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Abstract

Methodology for Cycle-accurate Performance Analysis
of DRAM Memories

Main memory is one of the key components in a computer systemodern
systems, main memory isnabst always implemented using DRAM type of memory
Memory has a direct impact on price, power consumption and performance of the system,
and an indirect impact on its internal architecture and organizatiatis why a lot of

attention is paid to DRAMperformanceanalysis during system development.

Accuracy is of utmost importance in measurement and analysBR#M
performancelnaccuracyeduceseliability of theresultsandconclusionswhichcanlead
to wrong architecturalor designdecisions and asignificant loss of time, effort and
money General trends in manufacturing technology computer architecure and
organizationandsystemsoftwaredevelopmenteadtowardits increasing virtualization
and greateutilization, which exacerbates the probl@faccuracyConsideringhatthere
is notechnologyin sight thatcouldreplaceDRAM in the nearfuture the importanceof

this problemwill only increase

The main problem in analysis &RAM performance is inabilityo determine
which cycles on the memp bus are busy or idleThat makeseven basic memory
performancgarameterssuchasutilization or efficiency, difficult to measureln essence,
it is not clearhow to answerthe fundamentabjuestonin How can DRAM perfor
be measured withtheregeid | e v el  oEvenfarperformamcparantershat
canbe measured based on the observable sigsalsh as data bandwidtthere is a
problem of interpretation of the measured resiilhtgoreticamaximumsof performance
parameterscontinually fluctuate and they cannotbe directly measuredso it is not

possible to interpret them by comparing measured and maximum vilissghus not

IX



clearhowto answetthefollowing key questionsither Hdw goodor badaremeasured
performanceesult® andifiHow canresultsmeasurd in two different time periods or for

di fferent worklLoads be compared?o

The main goal of the dissertationwasto overcomethesefundamentaproblems
As a result a new theoreticalfoundationfor DRAM performancemeasuremenand
analysis was created along with a methodologythat specifieshow to conductthe
measurement and analysis in practidghe methodology is based on accurate
characterizatiof memorycyclesasidle (cycles notused, active(cycles used andtheir
state isobservabl® or overhead(cycle that cannotbe useddue to DRAM protocol
constraints andtheir state isnot observable The most important components of the

proposed methodology are:

1 Functional and timing model @RAMmemorythat abstracttRAM memory &
a generic device in a form af state machine parameterized by DRAM device
configuration and timing parameterghose operation can be analyzed with the
desired level of accuracy

1 DRAM measurement and performance analysis mdusl enables accurate
perfaomance characterization of memory cycles

1 DRAM performancemetric that represents a new theoretical foundation for
DRAM performance measurement and analysis

1 Methodfor estimatingDRAM performancemaximumnthatenables solving of the

problem of interpretatioof results

The methodology specifies how these componentsare defined constructed and
paramterizedaccordingto a particular DRAM implementationand describes all the
relevant processes and procedures that enable measurement and and\&fEViof

performance in real systems

The proposedmethodologymakesfundamentabkdvancementsver the existing

solutions Its most important advantages, from the theoretical point of view, include

9 guaranteed maximum accuracy
1 enabling accurate estimation of theoreticakimum

1 enabling rootcausing of sumptimal DRAM performance



1 completeness (takes into account all DRAM commands and timing parameters
The most important advantages from the practical point of view include

system agnostic (does not depend on the systahgémerates workload)
workload agnostic (does not depend on the size or type of workload)
portability (can be implemented on any type of sygtem

efficiency (generates results fast and with little user effort)

= =/ =2 A

low implementation and verification complexaynd cost

The proposedmethodologycanreplaceexisting solutionsin all domainswhere
accuracyand efficiency are of importanceAt the sametime, it can be appliedin
completelynewdomains suchasanalysiof critical scenarioganalysisof sequencethat
occur sporadically but have tangible impact on performancg transactionalanalysis
(analysis of system operation by following individual transacjiarsnparative analysis
(comparing resutls from different platforms, for different workloads, oifferdnt time
periodg, etc The methodologyenablesrelatively simple applicationat theengineerig

level,with smalluse of resources, and high level of efficiency

As aresultof systematizatioon firm theoreticagroundsall key problemsn the
doman of DRAM performanceneasuremerandanalysis were solved he fundamental
improvement made in this domain allo@RAM performanceneasuremergndanalysis
to beelevatedrom anengineerin@rtto ascientificmethod, whictenables a quantitative
and quétative leap in computer systeamalysis

Keywords: DRAM, performancemethodologyanalysis modeling
Scientific field: Technical sciencesElectrical and computer engineering
Specific scientific field Computer architecture and organization

UDC: 621.3
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vtej ' O l tfmils © DRAM Addz K da( %
DRAM | te ] '

Apple Watch Al O o3 fiéndz2512VB LPDDR3 $5 $81 5.5%
AppleiPhone4 &ts s j dzj 11GB LPDDR $14 $187 7.4%
Apple iPhone 5 &ts s j dzj 11GB LPDDR2 $11 $199 5.3%
Apple iPhone 5s B3ts s j dzj 11GB LPDDR2 $11 $190 5.8%
Apple iPhone 6s Plus B3ts #s j dzj \2GB LPDDR4 $17 $231 7.4%
Samsung Galax$6 Edge |d&3ts#s J dzj '3GB LPDDR4 $27 $285 9.7%
Microsoft XBOX One d ¢ &t dzL t8GB DDR3 $60 $47112.7%
Sony PlayStation 4 d ¢ &5 dzL t2GB DDR3 + 8GB GDDR5 $88 $372/23.7%
Apple iPad 3 s OB dzj Is 1GB LPDDR2 $13 $347 4.0%
Apple iPad Air 2 Is OB dzj Is 2GBLPDDR3 $18 $270 6.7%
Dell Inspiron 15 3000 Serie{dzOf Is s |[4GB DDR3 *$40 $330 12.1%
Dell Inspiron 17 5000 Serie{dzOf Is tsf |[8GB DDR3 *$80 $600 13.3%
Dell Alienware 15 ControlleldzO ff Is tsf |16GB DDR4 + 2GB GDDR5 $230 $1300/17.7%
AMD Radeon HD 6970 O¢ dgj tc ©Ol<2GB GDDR5 $48 $363/13.4%
nVidia GTX TITAN X 0¢ yJ dzj t12GB GDDR5 *$120 $1049 11.4%
Dell XPS 8900 HJ M¢Istst{16GB DDR4 + 45B DDR3 *$120 $1269, 9.5%
HP Pavilion 550z HJ M¢Iss48GB DDR3 *$40 $400 10.0%

Dell Precision Tower 5000 tc ©H dzO© f32GB DDR4 RDIMM ECC + 8GB GDDR  $580 $3150/18.4%

HP Z230 tc OH dzO f32GB DDR3 UDIMM ECC + 4GB GDDR  $760 $2697 28.2%
Dell PowerEdge R230 fmd tco j tc 64GB DDR4 ECC $622 $2315 26.9%
HPE ProLiant DL20 Gen9 [fnJ tco j tc |8GB DDR4 UDIMM *$80 $649 12.3%
HP FoLiant DL360 Gen9 [fnJ tco j tc |64GB DDR RDIMM *$640 $6270/10.2%
Dell & SDSCi Comet Mkt j totc (253TB DDR4 ECC *$1. 8 | $216f | 8.2%
Cray XK71 Titan filz 4§ j totc (584TB DDR3 ECC + 110B GDDR5 ECC|*$5.2 | $97f | 5.3%
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L @O @] ,HaOO CtsH dOIsdyded s ¢ dzts WQ Isid @ ftOste mysizzO dzd:
fdzsyd L O t©WOHMdz] MlsOdzedyd d Mo jejlsOBsic@ d d3C
B Bsted " MCJ BsHEzd), dfte. MO ddd "JMmdoj Ml
ftesyd MsteMSdn udftse O dsdedf dgswlds, d§sOitdz defo oftash) lsfj

s s BIMM (UDIMM) S@DIMM d@3ts H ozPORA] ydf se © ff sMmists® d M
" s8BPD(j dz&erdl PresenceDetec) EEPROMydty MO fsHOYydddd ¢Ct° j
JEDECfisOdzH Otsls s EC°? 2yl  j bdf doj i3sted ™ j , Blofs"
hdteddze BOcdMlsteOdzj f sSHOIOCO, otej &3j dzMCJ  OtcOd
ECC ftHOIS] © flssHQ WwEBDHEERROMOIs i) uels Cits dif
MsOlsses OFT 0O tOYzdBOIXE  cf dsfifdd) ' kifdzsoz ¢ dr €1
BB Bsted * MSE d sCtisdzds (& dzjstdgtf isle @O fyJ MdecdzOdzd MO
BOcdMlstcOdzy oH] Ht] Clsdzs Hts 3] ddsted " MSdr ydty
OHtej Mdzj , ¢ tsd30OdzH dzf dedzd £ (fzls stslafpdz ] MistczC s J dzj C Istec
(SO Oydisd e dats, ddzn 2CIsd o dzts 2 d § tiotg i 'JddnstHdpOiED ) sl
fsSHOLOL®] Clstcd ydes BSflsjtej<j®j dzdded © klsdyj dz0
BOdMIOO dzdl, Btes’® BHEZEZO C° d MFO dEIE.J§ =BO] QU

eSSk B3 dssted MS deO uidifddp @s € 5 f Q) M) dhlstse t
ftodmisbseq MmJ ta@dak (Jratsds BsHEzdzE &Btsyj sBdlsd o
&Zz0j <§ dn d&O @ldad2 PE@E OL OdzO  SQDIMMjdgtsth zodgQ. |
MO Ho Ol joOdzt Picts BB Pdz2H®s A 8o j <O WIS OMdesis { te
DRAM o3j dststed * d Cdte Mmi 2SMzjfesEzZ dz8 0 & fiPdisf X O9 & O
Hicke] MistcOdzi, o j<Oo0O MMmJ Jdzi €151 doydkth)ls®f Isizftdz
dHd yud fso O tgfQdzSimadGh.

[BHEdRZd SB8°d B0k ftsHhCE LO @EFGjSlstso OF
q B3O EsdajsHydftsej L OfrMdjudo® j 0S¢ Cyd 2 d ¢t
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DRAM 8] kst © O

S1#
S04
DQS0# DQs4#
DQso T DQs4 ]-
oo 1 | \ bma 1 | ]
DM Cs# DQ DOSF DM Cs# DQ DS DM Cs# DQ DQSF DM C# DQ DQs# BA[2:0] — = BA[2:0]: DDR3 SDRAM ADDR
DQO —A—{DQ i DQ32 —A—{DQ —ba Al15/14/13:0] A[1514/13:0]: DDR3 SDRAM
DQ1 —A\{DQ —ipQ DQ32 —w~-{DQ —pa RAS# —> RAS#: DDR3 SDRAM
DQ2 D s DG4 D b
vt BT T P we RS uis et B L
DQ4 —A—{DQ —pba DQ36 — - DQ —pQ
DQ5 —A—{DQ o DQ37 —pr—|DQ [ loa CKED ———— CKED: Rank 0
DQE —\—{DQ —ba DQ38 —p~—|DQ —pa CKE! ————= CKE1: Rank 1
DQ7 —A—{DQ Q DQ39 —p~—{DQ DQ ODT0 — = ODTO: Rank 0
Vs —A-{zg CMD  ADDR CMD  ADDR 201 Vg —An—zQ CMD  ADDR CMD _ ADDR 201 ODT! —— = ODTI:Rank 1
053154: Vs Dg;gg Vg RESET# — = RESET#: DDR3 SDRAM
bM1 b | ] ‘ DM5 hi | 1 ‘ Command, address and clock line terminations
DM CS# DQ DQS¥ DM C# DO DOSH DM G% DQ DQSH DM % DQ  DOS#
DQ8 —A{DQ —{ba DQ40 —A~-{DQ —pa DDR3
DQY —AADQ —ba DQ41 —A—{DQ —pa SDRAM
1 ] CKE[1:0], A[15/14:0],
DQ10 —A D D DQ42 —Ar—{D D
[,31 11— DS u7 L Dg u20 D843 ] Dg u12 - Dg us | RAS#, CAS, WEH, Vor
po12 Q [ loa DQas b [ oo s#[1:0], ODT[1:0], BA[2:0]
DQ13 —ADQ —bq DQ45 —pr—{DQ —pq DDR3
DQ14 —AA DQ —ba DQ46 —A*—{DQ —pa SDRAM
o %% CMD  ADDR % cvp  ADDR il % cwp apoR | |C cvp  ApoR CK[1:0] [ ] =
Vgs —A—{ZQ 2Q Vs —ANZQ Q V,
pasa# \L Daser W cKet1o] [ 11 Veo
DQs2 1 DQs6 1
oMz ) I ] ‘ bMs ? ] ‘
DM CS# DQ DQS¥ DM Cs# DQ DOSH DM Cs# DQ DQSF DM Cs# DQ DOS# U4 o
DQ16 ——{DQ og DQ48 — 4| DQ o scL_|SPD EEPROM —4@‘3“3””
DQ17 —AA DQ —bq DQ49 —A*—{DQ —pa
DQ18 —AM{DQ L—ipq DQS0 —A—{DQ —paq WP AQ Rank 1
DQ19 — A~ DQ U2 LIpg uis D51 —A{DQ u17 I —Ipg u1o
DQ20 —p\*—{DQ L—ipq DQ52 — " DQ I —lpq Vgg SAD SAT Vg
DQ21 —AADQ —ba DQ53 —A—{DQ —pa
DQ22 —A—DQ —DQ DQ54 —p~—DQ —DbQ
DQ23 —pAA-{DQ DQ D@55 — A~ DQ 0Q V, SPD EEPROM
Vgs —AM{ZQ _CMD__ADDR CMD_ADDR 7q| Vs —AA{7Q CMD _ ADDR CMD__ ADDR 70| bosPp |~
D[‘:;ig Vs DQS7# Vss Vpp —p————— DDR3 SDRAM
DQS7 -
bM3 1 I ] ‘ bm7 ? I 1 Vi T DDR3 SDRAM
DM Cs# DQ DQSH DM Cs# DQ DOSH DM CGs# DQ DQsH DM CsF DQ DOSF
V,
DQ24 —AM DQ o DQ56 —"—{DQ oo ReFcA DDRS3 SDRAM
i e DQs7 —A—DQ —ee VRerog DDR3 SDRAM
DQ26 —A\ DQ —bq DQ58 — A DQ —bq L
0Q27 —w-{pg U9 +—pa us pgs9 —w-pa U1 —{ba us Vg T DDR3 SDRAM
DQ28 —\DQ —ba DQB0 —A~—{DQ —pa
DQ29 —AA DQ —ba DQ61 —A—{DQ —pa
DQ30 —AADQ —bq DQ62 —A*—{DQ —pa
DQ31 —\DQ bQ DQ63 —~ArDQ pQ Rank 0 = U1, U2, U7, U, U11, U12, U17, U19
Vss —W\—{ZQ  CMD ADIDR CTD ADDR 203 Vigs —M—Z0 Cr\lﬂD ADlDR Cl‘lle ADDR 79 N Rank 1= US, U6, U8, U10, U5, U16, U18, U20
CMD =2 T T E + s
ADDR =%
. . o
O) j B8O 9 jL O @jsdstf 5 ddjtifpliafiz0
3.8 (0.150)
67.75 (2.667) MAx 450 ax
57.45 (2.656) _"| |‘_
2.0(0.079) R b :
2% u1 uz us V(3 Ul uiz J uis uls
0 e 1 ~\ uia -
J 1
u ) 30.15 (1.187) -t * . - ~
1800071 u7 ug ug uie s
o 200 0.787) w17 uis ute uz0
TYP 3 4.0(0.157)
L e . o ol L] TYP
6.0 (0.236) n P .
TP | —U— OO O O f2s
, = —~II— '
1.10(0.043) - 300012 |
Pin 204
2.0(0.079) — 1000 04008 06004 \ 0.90 (0.035) VP Fin 2
TYP
Pin 203 39.0 (1.535) ——=| 21.0(0.827)
63.6 (2.504) TYP TP

"
1

"
c
m

MNorne

4 cnpega

d

d Q@i SODIMM d3ts H [z dz
fdzd y d

B)

Mornep ca ctpaHe

24.8 (0.976) —|
TYP

Mornep oTnosagm

WL du€dtj L BEH ZdzO

&

O f tod ¢ OBCHBRBOD f By d2j04l RESEBID | Odb H 1dA
dekOdd MO &OcdmisteOdio OF s do St JHHCGRMEDR {HERE Fy
SdB30dzH dzd d OHtej ded Mdc dzOd QXD kg extz® dzPIRE I
dc deOdzd DRUNOCABMPE P ¢ dzOdzd M dzd Cyd -  J

udqy o
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DRAM 3

Bsed O

CMD
ADDR >
RSO#
DQSO DQS9 — |
DQs0# 1‘ ‘ DQs9% —Ah—|
DM CS# DQS DQS#| DM CS# DQS DQS#|
DQ0 —r— DQ DQ4 —a~{ DO
pal —wfpQ U2 MO DOs —w{DQ U217 10 T
DQ2 —A*DQ - DQ6 —A~—{DQ 1
DbQ3 A~ DQ ZQ—é DQ7 —ar— DQ 20
%8, e E
DM CS# DQS DQS#| DM Cs# DQS DQS#
DQ8 —p~— DQ DQ12 — s~ DQ
0es —wpo Uz ST DQ13wa{DQ  U20 0T
DQ10 —A~— DQ DQ14 —p~— DQ
DQ11 —A~{DQ zoh DQ15 A~ DQ ok
DQs2
08525 Vs BSZHa Vss
DM CS# DQS DQS#| DM CS# DQS DQS#|
DQ16 —pr—{DQ DQ20 —r—{DQ
v B ua SR B W ume SR
DQ18 — A DQ DQ22 —A~— DQ
DO19 — | DQ 0 DQ23 — | DO 2
3823 ES DQs12 \}SS
4 DQS12#
DM CS# DQS DQS#| DM CS# DQS DQS#
DQ24_ s~ DQ DQ28 —pA~—{DQ
gg;é% o us T D20 —ar-lDQ  UT8 10T
—A—{DQ - DQ30 —A~—{DQ 1
DQ27 _ sa|DQ 2 DQ31 A DQ -
DQs4 ;i DQS13 ;i
DQS4# DQS13#
DM CS# DQS DQS#| DM CS# DQS DQS#|
DQ32__ar|DQ DQ36 — A DQ
pas_sa~po  Us MO DQY7 — DG UT6 om0 ]
DQ34 _Ar{ DQ — DQ38 —A~—|DQ
DQ35_An— DQ 0 DQ39 —\~{ DQ 20
o i
DM CS# DQS DQS#| DM CS# DQS DQS#|
DQ40 _ A~ DQ DQ44 _pr—|DQ
posi—w—pa U9 ST pass—w—0a U1 Gt
DQ42 —_a~— DQ - DQ46 —Ar—{DQ
DQ43 _ sa | DQ 2 DQA47 s~ DQ za
DQS15#
DM CS# DQS DQS#| DM CS# DQS DQS#|
DQ48_\n | DQ DQ52 — A DQ
e 1 B VA et e DOS3 ——DQ U140
DQ50 A~ DQ DQ54 — A~ DQ
DQ51 am— DQ 70 DQ55 — A~ DQ 70
DQS7 _é DQS16 ?
DQST# Vi DQS16# Vs
DM CS# DQS DQS#| DM Cs# DQS DQSH|
DQ56 —A~| DQ DQ60 —pr| DQ
DQS7 —a~-DQ  UTT S0 DQs1 —A{DQ U130 T
DQ58 — A~ DQ DQ62 —AN DQ
DQ59 A~ |DQ 0 DQ62 — A DQ 0
DQs8 3 DQS17 ¥
DQs8# Ve DQS174# Vss
DM CS# DQS DQS#| DM CS# DQS DQS#|
CBO _A~—DQ B4 — A~ DQ | |
ca1 oo U6 T s —wfpo U170
CB2 A~ DQ — CB6 —AM{DQ -
CB3 _ | DQ 20 CB7 —p~|DQ by

Vss

Vss

[«

~DAn—QO ‘C

*

RSO#: DDR3 SDRAM
RBA[2:0]: DDR3 SDRAM
RA[15:0] DDR3 SDRAM
RRAS#: DDR3 SDRAM
RCAS#: DDR3 SDRAM
RWE#: DDR3 SDRAM
RCKEO: DDR3 SDRAM
RODTO: DDR3 SDRAM
En_Ou#

DDR3 SDRAM

CKo#

RESET#

*Parity Pins

CK#

rU Qtw

-

u7 L DDR3 SDRAM

s1

CKE1
oDT1

u1

SCL—=

SPD EEPROM/

Temperature SDA

sensor
EVT A0 A1l

A2

T T T
SA0 SAT Vs
EVENT#

} ADDR

} CcMD

Clock, control, command, and address line terminations:

DDR3
SDRAM

RSO#, RCKEO, RA[15:0],
RRAS#, RCASH#, RWEH,
RODTO, RBA[2:0]

K
CK#

A%

DDR3
SDRAM

E— L

Voospo —_— SPD EEPROM & Temp Sensor

Voo ————— [+ DDR3 SDRAM
ve LT T DDR3 SDRAM
Vrerea l DDR3 SDRAM
Veerog 1 DDR3 SDRAM
Vss T DDR2 SDRAM

0) j B3O 9L 0O &GHiE s ddisEHoO

54680215
‘ ¢

(=]

e N ]
100,09 480 [0.021) \ #510.374)

N pin 120

(R
b

Mornep cnpega

|\ © fmdzdyd

¢

d

Mornep ca cTpaHe

nei219)
L

BpWdLduSd dL cecdzjH
4 dzd Q.7 ECCRDIMM BtsH &z dz
i tod ¢ OBCHBHZAE C &3l oAy &z ldzls MNPRRO | Mdylts H

[2DPCMDJADDRE tojcdMmstse Oda

DQxnkz

fNMd e dzOdzd Mmi zLBidk L sudfiosdBte d

Mornea oTnosaau

BEH k2 dzO

Ctd3OdzH dzd d OHtej M
) d ¢ dzO dzdD QiStiyHz O IIACc@iz0 dzd D @ g 6 W@ & @ tej 6

Cs' d Mmdzlzx j 1
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DRAM 8] kst © O

fj d20 mBEdREd Smj Bddeetses CtsH (127, 120) Ct°d L«
B0 f sHOIOEMs j dOdf® 64 BJdkO §BHOKOCO d {6
f OQedesisd. vt HO'jJ (72,64) CtH, Ct5'd BEscEk<C
Ctej Syd & Mo di * jHodptisesy Mladeh’  StagjHh COCHCH i ) kkz®  ° j H
o OCdR MO Bdkco O fHOKOCO, EBCHRB®JE M'CiH @3t H
HSHOId &d &dsted” MEd udf dz2O0 zdEl@.m sSMHOB ydf e

r@®d fmj MO dduddss Jtsdfjis@ldetg j<fjdzedi~ d dz§ dedgO @zH dzd -
dzd dzd * J BJsdE U MC j , CAEROWM sis@dzjzO M dL &3 " 2 B3 &
Ctddstetsdzy 6O d d3j Bsted " ME dine PUpsCEein@ H tpdd". § ] tssfiy
udtpj cdmistelz” §j MdecdOdzj MO &j BB j§ HBOEYBE® C
tcOLotsHd dids dgs@&Odaiz M dr ydftseo O dz0 BsHbEkzdkE, L O
mMi T 6° OyoRLD(] tizBhBtEodkedLoop). vOSCTHH tso g @O C fd d©3O dzO dz
Btets® ot o Gnj d3ts cid® jHHigtsa®l B[Pz C 2 Odz Blots®  d3ts
¢t d M Btz ffdtdndsd itz s du & Gez@S ) o i@ v d ° O
tcOH OIs * . dstf st tc.d@O gz J

LRDIMM d@3tsH 2 dzd MmJ ROIMM@zBiEz'ddd tfis figisdi3d sl Istsd A
dzp OV | gD BlE ted difds &3Ofgdz dzO dirgfj < B O W | ezt figdP ddn o d
MO i dssted " MG § kB dzdfiplsize@edjdzdz) fipidecdd@idgj . fdsH Ols OC
4dedzOdzd f sBHOLOCO Mj BOWJjtk & fdovesi<t" I8ts H ] ¢
My ERBIMM i3sHEzdzO BOW jttkz " & d ftsHOYyd, e j<0es 0O f
Z sH dRPMMdgs 2 dzj . v f tceo tDDR3F LRI @3tpch ZdlzO o 5
fsoj<0Of ] CONE Jdzt® [Flic d d3JOE ditss ¢ L ORDIMSI ditsjH Zhdd©ts € ts H
zdded “J fSHOBOCO dHE H]j Clsds MO o @i3sted " ME |
(4 dzd 21009, HtSC DDORBLRDEMM d3sHEZdzO dzdded " j] f SsHOIOC O f
HO Mej dHE HEt yYj destcOdzdese BOW jto ydf @S O tsHOIS
211B) . uvdd&3d MJ L dzOIs dztsd f @ offj HOG OO HA Y dhddOrs dAfftstn j < «
df €. SBDR3LRDIMM, HEY d dzO0 dzd dedd0ndn. v Hjtc BAEHR] Oy d " d
(DDR4) LRDIMM di3ts H Wzdi)d fists * j H dzets ) paf Q@ Ed S O g fglsad §f tso C
d b6C s fipd i Wed@QUidg® G O dets o L A3 ' 2 &3PG dpth)ds & Odiaf dzd
fsHOKOCO d BHGEto OO’ Ujdd.Old)j BB tc & Off) ¢ tsdZO Y didf O
fsmMisdeddiflstsi @ dzO dzd ded  Odz® sCEBAL @ fMds®Id tcj H
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DRAM &3} dssteq © O

By B3sted " ME dunt U, 50O d BOWJj el ydsPsg d C O MPBH
SHdEME d&O ‘ jHOd o) &dSd b@O%kdIA)EEC BE? | 6{§l5(

DATA DATA DATA, DATA CMI¥ADDARACLK DHaTA DATA DATA DATA

Memaory Contraller

a) RDIMM

DATA DATA, DATA DATA CMDVADDRACLE DWATA DATA DATA Dﬁ'TA
* * 4 ¥ " [l "

B DDR3 LRDIMM

T T T T T T
L O

DATA = 2-8 mm

Memory Controler
9 PDR4 LRDIMM

ata DDR4
P Buffer DRAM DDR4 LRDIMM Latency
1.2ns
Frontside Bus ] Backside Bus
i > SOVl DRz LRDIMM Latency
2.5ns

< Oh ¢ j ¢ PDR3IRDIMM d DDR4 LRDIMM

4 dzd @87 LRDIMM d3ts H Iz dz

DDRLRDI MMsH dafO1  dzls 6 O dzdzd B O W j tef ) Sl 6 4f tc ® % fs
f sH Ols OROBEBIROGA M Iste Odzj H s, YWHsdslssteiPo HtfIs H Bz s
Uqdy so CODRLERHD | M H Ifddgdh p d B3OC d » B Odety tpqd tiRfaEESH
ddzdj §BHOLOCO (&0 kinddapdesss dis @ O eV is Pd
fO Ohjs C° JDSREHR DI Ml H 2 dzO L dzOls dztsD RIFLSRID | s stz &
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DRAM 8] kst © O

23 1 ttslstsydzO¢ sBRAM Y diisted * |

HoOCd L Ol LD dtdald  d St d HBd&OJd dL to
Edzzls Ote o) disted  MC e Ctsdalstetsdzj 6O SO Ogd * @&
OH tej MGz CP Y & tc © ISt ys iPd  § 56 @ ls GEjDRAMO? Lz
B Beteffte d¢ 5 B Bsted * M ¢zO olkiBE d i IsCaO=tir s OB j § St J
st O dzf & Oy IDRAM e didiz js®@tled MO dzts ¢ § s5dzO® Mz

1.0 O jteso OF j] CtsdisOdgHj, OHtejMmj d kdzOL ddn { &

21 S BHEBB9 O §J Ctsd3OdzH §

3rJSCtsHBo 0O ] otefMmisy d Ctdzsdzy d2O0 tshdtso iz OH

40CkdodEeOs j otefmls

5ujdzjSyd O Codsdj d sydlkOs OF§H MNOHESOO)O, d
SHdsMds §shis0s? O )] stejHdshisd $s° 0 ISt B

6.0 OW jtetso O J dL &zOL dzdr Y BSHOSOLE®OHALPEMHISO0? O
ydlso® o)

10 bteOdiOCydijz ¢ j dzj ted MOdzj¢ RO dpHshe QLAY ey frplks
B Bsted WPL j6 1BSRO'dz HO BEHE Mjted OdzdL so Odzj |
tc j ) ZacODRAM d dzls j G tc d ) Codetsediz§ & zO02 { ®MEz Y s Istsd3j ,
4 d 5 Btsclkz B kg zdply ditslaigpdzjtc OL dzd ydisdrm B OdzS . & (
4t sted0did, §dmiskzy W B  MCdq B35 < § fzd 420 BOte ¢
“d b0 0] tedm WOLO ¢ tcOdzd DRARSHE N Sta dofyuis.d o5
10 Ctedsdudzd " d Mk L Of tOo tf OfHs PEQGOLAE dib f{deiP® O W «
otefids jW O iy A stdiGejjS o j dyd O 6§ jteOyksOdigghHdzy
<jdzd O duL CsdzsdzO OSCIsd o dzj otefmls j “d 9J<0 Ek
OCIsdoadtc@® O otcflisj

4oy Ofjetsis sydzj RBEND ] B tsain @ lsig@lzd yd. 2. 12
RL JHAdOYOs O | dofsdd &Bstctd® HO ftjlsatsHd OCIs(d
dL otch | datis | .izget s toj . tOLHO O O] WOLJ dL JHAO:
sfjwOyd O fedmslkzfO oij Bsted MEdd3 <jdzd OBO {§ts¢
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DRAM 8] kst © O

KomaHaHa mar. | Komanpa

AfapecHa mar. Agpeca

Mar. nogaTaka Mogauu i MoAauu
KomangHu : :
Bacbepy Sacbep Bacep { Badep
AgpecHm noaartaka ! nopaTaka ;
peructap 1 H
Ynas/nanas I S § I/© cenexuuja :I/O cenexkumja;
KoHTponHa Mekonosakse \
noruka ! komaHpe 3 “~u
| PervctpoBame|ekoaoBare i i .
Eara Bpcrta anp. spcte | agp. spcTe AxTBUpaH:e YuTamwe PereHepauuja
W3jepHavaBatbe| Peructposatbe|JekogoBate
Konoha HanoHa agp. KonoHe |app. KonoHe ¥riue
: Ynue | Uurame

4 dizd Q@i ) sl s Ydz® DBRAE Y dlsto

wlstej dzd yOBO * j L dzOUj &0 ¥ Iz dzS Ad tzdz® izizOL © O o f
COL &Sk & StH ydkos O d Efdmo Mk §(smjsds st

mMdzecetsHdzd f jtedtsHd COCB Bd M E btk “dqr tB(
OCIsdodtO® j oteMmisy dzaj BSEOH G OMIMJ § ttedPmisz fhd O g
fOLHO O O] OCIsdoadttO® © oteMmls] BH MisOkzdr Y Jjtc
By d MBOTdisd s ydthj o xjsdgli s @lHliIsEfO,0 " jjts
ydisoc o d Efdmo ft ¢ tdsdoOs af fijls jf cdsidoe’ daj  dpjts
<J dzd J@ dz] B3Pl isBRp st SHIMMBOEIsd o f[@®D IB? dzts * §
HO fj fs@dg® d . J Adkts @dzj H dasdls d s d&kjOlstefo Odzj kdalzls O
HdW jtoj dzyd  Qdatdg® | f stcPF HBEC v d3p tcfiplg O @@ lkq d&z d
CONC jfted dzd € tsd3 * W dels @iks[B tg jupddstO Isdfj deftatafds’ < iddzd © O
O EtedteOIlsd MIlsO° j fHsd WOjQD0 @eoyd ¢ @ dzdzd) ¢ ¢ dzlz Iz

lteddi3j dzsdy Mo dm todn BYlsdddL Oyd Oz Wigtte) te Oy d
f sHOKOCO dL H diWty ' ®QQdapd * B jizdzif € Is ts 0d@Qlzd Azd ds dits dzO

BOGdMisteOdzj § SH OISEACIOR O CUzOts {1 tagjCdgE() Oo t6j H dzsfls d
fsHOOCO O BHESI OO Z<j HWjttjdyth]j @gztlej 4§ ts°
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DRAM 8] kst © O

5B 092 OF 0 WdadiCjuyddzGDy O 9 OC @ dzii@PE da@ ® ® qdEfO]
ftcOotsotej a3 fipff ¢c j A AR AG) Bsted  MSd S tdastetsdzj to.

2.4 DRAM Otg 2 jdSsls Iz tc ©

rRffststed * MC d datser PR Gisgzj BRAM Ot R dls j B s 2 8 @ dzj

BslkdodMOdz) §sltejetsd HO M) bECdsdd Mt ¢ tds
Bfdd BIL SO jdg CONS jSO d §Hogdsass) df fHESOECED fi
BHted ' Jded Bdted BENQGS jfds o0jd<Qls dB dHISEHSLooCBZ MY dsts tadff "¢ figklz jfi)
BOyBtdh <j ¢ jd foshssitd) &s¢Oddsilsd), HES
sflsd®BdL Oyd sd3 fteslssyds tBtcOHPRAYIR] s B3dY tod fr
{od wsfldddLOyd J Mk §shisif ] GRAMDOS disdes sz teddj ¢
(4 dzd 2.19).

{t OdMRRAM Oterndlsj SIsktej Mk B ddzj O fn EAMG ts dzj . s
Oterndlsj CztcO, doRBN WRdzizts dsagg@®@dsjdzd M § ¢ 5dzls to s dzdzO
Md3d N Isj d&z0 O MisteOdzd dJ Bsted ~ MEdEsts sWtsizils tdisddz] daEdz
d o d RAB (j dzBRaw AddressStrobg md ¢ d&zOdzO ddzd ydtcO Htesyim OCIs
HisC JOAF (] @€GalumnAddressStrobg nd ¢ zOdzO ddzd ydte O fHtedmiskzy
ftojdesi § sSHOISOC O. ¢ Htcj MJ s Hootdd IsjClztsd 1 Qetg detisdz@iz fozis
BOG dMisteO@) j Hdts ) ORAS H CASoiAtcQzCizddki®. s tstedh < j ¢ j
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vOC ssBOdzt Odzs Odztl tls s tsczts
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AqS dzzmd &0 o

fsHOKOC O

1 Read 3 2 02d8 O0deo¥YRoe NC

2 ¢anons3do NC

3 Read 3 1 02ac O0deo¥YRa NC

4 ¢anponado O0deo¥YRo

5 Read 3 1 02a4 Odeo¥YRo Odeo¥YRo

6 fapbponado Odeo¥YRo

7 fanonado OdasYRo

8 ¢anponado O0deo¥YRo

9 tdar aeRo Odeo¥YRo

10 tdar aeRo ¢apnpons3do
11 Write 2 2 02cc O0deo¥YRoa tdar aeRo
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19 Read 3 1 0294 O0deoYRo O0deoYRoa

20 fganonado 0deo¥YRo
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23 tdar aeRo Odeo¥Ro
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25 Read 3 2 0324 O0deo¥YRo 0deo¥YRo
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twr=4, twr=3, keo=3, kc=15, kro=3, kas=15, k=3, krc=28, koro=3, kowr=4, WwrrRD=2,

twrwrR=2
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VU LOsdMmMdetsmisd dz®H € 1 &z8 s WDRAMEI @A POryd " 4 d OdzOIs O
Cs"dr MmJ otehd Mmded G3ZOC § , WsttdzOls k2 Csdi3d MmJ B .
Mtsdzd Istste stcOdzmM ©OC yd * O Cs' d Mmd RELs®§dzifls J v4
Otcn s ClsztcOdzdzd d©3 d3tsH § d&zd BO MdMisj BOL @ filgg @Y &
fs" JHddzyOdzze ISt Odzlm OS¢ yd ° Lk Perls tshipls/tiiisS Is<izftc Gn dfdasHOQ I$n@
fMdzjHj<d dLcGdzj H:

time =>{ Command=>3den) do

Duraton =>¥cepn | b1 d

Channel =>e6dedGca]y3a> 3D} D3

Rank =>GD}J 3
Bank ==bbny},30D0
Row =>02GY, XD

Column =>3d3>d} o
time =>{ Data =>gddni &
Duration =>¥cGcnon | o d

Hj B dzso OF j B otej Bj dzMS dm L OYdMO fdc dzOdzO® d

f OO s Ot O jdzCOs te@(dafip®S wdj 'df , o4 < M §BHOYd Mmdzd

time =>{ Read =>p3¥eo2D) Y)dpns¥aon HO®BE  oH
- Bdlsd OCIs
Refresh =>p3Yaopn}) Y} do3s¥aoD S JHdsdB Yy«
Rank =>GD}J 3
Bank ==bpny},30D
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Row =02GY, XD

Column =>3d3>d} o

} mJHOdz {f St
CdHdEsd Yy

DRAM fisdzi © ki dMmk  j §sHOIS] HilkjClktse Odaj da
qdzls j gz o) dssted 2 dL S j M §sHOyd € Ofded " j
400Cd LOfdM Lk CWder fibkl MOsidsy d° judlsO j HilkjSChkts
ptojHdsMIsd d20 ®EOcdmMseOdd. 1t MstkClkkzted d
Mj Bf dzso Odgd R otej d3j NS IR L Of dMO.

time =>{ Data =gddn¥p 3

63 1 Otefd OBAM st OdziOC yd * O

1 OfdEO’ j&g fj GH §sHOKOSO fMddds? j dzds L
¢ j dzj ted MOsalj dzQ H of dif)j tc dzO DRAMYISusjOLAFHBIE Apgld ‘G0 &0 € & ds
GO MOk  GBOcdmsicOdd fsHOSOCO. [0 t©jft
COts d MiekSkkzicO ¢ ORAM Isclg gL ujd dgs dzd Is s to

sOt feddjte HO “j ° HOdgRE kizEhy ®Gag@d® § Ot
stcO&MOC yd j &0 ¢ tsdkOdH dats’®  OFOAMfriEsdcioiae i) jfietzd d3? j
cjdedtedhd =ndh ddiiskz yd' d Jdzdd®ddsd Mz otj dd
f5C oD jsHEso OO E<bk fMiokSlsktk MO sydlsOddd f

C

my %REGEXP;

$REGEXP{Time} = gr/( \d+)\.\d+ s+ps/;
SREGEXP{Command} = qr/( \w+)/;

SREGEXP{Channel} = qr/(ChA|ChB)/;

$REGEXMRank} = qr/RANKR s*([0 - 9A- Fa- fxX]+)/;
$REGEXP{Bank} = gr/BANK=\s*([0 - 9A- Fa- fxX]+)/;
$REGEXP{Row} = qr/IROW= s*([0 - 9A- Fa- txX]+)/;
$REGEXP{Column} = gr/COL=\s*([0 - 9A- Fa- fxX]+)/;

$REGEXP{Transaction} = qr/$REGEXP{Time}\ s+$REGEXP{Commandi+$REGEXP{Channel}
\ s+$REGEXMRank} \ s+$REGEXP{Bank}s+$REGEXP{Row}s+$REGEXP{Column}/;
my $Operations_by Time = {};
sub Parse {
my $Time,$C md$Ch,$ Rank$Bank,$Row,$Col;
my $FILE=open(TRANSACTIONS_LOG, "< $Transactions_Log");
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while (<$FILE>)  {
($Time,$Cmd,$Ch,$ Rank$Bank,$Row,$Col) = $_ =~ $REGEXP{Transaction};
push @{$Operations_by Time ->{$Time}}, { Command=>$Cmd,
Channel=>$Ch,
Rank  =>$Rank
Bank =>$Bank,
Row  =>$Row,
Column =>$Col }; }

return $Operations_by Time;

64 [HE©] doO°j fsyjlsdse mMlsOs O

¢ dzO dzHRAGI MOtsSB I O<O "  © M dBy ] ©WOHdIsd HBS M
( j dpatimed dzd dzOS tsdz NIss Mj bteOdMOSyd j dO ftj MM
ftsOC O [ogtmpeessing. UL BO MdzEyd® 0 ' j {ftlste] B dz
ddzd yd = Odzdets fls O j 3 jDRAMES dp@s. 5 dztizftizth - g dfzB € OFC
Bscdzd WsttRdteOlsd § Otetse d DEHBMemd OF §° dEj Wasdz * 4 |
Cts' j Istcj B ®(ie@sd §d d2djinOdets, © MOMIsts  d Mj BH ¢
BOdSE d ©OdS Ek Mdmbsjdkz t bk St 0 ‘| ftsidj

LSEBddSE dddyd Odds MsOS | &j dsted j dd‘ j t
dZf . O fsyibkstlkz MdBzdzOyd | dddzik Sfisagzd ¢ dts JsdgO
Bsdjdzs® SOHO ‘) MOS ) Bdds §sL dzOks, &sck<j
OSC h st KiSOREMils cOdzMOS yd ' j Moj HE Istcj dezlsS O
Mo OCO BORE O d ©OdkS b mdmilsj &k, §wd uj &z fj |
sfshdjHS 8° Ctd&OdHd St 0 di ‘b Qi doeEodky I
HsBdlsd Codifdjlsdes MO j 5j dssted  j. 1| OCtdz k
COOCI | todL OYKO WA Isydiedogd< z cOndlsd d ftj €
MlsO¢ O &) Bsted  j,j SHOHEEJ@EHDETASMEEGL S s d &3, k& Ist
Mz yO & COwOCkjtedL Oyd O doj dBsweO Bdld §bilzc
Y stedkdeOlsd LBBCE daj S dzj sdzse flsOf O o5j Bsted * j
Mzt y® & SOHO fofts' d fLj@d&ofosj ydSdazmo dt
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SystemVerilogd ¢ ts M J

Bdlsd di3f dzi 3f dz2lsdteOdz d [
M d dierls sdzOYds, jOF slstejBdts OdzOdzdL Olsd MOdE

By J

By J

( ctiddsdlgdadd d j6 . HIOBERIGD] B3] 6.

CMD CMD Rank Bank Row Col

bus
clk
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21961
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Characterization of DRAM Command Bus Cycles
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