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A: Transaction request may be delayed in Queue
B: Transaction request sent to Memory Controller
C: Transaction converted to Command Sequences

(may be queued)
D: Command/s Sent to DRAM

E,: Requires only a CAS or
E,: Requires RAS + CAS or
E3. Requires PRE + RAS + CAS

F: Transaction sent back to CPU
“DRAM Latency"=A+B+C+D+E+F
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Basics

PHYSICAL ORGANIZATION
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x2 DRAM x4 DRAM x8 DRAM

This is per bank ...
Typical DRAMs ha ve 2+ banks
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DRAM Evolution

Read Timing f or Con ventional DRAM

Row Access

Column Access

- Transf er Overlap

Data Transf er
RAS
CAS
Address

Row Column \ / Row Column \
Address Address / \Address Address /

DQ / Valid \ Valid
\ Dataout / Dataout

L




DRAM TUTORIAL

ISCA 2002 DRAM Evolution

Bruce Jacob
David Wang —

Read Timing f or Fast Page Mode

University of
Maryland

Row Access

Column Access

- Transf er Overlap

Data Transf er

|

CAS '—
Address
Row Column Column Column
Address [7\ Address Address Address
DQ valid valid
Dataout Dataout




DRAM TUTORIAL

ISCA 2002

Bruce Jacob
David Wang

University of
Maryland

DRAM Evolution

Read Timing f or Extended Data Out

Row Access

Column Access

- Transf er Overlap

Data Transf er
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DQ valid valid valid

Dataout Dataout Dataout
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DRAM Evolution

Read Timing f or Bur st EDO
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DRAM Evolution

Read Timing f or Pipeline Bur st EDO

Row Access

Column Access

- Transf er Overlap

Data Transf er
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DRAM Evolution

Read Timing f or Sync hronous DRAM

Row Access
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DRAM Evolution
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Regular CAS-2 SDRAM, R/W/R to same bank, rows 0/1/0
Clock
Conmand | R N R (s e (I
\ | | | |
READ PRE )—I—I ACT WRITEI—I—I—I—{ PRE I—I—I ACT READ p— T } }
A‘ddess|-|| |I I_I—I I .I_I_I|I| I
Row I m I I I Bank I I Row I I CoI I I I BankI I I Row I I I Col I I I I I
Addr | \ﬂ’ | | | | \Ad I | \Addr I | | | \ I | \/-\ddl’l | \Addr I | | | |
rfr o 4+ r o 4+ 1 11 [
59, 1 fvaig | vaid | vaid | vaid vaid | vald | vai | vai | I N N N [ vaia | vai | vaic )I
| | | | \Data Data | Data | Data | | Data | Data | Data | Data I | | | | | \ \Data Data | Data

ESDRAM, R/W/R to same bank, rows 0/1/0

Clock

Command | | | | | | | | | |
READ | PRE —I—I—( ACT )—I—(WRITE)—I—( READ H
idos | I I I I
row | | { co Bank | | Leou| |

Addr | | | Addr | |

|

L
oo F N I I Valid | valid | Valid (Valid HVaIid Valid [ Valid VaIidHVaIid Valid [ Valid VaIid)_
| | | |

\Data Data | Data Data | Data | Data | Data [ | Data] Data | Data |Data

>

(can second READ be this a ggressive?)




DRAM TUTORIAL

ISCA 2002

Bruce Jacob
David Wang

University of
Maryland

DRAM Evolution

Internal Structure of Virtual Channel

16 Channels
Bank B (segments)

Bank A

2Kb Segment
2Kb Segment

2Kb Segment

2Kb Segment

Sense
Row Decoder Amps Sel/Dec

Input/Output
Buffer

7
=

DQs

& -
Activate Prefetch

Restore

- —
Read

Write

Segment cac he is software-mana ged, reduces ener gy
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DRAM Evolution HHHH

Internal Structure of F ast Cyc le RAM

SDRAM FCRAM
) )
S 8M Array f 8M Array
@ &l (8Kr x 1Kb) @ g (2)
= =
(@] O
@ @
I I —
J L |t
V
Sense Amps IenselAmps
tRCD = 15ns tRCD = 5ns
(two clocks) (one clock)

Reduces access time and ener gy/access
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DRAM Evolution

Comparison of Lo w-Latenc y DRAM Cores

DRAM Type Data Bus Bus Wigith Peak BW RAS-CAS | RAS-DQ
Speed (per chip) | (per Chip) | (trcp) (trac)
PC133 SDRAM 133 16 266 MB/s | 15ns 30 ns
VCDRAM 133 16 266 MB/s 30 ns 45 ns
FCRAM 200 * 2 16 800 MB/s | 5ns 22 ns
1T-SRAM 200 32 800 MB/s | — 10 ns
DDR 266 133*2 16 532 MB/s | 20 ns 45 ns
DRDRAM 400 * 2 16 1.6 GB/s 22.5ns 60 ns
RLDRAM 300 * 2 32 2.4 GB/s ??7? 25ns
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Basics
DRAM Evolution: Structural Path

Advanced Basics
Memory System Details (Lots)

DRAM Evolution: Interface Path
Future Interface Trends & Resear ch Areas

Performance Modeling:
Architectures, Systems, Embedded




DRAM TUTORIAL

ISCA 2002

Bruce Jacob
David Wang

University of
Maryland

What Does This All Mean?
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FPMD

D-RDRAM DDR
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Cost - Benefl t Criterion

Package Cost
Inter connect
Cost

Logic Overhead
Test and
Implementation
Power
Consumption
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Memory System Design

w I/O Technology

Topology
DRAM Chip
Architecture

Address Mapping
Row Buff er
Management

Chip P ackaging

Access Pr otocol
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Row XapX

Col
Data
W
RAS CAS o
latenc y latenc y Pipelined Access

Pretend that the w orld looks like this

But...
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Signal Pr opagation

~<la ol
—>D1T_r B i }{Q*
=
/-
O (5

ldeal Transmission Line
~ 0.66¢c = 20 cm/ns

PC Board + Module Connector s +
Varying Electrical Loads

= Rather non-ldeal Transmission Line
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What Kind of Cloc king System?
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Figure 2:
Read Data Oth ® 0 © Nth
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We need diff erent “c locks” for R/W
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Path Length Diff erential

J\th #3

i & Bus Signal 2
Path #2 H ?% & Bus Signal 1
Controller Peth # \
A
Intermodule
Connectors

High Frequenc y AND Wide Parallel
Busses are Difficult to Implement
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Subdividing Wide Busses

O
O
Obstruction
W Narrow Channels,
3{ Source Sync hronous
A = Local Cloc k Signals
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Why Subdivision Helps

B

%

ANV VWY

Sub
Channel 1

VAN A\YFANAN

>

<

-

1 Sub
Channel 2

A
A AN

N

Worst Case
skew of
{Chan1 +
Chan 2}

D

>,/

s

Worst Case Worst Case
skew of skew of
Chan 1 Chan 2

Worst Case Ske w must be Considered in System  Timing
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Timing Variations

Contr oller i i i I
Contr oller i A A A
>< Clock

>< Cmd to 1 Load

X Cmd to 4 Loads

4 Loads

1 Load

How many DIMMs in System?
How many devices on eac h

Who b uilt the memor y module?
Infinite v ariations on timing!

DIMM?
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Loading Balance

Contr oller A A

Controller A A

Contr oller : \

Contr oller i A

Duplicate
Signal
Lines

Variab le
Signal
Drive
Strength
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Topology

Contr oller ?

DRAM| |DRAM| |[DRAM| [DRAM
Chip Chip Chip Chip
DRAM| |[DRAM| |[DRAM| [DRAM
Chip Chip Chip Chip
DRAM| |DRAM| |[DRAM| [DRAM
Chip Chip Chip Chip
DRAM| |DRAM| |[DRAM| [DRAM
Chip Chip Chip Chip

DRAM System Topology Determines
Electrical Loading Conditions
and Signal Pr opagation Lengths
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SDRAM Topology Example

| |
| x16 [ x16
DRAM | | | DRAM
Chip I 1| Chip
|
|
|
Command x16 1| X16
Adress DRAM | || DRAW
- ip | ip
Single -
Channel |
|
SDRAM x16 | x16
Contr oller DRAM : : DRAM
Data bus Chip |, | [Chip
(64 bits) |
(16 bits .
x16 : : x16
| DRAM o DRAM
| Chip . | Chip

L oading | mbalance
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RDRAM Topology Example

RDRAM

Contr oller

Controller

Packets tra veling do wn
Parallel P aths. Skew is
minimal b y design.

clock
turns
around
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/O Technology

Logic High

Av

Logic Lo w
At Time

Av
Slew Rate = AL

Smaller Av =
Smaller At at same slew rate

Increase Rate of bits/s/pin
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Single Ended Transmission Line

Brh

Differential Pair Transmission Line

| ncrease Rate of bits/s/pin ?

Cost Per PIn?
Pin Count?
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___logic 10
) — ‘range
logic 11
range
&
c
g Viet 0
logic 00 (- —- :
range {= time -

| ncrease Rate of bits/s/pin
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Packaging

DIP

“good old da ys”

SOJ

Small Outline J-lead

TSOP

Thin Small Outline

Package

Features Target Specifi cation
Package FBGA LQFP
Speed 800MBp | 550Mbps
Vdd/Vddq 2.5V/2.5V (1.8V)
Interface SSTL_2

Row Cycle 35ns

Time tgc

LQFP

Low Profile Quad
Flat Package

FBGA

Fine Ball Grid Arra y

Memory Roadmap f or
Hynix NetDDR I
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Access Pr otocol

Single
Cycle
Cmd

vaa g8 do(ds

Single Cyc le Command

Multiple
Cycle
Cmd

Cmd "o XfoXToXTo)

Data @@@D@

Multiple Cyc le Command
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Access Pr otocol (r/r)

Contr ol DRAM DRAM DRAM DRAM

L —
Col XTo

Data

RAS CAS Pipelined Access
latenc y latenc y

Consecutive Cac he Line Read Requests to Same DRAM Ro w

& Command

a = Active (open pa ge)
r = Read (Column Read)

& Data d = Data (Data ¢ hunk)
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Access Pr otocol (r/w)

Data In/Out PRAM
One Datapath - Two Commands —
Buffers

/ Column Decoder \
[T [T

Sense Amps
Col Woxr1
@@@%0@@@@

Case 1. Read Follo wing a Write Command to Diff erent DRAM De vices

Col® A
Data (dg/doXdg(do; {dydyxdydy

Case 2: Read Follo wing a Write Command to Same DRAM De vice

ColWol ﬁ
Data do(do(do(dg()dp@ydyidy

Soln: Delay Data of Write Command to matc h Read Latenc y
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Access Pr otocol (pipelines)

Col )ToX Xy ("2
Data {do/doXdordo/dydy(dy(d1XdaxdXdXdy)

W_/

CAS
latenc y

Three Bac k-to-Bac k Pipelined Read Commands

latenc y

“Same” Latency, 2X pin frequenc vy, Deeper Pipeline

When pin frequenc y increases, chips m ust either

reduce “real latency”, or
suppor t long er bursts, or
pipeline more commands.
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Outline

. Basics
. DRAM Evolution: Structural Path
. Advanced Basics

. DRAM Evolution: Interface Path

« SDRAM, DDR SDRAM, RDRAM Memor y System
Comparisons

 Processor -Memory System Trends
 RLDRAM, FCRAM, DDR Il Memory Systems Summar y

. Future Interface Trends & Resear ch Areas

- Performance Modeling:
Architectures, Systems, Embedded
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SDRAM System In Detall

Single

Channel
SDRAM
Contr oller ]

Dimml, Dimm2,  Dimm3, Dimm4,
I I

Addr & Cmd

Data Bus
Chip (DIMM) Select

“Mesh T opology”
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SDRAM Chip

133 MHz (7.5ns cycle time)

_ = 256 MBIt
Multiple xed Command/Ad dress Bus = 54pin
Programmab le Burst Length, 1,240r8 & ™50
Quad Banks Internall y =
Suppl y Voltage of 3.3V =
Low Latency, CAS=2, 3 =

. : 14 Pwr/Gnd

LVTTL Signaling (0.8V to 2.0V) 16 Data

(0 to 3.3V rail to rail.) 15 Addr
7Cmd
1 Clk
1 NC

Condition Specifi cation Cur. Pwr

Operating (Active) Burst = Continous 300mA 1w

Operating (Active) Burst = 2 170mA | 560mW

Standby (Active) All banks active 60mA | 200mW

Standby (powerdown) All banks inactive 2mA | 6.6mW
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Bruc_e Jacob 1 2 3 4 5 6 7 8 9 10 11 12 13
David Wang " I @
University of e —— /.' i
M al‘yl and | @ | | | @‘_ read command and address assertion | @
|1 |1 [ N N Memory | g— t
data bus utilization 2 4'¢C ! Controller

CASL 3 @

Clock signal

’ |
|
Data return from @ @' Data return from
chip #0 : chip #1
|

chip #0 bus idle { chip #1
hold time J time setup time

]

Back-to-back Memory Read Accesses to Different Chips in SDRAM

Clock Cycles are still long enough to
allow for pipelined back-to-back Reads




DRAM TUTORIAL

ISCA 2002 SDRAM Access Pr otocol wim)

Bruce Jacob

David Wang
Figure 1:

University of :

"Maryland Consecutive Oth ® 0 o Nth
Reads

Wor st case = Dist(N) - Dist(0)

Figure 1.
Read After Oth o o [(N-1¥ Nth
Write
Write
< Read
-
S

Wor st case = Dist(N) + Dist(N-1)

Bus Turn Ar ound
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K’ SDRAM SDRAM
@ chip#0 chip#1
ool — 5 %/ i
Controller
T e
@ Data bus

op—

Data @@% %@@@

Read Follo wing a Write Command to Same SDRAM De vice
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DDR SDRAM System

Single
Channel
DDR
SDRAM

Controller 1

Dimm2,  Dimm3,

Dimm1
I

.
I

=

L+ —— - Lt 4

Same Topology
as SDRAM

Addr & Cmd
Data Bus

DQS (Data Strobe)
Chip (DIMM) Select
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DDR SDRAM Chip

133 MHz (7.5ns cycle time)
Multiple xed Command/Ad dress Bus

Programmab le Bur st Lengths, 2,4 or 8*
Quad Banks Internall y

Supply Voltage of 2.5V*
Low Latency, CAS=2,25,3*

SSTL-2 Signaling (Vref +/- 0.15V)
(0 to 2.5V raill to rail)

0 1 2 3 4 5
CIKH# oo e gy o
Clk " A

Cmd XRea
DQS——— /N ———
Data XXX

\_Y_/ “
CASL =2 DQS Post-amble

—~
DQS Pre-amble

[nnAnnOA0on0ANAROANAROAANOANOAAT

256 MBit
66 pin
TSOP

16 Pwr/Gnd*
16 Data
15 Addr
7 Cmd
2 Clk *
7 NC *
2DQS *
1 Vref *
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DDR SDRAM Protocol (r/r)

Memory 4

Controller]

DQS pre-amble  DQS post-amble

1 2
CIK# oo b
Clk AN
Cmd :>< ) X i
DQS—— "
Data DX OO
\_Y_/
CASL =2

Back-to-back Memory Read Accesses to Different Chips in DDR SDRAM
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University of .r ___________ T _ __________ 1|
Maryland RDRAM I I [ i w'ﬂ | | i
Contr oller : | | _‘ _‘ | _‘ ‘ :
| |
BusClock ' = = 7 = 7 7 7 7| | | | | | | | | - ; ; ; ;
< P T T T T T T T T T
Column Cmd WO@O el S e e e e e B e e S B
NEEEN M| 1
L LTl ] T
DataBus | | | | | | E@M@
| | | | | | |/
-
(Write delay) (CASaccessdelay) tcac - tewp

Two Write Commands Follo wed by a Read Command

Packet Protocol : Everything in 8 (half) ¢ ycle packets
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Direct RDRAM Chip

400 MHz (2.5ns cycle time)

Separate Ro w-Col Command Busses
Bur st Length = 8*

4/16/32 Banks Internall y*

256 MBIt
86 pin
FBGA

49 Pwr/Gnd*

16 Data
Supply Voltage of 2.5V* 8 Addr/Cmd
Low Latenc y, CAS =4 to 6 full ¢ ycles* ;‘g'{f,f x
RSL Signaling (Vref +/- 0.2V) i\'ﬁf .
(800 mV rail to rail)
Active Active prec harge
read read read read
data data data data

All pac kets are 8 (half) ¢ ycles in length,

the pr otocol allo ws near 100% band width

utilization on all ¢ hannels. (Addr/Cmd/Data)
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RDRAM Drawbacks

High Frequenc y

/O Test and

Package Cost

RSL: Separate

\ /Power Plane
T

Active Decode
Logic + Open
Row Buff er.
(High po wer

for “quiet” state)

30% die cost
for logic @

64 Mbit node

Single Chip
Provides All
__ Data Bits f or
Each Packet
(Power)

Signifi cant Cost Delta f or Fir st Generation
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System Comparison

SDRAM | DDR |RDRAM
Frequenc y (MHZz) 133 133*2 | 400*2
Pin Count (Data Bus) 64 64 16
Pin Count (Contr oller) 102 101 33
Theoretical Band width 1064 2128 1600
(MB/s)
Theoretical Effi ciency 0.63 0.63 0.48
(data bits/c ycle/pin)
Sustained BW (MB/s)* 655 986 1072
Sustained Effi cienc y* 0.39 0.29 0.32
(data bits/c ycle/pin)
RAS + CAS (tgrac) (nS) 45 ~50 | 45~50 | 57 ~ 67
CAS Latenc y (ns)** 22~30|22~30|40~50

133 MHz P6 Chipset + SDRAM CAS Latenc y ~ 80 ns

*StreamAd d
**|_oad to use latenc y
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Diff erences of Philosoph vy

SDRAM - Variants

Contr oller ? / }gﬁﬁgﬂ
\

Comple x Inexpensive

Slmple
Inter connect Interface

Logic

RDRAM - Variants

S <—> DRAM

S|mpI|f|ed expenswe Comple X
Interconnect  |nterface Logic

Comple xity Mo ved to DRAM
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Technology Roadmap

(ITRS)

2004 2007 2010 2013 2016
Semi Generation (nm) 90 65 45 32 22
CPU MHz 3990 6740 12000 | 19000 | 29000
MLogicT ransistor s/ 77.2 154.3 309 617 1235
cm”2
High P erf c hip pin count 2263 3012 4009 5335 7100
High P erformance c hip 1.88 1.61 1.68 1.44 1.22
cost (cents/pin)
Memory pin cost 0.34 - 0.27- | 0.22 - 0.19 - 0.19 -
(cents/pin) 1.39 0.84 0.34 0.39 0.33
Memory pin count 48-160 | 48-160 | 62-208 | 81-270 | 105-351

Trend:

Free Transistor s &
Costly Inter connects
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Choices f or Future
Bruce Jacob
David Wang - - — Direct Connect
= = = p Custom DRAM:
University of e AR E Highest Band width +
Maryland b e e o Low Latency
= Direct Connect
sl A E semi-comm. DRAM:
oo High Band width
a ) ) & gh Band width +
Low/Moderate Latenc y
Direct Connect
DRAM| |DRAM Commodity DRAM
CPU Low Band width +
DRAM| |DRAM Low Latency
DRAM| |IDRAM
DRAM|[DRAM|  [DRAM} IDRAM
Memory DRAM| [DRAM
CPU Contr oller DRAM| [PRAM
DRAM| [DRAM DRAM| IDRAM
Indirect Connection
Highest Band width DRAM| |DRAM
¥—V—/ Inexpensive DRAM
Highest Latenc y
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EV7 + RDRAM (Compaqg/HP)

RDRAM Memory (2 Contr oller s)
Direct Connection to pr ocessor
75ns Load to use latenc vy

12.8 GB/s Peak band width

6 GB/s read or write band width

2048 open pages (2 * 32 * 32)

()]

L[] oo
L[] e oo
L[] oo
L[] e o o

L[] e oo
L0 e e o
L[] oo
L[] e oo

1N

Each column read
fetches 128*4 =512Db
(data)

H
»

MC 64

|_.\

P P

'_A

»

=

H
»

MC [ 64

I

H
D D

H
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What if EV7 Used DDR?

« Peak Band width 12.8 GB/s
« 6 Channels of 133*2 MHz DDR SDRAM ==
« 6 Controllers of 6 64 bit wide ¢ hannels, or

« 3 Controllers of 3 128 bit wide ¢ hannels

System EV7 + RDRAM E\[/;D’;‘SS‘SSX‘K'/:@ E\[/)7DE 33%)21?\'/:6"
L atency 75ns ~ 950 ns* ~ 50 ns*
Pin count ~265** + Pwr/Gnd | ~ 600** + Pwr/Gnd | ~ 600** + Pwr/Gnd
Controller 2 G * % ek k
Count
Open pages 2048 144 79

* page hit CAS + memory controller latency.

** including all signals, address, command, data, clock, not including ECC or parity
*** 3 controller design is less bandwidth efficient.
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What's Next?

DDR I

FCRAM

RLDRAM

RDRAM (Yellowstone etc)
Kentron QBM
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DDR Il - DDR Next Gen

Lower I/O DRAM core operates at
\oltage (1.8v) 1:4 freq of data b us freq

400 Mbps
- multidr op

800 Mbps \

-point to point

FPBGA pac kage

(SDRAM 1:1, DDR 1:2)

Backward Compat.
to DDR (Common

/modules possib le)

UL No more P age-
EEEEEEEE ~— Transfer-Until-

EEEEEEE Interrupted
L Commands

Burst Length ==
Only!

(removes speedpath)

4 Banks internall y Write Latenc y = CAS -1
(same as SDRAM and DDR) (increased Bus Utilization)
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DDR

Il - Contin ued

Posted Commands

Active
(RAS)

Read
o (CAS)

SDRAM & DDR

\—\/—/

trcD

SDRAM & DDR SDRAM relies on memor y contr oller to kno w
trcp and issue CAS aftert r¢p for lowest latenc .

Active
(RAS)

Read
(CAS)

W*/\

trcD

DDR II: Posted CAS

data

Internal counter dela ys CAS command, DRAM chip issues “real

command after t rcp for lo west latenc .
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Fast Cycle RAM (aka Netw ork-DRAM)

University of

Maryland
Features DDR SDRAM | FCRAM/Netw ork-DRAM
Vdd, Vddq 2.5 +/- 0.2V 2.5 +/-0.15
Electrical Interface SSTL-2 SSTL-2
Clock Frequency | 100~167 MHz 154~200 MHz
traC ~40ns 22~26ns
trc ~60ns 25~30ns
# Banks 4 4
Burst Length 2,4,8 2,4
Write Latency 1 Clock CASL -1

FCRAM/Netw ork-DRAM looks like DDR+
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FCRAM Cont

=
-
D
@N

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Dead Cycl 101 T e e o 8 S 2
" {RCDE3 tWR=2 it{RPE3 tRC =10 .
167MHz (A0) E@ (A0} {ro}) (A0}
b

(DDD333) (D0 e —>

200MHz (o) (i) (o)

Network-

tRC =5 CL=4 WL=
DRAM i T — g
{_D0_je _ Q0 {_Do_}
tRCD=4 tWR=3 tRP=4 tRCi =12
> > >

200MHz (a0} {wo} (a0} (RO}

DDR-I tRC =12 > BL=3 .
(DDR400) P .

tRAS= 22 tRP= 10 tRCD=£§| iRP=10
& > > »
1ch AD (ﬂ wo | A0 ) RO ‘ RD} | A0 || wo @f

RDRAM tEWD= 6 | tCAC= i

1066 Y ——{ Q0 |} { D0 }—+—
I:) : Retire tRCi: =32i ; i — i i tRiC =3i2 b ; i

Faster t gc allows Samsung to ¢ laim higher b us efficienc y
* Samsung Electr onics, Denali MemCon 2002
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RLDRAM

Peak

Random

DRAM Type Frequency (Blgsr X\aldt)h Band width Access 'I?i(r)nV\(/a C(Ztyc I)e
b P) | (per chip) | Time (trac) RC

PC133 133 16 200 MB/s 45 ns 60 ns
SDRAM

DDR 266 133*2 16 532 MB/s 45 ns 60 ns
PC800 400 * 2 16 1.6 GB/s 60 ns 70 ns
RDRAM

FCRAM 200 * 2 16 0.8 GB/s 25ns 25ns
RLDRAM 300 * 2 32 2.4 GB/s 25 ns 25ns

Comparab le to FCRAM in latenc y
Higher Freqguenc y (No Connector s)
non-Multiple xed Address (SRAM like)
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RLDRAM Contin ued
High-end PC and Server

Processor Memory
Controller

2.4GB/s | X32 2.4GB/s

RLDRAM is a great replacement to SRAM in L3
cache applications because of its high density,
low power and low cost

Infineon Presentation, Denali MemCon 2002
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RAMBUS Yellowstone

Bi-Directional Diff erential Signals
Ultra lo w 200mV p-p signal s wings
8 data bits transf erred per c lock
400 MHz system c lock

3.2 GHz effective data frequenc y
Cheap 4 layer PCB

Commodity pac kaging

System Clock X X
Data X X X X X XAKKX T —— 1.2V
-~

1.0V

Octal Data Rate (ODR) Signaling
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Kentron QBM ™

DDR A DDR B

AYIRY

[
(0))]
=
3
@)

I

op?—\

e
<FH

Contr oller

Clock M
DDR A ><dy ><d; X<d; X<d; X

DDR B ><dp >X<dp Xg ><dp XX
Output doXd XdoXd XdgXd XdoXd

“Wrapper Electr onics ar ound DDR memor y”
Generates 4 data bits per ¢ ycle instead of 2.

Quad Band Memor vy
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A Diff erent P erspective

Everything is band width

» Clock
& Row Cmd/Ad dr Band width

& (Col. Cmd/Ad dr Band width
—-  \\/rite Data Band width
- Recad Data Band width

Latenc y and Band width
Pin-band width and

Pin-transition *Effi ciency (bits/c ycle/sec)
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Research Areas:. Topology

Clr v v ey

../W

Unidirectional Topology:

Write P ackets sent on Command Bus
Pins used f or Command/Ad dress/Data
Further Increase of Logic on DRAM ¢ hips
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Memory Commands?

Act —*1Write

Sa

000000

Act

—® Write O

Instead of A[] =0; Do “write 0”

Why do A[] = B[] in CPU?

Memory
Contr oller

>

=

Q)

Move Data inside of DRAM or between DRAMS.

Why do STREAMad d in CPU?

Al]=B[]+C[]

Active P ages *(Chong et. al. ISCA ‘98)
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Address Mapping

Physical
Address

Access Distrib ution f or Temp Contr ol
Avoid Bank Confl icts
Access Reor dering f or perf ormance
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Example: Bank Confl icts

/ Column Decoder \

| |
| |
: / Column Decoder \ :
| / Column Decoder \ |
! Column Decoder \l
| [] 1|
| |
| Sense Amps |
I % I
| ol - L |
| ol 2 ... Bit Lines... |
| Ol 8| & |
(&) [}
ol Qo] 8] o
Xl 2] 2|8 |
Multiple BankS/" IR Memory |
to Reduce | > z| o Array :
Access Conflicts\:\ "l & '
| o |
| e |

Read 05AE5700 ——e Device id 3, Row id 266, Bank id O
Read 023BB880 —e Deviceid 3, Row id 1B A, Bankid O
Read 05AE5780 —e Device id 3, Row id 266, Bank id O
Read 00OCBA2C0O —e Device id 3, Row id 052, Bankid 1

More Banks per Chip == P erformance == Logic Overhead
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Example: Access Reor dering

Read 05AE5700 —e Device id 3, Row id 266, Bank id O

Read 023BB880 —e= Deviceid 3, Rowid 1B A, Bankid O

Read 05AE5780 —e Device id 3, Row id 266, Bank id O
(4) Read 00CBA2CO —#= Device id 1, Row id 052, Bank id 1

Act(l Prec Act (2 Prec Act@
Q
Read Read
\_/_31\/ Data
trc
Strict Or dering
Act Act(4) Prec [Prec Act (2) Prec
(3)
ReadReadRead Read
Data [Data |Data Data

Memory Access Re-or dered

Act = Activ ate Page (Data moved from DRAM cells to r ow buffer)

Read = Read Data (Data mo ved from row buffer to memor y contr oller)

Prec = Prec harge (close pa ge/evict data in r ow buffer/sense amp)
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Outline

Basics

DRAM Evolution: Structural Path
Advanced Basics

DRAM Evolution: Interface Path

Future Interface Trends & Resear ch Areas

Performance Modeling:
Architectures, Systems, Embedded
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Simulator Over view

CPU: SimpleScalar v3.0a
8-way out-of-or der
L1 cac he: split 64K/64K, lockup free x32
L2 cac he: unifi ed 1MB, loc kup free x1
L2 blocksize: 128 bytes

Main Memor y:. 8 64Mb DRAMS

100MHz/128-bit memor y bus
Optimistic open-page policy

Benc hmarks: SPEC '95
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DRAM Confi gurations

FPM, EDO, SDRAM, ESDRAM, DDR:

x16 DRAM

x16 DRAM

x16 DRAM

CPU : Memory |
128-bit 100MHz b us
and cac hes Contr oller |

x16 DRAM

x16 DRAM

x16 DRAM

x16 DRAM

x16 DRAM

Rambus, Direct Ramb us, SLDRAM:

HEEEIELER

DIMM

CPU M
128-bit 100MHz b us emory
and cac hes Contr oller

DRAM
1

DRAM

DRAM

DRAM

DRAM
1

DRAM

DRAM

DRAM

Fast, Narrow Channel

Note: TRANSFER WIDTH of Direct Ramb us Channel

 equals that of gang ed FPM, EDO, etc.
s 2x that of Ramb us & SLDRAM
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DRAM Confi gurations

Rambus & SLDRAM dual-c hannel;

DRAM
DRAM
DRAM
DRAM
DRAM
DRAM
DRAM
DRAM

DRAM
DRAM
DRAM
DRAM
DRAM
DRAM
DRAM
DRAM

Fast, Narrow Channel x2

DRAM
L]

DRAM
L]

DRAM
L]

CPU
128-bit 100MHz bus | Memory
and cac hes Contr oller
Strawman: Rambus, etc.
CcPU 128-bit 100MHz bus | emory
and cac hes Contr oller

DRAM
L]

]

DRAM

Multiple P arallel Channels
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Maryland 1200 I I I I I I I I ‘
Bus Wait Time
- Refresh Time
] Data Transfer Time
Data Transfer Time Overlap
> o Column Access Time
£ 800 [ — - Row Access Time
o Bus Transmission Time
8
S o
< I
b}
o
(D)
£ 400 [ 7
|_
0 FPM1 FPM2 FPM3 EDO1 EDO2 SDRAM1 ESDRAM SLDRAM RDRAM DRDRAM

DRAM Configurations

Assumes refresh of eac h bank e very 64ms
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Bruce Jacob

David Wang Total Execution Time in CPl — SDRAM
Unil\\;lerSi}y 001; 3 Stalls due to Memory Access Time
arylan ' Overlap between Execution & Memory
Processor Execution (includes caches)
25t _ .
o 7o
S) 2Ofro
c 2 F ¥ lo) W’S _
2 Sty s O,
o Q" Cp -
= Son U
@ 15 a? .
g _
o
o
w 1F M 7]
'4
&)
ke
@)
0.5 r |_P n

CompressGec  Go  ljpeg Li M88ksim Perl Vortex

BENCHMARK

Variab le: speed of pr ocessor & cac hes
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Definitions (var. on Bur ger, et al)
tproc — processor with perf ect memor y

trea — realistic confi guration

tgyy — CPU with wide memor y paths

tpram — time seen b y DRAM system

Stalls Due to
BANDWIDTH

Stalls Due to
LATENCY

CPU-Memory
OVERLAP

CPU+L1+L2
Execution

lREAL - tBW

tew - lPrOC

tproc - (tReAL - tDbrRAM)

lREAL - IDRAM

" lREAL

" lw

" lDRAM

- tprOC
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Memory & CPU — PERL

Band width-Enhancing Techniques I:

Stalls due to Memory Bandwidth
Stalls due to Memory Latency

Overlap between Execution & Memory
S L Processor Execution
- Newer DRAMS ———» 2

O _ % 0. %
\E B — @, %, s
o %% G
2 L, & A
> Co, C
Z B a ¢ \
f= _
s 2+ s
o Ll
(72) 1 |
9 - - | — S
o Ll
O 1F —~ n N

0

FPM EDO SLDRAM RDRAM SDRAM DRDRAM ESDRAM DDR

DRAM Configuration
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Memory & CPU — PERL

Band width-Enhancing Techniques II:

Cycles Per Instruction (CPI)

Stalls due to Memory Latency

T T 1 Overlap between Execution &
Processor Execution

Stalls due to Memory Bandwidth

Memory

FPM/interleaved EDO/interleaved SDRAM & DDR SLDRAM x1/x2

DRAM Configuration (10GHz CPUs)

RDRAM x1/x2
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Average Latency of DRAMs

500

Bus Wait Time
Refresh Time
Data Transfer Time

400

300 -

Avg Time per Access (ns)

100

Sl A BN EEE

Data Transfer Time Overlap
Column Access Time

Row Access Time

Bus Transmission Time

B

Z,
/.
|

7
77
|

ZA

EDO SLDRAM RDRAM SDRAM DRDRAM ESDRAM DDR

DRAM Configurations

note: SLDRAM & RDRAM 2x data transf ers
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David Wang Bus Wait Time
Refresh Time
University of -
Maryland 500 . Data Transfer T!me
//| Data Transfer Time Overlap
Column Access Time
400 — Row Access Time
g - Bus Transmission Time
7 ——
) N
Q 300 F A\ — & -
g — \
] X §
(D) | — -
@ 200 N §
l— ] —
o & N
> — =5
<C 100 | e T .
. j 0 B B

EDO SLDRAM RDRAM SDRAM DRDRAM ESDRAM DDR

DRAM Configurations

note: SLDRAM & RDRAM 2x data transf ers
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DDR2 Study Results

Normalized Execution Time (DDR2)

w
J

N
ol
1

N
I

=
ol
1

o
1

0.5-

Architectural Comparison

I pc100
M ddr133
M drd

] ddr2

I ddr2ems
[l ddr2vc

ccl com go ipeg Ili linea mpe mpe peg- perl ran— strea strea
pres r wal g2de g2en wit dom m m_n
S k c c wa o_un

Benchmark
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DDR2 Study Results

Execution Time (S

1 Ghz

Perl Runtime

5 Ghz
Processor Frequency

M pc100
B ddr133
B drd

[ ddr2

I ddr2ems
] ddr2vc

10 Ghz
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Row-Buff er Hit Rates
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No L2 Cache

M

Compress

1.

Gcee Go lipeg Li M88ksim
SPEC INT 95 Benchmarks
1MB L2 Cache

Perl

Vortex

|

il

Compress

Goc o lipeg L Mesksim
SPEC INT 95 Benchmarks

4MB Cache

Perl

Vortex

il

Compress

Gcee Go lipeg Li M88ksim
SPEC INT 95 Benchmarks

Perl

Vortex

Hit rate in row buffers Hit rate in row buffers

Hit rate in row buffers

100

80

)]
o

IS
o

20

100

80

(o}
o

IN
o

20

100

80

60

40

20

No L2 Cache

FPMDRAM
EDODRAM
SDRAM
ESDRAM
DDRSDRA|
SLDRAM

AcroreadCompress ~ Gece

o Netscape  Perl

EGTCH Traces
1MB L2 Cache

Photoshop Powerpoint Winword

AcroreadCompress

Netscape  Perl

EGEFCH Traces

4MB L2 Cache

Photoshop Powerpoint Winword

|
|

‘

AcroreadCompress ~ Gee

Netscape  Perl

IfEI'CH Traces

Photoshop Powerpoint Winword
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Row-Buff er Hit Rates

Vortex

Vortex
0 2 4 8 10
Perl i
0 2 4 6 8 10

L ﬂu bl o

Hits vs. Depth in Victim-Row FIFO Buffer
1000 [— 200 [— — 1.5e+05
| |Go i [ Li 1
800 | 150 ]
I 1e+05
600 1
i 100 |- q
400 | | 50000
200 - . 50 [
% 2 4 8 10 %o 4 8 10 0
50000 2e+05 4e+05
| Gompress | I . I
40000 1 156405 - lipeg 4 3e+05
30000 1 i i
i 1e+05 1 2e+05
20000 q , ,
10000 - 50000 - | le0s |
% 2 4 8 10 o 4 8 10 0
Compress
100000 ¢ w w 10000
10000 £ 1
g 1000 f
1000 F E
100
100 E
10 ¢
10 . i
1 L L L L 1
2000 4000 6000 8000 10000

Inter-arrival time (CPU Clocks)

2000 4000

6000

8000 10000

Inter-arrival time (CPU Clocks)
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Row Buff ers as L2 Cac he

Processor Execution

Stalls due to Memory Bandwidth
Stalls due to Memory Latency
Overlap between Execution & Memory

N
o
|

=
o
|

Clocks Per Instruction (CPI)

e

i

4

Compress

o Ler

Gcee

Go

lipeg

Li

M88ksim

Perl

Vortex
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ROW ACCESS COLUMN ACCESS
University of
Maryland A
Data In/Out RAS Data In/Out CAS
Buff ers Buff ers
/ Column Decoder \ / Column Decoder \
[ | [ | [ 1 [ 1
Sense Amps Sense Amps
7 [ ... Bit Lines...
| — |‘ S
S 3
3 Memory S Memory
()] (]
a Array a Array

RAS is like Cac he Access
Why not Speculate?
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Cost-P erformance

FPM, EDO, SDRAM, ESDRAM:

Lower Latenc y => Wide/Fast Bus
Increase Capacity => Decrease Latenc vy
Low System Cost

Rambus, Direct Ramb us, SLDRAM:

Lower Latenc y => Multiple Channels
Increase Capacity => Increase Capacity
High System Cost

However, 1 DRDRAM = Multiple SDRAM
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Conclusions

100MHz/128-bit Bus iIs Current Bottlenec k

Solution: Fast Bus/es & MC on CPU
(e.g. Alpha 21364, Emotion Engine , ...)

Current DRAMs Solving Bandwidth Pr oblem
(but not Latenc y Problem)

Solution: New cores with on-c hip SRAM
(e.g. ESDRAM, VCDRAM, ...)

Solution: New cores with smaller banks
(e.g. MoSys “SRAM”, FCRAM, ...)

Direct Ramb us seems to scale best f or future
high-speed CPUs
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Outline

Basics

DRAM Evolution: Structural Path
Advanced Basics

DRAM Evolution: Interface Path

Future Interface Trends & Resear ch Areas

Performance Modeling:
Architectures, Systems, Embedded
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Motiv ation

Even when we restrict our f ocus ...

SYSTEM-LEVEL PARAMETERS

«  Number of ¢ hannels
¢ Channel latenc vy

« Banks per ¢ hannel

« Request-queue siz e
« Row-access

« DRAM prec harge

« DRAM buffering

*  Number of MSHRs

Width of ¢ hannels
Channel band width
Turnar ound time
Request reor dering
Column-access
CAS-to-CAS latenc y
L2 cac he blocksize
Bus pr otocol

Fully | partiall y | not independent (this stud

y)
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Motiv ation

... the design space is highl y non-linear ...

3 = 32-Byte Burst
L - GCC 64-Byte Burst
L [ I 128-Byte Burst
o 1 i _
c 2 . _ _ -
0 i i n
= - 1 1 _
1%
E = -
2 1r -
%] - .
S LU N MR DR D w0 O I O B
SO A | 2
L | O
0
0.8 1.6 3.2 6.4 12.8 25.6
S S S S S ] ]
+\/\0 §\e " \Q\Q’ ,\/@\@ o *\e, 9 \Q\Q’ 9 \S@ %0*@ ' *\e 2 *@ oS §\e ' §\e o §@
& ot oF ot q§\+ oF ot ot ot ot ot
\/g}(\ \/gg\"’ q/gp ,\/6"6 @ b(d(\ X ué& q}\'& b(é\@ uc“\%

System Bandwidth
(GB/s = Channels * Width * 800MHZz)
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... and the cost of poor judgment is high.

University of

Maryland
10 I I I I I I I
€—@ \Worst Organization
8 B— Average Organization
= Best Organization
ol
@)
N
c
O 6} §
e
O
-
=
0
k=
o AT 7
o
0
Q@
>
O 2+ N
O ] ] ] ] ]

bzip gcc mcf  parser perl vpr average
SPEC 2000 Benchmarks
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/Valid Valid Valid | Valid
\Data Data | Data \ Data

Maryland
Row Access
Clock
| | | | | | Column Access
Conmimand | | | | | | 7/ Transf er Overlap
| | | | |
ﬂ—,—@ | | | | Data Transf er
| | | | | |
Addyress | | | | | |
Row I Col | | | I |
| | | | | | |
- | |
DQ, | | |
| |
| |
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System-Le vel Model

Timing dia grams are at the DRAM le vel
. not the system le vel

/Valid Valid Valid [ Valid
\Data Data | Data \ Data

Row Access
Clock
| | | | | | Column Access
Conmimand | | | | | | VA Transf er Overlap
| | | | |
ﬂ—,—@ | ] ] ] Data Transf er
| | | | | |
Addyress | | | | | |
Row I Col | | | I |
| | | | | | |
- | |
D | |
| |
| |

DRAM Bank Active

- -
ABUS Active DBUS Active

&
&
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System-Le vel Model

Timing dia grams are at the DRAM le vel
. not the system le vel

Row Access
Clock
| | | | | | Column Access
Conmimand | | | | | | VA Transf er Overlap
| | | | |
ﬂ—,—@ | ] ] ] Data Transf er
| | | | |
Address | | | | | :
Row I Col | | I | |
| | | | | | | |
| | | | '
DQ, | | | [ vaiid | vaiid | vaiid | valid
| | | | \ Data Data | Data \ Data
, \
DRAM Bank Active
D e - &
ABUS Active DBUS, Active
- &

DBUS, Active
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Request Timing

Backside b us Frontside b us

Address

Data bus Data bus (800 MHz)

Address
(800 MH2z) MC
Contr ol

Row/Column Ad dresses & Contr ol

READ REQUEST TIMING:
to

ADDRESS BUS
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Read/Write Request Shapes

READ REQUESTS:

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

WRITE REQUESTS:

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

t

0
10ns |
-
10ns|
-
10ns|

. 1ons ]
- 70ns [  4dons ]
0
[ 10ns]

" 9%0ns ]
@®—— 40ns —>-
10ns]

. 9%ns ]
*— 40ns —e-[2005 ]
[ 10ns]

@®— 40nSs —o
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Pipelined/Split Transaction s

(@) Legalif R/R to different banks:

Read:

Read:

o]

———— s ——— s ]
<—20ns

[ ow ]
S T —

b) Nestling of writes inside reads is legal if R/W to different banks:

Legal if turnaround <= 10ns:

Legal if no turnaround:

Tons] 10ns]
Read:| (ISR Read: [ sms ]
O — S N
~10 ~10
wie:| e Ve e
~— 40ns —[i0nS] <~— 4ons —[2005 ]
(C) Back-to-back R/W pair that cannot be nestled:
10ns|
Read:
<10

Write:

vavawvaewa
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Channels & Banks

1T Y'Y Y

One independent ¢ hannel Two, independent c hannels
Banking degrees of 1, 2,4, . Banking degrees of 1, 2, 4, ..

Four mdependent C hannels
Banking degrees of 1,

1,2,4 800 MHz Channels
8, 16, 32, 64 Data Bits per Channel
1, 2,4, 8 Banks per Channel (Indep.)
32, 64, 128 Bytes per Bur st
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Bur st Sc heduling
(Back-to-Bac k Read Requests)

128-Byte Bur sts:
I

64-Byte Bur sts:
I

32-Byte Bur sts:
I I I I I

- Critical-b urst-first
- Non-critical b ursts are pr omoted

- Writes ha ve lowest priority
(tend bac k up in request queue ...)

- Tension between lar ge & small b ursts:
amor tization vs. faster time to data
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New Bar-Chart Definition

Stalls Due to
DRAM Latency

Stalls Due to
Queue, Bus, ...

CPU-Memory
OVERLAP

CPU+L1+L2
Execution

tReAL - tBW

tsys-lproc

tproc - (tReaL - tDRAM)

trReAL - IDRAM

" lREAL

" lsys

" lDRAM

tproc — CPU with 1-cycle L2 miss

trea — realistic CPU/DRAM confi ¢
tsys — CPU with 1-cycle DRAM latenc y
tpram — time seen b y DRAM system

- tprOC
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System Overhead

| | |
3 — —
Regular Bus Organization
0-Cycle Bus Turnaround
- /
)
c 2 —
2
3 Perfect
= Memory
g n i
)
o
)
° 1 .
>
S " |10 I
i II II L[ T 06 |
Nl Il
N N N N\ N N N N N N N N
,00“@ ,‘,0“@ ,bo& ,bo“e ,00‘\@ ,&s\“e ,&0“@ ,65\(‘@ ,zs\“e ,bo“z ,bo“e ,oé‘e
RN N N MG I AN NG
¥ & & & < & & & < & & &
Mo a® S ° Mo® T Q° Moo W Q°
1.6 3.2 6.4

System Bandwidth
(GB/s = Channels * Width * Speed)

Benchmark = BZIP (SPEC 2000), 32-byte burst, 16-bit bus
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System Overhead

| | |
3 — —
Regular Bus Organization
0-Cycle Bus Turnaround
: /
)
c 2 —
S System overhead 10—-100%
S over perfect memory
®
2 L 4
B #
o
3 " i
2 1L
. |\|||‘|||‘||I‘II|‘| I
Ll | 00 fe [ A e R
[ S-S NN BN NN NN BN HR BR & i
Nl Il
N N N N\ N N N N N N N N
,00“@ ,‘,0“@ ,bo& ,bo“e ,00‘\@ ,&s\“e ,&0“@ ,65\(‘@ ,zs\“e ,bo“z ,bo“e ,oé‘e
\‘l(‘:(\ \(\5\ \(\f\ \(\f\ \Aé\ \6\ \C\;(\ \C‘:(\ \QC\)Q \(\;(\ \CQ \C‘f\
I S A SR I S o S & ¥ ¢
S s o o 0 Nod o o S Yoy o Nox
N I P N PN A N P A
1.6 3.2 6.4

System Bandwidth
(GB/s = Channels * Width * Speed)

Benchmark = BZIP (SPEC 2000), 32-byte burst, 16-bit bus
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Concurrenc y Effects

1 Bank per Channel

2 Banks per Channel
4 Banks per Channel
8 Banks per Channel

| |
BANKS per CHANNEL

CHANNEL BANDWIDTH

Cycles per Instruction (CPI)

1.6 3.2

System Bandwidth
(GB/s = Channels * Width * Speed)

Benchmark = BZIP (SPEC 2000), 32-byte burst, 16-bit bus

Banks/c hannel as signifi cant as ¢ hannel BW
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y 3 = 64-Byte Burst
— I 128-Byte Burst
(al | ]
S
= i i
S 2 ]
O
5 i i
2 |
£
S 1F
2] _
Q [
o B
>
@) l
0.8 3.2 6.4 12.8 25.6
+,\/‘o*‘e ) u&@c}%&@i\}ﬂ\e %\04‘81\0\3‘62&@9 %‘04\61&@9 %&@9
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System Bandwidth
(GB/s = Channels * Width * 800MHz)

Benchmark = GCC (SPEC 2000), 2 banks/channel
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3 F 64-Byte Burst

128-Byte Burst

N

Cycles per Instruction (CPI)
=

3.2 6.4 12.8 25.6
e P & S K& P N e°
v SRS St S S
Qo +7 o + o F + +° ot +° +
> QO > QO QO 2 QO QO QO N QO QO
N N v N 1 Y N 1 M 1 M D«

System Bandwidth
(GB/s = Channels * Width * 800MHz)

Benchmark = GCC (SPEC 2000), 2 banks/channel
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scazz  Bandwidth vs. Bur st Width
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Unil\\;lzrrSignoo]; 32-Byte Burst
y 3 = 64-Byte Burst
— I 128-Byte Burst
(al | —]
S
- i -
S 2 _
o
= _
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£
S 1
0 _
Q ||
o |
>
@) _
0.8 3.2 6.4 12.8 25.6
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System Bandwidth
(GB/s = Channels * Width * 800MHz)

Benchmark = GCC (SPEC 2000), 2 banks/channel
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Band width vs. Bur st Width

3 F 64-Byte Burst
—~ - 128-Byte Burst
o | —
O Wide channels (32/64-bit)
c i want large bursts T
o 2 L _
s |
17 -
£
S 1F
0 L
Q ||
&) H
>
O n
0.8 3.2 6.4 12.8 25.6
+,\/‘0§® o b“oq@grﬁﬁ@%'\:&\e %‘04\81(‘0\&@6,1/‘0*@9 %‘O\S\eeb(‘oﬂ\ee %‘oﬂ\ee
Na ST ST oot N ST oot ot ST ot ST
N &9 ROMNSEINCY SRS o & & NS

32-Byte Burst

System Bandwidth

(GB/s = Channels * Width * 800MHz)
Benchmark = GCC (SPEC 2000), 2 banks/channel
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University of 2-Byte Bur
Maryland Narrow channels (8-bit) 32-Byte Burst
3 want small bursts 64-Byte Burst
—~ - 128-Byte Burst
o | —
S
- a i
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O
E B 4
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=
8 1F
0 _
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System Bandwidth
(GB/s = Channels * Width * 800MHz)

Benchmark = GCC (SPEC 2000), 2 banks/channel
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Medium channels (16-bit) -byle bu
E i want medium bursts 128-Byte Burst
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System Bandwidth
(GB/s = Channels * Width * 800MHz)

Benchmark = GCC (SPEC 2000), 2 banks/channel




DRAM TUTORIAL

ISCA 2002

Bruce Jacob
David Wang

University of
Maryland

Bur st Width Scales with Bus

Range of Bur st-Widths Modeled

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

iord

| 90ns 64-bit channel x 32-byte burst
——— 70ns 4>|:|5ns
10n§
T 64-bit channel x 64-byte burst
| 32-bit channel x 32-byte burst
@———— 70ns
10n
3 64-bit channel x 128-byte burst
| 90ns 32-bit channel x 64-byte burst
< 70ns > 16-bit channel x 32-byte burst
10Nns
:l 32-bit channel x 128-byte burst
| 100ns | 16-bit channel x 64-byte burst
*——— 70ns ——o 40ns | 8-bit channel x 32-byte burst
10ns|
| 140ns |  16-bit channel x 128-byte burst
70ns 80nS | 8-bit channel x 64-byte burst
10ns| 8-bit channel x 128-byte burst
| 220ns
- 70ns ——o] 160ns
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Bur st Width Scales with Bus

Range of Bur st-Widths Modeled

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS

DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

ADDRESS BUS
DRAM BANK
DATA BUS

iord

| 90ns

®——— 70ns 4>|:|5ns

64-bit channel x 32-byte burst

64-bit channel x 64-byte burst

| Sl | 32-bit channel x 32-byte burst

9——— 70ns

OPTIMAL
BURST WIDTHS

10ns|
| 140ns |  16-bit channel x 128-byte burst
70ns 80nS | 8-bit channel x 64-byte burst
10ns| 8-bit channel x 128-byte burst
| 220ns |

- 705 — o] 160ns |




DRAM TUTORIAL

ISCA 2002

Bruce Jacob
David Wang

University of
Maryland

Focus on 3.2 GB/s — MCF

1 Bank per Channel

2 Banks per Channel
4 Banks per Channel
8 Banks per Channel

Cycles per Instruction (CPI)

32-Byte Burst

64-Byte Burst 128-Byte Burst

S > e S S e 2 S e

¢ ¢ & & & &
MO ) \/@ M) \/@ ) ) \/@
™ 2 + 3 2 + ™ v +
ot ot & oot & o oS
& & W\ & & N & 2 N
< < »Y < PN o < Y
N v N 2 N g2

3.2 GB/s System Bandwidth (channels x width x speed)
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#Banks not particularly important

given large burst sizes ...

Focus on 3.2 GB/s

— MCF

1 Bank per Channel

2 Banks per Channel
4 Banks per Channel
8 Banks per Channel

Cycles per Instruction (CPI)

32-Byte Burst

64-Byte Burst 128-Byte Burst

= ] < ] = < 5 = <
2 & N & & Z &
RO I I R O NI R A )
+ o + 3 T + +7 oF
N N > N N > N N >
& & g\ & & &
v > A > N 9 >

3.2 GB/s System Bandwidth (channels x width x speed)
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sz Focus on 3.2 GB/s — MCF
Bruce Jacob
David Wang : 1 Bank per Channel
University of 2 Banks per Channel
I\/Iarylzmd 4 Banks per Channel
8 Banks per Channel
T
S
c
9
©
=
2
)
o
(%)
Q
(&)
>
O
... even less so /

with multi-channel systems

64-Byte Burst 128-Byte Burst

3.2 GB/s System Bandwidth (channels x width x speed)
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Multi-channel systems sometimes
(but not always) a good idea

Focus on 3.2 GB/s

Cycles per Instruction (CPI)

— MCF

1 Bank per Channel

2 Banks per Channel
4 Banks per Channel
8 Banks per Channel

32-Byte Burst

64-Byte Burst 128-Byte Burst

3.2 GB/s System Bandwidth (channels x width x speed)
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sz Focus on 3.2 GB/s — MCF

Bruce Jacob

David Wang | | 1 Bank per Channel
. , 2 Banks per Channel
7 -
U”'I\‘;I%rrs;gnog 4 Banks per Channel
8 Banks per Channel

Cycles per Instruction (CPI)

4x 1-byte channels

2x 2-byte channels /
1x 4-byte channels

3.2 GB/s System Bandwidth (channels x width x speed)
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Focus on 3.2 GB/s — BZIP

Cycles per Instruction (CPI)

1 Bank per Channel

2 Banks per Channel
4 Banks per Channel
8 Banks per Channel

32-Byte Burst 64-Byte Burst 128-Byte Burst

3.2 GB/s System Bandwidth (channels x width x speed)
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BEST CONFIGS are at
SMALLER BURST SIZES

1 Bank per Channel

2 Banks per Channel
4 Banks per Channel
8 Banks per Channel

Cycles per Instruction (CPI)

32-Byte Burst 64-Byte Burst 128-Byte Burst

3.2 GB/s System Bandwidth (channels x width x speed)
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Queue Size & Reordering

BZIP: 1.6 GB/s (1 channel)

w
\

-Infinite Queue
-32-Entry Queue

- 1-Entry Queue
-No Queue

\\

H
[
\

Cycles per Instruction (CPI)

32-byte burst 64-byte burst  128-byte burst
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Conclusions

DESIGN SPACE is NON-LINEAR,
COST of MISJUDGING is HIGH

CAREFUL TUNING YIELDS 30-40% GAIN

MORE CONCURRENCY == BETTER
(but not at e xpense of LA TENCY)

Via Channels -~ NOT w/ LARGE B URSTS

Via Banks - ALWAYS SAFE
Via Bursts - DOESN'T PAY OFF
Via MSHRs - NECESSARY

BURSTS AMORTIZE COST OF PRECHARGE

Typical Systems: 32 bytes (even DDR2)
- THIS IS NOT ENOUGH
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Outline

Basics

DRAM Evolution: Structural Path
Advanced Basics

DRAM Evolution: Interface Path

Future Interface Trends & Resear ch Areas

Performance Modeling:
Architectures, Systems, Embedded
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Embed ded DRAM Primer

OO0NNOANNNONOANANAANANAN

OOo00oO0OoO0OO0OoO0OoOoOoOoOoOoooooooo

[l

| ceper DRAM
e Array

0000000000000 ooooooooooono

TIOOOOOOOOOOOOOOOOO OO OO
Embed ded

[O0ONONOANANAANA

A000n0nOAnnnnAnad

Ooooooooooooooooon

[l

[l

| epen

DRAM
Array

Ooooooooooooooooon

i
1000A00A00AA0AAD

TOOTTTOTTIOOTT]

UOUOupoauauuomg

Not Embed ded
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Whither Embed ded DRAM?

Microprocessor Report, August 1996: “[Five]
Architects Look to Pr ocessor s of Future”

Two predict imminent mer ger
of CPU and DRAM

Another states we cannot keep cramming
more data o ver the pins at faster rates
(implication: embed ded DRAM)

A four th wants gigantic on-c hip L3 cac he
(perhaps DRAM L3 implementation?)

SO WHAT HAPPENED?
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Embed ded DRAM for DSPs

MOTIVATION

TAGLESS SRAM

SOFTWARE
manages this
movement of

CACHE - data
Address space

Move from includes both
memory space cache” and
to “cache” space primary memory
creates a new, (and memory-
equivalent data MAIN mapped 1/O)
object, not a MEMORY
mere copy of
the original.

NON-TRANSPARENT addressing
EXPLICITLY MANAGED contents

TRADITIONAL CACHE
(hardware-managed)

The cache “covers” HARDWARE
the entire address manages this
space: any datum movement of
in the space data
may be
cached
CACHE
Address space
includes only
MAIN primary memory
MEMORY (and memory-
mapped I/O)
Copying
from memory
to cache creates
subordinate copy §f
the datum that is
kept consistent with
the datum still in
memory. Hardware
ensures consistency.
TRANSPARENT addressing

TRANSPARENTLY MANAGED contents

DSP Compiler s => Transparent Cac he Model
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DSP Buff er Organization

Used for Stud y

SO S1

LdSto LdStl :>

DSP

Fully Assoc 4-Bloc k Cache

|
victim-0 | victim-1

|
N/

|
buffer-0 buffer-1

LdSto LdStl

DSP

Bandwidth vs. Die-Area Trade-Off

for DSP Performance
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E-DRAM Performance

Embedded Networking Benchmark - Patricia

200MHz C6000 DSP : 50, 100, 200 MHz M emory
10 CachelLine Size

@—@ 32 bytes
B—H 64 bytes
S — —¢ 128 bytes
A—A 256 bytes

B \ 512 bytes
o 1024 bytes

Bandwidth
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E-DRAM Performance

Embedded Networking Benchmark - Patricia
200MHz C6000 DSP : 50MHz Memory

10

CachelLine Size
B @—@ 32 bytes
B—H 64 bytes
| 4—¢ 128 bytes
A—A 256 bytes
B \ 512 bytes
| @ —0 ® ® 1024 bytes
| — — -
\\\~o’ —e *
B W, —s A
| Increasing bus width
&
S RPT Ben e e
\© \© \© \S \S \S \©
P P ® ® P ® P
ok oo A0 al ok ° 5O

Bandwidth
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E-DRAM Performance

Embedded Networking Benchmark - Patricia
200MHz C6000 DSP : 100MHz Memory

10 CachelLine Size
@—@ 32 bytes
B m—m 64 bytes
8 I 4—¢ 128 bytes
A—A 256 bytes
B 512 bytes
6 — 1024 bytes
?_5 -
4 —
o o ®
B ~— — =
2 — 2
| Increasing bus width
>
o —F—F—+—F—+—
\S \S \S \S \S \S \S
c© C% c© C% c© © ©
ok od A O ol ok XrL?DO ,Lc_)be

Bandwidth
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E-DRAM Performance

Embedded Networking Benchmark - Patricia
200M Hz C6000 DSP: 200MHz Memory

10

CacheLine Size
| @—@ 32 bytes
B—H 64 bytes
I 4—¢ 128 bytes
A—A 256 bytes
B 512 bytes
| C 1024 bytes
| U é o ®
— Increasing bus width “ - 7
>
— : :
\S \S \S \S \S \S
® P® ® ® ® P
ok Qo A0 e Ja @6‘6

Bandwidth
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Performance-Data Sour ces

“A Performance Study of Contemporary DRAM Architectures,”
Proc. ISCA '99. V. Cuppu, B. Jacob, B. Davis, and T. Mudge.

“Organizational Design Trade-Offs at the DRAM, Memory Bus, and
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