find common use in
computers and communication
circuits.

Generally, used for rate
matching data producer and

consumer:
stating state

S R
after write
> —
after read
> —>

Producer can perform many writes
without consumer performing any
reads (or vice versa). However,
because of finite buffer size, on
average, need equal humber of reads
and writes.

Typical uses:

- interfacing I/0 devices. Example
network interface. Data bursts
from network, then processor
bursts to memory buffer (or
reads one word at a time from
interface). Operations not
synchronized.

- Example: Audio output. Processor
produces output samples in bursts
(during process swap-in time).
Audio DAC clocks it out at
constant sample rate.

24
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FIFO Interfaces

I I

—|D,, ~ RST  CLK

—1 WE

— oL FIFO
<— HALF FULL

<« EMPTY

— RE

DOUT

After write or read operation,
FULL and EMPTY indicate status of
buffer.

Used by external logic to control
own reading from or writing to
the buffer.

FIFO resets to EMPTY state.

HALF FULL (or other indicator of
partial fullness) is optional.

» Address pointers are used internally to
keep next write position and next read
position into a dual-port memory.

write ptr—

<— read ptr

» If pointers equal after write = FULL:

write ptr— <—read ptr

+ If pointers equal after read = EMPTY:

write ptr— <—read ptr

25

HY220 - Mwpyo¢ KaAokaipivog & BaoiAng TTamasuotaBiou



Baoiko Block Diagram
YmoovoTnudtwy MvAung

Memory
Address cell
Decoder
In Address{ | | mBitlLines
Bits

RAM/ROM ovopuatoAoyia:
32 X 8,"32 by 8" => 32 8-bit words

IM X 1, "1 meg by 1" => IM 1-bit
words

Word Line
2" word
lines
32X 8 M X 1
5/[/ /[/B EEI%
addr dafa addr data

26
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KeAi pvAapung pe 1 transistor (DRAM)

+  Eyypaen - Write:
1.  Odnyouue Tnv bit line row select
2. EmAéyoupe ypapun (row select)

- Avadyvwon - Read: —
1. TlpoywopTtiCoupe (precharge) Tnv

bit line e Vdd/2 —

2. EmAéyoupe ypapun (row select)

3. To keAi kai n bit line poipdlovrai Ta bit
popTia (charge sharing)

4. Sense oTnv bit line (sense amplifier)
MTopei va avixvevel oAU Hikp€C aAAayég

5. Write: emavagépoupe Thv TIHA

- Avavéwon - Refresh :
- ApkKei éva artAd read oe KABe KeAi

27
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KAagoikn Opydvwon DRAM
(TeTPAYWVIKA)

__— bit (data) lines

<
r
Each intersection represents
0
W " a1-T DRAM Cell
d R/er\. ris/” Square keeps the wires short:
i Power and speed advantages
o Less RC, faster precharge and
d discharge is faster access time!
e
™~
r > word (row) select
rOW M Column Selector & | Column
address I/0 Circuits Address
da1‘a¢ Row and Column Address

together select 1 bit a time
28
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Noyikn Opydvwon DRAM (4 Mbit)

4 Mbit = 22 address bits Column Decoder
11 row address bffs'
11 col address bits 11 SenseAmps &1/0
1
o)
A0..A10 (0 p [11| Memory Array =
_—— E— (2048x2048)
:% g S’rom?e
<L E Word Line Cel
R

* Square root of bits per RAS/CAS
- Row selects 1 row of 2048 bits from 2048 rows

- Col selects 1 bit out of 2048 bits in such a row

29
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Ta onpuata The DRAM

RAS_LJ JCAS_L WE_LJ JOE_L

/ 256K x 8 R
A 9 DRAM 8 "D

> Auata eAéyxou (RAS_L, CAS_L, WE_L, OE_L) 6Aa active low
Koivo bus dedopévwy D - e106d0ou ka 1 e€6dou (Din & Dout):

- WE_L evepyomoicitar (Low), OE_L amevepyomoicitar (High)
- D xpnogomoiéitar oav eicodo¢ othv DRAM

- WE_L amnevepyomoieitai (High), OE_L evepyomoigitar (Low)
- D xpnopomoiéitar oav £€€odo¢ amé thv DRAM
O1 d1euBUvoeIg YpaUUAG Kal 0TAANG HolpdlovTal Ta idia pins (A)
- RAS_L evepyomoicital (low) -> A amoBnkeVeTal oav row address
- CAS_L evepyomoicital (low) -> A amoBnkeveTal oav column address
- RAS/CAS edge-sensitive
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ATtAoTtoinpévo didypappa
xpoviogou DRAM

Read Write
Address ﬁ(X Row Address Col Address Address ﬁ(}( Row Address ><><C0| Address ><><7
R —_— RAS ] l
RAS
CAS |
TT -
WE L
Dout 0 Valid Din  Vaid >

+ H d1eUBuvon diveTal oc 2 pAuara

31
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Tumkoc xpoviouoc Avdyvwonc DRAM

RAS_Ll 1CAS_L WE_Ll 1OE_L

«  KdBe mpooméAaon DRAM Eekivaer pe:

- Evepyomoinon Tou RAS_L 4 — 2&;8 e

- 2 Tpomol avdyvwon: early or late

—— DRAM Read Cycle Time ——

9 8

RAS_L / /
I I I ) ———
CAS_ I i i
| I I I I 1 1 I I I I
A X Row Address X/ c}i\ddress Y Junk] X Row Address Gol\pddress X Tunky X
| — 1 | | — |
WEL /7 ! ! i !
} | | 1 |
OE_L I I i I i
I I I I : I
D High: Z X J'u'nk Data Out : X : High Z I Da’ra:OuT
I | | I | | 1
— Setwp | | Reac_ir i/:\nceceil : : , Ou’rpslllgnable ) :: :
== Hold I ‘: I Y ‘:
Early Read Cycle: OE_L asserted before CAS_L OE_L asserted CAS_L
32
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Ta pAuara yia Early Read

Assert Row Address
Assert RAS L

- Start read cycle
- Meet Row Addr setup time before RAS/hold time after RAS

Assert OE L
Assert Col Address

Assert CAS_L
- Meet Col Addr setup time before CAS/hold time after CAS

Valid Data Out after access time
Disassert OE_L, CAS_L,RAS_L to end cycle

33
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Ta phuata yia Late Read

Assert Row Address
Assert RAS L

- Start read cycle
- Meet Row Addr setup time before RAS/hold time after RAS

Assert Col Address

Assert CAS_L
- Meet Col Addr setup time before CAS/hold time after CAS

Assert OE_L
Valid Data Out after access time
Disassert OE_L, CAS_L,RAS_L to end cycle

34
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Tumikoc xpoviopoc Eyypaphc DRAM

RAS_Ll 1CAS_L WE_Ll 1OE_L

«  KdBe mpooméAaon DRAM Eekivaer pe:

- Evepyomoinon Tou RAS_L A 2&;8 —— b
- 2 TpomoI eyypaeng: early or late
:4— DRAM WR Cycle Time —»:
RAS_L 4\ / \ /

CAS |
1 I

A X Row Address

[P (e R

C

I I
| Address x Junk Row ,{ddress x Cg'>| ddress x Jun
I

— g -
>

| |
I | | } I —_—
WE_L 1 ' i I \ i
| l : I : | | ! [ .
D J ur{k x D;JTC( In x : Junk : Data In x ;.Tunk
: — l ! | [ S !
== Setfup | 1 —!  WR Access Time |l«—— I WR Access Time . :
== Hold e ! I :!
Early Wr Cycle: WE_L asserted before CAS_L I WE_L asserted CAS L
35
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256 Mbit SDRAM Addressing

r-r - - """""""""""-"""""""""""""""-"""—-—"="—"===— T

L [

CKE | control oW [
— logic R

L address [

CLK - 2o [

l 13 r

cs# | |o N |

WE# E o )3 [

CAS#L | S s r

ras#! |S & J

row !

L : [

L mz?s‘ier refresh address [

L counter latch I

l and datal;

L [

l decoder Sense Amn out ||

L I

actr l reg |

bus || ““"_“‘iﬁ 2 bank /O Gating Ardana I

t register ™ control Read Data Latch| | I/ :

l logic Write Drivers A 32l

l i in |

| column W reg [

L address 3 — [

l *| counter/ column r

t latch ——%—»{decoder {

b —_ e e e e e e e e e e e e e e e e e o — — — — — — — |

256 Mbit chip: 8192 rows, 512 columns, Xx16 data, 4 banks

HY220 - Twpyo¢ Kahokaipivog & BaoiAng TTamasuataBiou



Volatile Memory Comparison

The primary difference between different memory types is the bit cell.
- SRAM Cell - DRAM Cell

addr' i i word line i word line

ey ] -

A4
bit line data bit line oit line
Larger cell = lower density, - Smaller cell = higher density,
higher cost/bit lower cost/bit
No dissipation *  Needs periodic refresh, and
Read non-destructive refresh after read
No refresh required +  Complex read = longer access time
Simple read = faster access * Special IC process = difficult to
Standard IC process = natural integrate with logic circuits
for integration with logic * Density impacts addressing
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