DDR4-3200 Channel Modeling and Signal
Integrity Analysis Using an FPGA

Presented by Benjamin Dannan
October 20, 2020
Technical Session



:
.
3

Presenter Bio

Benjamin Dannan has a multi-faceted background that includes a wide range of professional engineering
and military experiences. He is a specialist in signal and power integrity concepts, high-speed circuit and
multi-layered PCB design, vision systems, robotics, as well as has multiple years of experience with EMC
product development and certifications to support global product launches. Benjamin graduated from
Purdue University with a BSEE, and from Penn State University with his Masters of Engineering in Electrical
Engineering. He also holds a certification in cybersecurity. In addition to being a recent DesignCon 2020
Best Paper Award winner, he is also an IEEE senior member.

http://www.linkedin.com/in/benjamin-dannan



http://www.linkedin.com/in/benjamin-dannan

m

Dlé

* Objectives & Background

e Simulation Platform

 DDR4 Interface Background

* UDIMM Channel Model Analysis
* VCK190 PCB Stack-up Analysis

* VCK190 Channel Model Analysis
 Channel Model Setup

Outline

HOW ENGINEERS DUEL

YOUR
OATA  YOUR
WEAK. ”?Y;,E!

( :

7o)
3
L1

[

SENDING SENDING

st@gmail.com

S-31-10 ©2010 Scott Adams, Inc./Dist. by UFS, Inc,

Dilbert.com DilbertCartooni

IDONT
HAVE
TIME FOR

* Channel Simulation Initial Results
* Channel Simulation Post-Tuning Results

* Conclusions

Source: dilbert.com



Today’s Objectives

v’Understand how to setup DDR4 model
v'Simulate a DDR4 Model
v’ Analyze the results

\ 4

Request/acquire all models (DIMM, IBIS, touchstone, etc.)

Import Layout file into ADS

Verify PCB stack-up, substrate material and properties
Use SIPro simulate DDR4 channel model(s)

Build DDR4 Channel Model in Memory Designer
Simulate Model

Analyze Results — Tune Channel and Re-simulate

N o U s W RE
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é Background
= 400 hours of video are uploaded to YouTube every minute [1]
YouTube

= 1,000,000,000+ hours of videos are watched on YouTube everyday [1]

= 350 million photos are uploaded to Facebook daily, with 14.5 million
photo uploads per hour [2]

= Al is quickly becoming part of everyday life

o Experts state that ML will require 6X amount of DDR than standard cloud server [3].

" There is a need to store data and process it quickly

Making memory and fast-storage solutions
))) central to the basic function of computing.
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Background

Why do you care about Signal Integrity on DDR4?

“There is no Black or White for high speed digital signals! Just different levels of grey. It is important to
know where a design is located on this grey scale.”

— Hermann Ruckerbauer (EyeKnowHow)

DDR4-3200 has reduced margin vs. DDR3 => Sl and Pl become more critical for designs
* SHRINKING Unit Interval (Ul) -[DDR4-3200 (3200 MT/s) Ul = 312.5 ps |

* SK Hynix unveiled the world’s first 64 GB DDR5-4800 and DDR5-5600 DIMMs [3]
— DDRS5 Ul is much smaller!

[ — DDR5-4800 Ul = 208.3 ps and DDR5-5600 Ul = 178.571 ps ] W

DDRx Data valid window & insertion loss targets continue to shrink > 4

— Memory bottleneck is coming! H
\ 1UI=To /.

=

Amplitude

Time
Source: Onsemi.com
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% Simulation Platform

VCK190 Evaluation Kit with Versal FPGA =

* Multiple high-speed digital interfaces (rcie G4, pbrs, LPpDR4, HDMI)

* Versal FPGA memory controller has many features:
— DDR4, DDR4 3DS, LPDDR4/4X support
— Multi-Rank and Dual-slot configuration support

[ — 15t FPGA with an integrated DDR4-3200 memory controller ]

Source: Xilinx.com

 UDIMM interface
— DDR4 DIMM 288 position connector Amphenol MPN: 10124677 [7]

* Simulation Models will use Micron MTA16ATF2G64AZ-3G2E1 (R/C B1) UDIMM

—  VCK190 Includes Micron UDIMM MPN: MTA9ADF1G72AZ-3G2E1 (R/C ZZ) — desired model unavailable, EBD model available
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ON

e Data Signals (DQ) uses Pseudo Open Drain 1.2V (PODlz)—

— Single Ended Signals

* For channel calibration DDR4 DRAM uses On-Die -

Termination (ODT) — Designed to improve signal

integrity

— ODT Values: OFF, 34 Q,48 Q,60 Q, 80 Q, 120 Q, 240 Q

* Data Strobe (DQS) uses Differential POD12

— Edge-aligned with READ data (DQ)
— Centered-aligned with WRITE data (DQ)

* Clock (CK) differential signal used to
sample on positive-edge crossing for all
address, command and control input
signals

Source: Xilinx.com

|

DDR4 Interface Background (basics)

Chip in termination mode

oDT

To other
circuitry
like RCV,

Rrr

Vbbq

DQ

—
lout
Vout

Vssq

Source: Micron.com

DDR4 - pseudo open drain I/O interface

Driver % {>
_{ Receiver
v Source: Micron.com

DQS, DQs Data-In at DRAM Ball

Rx Mask
DQS_C -oooeemeneneess
B [ S PG | L Np—
0.5 x TdiVW! 0.5 x TdivW
DRAM . \AAAAANT ]
a ;
DQx-z Rx Mask
: IVVVVVVVNY
Tdivw I
|
WRITE DATA

:
>

3D to 2D Channel Model |

Depiction

DQ Channel Model

Note: Test case only shows 8-layer
ctual

Len,

Memory Controller

PKG Léngfl

Rs DIMM 15R u. oDT.
(L0001 (-0 028w () (p1 O)
PKG Length

, this may not r
PCB stack-up of test case

DDR4 SDRAM
vDpa
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UDIMM (R/C B1) DDR4 Channel Model

Setting up UDIMM Model in SIPro |« xen [ s [ e [ ot
1. Import UDIMM file into SIPro I oo | unor [ o
2. Use DDR setup to select signals T oo | v {peas o
3. Check options and goen . pe el o
component models 5 on o
4. Run simulation = 4 |
5. Export SIO file =

Versal (U1) o Fmix

XPIO | . Perform Design Inspection

Triplet 1 B

700 | 701 | 702

DIMM CONN (J45)

DDR4 72-bit
UDIMM

‘ Clear Selections  Generate Setup Help. |
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Z0 (longest section)

Length [mm] Width [mm)] Layer Via Count
2.1188 0.1000 ETCH__TOP (1000) 0
6.2428 0.1000 ETCH_S6 (1005) 2
2.1221 0.1000 ETCH_BOTTOM (1007) 0
8.8481 0.1000 ETCH__S6 (1005) 2
1.7984 0.1000 ETCH__TOP (1000) 0
7.2269 0.1000 ETCH__S6 (1005) 2
1.8946 0.1000 ETCH_BOTTOM (1007) 0
8.4459 0.1000 ETCH__S6 (1005) 2




Error in total
Stack-up
thickness:
66.87 mils

VCK190 18L PCB Stack-up Analysis

Updated PCB
total stack-up

[

Multiple errors in
laminate thickness

P i
SOLDERMASK (3.5)
6687 (1.2+2) mil
63,67 - )| MEGE-G_PREG_1078HF(64) (3.4)
DRILL_TOP BOTTOM a DRIL_TOR L3 SiGL 5 DRILL_TCP L2 GNDL ﬁ (2.85+0.6) mil
GND1
— <1 MEGS-G_CORE_1073 (3.58)
80.22 o T (26+08) mil
57.02 <l MEGE-G_PREG_1078HF(68) (3.34)
(2.940.6) mil
53.52 " MEG6-G_CORE_1078 (3.58)
: (2.6+0.6) mil
ol -
50.32 -f MEG6-G_PREG_1078HF(68) (3.34)
: (2.940.6) mil
coiieon O
46,82 MEGS-G_CORE_1073 (3.58)

(2.6+0.6) mil

B MEGSG_PREG_1078HF(58) (3.34)

(2.754+1.2) mil

" MEGS-G_CORE_1035 (3.39)

(2+2.5)mil

MEGE-G_PREG _2X1035HF(70) (3.25)

3.47 mil

" MEG6-G_CORE_1035 (3.33)

(2+42.5) mil

SOLDERMASK (3.5)

I 70.58

-} MEG6-G_PREG_1078HF(58) (3.39)
—————— 2.75+1.2) mil

" MEGE-G_CORE_1078 (3.58)

(2.6+0.6) mil

43,62
& in dielectric

39.67

property
Eﬁ_ﬂum

35.17

37 B CH_Li0_PWRZ 0

272 Lol eios @
For core 25 e

material: Copper 2005

should reside on
top & bottom of
core material

N MEGS-G_PREG_1078HF(58) (3.39)

(2.9+0.6) mil

" MEGS-G_(ORE_1078 (3.58)
(2.6+0.8) mil

-8 MEG6-G_PREG_1078HF(68) (3.34)
. 2.3+0,6) mil

" MEGG-G_CORE_1078 (3.58)

(2.6+0.6) mil

8 MEGS-G_PREG_1078HF(64) (3.9)

(2.8540.8) mil

" SOLDERMASK (3.5)

(1.242) mil

omil

AR

. (0.5+2) mil
thickness: s
. 68.48 : "'IEGG—G_PREG_w;'sHF(m (3.4)
70.98 mils DRLL_TOPBOTTOM [JDRLL TOPL3 SGIL |JDRLL_TOPL2 GND1 'ﬁ (3.03+0.6) mil
64,85 U MEGS-G_QORE_1078 (3.58)
H 2.6 mil
g - WMEGS-G_PREG_1078HF(68) (3.34)
§2.25 e THEE l(3.5+1.2} mil
. MEGE-G_CORE_1078 (3.58)
« 2.6 mil
cass P ( ) a MEGS-G_PREG_1078HF(68) (3.34)
' %&ﬁuﬁm ‘,V—?— (3.5+1.7) mil
S GND3
5025 . MEGE-G_CORE_1078 (3.58)
O K 2.6 mil
ares o _ S\O .r-EGB—G_PRI_EG_w?sHF[Gs} (3.34)
T EICL 7 S « b 3.5+1.8) mil )
4235 - L OG)Q/ O% = MEGE-G_CORE_1035 (3.39)
Q '&\ ..2 mil
MEGS-G_PREG_2X1035HF(70) (3.25
40.35 — s ome (}@o\,v l(4.72+5} mil I
PR @
MEGS-G_QORE_1035 (3.39)
30.63 é&v (')\ 2 mil
 vecs-6_PreG_1078HF(88) (3.34)
2883 . (3.5+1.8) mil
R =
Correct deSIgn 1333 ;ﬁ;IG_CDRE_w?s (3.58)
for copper on ‘
pp . . 3 h‘EGS-G_DRI_EG_lO?sHF[Gs} (3.34)
core material in = (3.5+1.2) mil
=73 :
= -7 MEGS-G_ODRE_1078 (3.58
a stack-up 16.03 | | JEGE G CORE_1078 (2.58)
¥ MEGS-G_PREG_1078HF(68) (3.34)
13.43 | O s & ] (3.5+1.2) mil
g -7 .
873 = MEGS-G_OORE_1078 (3.58)
' Emt _ L16 SHG6 BOTTOM 25 mil
MEGS-G_PREG_1078HF(54) (3.4)
813 e [T GE l(3.03+o.6} mil
s H | SOIDERMASK (3.5}
' C-ETCH_BOTTOM (0.5+2) mil
o mil
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VCK190 DDR4 Channel Model

Versal (U1)
XPIO

Triplet 1

700 701 702

DIMM CONN (J45)
| | |

D%R;&ZM'O“ Depiction of DQ[0:7] and DQS signals between
Versal (U1) and DIMM Connector (J45)

[ ] [ ]
S ett I n g u p Vc K 1 90 M o d e I I n S I P ro i l Net Name l Start Pin l End Pin l Total Delay [ps] l Z0 (longest section) l Length [mil] l Width [mil] l Width2 [mil] l Spacing [mil] l Layer l Via Count
Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter
L3 L3
1. Import VCK190 board file into SIPro T OoROMMIDQ | UteEn | ss e 26601 3 o ss@ | 2
JF  DDRA_DIMMI_DQ1 |  U1BF41 145.150 4416 26603 33 ETCH__L5_SIG2 (1004) 2
L3
2 U se D D R set u p to se I ect Si gn a IS JF DDRADIMMIDQ2  UTAVAL 145.12 4429 2668.0 33 ETCH_L5_SIG2 (1004) 2
L]
JF  DDR4DIMMIDQ3 | UTAU41 145.157 4430 26603 33 ETCH_L5_SIG2 (1004) 2
3 C h k t H d 4F  DDRA_DIMMIDQ4 | UTBGAT 145.3 4370 26309 33 ETCH_L5_SIG2 (1004) 2
. ecKk o p IoNs an JF  DDRADIMMIDQ5 | U1BF42 145.148 4320 2599.0 33 ETCH__L5_SIG2 (1004) 2
d I JF DDRADIMMIDQ6 | UTAWAT 145.10 4355 26212 32 ETCH__L5_SIG2 (1004) 2
com pO ne nt moaeils JP  DDRADIMMIDQ7 | UTAWAO  J45.155 4278 2572.1 32 ETCH_L5_SIG2 (1004) 2
. . P e rf orm D e Sl n JF DDR4_DIMM1.DQS0.C  U1BA41 145.152 4495 27160 32 ETCH_L5_SIG2 (1004) 2
4. R un simu I at ion g JF DDR4_DIMM1_DQSO_T|  UTAY41 145.153 450.5 27226 32 ETCH__15 SIG2 (1004) 2

5. Export SIO file Inspection Transmission Line - Rapid Scan Analysis

EDICon 2020 Technical Session - DDR4-3200 Channel Modeling and Signal Integrity Analysis Using an FPGA - © Benjamin Dannan 11



VCK190 DQJ[0:7] Channel Model Impedance

Let’s do a quick check of impedance for DQ signhals on Layer 5 to determine the target impedance.......

[Ep——

ooz

® Analyze O Optimize O Sweep O Statistical

Variables
Name Nominal
freq 2 GHz

Length 500 mil

Width 3.3 mil

Substrate

128-05005-01-B01-V06_lib:tech

Type  Stripline Single-Ended

Top plane

Signal

ETCH_ L4 GND2

ETCH__ L5 SIG2

Bottom plane | ETCH__ L6 _GND3

Show: Line Type Vars [ | Substrate Vars [_| Material Vars

Electrical
\ TML Properties ~ RLGC
N Real Imag
- [ Zc (ohm) 45.6685 .57006
g Gamma (1/m) 1.14439 79.0065
- Attenuation (dB/mil) 0.000252478 0
v Attenuation (dB) 0.126239 0

Delay (ns/mil)

Delay (ns)

0.000159693 0

0.0798466 0
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% VCK190 DQ[0:7] Channel Insertion Loss Results
atten [dB /inch] ~ SR JFIGHZ] + 2.32 X f[GHz] x Df x Dk [11]

(W[mils|+T[mils])*Z,

Where for MEG6 R-5670(G) Prepreg 1078, 68% resin content:

* W = Width = 3.3 mils i s s

* T =Trace thickness (inches) = 0.5 oz CU = 0.6 mil 150 o o 0L oo v
« Material’s dissipation factor (Df)= 0.002 @ 2 GHz B 150 101t o S oo o o
* Dielectic constant (Dk) =3.34 @ 2 GHz L 1o {2 ibons bimeiinoniti) Dobe a1 oo sesi]
« DQO_Len = 2.6603 inch ’

. 7,=45.6Q

attenDQ1_2_6603_l’n ~(0.497 dB @ 1.0 GHz

attenpoi 2.6603_in ~|0.629dB @ 1.6 GHz DQ1 CH Insertion Loss:
attenpgi 2.6603 in ~A\0-703dB @ 2.0 GHz v e ~0.471dB @ 1 GHz
"~ e+ ~0.707 dB @ 1.6 GHz
e ~0.764dB @ 2 GHz
=> Good correlation! .

-10
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VCK190 DQ[0:7] Channel Return Loss Results

VCK190 DQ[0:7] Return Loss

mag(S-parameters) (dB)

DQ CH Return Loss:
e -11.22dB @ ~1.36 GHz ”

|'S(1,1)|=|S(DDR4_DIMM1_DQO_U1, DDR4_DIMM1_DQO_U1) |
s - - |S(3,3)|=|S(DDR4_DIMM1_DQ1_U1, DDR4_DIMM1_DQ1_U1) |
° 4 93 d B @ ~3 5 G H e e e |5(5,5)|=|S(DDR4_DIMM1 DQ2 Ul , DDR4 DIMM1 DQ2 U1) |
o . Z e e 8 |S(7,7)|=]|S(DDR4_DIMM1_DQ3_U1, DDR4_DIMM1_DQ3_U1) |
e e [S(9,9)|=|S(DDR4_DIMM1_DQ4 U1, DDR4_DIMM1_DQ4 _U1) |
|S(11,11) | = | S(DDR4_DIMM1_DQ5_U1, DDR4_DIMM1_DQ5_U1) |
o e o |S(13,13)| = | S(DDR4_DIMM1_DQ6 U1, DDR4_DIMM1 _DQ6 U1) |
20 e e |S(15,15)| = | S(DDR4_DIMM1_DQ7 U1, DDR4_DIMM1_DQ7 U1)|
1 2 3 4 5 6 7 8 9 10

Frequency (GHz)
EDICon 2020 Technical Session - DDR4-3200 Channel Modeling and Signal Integrity Analysis Using an FPGA - © Benjamin Dannan 14



% VCK190 DQ4 Channel Far End and Near End Crosstalks Results

mag(S-parameters) (dB)

DQ4 Far End Crosstalk (FEXT) DQ4 Near End Crosstalk (NEXT)

VCK190 DQ4 Far End Crosstalk B VCK190 DQ4 Near End Crosstalk

) (@

mag(S-parameter.

[ ]

® | S(2, 9) | = | S(DDR4_DIMM1_DQO_J45 , DDR4_DIMM1_DQ4_U1) | +——|S(1,9) | =| S(DDR4_DIMM1_DQO_U1, DDR4_DIMM1_DQ4_U1) |

® +--|S(4,9)| = | S(DDR4_DIMM1_DQl J45,DDR4_DIMM1.DQ4 UL)| = |  epe o o~ & | w1 emeeee | S(3,9) | = | S(DDR4_DIMM1_DQ1_U1, DDR4_DIMM1_DQ4_U1) |

4 |S(6,9) | = | S(DDR4_DIMM1_DQ2_J45 , DDR4_DIMM1_DQ4_U1) | *+|5(5,9) | =|S(DDR4_DIMM1_DQ2_U1, DDR4_DIMM1_DQ4_U1) |

® 15(8,9) | = | S(DDR4_DIMM1_DQ3_J45 , DDR4_DIMM1_DQ4_U1) | e+ |S(7,9)| =|S(DDR4_DIMM1_DQ3_U1, DDR4_DIMM1_DQ4 U1) |

;' : e—+—|S5(9,12) | = | S(DDR4_DIMM1_DQ4_Ul, DDR4_DIMM1_DQ5_J45) | ¢-—+--|[5(9,11)| = | S(DDR4_DIMM1_DQ4_U1, DDR4_DIMM1_DQ5_U1) |

Boe | S(9, 14) | = | S(DDR4_DIMM1_DQ4_U1, DDR4_DIMM1_DQ6_J45) | e < |S(9,13)| = | S(DDR4_DIMM1_DQ4 U1, DDR4_DIMM1_DQ6_U1) |

Kd e+ +|5(9,16) | = | S(DDR4_DIMM1_DQ4_U1, DDR4_DIMM1_DQ7_J45) | | S(9,15) | = | S(DDR4_DIMM1_DQ4_U1, DDR4_DIMM1_DQ7_U1) |
80 " o5 +-+|5(9,18) | = | S(DDR4_DIMM1_DQ4_U1 , DDR4_DIMM1_DQS0_C_J45) | ® *|S(9.17)| = | S(DDR4_DIMM1_DQ4_U1, DDR4_DIMM1_DQS0_C_U1) |
9,’ e+ |S(9,20) | =| S(DDR4_DIMM1_DQ4_U1, DDR4_DIMM1_DQSO0_T_J45) | e—+—= | 5(9,19) | = | S(DDR4_DIMM1_DQ4_U1, DDR4_DIMM1_DQS0_T_U1) |

5 - 5
Frequency (GHz) Frequency (GHz)

Significant eye closure due to crosstalk must be accounted for in system analysis

* DQ4 has ~10 dB less margin to DQO in both in FEXT and NEXT at 1.6 GHz
« DQ1 and DQ5 in both the FEXT and NEXT have the second least margin to DQ4
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.é VCK190 DQ4 Channel Far End and Near End Crosstalks Results

-:

SHARED RTN PATH LIKELY CAUSE O

LOW NEXT MARGIN BETWEEN DQ4

AND DQO, DQ1, DQ5

s do a quick check of

Let’

possible FEXT or NEXT

layout to inspect for
Issues......

16
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VCK190 DQ[0:7] Channel Impedance Analysis

VCK190 DQ[0:7] TDR Response in SIPro

-
Variation in estimated target | »
50 impedance of ~45.5 Q
\.' Via at
i 145
j Z | /
46 - -E‘a\\!, "
z 0o
' 1\ | ’ Via at
€ (i Ul
£ 44 I |
g % . cn:
£ RER Vias at U1 (FPGA) and J45 (DIMM conn) are both capacmve]
Ea | l\ ‘ I I T
e
! "\U‘j';l I ! |
e lUI‘f‘ I I I . . . . .
10 i *20% lower Z vs. nominal Z - Indicates no via back-drilling
\‘7%” |
I | | I I j;f"l‘ TR(1,1) = TR(DDR4 DIMM1_DQO U1, DDR4 DIMM1_DQO_U1)
38 I \/ | .,““ | TR(3,3) = TR(DDR4_DIMM1_DQ1l U1, DDR4_DIMM1_DQ1l U1)
N I ‘ ‘ I TR(5,5) = TR(DDR4_DIMM1_DQ2 U1, DDR4_DIMM1 DQ2 U1)
| J TR(7,7) = TR(DDR4_DIMM1_DQ3_U1, DDR4_DIMM1_DQ3_U1)
| l/ I TR(9,9) = TR(DDR4_DIMM1_DQ4_U1, DDR4_DIMM1_DQ4_U1)
36 T | |- TR(11,11) = TR(DDR4_DIMM1_DQ5 U1, DDR4_DIMM1 DQ5 U1)
| ‘\ l —————— TR(13,13) = TR(DDR4_DIMM1_DQ6 U1, DDR4 DIMM1_DQ6_U1)
—— TR(15, 15) = TR(DDR4_DIMM1_DQ7 U1, DDR4 DIMM1_DQ7_U1)
0 0.5 1 1.5 : 2 Tim2e.?ns) 3 3.5 4 4.5 5
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EDu'% DIMM Connector Channel Model Setup

To simulate complete DDR4 byte lane: 1:18/G 2:1 8/G

Bininininininis ARARRARARARARRA

@ Terminated
to 50ohm

* Only 6 through ports available on 1:1
S/G model
 => 2 instances used for DQ[0:7]

Port1
connects to
CHE R R TR port 7, etc

« 2:1S/G model used for Differential pairs
(DQSO_t/DQSO_c)

For the connector model in Memory MRS B 8 I

Designer......... inylR S/G jllS/G 1 2EI8S) G e

Is this the best way to setup the ‘ Gomnector | e | Tmsnl | Yoms—"r
connector model? | DQ[O 6] |DQ[6:7] | DQSO_c/t |

: Corjtrbll:er-:\/ersa_l FPGA -
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Amphenol DDR4 Connector Models

1:1 SIG 2:18/G
R RRnR R R RR [ I8 I I T T I B I B I
Terminated
E E E Q to 50o0hm

il{i){i). {8

Al

1:1S/G

Port1
connects to
port 7, etc

CEET ey

2:1S/G

Here is the better way to model your
DDR4 Connector

To simulate complete DDR4 byte lane:

* (x2) 1:1 S/G combined with (x1) 2:1

S/G to create s20p model

DDR4 Connector Model for DQS and 1-byte lane

DDR4_SMT_10124677_v4_SG11_woren.s12p
[=] &

u TermG
VWV TermG6
Num=6
¥ TermG TermG
Z=50 Ohm '—'\/\/\«}‘ T g TermG: —E' 55 E Z=50 Ohm

TermG ey

Num=8
u - lu TermG
LIS 2250 Ohm a ; 2250 Ohm LI .
Num=9. — Num=10
TermG L TermG
Z=oehe TermG11 S TermG12 Z=EDEI
Nurm=11 SnP1 Num=12
2250 Ohm 2250 Ohm

1:1S/G

DDR4_SMT_10124677_v4_SG11_woren.s12p

[ ]
TermG g TermG
TermG13 VW F AN+ TermG14
Num=13 Num=14
£ TermG TermG £
I/ ———2=500n = TermGTS TemGTe 25008 = AM—]I
R Num=15 Num=16 R
R1 1 of e 2=50.0hm o AAA—]|| 52
R=50 Ohm L = R=50 Ohm
| AAA R3 ] R4 AAA |
l = R=50 Ohm R=50 Ohm = ‘
Eiso Ohm I ] I giso ohm
R L R
R7 H R8
R=50 Ohm Snp R=50 Ohm

DQ signals (unused ports are tefﬁinated)

DDR4_SMT_10124677_v4_SG21_woren_subset.s24p
o ™ o)

Num=18
2250 Ohm TermG TermG

DQ@S signals

TermG19 TermG20 2750 Ohm
Num=19 SnP3 Num=20
Z=50 Ohm Z=50 Ohm

2:1S/G

S-PARAMETERS

Stop=20.0 GHz
Step=4.0008 MHz

SPOutput

DIMM Connector Channel Model Setup

=

New SP file exported to
Memory Designer

itput’

FileType=touchstone

spOutpul
FileName="DDR4_DIMM_CONN_8_bit’

=> Only one DIMM connector instance for DQ[0:7] and DQS0_t/DQS0 _c

Xilinx Versal VCK190

Xilinx Versal IBIS Model
PKG: VSVA2197

DDR4-3200 Model: 1-byte lane (8-bit)

EDICon 2020 Technical Session - DDR4-3200 Channel Modeling and Signal Integrity Analysis Using an FPGA - © Benjamin Dannan

‘CK190 - DQ[0:7] and DQS

| DDR4_DIMM_CONN_8_bit.520p|

DDR4 SDRAM UDIMM - 16GB 288-pin (R/C-B1)
DDR4 Clinnector 88-pin
Ampherflll MPN: 124677

g || _MIAIBATF2G64AL-3G2E1 ~ MICRON DRAM IBIS Model
MPN: MT40A1GM8

i

Custom s20p Model



é Channel Model Port Connection and IBIS Model Setup

{442 Connect DDR Components o X
From Instance Name DDR_Controllerl =2 To Instance Name  VCK190 =
i Connect DDR Components = x
Ref Des Pin
From Instance Name  VCK190 - To Instance Name DIMM_Connectorl v
MEMCTL P
Ve rsa I ( U 1 ) MEMCTL 114N {441 Connect DDR Components [§] X
MEMCTL 1114p From Instance Name | DIMM_Connector - To Instance Nme | UDIMM v
EMCTL BEA1
MEMCTL 113 Search . DDR Com o
L 2 . —_ e :
MEMCTL 1112 Ref Des Pin
BA41 From Instance Name  UDIMM o To Instance Name DDR_Memoryl B
. MEMCTL " a5 P1
Tri |et 1 T w0 ) Search Search ) | ‘ Search ‘
MEMCTL 1110 145 P3 =
MEMCTL Awa1 Ref Des Pin Signal ID Port chiD Pin Signal ID Port chiD B
MEMCTL 1109 45 PS5
MEMCTL BF12 145_DRAM 5 DQo DQO01T 0 1 VDDO PO 0
MEMCTL 1108 Jas, P
MEMCTL BG41 145 DRAM 150 nQl DQO1 1 0 15 UNKNOWN P14 0
MEMCTL 1107 P9
MEMCTL AUA 145 DRAM 12 DQ2 DQO21 0 DRAM 14 UNKNOWN P13 0
e aane P
MEMCTL V41 145_DRAM 157 DQ3 DQO3J1T 0 Auto Connect | | DRAM 112 UNKNOWN P11 0
4 P13
MEMCTL BF41 s P15 J45_DRAM 3 DQ4 DQO4I1 0 Manual Connect | | pRAM 11 UNKNOWN P110 0
145 DRAM 148 Das DQOS 1 0 DRAM 108 UNKNOWN P07 0
Ref Des Pin Connected: e 7
140 DRAM 10 DQ6 DQO6J1 0 DRAM 107 UNKNOWN P106 0
MEMCTL A 634 P19
DI M M N N J45 155 pa7 DQO7J1 0 DRAM 106 UNKNOWN P105 0
MEMCTL A 633
Ref Des Pin M 152 DQS_c0 DQS0_C1 0 DRAM 105 UNKNOWN P104 0
MEMCTL 2
s M3 145 DRAM 153 DQS_10 DQSO_TJ1 0 DRAM 104 UNKNOWN P103 0
MEMCTL 1 .
145 A 152 . noans 102 Lniown nm a
MEMCTL 630 Ref Des Pin Connected:
145 155
MEMCTL I@ 629 145_DRAM A r1o JDDR_Memory1 ]
MEMCTL I& 628 45 145 DRAM A ro ‘ Search ‘ Search H Search Search Search ‘ Search H Search ‘
. MEMCTL 627 )45 I 148 145 DRAM A Port ChiD Ref Des Pin Signal ID Port ChiD
D D R4 72'b|t MEMCTL Ii 242N 5 A 3 145 DRAM DRAM A o7 DQO DQOO_UT 0 DRAM A5 DQO P50 0
U DI M M MEMCTL I& 2420 45 A 157 145 DRAM S DRAM A w7 DQ1 DQO1_UT 0 DRAM A2 DQl P43 0
1 145 Id: 12 145_DRAM A 1 DRAM Ao DQ2 DQO2_U1 0 DRAM A3 DQ2 P52 0
I 5 I& 150 145 DRAM A e I DRAM A b3 DQ3 DQO3_U1 0 DRAM A 16 DQ3 P45 0 Delete
I 145 IA 5
145_DRAM A DRAM A s DQ4 DQo4_UT 0 DRAM LG DQ4 P60 0 Delete All
1 | 145 DRAM A o I DRAM Aw et DQOS_UT 0 DRAM A s DQs P55 0
1 1 J45_DRAM A s DRAM A 2 DQ6 DQO6 U1 0 | DRAM A6 DQ6 P62 0
1 1 - mml =] ey DQO7_U1 0 | DRAM A s Q7 P57 0
l DRAM A B3 DQS_cO DQS0_C_U1 0 | DRAM a7 DQS_c0 P36 0
i - —— 1
I DRAM A DQS_t0 DQSO_T_U1 [ | DRAM A 39 DQS_t0 P38 0
- | | 1
1 ] P ——— o = el =5
2
¥

DDR4 SDRAM UDIMM - 18GB 288-pin (R/C-B1)

|

i
Memory Controller IBIS Models B versai veiciso N
e DQx—XP_POD12 xx —— HEO G bl
* DQS c—XP_DIFF_POD12 xx_N

« DQS_t-XP_DIFF_POD12_xx_P

MTA16ATF2G64AZ-3G2E1 ICRON DRAM IBIS N »del

Select correct IBIS models and enable
for Memory Controller and Memory

1 e —

DDR4-3200 Model: 1-byte lane (8-bit) Custom s20p Model
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.é DDR4 Channel Model Setup on VCK190 with UDIMM

Xilinx Versal VCK190

DDR4 Connector 288-pin
Amphenol MPN: 10124677

DIMM_Connector
DIMM_Connector1

VCK190 - DQ[0:7] and DQS

Xilinx Versal IBIS Model
PKG: VSVA2197

DDR4 SDRAM UDIMM - 16GB 288-pin (R/C-B1)

MTA16ATF2G64AZ-3G2E1 MICRON DRAM IBIS Model
MPN: MT40A1GMS8

CK
—_—]

CA/CTRL
—_— ]

DQ

T

DDR4-3200 Model: 1-byte lane (8-bit) Custom s20p Model

DQS
———

DM/DBI

DDR_Memory
DDR_Memory1

DDR_PCB
UDIMM

DDR4_DIMM_CONN_8_bit.s20p

Setup Memory Probe (e.g. Select signals, set parameters)

Select Correct Speed Grade and dataCycle

I Ensure LowBERFloor = yes (to set simulation BER = 1E-16) I

>>>>> READY TO SIMULATE!!!

EDICon 2020 Technical Session - DDR4-3200 Channel Modeling and Signal Integrity Analysis Using an FPGA - © Benjamin Dannan

Memory Probe

1]
1]
1]

©OOO

Memory_Probe
Memory Probe

m Memory Designer Setup i

MD_Setup

MD_Setup

dramType=DDR4

dataCycle=Write
dataCycleMode=Continuous
BurstPreambleMode=DDR5_2tCK
BurstPostambleMode=DDR5_1.5tCK
caCtdTiming=1T

speedGrade=3200
UseCustomSpeedGrade=no

DDRSIm

DDRSIim1
AntiAliasingWindow=1
EnforcePassivity=yes
ImpMaxFreq=
LowBERFIloor=yes
MaximpulseLength=100
Mode=Statistical
NumberTimePtPerU|=32
ToleranceMode=Relax

N ihﬁﬂ iﬁ‘lﬁi’ 000

Custom SieedGrade:1 000
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EDI

DQO at DRAM
= o e
S P S R A

DQ1 at DRAM

02 a _a
0.0
0z
'0-4‘II\I‘I\II‘III\|I\II|\III‘II\I|I\II
0 100 200 300 400 500
time, psec

DQ4 at DRAM

0 100 200 300 400 200

time, psec

+ Using Default DRAM IBIS Setting (DQ_ODT = OFF | 4=

DQ5 at DRAM

% Eye Diagram Initial Results DQJ0:7] for Write at DRAM

**DQ eye mask shown is for JEDEC DDR4-3200 to achieve BER 1E-16. Same eye mask for all test cases.

1.2 1.2
] 1.0— ]
1.0— . 1.0—
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0.6 < < £ oe z 0.6 . '
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0.2— 4O 4 fat a a A 02— A A
0.0— 0.0—
02 < 02
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0 100 200 300 400 500 600 ({b 0 100 200 300 400 500 600 0 100 200 300 400 500 500 700
time, psec o\Q time, psec time, psec
12 (;) 14 14
1.0— /\ 1'2- 12
. 1.0— 1.0—
0.5— . 1
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h - - h - -
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a a A 02— z z a 02—
0.2— . ]
0.0— 0.0—
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0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 0 100 200 300 400 500 600 700
time, psec time, psec time, psec
Xilinx Versal VCK190 DDR4 SDRAM UDIMM - 16GB 288-pin (R/C-B1)
DDR4 Connector 288-pi

inector 288-pin
Amphenol MPN: 10124677

VCK190 - DQ[0:7) and DQS MTA16ATF2G64AZ-3G2E1

Xilinx Versal IBIS Model
PKG: VSVA2197

[ £

DDR4-3200 Model: 1-byte lane (8-bit) Custom s20p Model




?E Eye Diagram Results DQ[0:7] for Write at DRAM with ODT

**DQ eye mask shown is for JEDEC DDR4-3200 to achieve BER 1E-16. Same eye mask for all test cases.

1.4 1.4— 1.4
1'3_ ‘-3_ 1.3— 1 3-
1.2— 1.2— 1.2— e . 12—
2 A v 4 v 3 A" 4 A"/ - 2 Vv AV 4
o 4 4 . ¥ 4
T 1 z 1 / ‘ E 1 ) - - / E 1 / /
5 1.0 ® 1.0 s 1.0 > > s 1.0
o I - b o 104 ' ' o 1
a A A 3 A A 8 Sk S a /A /A
0.9— 0.9— 0.9—
T e—— E—— ’ ’ m——— ———
0.8 0.8, \Q/ 0.8
07— e 07— e ,§0I|| 0.7
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 (< 0 100 200 300 400 500 500 700 0 100 200 300 400 500 600 700
time, psec time, psec 0\0 time, psec time, psec
) . (’) 1'3- 1‘3‘_"7
1.2- 1'3_% 12— 1.2—
1 12— b - h . v v v v
s M v / N\ / z z 3
o 2 11 N s s o P
5 . 4 5 X r N 5, S .,
w® 5 I 5 s 0 2 @ ® = : ® / /
<t - Te] . ©O M~
8] e} N N e} e} A A
A 08— a I —~ l - A 08— A 09—
e - RS — — -
0.8 08 0.8 0.8
dA-rrrrrryrrrryrrrryrrrryrrrrrrr1r[|rrrr - T rrrrjrrrrrrrrr[rrrrJrrorrj[ T rr1rrrT - rrprrrryprrrryrrrrprrrrjprrn1r1r 11T T T 17T rprrrrfrrrrfrrrr | rrrr [ rr1rr1T
0.7 I I I I I I 0.7 I I I I I I 0.7 I I I I I I 07 I I I I I I
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 100 200 300 400 500 600 700
time, psec time, psec time, psec time, psec

~mm) | DRAM DQ_ODT = 60 Q (arbitrarily selected)

=> Improved Results Achieved!
There must be a better way to tune the channel for Si!!



DQ2 at DRAM

DQ2 at DRAM

|§f~fl BATCH SIMULATION I

BatchSimController

BatchSim1

Var= Start=1.0 Stop=10.0 Step=1.0 Lin=
UseSweepPlan=no
Analysis[1]="DDRSIim1"
UseSweepModule=yes
SweepModule="CSV_List"

SweepArgument="DRAM_ODT_Sweep_8bit.csv"
UseSeparateProcess=yes
S

0 100 200 300 400 600

500

time, psec

DQ_ODT =60 Q

Mt[—»
\ /<
D O/‘
04‘\III|IIII|I\Illl\\\ll\\\‘ll\\‘\lll
0 100 200 300 400 500 600 700
time, psec

Eye Diagram (DQ2) Write Results at DRAM - ODT tuning

. Use a BATCH SIMULATION to tune ODT values on the DRAM

**DQ eye mask shown is for JEDEC DDR4-3200 to achieve BER 1E-16. Same eye mask for all test cases.
DQ ODT =480Q)

DQ ODT =34 Q

F

DQ_ODT =400

_
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A 08—
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0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
time, psec fime, psec

DQ2 at DRAM

D XS

DQ_ODT =80 Q

I
X,

A

0 100 200 300 400

time, psec

500

|
600

DQ_ODT=1200Q

2

200 300 400 500 600

time psec

700

DQ2 at DRAM

DQ2 at DRAM

14

12

STOC

0.0

2__ . .
SK
03 &’ a Fa
] A— A

o7
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o 100 200 300 400 500 600 700
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DQ ODT=2400Q

0 100 200 300 400 500 600 T00
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EONE

_ **DQ eye mask shown is for JEDEC DDR4-3200 to achieve BER 1E-16. Same eye mask for all test cases. BER Contour shown for 1E-16

Eye Diagram Results DQ[0:7] for Write at DRAM (post-tuning ODT)

DQO at DRAM
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T
400

DQ4 at DRAM
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DQ5 at DRAM
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DQ2 at DRAM

DQ86 at DRAM
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DQ3 at DRAM

DQ7 at DRAM
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Xilinx Versal VCK190

DDR4 SDRAM UDIMM - 16GB 288-pin (R/C-B1)

| = [ALL DRAM DQ_ODT = 120 0| IEE)

ODT=0FF ODT=40 ODT=60 OoDT=120

oD

T=34 ODT=48

batchNumber
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EONE

Eye Diagram Results DQ[0:7] for Write at DRAM (post-tuning ODT)

_ **DQ eye mask shown is for JEDEC DDR4-3200 to achieve BER 1E-16. Same eye mask for all test cases. BER Contour shown for 1E-16

DQO at DRAM
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What’s Next

* Simulate Power-Aware S| model * Simulate complete DDR4 DQ bus
— Includes PDN & Simultaneous Switching Noise (SSN) => More switching signals = greater di/dt => greater SSN

— IBIS v5.0 or later necessary for Power-Aware (makes ¢ Enable EQ (CTLE)
VDD/VSS pins available) * Jitter analysis

* Simulate with CLK, CMD, ADD

Xilinx Versal VCK190 DDR4 SDRAM UDIMM - 16GB 288-pin (R/C-B1)

DDR4 Connector 288-pin
Amphenol MPN: 10124677

VCK190 - DQ[0:7] and DQS o ot MTA16ATF2GB4AZ-3G2E1 MICRON DRAM IBIS Model
MPN: MT40A1GM8

Xilinx Versal IBIS Model
PKG: VSVA2197

[Power Aware S| Model]

e _bi Custom s20p Model
I L N & &N N J JEE -

VDD_1V2! VDD_1V2 |
| Vss IVSS

|me =42 03usec
RAN.Vout=1.195)

m1
ime=40.77us
RAN.Vout= 1 196

1000F ——anF 10 —— a0 4700 68nF e —Total

0100 "

H \\

[ e S A B S SNy Ay g g e Lt
0010 /

E 01

uuuuuuuuuuuu
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m

DI
% Summary and Conclusions

* Always verify the PCB stack-up on your design!
* The VCK190 DDR4-3200 Solution Passes with UDIMM

— This model didn’t include Jitter or other noise (SSN) from Power Sources
* Using a Power Aware SI model with a complete DQ bus will increase di/dt
increasing IS, jitter, and crosstalk

— Enabling EQ will be required to improve these results to meet DDR4 eye mask
compliance

 DDRS5 is here! => Smaller Ul means more challenging S| problems

==> Shrinking margin, equalization required, correlated/non-correlated jitter tracking,
unmatched 10 conditions, etc.



Thank You for Attending

Any questions?

ARE THERE ANY
QUESTIONS? FEEL
FREE TO ASK ANY—

THING AT ALL.

Dilbert.com DilbertCartoonist@gmail.com

WHY DO
GHOSTS
HAVE
CLOTHES?

Let’s connect!

9-22-|| @2011 Scott Adams, Inc. /Dist. by Universal Uclick

IF SOMEONE GIVES
YOU A WEDGIE AT THE
MOMENT YOU DIE, WILL
YOU HAVE IT FOR
ETERNITY?

Source: dilbert.com

Message me with subject line as “EDICon 2020” on:

EDICon 2020 Technical Session - DDR4-3200 Channel Modeling and Signal Integrity Analysis Using an FPGA - © Benjamin Dannan
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