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“Great fleas have little fleas m
upon their backs to bite "em, Flash Memory Summit
And little fleas have lesser fleas,
and so ad infinitum.
And the great fleas themselves, in turn,
have greater fleas to go on;
While these again have greater still,

and greater still, and so on.”
Jonathan Swift

DRAM so far has resisted revolution
Just a number of evolutionary changes

We are still using a core design >300 years old
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Flash Memory Summit
DDR5 — 6400 Mbps/data pin

DDR4 — 3200 Mbps/data pin

DDR3 — 1600 Mbps/data pin

DDR2 — 800 Mbps/data pin

SDRAM has made significant

DDR1 — 400 Mbps/data pin gains in per-pin data
throughput over the
PC100 SDRAM — 100 Mbps/data pin last 25 years

©2023 Flash Memory Summit. All Rights Reserved Slide5 WwjouLey



PC100 SDRAM — reference synchronous main memory m

Flash Memory Summit

DDR1 — prefetch 2 bits, first main memory with a data strobe

DDR2 — prefetch 4 bits, differential strobes, on-die termination
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DDR3 — prefetch 8 bits, improved calibration, command-dependent ODT
However,

random access time
has only improved
28%

DDR4 — improved calibration, ODT

. ] & DDRS5 — Prefetch 16, improved calibration, PMIC
cuz I/O is cheaper

than core
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Data Throughput, Mbps/pin

10000
6 Years 6 Years ‘ 15 Years m
9000 /

800¢

100MT: 400MT 1600MT: 6400MT: Flash Memory Summit
’ ’ ’ o The good news: Y
Data throughput has had healthy increases
4000
DDRS5 was planned for 6400 Mbps max,
now extended to 8800 Mbps
0
1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028
SDR DDR1 DDR2 DDR3 DDR4 DDR5

Per DRAM Capacity The bad news:

so0 3 Years 3 Years 4 Years 4 Years 7 Years 12 Years . .
| | Speed improvements slowing
o 000> Gy | el = (el el DRAM per-die capacity is taking longer
with each generation
Was: quadrupling every 3 years
) Is: quadrupling every 12 years

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028
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How do these trends
affect my system design?

How do | make the most
of what we have?

©2023 Flash Memory Summit. All Rights Reserved Slide 8 WJOWLEY



JEDEC.

Global Standards for the Microelectronics Industry

Flash Memory Summit

STANDARDS & DOCUMENTS COMMITTEES NEWS EVENTS & MEETINGS JOIN ABOUT & MEMBERS AREA

JESDT79-5 Standards & Documents Assistance:
Email Julie Carlson

Published: Jul 2020

For other assistance, including website or

This document defines the DDR5 SDRAM specification, including features, functionalities, AC and account help, contact JEDEC by email

DC characteristics, packages, and ball/signal assignments. The purpose of this Standard is to here.

define the minimum set of requirements for JEDEC compliant 8Gb through 32Gb for x4, x8, and
x16 DDR5 SDRAM devices. This standard was created based on the DDR4 standards (JESD79-4)
and some aspects of the DDR, DDR2, DDR3 & LPDDR4 standards (JESD79, JESDT9-2, JESD79-3 &
JESD209-4). Item 1848.99G.

Committee(s): JC-42.3B

JT—_ Except when needed, this tutorial
will focus on DDR5 SDRAM
and related modules

Paying JEDEC Members may login for free access.

JEDEC standards and publications are copyrighted by
the JEDEC Solid State Technology Association. All rights Available from jedec.org
reserved.

©2023 Flash Memory Summit. All Rights Reserved Slide9 WJOWLEY
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DRAM Basics Flash Memory Summit

DRAM Variations

DRAM Memory Modules

New Vectors in Memory: Chiplets & CXL

Memory Related Trends & Issues

©2023 Flash Memory Summit. All Rights Reserved Slide 10  WwJoOLLey
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The basis of all DRAMs is an itty bitty capacitor used to store a charge m

that represents a bit of data Flash Memory Summit

Bit Line Sense amplifier
3 _I Transistor
Line Setting data in a DRAM cell requires applying a charge
WRITE _
Set Read to the capacitor
- Capacitor
ACTIVATE Reading the DRAM cell destroys the capacitor content
_:_ PRECHARGE Restoring the contents of the DRAM cell requires

rewriting the contents of the bit line back into the cell

Ground and setting the bit line to a midpoint voltage

©2023 Flash Memory Summit. All Rights Reserved Slide 12 wJoLLey



JEDEC.

JEDEC defines the minimum
specification of “what” a DRAM
looks like from the outside

JEDEC does not define “how” the
device meets the specification

Each supplier is free to apply their
own magic to meet the standard

Suppliers can implement supersets
of the JEDEC standard as well

©2023 Flash Memory Summit. All Rights Reserved

6F2 (3F x 2f) cell

bit line

Figure 1. Cell layout of 6F° DRAM.

word line

C. Cho, et. al., “A 6F.DRAM Technology in 60nm era for
Gigabit Densities,” VLSI'05

DRAM Cell Cross-section

M3

M2
Phate(P1)
BST Storage(Py
Mi

Bit Lin:

sm

B Line Contact+Pad

Fig.1 Schematic cross sectional view of the DRAM

K.P. Lee, et. al., “A process technology for 1 giga-bit
DRAM,” IEDM'95

Images provided by JEDEC©® with permission

Flash Memory Summit

8F2 (4F x 2f) cell
v ‘/Active Area

S. Bukofsky, et. al., “Extending KrF Lithography to 0.13 ym sub-8F2
DRAM Technology: The Importance of Lithography-Centric Design,”
ESSDERC’00

W Plate
-

High-aspect ratio patterning: >10
(increased storage capacitance)

Storage node: rugged polysilicon
(twice unit area capacitance)

High-k dielectric film: Ta,0,, ALO,, HfO, etc.
(enlarged capacitance, low Iea&age current)

Bit line
Word line

Shallow trench isolation
(narrow width & reduced electric field)

Lowly-doped Trench gate
Jjunction (extended channel)

H. Sunami, ‘Dimension Increase in Metal-Oxide-Semiconductor
Memories and Transistors”, Advances in Solid State Circuit
Technologies Book 2010 Ch15

Slide 13
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Flash Memory Summit

Cells are arranged in a 2-dimensional array
with shared word lines and bit lines for
many cells

Read access time is largely a function of

Flight time down the word line +
Cell discharge +

Flight time down the bit line
Sense amplifier throughput

Note the large number of parallel metal lines

which are susceptible to crosstalk
...more on this later...

(less obvious but related: shared silicon
substrate where cell bleed can occur)

Slide 14 vgouLey
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Flash Memory Summit

Can DRAM Access Time be Improved?

Since the flight times on word and bit lines are
a significant part of access time, why can’t we
reduce access time?

It’s easy to see how access time can be improved
by shortening the lines and increasing the number
of sense amps — RLDRAM did this —

however, that increases DRAM cost

Slide 15 WJOWLEY



Increasing DRAM cost violates the Prime Directive: m

Flash Memory Summit

“l want it better but at the same price”

Keep it simple — just write and read data
Don’t over-engineer

Only add enough features to reach the next level

©2023 Flash Memory Summit. All Rights Reserved Slide 16 WwJOLLEY



Specification development process

M

Hundreds of ideas are Flash Memory Summit

brought to task '

— 0
< AA

groups

Some ideas are
discarded

TGs and committees
filter the ideas that
advance the standard

Final standard
approved
Some ideas are saved
for the future

Standard V2, V3
approved

©2023 Flash Memory Summit. All Rights Reserved Slide 17 wJoOLLey
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That itty bitty capacitor suffers from leakage
(even worse at high temperature)

The D in SDRAM stands for “Dynamic”... over time, the data goes away...
requiring a “Refresh” operation to restore the cell voltage

Bit Line Bit Line A
) Dr
(1°) (0] /eak
S | 4 age
Transistor Transistor o 1
Word Word >
Line Line %
Set | Read O | b A
:: Capacitor :: Capacitor Reference voltage
Leakage 1 Leakage
- - >
Ground Ground Time
Data set Data refresh

©2023 Flash Memory Summit. All Rights Reserved Slide 18 Vv gjouLey
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Cell Note that there are a number of paths for Memory Summit

Capacitor  cell disruption: crosstalk on word and bit
lines as well as between the cell capacitors

Cells become more susceptible as the cell
voltage droops — one fix is to increase the
frequency at which refresh is performed

VPT {

>

4 'WD Li %
ne o o
A 3 Bit line pr S

> A

Gate 2 SAC 8 Sensitivity window

5 E :l 5 . e R
2 SAC 2
>

g'lCAP 31

©2023 Flash Memory Summit. All Rights Reserved
/ ¢ Data set

2X refresh 1X refresh 2X refresh Slide 19 VJOLLEY



Percentage of Bandwidth

25.0%

20.0%

15.0%

10.0%

5.0%

0.0%

Refresh Penalties, Percentage of Bandwidth

We used to be able to ignore refresh
It has become a crippling restriction

Memory controllers are having to
find banks that aren’t in use at the
moment to issue bank-specific
refresh

64Mb 128Mb 256Mb 512Mb

DRAM Den5|ty

©2023 Flash Memory Summit. All Rights Reserved

16Gb

32Gb

Voltage

M

Flash Memory Summit

At high temperature (85-95 °C), refresh
must be DOUBLED, i.e., 11-21% of
available bandwidth (!!!)

Droop at standard temp

Reference voltage

Droop at high temp

>
Time

Slide 20  wgouey



Balancing DRAM array layout and performance,
multiple banks are created, each with a row buffer
which acts as a cache into the array

At this point, addressing a particular memory
location requires:

Bank
Row
Column

DRAMSs maintain an on-chip Refresh Counter

to automate the process of restoring
bit cell voltage levels

©2023 Flash Memory Summit. All Rights Reserved
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Flash Memory Summit

/ row |
™ addr
| mux NEEER
DRAM -
Arrays_]
=]
c
K
:
O T refresh
counter sense amp arra
data out
_ register
I/O gating /
read data latch *[.EIEI.I.’LJ s
write drivers ]
data in
column register
| address
Slide 21 WJOLLEY



A few fundamental DRAM timings...

Clock

M

Flash Memory Summit

.
7

Command

i

i

i

ACT

/ 06100
/
\ \ J \ I\ J
| | | |
tRCD tAA 156ps tWR tRP
~15ns ~15ns @6400 ~7ns ~15ns

Random access ~30ns

Column ~15ns

Row cycle time ~50ns

©2023 Flash Memory Summit. All Rights Reserved
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Bank groups m

Flash Memory Summit

Banks

Bank Groups allow for sharing of on-DRAM resources,
keeping chip size (and therefore cost) controlled

Now, addressing a particular memory

e e

32 Total Row Buffers
otalRow b Bank Group

Bank
Row
Column

©2023 Flash Memory Summit. All Rights Reserved Slide 23 wJoLLey



DDP
Dual-Die Package

* £ 4

A A

Select Address Select
Data

©2023 Flash Memory Summit. All Rights Reserved

ID=n

ID=n-1

ID=n-2

ID=n-3

Th rough\"'"

Silicon
Vias

(TSVs) ’ ID=0
\

!

Address Chip
Data ID

M

Flash Memory Summit

3DS
Three Dimensional
Stacking

For 3DS, addressing a particular memory
location requires:

Chip ID
Bank Group
Bank
Row
Column

Slide 24 vgouLey



= PC-100 core

Core drivers

2

|/O drivers
Command, Data &
Address, & Strobes
Clock

©2023 Flash Memory Summit. All Rights Reserved
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Flash Memory Summit

As | said, the core of a DRAM has not
changed significantly in a few forevers

The majority of changes have been in
the 1/0 between the host and the DRAM

Slide 25 wgouLey



Primary trick #1: PREFETCH m

Flash Memory Summit
You can keep the core speed the same while doubling the I/0 rate by ping-ponging

1X

1X

1n
SDRAM
2n
DDR1
4n
DDR2
8n
DDR3, DDR4
16n
DDR5

©2023 Flash Memory Summit. All Rights Reserved Slide 26 WwJOLLEY
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Cache Line Size Drives the Industry

I

| Tag

| word |

H

Tag

Cache
Data

w
7

NE

Compare

1if match
0If no match

0if match
1 if no match

%

L—(hit in cache)

5

Main Memory

WO

Wi

W2
W3

be

(miss in cache)

©2023 Flash Memory Summit. All Rights Reserved
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Flash Memory Summit

64-byte cache lines are the standard

This forces memory 1/0 design to follow rules
that provide 64-byte chunks upon request

DRAM /O widths of x4 and x8 are the most common
A “rank” of memory is the collection of DRAMSs
accessed simultaneously to provide a wide word

to the Host

This drives the math behind “prefetch depth”

Designs balance DRAM |/O width, per-DRAM capacity to
assemble a module

Slide 27
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A single x8 device needs 64 transfers to provide a single cache line m

| Total solution capacity = 2GB with 16Gb DRAM Flash Memory Summit

X8
A rank of four x8 devices can provide a cache line in 16 transfers
x8| | | | Total solution capacity = 8GB with 16Gb DRAMs
x32
A x4 based solution also supplies a cache lines in 16 transfers
X4| | | | | | | | Total solution capacity = 16GB with 16Gb DRAMs
x32
Subch I A Subch | B
RS RS DDR5 server modules have two 40-bit subchannels, each
supplies a cache line in 16 transfers, (32 bit data + 8 ECC)
X4| | | | | | | | | | | | | | | | | | | | Capacity = 32GB/rank @ 16Gb (ECC is not counted in capacity)
2x40 = x80

©2023 Flash Memory Summit. All Rights Reserved Slide 28 wjouey



Primary trick #2: Dealing with System 1/0 Issues m

Zour =250 Zyy = high impedance

o}

5.00

4.00
3.00 L
2,00

1.00

0.00 [

=-1.00

=2.00
0.00E+00Q 5.00E-0% 1.00E-08 1.50E-08 2.00E-08 2.50E-08 3.00E-08

I. In this simulation, reflection is due to an unterminated transmission
line. The green signal represents the ideal signal, and the blue and red
signals are the driver's side and receiver's input, respectively.

Challenges to reliable data transmission
include dealing with reflections from
other devices, sockets, and modules

©2023 Flash Memory Summit. All Rights Reserved

Flash Memory Summit

o
o

A

7, 27, 37, a7, 57,

Inter-symbol interference significantly
impacts the available data eyes

Slide 29  wgouLey



Transition: SODRAM to DDR1 m

Flash Memory Summit

Wi

DDR1-400

Transmeta Crusoe
First SDR + DDR CPU

Data
Data Data Strobe o
= Termination
Voltage

Clock Clock —M\N—

Address Address —\W\—

Echo Clock < Signal reflections

On-DIMM routing of command, address,
and clocks used T-branch to match Line-end termination reduced
flight times — all DRAMs in same - " the reflection problem
time domain I
CaC Slide 30 WZOLLEY
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Transition: DDR1 to DDR2 m

Flash Memory Summit

Differential data strobe reduced
| =i asymmetry errors
DDR2-800 ] DQSH

s — X

On-die termination reduced
transmission line reflections

Data
Strobe Pair on data and strobes only
VDDQ VDDQ \VDDQ
Clock *—WV—  Termination KSV‘” szz Ksm
Address —MA— Voltage L L L
> Rval1 > Rval2 > Rval3
DRAM e e e
Input % JT JT Ig;i)nut
Buffer P JS JS
DDR2 also used T-branch < Rvall < Rval2 < Rval3
routing for CaC T T T
1 1 (SM (st (sw3
T VssQ VssQ VssQ
©2023 Flash Memory Summit. All Rights Reserved CaC This figure is reproduced, with permission, Slide 31 wgouLey

from JEDEC document JESD79-2F, figure 22.



Transition: DDR2 to DDR3 m

Flash Memory Summit

Data, strobe

r— - - - - - - —_—-— - - - — A
oDT
I VvDDQ/ 2 vDDQ / 2! VREFDQ
| I RTT_READ RTT_WRITE |
nternal | | |
Circuitry | | ‘Switch ‘Switch |
- 4 ' DQ, DQS, DM, TDQS
| | Address, command
|

VREF,

Command-sensitive ODT

improved signal quality
Separate voltage references
This figure is reproduced, with permission,

from JEDEC document JESD79-3F, figure 75. for data versus addresses

©2023 Flash Memory Summit. All Rights Reserved Slide 32  wvgjouey
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CMD
Clock

Introduced with DDR3

Host CPU Memory Interface
Memory interface training

required to de-skew
* Clock and address

Fly-by Buses

Clock I * Data and strobes
CMD

- |

3 C1

i H |

N C2

e |
et time ., ey D

o Data 3
skews AR

e |

. C4

©2023 Flash Memory Summit. All Rights Reserved Slide 33 wJoLLey



Transition: DDR3 to DDR4 m

Flash Memory Summit

4th Gen
Intel* Core™ i7

vDDQ
DQ, DQS, etc.
7 Vrefmax
Vref
Range
Internal - Vrefmin
VREF T T B

M ‘ """

_—r— - = Vswing Large Total Range

This figure is reproduced, with permission,

Shmooing the reference voltage allows tighter calibration from JEDEC document JESD79-4G, figure 27.

©2023 Flash Memory Summit. All Rights Reserved Slide 34  wvgjouey
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JEDEC
STANDARD

With that history lesson behind us,
Let’s focus on the current mainstream
DRAM generation: DDR5

©2023 Flash Memory Summit. All Rights Reserved Slide 35  VwjouLey



M

Designing a mass market solution such as a DRAM Flash Memory Summit

requires taking a systems view of the solution

The chip signals need to be routable on a
low cost module

The chip features need to work within a
variety of systems

80% of DRAM is sold on memory modules
that can plug into sockets

DRAM design is largely driven by the module needs
This training will hop back and forth between DRAM and modules

©2023 Flash Memory Summit. All Rights Reserved Slide 36 Vwjouey



- TETR F

:_,t-ﬂ-lﬂ"l:-l.!r_'“ = -

st Fe——— A& ' Flash Memory Summit
Example: a simple 16- : — i R '
DRAM module for : I '
notebooks

Just routing the address bus signals requires two layers of printed circuit traces
Increasing the number of signals would increase the number of PCB layers, increasing cost

©2023 Flash Memory Summit. All Rights Reserved Slide 37  wvjouey
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g 1 o o e R

The module solution requirements drive

the design of the DRAM

[ 1 2 3 4 8 9 10 1
1 2 3 7 8 9
[ bNu LBDQ vss VPP zQ VSS | LBDQS | DNU
VDD vDDQ DQ2 DQ3 vDDQ | VDD
vss DQO DQS_t T%"g—s“_’t DQ1 Vss
vDDQ vss DQS_c TDQS_c | VSS vDDQ
VDD DQ4 DQ6 DQ7 DQ5 VDD
Vss vDDQ vss vss vDDQ vss
CAODT | MR VDD CK_t vDDQ TEN
ALERT_n| VSS CS_n CK_c vss VDD
vDDQ CA4 CA0 CA1 CA5 | vDDQ
VDD CA6 CA2 CA3 CA7 VDD
vDDQ vss CA8 CA9 vss vDDQ
CAl CA10 CA12 CA13 CA11 | RESETn
DNU VDD vss VDD VPP Vss VDD DNU

g 1 . ] s o o R

This figure is reproduced, with permission,

from JEDEC document JESD79-5B, table 1.

©2023 Flash Memory Summit. All Rights Reserved

SDRAMs have a limited number of balls
This enables routing of complex modules

To keep ball count low,
signals are time multiplexed

This is called the RAS-CAS Protocol
for Row and Column functions

M

Slide 38
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DDR5 Command Truth Table

M

Flash Memory Summit

This figure is reproduced, with permission,
from JEDEC document JESD79-58B, table 31.

. ia- CA Pins
Function Abbreviat cg_
CAO0 | CA1 | CA2 | CA3 | CA4 | CA5 | CAB | CA7 | CA8 | CA9 | CA10| CA11| CA12| CA13
L L L RO | R1 | R2  R3 | BAO | BA1 | BGO | BG1 | BG2 | CIDO | CID1 | CID2
Activate ACT | e ————
H | R4 | R5 | R6 | R7 | R8 | R9 | RI0 | R11 | R12  R13 | R14 | R15 | R16
_ L L H H L |BL*=L| BAO | BA1 | BGO | BG1 | BG2 | CIDO | CID1 | CID2
Write WR R
H V | c3 | c4 | C5 C6& | C7T | C8 | C9 | Cl0| V H |patisell
L L H H H |BL*sL| BAO | BA1 | BGO | BG1 | BG2 | CIDO | CID1 | CID2
Read RD
H | c2 | c3 | c4 | c5 | c6 | C7T | c8 | C9 | Cl0| V H Vv Vv -
Precharge PREpb| L H H L H H | CcID3| BAO | BA1  BGO A BG1 | BG2 | CIDO | CID1 | CID2
“ RAS" ”CAS" llCAS"

ACTIVATE Core read READ Data =2 1/0 WRITE DEI-RSHViOMM PRECHARGE Core restored

Chip ID +

Bank Group +
Bank Address +
Row

Chip ID +
Bank Group +
Bank Address +

Column

©2023 Flash Memory Summit. All Rights Reserved

Chip ID +

Bank Group +

Bank Address +

Column

Chip ID +
Bank Group +
Bank Address

Slide 39
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A nice block diagram from SK Hynix Flash Memor)} Summit

DDRS Block diagram

q m
3 conTROw
i [DRAM CORE i
3 conTROL | TT13] mowacomess
.. - e . r o L B
This gives a sense for the building blocks VREF_CS -~ beconer . I
i e Hl 2171 oo cem 1 o ey
we will explore VREF_CA—AL > \ — 5
. m&m‘r 454 REFRESH ‘g
r:i OFESET COMNTROL ¥ CONTROL g
4 L »
L oMot === - i
* Phase rotator DLL E
= ¢
D{E_:E of/ooT g
005 _c—=- CONTROL i
* BER Logic & Error counte I 1
QECTL GDTCTL
DRAM
o CORE with
ECC
VREF ] — E
jppe[ ] DESERALTER 1 WGHO ML : IE::::::,
. 4
* FFE for Tx equalize ,deeee, ,cqo-g=m=s—1 [ - groups)
N I T | LY L FIFD & p_ 15
* 4:1 serializer | e[ty smauzm 17| 264 semaen b RGIO MUY

©2023 Flash Memory Summit. All Rights Reserved Slide 40 W JOLLEY



Transition: DDR4 to DDR5 m

Flash Memory Summit

i AMDC
& RYZEN

AMD Ryzen7 7700X

[ 35 EE £ : Fod b B [
| LARLERSVRRARLAR R DERL IR AR IRLIRRERND 0010 LR EIRRRRL AN AR ORI RO R 1N RO R R R AR bR A e

Back side: on-DIMM voltage regulation

DRAMs

VDDQ NS VDDQ

v

PMIC

VSS

VSS

5V or :
Support devices Noise on the voltage rails results Noise reduction improves data

12V
in reduction of input sensitivity integrity

Slide 41 vgjouey
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Command, address, clock, chip select ODT

CS
CMD
Clock

CA_ODT

Clean command, address, clock, and chip select signals are managed via mode register settings
CA_ODT pin selects a “group” of termination settings for command/address

to ,,t1 ,,tz ”ta ‘7}4 ta ta+1 ta+2 la+a targ 7!a+5‘ ta+6 b tb+1 tb+2 tb+a tc tc+1 tc+2 lc+a td td+1 tae tas te  tert fer2 ters ters tess

M

Flash Memory Summit

CK_c
crt | | | R e A A
‘ ‘ ) ‘ ‘ I ‘ ‘ i is figure is reproduced, with permission,
@@@ oo @mm e s winpemision.
o Matched Read DQS ()fftset Tummg set io OtC|ock j . IR 1: o

DQS : : : B RE 1 e lReeT |

EQSKE DQS | [{\DQS RTT_ PARK RIS il S (\R S

an - - DQS TT PARK

Rank 1 DQS | ‘ /st RTT PARK . | ‘ | ﬁp__ pas. ,g\TT OFF—'——@(—[

Rank 0 DQ M” WW { W W} }”WWM )}} }M e "“"‘5 T N?‘N}WﬁWW??I?W?WUMf??????f?mﬂﬁNWWfWW???W]?I}?NNWW]????W

Ji Ll ) . )@ffRTT‘_ FF 45)( RTT_IPARK )@ RTT_)NOM RDJi( RTT_PARK
Rk 1 DG WWWWWWW ‘ WWWWWWWWWWWWWWW | W////////////////////////////////////AW////////////////////// D
)RTT PARK RTT_NPM_RD i} R-r-r ARK )@—RTT FF [ RTT_PARK]| .
| o S o I Mode Registers

Clean data and strobe signals are managed by command-driven ODT cA_ooT

32 RFU Strap CsS ODT CK CDT
. . . . Value

Termination values set via mode registers % R0 BOS R PARK chooT
34 RFU RTT_WR RTT_PARK
35 RFU RTT_NOM_RD RTT_NOM_WR

. . This figure is reproduced, with permission,
©2023 Flash Memory Summit. All Rights Reserved from JEDEC document JESD79-58, table 24.
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Managing DRAM Optional Features & Settings

MR# OP[7] OP[6] [ OP[5] ‘ OP[4] | OPI[3] ‘ OP[2] OP[1] ‘ OP[0]
0 RFU CAS Latency (RL) Burst Length
1 PDA Select ID PDA Enumerate ID
Internal Device 15 Ass(t:erstion Maszlz?nwer Write Read
2 Write Reserved 9 2N Mode Leveling Preamble
Timin MPSM Duration Mode Trainin: Trainin
9 (MPC) (MPSM) 9 9
Write Leveling Write Leveling
3 Internal Cycle Internal Cycle
Alignment - Upper Byte Alignment - Lower Byte
Wide Refresh ﬁe‘grevj
4 TUF RFU Range tRFC . Minimum Refresh Rate
N Rate Indi-
(Optional) Mode
cator
5 Pull-Down DM TDQS PODTM Pull-up oDu?tiz
Output Driver Impedance Enable Enable Support Output Driver Impedance Dlsa[;)Ie
6 tRTP Write Recovery Time
(Optional) (Optional)
Write Write
Leveling Leveling
7 RFU Internal Internal
+0.5tCK +0.5tCK
Alignment Alignment
Offset - Offset -
Upper Byte Lower Byte

DDR5 Mode Registers

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, table 24.

DRAM mode registers are a mix of mandatory mode
settings, optional features, and DRAM feedback bits

During initialization, DRAM power may not be on so MRs
are not available

The SPD chip contains information about the DRAMs on the

module, and helps track options as DDR5 evolves

©2023 Flash Memory Summit. All Rights Reserved

Flash Memory Summit

This figure is reproduced, with permission,

from JEDEC document JESD400-5, table 1.

Byte Number DDRS5 Function Described Notes
0 0x000 Number of Bytes in SPD Device and Beta Level
1 0x001 SPD Revision for Base Configuration Parameters
2 0x002 Key Byte / Host Bus Command Protocol Type
3 0x003 Key Byte / Module Type
4 0x004 First SDRAM Density and Package 1
5 0x005 First SDRAM Addressing 1
6 0x006 First SDRAM 1/0O Width 1
7 0x007 First SDRAM Bank Groups & Banks Per Bank Group 1
8 0x008 Second SDRAM Density and Package 1
9 0x009 Second SDRAM Addressing 1
10 0x00A Second SDRAM I/O Width 1
1 0x00B Second SDRAM Bank Groups & Banks Per Bank Group 1
12 0x00C SDRAM BL32 & Post Package Repair 1
13 0x00D SDRAM Duty Cycle Adjuster & Partial Array Self Refresh 1
14 0x00E SDRAM Fault Handling 1
15 0x00F Reserved
16 0x010 SDRAM Nominal Voltage, VDD 1
17 0x011 SDRAM Nominal Voltage, VDDQ 1
18 0x012 SDRAM Nominal Voltage, VPP 1
19 0x013 SDRAM Timing 1
20 0x014 SDRAM Minimum Cycle Time (tckaygmin), Least Significant Byte 1
21 0x015 SDRAM Minimum Cycle Time (tckavgmin), Most Significant Byte 1
22 0x016 SDRAM Maximum Cycle Time (tcxaygmax), Least Significant Byte 1

DDR5 SPD

(DDRS5): Byte 14 (0x00E): SDRAM Fault Handling and Temperature Sense

This byte defines support for SDRAM fault handling features and for wide on-die temperature sensing
range (see MR4). This value comes from the DDR5 SDRAM data sheet, JESD79-5.

SDRAM Fault Handling Features and Temperature Sense

Bits 7~4

Reserved; must be coded as 0000

Bit 3

Bit 2 Bit1

Bit 0

Wide Temperature Sense

x4 RMW/ECS Writeback x4 RMW/ECS Writeback

PP PP

Bounded Fault

0: Wide temperature sense

and reporting not supported
1: Wide temperature sense

and reporting supported

0: Writeback suppression
not supported

1: Writeback suppression
supported

0: Writeback suppression
control in MR9

1: Writeback suppression
control in MR15

0: Bounded Fault not
supported
1: Bounded Fault supported

Notes:

ECS = Error Check Scrub
RMW = Read-Modify-Wite
MR = Mode Register

This figure is reproduced, with permission,
from JEDEC document JESD400-5, section 8.1.15.
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Function

Operand

Data

Initialization
and
Training
Modes

OP[7:0]

0000 0000g: Exit CS Training Mode

0000 0001g: Enter CS Training Mode

0000 0010g: DLL RESET

0000 0011g: Enter CA Training Mode

0000 0100g5: ZQCal Latch

0000 0101g: ZQCal Start

0000 0110g: Stop DQS Interval Oscillator

0000 0111g: Start DQS Interval Oscillator

0000 1000g: Set 2N Command Timing

0000 10015: Set 1N Command Timing

0000 1010g: Exit PDA Enumerate Programming Mode

0000 1011g: Enter PDA Enumerate Programming Mode

0000 1100B: Manual ECS Operation

0000 1101B: RFU

thru

0001 1110B: RFU

0001 1111B: Apply VrefCA, VrefCS and RTT_CA/CS/CK

0010 0xxxB: Group A RTT_CK = xxx (See MR32:0P[2:0] for encoding)
0010 1xxxB: Group B RTT_CK = xxx (See MR32:0P[2:0] for encoding)
0011 0xxxB: Group A RTT_CS = xxx (See MR32:0P[5:3] for encoding)
0011 1xxxB: Group B RTT_CS = xxx (See MR32:0P[5:3] for encoding)
0100 0xxxB: Group A RTT_CA = xxx (See MR33:0P[2:0] for encoding)
0100 1xxxB: Group B RTT_CA = xxx (See MR33:0P[2:0] for encoding)
0101 0xxxB: Set DQS _RTT_PARK = xxx (See MR33:0P[5:3] for encoding)
0101 1xxxB: Set RTT_PARK = xxx (See MR34:0P[2:0] for encoding)
0110 xxxxB: PDA Enumerate ID = xxxx (See encoding table below)
0111 xxxxB: PDA Select ID = xxxx (See encoding table below)

1000 xxxxB: Configure tDLLK/tCCD_L = xxxx (See MR13:0P[3:0] for encoding)
All Others: Reserved

M

Flash Memory Summit

DDR5 includes a Multi Purpose Command
with a long list of features for calibration

his figure is reproduced, with permission, . P
from AADEC dosument IE5D75-56, table 64 Including address training mode
and setting address bus input

termination values

CaC

DQ = four CK sampling (CS toggle)

CK_t,
CK ¢

CA[13:0]

CMD

DQ = XOR(CA[13:0])

©2023 Flash Memory Summit. All Rights Reserved

ta  tan ta  tarr toet oz tpea toea thes, 1o los1 tgsz lass lgea

: _1?41 . tlc*2‘tcl43 tora 1;4-5 IIC.;e lT(_;q cha T(_;+9 Itq ‘
:"_‘ [ I."'I ey e I'"'. | %_#_\_flu‘\ ?_\

E i iXOR(CA) = o‘ XOR(CA) = 1 : ‘ . ! P N
\\L&J’ S ELJ ST A A LT
| - - | ] 1
S O {W ! / A ffJlI/!!fI(ifﬂffﬁw}%’(ﬂﬂffﬁm T
! ! ! 1 _ ICATN _entr,} _ 3 E E i ' i | ; ; f : tCAT. ’EXI. —= E
: ICATM Valld P | | :

! i
i
|CATM _Valid

.ﬂﬂﬂﬂﬂﬂﬂﬂﬂ%@?} ??W?ﬁ i ?P?}'HH?I] N? ?W}h il lﬂHIIIIIﬂllﬂllllﬂIIIIMMIIIHIIIIIMIMIM

'e) R

UTPUT "0”

(COfOUTPUTT TS

1CATMI DQ_Window |
| T | i

CATM_D@Q_Window
| T l

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, figure 95.
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Chip Select Training Mode (CSTM) and Command/Address Training Mode (CATM) m

are similar to DQ VREF training in DDR4
. 4 nine | Flash Memory Summit

CA
Internal W
VREFCA
VrefCA
Range
CS
————— Vswing Small System Variance
i —— = Vswing Large - Total Range
This figure is reproduced, with permission,
Internal from JEDEC document JESD79-5B, figure 114.
VREFCS

©2023 Flash Memory Summit. All Rights Reserved Slide 45 WwJoOLLeYy



DDRS5 Loopback outputs may be used during initialization, or even at runtime,

to check the integrity of the data bus interface — fed to external logic such

as Registering Clock Driver (RCD) to check

LBDQ . . LBDQS i

Tl D SR B S
SSAD SR SR SR S S
209 SO HEXREXE X S ENEX @
X A0 (DQS_0) A1(DQsS_0) e
| BO (DQS_80) < B1 (DQS_90)
DQ[0:n], DQSL:U] | T A

©2023 Flash Memory Summit. All Rights Reserved

M

Flash Memory Summit

DM

LBDQ

“pas
_DQ3
“pas
_DQ2
_DQs
— _Da1
IAI _DaQs
DQs_0 J
mE _DQo |7/
DQs_ <l Das
&7
DQS_180
(D]
DQs_270

[DFE | [HALF-RATE]

LBDQS
Example Output

_bao A0 (DQS_0)

pas TN

DQ[3:0], DM STROBE

This figure is reproduced, with permission,
from JEDEC document JESD79-58B, figure 163.
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Function

Register
Type

Operand

Data

Read Preamble Settings

R/W

OP[2:0]

000B: 1 tCK - 10 Pattern

001B: 2 tCK - 0010 Pattern

010B: 2 tCK - 1110 Pattern (DDR4 Style)
011B: 3 tCK - 000010 Pattern

100B: 4 tCK - 00001010 Pattern

101B: Reserved

110B: Reserved

111B: Reserved

Write Preamble Settings

RIW

OP[4:3]

00B: Reserved

01B: 2 tCK - 0010 Pattern (Default)
10B: 3 tCK - 000010 Pattern

11B: 4 tCK - 00001010 Pattern

RFU

RFU

OP[5]

RFU

Read Postamble Settings

RIW

OP[6]

0B: 0.5 tCK - 0 Pattern
1B: 1.5 tCK - 010 Pattern

Write Postamble Settings

R/W

OPI[T7]

0B: 0.5 tCK - 0 Pattern
1B: 1.5 tCK - 000 Pattern

This figure is reproduced, with permission,

from JEDEC document JESD79-5B, section 3.5.10.

. , _ Flash Memory Summit
As frequencies get higher, or system routing more

complex, additional edges are needed on data strobes
to precondition the lines

Post=0.5,Pre=1

Post=0.5Pre=2

- e

W """ Postamble touches preamble
’

Post=0.5,Pre=2
(DDR4 style)

Post=0.5,Pre=3

Post=0.5Pre=4

Post=15Pre=1,23,4

. i e Ty T \’_; ) T Loy A Postamble touches preamble
M e - ’ vt L. ] Ve - ! . - -1

""""""" T #TT7 777777 Postamble overlaps preamble by 1
-’ Full postamble, preamble shortened
""""" o T /T T7777777 Postamble overlaps preamble by 2
ved] -t Full postamble, preamble shortened by 2
_____ Al Y = =N == ======

Post = 1.5 i
hown Strobes toggle in all cases

T \oo)orxpg p13e1dprs/ Gap = 2ok Postamble ——

Preamble =

i’

L ’

The tradeoff is potentially bigger bubbles on the data bus This figure is reproduced, with permission,
when streaming back to back operations

©2023 Flash Memory Summit. All Rights Reserved

from JEDEC document JESD79-5B, figure 20.
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4 .17.2 LFSR Pattern Generation

The LFSR is an 8-bit Galois LFSR. The polynomial for the Galois LFSR is x3+x8+x5+x*+1. The figure below shows the logic to imple-
ment the LFSR. The numbered locations within the shift register show the mapping of the seed/state positions within the register.
There are two instances of the same LFSR polynomial. These two instances will have unique seeds/states and supply patterns to any

ofthe DQ outpts, Flash Memory Summit

DDRS5 read calibration is enhanced by generating
a continuous burst pattern through a linear feedback

|" 1 6 D_ 5 |4 D_ 210 | Output shift register (LFSR)

Y

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, figure 90.

. Bit Sequence
Pin Invert LFSR
15 | 14 | 13 | 12 | 11 10 9 8 7 6 5 4 3 2 1 0
Various patterns may be selected DALO | 0 (No) 0 ojo 1+t jojfojofo oo T[T ][ 1][0[1]0
. . . DQL1 0 (No) 1 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 0
Th|S 154 typlcal pattern set DQL2 0 (No) 1 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 0
DQL3 0 (No) 1 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 0
DQL4 0 (No) 1 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 0
DQL5 0 (No) 1 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 0
DQLé 0 (No) 1 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 0
DQL7 0 (No) 1 0 1 1 1 1 0 1 1 0 1 1 1 1 1 0 0
DQUO 1 (Yes) 0 1 1 0 0 1 1 1 1 1 1 0 0 0 1 0 1
DQU1 1(Yes) 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1
DQu2 1 (Yes) 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1
DQU3 1(Yes) 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1
DQu4 1(Yes) 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1
X4, X8, X16 DQuU5 1 (Yes) 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1
DQU6 1 (Yes) 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1
DQU7 1(Yes) 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1
©2023 Flash Memory Summit. All Rights Reserved This figure is reproduced, with permission, Slide 48 WJOLLEY

from JEDEC document JESD79-5B, table 100.



P

l ™ | l—Rx____\| . ..
| Pa—{>tl Interconnect ; DFE — | Data and strobes incorporate decision feedback
| VrefDQ | . . . .
: ggzﬂ:ﬁ“‘ﬁl@ interconnect s | ! equalization (DFE) to sequential track bit patterns
' _Host _| . oram |
DFE Bias Multiplier +
Taps 1-4 T3
This figure is reproduced, with permission, \\\\
from JEDEC document JESD79-58B, figure 141. T4 T2 Post Cursor Ta p_2
Gain &
: Adjustment T . :
DFE optionally has up to Jusymen 0o sum  DQSticer DQ Slicer
. DQ 3 = IN OUT IN OUT
4 taps on each signal R \&/
DFE Sum jC jc
VrefDQ CLK CLK
DQS ___ [} 7
DQS# - >RX DQ5_BUF 2 DQSX2_BUF

Mode Registers control

the DFE settings on a

per bit basis

The impact of DFE is

128 RFU DQLO DFE Gain Bias - See MR for encoding details

129 DQLO DFE Tap-1 Bias - See MR for encoding details

130 DQLO DFE Tap-2 Bias - See MR for encoding details

131 DQLO DFE Tap-3 Bias - See MR for encoding details

132 DQLO DFE Tap-4 Bias - See MR for encoding details

133 D°L°i'g?]°LK RFU DQLO DCA for IBCLK DQ'—Q;CLK RFU DQLO DCA for QCLK
DQLO

134 VREFDQ DQLO VREFDQ Offset oBOLKSign | RFU DQLO DCA for QBCLK

135 RFU

136 RFU DQL1 DFE Gain Bias - See MR for encoding details

137 DQL1 DFE Tap-1 Bias - See MR for encoding details

138 DQL1 DFE Tap-2 Bias - See MR for encoding details

139 DQL1 DFE Tap-3 Bias - See MR for encoding details

140 DQL1 DFE Tap-4 Bias - See MR for encoding details

141 | PALBOK RFU DQL1DCAfor IBOLK | PAZack RFU DQL1 DCA for QCLK
DQL1 paL1

142 VRS,EigFr?Q DQL1 VREFDQ Offset QBCLK Sign RFU DQL1 DCA for QBCLK

143 FU

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, table 81.

significantly improved
data eye tracking

©2023 Flash Memory Summit. All Rights Reserved

Flash Memory Summit

Pulse Response (DRAM Rx)
Before DFE equalization

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, figure 143.

DFE Tap-1| DFE Tap-2
1X ] -60mV +20mV
2X -30mV +10mV

After DFE equalization

This figure is reproduced, with permission,
from JEDEC document JESD79-58B, figure 142.

Time

Slide 49

vgouey



DIMM 0 DIMM 1
What the Heck is TDQS??? m

Flash Memory Summit

Two x8-based modules? No problem

DQO:3 All 8 data bits are associated with a
882?7 single DQS pair — ODT works as normal
Two x4-based modules? No problem
Each 4 data bits are associated with a
DQS pair — ODT works as normal
DQO:3
DQS0
DQ4:7
Pl (Mixing x4-based and x8-based modules
on the same bus? BIG PROBLEM
One DQS pair gets terminated at the x4
kDRAMs but would be left floating at the x8)
DQO:3 TDQS on x8 DRAMs allows termination
DQ30 of the “floating” strobe pair
DQ4:7
DQSS

©2023 Flash Memory Summit. All Rights Reserved Slide 50 Vv jouey



SDRAM CONFIG BL16 x16 BL16 x8 BL16 x4 BL32 x4
Filling a region of memory with a fill pattern is common 560/ oFo oFo ore = m
e o3 o3 o3 o3 :
“Fill with 0” was considered BUT while this might work for poLd/oad oFd ord : Flash Memory Summit
bulk data, it likely would not work for ECC or metadata el /a7 o7 o7
DQuUo OPO -
_ = oF2
Write Pattern command allows a burst of a set value pawe oF:
loaded in mode registers into a column Sae ore
DMLEiCnn/J;M_n IN(\:/):ZID IN\/;\LID
DMU_n INVALID -

This figure is reproduced, with permission,
from JEDEC document JESD79-58B, figure 152.

a tas1 las2 ta+3_1b ‘1c+1 tos2 loes tc;

CK t, o ‘ _h;n :_ 1.b+?- te . ta :_ 1a+1 ._ 1‘.j+2- te 1?” ‘1e+2 h?+3 . 1.e+4. te+s :_ 1?46 ._ l?q . 1?+3 1?+9
e . S A s e s e e ey
. .4\,I GiWR_ P I (7 , - ! ! 1 | ; |
cansol e[ | Y , e
T s e = < R e |U'S not quite as awesome as a “fill
CMD <WRITE DE ( I EWRP )(DE%:;E%(DE%DES}) ESKDES)(DES)(D S)(DESSB(DE%(DE%{D E&QBESXDIIESKDIESXD‘ESXDIE%DIE%DIIES}(D‘E%DES)(DIES) block of Iength n” would have been
T 1 | ! T T T T T T T T T .
DOROCS 0\ / ( == T but that would introduce non-
DOR1CS_1 1\ | f | | ‘J“ | o T | det inism into th tocol
PSS  mmmm f/ m{ ,: ff ﬁ T fﬁw I S eterminism into the protoco
ESrEl%%Q | A . . .
Rank 1DQ WMMMMMM%WWWWWWWWW ST mewmmﬂ s Basically, the biggest advantage is
tODTL WR 1ADG Max 3 | .
! — LADC Min  —*| i | returnsito default state, RTT_PARK shown as P pOWer SaV|ngS
DO RORTT | RTr PARK - RTT_WR RTT PARK \
| *ODTL WR NT tODTLGH‘WR
PORIRTT [ e pARK B E— e V1 . R PARK .
! : : toDTLoff WR_NT— : ! : Ao ! ! ! :

©2023 Flash Memory Summit. All Rights Reserved

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, figure 152.
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Error Check Scrub

Error Check Scrub (ECS) allows the testing and
cleaning of DRAM contents in a bank group

Column-by-column read-modify-write detects
and corrects the contents

Automatically increments the column address
then the row address, then the bank address

Maintains an error count per row and the address
of the row with the most detected errors

This allows the host system to determine when to

consider replacing a row of DRAM that is mis-
behaving too often

©2023 Flash Memory Summit. All Rights Reserved

Reset*

MR14 [A1]*
ECS CMD* —
CAS Write* —

*Denotes internally
generated signals

ECC
Correction
Logic

M

Flash Memory Summit

External Address

Reset

ECS Address Counters
Column Bank Group
Address Address
Wrap Wrap
] ROW or Code Word [
Error Count l l ¢ l
v Reset Reset Load Load
Reset
ECC Error MR20:22 MR16:19
EC=1 || increment B In(ren&egunter (EQ) > ECC Error Count ECC Error per
Error = TF=ETC Row & Row Addr
Detect A ﬁ
Set
Y
EpRC >1 | Increment
|———=| Reset ECC Errors per Greater Than Previous High
Row Counter Compare 5y ious Error Count
Pl Reset  (EpRC) — Previous High
Error Count

Row/Bank Address

-

Slide 52

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, figure 154.
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Memory Built In Self Test (MBIST) m

Flash Memory Summit

DDRS5 devices run an internal self test when commanded by the Host

Upon completion, the Host polls mode register MR22 to see if additional post
package repair is required

OP7 OP6 OP5 OP4 OP3 OoP2 OP1 ‘ OPO
RFU MBIST/mPPR Transparency (optional)
Function Type oP Description/Data Notes
MBIST/mPPR Transparency R OP[2:0] |000b: MBIST has not run since INIT or no fails remain after 1
(optional) most recent run (default); 001 = Fails remain; 010 = Unre-
pairable fails remain; 011 = MBIST should be run again;
100-111 = Reserved
RFU RFU OP[7:3] |RFU

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, section 3.5.24.
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Redundancy allows post package repair m

Flash Memory Summit

Bank groups Vendor specific: one row repair
* Per bank group (required) ===
* Per bank (optional) SEsssses

........ Two row repair options
I I 1N 1 N I e v I I ¢ SOftrepair:CIearedonreset
* Hard repair: permanent

Banks

Works well with Error Check Scrub
1) Detect the row with worst error count
2) Initiate row repair if it looks too bad

o e e e e s e e e e e e e e e e e e e e e e e e e e e e e e e e

32 Total Row Buffers

©2023 Flash Memory Summit. All Rights Reserved Slide 54 WwJoOLLEY



ALERT m
ALERT n is an OR-tied output from

each DRAM — any DRAM can pull it Flash Memory Summit
low (active)

Pull-up resistor required on
motherboard

Slow: takes multiple clocks

ALERT _n functions: Other

DIMMs
 Completion of MBIST %
 Completion of PPR
e Data CRC failures

ALERT n is typically OR-tied from
the output of registers on multiple
RDIMMs, requiring an on-

v motherboard pullup on the signal

Additional function:
e Address bus errors

©2023 Flash Memory Summit. All Rights Reserved Slide 55 W JOLLEY



Low power modes

* Precharge power down
Clock running, banks closed
Data preserved

* Self Refresh
Power on, clocks stopped
Data preserved

 Maximum Power Savings Mode
Power on

Data NOT preserved

e Power off

©2023 Flash Memory Summit. All Rights Reservec

Refresh
Manage-
ment

/ N

VeptVpp+Vppg - " RESET_n
s N

VRercas

Training v
REFCS

Read
Preamble
Training

RESET_n

Power-On VREFCA/

VREFCS _-°

Training

CA
Training
— ™\ Mode

—_ MRW3WL training = 1
__ MRW+WLtraining=0

Leveling

MRW+Guargk,
ey,
*Guardkeys Acy pmc'

e +WRA

-------- S. SPPR: MRW.

hPPR/mPPR
/sPPR

o e

. -
- PDE ™ pDX(NOP)

' et
' charged | —— oo e‘;,_-\w.
Power wcw“gp\ew“‘
. WeC* X
/ W &
raEE &

MPC+PDA enum ID

Mode
Register
Write

Enumera-
tion Mode

Register
Read

Select ID
Mode

Z0
(calibration
active)

Active
Power
Down

PDX (NOP) MPC+ ZQ start

WR+BL32 RD+BL32

RD+BL32

RDA+BL32

WR+BL32
WR, WRP

Writing

WRA, WRPA WRA,WRPA  RpDA

RDA

ABiC AandBandC
ABLC AorBorC
s= = == — == — -=p= Pinasserted
............................................... Precharging srsmsssssseeee-e @ Aytomatic sequence

Command sequence

Flash Memory Summit

Slide 56

This figure is reproduced, with permission,
RDA from JEDEC document JESD79-5B, section 3.1.
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DDRS5 Incorporates an internal thermal sensor

Register

Function Type

Operand

Data

Minimum Refresh R i
Rate OP[2:0]

This figure is reproduced, with permission,
from JEDEC document JESD79-58B, table 25.

If Wide Range is not supported (OP[5]=0):

000g: RFU

001g: tREFI x1 (1x Refresh Rate), <80°C nominal
010g: tREFI x1 (1x Refresh Rate). 80-85°C nominal
011g: tREFI /2 (2x Refresh Rate), 85-90°C nominal
100g: tREFI /2 (2x Refresh Rate), 90-95°C nominal
1015: tREFI /2 (2x Refresh Rate), >95°C nominal
110g: RFU

111g: RFU

If Wide Range is supported (OP[5]=1):

000g: tREFI x1 (1x Refresh Rate), <75°C nominal
001g: tREFI x1 (1x Refresh Rate), 75-80°C nominal
010g: tREFI x1 (1x Refresh Rate), 80-85°C nominal
011g: tREFI /2 (2x Refresh Rate), 85-90°C nominal
100g: tREFI /2 (2x Refresh Rate), 90-95°C nominal
101g: tREFI /2 (2x Refresh Rate), 95-100°C nominal
110g: tREFI /2 (2x Refresh Rate), >100°C nominal
111g: RFU

This is a bit redundant is that server

memory modules include 2 thermal sensors
with 0.5° accuracy, but it’s never a bad idea

to have more checkpoints

©2023 Flash Memory Summit. All Rights Reserved

M

Flash Memory Summit

The DRAM has a fairly coarse thermal sensor on-chip

The mode register is driven by the DRAM to hint to the
Host controller that it might need a higher refresh rate
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A

l.ﬂl:'prd 0 1 2 3 Sensing
Ine Bitline | Amps
ALl Al LA
L R
B A G ainins
N[ g F A L+ F

T |=* X/
-tl—;i-l,;«- F L+ AF =
-n—{i—r;«- A 3 =/
-u-;l-r;«- A= - HF
-H_JLIJ«- A== HF
-“_Z-LHI- -n-gl-z-ﬁ-
A Sensing
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Cell Voltage

Refresh Management (RFM)

M

Some security attacks (such as “rowhammer”) exploit the

fundamental crosstalk between long metal lines in order to flip

Flash Memory Summit

bits, injecting unwanted data changes into critical memory regions

Refresh Management (RFM) techniques avoid the refresh doubling

performance penalties by detecting and correcting for attacks

A

N
»

Sensitivity window

a

Data set

2X refresh

1X refresh

2X refresh
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Refresh Management (RFM) Commands m

Similar to refresh commands, but also refresh adjacent rows in the “blast radius” Flash Memor)} Summit

Need triggered by counting activations of a specific DRAM row

Some Refresh Management (RFM) Features

Rolling Accumulated ACT Initial Management Threshold (RAAIMT): DRAM supplier specific suggestion on the
number of activations of a given row before action should be taken (mode register readable value)

...but these “suggested RFMs” can be postponed until...

Rolling Accumulated ACT Maximum Management Threshold (RAAMMT): DRAM supplier specific insistence
on the maximum number of activations before you’re potentially in deep shit (mode register readable value)

Adaptive Refresh Management (ARFM): Allows varying selectable levels of security with different
performance impacts

Directed Fresh Management (DRFM): Recognizes that rows refreshed using RFM commands with “blast
radius” don’t also need standard refresh and allows the DRAM to relax subsequent refreshes in that area
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CPU cache lines are almost universally 64 bytes

DDRS5 ECC is calculated with 128-bit granularity

DRAMs with 8-bit interfaces align well with cache line size

DRAMs with 4-bit interfaces don’t, so must merge 64-bit
operations with 128-bit internal storage to calculate ECC

M

Flash Memory Summit

Data to Memory

D

Code Word

D

Check Bit
Generator

to Memory

Code Word
from Memory

Data from Memory

No Error Syndrome Syndrome Syndrome
-
Decode Generator
CE Error Location
(Bit#)
< Corrected Data | Error Correction <

©2023 Flash Memory Summit. All Rights Reserved

This figure is reproduced, with permission,
from JEDEC document JESD79-58B, figure 153.
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M

Flash Memory Summit

Switching gears...

Any chip questions before
we move on?
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RAM Anatomy Poster

SDRAM 8GB DDR4 CL8-8-8-24""

Single DRAM cell subarray (SA) bank
1 bit 32 KB (kilobytes) 64 MB (megabytes)  giopal
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Memory controller

! sample 8GE SDRAM module - 2 ranks with 8 DRAM chips (512MB each - consist of 8 banks, 64MB each) " In case of DDR4 it is multiplied by eight, so 8 words/CPU cycle

wer 1.0
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Flash Memory Summit

Once we’ve built a DRAM,
we still need to interface it
with the rest of the system

Because there is no one
standard system, a variety
of memory module
solutions are defined

Slide 62 wgouLey



DDR5 Memory Modules m

Flash Memory Summit

TWodue | Meamng | warets

SODIMM Small Outline Dual In-Line Memory Module (DIMM) Notebooks, telecom
UDIMM Unbuffered DIMM Desktop
RDIMM Registered DIMM Servers, workstations

LRDIMM? Hmmmm, we should chat about this over a cold beer ( ,
&

e

|

Common Features of DDR5 Memory Modules

e SidebandBus system management interface
* Serial Presence Detect (SPD) with SidebandBus Hub
* Programmable Power Management IC (PMIC) for on-module voltage regulation
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SidebandBus System Management

Introduced with DDR5
Up to 8 modules share a 2-wire serial bus
I3C Basic with extensions

Allows multiple devices on a local bus
without loading the system bus
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Module Hub Architecture m

Flash Memory Summit

Registering
Clock
Driver

Thermal Thermal
Sensor Sensor

LSDA

Programmable
Voltage
Regulator
(PMIC)

Local bus
LSCL
VIO :
PMIC supplies VDDSPD and VIO as LDOs at power on
SPD EEPROM : . .
\ 2 (9 Host reads SPD to get configuration details
VDDSPD . Host programs PMIC to turn on VDD, VPP

|

5V or 12V

HSDA ‘ ‘ HSCL %HSA (unique resistor value for each DIMM socket)

\ )
|

SidebandBus from Host, shared with up to 8 DIMMs total
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PMIC: DIMM Voltage Regulator

5V input for UDIMM, SODIMM
12V input for RDIMM

Low dropout regulators (LDOs) for

SPD supply and I/O

Switchers for the rest of the module

supply voltages

SidebandBus interface for

programmability

©2023 Flash Memory Summit. All Rights Reserved

T T ]

VOUT 1.8V

I C23 I C15

SPD ——

SPD «—

SCL

SDA

DIMM
Connector

—

DIMM ]
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— VR EN

PID

GSI_n

PWR_GOOD

T T ]

VOUT_1.0v

;r 022I C16

=
=

AGND

PGND (2x)

VIN_Bulk

M

Flash Memory Summit

SWA

VDD

ouT

SWA_BOOT

SWB

SWB_BOOT

SWA FB P
SWB FB N

VIN_Bulk

1 1
c27 C31
T T

T

— DIMM Gold Finger

VIN_Bulk

SWC

SWC_BOOT

SWC_FB_P

VIN

C25

L _I_CZ;
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This figure is reproduced, with permission,
from JEDEC document JESD301-1A.02, figure 9.
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LDOs Programmables m

5V/12v _/ To PMIC only Flash Memory Summit
VDDSPD S To SPD only

VIO ./ To all local bus devices

vDD/VDDQ / To all DRAMSs and support chips

Program

Read & Parse Program PMIC DRAM &

Runtime

SPD Other Support

Devices

VDDSPD and VIO being LDOs come up automatically

Host can now read the SPD contents

PMIC raises the VDD/VDDQ to other devices

Host programs the DRAM, RCD, etc. based on SPD contents

Telemetry Error

Gathering Logging

During runtime, SidebandBus is open for telemetry gathering or error logging
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DRAM parameters

Bits 3~0

Base Module Type

Flash Memory Summit

This figure is reproduced, with permission,
from JEDEC document JESD400-5, section 8.1.4.

This figure is reproduced, with permission,
from JEDEC document JESD400-5, section 8.1.2.

- - - o 0000: Reserved
SDRAM Minimum Cycle Time (%, Least Significant Byt
Read & Parse 0x014 Y (teravemin), Least Significant Byte 0001: RDIMM
. 0x015 SDRAM Minimum Cycle Time (tckaygmin), Most Significant Byte 0010: UDIMM
Base Conflg 0011: SODIMM
0x01E SDRAM Read Command to First Data (taa), Least Significant Byte 0100: LRDIMM
- o 0101: Reserved
0x01F SDRAM Read Command to First Data (tas), Most Significant Byte 0110: Reserved
0111: Reserved
This figure is reproduced, with permission, 1000: Reserved
from JEDEC document JESD400-5, section 7.1. 18%; ggﬁ:ﬂe‘i
1011: Solder down Module type
1100: Reserved
1101: Reserved
1110: Reserved
Block Range Description 1111: Reserved
0 0~63 0x000~0x03F Base Configuration and DRAM Parameters
1 64~127 0x040~0x07F Base Configuration and DRAM Parameters SPD Revision for Base Configuration Parameters
il X esefved or Tuture use - Encoding Level Additions Level
3 192~239 0x0CO~0x0EF Common Module Parameters -- See annex A.O for details Production Status SPD Revision o Ton Ton Ton Ton Ton Ton T on Hex
240~255 0x0DO~0x0FF Standard Module Parameters -- See annexes A.x for details 7' SI 5' 4' 3' 2' 1' 0'
256~319 0x100~0x13F Standard Module Parameters -- See annexes A.x for details
320~383 0x140~0x17F Standard Module Parameters -- See annexes A.x for details Revision 0.0 0 0 0 0 0 0 ° 0 00
384~447 | 0x180~0x1BF | Standard Module Parameters — See annexes A.x for details ) Revision 0.1 o |00 ]0 | 00|01 01
Pre-production
. 448~509 0x1CO~0x1FD Reserved for future use
510~511 Ox1FE~Ox1FF CRC for SPD bytes 0~509 Revision 0.9 0 0 0 0 1 0 0 1 09
512~575 0x200~0x23F Manufacturing information Revision 1.0 0 0 0 1 0 0 0 0 10
576~639 0x240~0x27F Manufacturing information Production Revision 1.1 0 0 0 1 0 0 0 1 "
10 640~703 0x280~0x2BF | End User Programmable
" 704~767 0x2C0~0x2FF End User Programmable
12 768~831 0x300~0x33F End User Programmable
13 832~895 0x340~0x37F End User Programmable o o -
L]
14 | 896-959 | O0x380~Ox3BF | End User Programmable SPD Revisions regime a | IOWS .
15 960~1023 0x3C0~0x3FF End User Programmable

This figure is reproduced, with permission,
from JEDEC document JESD400-5, section 3.

* 0Old system with new memory module

* Interpret the subset of SPD that was valid at that time
* New system with old memory module
* Interpret the subset of SPD that was valid as of that SPD rev
* New system with new memory module
* Full SPD interpretation to get all the features

©2023 Flash Memory Summit. All Rights Reserved
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What is “downbinning” and how does it work? m

Flash Memory Summit

The SPD documents the performance of a DRAM (and support devices) at the maximum frequency of operation
SPD bytes 20-21: SDRAM Minimum Cycle Time (tCKmin) in picoseconds

Timing parameters such as access time (tAA), precharge time (tRP), etc are expressed in picoseconds
SPD bytes 30-31 (tAA), 34-35 (tRP), etc.

Translating these timing parameters from picoseconds to clocks to program the memory controller is dependent on
the application operating frequency

While technically any operating frequency should work, suppliers only guarantee operation at standard data rates
DDR5-3200, DDR5-3600, DDR5-4000 ... DDR5-8800

To avoid off-by-one errors, a standard rounding algorithm is applied, e.g.
tRP in ps + tCKapplication in ps = tRP in clocks at the application frequency

However, due to the inherent inaccuracy of digital math, performance may be lost with this simplistic algorithm
To avoid performance loss, the algorithm is modified with a 0.3% correction factor
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Downbinning the CAS Latency is more complicated

SPD[24]

Mono Speed Bin | SPD[24] | SPD[25] | SPD[26] | SPD[27] | SPD[28] | 20 [ 22 |24 |26 | 28[30[32] 34
3200AN OxTE | 0x00 | 0x00 | 0x00 | 0x00 [0 1 1 1 1 0 0 O
32008 Ox1TA | 0x00 | 0x00 | Ox00 | O0x00 |0 1 0 1 1 0 0 O
3200BN Ox1TA | 0x00 | 0x00 | O0x00 | 0x00 [0 1 0 1 1 0 0 O
3200C 0x12 | 0x00 | 0x00 | Ox00 | O0x00 |0 1 0 0 1 0 0 O
3200AN 22 22 24 26 28 0 0 O
32008 Next valid CL 22 22 26 26 28 0 0 O
3200BN 22 22 26 26 28 0 0 O
3200C 22 22 28 28 28 0 0 O

Speed Bin DDR5-3200AN DDR5-3200B DDR5-3200BN DDR5-3200C
CL-nRCD-nRP 24-24-24 26-26-26 26-26-26 28-28-28 Unit
Parameter Symbol min max min max min max min max
Read command to first data tAA 15.000 22.222 16.250 22.222 16.250 22.222 17.500 22.222 ns
Activate to Read otrir\;V:te command delay tRCD 15.000 16.250 16.250 17.500 ns
Row Precharge time tRP 15.000 16.250 16.250 17.500 ns
5% 5% 5% 5x*
tREFI1 tREFI1 tREFI1 tREFIM
Activate to Precharge command period tRAS 32.000 (Nor,m) 32.000 (Nor,m) 32.000 (Nor,m) 32.000 (Nor,m) ns
tREFI2 tREFI2 tREFI2 tREFI2
(FGR) (FGR) (FGR) (FGR)
Activate to Activate or Refresh command tRC
. (tRAS 47.000 48.250 48.250 49.500 ns
period +RP)
CAS Write Latency CWL CL-2 nCK
A tRCDmin
tAAI " Read .
Speed Bin® m;n tRPmin efz Supported Frequency Down Bins
(ns) (ns)® CL
- 20.952 - 22 tCK(AVG) 0.952 1.010 0.952 1.010 0.952 1.010 0.952 1.010 ns
3200C 17.500 17.500 28 tCK(AVG) 0.625 0.681 0.625 0.681 0.625 0.681 0.625 0.681 ns
3200BN,B 16.250 16.250 26 tCK(AVG) 0.625 0.681 0.625 0.681 0.625 0.681 RESERVED ns
2200 AN 415 000 415 000 24 tOK AV Ial ﬁ’ﬁ r\ﬁ1 w o
Supported CL 22,24,26,28 22,26,28 22,26,28 22,28 nCK

This figure is reproduced, with permission,
from JEDEC document JESD79-5B, table 273.

Each DDRS5 speed bin may support a different set of CAS latencies (tAA + tCK)

Flash Memory Summit

After the calculation of CAS latency via the rounding algorithm, the BIOS needs to round up to the next supported CAS latency

The CL masks are also provided in the SPD (bytes 24-28)

©2023 Flash Memory Summit. All Rights Reserved
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(Common): SPD Revision for Module Information
Byte 192 (0x0CO0)

Read & Parse

Module revision is distinct from SPD
base revision, minimizing BIOS work
when things change

Common Flash Memory Summit

Module Data

Device Types
Bit 7 Bit6 Bits 5~ 4 Bits 3~ 0
.
Device Devices Installed Reserved Device Type Devices common to
Block R Descrioti 0= Not installed 0000: SPD5118 (see JESD300-5)
oc| ange escription SPD - 0001: ESPD5216 (see JESD316-5) I I d I
N N 1= Installed All other codes reserved a m o u e ty pe s
0 0~63 0x000~0x03F Base Configuration and DRAM Parameters
1 64~127 0x040~0x07F | Base Configuration and DRAM Parameters PMIC O 0= Not installed
1 = Installed Reserved; must be
= SSe=oNaEn Ao atarea coded as 0 0000: PMIC5000 (see JESD301-1)
- PMIC 1 0 = Not installed Reserved. Must | 0001: PMIC5010 (see JESD301-1) .
192~239 0x0CO~0x0EF Common Module Parameters -- See annex A.0 for details 1 = Installed be coded as 00 | 0010: PMIC5100 (see JESD301-2) I n CI u d | ng so I d e r
2 70~ = ST aT o P AT AT et e S ee AT A X ToT OeTaTS All other codes reserved
0~200 OXODO~OROT T | o = . I 0= Not installed
256~319 | 0x100~0x13F | Standard Module Parameters -- See annexes A x for details 1= Installed d own
320~383 0x140~0x17F Standard Module Parameters -- See annexes A x for details Thermal 0 =TSO Not installed | 0 = TS1 Not installed ggggf gg} 1; Ez:z jgggggijz
384~447 | 0x180~0x1BF | Standard Module Parameters — See annexes A.x for details Sensors 1=TS0lnstalled | 1=TS1 Installed All other codes reserved This figure is reproduced, with permission,
. 448~509 0x1CO~0x1FD Reserved for future use from JEDEC document JESD400-5, section A.O.

510~511 0x1FE~Ox1FF | CRC for SPD bytes 0~509
512~575 0x200~0x23F Manufacturing information

9 576639 | 0x240~0x27F | Manufacturing information QxCS$1_A_n -
10 | 640~703 | O0x280~0x2BF | End User Programmable Confi gu ration of
11 704~767 | 0x2CO~Ox2FF | End User Programmable — ——
12 768~831 | 0x300~0x33F | End User Programmable D R A M S i nto c h anne | S
. a Controller/ All DRAMS Controller/
13 832~895 | 0x340~0x37F | End User Programmable Registering | First Type, SPD byte 4~7 R:;i;fer?; g é\_u [t)RAMSSPD brtos 47
14 | 896-950 | 0x380~Ox3BF | End User Programmable and su bc h anne | S Clock Driver Cloik Driver | First Type, SPD bytes
15 960~1023 | 0x3C0~O0x3FF | End User Programmable QxC$1_B_n

i

QxCS0_B_n QxCS0_B_n m

SPD does not have a code for Capacity in bytes =

) . Number of sub-channels per DIMM * THls Sl s e roduce e
module capacity; this is Primary bus width per sub-channel / SDRAM I/0 Width * rom EDECorument S0 section A0
Die per package *
calcqlated.from the module SDRAM density per die / 8 *
configuration Package ranks per sub-channel
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(Common): SPD Revision for Module Information

Common section: Module SPD revision

Devices unique to

the module type

Read & Parse

Module

Specific Data

Flash Memory Summit

Module Specific Device Types
Bit7 Bit6 Bits5~4 Bits3~0
Device Devices Installed Reserved Device Type
0000: DDR5RCDO1 (see JESD82-511)
o _ . 0001: DDR5RCDO02 (see JESD82-512)
gﬁs;‘e;'é%cmk ? - ng’l‘lzz""e“ 0010: DDRSRCDO3 (see JESD82-513)
( ) B . 0011: DDR5RCD04 (see JESD82-514)
Reserved; Reserved.
All other codes reserved
must be Must be
0=Notinstalleq | c09edas0 | codedas00 4040 porepgoq (see JESDB2-521)
(RDIMM) 0001: DDR5DB02 (see JESD82-522)
Data Buffers (DB) 1= Installed All other codes reserved
(LRDIMM) RDIMM: code as 0000

Optimal driver settings for this
vendor’s implementation

This figure is reproduced, with permission,
from JEDEC document JESD400-5, section A.3.

Bits 3~0
Base Module Type
ooy R Byte 192 (0x0C0)
0010: UDIMM
0011: SODIMM
0100: LRDIMM
0101: Reserved
0110: Reserved
0111: Reserved
1000: Reserved
1001: Reserved
1010: DDIMM .
1011: Solder down =~ .
Base section: Module type
1101: Reserved
1110: Reserved
1111: Reserved
Block Range Description
0 0~63 0x000~0x03F Base Configuration and DRAM Parameters
1 64~127 0x040~0x07F Base Configuration and DRAM Parameters
2 128~191 0x080~0x0BF Reserved for future use
192~239 0X0CO~0x0EF Common Module Parameters -- See annex A.0 for details
5 —
240~255 0x0DO~0x0FF Standard Module Parameters -- See annexes A.x for details
256~319 0x100~0x13F Standard Module Parameters -- See annexes A.x for details
320~383 0x140~0x17F Standard Module Parameters -- See annexes A.x for details
384~447 0x180~0x1BF Standard Module Parameters -- See annexes A.x for details
4 248~500 OX1CO~OX1F D Reserved for future use
510~511 Ox1FE~Ox1FF CRC for SPD bytes 0~509
8 512~575 0x200~0x23F Manufacturing information
9 576~639 0x240~0x27F Manufacturing information
10 640~703 0x280~0x2BF | End User Programmable
" 704~767 0x2C0~0x2FF End User Programmable
12 768~831 0x300~0x33F End User Programmable
13 832~895 0x340~0x37F End User Programmable
14 896~959 0x380~0x3BF End User Programmable
15 960~1023 0x3C0~0x3FF End User Programmable

CKD-RWO02: QCK Driver Characteristics

©2023 Flash Memory Summit. All Rights Reserved

Bits 7~ 6

Bits 5~4

Bits 3~2

Bits 1~0

CHB
QCK_1_B_t/QCK_1_B_c

CHB
QCK_0_B_t/QCK_0_B_c

CHA
QCK_1_A_t/QCK_1_A_c

CHA
QCK_0_A_t/QCK_0_A_c

00 = Light Drive
01 = Moderate Drive

10 = Strong Drive
11 = Weak Drive

00 = Light Drive
01 = Moderate Drive

10 = Strong Drive
11 = Weak Drive

00 = Light Drive
01 = Moderate Drive

10 = Strong Drive
11 = Weak Drive

00 = Light Drive
01 = Moderate Drive

10 = Strong Drive
11 = Weak Drive

This figure is reproduced, with permission,
from JEDEC document JESD400-5, section A.3.
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Optional in the User Area: standard error logging

This tracks module issues even if the module is moved
to another system

Flash Memory Summit

Bytes Field Meaning
n~n+3 Anchor Anchor String to identify the beginning of an error log
n+4 Header Error Type
n+5~n+13 Address Error Location
n+14~n+17 Location Timestamp
Block Range Description - -
0 0~63 0x000~0x03F | Base Configuration and DRAM Parameters n+18 Refresh Highest DRAM Refresh Settings on the Module This figure is reproduced, with permission
1 64~127 0x040~0x07F | Base Configuration and DRAM Parameters n+19 ~n+20 | Temperature | Module Measured Temperature from JEDEC document JESD400-5, section 19.1.
2 128~191 0x080~0x0BF Reserved for future use
- n+21 ~ n+23 Reserved Reserved for future use
3 192~239 0x0CO0~0x0EF Common Module Parameters -- See annex A.O for details o . ) o
240~255 0x0DO~0x0FF Standard Module Parameters -- See annexes A.x for details This figure is reproduced, with permission,
- from JEDEC document JESD400-5, section 19.1.
256~319 0x100~0x13F Standard Module Parameters -- See annexes A.x for details -
320~383 0x140~0x17F Standard Module Parameters -- See annexes A.x for details Error Location
384~447 0x180~0x1BF Standard Module Parameters -- See annexes A.x for details Byte Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0
. 448~509 0x1CO~0x1FD | Reserved for future use n+5 Reserved Reserved CPU2 CPU1 CPUO Reserved CPUMC3 CPUMC2
510-511 | OXIFE-OX1FF | CRC for SPD bytes 0-509 n+6 CPUMC1 | CPUMCO | Reserved DIMM CSOAn | CSIAn | CSOBn | CS1Bn
512~575 0x200~0x23F Manufacturing inf i
i andlaciuring informarton n+7 Reserved PAR CID3/R17 D2 CID1 CIDO BG2 BG1
_ 576639 _|_0x240-0:27F | Manufaeluing informalion
10 640~703 0X280-0x2BF | End User Programmable n+8 BGO BA1 BAO R16 R15 R14 R13 R12
I 704~767 | 0x2C0~Ox2FF | End User Programmable n+9 R11 R10 RS R8 R7 R6 RS R4
12 768~831 0x300~0x33F End User Programmable n+10 R3 R2 R1 RO C10 (6°] c8 c7
13 832~895 0x340~0x37F End User Programmable n+11 c6 c5 ca Cc3 DQS9A n DQS8A_n DQS7A_n DQS6A_n
4 | 896-959 | 0x380~0x3BF | End User Programmable n+12 DQS54_n | DQS4A_n | DQS3A n | DQS2A_n | DQSIA n | DQSOA_n | DQS9B_n | DQSS8B_n
\ 15 960~1023 0x3C0~0x3FF End User Programmable
n+13 DQS7B_n DQS6B_n DQS54 n DQS4B_n DQS3B_n DQS2B_n DQS1B_n DQSOB_n
Timestamp
End user data Byte Bit7 Bite |  BitS Bita | Bit3 Bit 2 Bitl | Bit0
H H n+14 Year Month MSb
Is not write n+15 Month LSb | Day | Hour MSb
n+16 H LSb Minute MSbh
protected | inute
n+17 Minute LSb | Second
This figure is reproduced, with permission,
. . rom JEDEC document JESD400-5, section 19.1. .
©2023 Flash Memory Summit. All Rights Reserved f Slide 73 wgouLey



3200AN| 3200B |3200BN| 3200C 3600AN| 3600B (3600BN| 3600C 4000AN | 4000B | 4000BN | 4000C
Mono | Mono | Mono | Mono Mono | Mono | Mono | Mono Mono Mono Mono Mono
CL Algorithm 24 26 26 28 26 30 30 32 28 32 32 36
CL in nCK 24 26 26 28 26 30 30 32 28 32 32
RCD in nCK 24 26 26 28 26 30 30 32 28 32 32 35
RP in nCK 24 26 26 28 26 30 30 32 28 32 32 35
CL per spec 24 26 26 28 26 30 30 32 28 32 32 36
NRCD per spec 24 26 26 28 26 30 30 32 28 32 32 35
NnRP per spec 24 26 26 28 26 30 30 32 28 32 32 35
CL pre-mask 24 26 26 28 26 30 30 32 28 32 32 35
3200AN| 3200B |3200BN| 3200C 3600AN| 3600B (3600BN| 3600C 4000AN | 4000B | 4000BN | 4000C
Mono | Mono | Mono | Mono Mono | Mono | Mono | Mono Mono Mono Mono Mono
tCKmin| 0.625 | 0.625 | 0.625 | 0.625 0.555 | 0.555 | 0.555 | 0.555 0.500 0.500 0.500 0.500
tCKmaj 1.010 | 1.010 | 1.010 | 1.010 1.010 | 1.010 | 1.010 | 1.010 1.010 1.010 1.010 1.010
tAA| 15.000 | 16.250 | 16.250 | 17.500 14.444 | 16.250 | 16.666 | 17.500 14.000 | 16.000 | 16.000 | 17.500
tRCD| 15.000 | 16.250 | 16.250 | 17.500 14.444 | 16.250 | 16.666 | 17.500 14.000 | 16.000 | 16.000 | 17.500
tRP| 15.000 | 16.250 | 16.250 | 17.500 14.444 | 16.250 | 16.666 | 17.500 14.000 | 16.000 | 16.000 | 17.500
tRAS| 32.000 | 32.000 | 32.000 | 32.000 32.000 | 32.000 | 32.000 | 32.000 32.000 | 32.000 | 32.000 | 32.000
tRC| 47.000 | 48.250 | 48.250 | 49.500 46.444 | 48.250 | 48.666 | 49.500 46.000 | 48.000 | 48.000 | 49.500
tWR[ 30.000 | 30.000 [ 30.000 [ 30.000 30.000 | 30.000 | 30.000 | 30.000 30.000 | 30.000 | 30.000 | 30.000
tCKmin (ps) 625 625 625 625 555 555 555 555 500 500 500 500
tCKmin low| 0x71 0x71 0x71 0x71 0x2B | 0x2B | 0x2B | 0x2B 0xF4 0xF4 0xF4 O0xF4
tCKmin high] 0x02 | 0x02 | 0x02 | 0x02 0x02 | 0x02 | 0x02 | 0x02 0x01 0x01 0x01 0x01
tCKmax (ps)l 1010 | 1010 | 1010 1010 1010 1010 | 1010 1010 1010 1010 1010 1010
tCKmax lo 0xF2 0xF2 0xF2 0xF2 0xF2 0xF2 0xF2 0xF2 0xF2 0xF2 0xF2 0xF2
tCKmax high] 0x03 | 0x03 | 0x03 | 0x03 0x03 | 0x03 | 0x03 | 0x03 0x03 0x03 0x03 0x03
tAA (ps)| 15000 | 16250 | 16250 | 17500 14444 | 16250 | 16666 | 17500 14000 | 16000 | 16000 | 17500
tAA low| 0x98 | Ox7A | O0x7A | 0x5C 0x6C | 0x7A | Ox1A | 0x5C 0xB0 0x80 0x80 0x5C
tAA high| 0x3A | O0x3F | O0x3F | 0x44 0x38 | Ox3F | 0x41 0x44 0x36 0x3E 0x3E 0x44
tRCD (ps) 15000 | 16250 | 16250 | 17500 14444 | 16250 | 16666 | 17500 14000 | 16000 | 16000 | 17500
tRCD Iov_vi 0x98 | Ox7A | 0x7A | 0x5C 0x6C | O0x7A | 0x1A | 0x5C 0xB0 0x80 0x80 0x5C
tRCD high| 0x3A | 0x3F | Ox3F | 0x44 0x38 | Ox3F | 0x41 0x44 0x36 0x3E 0x3E 0x44
tRP (ps)| 15000 | 16250 | 16250 | 17500 14444 | 16250 | 16666 | 17500 14000 | 16000 | 16000 | 17500
tRP low] 0x98 | O0x7A | 0x7A | 0x5C 0x6C | 0x7A | Ox1A | 0x5C 0xB0 0x80 0x80 0x5C
tRP high] 0x3A | 0x3F | Ox3F 0x44 0x38 | O0x3F 0x41 0x44 0x36 0x3E 0x3E 0x44
tRAS (ps)| 32000 | 32000 | 32000 | 32000 32000 | 32000 | 32000 | 32000 32000 | 32000 | 32000 | 32000
tRAS Io% 0x00 | 0x00 | 0x00 | 0x00 0x00 | 0x00 | 0x00 | 0x00 0x00 0x00 0x00 0x00
tRAS high| 0x7D | 0x7D | 0x7D | 0x7D 0x7D | 0x7D | 0x7D | 0x7D 0x7D 0x7D 0x7D 0x7D
tRC (ps)| 47000 | 48250 | 48250 | 49500 46444 | 48250 | 48666 | 49500 46000 | 48000 | 48000 | 49500
tRC low| 0x98 | Ox7A | 0x7A | 0x5C 0x6C | O0x7A | Ox1A | 0x5C 0xB0 0x80 0x80 0x5C
tRC high| 0xB7 | 0xBC | 0xBC | 0xC1 0xB5 | 0xBC | OxBE | 0xC1 0xB3 0xBB 0xBB 0xC1
tWR (ps)| 30000 | 30000 | 30000 | 30000 30000 | 30000 | 30000 | 30000 30000 | 30000 | 30000 | 30000
tWRlow| 0x30 | 0x30 | 0x30 | 0x30 0x30 | 0x30 [ 0x30 | 0x30 0x30 0x30 0x30 0x30
tWR high| 0x75 | 0x75 | 0x75 | 0x75 0x75 | 0x75 | 0x75 | 0x75 0x75 0x75 0x75 0x75
3200AN| 3200B |3200BN| 3200C 3600AN | 3600B |3600BN| 3600C 4000AN | 4000B | 4000BN | 4000C
Mono | Mono | Mono | Mono Mono | Mono | Mono | Mono Mono Mono Mono Mono
RAS in nCK 52 52 52 52 58 58 58 58 64 64 64 64
RC in nCK 75 77 77 79 84 87 88 89 92 96 96 99
WR in nCK 48 48 48 48 54 54 54 54 60 60 60 60

©2023 Flash Memory Summit. All Rights Reserved

Flash Memory Summit

SPD Calculation Spreadsheet

Pre-calculates the hexadecimal codes needed for all
DDRS5 speed bins, monolithic, DDP, and 3DS

These values are great for calculating the impact of
downbinning (running a fast memory slower than the
maximum frequency)

This is only posted and maintained on the JEDEC
member’s page, however it is allowed to be shared with

customers

Ask for it from your supplier if you need it!
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Module routing rules

Reference planes
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SODIMM: Small Outline Dual In-Line Memory Module

i ]
E E
| [ §
] ]
i i
T i
| ¥

30.0 mm

L ew e
L .

69.6 mm

— -

Data Addr Data

JESD309 common specification

5V PMIC supply voltage

* Two 32- or 36-bit subchannels

 x8 or x16 SDRAMs (half of x8 ignored on ECC lane)
* Single data rate address/command bus

* One or two ranks supported (with DDP)

©2023 Flash Memory Summit. All Rights Reserved

M

Flash Memory Summit

* Right-angle sockets for low profile

JESD309

DDRS5 Small Outline Dual Inline Memory Module (SODIMM) Common Specification

JESD309-S0-RCA

DDRS5 Small Outline Dual Inline Memory Module
(SODIMM) Raw Card A Annex

1Rx8, 2 channel x 32b/ch

JESD309-S0-RCB

DDRS5 Small Outline Dual Inline Memory Module
(SODIMM) Raw Card B Annex

2Rx8, 2 channel x 32b/ch

JESD309-S0-RCC

DDRS5 Small Outline Dual Inline Memory Module
(SODIMM) Raw Card C Annex

1Rx16, 2 channel x 32b/ch

JESD309-54-RCD

DDRS5 Small Outline Dual Inline Memory Module with
4-bit ECC (EC4 SODIMM) Raw Card D Annex

1Rx8 ECC, 2 channel x 36b/ch

JESD309-54-RCE

DDRS5 Small Outline Dual Inline Memory Module with

4-bit ECC (EC4 SODIMM) Raw Card E Annex

2Rx8 ECC, 2 channel x 36b/ch
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UDIMM: Unbuffered Dual In-Line Memory Module

panadlbennm

JESD308 common specification

5V PMIC supply voltage

* Two 32- or 36-bit subchannels

 x8 or x16 SDRAMs (half of x8 ignored on ECC lane)
* Single data rate address/command bus

* One or two ranks supported with monolithics

©2023 Flash Memory Summit. All Rights Reserved

M

Vertical sockets are typical for motherboards

JESD308

DDRS Unbuffered Dual Inline Memory Module (UDIMM) Common Specification

JESD308-U0-RCA

DDRS5 Unbuffered Dual Inline Memory Module
(UDIMM) Raw Card A Annex

1Rx8, 2 channel x 32b/ch

JESD308-U0-RCB

DDRS5 Unbuffered Dual Inline Memory Module
(UDIMM) Raw Card B Annex

2Rx8, 2 channel x 32b/ch

JESD308-U0-RCC

DDRS5 Unbuffered Dual Inline Memory Module
(UDIMM) Raw Card C Annex

1Rx16, 2 channel x 32b/ch

JESD308-U4-RCD

DDRS5 Unbuffered Dual Inline Memory Module
with 4-bit ECC (EC4 UDIMM) Raw Card D Annex

1Rx8 ECC, 2 channel x 36b/ch

JESD308-U4-RCE

DDRS5 Unbuffered Dual Inline Memory Module

with 4-bit ECC (EC4 UDIMM) Raw Card E Annex

2Rx8 ECC, 2 channel x 36b/ch
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RDIMM: Registered Dual In-Line Memory Module

31.25 mm

G

©2023 Flash Memory Summit. All Rights Reserved
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JESD305 common specification

12V PMIC supply voltage

Two 36- or 40-bit subchannels

x4 or x8 SDRAMs

Double data rate skinny address/command bus
One or two ranks supported

JESD305

DDR5 Load Reduced (LRDIMM) and Registered Dual Inline Memory Module (RDIMM) Common

Specification

JESD305-R8-RCA

DDR5 Registered Dual Inline Memory Module with 8-bit
ECC (EC8 RDIMM) Raw Card A Annex

2/4/8/16Rx4, 2 channel x 40b/ch

JESD305-R4-RCB

DDR5 Registered Dual Inline Memory Module with 4-bit
ECC (EC4 RDIMM) Raw Card B Annex

2/4/8/16Rx4, 2 channel x 36b/ch

JESD305-R8-RCC

DDR5 Registered Dual Inline Memory Module with 8-bit
ECC (EC8 RDIMM) Raw Card C Annex

1/2/4/8Rx4, 2 channel x 40b/ch

JESD305-R8-RCD

DDR5 Registered Dual Inline Memory Module with 8-bit
ECC (EC8 RDIMM) Raw Card D Annex

1Rx8, 2 channel x 40b/ch

JESD305-R8-RCE

DDR5 Registered Dual Inline Memory Module with 8-bit
ECC (EC8 RDIMM) Raw Card E Annex

2Rx8, 2 channel x 40b/ch

JESD305-R4-RCF

DDRS5 Registered Dual Inline Memory Module with 4-bit
ECC (EC4 RDIMM) Raw Card F Annex

Slide 78
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- I I I I I I I POR2 I I I Flash Memory Summit

1 CH, 4 DPC, 2R/D, 256Mb = 4 GB 2 CH, 3 DPC, 2R/D, 1 Gb =24 GB

Increasing frequency is
slowing DIMM improvements J

3 CH, 2 DPC, 2R/D, 4 Gb =96 GB

CH = channel
DPC = DIMMs per channel
R/D = ranks per DIMM

8 CH, 1 DPC, 2R/D, 16 Gb =512 GB

Assumes no 3DS

©2023 Flash Memory Summit. All Rights Reserved
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3DS to the Rescue! Flash Memory Summit

CID 15

CID 1 i
CID O

We can stack 16 DRAMs in one package!

16 x 16 Gb dies = 32 GIGABYTES per stack!
Hooray!

That 64 GB DIMM suddenly becomes a 1 TB DIMM!
Thin the die to expose through-silicon vias (TSVs)!
Microbump or high density interconnect them!
The bottom die will proxy the stack for only 1 load!

Almost too good to be true!
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: : Flash Memory Summit
| i | Reality check on 3DS

1  The middle dies get really, really hot

109 °C 11] 85 °C « Compound die yield is a problem

I I * 97% yield per die is nice

1 * 0.97'%=61% yield
: : * And this assumes all die speed
| | bin equivalently fast

* Manufacturability of 3DS continues
to drag

e Refreshing 16 die? Really???
 3DS dropped to 8 die, then to 4 die,
then...

3DS is giving way to dual die package (DDP)

e Simpler assembly using more standard
methods such as redistribution layers | |

* Die thinning is optional

* Requires new logic support

©2023 Flash Memory Summit. All Rights Reserved Slide 81 WwJoOLLey



Extended
Memo

(1MB ancﬂjp]

HMA (High Memory Area)

UMA (Upper
Memory Area
(640K to 1TMB)

Drivers & TSRs

Conventional
Memo
(0-640

RANGE OF DOS

Regular DOS
Applications

DoOsS COMMAND.COM

Page frame ]...____-_

For more details
on addressing
and the UMA, see
PC memory map

Expanded
Memory
(EMS)

]

EMS memory is bank
switched into the UMA
through areserved area
called the page frame.

©2023 Flash Memory Summit. All Rights Reserved
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Flash Memory Summit

Memory Expansion is Not New
In the 1980s, Expanded and Extended Memory were
common methods to grow the memory footprint of a PC

beyond the CPU limits

Real time operating systems running on such systems
had to comprehend the differences in access times
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Memory Pooling is Also Not New

Non-Uniform Memory Architectures (NUMA) have been
common ways to pool memory resources

Buses such as HyperTransport and Quick Path
Interconnect have been around for decades

These NUMAs created a tier of resources
* Fastest memory attached to CPU

* Slower memory one hop away

* Slowest memory two hops away

Smart software adjusted data location based on access
latency

©2023 Flash Memory Summit. All Rights Reserved
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Flash Memory Summit

As CPUs grew hungrier
£

Core

e

L3 Cache & Chip Interconnect
Core 1 Core 2 Core N
Logical | Logical Logical | Logical Logical | Logical
CPU CPU CPU CPU CPU CPU
Memory Order Memory Order Memory Order
Buffer Buffer . Buffer
L1 L1 L1
" § EESN L2 L2 ! L2
L3

Memory solutions grew deeper
and more complex
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-""f — Medin Madiile Sed® \‘.\\:edh Module
‘ -§+ sl
s N "
- i = s e v et e : Flash Memory Summit
-] = e DEs Fabric Wars
Mesnges Fackets Frocesor * Sl Media Meduke
| = o Fempl (e e : . .
| ?;a M_ i _( “E— e Proprietary fabrics emerged for resource sharing,
] e e Al Jeats } ‘. [mﬁ: however lack of standardization limited the audience
— k—(mkmﬂhbﬂr THEAN = Ib:uﬂb:(f;-u;.

CXL Big Bang
Wide adoption of CXL allows for

standardization and commoditization
of expansion resources and sharing

©2023 Flash Memory Summit. All Rights Reserved

CXL 3.0: MULTIPLE DEVICES OF ALL TYPES PER ROOT PORT

@ Muttiple switch levels
(aka cascade)
« Supports fanout of
all device types

@ Each host's root port
can connect to more
than one device type

o o oL e cxL. o oL o
1 [} 1
- Memory ~ Memory  Memory u Memory

i e

Type 1or Type 3 Devices Type2  Typel  Type2  Type3
Devi Devi D Devi

o
| \
03

| - -

- - .
: FABRICS OVERVIEW

CXL_?>.0 CXL 3.0: FABRICS EXAMPLE USE CASE

--M -
,’_’l
'
'
! [ ‘j

B _

CXL 3.0 Fabric Architecture
+ Interconnected Spine Switch
System
Leaf Switch NIC Enclosure
Leaf Switch CPU Enclosure
it
'
-
]

@ CXL 3.0 enables non-tree =
architectures
Each node can be a CXL
Host, CXL device or PCle
device

Sn'ldy‘

ﬂ'

T
'
(R
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Why Put DRAM on CXL? m

DDR5 = 1 DIMM/channel CXL enables nearly unlimited Flash Memory Summit
DRAM stalls at 32Gb memory expansion
Al demands more memory Memory pooling allows

Sales team whines about = unused memory to be
having nothing to sell _

reallocated

Not to be rude, but
what choice do you
really have?
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Host VD iz Flash Memory Summit
Nodes Wl vt VM3 VM5
I I I I
| CXL Switch | CXL Unifies the Fabric
CXL-Enabled Memory Node
CXL Controller _ _ _

DRAM Translation Layer (DTL) CXL is PCle based and therefore inherits some of the
. Address Translation features and Ilm.ltatlons of a protocol that supports 1/O or
fOCeSSOr memory expansion

P DRAM Power Management
Memory Controller ” Lfegacy. software onIY had'fll.esystems to implement
virtualization — DAX is assisting movement towards a

DRAM unified addressing structure, but...

o o o (@]

X X . .

< E = c ..is DAX stalled with the death of Optane?

v X ha X

1 Il < 0= Wl< ...Will CXL semantics breathe new life into a unified memory
! Idle ranks enter DRAMJow-power states | model?

!' ----------- T - -——======-===- TS —_—_— T1-—=-—=—=====—"=-===- ‘I

Cho Ch 1 Ch 2 Ch3

https://dl.acm.org/doi/abs/10.1145/3579371.3589051
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Host Flash Memory Summit

Nodes Wl it [\/M3 ] VIV
I I I I
U\ LT TAVICU IVIUIIIUIy NOUJUC
CXL Controller _ _ _ _
DRAM Translation Layer (DTL) CXL switches are likely going to be the next “fabric war” as
. Address Translation it fragments into dumb hubs versus highly intelligent
ICro- ”
fOCeSSOr controllers
P DRAM Power Management
Memory Controller ” A big hole in CXL 3.0 is the lack of definition of a “fabric
manager”
DRAM

o o o o For now, except in a few places, we can ignore the switch
X X X X

C c c C

© © © ©

v X ha X
i |dle ranks enter DRAM fow-power states ;
!' ___________ T - -——======-===- TS —_—_— T1-—=-—=—=====—"=-===- ‘I

Cho Ch 1 Ch 2 Ch3

https://dl.acm.org/doi/abs/10.1145/3579371.3589051
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Relative Performance m

CXL Memory Flash Memory Summit

CXL

switch
CXL Memory

CXL
switch

CXL Memory

DRAM DIMM direct
DRAM DIMM NUMA 1 hop
DRAM DIMM NUMA 2 hops
DRAM CXL direct
DRAM CXL 1 hop

DRAM CXL 2 hops
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Anatomy of a CXL to DRAM Bridge m

Flash Memory Summit
EFRER FRREE FERRE DR cossoosoovriesendreass

CXL is a non-deterministic protocol
which allows the CXL module to
operate independently

DDR5 Channel 0 DDRS5 Channel 1 * Refresh
* Error check scrub
CXL DDRS5 Controller * Post-package repair
PCle/CXL Port CXL 3+ incorporates some additional

functions such as coherency

©2023 Flash Memory Summit. All Rights Reserved Slide 90 wgjgouey
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CXL 3.0: POOLING & SHARING Flash Memory Summit

It’s a Brave New World with CXL Memory

CXL memory modules may be dedicated to a single
processor

CXL memory modules may be allocated in chunks to
different processors

CXL memory modules may be shared by multiple
processors

But What About Cache Coherency Via Back Invalidation?

Someone smarter than me needs to explain how back invalidation works if
a CXL memory region is shared by a random number of CPUs...
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Latency Aware Software

Drivers, e.g., Memory Latency Checker

Operating systems measure the access latency of the
various memory regions, categorize them

Measuring idle latencies [(in ns)...
Memory node
|‘

5
5

MLC (Memory Latency Checker) Results

25
20
15
10
5
0

Throughput (GB/S)

ALL Reads 3:1 Reads- 2:1 Reads- 1:1 Reads- Stream-triad
Writes Writes Writes like
Workload Types
HDDR5 Only 1 CXL Only B DDR+CXL Memory Machine Auto-Tiering

©2023 Flash Memory Summit. All Rights Reserved

Hypervisors, e.g., MemVerge

Flash Memory Summit

Runtime monitoring of system resource utilization and
characterization of hot/warm/cold data

. GFAM Orchestrator & Fabric
Manager

Data .
SR
Memory Prowsmnlng &
Capac'ty OPtIMIzatlon

. Memory Machine o :\;Iemory
lewer

Memory Memory Memory App profiler
Snapshot Tiering Sharing
Transparent Memory Service )

Hardware API Integration

Operating Systems

Operating System

Pool Server

CXL Switch
— U i
—\ Uy
IO - (T
Memory Pool

Computing Hosts

Operating System Support

Linux kernel support memory hotplug & hotremove today
Need Dynamic Capacity Driver in Linux kernel
Policy should be implemented in userspace
o When to request memory (hotplug)
o When to release memory (hotremove)
0S improvement to make hotplug & hotremove faster (keep region map, ...)
0S improvement to avoid memory pinning (which block hotremove)

o Linux kernel already have some of that (zone movable comes with tradeoff)

Slide 92
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EES2 Flash Memory Summit

U.S. DEPARTMENT OF

ENERGY

Office of

ENERGY EFEFICIENCY &

RENEWABLE ENERGY

ADVANCED MATERIALS & .-.
MANUFACTURING ] ‘

TECHNOLOGIES OFFICE W ."..n

HEFFICIENCY
SCALING

Designing for energy efficiency is a growing concern

- “Total Cost of Ownership” partially encompasses this

1 oy B ‘ Sandia OAK
intel (infineon ﬁ s TIPTEK 7. () B, ¥RinGe

% Northwest National Laboratory
Corporation PATINAL L orarons BERKELEY

AAAAA I LAB
5 AMD{1 T, W
Microsoft Techsaarch e il &1 a2
ICFOSOITL N " r:cnationatl FI,-\UU’-\UE National (™ | N o\ 3

Z®, U.S. DEPARTMENT OF Labor?towArgNOngnﬁxg 5B
Yy arm @ENERGY s 25

oesaen
synopgys’Acron E-=c-CEg N o

EEEEEEEEEEEE
EEEEEEEEEEEEEEEEEEEE
cadence SLIGID

Aligned P
e R @) ceoen @Newrere (][

/X’B\%\ 2 N )

E 1 .

BR @ Metis (/

N Iu ,Dﬂk@ Silicon Moo
Sy 0" St

Microsystems

\\\\\\\
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1000 == PLANETARY HUMAN ENERGY PRODUCTIO
|

2 100

<

w

=

E — .

— -~ Ell:li"rgllé\r}CY

O e Sea o DOUBLING

> -

)

-

% .

Lt | |

I I 1 |
2000 2010 2020 2030 2040
ol 1030
o o5notpretes_, 40— 5o
8000 m Networks (wireless and wired) SNy R Internet: routing 20n)
7000 Fmpz:t,;'ﬁwdfvzgs E,‘ﬁ':"‘s‘)""s' Internet: optical WDM links 3n)
computers, mobile nes H
6000 Wi painds Reading DRAM : 5pJ
o Communicating off chip 1-20p)
Data link multiplexing and timing circuits ~2p)
0 Communicating across chip 600 fJ
3000 Floating point operation 100f)
2000 Energy in DRAM cell 10f)
o Switching CMOS gate ~50aJ) - 3f)
1 electron at 1V, or
. 0.16aJ (160z)
2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030 1 photon @1eV i )
Source: www.nature.com | most energy is used for communications, not logic |
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Flash Memory Summit

On the current trajectory of energy
use versus energy production,

THESE CROSS OVER IN 2055

EES2 program goal is 1000X
improvement in energy efficiency
over the next 20 years

This program is not US-centric
All countries are invited to
participate

This program is tied into the US
CHIPS Act funding
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Energy in Joules per
Bit or Instruction or Application
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10° to 1015

1018 to 1021

27 to 36 orders

of magnitude
(From Algorithms
to Atoms}

M

Flash Memory Summit

Part of the looming energy
crisis is fundamental
inefficiencies of
applications and
programming languages

Python programming is
orders of magnitude less
energy efficient than C
programming (ChatGPT is
Python-based)

Cryptocurrency in
particular consumes 20.5%
of world energy resources

already
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Education is needed

©2023 Flash Memory Summit. All Rights Reserved
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Flash Memory Summit

System OEMs need to agree this crisis is costing them
Total cost of ownership analyses need to account for power costs
Suppliers need to agree there are solutions to this problem
Standards bodies need to participate
Government support for these changes is essential

Universities need to engage to get the next generation involved
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Flash Memory Summit
Recognize the changing US demographics

br[dge to connect Goal is to enhance career skills & opportunities for

Education non-profit students from first-in-family @ college backgrounds

Mentoring university students in STEM

EES2 i
Member of EES2 Connect students to EES2 program (projects, posters, etc)

29%
17%

. e . {BRDG

m Hispanic Origin o .
|

m Asian, Native Hawaiian, sox
and Pacific Islander

W Two or More Races

|
1
I
I
10% .
|
1
I
I

60%
——
o B| ack 50% Less Engaged | Enthused "Social Artists STEM Devotees Individualists
Lower levels = Unfocused |Socia1]y conscious Focused achievers, Courageous
of engagement | Lots of interests =and creative likely to continue innovators who
00 with subject B but lacking 1 with STEM want to get
i 3 1 clear alignment . things done
® American Indian and . .
¥ 30% Interested in Engineering |
Alaska Native 1 .
0% . i I
m White 1 "
34% " 63% 30% 59% 39%
10% 1 -
. |
Source:U.5. Census Bureau, 2014 National  O% 1 |

Population Projections, December 2014.

https://www.imeche.org/policy-and-press/reports/detail /five-tribes-
personalising-engineering-education
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Flash Memory Summit

Let’s make a difference

* Mentor
e Coach
* Support

bridge-to-connect.org

BRDG develops students into future leaders

bridge to connect
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Power Analysis for Memory Solutions — Common Configurations

32GB
20 DRAMs Flash Memory Summit

64GB
40 DRAMs

RDIMM

16GB
10 DRAMs

32GB
20 DRAMs

CXL
E1.S

F

64GB
40 DRAMs

128GB
80 DRAMs

CXL
E3.S
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DDR5-6400 RDIMM

CXL Memory

DDR5 CXL Memory Module, E1.S

CXL Memory

DDR5 CXL Memory Module, E3.S

©2023 Flash Memory Summit. All Rights Reserved

32GB

Power =7.5W
RCD, PMIC @ 3W
20 DRAMs @ 4.5W

64GB

Power = 12W
RCD, PMIC @ 3W
40 DRAMs @ SW

16GB

Power =10.25W
CMC, PMIC @ 8W
20 DRAMs @ 2.25W

32GB

Power =12.5W
CMC, PMIC @ 8W
20 DRAMs @ 4.5W

64GB

Power =17W
CMC, PMIC @ 8W
40 DRAMs @ 9W

128GB

Power = 26W
CMC, PMIC @ 8W
80 DRAMs @ 18W

Power Util.

4.3 GB/W

5.3 GB/W

1.6 GB/W

2.6 GB/W

3.8 GB/W

4.9 GB/W

Goodness

81% m

Flash Memory Summit

100%
Metric used:
How many gigabytes do you get
29% for every watt you expend?
49%
Conclusions:
E1.S form factor is hard to justify
E3.S w/80 DRAMs close to DIMM
72% power
92%
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Performance Enhancement from Remote Direct Memory Access (RDMA) m

Flash Memory Summit

Checkpointing

Paging RDMA
and.mg Checkpointing
Tiering .
Paging
switch Loading
RDMA reduces traffic through Tiering

the CPU memory controller

Checkpointing is application CXL Memory
dependent, but 7-10% of traffic is a
reasonable estimate
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Power

IDDO

IDD1

IDD2P

IDD3P

IDD2N

IDD3N

IDD4R

IDD4W

IDD5

IDD6

IDD7

Definition
Active precharge
Active read precharge
Precharge power-down
Active power-down
Precharge standby
Active standby
Read current
Write current
Refresh
Self-refresh

Bank interleave read

©2023 Flash Memory Summit. All Rights Reserved

DDR4 mA

31

44

16

21

22

36

101

84

199

23

142

Norm
1.9
2.8
1.0
1.3
1.4
2.3
6.3
5.3

12.4
1.4
8.9

Some simplified looks:

Activate uses 11%
Precharge uses 21%

M

Flash Memory Summit

Where are we spending our power?

Refresh burns >10X idle power

Slide 103
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Optimizing DRAM power

DDR5 Channel 0 DDR5 Channel 1 Use closed page mode to avoid
active standby power penalty

CXL DDRS5 Controller

Use CKE & self-refresh for

PCle/CXL Port memory regions not used often

Use Maximum Power Saving Mode

CXL allows non-determinism, so power saving modes for DRAM not yet allocated

may be activated or disabled based on access profiles,
user configuration settings, etc.

Mode switching latency penalty need only be taken

once — what’s a microsecond when a region has not
been accessed for an hour?
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’ F

DRAM access procedure:
P Flash Memory Summit

ACTIVATE reads 8192 from core to sense amps,
destroying the contents of the core bits

512 Mb
" READ operations transfer 128 bits (x8) or 64 bits (x4)
z - from sense amps to the I/O
o
Write operations transfer 128 or 64 bits from 1/0 to
| sense ampS
PRECHARGE rewrites 8192 bits back to the core
%Of array Conclusion: Closed Page
Sense 8192 b  1.5% Mode.acce.ss. is
Amps grossly inefficient
Column Decoder %0f buffer
%0Of array
= L Columns ooom 128 b 1.5%  0.025% All bits used for x8 DRAMs
BEIE - - - - o mmanEsE 64 b 0.8% 0.012% ECC half-word needed for x4

o &
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CXL Opens the Door to CXL-Optimized Memory Designs

Standard DDR5

Open & closed page modes

1 KB page size per bank

Complex DFE for many system configurations
Complex ODT for many system configurations

64GB Power Util.

Power = 17W
CMC, PMIC @ 8W
40 DRAMs @ 9W

3.8 GB/W

128GB

Power = 26W
CMC, PMIC @ 8W
80 DRAMs @ 18W

4.9 GB/W

©2023 Flash Memory Summit. All Rights Reserved

Goodness

72%

92%

CXL-Optimized DDR5

Closed page mode only

M

Flash Memory Summit

Arbitrary page size, as little as 128 bits

64GB Power Util.
Power =11W

CMC, PMIC @ 8W
40 DRAMs @ 6W

5.8 GB/W

128GB

Power = 20W
CMC, PMIC @ 8W
80 DRAMs @ 12W

6.4 GB/W

Simplified DFE for restricted system configurations
Simplified ODT for restricted system configurations

Goodness

109%

121%
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Flash Memory Summit

43% of data center power is used for servers =
20% of data center power is used for DRAM

43% of power is used for cooling

Use of CXL optimized DRAM could save 30%
of DRAM power = 6% of data center power
+ 2% savings on cooling

©2023 Flash Memory Summit. All Rights Reserved Slide 107 wJoOLLey



Most changes Refresh is harsh

in DDR1-DDR5 penalty and m

DRAM adc'jress s'ignal security forces Flash Memory Summit
evolution is Integrity more DDR5 is highly

slowing down configurable —
hundreds of

DRAM design is mode registers
an evolution of DDRS improves

1990s SDRAM transparency
regarding errors

CXL opens the S u m m a ry and repair

door t-o-power DRAMs and
efficient memory

memory modules are co-
designed

CXL allows for DDR5 modules

memory incorporate

expansion The world is SidebandBus

reaching a crisis Serial Presence and PMICs

point in energy Detect chip
e becomes a hub,

helps set up
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4 you faf your time

ﬁy more 7«5@‘/’04@.7

Bill Gervasi, Principal Systems Architect
Wolley Inc.
bilge@wolleytech.com

CXL Memory
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