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Motivation

b A . V.

v' Both data rates and density of memory are getting faster and higher, respectively, driven
by process technology and consumer demand.

v' Suffering higher inter-symbol interference in multi-drop memory channel.
v" Design of memory channel becomes more challenging.

=>» Will introduce the design concept of multi-rank memory channel from passive stub
equalizer perspective.
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Representative Schematic of Passive Equalizer
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* Inductor determines the high frequency gain.
* Resistor determines the DC de-emphasis level.

* There are many publications which discuss about how to
implement the inductor “L”. For example, using an inductive via or

trace with ground cut.

* What about Regular 5060o0hm Transmission line for the inductor
implementation??

[Ref] E. Song, J. Cho, J. Kim, and J. Kim, “A Compact, Low-cost, and Wide-band Passive Equalizer Design Using Multi-layer PCB Parasitic”, D c =
19th Conference on Electrical Performance of Electronic Packaging and Systems, EPEPS 2010, Austin, TX, October, 2010 ES’G” 0”



Passive Stub Equalizer

b A . V.

e ...._,_Stub Equalizer
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* Typical high impedance trace also can be used to

implement the inductor.

* De-emphasis is controlled by stub’s Z0/TD and its
termination.
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Passive Stub Equalizer
[Differential Signaling]
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* Stub passive equalizer is also applicable to differential
channel.

Z_tdr_diff

* De-emphasis is controlled by stub’s differential Z0/TD o] /
and its differential termination. .

0 100 200 300 400 500 600

time, psec

* To get high impedance stub transmission line, a
loosely coupled traces are recommended.
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i  Stub Termination Impacts
e
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* Stub-termination has to be smaller than the stub
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¢ Stub Trace Impedance Impacts
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¢  Stub Trace Length Impacts
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* AC gain is increased as the stub trace length increases.

* However, stub trace length also limits and determines
the operating frequency range of the stub equalizer.

dB(S(2,1))
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Stack-up of Fabricated DUT for Demonstration
b-.‘\‘_

Measured Thickness

Target (Mil) Dk/Df @ 2GHz

(Mil)
S/M 0.5 0.59 Dk=3.90 Df=0.027
Cu Plating 1.9
1 SIG 0.7 223
Dielectric 2.9 2.68 Dk=3.86 Df=0.024
2 GND 1.2 1.2
Dielectric 66 67.1
3 GND 1.2 1.2
Dielectric 2.9 2.9 Dk=3.86 Df=0.024
4 SIG 0.7
Cu Plating 1.9 247
S/M 0.5 0.58 Dk=3.90 Df=0.027

[DUT Stack-up]
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: Patterns in Fabricated DUT for Demonstration
b-.‘\‘_

s — o s — —

[1000hms, 21.5inch-long Differential Trace] [1000hms, 31.5inch-long Differential Trace]

20in

300hm (0402 size) 200hm (0402 size)

0.75in A 0.75in 0.75in A 0.75in
Li 2000 L. 3000
112 Ohm, 112 Ohm,

500mil long, 500mil long,
uncoupled Diff. uncoupled Diff.
[1000hms, 21.5inch-long Differential Trace with EQ] [1000hms, 31.5inch-long Differential Trace with EQ]

1000hm, 1.5 inch long

20/300hm (0402 size)

112 Ohm,
500mil long,
uncoupled Diff.

[1000hms, 1.5inch-long Differential Trace with EQ]
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Layout of DUT |
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Modeling of DUT

Tall VT UNE

o

[Model in HFSS] [Model in HFSS]
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¢ Correlation [21.5inch Trace]
| S——
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= 7] .5in w EQ Mea
smnnnm 21.5inw EQ Sim

freq, GHz

* Simulated insertion losses are correlated very well with
the measured one.
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Correlation [31.5inch Trace]

== EQ Only Mea
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freq, GHz

* Simulated insertion losses are correlated very well with
the measured one.
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EyeDiff _Probe
EyeDiff Probe2

I

: ANA
T>> R
N R45

) R=50 Ohm
Tx_Diff

Tx_Diff9

BitRate=6 Gbps

Vhigh=0.5V

Viow=-0.5 V
RiseFallTime=50 psec
Mode=Maximal Length LFSR
ExcludelLoad=yes
EQMode=Specify FIR taps

'R
R47
R=100 Ohm
R
R46 -
R=50 Ohm

* The frequency-domain models from simulations and measurements were
used for the 6 Gbps time-domain simulation.
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Correlation [21.5inc

L I . V.
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Correlation [31.5inch Trace]
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¢ Typical LPDDR3 CA Channel
E

Controller

MB Branch Routing ()—O—B

DDP Dram

Vit

C°r|;tKrg”er—O—( MB Main Routing (

Rtt

MB Branch Routing ()—O—B

DDP Dram

LPDDR3 CA channel uses on-board termination, instead of on-die
termination.

In many practical CA layouts, the impedance of MB main routings are not
much lower than that of branch routings, due to the routing constraints and
complexity.

Huge impedance mismatch at the junction cause a huge ISI.
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: Layout Example of On-board Termination
b-.‘\‘—

* OBT is directly connected at
the location of the junction
for all CA signals.
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:  LPDDR3 CA Channel with Stub Equalizer

36 Ohm (
400~650mil

&- Y 4. VIO O

60 Oh ‘WVH
m :Passive Stub EQ

Controllen
Controller b —O—( 38 Ohm (

900~1300mil

stub len mil Rtt=stub_rtt Ohm

--------------------------------------------------------

1.6GT/s

Ron=300hm
Cdie=2pF 36 Ohm (
400~650mil

* A 60 ohms transmission line is inserted between the branch junction and the
OBT. The combination of the inserted transmission line and the OBT becomes
a passive stub equalizer for the CA channel.

* The implemented stub equalizer will enhance the signal quality by equalizing
the high frequency ISI caused by the impedance discontinuity.

* CA channel above was simulated and analyzed to see the sensitivity of each
design parameter, by performing DOE simulations at the speed of 1600MT/s.
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Sensitivity of each DOE parameter

b IS . V. "

e e [ | St | Sy [ (Bt | s [ s —
2@ : : : : e : : Bl S :
535 o1d | | | | | | | 3H7m\ |
= 3 ER 5 : ' e ; 5 227mv E
Zg | | | | |
=3 4 : : : : :
@ % Loz S S R P P B N S e e \\ﬁ-..__....-' L .
= = : : : . :
o+ : : : :
T LA L EALLRARLL) LALLERALE) LY LA L) L) LARN LA L T LR R B B L L L L L L B I B L R R | LR LR L T LK VLR T T R L I B I L I L I [LGAARRALLA L] L R R R |
o Lor IR = L=} — 00 OO0 O O9O — [=] — - a0 L= [=] — L L L W o=t =] ow — [=] -— o o =t w = [=1 [=1 [=] — [=] — O W u uw
= i cbErk®&0 : T = c o o @™ =% & & p &g =
D o™ =5 o o o . = =
1.14 -0 150.80437 1 ] -1 0.826 0.65 1 0.4 30 -0.1
vddca rontol tfrise imc_pkgz pka_len mb_z mb_mainZ_len thrc_len dram_pwt stub_len stub_rit rittol Desirability
= % E
E § E 53—‘10—; e S """"" e T
-9 : :
= ] : :
== 7] : :
T o w | . :
£=@ o — | —— e |- PUP—— et : e
82 - 5 |
o : .
AR A R ALY AL REY L) W) ) L R R | Rl L B I I L I ) L L I A L I B B IR R L T ARARARERARERS LA B L I R LA A LA AL L S e N |
o o) — [=] — D0 OO OO0 — [=] — W - [==] oy [=1 — Lo o L wr =t Ll w — [=1 — O o =t w = = = (=T [=] — O W u Uy
= - o crer®®9 L B = =T ©C o o ® F B ®g b NG~
T T T L S o o o . o (=)
1.2876745 -0.099639 19716509 05229827 8.6654614 0.9771438 0.8231047 0.6473401 0.9779744 0.4 30 -0.099741
vddca rontal trise imc pkaz pkg len mb z mb main2 len torc len dram pvt stub len stub rit rittal Desirability
* Five parallel DQ Signals were considered to take into account for the crosstalk impacts.
* Observed the sensitivity of each parameter
Supply Voltage Tolerance Main Routing Length v Stub Transmission Line Length

Source Termination Tolerance

Driver Strength

Controller Package Length

Controller Package Impedance Tolerance

 EH and EW were improved by 120 mV/58 ps, respectively, when using the equalizer

DEesignGon
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MB Impedance Tolerance
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: Eye Diagrams with/without Stub trace
&-"\‘_

W USIUS (V]IS AA-pnase W | 3NUW DERCTC . W USIUS (V] IS AU-pndse W | SNUW DCRCTC .
EW-153.2 EH-0.253 gt L A bl Clear Figure EW-507.9 EH-0.338 gL A bl Clear Figure
PDA Eye wo Xtalk ...,

_____________________________________________

VRO

09} 0.9

08 08
07k 07F TN TN S~
06F 06F
051 051
04} 04F
03 03F
02 | o : | —— | | 02F | et | | | | :
-0.6 0.4 0.2 0 0.2 04 0.6 -0.6 0.4 0.2 0 0.2 04 0.6
Tabel | 1-020811-0123 ©-0.299 v2-0.669 AT-0506 aV-0.054 | USERPATTERN | Selectsioe Tabel | 1=020841-07123 2-0.299 v2-0.669 AT-0506 aV-0.054 | USERPATTERN | Selectsioe
[Omil Stub with 30ohm Rtt] [400mil Stub with 30ohm Rtt]

* When there is no crosstalk, the EH/EW of the worst case PDA eye diagram was improved
from 380mV/575ps to 460mV/620ps, by having the 400 mil stub transmission line.

* Even after considering the crosstalk from 4 aggressors, the worst case eye is still
improved by the amount of when there is no crosstalk.

*  The channel without stub transmission line had “Ops” of ACDC EW (VIH(AC) to VIH(DC)),
while 400 mil stub transmission line introduced “316ps” of ACDC EW, which met the
LPDDR3 CA specification (175 ps) with an enough margin.
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¢ DDRA4 2DPC - Tee Topology
| S———

37 ohm (4.2”)

Ron=30 Ohm
Cdie=1.5~2.2 pF

When writing a bit to the first rank (Rank1; active rank), the channel connected to the rank 3 and rank 4
(inactive ranks) from the junction at via becomes a long stub to the channel (from the controller to the
active rank).

Utilize the inevitable long stub from the inactive ranks (rank 3 and rank 4) as a passive stub equalizer
described in the previous chapter.

To use the inactive rank’s stub as a passive stub equalizer, we need to carefully optimize the DIMM2
trace and ODT values. However, DIMM design is not controllable.

Therefore, ODT values are the only parameters we can optimize, assuming the MB trace impedance and
lengths are fixed.
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¢ DDR4 2DPC - Tee Topology
. —

* Available ODT Values in DDR4 Specification DIMM1 2400hms
£ 240, 120, 80, 60, 48, 40, 34 ohms e

(Active)

60ohms
ank2

60ohms
ank3

Ron=30 Ohm 60ohms
Cdie=1.5~2.2 pF anka

0
3 Transfer Function of Stub Fquahzer Itselffromlna.\ctlve Rank . N According to the passive stub equalizer theory, ) higher
- Transfer Function of DDR4 Channel with Stub Equalizer h . d £ dl b
7] Transfer Function of DDR4 Channel without DIMM2 Trace characteristic impedance of trace and lower stu
) -5 ey e — termination value increase the ac-gain and the de-
=) kK emphasis level, respectively.
2 10
5 o : *  Also, the stub termination (ODT) needs to be lower than
= : the stub transmission line, which is mostly set to 55 ~ 60
,g 15— ohms.
f -
£ : Boosted Area by Stub T e * Lowered the stub termination (ODT) value to 30 ohms
-20— Equalizer ) (parallel of two 60 ohms ODTSs).
g - * 60 ohms ODT was used for Rank2 to avoid the open stub
25 i I I I I i I I I impact, and 240ohms ODT for Rank1 to have enough DC
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 swing level at Dram.

Frequency [GHz] DES’GNGON%‘
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DDRA4 2DPC - Tee Topology

L- L AN

* Available ODT Values in DDR4 Specification 2400hms
: 240, 120, 80, 60, 48, 40, 34 ohms
........................................................ Sooime
37 ohm (4.2”)
60ohms
2.4 GT/s
Ron=30 Ohm 60ohms
Cdie=1.5~2.2 pF
ODT Matrix for 2DPC DQ Tee Topology Channel @ 2133MT/s *  Full channel eye diagram simulation was performed
DIMM1 DIMM2 Margin At BER 10e-18 with 8 parallel DQ signals for WC crosstalk
Rank1 Rank2 Rank3 Rank4  EH_Margin EW_Margin consideration at both 2133 MT/s and 2400 MT/s.
WR to Rank1l 2400hm 60o0hm 60o0hm 60o0hm 17mV 118ps
RD from Rankl 500hm (Ron) 600hm 60ohm 60ohm 35mV 83ps *  The optimized channel passed the DDR4 specification

[6] with a 17 mV/118 ps margin in write-mode EH/EW

ODT Matrix for 2DPC DQ Tee Topology Channel @ 2400MT/s and a 35 mV/83 ps margin in read-mode EH/EW for

DI B2 LT At EER 10e-18. 2133 MT/s speed, with a -5 mV/76 ps margin in write-
Rank1 Rank2 Rank3 Rank4 EH_Margin EW_Margin mode EH/EW and a 10 mV/72 ps margin in read-mode
WR to Rank1l 2400hm 60o0hm 60o0hm 60o0hm -5mV 76ps EH/EW.
RD from Rankl 500hm (Ron) 600hm 60ohm 60ohm 10mV 72ps
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Summary
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v’ Presented the basic concept of the passive stub equalizer, which can be easily
implemented on package or board level.

v Presented three design parameters to enable the passive stub equalizer.

v' Demonstrated the performance of the passive stub equalizer through both
simulation and measurement in frequency and time domain.

v Presented a design example for the adoption of the passive stub equalizer design
concept to 1600 MT/s 4-ranks LPDDR3 command/address signal.

v Presented a design example for the adoption of the passive stub equalizer design
concept to 2400 MT/s 4-ranks DDR4 DQ signal.
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