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DDR2 SDRAM MEMORY INTERFACE BASED ON
SPARTAN-3 FPGA

ABSTRACT

The inner memory is in charge of the data transfer,storage and
read/write in the computer system, as one of the three most important parts
of the computer system (the other two are main-board and CPU), it plays
great role in computer systems. Allegorically the inner memory is the “big
storehouse” of the CPU data processing, all the instructions and data
processed by CPU must be transferred by inner memory to the other parts of
computer system. So that the performance of the inner memory will heavily
impact the stability and running performance of computer system.

In current electronics system designing, inner memory is used more and
more broadly, meanwhile we are expecting more and more from the inner
memory. It's required to be read/written more quickly, larger in capacity and
lower cost as the marketing competent is more and more tight, while keeping
the same or seeking higher performance. With this trend, the design and
implementation of inner memory with large capacity and high speed are very
important. In recent years, the inner memory products evolved from small
capacity to big capacity, from low speed to high speed. From the technology
point of view, it evolved from DRAM to SDRAM and then DDR SDRAM
and DDR2 SDRAM. Compared with the normal SDRAM, the interface
design of DDR2 SDRAM is much more complicated as the capacity and
speed are increased significantly. On the one hand, as the I/O module
resource is limited, the data multiplex and clock transferring must be
implemented in the core logic bank of FPGA, the designer have to draw
schematic by hand to ensure critical clock scheduling for the interface. On
the other hand, we have to pay much attention to the time clock issues



(including temperature and voltage compensation) related to the DDR2
interface. To implementing the DDR2 interface correctly, much careful work
is needed and the compatibility design is needed to ensure the performance
and stability of the system.

The thesis is the implementation of DDR2 memory interface based on
Spartan-3 FPGA of Xilinx corporation. Xilinx FPGA provides 1/O blocks
and logic resources that make the interface design easier and more reliable.
The 1/0O blocks, along with the logic modules are configured, verified,
implemented and properly connected to FPGA in the RTL code, carefully
simulated and then verified in hardware to ensure a reliable memory
interface system.

KEY WORDS: Inner Memory, DDR, DDR2, ODT, MR, EMR, DLL
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SSTL 1.8V 1/O0

DDR2

DDR2

RAM ROM Cache RAM
RAM RAM

ns
FPM  EDO SDRAM RDRAM

DDR/DDR2 SDRAM

DDR SDRAM
DQS
DQS
DDR SDRAM
DDR SDRAM
DDR SDRAM DDR2 SDRAM
(DDRSDRAM  SSTL 2.5V 1/0) DDR
DDR
DDR
DDR

DDR SDRAM



4 DDR2
FBGA TSOP [3] DDR DDR2
1
1 DDR2 DDR
Tablel DDR2VsDDR
DDR DDR2 DDR2
1 TSOP(66pins) FBGA only
25V 1/0 1.8V 1/0
128Mb-1Gb 256Mb-2Gh
4 4 4 8
2 4
6 200MHz 400MHz
266MHz 533MHz
333 MHz 667 MHz
400 MHz
7 OoDT
(ODT)
8
20 90 (SDR) SDRAM
(DDR) SDRAM DDR2 SDRAM
667 Mbls 2010

DDR3 SDRAM

1.2 Gbls 1
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2 DDR2

2.1
MICRON MT47H32M 16
64 8 64Mbytes
512Mbit 8 512Mbytes 64bits
512Mbits 4  logic bank 8hits
logic bank 16K 256x32=8K
533MB/s 8hits 266Mhz
266* 2*8=533MB/s 266Mhz/2=133Mhz
8* 2=16bits
[2] 2

FHETER:

SOLE. D311

2 DDR2
Fig2 DDR2 functional block diagram



2.2

2 DDR2
Table2 Interface Signals of DDR2 Group

CKE

CK

CK#

CSH

RASH

CASH

WE#

BAO

O O |IN/O|O || W[IN|PF

BA1l

=
o

AO-A13

[EEN
|

DQO-DQ63

[EEN
N

DQSH0-7

=
w

DMO-7

[HEN
»

OoDT

v CKE
DDR2 SDRAM
DDR2 SDRAM
VCK CK#
CK
(DQs DQSDQSH#) CK CK#
v CSt

VRAS# CAS#H WE#

CK#

CSH



RAS# CAS#H WE# CSH
vLDM UDM(DM)
DM
DM
DQO-DQ7 UDM
v BAO-BA1l
Bank BAO-BA1l
bank LOAD MODE
EMR(3)
v AO-A13
ACTIVE
PRECHARGE A10
bank(BA1-BAO bank)
(op-code)
v DQO-DQ63

vDQS
(data strobe)

v DQS#
LOAD MODE
vRDQS RDQS#
64Megx8 EMR
RDQS
RDQS

vODT
OoDT (On-Die Termination)

DDR

ODT
[22]

DQ8-DQ15

DM
LDM

ACTIVE READ WRITE PRECHARGE

MR EMR EMR 2

READ/WRITE
PRECHARGE
LOAD MODE
DQSH
RDQS
RDQS#
DDR
DIMM
DDR
ODT

oDT



Notes: 1.

oDT DQS RDQS( 8hit

DQS 4 8hit

) DQ DM oDT LOAD MODE

75 150 EMRS oDT
I1/0
oDT [13]
DDR2
3
3 DDR2
Table3 DDR2 command truth table
CKE
Funetion Proviows | Carrant | €54 |RAS# |case wee | BAT | A% a0 As-no | Metes
Cycle Cycle A1
LOAD BDDE H H L L L L BA O Codes £
REFRESH H H L L L H X X X X
SELF REFRESH antry H L L L L H X b ] ¥ X
SELF REFRESH axit L H : : : Ij-jl X b 1 7
fangle bank
PRECHARGE H H L L H L By X L X z
Al banks
PRECHARGE H L L H X X H X
Bank potivate L L H B Ry Aclclrass
i Codurnn .
WRITE L H L L BA Adaram | Y | Addrass A
VRITE wath auto Codunnni Codurnn
prechargs H H L H L L BA Address | T | Address L3
Coliirmim Coliimin

READ H H L H L H B Adekas L Aclelress |
READ wath auto Coburmn Colurnn
prischiane A H L H L A BA A chrirss H Auclchress 3
N0 CPERATION H X L H H H X X X M
Dereice DESELECT H ] H i i ] X ] X i
P (AT H L . . . . X X X X 4

e BTy l v 5 5

H X X X
Povevor-down cat L H L m m H X X i M 4
DDR2 SDRAM CS#t RASH CASH
WE CKE




2.BA(BAO-BA1) bank LM BA

3.BL=4

4.power-down REFRESH power-down
refresh

5.0DT OoDT self refresh

6.X H L

7.SELF REFRESH exit

2.4
241 (MR)
(MR) DDR2 SDRAM

(burst length) (bursttype) CAS CAS latency operating
mode DLL RESET write recovery

power-down

3 LOAD MODE(LM)
MR
progranmed (MO0-M13for x4 and x8 MO-M12 for x16)
MR LM (bits BA1-BAO = 00) M8

(M13-MOfor x4 and x8 M12-MO for x16) M8

bank precharged (idle )
LM tMRD ACTIVE
[12]



EAl BA0 ATIATZ AN ATO AR AE AT AR A5 A4 AT AZ AN A0 Addrees Bun

KRARARARERRRKAL

Mode Begiter ]
wh o o] wR (o) o] Lavency BT |t Lengi e
M12{ PO mode | M7 | Mode M2 M1MS | Burst Leagth
0 | For Bk B | Kol 0 0 0| Peepesd
parmay 1] T 0 0 1| Reserved
|5:nrhl. 1 010 i
o Pomvwri
B sk i1 1]
0| me 1 0 0| Reserved
1 T 1 0O 1| PRewresd
1 1 0 Pemeraad]
|m1mn'ﬂlm 1 1 1| Rewmresd
[/ besenved 1
B 2 i Barsa Ty
a 10 ] Q Sequeritial
011 [l 1 It berens]
40 5
41 3
11 0|  Eeerved
i 11 Fesenand

M15 M18]  Mode Beginter Desiniion
"0 Mods Begemer (M)

-~§HE

e e =R = =]
— o e [ | | |
el B E R0 S E= 0 B =

Motes 1. ML (A13) is ressrved for tuture use and must be programemed to "00" A13 B not wsed in
=16 configuration.
2. Not all listed CL options ane supported in any individual speed grade.

3
Fig3 Mode Register
Vv Burst Length

Burst Length MO-M3 3 DDR2 SDRAM
4 8 READ WRITE
block block
block wrap BL=4 block  A2-Ai BL=8
block  A3-Ai ( Ai )
block
v Burst Type
M3
burst length burst type 4



4

Table4 Mode Register Truth Table

Order of Accesses Within a Burst

Burst Length | (A2, A1, A0} | Burst Type = Sequential | Burst Type = Interleaved
[ oo 0,123 0123
01 1,2,3.0 1,032
10 2,3,01 2,3,0,1
11 30012 3210
& oono 0,1,23,4.56.7 0,1,2 34567
K 1,2.3,0.56 7.4 1,0,3.2.54.7.6
010 2,301,867 4.5 2,3,0,1,67.4,5
011 3,0,1,2,7. 456 3,210,765 4
100 4,567,01,23 4,56.7,0 1273
101 56.7.4.1.2 3.0 5.4,7.61.0 %2
110 6,7.45230.1 6,7.4.52 30,1
111 7.4.56,3.0, 1.2 7,6,54,3210
v Operating Mode
M7 0 M7 1
vDLL RESET
DLL RESET M8 1 DLL RESET M8
DLL RESET 0
DLL RESET 200 READ
tAC
tDQSCK
vWrite Recovery
Write recovery WR M9-M11 WR WRITE with auto
precharge DDR2 SDRAM auto
precharge WR 4
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BL =& AL = I} amd WL = 2 ini tha cose shonen.
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ALT = ACTIVE, RA = row address, BA = bank address,

Liress
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4
Figd WR Cycle
WR 2 3 45 6 M9-M11 WR
WR[cycles|=tWR[ns]/tCK[nsg]
v Power-Down Mode

Active power-down(PD) M12 0 standard active PD
“ fast-exit” active PD tXARD fast-exit active PD exit
DLL
M12=1 lower-power active PD “ dow-exit” active PD
tXARDS fast-exit active PD exit
Vv CAS Latency(CL)
CAS latency(CL) M4-M6 CL READ command
CL

11

[ v = data-in trom column n; subsequent slemants arm applied n the programmed ordar,

NOP commancs are shown for sase of #lstration: other commands may be valid at these

R i programened via ME[TT, 10, %] and v coloulabed By dividing Y-} [ ranosecoreds| by



3 4 5 6

DDR2 SDRAM
DDR2 SDRAM posted CAS additive latency(AL)
CL=3 CL=4 5 AL=0 READ clock n
CL m n+m ( AL=0)
1= m T# T '} Ts L
CE# a :. ' W '1 1
o L S T
COMPARD _} WEAD WO .-' woe T e _.i';ﬁ'«f'. T e '-..3:'-'1-""-}' P ':f;-jf'.:_’.:_";;.- T '-'."?.;. HoP -"'_
Do [ l T ¥ | " y 4
L = 7481 =0
Te Ti Tz T3 i TS i
T PR | ; ' | _ SR IR
o T 2 T T S e T
CERELAND } EE4n {: j" WP {!I' Yop _g;.__, ": Ll l:l: HOF _I-I_.J [ ::r...::l; W l'l:.I
. ll ‘ ..... I e ‘
i | = |{T :}T':_m.'."":_ L
ClL=d|AL =M
u TRAMSTIRIRNG DATA Ll [T CASE
Metos: 9, Blad
2. Posted CASe additivae latancy (AL] =0
1. Shoen wath nomingd "aC, "DOSCK, ard 'DOS0
5 CAS
Figs CAS Cycle
2.4.2 1(EMR1)

1(EMR1)
DLL enable/disable output drive strength on-die termination(ODT)(Rtt) posted
AL off-chip driver impedance calibration(OCD) DQS# enable/disable

RDQS/RDQS# enable/disable  output disable/enable 6
EMR1 LM
EMR1

- 12 -
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1 0D | S 11 1 Resores
111 | o deren e
(15 gea| mom mognier set
1] b | Extersioct mecio roegidier (ERARTH)
g SR TS 1. DIJHI"IE' irvitialization, sl thraa Bies most e et o 717 for OCD dalfault state, than must ba

set to "0 balore initialization is finkshad, as datailad in the notes on pages 17-18,
2. E13(A13) is not used on the x16 comtiguraticn.

6 1
Fig6 EMR1
vDLL Enable/Disable
DLL LM EO normal operation
DLL power-up initialization DLL
normal operation DLL LM DLL
DLL
SELF REFRESH DLL SELF REFRESH
DLL READ 200
tAC
tDQSCK

v Output Drive Strength



Output Drive Strength E1l
SSTL_18 E=0 ( ) E=1
SSTL_18 60%

v DQS# Enable/Disable

DQS# EI10 E10=0 DQS# DQS
(E10=1) DQS DQSH# RDQS#
RDQS (E11=1) DQS# (E10=0) DQS#
RDQS#
v RDQS Enable/Disable
RDQS E11 X8 (E11=1) READ
RDQS DQS RDQS DDR2 SDRAM
v Output Enable/Disable
OUTPUT ENABLE E12 (E12=0) (DQs
DQS DQS# RDQS RDQSH) (E12=1) DDR2 SDRAM

(DQs DQS DQS# RDQS RDQSH)
v On-Die Termination(ODT)
OoDT RTT(EFF) EMR E2 E6 DDR2 SDRAM
ODT ODT
RTT 50 75 150 DQ
DQSDQS# RDQSYRDQS# UDQSUDQS# LDQSLDQS# DM  UDM/LDM
E6 E2 “awl” fosw2” f swd” oDT
oDT active power-down(fast-exit  slow-exit ) precharge power-down
self refresh OoDT DDR2 SDRAM  power-up
initialization oDT EMR oDT
EMR ODT EMR 8 ODT
v Off-Chip Driver(0CD) Impedance Calibration
OFF-CHIP DRIVER
v Posted CAS Additive Latency(AL)
Posted CAS additive latency(AL) DDR2 SDRAM
E3-E5 AL 0123 4
DDR2 SDRAM READ
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WRITE tRCD(MIN) AL<=tRCD(MIN)

AL=tRCD(MIN)-1xtCK READ  WRITE DDR2 SDRAM
AL RL AL CL RL=AL+CL WL(write Latency RL
WL=AL+CL-1xtCK RL 7 WL 8

o ]r_____? - ﬁ’”i*i_f"a_ﬂr_ifl_}_ﬂf"

O ) T 1 4 1 I 11 I 1 111 1) WL 1

DA L l I i — F i :"..- '
T i
E" i —
— — (e
[T |
[ mamsmcinic . |7 ctin coes
Motes: 1, BL=4
2. Shown with nominal "AC, 'DORCK, and D050,
3 CL=3
4, AlL=2
5 RAL=AL+CL=5
7
Fig7 READ Latency Cycle
T m 17 n T™ 1] ™ )

SO N G N SN (G B SN G B SN S
W“Lﬁéﬁﬂlfﬂﬁnllﬁﬂ“mﬁl_ﬂﬁiwlﬁﬁﬂﬂ

25 [ata

ﬁ_-z B.l-r

[=1]
WA OL-1a4d
2] maamenme nara DONCT CARL
Motas: 1. BL =4,
2 CL=1,
q AL=2
4 WlL=aAl «sCL-1=4
8
Fig8 Write Latency Cycle
24.3 2(EMR2)
2(EMR2) EMR2
E7 EMR2
LM
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IT E7(A7) 1 TCASE  s5°C
AL BAD A1] 412 AT A10 &5 A3 Ak AL A4 AT A2 B B Big
RRRRARRARRARIAE

|H.!iﬂ'iﬂl'i0'iﬂ'iﬂ'|l"||?ﬂ' D‘lﬂ-‘lﬂ'lﬂ'lﬂ'lﬂ'l: R (Exi

I

[l15 m14]  Mode Register Defirition

ay &1

E7 | High Terspeaninre e Reiresh rwe ensbie

01 | Commernial ismpernre def sult

1 || Industred cemperpire aptong
1 0 | Exveriihad rsde regiier (EWIRT) ww if T, mmcmssch 57T

Motas: 1. E13 (AT3-EB [AR) and EG (A6)-ED (AD) ara reservad for futura wse and imust all be pro.
grammed to "0.7 A13 i not usad in X168 configuration.

9 2
Figd EMR2

24.4 3(EMR3)

3(EMR3) EMR3

BANEAD ATDAT2 AT ATO Al A0 Addres B

T

M15 M| Mode Regivs Defirition

al

11 | Eneindsd radde reger (EMET)

Motes 1. E13 (AT3-E0 (AD) are reserved for tuture use and must all be programmed to "00° &13 is
nok wsed in 116 configuration,

10 3
Figl0 EMR3



2.5

251 (power_up)

200 NOP
CKE CKE

400ns (8] precharge all

11
Figll Power Up Waveform

252 (precharge all)

(tRP) A10

12

Figl2 Precharge Waveform

25.3 (read)
BA1-BAO bank AO-Ai( i=A9
x16 A9 x8 A9 A1l x4) A10
auto precharge auto precharge
precharge
v READ Operation( )

READ 13 bank READ

- 17 -—



14

auto precharge

auto precharge

d
ik
o Y
(8]
[*TT
LALE
WER
miEEERs 0
INAEL
HLTTEY PR Tl B a il
[T

BARE ADDFESS i Bank 3,
AT ’

L] LR LAk

13
Figl3 Read Cycle
READ latency(RL)
RL=AL+CL AL CL MR EMR
( CK  CK#
AL CL RL
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S | _ [— i’ N o
ba : T D &8

[ powr cape [T mesmmatsss nata

Mobes: 1, DM ir = dabs-ou rom cabemn a
:: :u'-n:mtruqﬂnl: alormants of dats-cun agpsar i the programmed order following D m
4, Showm wath nomiral "AC, 'DOSCK, and "D
14
Figl4 Read Cycle
DQSDQS# DDR2 SDRAM DQS DQSH#
(read preamble)(tRPRE) (9] DQS
DQSH# read postambl e(tRPST)
DQ
DDR2 SDRAM BL=4 BL=4
BL=8 (auto precharge
) 4-bit DDR2
SDRAM 4 15
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B ] muaseermime: ety [T oy e
Wetw: 1. BL = 8 requeredt suso precharme sunt bo disblad (A0 = LOW0
2 READ command can b B oo s wel il bonk and fovw addres (EAD commend st T and
T2 e b wi by marmas hank oo difiorenmt bank)
A Inberruapting BEAD command sl e s sty § o 'CE from preicus SEAD
& Auty produnga cen e sither enabded |AT « HIEH] or disbled (&0 « LOWI by tha imer-
fisjiticag READ cominasnd
5 WOP o COMMAKD WHIE T amima o sis vl PEECHARGE cossirsrsd cainl s fissien
by imedd for REALR at T anad T2.
b Eewphs diovsines AL = 001 ¢ 3 B = . i with eimanal TAC, "DNOSCR, and 'DOS0

15 4
Figl5 4bit-prefetch Read Cycle

254 (Write)
WRITE BA1-BAO bank
AO-i( i=A9 for x8 and x16;A9 A1l for x4) A10
(auto precharge) auto precharge
; auto precharge
16

EEE
S8

(=]
[[ELY] .-_'.-'.-".-'||li T ]
case o | AT

ADIDRESS :fj,':',"'(:?_.q'-ﬁll W

&0 R A
[T

|
s conss 7NN

4] powrT coeE

Moter G = column addross: BA = bank adidress: EN AP = srabila auto prechanga: and D15 AF = de-
abla aarta pracharge.

16
Figlé Write Command Cycle



DQ DM

memory DM memory DM
v WRITE Operation( )
WRITE 17 WL=RL —1CK =AL + (CL — 1CK)
bank WRITE auto precharge
auto precharge
prech-arged WRITE auto precharge
WRITE DQsI17]
DQS WRITE
DQS DQS (write preamble);
DQS (write postamble)
WRITE DQS WL£tDQSS DQS
+tDQSS tDQSS

( 25%)
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o T ’f”f”iféih A ..*3:?‘.\.1" Wﬁ””?ﬁ’
TS (MIN) S L - N - i 5
N T e |
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”’“*”jff" fﬁﬁlff"ﬁfﬂf@\@\@’bi

Motes: 1.

M

04 &,

L

M & = dacs-in for columm b,
Threa subsaquent sleman of data-in e spplied in the programmed order teliowing

[7] oowvcane E7

Shcmm with BL = 4, AL = 0. CL = J; thas, WL = 2.
&10 i LOW with tha WRITE command [auto pracharga is disabled).
Subsaquant rising D05 signals must align to tha clock within "BO5s.

17 4
Figl7 4Bits-prefetch Write Cycle

TRANSITIONIMG DATA

(REFRESH)
v REFRESH
REFRESH  DDR2 SDRAM CASH#-Before-RASH(
CBR)REFRESH refresh
REFRESH “ Don't
Care’ 512MbDDR2SDRAM  7.8125us(MAX) REFRESH
DDR2 SDRAM 8 REFRESH (
REFRESH ) REFRESH
9x7.8125us(70.3Us; 3.0us) [18] REFRESH
tRFC(MIN)
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Motes: 1. PRE = FRECHARGE, ACT = ACTIVE, AR = REFRESH, RA » roy aifcliess, BA = bank aodress
. MOPeomivesind ana b Tor ssids of [[hissraciad: otfer il cormainds mioy be odgsibls an
Ul Liimiand, CEE il B petive during clogk positins trominicens
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L8, MWL plechial e all & (LR AT ]
4. DA DHE sl DS sk are all "DaonT Caee " High-Z Fee aperatiae thoveii

Thia secoie] REFRESH 1 not raguired and 5 only shown as an axemple af 7w back-ro-hack
REFPESH eommanids

18
Figl8 Refresh Mode Cycle
verilog

debug_point3 =1;

refresh;

debug_point3 =0;

nop (trfc-1);

debug_point3 =1;

19
Figl9 Refresh Waveform



3 DDR2

31

Xilinx  spartan3 FPGA
DDR2_400 512M DIMM
512Mbytes 64bits 4]
512Mbits 4  logic bank
16K 256x32=8K (hits)

8

DDR2 400
8hits

Xc3s4000-4fg900
200Mhz

logic bank
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Spartan-3A
FPGA

-4

SD_A<13:0>

SD_DQ<63:0> -

SD _BA<1.0>
SD_RAS

SD_CAS

SD_WE

SD_UDM

SD_UDQS_N

SD_UDQS_P

SD_LDM

SD_LDQS_N

SSTL18 Termination

SD_LDQS_P

SD_CS

SD_ODT

SD_CK_N

SD_CK_P

SD_CKE

Yvy

pa———

YV Y YYYYYYYYYVY

ddr2 clk0 ddr2_clkOb
ddr2_cke

ddr2_cs0b

ddr2_rasb

ddr2_casb

ddr2_web
ddr2_address[13:0]

20 FPGA-DDR2
Fig20 FPGA-DDR2 Interface diagram

A[13:0]

DQ[63:0]

BA[1:0]

RAS#

CASH

WE#

UDM

UDQS#  DDRII
Upas  DIMM
LDM

LDQS#

LDQS

CS#

oDT

CK#

CK

CKE
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ddr2_ba[1:0]
ddr2_dm[7:0]
ddr2_0DTO
ddr2_dq[63:0]
ddr2_dgs[7:0]
reset_in

clk 4n
DDR2_MEM_INIT

refresh_req

refreshed
basic_cmd[3:0]
basic_tsk_bank[1:0]
basic_tsk_row[12:0]

basic_tsk _col[9:0]
basic_tsk_ap

basic_tsk _dq[255:0]

DDR2 SDRAM

bank
1bit

DDR2

u_cmd

DDR2

200Mhz

u_cmd

bank

[5|(auto precharge write read

)

(burst) 64bits

256bits

- 2 -



DDR2 SDRAM

ddr2_top

22

User Interface

1|

Implementation Layer

Infrastructure

Data Path

Control

Physical Layer

Fig21

21

Interface Layering Model

Spartan-3 DDR2 SDRAM
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Leser_clk

Lser_dals

Command & Addrass

311

312

1)
2)
3)

&= [nfrastructure | -
DDR2_IF
—
Dala Path | - I0BS
L
Controller fe— 1
22 DDR2 SDRAM
Fig22 DDR2 SDRAM Interface Modules
(Controller)
XAPP253 ( 400Mb/s DDR SDRAM )
DDR2 SDRAM 4 CASlatencies 3
DDR2 SDRAM Load Mode
EMR(2) EMR(3) data strobes
DDR2 SDRAM
XAPP253
(Data Path)
memory
memory
memory FPGA
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XAPP768c Spartan-3 166Mhz

333Mhz DDR SDRAM (strobe) FPGA
DDR2 SDRAM
memory 90° 270° [11]
memory
Memory DDR2 SDRAM
FPGA
313 (Infrastructure)
FPGA (DCM)
[6]
assert XAPP768
314 (I0BY)
FPGA IOBS are
registered IOBS IOBS
3.2

tb_spartan3_ddr2
activate
ddr2_top(ddr2_top)
ddr2(ddr2)
controller(controller)
ODT_ACK_REG_INST1(FD)
rst_calibO(FD)

- 29 -



rst_iob_out(FD)
data_path(data_path)
data_path_rstO(data_path_rst)
data_readO(data_read)
data_read_controllerO(data_read_controller)
data_writeO(data_write)
infrastructure(infrastructure)
cal_topO(cal _top)
clk_dcmO(clk_dcm)
iobs(iobs)
controller_iobsO(controller_iobs)
datapath_iobsO(data_path_iobs)
infrastructure_iobsO(infrastructure_iobs)
ddr2_cmd_parser(ddr2_cmd_parser)

data_construct(data_construct)
micron_ddr2_testmodule(ddr2_testmodule)

3.3
tb_spartan3_ddr.v ddr2_testmodulev  micron
ddr2_cmd parser.v  DDR2
ddr2
(active) (nop) (write) (read)

(refresh) (precharge) odt (odt on) odt (odt off)

DDR2
ddr2

ddr2_top basic cmd[3:0] basic_tsk bank[BA BITS-1:0]

basic tsk _col[COL_BITS-1:0] basic tsk_ap basic tsk_dq[8*DQ _BITS-1:0]
basic_tsk_row[ROW_BITS-1:0] SYS CLK
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clk 167Mhz [7]
bus _clk(266/4Mhz) clk
clk  bus clk
dgs dq controller.v
controller.v
3.3.1 DDR2 (ddr2_cmd_parser.v)
basic
controller [19]
u data i data_path.data write
(ap) u_address
controller
basic_cmd[3:0]
basic_tsk bank[1.0]
basic_tsk_col[9:0]
basic tsk _ap
basic_tsk dq[255:0]
basic_tsk_row[12:0]
init_val controller.v
init_done
power_up_ok DDR2 power_up controller.v
u_cmd[3:0] controller.v
u_data i[255:0] data_path.data write.v
task_bank[1:0] bank controller.v
u_addresg23:0] controller.v

u_config_parmsl

u_config_parms2

controller.v DDR2

controller.v DDR2

- 31 -



basic_cmd

u_cmd

5

Table5 Basic Command From Uper Level
basic cmd
4'b0001 ACTIVE_NOW
4'b0010 NOP_NOW
4'b0011 REFRESH_NOW
4'b0100 WRITE_NOW
4'b0101 READ_NOW
4'b0110 PRECHARGE_NOW
4'b0111 ODT_ON_NOW ODT
4’1000 ODT_OFF _NOW ODT
4'b1011 LOAD_MODE

Table6 Basic Command In Controller

u cmd

4'b1011 load_mode
4'b0001 power_up
4'b0010 init

4'p0100 active
4'b0101 nop

4'b0110 write
4'b0111 read
4'b1000 precharge
4'b1001 odt on  odt
4'b1010 odt_off odt
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next_state
init_val power_up_ok
u_cmd data_construct-
u_cmd

task dg task row task col task ap u_data 1 u_address

u_cmd

task _dq [10] data_write

u_cmd active task_row ( ); precharge
{13 b0 task ap 10" b0} ; write read
v

clk 166Mhz

clk90 clk 90

rst

rst180 180

rst90 90

cmd_ack

cnt_roll

dipl 1 DDR2 0 DDR2

dly tc dly

r w r w_dly read_write

dly
refresh_done auto_refresh
init_val controller.v INIT_DONE

power_up_ok (power up)
u_data va

addr_inc

addr_rst

u_cmd
controller.v ddr2
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u ODT_ack

dly inc dly
v
DDR2 next_state
rst_state->power_up_start->power_up->init_start->init->wr->dly->auto_ref_start->a
uto_ref->rlfsr->rd->dly->auto_ref_start->auto_ref->rlfsr->wr->dly........... ->rd->dly->au
to_ref_start->auto_ref->rlfsr->rst_state
wr rd wr rd rst_state
512Mb_ddr2
burst
rst_state->power_up_start->power_up->init_start->int
ddr2.controller power_up_start
power_up ok _dly power_up init_start
init_done rdy state
basic_cmd[3:0] 6

active_now nop_now refreshnow write ap_now read ap now precharge now
odt_on now odt_off _now (

[14]
rdy_state
basic_ cmd next_statel
cmd_p[10:0] cmd[10:0]
u_cmd_p[3:0] u_cmd[3:0] ddr2.v
ddr2.v

u_config parmsl  u_config_parms2

332 (controller.v)



DDR2

address[23:0]
bank_addresg[1:0]
config_register1[14:0]
config_register2[12:0]
command_register[3:0]
refresh req

refreshed

ddr2 rasb cntrl
ddr2_casb_cntrl

ddr2_ba cntrl[1:0]
ddr2_address cntrl[13:0]
ddr2_cke_cntrl
ddr2_csb_cntrl
ddr2_ODT _cntrl
dgs_enable

init

PRECHARGE_CMD
power_up_start
initialize_memory
refresh

write_cmd_in

ddr2_cmd_parser

DDR2 SDRAM
4
8
bank
1
2
ddr2 cmd parser u_cmd
bank
oDT
dgs iobs dgs

ddr2_cmd_parser

command_register
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Id_mode

read cmd

active_cmd

nop_cmd

ODT_en oDT
ODT _disable OoDT

config_registerl  config_register2
Burst_length = config_register1[2:0]
Cas latency = config_registerl[6:4]
WR = config_registerl[13:11] + 3'd2
EMR_OCD_not_support ={config_reg2[12:7] config_reg2[3] config_reg2[6:4]
config_reg2[2:0]};
EMR_OCD_default = {config_reg2[12:10] 3'h7 config_reg2[3] config_reg2[6:4]
config_reg2[2:0]}

Command_register refresh_req
start_power_up start_odt_turn_off start_odt_turn_on start_read wait
start_burst_read

start_burst write  start_write wait start_first write  start_precharge after_write
start_precharge after write2  start_active start_refresh  start load_mode reg
start_precharge

state_power_up state_odt_turn_off state_odt_turn_on state read wait

state burst_read

state burst write  state write wait state first write  state precharge after write
state precharge after write2 state active  state refresh  state load mode reg
state precharge
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Write Wait
Idle
Read

23
Fig23 Controller State Machine

(idle) idle Initialization
idle
Auto Refresh
(Active)
[20]

First Write
Burst Write Write Wait
First Read Read Wait Burst

Burst Read Read Wait Idle
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333 (data_path.v)

bank address address data parser
ddr2 dm (dm) 0
ddr2_top dgs ddr2

nop
rdy state controller.v idle
nop [21] nop nop(task_delay)
task_delay
ddr2
user_input_data data_construct.v
user_input_address data_construct.v user_bank_address bank
dta_contruct.v burst_done ddr2 burst datasheet
user_output data ddr2
user ODT ack ddr2
controller.v ucmd

3.34 (infrastructure.v)

4
dem( ) 200Mhz  ( 126Mhz)

24
Fig24 Infrastructure Waveform

3.35 (iobs.v)

xilinx (spartan3) 10
block
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ddr2_rasb_cntrl
ddr2 casb_cntrl
ddr2_web_cnitrl
ddr2_csb_cntrl
ddr2_address cntrl
ddr2_ddr2_ba cntrl
ddr2_cke cntrl
ddr2_ODTO_cntrl
OBUF
ddr2 rasb
ddr2_casb
ddr2_web
ddr2_csb
ddr2_address
ddr2_ba
ddr2 cke
ddr2 ODTO

(controller_iobs.v)

(data_path_iobs.v)

(infrastructure_iobs.v)
(controller_iobs.v)

(data_path_iobs.v)

ddr2_dimm

write_data falling[127:0]

write_data rising[127:0]

mask_falling[7:0] mask rising[7:0] dg dgs

dq
ddr_dg g
FDDRRSE DDR_OQUT
(-Q (ddr_dg_q);
.CO (clk270);
.C1 (clk90);

ddr2_dgs_en
dm
FDDRRSE
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.D0 (write_data rising);
.D1 (write_data falling);
R (GN\D);
.S (GND));

25
Fig25 Data Path Waveform
ddr2_dimm ddr2_controller
write_en_val
ddr2_controller FDCE

ddr_en

assign enable b = ~write_en_val ;
FDCE DQ_T(

.D (enable_b) ;

.CLR  (RESET) ;

.C (clk270);

.Q (ddr_en);

CE  (CLOCK_EN));

enable_b
iTﬁﬁ U A A A A
26 DDR_EN
Fig26 DDR_EN Generation Waveform
ddr2 dq g OBUFT ddr_dqg_inout
ddr2_dimm
OBUFT DQ_OBUFT(
.1 (ddr_dg_q);
.T (ddr_en) ;

.O (ddr_dqg_inout)) ;
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[

]

‘ UL LUV UL UUUUUUUUUL
ddr_en
ddr_deg_inout 7 —Ijlj

27 DDR_DQ_INOUT
Fig27 DDR_DQ_INOUT Generation Waveform
ddr2_dimm dg dgs
ddr2_dimm IBUF

IBUF DQ_IBUF(

.1 (ddr_dg_inout);
.O (read data in));

ddr_dg_inout —JU_
read data_in J_ U_
28

Fig28 Input Data Received Waveform

v (infrastructure_iobs.v)
ddr2_clkO ddr2_clkOb ddr2_dimm clko
clk180 FDDRRSE ddr2_clkOb  ddr2_clkOb_q
OBUF

FDDRRSE DDRCLKO_INST  (
.Q (ddr2_clk0 _0g);
.CO (clk0);

.C1 (clk180);
.CE (vco) ;
.D0 (vco) ;
.D1 (gnd) ;
R (gnd) ;
S (gnd));
OBUF rl1 (.1(ddr2_clk0 q);
.0(ddr2_clkQ));
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EHNR

Fig29 Initialize Waveform
dqg dgs
dgs

B0 D00 FAEID TROCEELANEE DML MY v IV REREAL IR PRI AR 020k RO 0

30 -
Fig30 Initialize Waveform Details
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31
Fig3l Write DataWaveform

chipscope Flagb n fifo_data[15:0]
slwr_n usb Data_256b_flag ddr2
256bits Usb_dump_trigger_reg ddr2

widi_p i Do’ Cligh I 1 1
Fenl_imbarPacslfifs_#sia | | [N B _
fonb_irdarfeodglar n 1 | |

g _ipiar e nek_dwp_tripper_mag E a |

32 1
Fig32 On-board Emulation Waveforml1
state _refresh

Oagh

sl FLEs_duis . L I il b | i R O o
dars HETNNRERRFFEIRRR RN Rhi
ik Sy _irigss_reg E
e o o | (e e R0 A (EACA R TR I
v/ neid_sami_riart L ___I_""I,I”"I I'.II" II"I I.I.LI.I.LI.I.I...I.L.L]I HE] I.I.LI].'“.I_I.I.I.!LI-I.IJ.I-I-'L:IJ-I-I-L-I-J-I-I-II |
— ! s T g R

Bighfr e vl_ciari_swd

B gl B T _EadE 0 n e T - W 0

bt ant it an anane | 3| 3| [ S—— o ——— o ———

et S | 0T FFT TR TR FTTER 0TS T TR R R

T e T i el T
e I I I S | T T Fe ey o Ly B
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xilinx  spartan3

ucf
ucf
26Mhz  clk_26m pin DDR2 200Mhz
126Mhz clk_4n_pin DDRII
4 clk0,clk90,clk180,clk270 clk26m_pin
clk_4n_pin

NET "clk_26m_in" TNM_NET ="clk_26m_pin";

TIMESPEC "TS clk_26m pin" = PERIOD "clk_26m_pin" 38 ns HIGH 50 %;

NET "clk_pin_4n" TNM_NET ="clk_4n pin";

TIMESPEC "TS clk_4n_pin" = PERIOD "clk_4n_pin" 7.7 ns HIGH 50 %;
set false parth

PIN "ddr2_top/ddr2/infrastructure/clk_dcm/DCM _INST.CLKO" TNM = "clkQ";

PIN "ddr2_top/ddr2/infrastructure/clk_dcm/DCM _INST.CLK90" TNM = "clk90";
PIN "ddr2_top/ddr2/infrastructure/clk_dcm/DCM _INST.CLK 180" TNM = "clk180";
PIN "ddr2_top/ddr2/infrastructure/clk_dcm/DCM _INST.CLK270" TNM = "clk270";
NET "sys rst" TNM_NET = "reset";

NET "ddr2_top/ddr2/controller/rstO_r" TNM_NET = "reset”;

NET "ddr2_top/ddr2/controller/rst180_r* TNM_NET = "reset";

NET "ddr2_top/ddr2/controller/rst180 r_inv' TNM_NET = "reset";

NET "ddr2_top/ddr2/controller/rst_dgs div_r* TNM_NET = "reset";

NET "ddr2_top/ddr2/infrastructure/sys rst180_1" TNM_NET = "reset";

NET "ddr2_top/ddr2/infrastructure/sys rst180 0" TNM_NET = "reset";

NET "ddr2_top/ddr2/infrastructure/sys rst270_1" TNM_NET = "reset";

NET "ddr2_top/ddr2/infrastructure/sys rst270_o" TNM_NET = "reset";

NET "ddr2_top/ddr2/infrastructure/sys rst90 1" TNM_NET = "reset”;

NET "ddr2_top/ddr2/infrastructure/sys rst90 0" TNM_NET = "reset";



NET "ddr2_top/ddr2/infrastructure/sys rst 1" TNM_NET = "reset";
NET "ddr2_top/ddr2/infrastructure/sys rst 0" TNM_NET = "reset”;
TIMESPEC "TS 4" = FROM " clk_26m pin" TO" clk_4n_pin" TIG;
TIMESPEC "TS 2" = FROM "clk0" TO "clk90" "TS clk_26m_pin" * 1;
TIMESPEC"TS 4" = FROM "clk0" TO "clk180" TIG;
TIMESPEC"TS 5" = FROM "clk0" TO "clk270" TIG,;
TIMESPEC "TS 6" = FROM "clk90" TO "clk180" TIG;
TIMESPEC"TS 7" = FROM "clk90" TO "clk270" TIG;
TIMESPEC "TS 8" = FROM "clk180" TO "clk270" TIG;
TIMESPEC"TS 9" = FROM "reset" TO "FFS' TIG;
3 ISE (synthesis) Optimization Goal " gpeed” ,Optimization Effort
"High”
(Implement Design) (Map Properties  Map Effort Level
High Map Effort Level Continue on Impossible  Optimization Strategy(Cover
Mode) Speed (Place& Route Timing Report Properties) ,Place
And Route Mode Multi Pass Place and Route Place& Route Effort Lever(Overall)
High Place Effort Lever(Overrides Overall Level) High Router Effort
Level(Overrides Overall Level) High Extra Effort(Highest PAR level only)
High
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Constraint | Bequested | Actual | Logic | Aikbsolute | Nurnber of

| | | Lewels | Slack |errors
* TS _ddrz top ddri infrastructure clk dem C | 7.700ns | 7.468ns | 2 | 0.232Zns | O
LED_BUF = PERIOD TIMEGRP "ddr2 to | | | | |
p_ddrZ_infrastructure clk dem CLED_BUF"™ T | | | | |
5_clk_4n pin HIGH 50% | | | | |
T3 ddrZ top ddri infrastructure clk dem C | 7.700ns | 7.668ns | O | 0.03Zns | O
LESO_EBUF = PERIOD TIMEGRP fddrz_t | | | | |
op_ddrz_infrastructure clk dem CLES0 _BUF" | | | | |
TS_clk_4n_pin PHASE 1.925 ns HIG | | | | |
H 50% | | I | |
T3 ddri_ top ddri_ infrastructure clk dem C | 7.700ns | &.780n= | O | 0.9Z0n= | O
LE1g0_EUF = PERICD TIMEGEP "ddrz | | | | |
top_ddri_infrastrusture_clk dew CLE1S0_BU | | | | |
Fr T3_clk_4n pin PHASE 3.85 ns HI | | | | |
GH 50% | | | | I
T3 ddrZ_ top ddri infrastructure clk dem C | 7.700ns | 6.304ns | O | 1.396ns | O
LE270_BUF = PERIOD TIMEGRP fddrz | | | | |
top_ddrz_infrastructure_clk dem CLE270_BU | | | | |
F" T3 clk 4n pin PHASE 5.775 ns H | | | | |
IGH 50% | | I | |
TS_olk 26w pin = PERICD TIMEGRP "olk 26m | 38.000ns | 19.516ns | B | 18.484ns= | O
pin™ 38 ns HIGH 50% | | | | |
TS_2 = MAXDELAY FROM TIMEGRF "clk0O"™ TC TI | 38.000n= | 5.857ns | O | 32.143n= | O

MEGRP "clkS0" TS clk 26m pin I I I I I

Y ARBEHITH FPGA 2 Xilinx [¥) spartan3 1 —2K, H 4% xc3s4000-4fg900.
CRA I Ja M IRIEAETS L N B s, Hib Flip Flop A T 5392 4™, Block
RAMH T 44, GCLKH T 64, DCM H T 11

Logic Mtilization Used Awailable Ttilization Hotel(x)
Total Humber 5lice Registers 5, 400 55, 296 9%

Humber uzed as Flip Flops 5, 392

Wumber nsed as Latches 5]
Humber of 4 input LUT= 3,119 55, 296 5%

Logic Distribution

Fumber of oceupied Slices 4,615 27, B48 16%
Humber of Slices containing orly related logic 4,615 4,618 100%
Humber of Slices containing unrelated logie 1] 4,613 0%

Total Humber 4 input LUT= 3,372 55, 208 E%

Humber used as logic 3,119

Humber used as a route—thru 146

Humber used for Dual Port RéMs 102

Humber used as Shift registers 5

Humber of bonded I0Es 132 B33 20%
I0OE Flip Fleps Th
TOE Dual-Data Rate Flopsz 93

Humber of Block RiMs 4 96 4%

Humber of GCLE= =] g TS%

Humber of DCM= 1 4 25%

Total equivalent gate count for design 342, 306

Additional JTAG gate count for ICOEs B, 336
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