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Agenda

High Speed System Design

Establishing timing model

— Derivation of timing equations

— ldealized timing analysis

— The role of signal integrity

— Reconciling signal integrity with timing
Pre-route exploration

Driving physical design

Post-route validation

Design analysis reuse

Case study: DDR2 memory

Asian IBIS Summit - Tokyo, Japan - October 31, 2006
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High Speed System Design
... Not Just “Signal Integrity”

Constraint-Driven Design « High Speed Design involves

-églé:/FPGA multiple disciplines

« System « Changes in any area drive
changes in others

« Mastery of modeling details
& process flow is essential

Timing Signal for success
Analysis Integrity

n SiSoff
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System Level Timing Closure

W SiSofy DDR2

DQDQS Timing

1.60 —

0.50 —

« Successful high speed design requires a rigorous
methodology for ensuring positive design margin
across all combinations of:

— Component timing (process)

— Voltage & temperature

— Package & PCB routing lengths

— PCB manufacturing variations (Z,, loss)

n SiSoff
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Establishing Timing Budgets

 High speed interfaces have
one or more “transactions”

ara sramips| 5011 SODIMM that require timing closure
ddr2_sdram.tmg| JEDEC Raw Card
AEB.CorD « Memory example:
DDR?2 addem
vemory | oo 7 — Address/control
Controller ) . — Data read
dm 8 .
sl @ - Datawrie
) e g — Strobe to Clock
ck_slotl . . . .
2 * Timing relationships must be
identified and closed for

each different transaction

n SiSoff
Asian IBIS Summit - Tokyo, Japan - October 31, 2006 h“ l 0 '.
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Source-Sync Transaction Example

v

CLKOUT CLKIN

Driver Receiver

o Establish component timing & transfer protocol
« Derive timing equations

* |dealized timing analysis

e Signal integrity analysis and Timing Closure

n SiSoff
Asian IBIS Summit - Tokyo, Japan - October 31, 2006 h“ l 0 '.
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4. Receiver

Requirements

\ SiSoft

30403
il © . .
1,1, Component Timing, Transfer Protocol
26000
J f,.,_l OC)

08

ch 3. Interconnect Delays
JRo"0 EEEEEEESNENEEEEENEEEEEEENNg
o Uol e ﬁ .
0g e m m

i B ) CLEOUT > CLKIN

' ﬂ[? : [Ons: ons] [Ons: ons]

UQ : 2. Driver

0°00 Timing
sn 00
& ; [l Q EJJ; ['0-3nSEO-3nS] ﬁ [0_4;5’ 0_4n3]

03 N :
.-:jOOD-.:] .IIIIIIIIIIIIIIIIIIIIIIIIIII.
°2000 Clock = 250 MHz
‘-’(.ﬁ%U 1. Design Goals | Source Sync, DDR transfer
05*0? Data Unit Interval = 2ns

50 90° clock shift on PCB
i
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Derive Timing Equations

CLKOUT
[Ons, Ons]

QO .. Q15

[-0.3ns, 0.3ns]

[min = al, max = a2]

A 4

[min = b1, max = b2]

—

CLKIN
[Ons, Ons]

DO .. D15

[0.4ns, 0.4ns]

Setup margin = [early clock] — [late data] — [setup requirement]
=[Ons + al] — [0.3ns + b2] - [0.4ns]
=—al—-b2-0.7ns

Hold margin = [Data Ul] + [early data] — [late clock] - [hold requirement]

=[2ns] + [-0.3ns + b1] — [Ons + a2] - [0.4ns]

=1.3ns+bhl—-a2

Asian IBIS Summit - Tokyo, Japan - October 31, 2006
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ldealized Timing Analysis

Minimum data length = 3”, at 180ps/in = 0.54ns

[al = a2 = 1.54ns]

\ 4

CLKOUT CLKIN
[Ons, Ons] [Ons, Ons]

[b1=Db2 = 0.54ns]

[-0.3ns, 0.3ns] [0.4ns, 0.4ns]

Setup margin =al —-b2 -0.7ns
= 1.54ns — 0.54ns — 0.7ns
=0.3ns

Hold margin = 1.3ns + bl — a2
= 1.3ns + 0.54ns — 1.54ns
=0.3ns

n SiSoff
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The Role of Signal Integrity

<—>:0.54 ns
|

N I

b

|dealized Delays

it SiSof

(12,4260 .1 b
1.80 7 /

e

m1:{13.008ns, 0.9
mZ2: (14.008ns, 1.0
lta =,

/Vmeas 0,90
inl 070

d 194y
] dyfebe 0.184vins
) 7: \”ﬁ\/

\'\‘I‘I'I'\'\
160 170

ReaI-WorId Delays

Asian IBIS Summit - Tokyo, Japan - October 31, 2006

Detailed analysis of digital
switching behavior

IBIS or HSpice models
define 1/O buffer behavior

Accounts for

Actual circuit loading
Reflections / ringing
Circuit topology
Inter-symbol interference
Switching thresholds

Process, Voltage, and
Temperature Variation

W SiSoft
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- Device delays are measured using specific

voltages / loading conditions:
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- Sl flight times must be measured based on

those same conditions:

Delays measured i
from reference | 777
loading condition £

\

Delays measured
to input thresholds
(VIL, VIH) at
receiver input pin
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Static timing and signal
Integrity measurements
must be compatible

S| measurements are
“normalized” to conditions
under which loading is
specified
— IBIS Vref, Cref, Rref,
Vmeas

Timing Closure occurs
when integrated timing/Sl
results show acceptable
setup/hold margins

W SiSoft
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Building an Executable Timing Model

RN X F R I T e
by it Chanoes..._End Reves.. l

D3] pe gl yew e
£ anal

 [For each interface, all
transactions must be

m
o
=
m
-
(1]

\j

x|

Sotup  Hold Margin Min Frch Max Frch Transfor
Margin jns) ins)  Delay fos) Delay s Het Diiver Ruceiver Column

| L .

[2] 0.153 1455 072 22393 addomd_BLOZ controller  dé2_sdam 1 mbl<l> .
3] 0.1e 1458 173 22296 addemd_BL ddr2_cosirollar dde?_gdram_2 mblel> Va I a e O r a C as e S
4| [N 1= 1475 1747 2.210 addemd_OL ddi2_conroller dde2_sdram_3 mble]> "

| 5| 0168 1.475 1.747 2.218 addemd_BL 3di2_controllar dde2_sdram_4 mblel>
3 0168 1475 1747 2218 addemd BLAA2_controler  dd2_sdam 5 mblel>

71 0168 1475 1747 2218 addemd_BLddrd_conroller am b mbl<l> H H

(8| 0.149 1445 1718 2237 sddemd_BLedr2_controller " sddram_ mbl<ts — ‘ O m O n e nt tl m I n ro Ce SS
a| LR 1485 727 223 addemd_BL ddi2_costroller dde?_sdram_B mblel>
10 |No AC specs Mo AC specs 1263 1.267 ck_dL ddr2_controller ddiZ_sdram_1_c  MoDef

AL 1263 167 ck AL Add_comtoller  ddd sdam_2c  NoDif
1263 1267 ck AL ddrd_contmoller am 3¢ NoOef
P

73] 1255 V7 kAL 8 controlle a4 NoDef VO |t age te moper atu re
| 1.473 1965 ctn 4L odr2_controller  dee2 sdram_1 mblel> y
(17] YD & uiion for . .
il ob e a0 - AT VT ET T T ey e — PCB variations
Bl 0 oD el S T
2| [}]
2 [} Al - B Transfes Nst
(23] [ A B I [ T o [T € [ F T & T w [ 71 T J T w [ v [ wm T n -
P « Creating an executable
125 1 Durate  Doratn
26 |No AC spef Slw  Slew Wrel Min Mo M
IT |No AC spo ting  Ratn Rate Crossing Vielless VinMoss Derated - 0
Fal 1 Oriver Rucelver RIF ing)  (ins) Time {ns) Time fus) Thme jos) Time fns)
B 2 [30%cma Lo conoter o2 soam 1 F 00% 00 07E)  Q7ETTE ? mE nx DI nM I I I l I I I I I I O e O e r O rl I l
£l 3 |adscmad_BLod_comroder  ddid_sdeam 1 R 00M 002 0mE 07X THE 1 mas W WMTE M
M 4 % Wl S adscma BLoa2 conmler  ddi_saam) 000 004 OB 0714 TE 4 My e aNE M
5 |adscmad_BLo2_comtiobe  ddid_sdeam 1 R 0041 00 0761 0708 TTTE 5 2 T T My . . - .
frasdy | & [sdscmd BLd&2 contioles  dd2_sdam 1 F 0007 006 047 087 TTE & g @ B
7 |sdsend BLOSD cotiohie  dd0_sdam | R 003 0052 0806 OEMTTE 7 CPTTIN Y, VI P
B |sddtmd BLO&T controler 2 sdeam ] F 0003 00T 085 07E3TTE 8 103191 03717 103214
9 |addcmd BLOAT coraroler  dd2_sdam ] R 005 OM 07E Q7 TIE 9 106232 108743 108277
10 |sddcmd BLd87_conrolee  dd2_sdam 1 F 005 4G 0% 078 TIE 10 1327 1137 mamg
11 [adécme_BL d&d_conrol ddGsdam 1 R 008 002 0679 06T TTTE 1 1B 1BTE B
décmd Bl 442 _cont 440 sdam 1 F 006 00% 0865 0754 TE 12 13205 1:17R 1B . -
décrmd B d42_cont 44 sdam ) R 00X 007 086 08X TITE 13 1B 187 138
ddemd B a4 controlee | ddid sdam 2 F 00E S 073 Q7B TE 2 BAE BB DM [ ] P O S S I b I | Itl e S
15 |adscma BLded_comroler  dd_sdam 2 R 00M 002 0T Q7N TTIE 3 B W mme
|adacma BLde2 comtoer ddiz_sdeam 2 003 00 006 0T TTTE 4 @1 MTH
17 [adscma BLoa2_conoler  do soam 2 R 0083 00 074 QST TTIE 5 Bn Ans W
18 |adscma 8L o8 _conoles  ddi_sdam 2 003 008 07R 07N TIE 6 632 EATIR  BATM
19 |adscma L 082 _conler  ddi_sdam 2 R 0o 004 07X 0702 TTIE 7 T M2 reme
20| adscmd OLde2_conmmller  ddiZ_swam 2 0087 004 07H  0EWTTE [ 100166 10078 1037
21 [addcmd BLddd_contmller  ddi2_sdam 2 R 00 00% 087 087 TIE 9 10027 1087 10A 248 bl X C e
22 |sdscrd BLA4D_contides 442 sdam 2 F 00 007 0806 0806 TTIE 10 13183 1367 11320
T3 |adsecrmd BLo4D_conoler  dd2_sdam2 R 0 00E 100 01 TTE 1 1B 13763 12343
2 ddQ_sdeam 2 F 003 008 076l 0761 TTE 12 13172 133709 1322
3 440 sdwm2 R 0005 006 105 OETATTE 13 18245 138745 13841 . .
Fa| X dd2 sdam3  F 0B 0% 073 07H TIE 2 [HE BB B
7?, - e L o — ustom SCrl t|n
| X 440 sdam 3 F 0O 0051 07 081 TITE 4 818 4873 4273
b ]l 2 440 sdam3 R 005 06 076 07 TTIE 5 @y @M am
E X ddd gdam 3 F 00E O 07 07 TIE 5 6 BN B 6w
31 |adacmd OL0a_conmiler  ddi sdam 3 R 004 D0 076 069 TTTE 7 5 T8IV TaITe rea
X |adscmd OL0d2_conmller  ddi_soam 3 00 0051 O7E  CEN TTTE 8 s 0T N2y
4 ¢ Wi Ere Dot ) Devatig Detads 0y Tre B - EDA tOO S
L]
—

tcycle = tco + tfinal settling + tsetup + tskew + tjitter +tSSO +tISI
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Pre-Route S| Exploration

5 Quantum-s| 300: ddrz_ﬁ\-n_nte:.wdk Pru::e::: C:\Quantum-5|_demo\Xiliny_kitisource ax ° P re - ro u te S I m u I atl O n S m 0 d e I
' planned

— Drivers

[ Einulate smmluur.mu 1=

Transtor et Proportios:

L ace || ©ata Ratel2 0ns - poR_paTaRATE
Tyme{Data

State Propertios:

— Receivers
— Routing topology & lengths
— Termination

RCC 3 Ohm/RCD 10 Ohm
Subtitle

FE T

e Simulated interconnect
delays are extracted and

-|:|:

volts (v

[ TR .
plugged back into the
mblel>
mblel> - -
Executable Timing Model
mblel>»
mibl<1>
- mibl<1>
T T T T T T mhl<l> -
bl
ﬂ " e e Setup and hold margins are
| & MaDef
Time ths) | ©  HaDef
3 T ) I S o 111 g2 L
[ 14| 0.421 12001 1473 1985ctd AL 42 conroller  ddd sdrem | mblels C a C u ate O r te m e rat u re
l 0421 1.201 1473 1,985 ctn_ﬂL ddr2_controller ddr2 Snram_';! mblel>» ’
i 041 1.201 1.473 14985 cllI_A'IL 3 mbl<>
l nan 1. 1473 14955 <:I|I_A'Il ; 1 mbl<1>
ﬁ 1 445 1353 1148 1654 <Iru_'.'H : » mbl<1>
ﬂ 0444 0304 1149 1624 dm_I‘Fl ddr ddr?_r.dmm_? mhbl<1>
Exl 0.437 0.307 1.152 1.532 dg_2R ddrZ_sdram_1 mbl<>
F]] 0.442 0.30% 1154 1627 dg 2R ddi2_controller  ddrZ_sdram_2 mbl<>
po 0.206 -0.005 1124 1627 dg 2R ddi2_sdram_1 ddr2_controler  mbl<la
bzl 0.265 -0.085 1124 1527 dg 2R ddid_sdram_2 ddr2_cortroller  miblel>
| 24 | 1.073 1052 1.219 129 dgs 2R ddr2_contraller ddr2_sdrarn_|_ ¢ mblel>
A 1.075 1.083 1.22 1.288 dqg_?ﬂ ddr2_ ([ mblel>
i Mo AC gpecs |No AC specs 1.115 1,508 dq:_'.!F-! u'dr!_ n MolDef
i No AC specs |No AC specs 1113 168 <I|1::_‘.'F-! |:'dr')_ n e dif I Mol
E3
=l
E
Ready oM

W o4 v m){ Wavelom Magin Dy Varistion { Model Overview { Timing .| € >|v \\q s.s Fm
Asian IBIS Summit - Tokyo, Japan - October 31, 2006 { l 0 '.
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Driving Physical Design

* Pre-route SI/Timing analysis
defines PCB routing rules

}‘ 2" - 2.5 + < 0.25”»{

* Rules usually include pin
ordering, length limits and
stub matching

e Driving automated rules into
PCB CAD is essential

Match stub lengths
to within 0.2”

n SiSoff
Asian IBIS Summit - Tokyo, Japan - October 31, 2006 h“ l 0 '.
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Post-Route Validation

RCC 3 Ohm/RCD 10 Ohm
Subtitle

eiver Column
m_1 mbl=1=
m_2 mhblai>
| m 3 mbl<1>
T T T T T T m_4 mbl<1>
m_5 mhblai>
0 A m_6 mbl<1=
m_7 mbla1>
Time ths) m_8 mbl<1>
LS Lo 1ty e gl T TSR AT T OO O Stam_1_c  MoDef
| 11 [Ma AC specs Mo AC specs 1.263 1.267 ck_4AL ddr2_controller ddr2_sdrarm_2 ¢ MoDef
|12 |No AC specs Mo AC specs 1.263 1267 ck AL |dd2 controller  ddi2_sdram 3 ¢ MoDef
| 13 [Mo AC specs Mo AC specs 1.263 1.267 chk_4L ddr2_controller ddr2_sdram_4_c  MoDef
| 14 | 0.421 1.201 1473 1.965 ctrl_4L did2_controller ddr2_sdram_1 rbl<1
| 15 | 0.421 1.201 1473 1.965 ctrl_4L ddr2_controller ddr2_sdram_2 mbl<13
| 16 | 0.421 1.201 1.473 1.985 ctri_4L ddr2_controller ddr2_sdram_3 mbl=1=
| 17 | 0.421 1.201 1473 1.965 ctrl_4L did2_controller ddr2_sdram_4 rbl<1
| 18 | 0.445 03683 1.148 1.524 dm_2R ddr2_controller ddr2_sdram_1 mbl<13
| 19 | 0.444 0.384 1.148 1.825 dm_2R ddr2_controller ddr2_sdram_2 mbl<1>
| 20 | 0.437 0.387 11582 1632 dy_2R did2_controller ddr2_sdram_1 rbl<1>
| 21 | 0.442 0389 1.154 1527 dg_2R ddr2_controller ddr2_sdram_2 mbl<1=
22| 0.285 0085 1.124 1527 dq 2R |ddr2_sdram_1 der2_controller  mbl<l=
| 23 | 0.286 -0.085 1124 1.627 dy_2R did2_sdrarm_2 ddr2_controller rbl<1>
(24 1.073 1.052 1.219 129dqs 2R ddr2_controller  ddhZ_sdram_1_c  mbl<1=
| 25 | 107 1.053 1.22 1.288 dgs 2R |ddr2_controller ddr2_sdram_2 ¢ mbl<1>
| 96 [No AC specs Mo AC specs 1.115 1506 dgs 2R |dd2_sdram 1 ¢ ddi2_controller  MoDef
| 27 [Mo AC specs Mo AC specs 1113 1509 dgs 2R |ddr2_sdram_2_c  ddr2_controller MoDef =
28
29
o [# Waveform Margin By Variation £ Model O AT [< ] > “:
W4 aveform Margin By Variation Iodlel Cvervigw iming s
s L, 2006

Routed topologies are
extracted from PCB
database and simulated

Simulated interconnect
delays are extracted and
plugged back into system
timing model

Setup and hold margins are
calculated for temperature,
process and voltage corners

w SiSoft
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Design Analysis Reuse

Once all the Sl/timing data for an interface

[ 1]
I QDROD DQDRl DDR2 A
1 FSB
Serial Links/Controller CPU
1
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L 1 1]
QDR2[ | 1QDR3 R
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Quantum-SI Project

Interface Interface

Serial Link CPU FSB

[ransfer Nets 9} [Transfer Nets WTransfer Nets
tx addr addcmd
X read_data data

write_data ctrl
ctrl clk
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Ea new_projeck
EH:I interfaces

has been captured, it should be possible to
directly reuse that information for multiple
instances in a project or other projects

“ -] qdr ."‘

x 1:| zerial_link. ,:
EJ:I io_char "“’

BT 1ag o v e e e’

D managed_data

- E s

E-] spiceZibis

Each interface kit contains net class
schematics, timing data & S| models

\ SiSoft
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Case Study: DDR2 System Memory

« DDR2 supports one or two
DIMM modules
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ADDCMD e DIMM Modules
CIRL — Registered and Unbuffered
— 4 to 18 memory devices
DO e Two module, data write
transaction is presented here
DQS o Complete case study:
DM “Features and Implementation of
High-Performance 667Mbs and
CK 800Mbs DDRII Memory Systems”
— Presented by Micron & SiSoft
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— DesignCon West, 2005
e http://www.sisoft.com/papers.asp
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DDR?2 Data Write Configuration

Two Modules

Populated

System Controller

Active
Module

VvopQ| Standby

150Q

150Q

VssQ

%

Module

Write Configurations

DQ Active-Term Resistance

Configuration Write to Controller Dram at Slot 1 Dram at Slot 2
Front Side Back Side Front Side Back Side
2R /2R Slot 1 No Term No Term No Term 50 or 75 ohm No Term
Slot 2 No Term 50 or 75 ohm No Term No Term No Term
2R/ 1R Slot 1 No Term No Term No Term 50 or 75 ohm Empty
Slot 2 No Term 50 or 75 ohm No Term No Term Empty
1R/ 2R Slot 1 No Term No Term Empty 50 or 75 ohm No Term
Slot 2 No Term 50 or 75 ohm Empty No Term No Term
1R/ 1R Slot 1 No Term No Term Empty 50 or 75 ohm Empty
Slot 2 No Term 50 or 75 ohm Empty No Term Empty
2R / Empty Slot 1 No Term 150 ohm No Term Empty Empty
Empty / 2R Slot 2 No Term Empty Empty 150 ohm No Term
1R/ Empty Slot 1 No Term 150 ohm Empty Empty Empty
Empty / 1R Slot 2 No Term Empty Empty 150 ohm Empty
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Termination strategy
IS dynamic; depends
on how many DIMMs
are present and which
device is receiving

Simulation
environment must
switch receiver
models based on
which case is being
analyzed

W SiSoft
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Slew Rate Derating — “Virtual Eye”

Eyg at device pad Eye at receiver output
(simulated result) (simulated result)

RCC at Cel Nwm ZT DR B0Q0)
RCC at Pad m::mlﬂronnml """"
- j J|
s £ 1
z PO
—_— 4.75ns Eye
5
1
T . . . - . -
o \ o Receiver:,

Virtual eye at receiver
(computed result)

Waveform derating scheme

Tangent Line Approximation
Vih_AC {1.15v)

Received W&ve’\/ \
ih_DC (1.025v)

— sy | VV/@VEFOTM
N/ processing

/

B .
Tima

n SiSoff
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DDR2 Analysis Results

Data Write Slow / Fast Corners
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Data Write 1 Rank by 2 Rank (at 1 Rank) 800 Mbs Slow Corner [with Stroba)

Subtitle

Data Write 1 Rank by 2 Rank (at 1 Rank) 800 Mbs Fast Corner (with Strobe)
Subtitle

= Vinfidage Hioh: 115

_ JinMazBE High: 1 0754
By

N \ W IR |Lome 0.829Y
[ Vil € Lo 076

Eye

B, Jitter = 0.020999956
5 width =112

= Slew Rate

Vin_Meas->AC (Min) = 2017 {
in_Meas->AC (Max) = 3.705 {
DC->Vin_Meas (Min) = 3.205 ||

DC->Vin_Meas (Max)=3.00 ||
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20 2

3 3
(ns) (ns) Transfer Net _ /
: 0.336 3.167|addcmd 8L 8L %‘
No AC specs |No AC specs |ck 4L slotl T e
No AC specs [No AC specs |ck 4L _slot2 05 0
0.686 0.93]ctrl_4L_slotl Time (g
e 0.697 0.964[ctr|_4L_slot2
0.468 0.205|dm 2R 2R
0.213 -0.148|dg_2R 2R
1.155 0.944|dgs 2R 2R
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(ns) (ns) Transfer Net

0.336 3.167[(addcmd_8L_8L

No AC specs |No AC specs |ck 4L slotl

No AC specs [No AC specs |ck 4L_slot2
0.686 0.93|ctrl_4L slotl
0.697 0.964|ctrl_4L_slot2
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High-speed system design
requires a rigorous,
repeatable methodology for
achieving Timing Closure

Static Timing, Signal
Integrity, and physical design
rules are all interrelated

An Executable Timing Model
allows for a user to validate
all transactions across all
cases

Signal Integrity analysis
must be performed in

accordance with the system
timing model

W SiSoft
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