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This case study details a pre-hardware serialdimulation process developed for 6+ Gbps link
designs. Industry standards such as Serial-Atth8@S| (SAS) now require simulation to
verify compliance since recovered link signals@my visible after equalization deep inside
silicon. First-generation AMI models are useditoidate this equalization and quantify
performance at 1e15 bits while comprehending aetyanf jitter sources. Techniques for
specification compliance testing are illustratexime of which previously could only be
performed with physical hardware. Design margmescuantified against a range of system
configurations including PCB trace length, conneciod cabling options.
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Over the past decade, Printed Circuit Board (P@B)ading has made a steady migration to
high-speed serial links for the reasons stated]in To enable third-generation (6 to 10 Gbps)
serial link design, technology providers have pan¢d to develop compatible simulation tools
and model formats such as Algorithmic Modeling ifaee (AMI) models [2, 7, 8]. This paper
explores the viability of these technologies bylging IBM's first-generation of AMI models
on future Hitachi Global Storage Technologies (EliiaGST) 6.0 Gbps Serial Attached SCSI
(SAS) disk drive designs.

Coincident with the emergence of these new simanaechnologies has been new industry-wide
standards that require them [3]. While first- @edond-generation serial links have leaned
heavily on physical measurement tools to verify pbamce, this is not possible for certain
aspects of third-generation links. Relevant sigiah no longer be probed externally due to the
integration of extensive signal recovery and preceginside Integrated Circuits (ICs). As a
result, the signal’s true performance can only feded virtually using simulation tools. Signal
integrity has moved inside the ICs [4].

This paper illustrates how to apply the new tecbgias both to verify compliance to industry
standards (e.g., the new 6.0 Gbps SAS specificg@iprand also to determine design margin in a
range of system designs. A range of system siimoaktre included because SAS (and other
specifications) verify Transmit and Receive (Tx &g compliance in isolation by connecting
them to generic reference loads, as will be expthinThe processes and solutions described will
likely be useful for similar third-generation sétiak design projects.

This section will describe how the Hard Disk Dr{i#DD) system interface was modeled and
simulated. Figure 1 offers a simplified view oé€tHDD model.

SYSTEM

Figure 1. Simplified View of Hard Drive Model

As shown in the upper part of Figure 1, the HDD elasl connected to the system through a
connector model. The connector is an 8-port Sypater model that captures the coupling
internal to each port. Each SAS HDD has two paash with its own differential Tx and Rx.
Two different 8-port connector models were usedesimechanically, and hence electrically, the
port connections are quite different.

The lower part of Figure 1 shows a breakdown ofHB¥® model, which includes the PCB
route, IC package, analog Tx/Rx models, and the Aldtlels. Coupled, lossy, frequency-



dependent models for the HDD PCB route are usethiW\each Rx pair series capacitors are
included to couple the high-frequency signal aratkIDC current. The IC package model
consists of two sets of S-parameter models; omepiesent the wire-bond package and the other
for on-chip routing. Next, the analog portion b&tIBM SerDes Tx and Rx is modeled

including such elements as die capacitance, tetraim®g and switching sources for the Tx. The
IBM AMI model is the final element required to cectly model the equalization inside the

HDD SerDes.

Since IBM was instrumental in the development ef AMI modeling standard, the SerDes
models are among the first AMI models availabléhmindustry. These models contain
complex signal processing routines that are cordpileo separate executables (DLL files) called
by the simulation tools.

One of the unique features of AMI models is theuaization behaviors (both Tx FFE and Rx
DFE) can not be seen when running normal time doemsianulation. Instead, the user must
simulate the link using a technique called Chadmellysis (CA). CA first executes a
“Characterization” of the channel and then calis AMI DLL files to apply equalization to the
channel. While running normal time domain simwatdoes produce waveforms, those
waveforms are generated using only the analoggwf the Tx and Rx. This distinction is
important to understand and keep in mind when wgrkvith AMI models.

Figure 2 shows the three test fixtures definedheySAS Specification [3] to verify compliance
of a device’s Tx behavior, Rx performance, and ipad3ort interconnect. Both the Tx and Rx
are independently required to deliver good perfarceaagainst reference SerDes and system
loads, while the passive interconnect must complly various S-parameter limits. Note that the
relevant measurement point for the Tx and Rx tesis$ the output of the Rx DFE, inside the IC.
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Figure 2: SAS Specification’s Compliance Test Fixtres
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In addition to the compliance simulations shownwehaesign margin against the three system
configuration scenarios shown Figure 3 is also gfied. The three system models present a
variety of channel losses and discontinuities witkrall lengths of 127, 20", and 36" as shown.
Each scenario is described in more detail in thete®y Analysis section.
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Figure 3: System Configuration Simulation Scenaris
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To confirm Hitachi GST’s future 6 Gbps Hard Diskiar (HDD) compliance to new SAS
specifications the implementations are testedrieetlareas:

1. TX RTTL Testing — requires the HDD Tx to adequately drive a 10eneable in such a
way that a reference Rx can recover a valid signal

2. Rx Stress Testing- requires the HDD Rx to adequately recover aaiffjom a worst-
case channel as driven by a reference Tx

3. S-Parameter Limits — requires the S-Parameters of both the HDD TxRxg@ortions of
the channel stay below specified limits.

These analyses will be presented in the next gubesections.

I & (&&) &

SAS Specification Transmitter (Tx) testing is désed in the spec’s Table 61 [3]. According to
the Table’s note g in Figure 4 below, the specifiey to confirm proper Tx signaling is to
measure eye height and width at theeputof a 3-tap reference Rx DFE — a node inside the IC
that can only be probed by a simulator. This nesuéent is unprecedented, yet was necessitated
by the fact that the anticipated signal atitiput to the Rx device is typically not measurable; Tx
egualization alone can not overcome anticipatedps&ystem loss.

9 This value is obtained by simulation. It represents the resulting signal output within the reference
receiver device (see 5.3.7 4. 3) after equalization, when the transmitter device output signal of CJTPAT
is transmitted through the reference transmitter test load (see 5.3.2 5).

Figure 4: SAS Specification Note Requiring Simuladn

As noted, the reference Rx DFE is to be connedtéueaother end of the “Reference Transmitter
Test Load” (RTTL), described further below. Thesmlso recommends that reverse channel
traffic be present in order to include the effesftsrosstalk (see [3] section 5.3.5.3). Spec Bmit
are 100mV eye height and 0.4 Ul width at the 3B&&’s output.

Implementing this test in simulation tools raisese considerations. The RTTL is physically a
10-meter cable captured in an S-Parameter moeéel While using a long cable helped the spec



writers achieve the desired amount of loss (~15dB@Hz), it also introduces a long time delay
that is untypical of SAS interconnect. Since analgequires ~46nS to traverse the RTTL in one
direction, this delay does not naturally fit intefault characterization times hard-coded into
simulation tools. (For example, the worst-case\BTC2 channel shown in the next section
requires only 6nS for end-to-end propagation.)sT$sue should be watched carefully when
using the RTTL.

A Tx test-bench circuit that includes the RTTL, sstalk, and the reference Rx is shown in
Figure 5. AMI models are bundled into the Tx andri®odels at the ends in red.
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Figure 5: Tx Test-bench Circuit Including RTTL

In the circuit above, the Tx circuit under tesths lower channel. The upper channel contributes
crosstalk as driven by the “NOISE_TX” at left, tbhgh the RTTL, onto the HDD circuit board,
through the SerDes package, and into a simple &x Id he length of the HDD route was

chosen to place the crosstalk at (likely) the woeste point in the Ul for the lower channel. The
lower channel is best explained and understooalbywing it from right to left. At the far right

is the HDD SerDes Tx which can be simulated withaifour FFE taps in the AMI model. Next
is the SerDes package, which includes couplingeédRx channel. The signal then proceeds
through the HDD route which is assumed to be upitah with two vias as shown. Next are

the coupled SAS connector and the RTTL (connectiewnarsed to preserve the spec’s definition
of “in” and “out” ports). At the end of the Tx knis a SAS reference Rx.

Since, in practice, the Tx FFE can not self-optarits taps for the channel (as does the Rx
DFE), the Tx taps were fixed to the following vadua the AMI portion of the model: -0.05,
1.0, -0.2921, -0.07. These values implement asfuihg on the main cursor (1.0) and the spec-
recommended -3 dB on th& fost-cursor (-0.2921). To represent the worse-ths Tx main
cursor’s voltage swing is set to 850 mV, whichhis tnin value potentially driven by the IBM
SerDes. Though not required by the spec, alsdadblaiin the IBM Tx are pre-cursor antf'2
post-cursor taps. These are set to 5% and 7%ategglg based on our observation of typical
values set by the tap optimizer internal to the AdlIvarious channels.

Simulating the Tx testbench circuit against the HiDDte, Figure 6 shows the eye height well
within spec at 199 mV at left (spec is 100mV). Bye width at 1e15 at right is marginal at
0.413 UlI, yet still within the spec of 0.4 Ul.
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Figure 6: CA Results from Tx Compliance Simulation

Table 1 summarizes the simulated data and assdcatgn margins.

Parameter Value Unit
Eye Height (1e6 bits) 199 mV
Eye Height Margin (100mV - 10%) 79 mV
Eye Width (1e15 bits, with Dj) 0.413 ul
Eye Width Margin (spec = 0.4UI) 0.013 Ul
Eye Width Margin (target = 0.2U1) 0.213 Ul

Table 1: SAS Tx Compliance Design Margins

The Table shows that the eye height has good mayeirihe width raises questions. As such,
the eye width margin is calculated both to the djpeits and the HDD SerDes target. While
performance to the spec limits seems marginal, @lie\e this is not a concern because:

1. The spec is heavily guard-banded. It suggestsstimatlation output to be judged at 1el5
instead of the 1e12 used for physical testing r@agahat “simulations typically do not
include all aspects of noise that may degradeigmabquality” (see 5.3.3.3.3 in [3]).
While this may be true, there are also many lirartd inaccuracies associated with
physical testing. Due to the slope of the batltiutyes, measuring performance at 1e12
recovers at least 3% more margin in all cases.b@lleve the simulations performed
here are well-toleranced to worst-case and rept@serore conservative analysis than is
anticipated by the specification.

2. Comparing the spec’s width compared to the IBM SarBevice’s design target we find
they differ by 100%. This suggests that the spgghtbe overly conservative. While
we’re unclear on the origin and derivation of tédue in the spec, we did note that it
was one of the last values to be resolved and tilapesup for revision. Note that the
height spec is 1.7x the actual device’s target]enhie width spec is 2.0x.

3. Good margin is realized to an actual device. Wihig device may be more robust than
others, there appears to be margin to allow foilouardevice characteristics.

In conclusion, simulation reveals that the Tx perfe well when tested against the RTTL. The
IBM Tx has more EQ capabilities that could imprake performance further, however standard
settings were applied to confirm compliance in a@ions where firmware may not be able to
adjust the settings on the fly.
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The SAS Specification [3] outlines Rx compliancstiteg in “Section 5.3.7.4.4 Receiver device
physical testing”. Note that this is specifiedjalsysical testing”, meaning that it is meant to be
performed on actual hardware rather than simulatiadeed, prior to AMI models it was
difficult to perform a system-level analog simutetiand probe within the IC behind the Rx
DFE. However, using IBM’s AMI models we can usagiation to get very close to the desired
physical testing.

Table 2 describes most of the parameters for Rsstiesting specified by the SAS standard.

Characteristic Units Minimum Typical | Maximum | Reference
Tx data pattern CJTRAT Annex A
Tx peak to peak voltage my{P-F) ano 53651
Tx minimum rise/fall time Ul 0.24 {41.6 ps) 53651
Transmitter equalization dB 2 h384585
Tx RJ Ul 0.15 (25 ps) 53851
Tx bounded uncorrelated jitter Ul gggg lp;ij:

Link dispersion penalty 2 b dB 13 h3T4438
D24 .3 delivered eye opening (£1) ° my 75 a5 5354
D24.3 delivered eye opening (X1) © Ul 0.15 5354
MWEXT offset frequency © ppm 20

Total crosstalk amplitude ® © MV ems 4

Table 2: Stressed Receiver Test Characteristicsdm SAS Specification

Per the upper portion of the Table, the Tx charesties can be configured in the simulation to
use a Compliance Jitter Pattern (CJTPAT) drivea IBAS Reference Tx with an 800mV swing,
-2dB de-emphasis, and 42pS edge rates. This allevs precisely implement the Tx behaviors
in the first four rows of Table 2 in the simulation

The spec then calls for an Rj of 0.15 Ul (Tx RJ@ble) that it earlier defines as 17x the 1-sigma
value for a simulated BER of 1el15. As such, threemd value to use in a simulator is (0.15/17=)
0.88% UI (0.0088 Ul). The spec also calls out daiteonal 0.10 Ul of sinusoidal jitter in a later
section/Table. These jitter components must bleidied in the simulations.

To implement the rest of the necessary items fostRess testing we need to develop a system-
level simulation testbench with the specified betisv Utilizing the knowledge and
measurements obtained in the “System Analysis'i@ectf this paper, we note that the desired
behaviors of the Rx stress testbench lie betweed @ WC2. As such, the topology shown in
Figure 7 was built and tuned until it delivered #pecified characteristics. Note that, according
to Table 2, the characteristics need to be deld/eyehe compliance testpoints “IR” or “CR”. In
our case this is the HDD side of the SAS connecks such, the SAS connector is included in
the testbench circuit, and probes are placed atdheector to measure the signal delivered to
IR/CR as shown at right.



Figure 7. Testbench Circuit for Rx Compliance Stres Testing

From left to right, the Rx_Stress circuit includes:

1. SAS Reference SerDes

2. Extra package-level routing on the SAS Tx to tureeddge rate and displace the
crosstalk

Six inches of ~100 Ohm microstrip routing to alldve imagnitude of pair-to-pair
crosstalk to be tuned

Backplane-type vias for both extra loss, I1SI, arsga@htinuities

Twenty inches of ~100 Ohm stripline routing, prinhafor loss tuning

Another set of backplane vias

The PORT1 SAS Connector model, for worst-case tatbss

Probes to measure the signal delivered to IR/CR

w
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The plots in Figure 8 demonstrate that the Rx_Sti@sology shown above correctly

implements the specified values in the Table 2lefif we see that the system loss delivers the
desired minimum value of 150 mV eye height at IRMfen driven by the 800mV Tx swing.

At right, we see that the eye width at IR/CR isu@et to ~0.30 Ul as specified at 1e15 bits. The
physical testing desired is specified at 1e12tiheitspec derates this in other places to 1el5 for
simulation. Note that at this point, no Rx devieges been connected and hence DFE has not yet
been applied.

Rx_ Stress Eye Height iz 150 mV at IR/CR Rx_ Stress Eve Width 1s 0.3 Ul at lel5
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Figure 8: Performance of Rx Compliance Stress Cinat as Measured by CA
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Implementing the loss has two components: ISISD®21. For ISI, Table 2 calls out a 13 dB
“loss dispersion penalty (LDP)”. Unfortunately,thé time of this writing and analysis, the spec
fails to describe how this is to be calculated #reddocument it points to is no longer available.
Since contacting the spec owners/authors alsaftal@roduce any definition, various



discontinuities were added to the Rx_Stress togologntroduce additional ISI. For SDD21
loss, the specification recommends ~15 dB similahéoRTTL. From the desired voltage swing
values of Tx=800mV and Rx=150mV we can derive theassary loss to be 14.5 dB, and
implement it by tuning the channel length as showthhe SDD21 plot at left in Figure 9. At
right, we see that the models and diff-pair spagwege chosen to provide 4.25 mV rms of
crosstalk, slightly above the spec’s minimum of ¥ im Table 2.

Rx_Stress Loss, SDD21 is -14.5 dB at 3 GHz Crosstalk in Rx._Stress is 4.25mV tms
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Figure 9: Loss and Crosstalk Performance of Rx Copliance Stress Circuit

At this point, we've addressed all items in Tablex2ept for the crosstalk pair’s offset
frequency. Since CA does not allow us to entex diviectly, we can offset the pairs to displace
the crosstalk to the center of the other chanmii Interval (Ul) by introducing extra routing
in the upper pair using the “PKG_ROUTE" trace segtstown in Figure 7.

With the Rx_Stress circuit properly configured, are now able to compare the performance of
various HDD implementation options in simulationdignply connecting them to the Rx_Stress
testbench circuit above. The following sectionsipare two HDD routing options: (1) 100

Ohm outer-layer routes, and (2) 85 Ohm inner-lagates. For each scenario, one layer change
on the Rx and one inch of routing is assumed.

* % $ + (
Connecting the HDD to the Rx_Stress circuit wevarat the link shown in Figure 10. The SAS
Connector is the blue S-parameter box in the midtitae canvas.

000D COnr
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N

Figure 10: HDD Model Connected to Rx Compliance $¢ss Circuit

In order to comprehend the contribution of the RB&)at left in Figure 11 is a plot of a short
time domain simulation measured at the input toRkehat shows the eye completely collapsed.
After the DFE is applied, the eye is recoveredhasvé at center to 108 mV at 1 million bits.
Over more bits the eye width continues to shrin@.#08 Ul at 1e15 bits as shown at right.

10
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Testing an 85-Ohm inner layer route we see thiteraahieves still better performance of 131
mV eye height and 0.418 Ul eye width at 1e15 stsl@own in Figure 12.
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Figure 12: HDD Rx Compliance Plots, 85-Ohm Rounte

The following table summarizes the simulated penfamce of the two HDD route styles when
connected to the Rx_Stress testbench channel ddiinéhe SAS spec.

Parameter 0100 i85 Unit
Eye Height (1e6 bits) 108 131 mV
Eye Height Margin (60mV - 10%) | 37 58 mV
Eye Width (1el5 bits) 0.408 0.418 | Ul
Margin in Ul (target = 0.2 Ul min) | 0.208 0.218 Ul
Margin in pS 35 36 pS

Table 3: Simulated HDD Rx Compliance Margins

Since the tool does not report the eye height 85 bits the margin calculation subtracts an
additional 10% of the measured height. This vauwterived from and is consistent with the
amount the eye width changes between 1e6 and 115 b

There is good margin on both configurations, whiltistrates both the power of the IBM DFE
and the robustness of its design targets of 60r2@l0l. Note that if the simulations were
measured against the SAS specification’s 100mVI0L.4@lues all measurements would be
marginal, as with the Tx RTTL test. Though botlpiementations performed acceptably, it's
interesting to note that the inner-layer 85-Ohnteqerformed measurably better.

This section has demonstrated that AMI models @aunded to perform pre-hardware testing the
authors of the SAS Specification outlined for ploatdware physical measurement.

11
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The SAS Specification defines magnitude limitsidoth the Tx and Rx portions of the HDD as
shown below. Since in this version of the speajg]values for the Tx (spec Table 63) are the

same as the Rx values (spec Table 70), the Rx Tahl& repeated here.

S-Parameters were generated using the simulattotbrthe Tx and Rx port models. Note that it

Characteristic * Reference L N ® H [stmV" Frin frnax
(dBmV) (dBmV) (dB) decadel:l (MHz) {GHz)
Sccaz Figure 125 6.0 50 0 133 100 6.0
Sppa2z Figure 125 -10 74 0 133 100 6.0
Scpze Figure 126 26 127 10 133 100 6.0
Figure 13: S-Parameter Limits Defined by SAS Spefitation

is also possible to perform these tests on phyba@ware using a VNA.

For simulated S-Parameter generation, diff-pairslmdrawn as shown in Figure 14 for a
typical Tx port (left) and Rx port (right). Pertlspec, the S-Parameters are measured at the
HDD card-edge without the SAS connector in plabe @pec refers to this point as ITs/CTs and

IRS/CRS).

The plots for each port’s passive interconnectsamvn in Figure 15. In each plot the
Specification’s limit line is shown in red alongttvithe simulated S-Parameters. In all cases

rerizangit_Fhgs malel

Figure 14: HDD Implementation Configured for S-Pammeter Measurement

simulated values are below the spec limit lineseasiired.

Tx Port:

Rx Port:

Figure 15: Compliance of HDD Passive Interconne@-Parameters to SAS Limits
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In this section the signal integrity performancdhe HDDs is analyzed in various typical and
worst-case system configurations. While adherémtlee spec — as addressed in the previous
section - is obviously important, analysis of aadial system models is deemed necessary for
the following reasons:

1) ltis difficult for any Specification to adequatedpisure performance

2) Specification adherence does not provide a senaetmipated margin in actual systems

3) Aspects of the SAS-2 Specification target physiher than virtual device testing

4) SAS system configurations vary greatly compareother interfaces such as Fibre Channel

5) Examining a range of system configurations help&lbg an intuitive sense of
configuration limits given the technology and dagttes at hand

Taken alone, examining only system configuratianspecification compliance would likely be
insufficient. We believe the combination of botlkthods provides a more robust sense of
system performance. As such, this section exantimebehavior and details performance of the
following system configurations whose compositissummarized in Table 4.

a) TYP — Typical System Configuration, based on thih@i's experience
b) WC1 - Worst-Case System One, worst-case seen lauthers in practice
c) WC2 — Worst-Case System Two, attempted retrofit udry bad legacy system

Parameter TYP WC1 WC2 Unit
PCB & Cable Length 13 21 37 inches
# of Connectors 2 2 4 #

# of Vias 4 4 4 vias
Propagation Time 2.5 4 6 ns
6 Gbps bits in channel 15 24 36 bits
Channel Loss (SDD21 @ 3 GH2z) -8.9 -13.6 -16 dB

Table 4: System Simulation Configurations, Basic Mtrics

As shown, these systems represent a wide rangedardinuities, loss, and length and are
configured to provide both a measured and an intuggense of how much margin is available in
various system configurations.

For the analyses in this section, emphasis is glacehe IBM SerDes’ Rx DFE’s ability to
recover a valid signal given each system configomatAs such, the channels are driven by a
minimal SAS Reference Tx (2 taps with -2 dB de-eagihand a minimum SAS voltage swing
of 800 mV ppd). Since the eye shape will be pradietie output of the IBM DFE, all design
margins derived in this section are based on IBBlgietargets. This method will give a good
sense of received link performance with a minimedd tap Tx. It may also be interesting to
drive the link with the HDD’s fixed Tx tap settingsd check the margins against either a
Reference Rx or another vendor’'s Rx at the othdrodénhe link, but that configuration is not
addressed in this section.

/[ + +
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Table 5 defines a serial link analysis processlhiabe applied to each system configuration,
and each process step is described briefly below.

Step | Task Purpose Output

1 Collect and Connect Models Build Link Model Link Ready-to-Run

Model Sanity Check Verify Models TD Functional

Quantify Loss & Crosstalk Understand & Gauge Link S21 dB, mV RMS

Verify Eye Convergence Test #bits, Confirm Coverage CA Functional

Parameter Determination Setup for Worst-Case CA Parameters

2
3
4 Plot Impulse Response & ISP Measure ISP, Calculate #bits #bits for CA
5
6
7

Corner Case Analysis Derive Design Margins Eye h/w Margins

Table 5: Serial Link System Analysis Process Steps

1. Collect and Connect Models.This step involves collecting and/or building thké necessary
sub-models and connecting them to form the enditbliek. Be sure all necessary vias,
connectors, and series capacitors are includegroXpmate trace construction parameters as
needed. The output of this step is a link thaxisected to simulate correctly in time domain
simulation.

2. Model Sanity Check. Begin by running a short time domain simulatiéiatch for
simulation errors, unreasonable voltages or DGQshahd signals not reaching their
destination. When there are problems during tieis & is often necessary to temporarily
delete elements from the simulation and add therk bae at a time until the problematic
element is isolated. S-parameter models are péatlg suspect of causing problems.
Ensure that the end-to-end time delay is reasoraataléhe voltages look correct. It's
possible the eye will be completely closed at tlketRis does not necessarily mean the
simulation is incorrect, particularly at higher sds. The output of this step is the ability to
simulate in the time domain with confidence. Withachieving that, none of the subsequent
steps can be performed.

3. Quantify Loss and Crosstalk. Quantifying factors such as loss and crosstatkihedp
double-confirm the link simulation is performingroectly since there is a direct correlation
between insertion loss (an Rx/Tx transfer functimmjl Tx and Rx voltages. Measuring S21
insertion loss is typically done in Sl tools by geating S-Parameters. Take the value
derived by the tool and double-check it againshlibé time domain voltages at the Tx and
Rx and a hand calculation that sums the loss df galtividual element. This will typically
match within 10%. It's also important to gain atuitive sense that can approximate
performance across link metrics such as frequdosy, and crosstalk. The outputs of this
step include channel loss expressed in either di® @r fraction. The latter reveals exactly
what fraction of Tx voltage will appear at the Ruile dB is less straightforward (though
more common). A typical way to quantify crosstialito calculate the Root-Mean-Squared
(RMS) value of the coupled signal on a quiet n&thile most waveform tools do not
calculate this number, it can be derived by expgrthe waveform to a spreadsheet.

4. Plot Impulse/Pulse Response & ISPThis is done by running a characterization of the
channel (or, injecting a single pulse into the Tid aeasuring the Rx) and viewing the
impulse response waveform. The Interconnect SéoPagential (ISP) can be measured
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directly from the impulse response as describd8]inFurthermore, equations in [5] allow
you to use the ISP to calculate the number ofbhiggh-capacity simulation will require to
converge on a stable eye diagram. It is also itapoto verify the integrity of the
characterization. As such the outputs from thep stre a good channel characterization, the
number of bits to apply in Channel Analysis (CA)da sense of confidence that that
guantity of bits will be sufficient for coverag@his saves time during subsequent
simulations, since you are not running more bigthecessary.

5. Verify Eye Convergence.Channel Analysis simulation is run during this st@pvarious
bit-stream lengths are overlaid to verify the egawerges correctly with the number of bits
calculated in step 4. This value can be doubldhenad by comparing the number of bits
derived with the knee on the bathtub curve plos. s&ch, the outputs of this step are a
verified number of bits and a functional CA envinoent.

6. Parameter Determination. In order to derive meaningful CA results and gesnargins
it's important to input correct parameters into @Aitems such as jitter, bit patterns, and
crosstalk. There are many components of jitted, tae industry does not always use
consistent terminology. During this step you wi#itermine the various sources of jitter
imposed by the Tx such as random, deterministitissiidal, and periodic jitter, as well as
duty cycle distortion, and map them into the foprnsvided by your CA tool. Explore what
types of data patterns are driven on the link (fagBb/10b) or if there is a certain pattern
(such as CJTPAT) that the link suggests to usechMid this data is extracted from
datasheets and other specifications. The outputs this step are a complete set of Channel
Analysis parameters necessary to derive worst-egseliagrams and design margins.

7. Corner Case Analysis. This step runs CA to derive relevant eye diagrantbathtub
curves. From these, the necessary design mangirdetermined. If tolerances in the
interconnect need to be tested, additional chaiaat®ns must be run. However, note that
if tap values are variables in your AMI model thean typically be explored and adjusted
without a new characterization. Compare the CAltsslerived during this step with link
specifications. Insufficient margin may cause yoiterate all or parts of this process.

These steps will now be applied on each of the ps@ystem link configurations that follow.

/ &0. 1 &+ + +

2 3 4
Models are collected for the various elements drdrace structures are built and connected to
derive the drawing/shorthand description of the TcYiBnnel shown in Figure 16.

Ctl TXIRx —4"trace — Conn - BpVia— 8"trace — BpVia — Conn — 850hm 1" stripline & vias — Pkg — IBM Tx/Rx

Figure 16: TYP Channel System Configuration
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This channel has an overall length of 13” and s2acsnnectors. It includes 4” of route on the
controller/expander at left and an 8” midplane eouthe routing on the HDD is 85 Ohms and
PORT1 connector models are used at both ends ofitf@ane. This channel represents a

typical system configuration with typical loss.hélupper channel is the active channel and the
lower is the crosstalk channel.

24 +
For the TYP system a short time domain simulateneals the eye at the Rx input (Figure 17, at
left) is not completely collapsed without any DRiphed. Interestingly, the shape behind the
inner eye has the basic shape of the Rx after #te iB applied (at right). Applying Rx DFE
with a 1 million bit CJTPAT shows the eye can bermgd to 275mV height and 0.72Ul width.

TYP - Short Tume Domain Eye (60 bits) TYP Eye Contour, 2-tap Tx, Rx DFE On, 1 million bits
400
L s !

Voltage [mV]

Lot tatied i eboduntenbtund st dentuohuoddhobod o
0 10 20 30 40 50 60 70 80 9 100 110 120 130 140 150 160

‘Time [ps] UTIUNITIFSS]
Figure 17: TYP Channel Initial Simulations

125 %+) 3
Figure 18 (at left) plots the loss in the TYP Ropfhost) channel. The loss is -8.9dB which is
much less than the SAS spec’s RTTL at -15dB, addvoel expected of a typical channel.
Crosstalk induced in the quiet channel by the aativannel appears as shown at right. The red
waveform is the Rx pins, the green waveform afterdie routing.

TYP SDD21 Channel Loss TYP Crosstalk
‘ T T ‘ T -200

3.000G

tless]

Voliage [mV]

5 (dB) [KUni

FFFFFFFF [GHz Time [ns]

Figure 18: TYP Channel Loss and Crosstal

The RMS voltage of the crosstalk for TYP can bewalted (by exporting the waveform’s
spreadsheet data into Excel) to be 9.1mV rms.rdetmgly this is higher than the value
calculated for both WC channels, which could be tdugny or all of the following reasons:

more damping due to loss/discontinuities in WC, entnosstalk in the PORT1 model than
PORT2, variations in round-trip time, or other @as Indeed, changing the connector model in
WC1 from PORT2 to PORT1 raises the crosstalk froBn®Vv rms to 7.9 mV rms. This agrees
with plots that showed PORT1'’s crosstalk to be ~308her than PORT2'’s.
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2 . ( 3.
Figure 19 plots the impulse response in the acinannel (left) and the crosstalk channel (right).

TYP Impulse Response - Active Channel TYP - Impulse Response, Crosstalk Channel

] 100
1486 ns - L

o

Voltage [GV]
Voltage [MV]
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TPV RPPRTOTE PSR OO0 POPUR PPV PUOR VO SVRT TOTY FOUOE POOTY POOOR! breditea et dsoobe ool wlwn o
2 3 24 5 2% 7 8 2 3 3t 5 16 17 18 19 20 2 2 23 ¥ B % 2
Time [ns] Tirme [n]

Figure 19: TYP Channel Impulse Response

The end-to-end propagation of TYP is ~2.5nS, helneditne offset of the near-end crosstalk
(NEXT) and the ~5nS round-trip settle time in bokbtg

The plot at left includes vertical markers measyitime Interconnect Storage Potential (ISP) to
be 1.49 nS, or 9 (=ISP/UI=1.49/0.167, rounded uflirbes. This implies that each 8b/10b
symbol’s performance might be influenced by thempsymbol. Using equation (4) in reference
[5] we find that for 8b/10b encoding we may needuto only ~10k bits to ensure adequate
coverage. The low ISP suggests that this interectnnill converge quickly to a bounded eye.

2 6 %+ 7+
Based on the ISP shown/calculated above, we expeeye shape to converge quickly. Figure
20 confirms this since the TYP eye contours (predugsing the 2-tap Tx driving CJTPAT)
change slightly between 10k (red) and 100k bitedgy, while the 1,000k (blue) bit pattern can
barely be seen. Viewing the “bathtub” curve (ght) further illustrates that above 10k bits the
eye width has converged and then continues to deeldeearly to 0.58Ul at 1el5 bits.

TYP Eye Contour VS # Bits TYP Bathtub Curve
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E -1
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= £ 3 oE g -
100 fF— — ? 1L —=
E E 12— =
200 E— — 13— =
E El M =
-300 — -15
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Figure 20: TYP Channel Eye Convergence

"2 .
Corner case analysis can be performed by usingtwwase values as defined by the IBM AMI,
the IBM SerDes, and the SAS Specification. Tabdei®marizes these values and parameters.
It should be noted that the process and valuegiased with tolerancing the simulations for
worst-case are quite different than those usedfire typical, lower-speed, Sl analysis.
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# Variable Influences  |Source Value Unit ApplyIn. Np tes
1 Tx Swing Eye shape SAS Spec, Table 61 800 mV Tx Model | minimum allowed
2 Tx De-emp Eye shape SAS Spec. Tables 64 65 -2 dB TX AMI Ref Tx value
3 Bit Pattern Jitter, Eye SAS Spec, humerous CJITPAT CA
Eye,
4 Dj Bathtub Tx Parameter 23.4 pS p-p | chsim.cim | =0.14% Ul
Rotator Eye,
5 Linearity Bathtub AMI Model Kit pr_slow.dat file Rx model | pr_fast.dat a bit better
On-chip TX/Rx edit into
6 Sparams Eye shape AMI Model Kit 0 models "just_ideal_corner"
Eye,
7 Rj Bathtub Tx Parameter 1.4 pS rms CA =0.84% Ul
Duty Cycle
Dist. Eye shape Tx Parameter 0.05 Ul CA Use 45 as HI%
Pj Magnitude Jitter, Eye AMI Model Kit 0.05 Ul CA Enter as 0.05
10 | Pj Cycles/Ul Jitter, Eye AMI Model Kit 0.01 Ul CA Enter as 0.01
Table 6: Worst-Case Parameters, All Channels
82 +

Simulating with all worst-case values except Dplace further decreases the bathtub curve, as
shown in Figure 21 in blue. Adding in Dj produdks worst-case eye width (black, at left) for
TYP of 0.34Ul at 1e15 bits, providing a good margiri4% (24 pS) to the IBM design target of
0.20Ul minimum. At right is the 1e6 eye heigh2d4dmV. Following the same linear decrease
as the eye width, we approximate that the eye h&dhdecrease another 10% to 220mV at
lelb, leaving a good margin of 160mV to the 60m¥%igletarget.
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Figure 21: TYP Channel, Eye Width and Height
/19 19 $ + * +

2 3 4
The layout drawing and shorthand description of VW&Cdhown in Figure 22. This channel
includes a much longer backplane trace than TYPrepisents the worst-case system design
anticipated for this family of HDDs.

CtrTx/Rx — 4" trace — Conn — BpVia — 16" tr — BpVia — Conn — 1000hm 1" mstrip trace — Pkg — IBM Tx/Rx

HER_RGUTE (00
fo=r]

Figure 22: WC1 Channel System Configuration
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24 +
Leftmost in Figure 23 is a very short time domamudation that shows how WC1 system loss
shrinks the Tx waveform (red) substantially agiiiv@s at the Rx input (blue). Plotting the Rx
waveform eye diagram (center) reveals that thesegémost closed with only a few bits.
However, recall that time domain simulation doesincdude equalization since that portion of
the AMI models only appears in CA. Using CA, ghtiis an eye contour of 1 million bits
(8b10b) with a -2dB 2-tap Tx and Rx DFE on. Basedhis data, the channel appears to be
performing reasonably and warrants further inveditg.

WC1 Time Domain Simulation WCI- Short Time Domain Sim (60 bits) WC1- 1 Million Bits, 2-tap Tx, Rx DFE On
[N S AR A B B A M A

00 Bt

[ R T T 0 R N A W e e TR OO TPV PO POV FPROOR FONCTOOR APV
40 50 60 7 100 110 120 130 140 150 160 o1 02 03 04 05 05 07 08 09 1

Figure 23: WC1 Channel Initial Simulations

Tume fos

25 %+) 3
At left in Figure 24 is a plot of the loss in th& Ropmost) channel. The loss in WC1 is -13.6dB
which is on par with the spec’s stressed Rx LDRLatiB and the RTTL at -15dB. This loss is a
combination of all the elements in the worst-caseleh To understand the system-level loss, at
center is a plot of the loss in the two vias andgitt is a plot of the connector loss.
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Figure 24: WC1 Channel Loss
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A simple summation of the individual elements shgwsed agreement with the end-to-end loss
of -13.6dB measured above leaving 2 dB for the alli@oeous items not quantified here
(capacitors, SerDes package, etc.).

Total Loss = 2*BpVia + 2*CdVia + 2*Conn + 21™*0.38dinch + Misc
=2*1+2*0.3+2*1 +21/3+2=13.6dB

Crosstalk induced in the quiet channel by the aativannel was simulated to be 5.6 mV rms.
This value is 30% higher than the 4mV rms valuemamended by the SAS-2 Specification for
a stressed signal input to an Rx, and hence rageebeth a practical and challenging amount of
crosstalk to submit to the high-capacity simulatod Rx DFE.

2. ( 3.
Figure 25 shows the impulse response of the achiaenel at left and crosstalk channel at right.
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WC1 Impulse Response - Active Channel WClImpulse Response - Crosstalk Channel
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Figure 25: WC1 Channel Impulse Response

Both responses behave as desired, with matchibgesiaiet voltages before and after the
impulse (note that a ~20nS quiet/stabilization twas used). Since WC1's end-to-end
propagation time is ~4ns we see the impulse atdtieeachannel (left) around 24nS while near-
end crosstalk can be seen in the quiet channehdr0nS (at right). And since the round-trip
time in the channel is ~8nS, additional noise isisedoth plots ~8nS after the initial spikes.
The plot at left includes vertical markers measyitime ISP to be 1.58 nS, or 10
(=ISP/UI=1.58/0.166, rounded up) bit times. Thplies that each 8b/10b symbol’'s
performance might be influenced by the prior symblhe ISP is similar to that found with TYP
since the discontinuities in the channels are aimit is primarily the length that has changed.
Using equation (4) in reference [5] we find that 8/10b encoding we may need to run only
~100k bits to ensure adequate coverage. The ISkestggthat this interconnect will converge to
a bounded eye prior to 1e6 bits.

2 6 %+ 7+
Based on the ISP shown/calculated above, we efipeeye shape to continue to change as the
number of bits increases up to ~100k bits. Fig@ratdeft confirms this by showing the WC1
eye contours using 8b10b patterns of differenttlendlOk bits (red), 100k (green), and 1,000k
(blue). The eye height/width continues to visibbcrease with the number of bits until it
stabilizes around 1e6 bits, requiring an order agmtude more bits than TYP as seen in the
knee of the bathtub at right.
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Figure 26: WC1 Channel Eye Convergence

"2 .
The worst-case parameters for WC1 are the santess for TYP. Refer to TYP step 6.

82 +
Applying all corner case values to WC1 (Figure i2d) narrows the typical bathtub curve (in
green) significantly to produce an eye width off0lA. This has 0.05 Ul (9 pS) margin to the
IBM design target of 0.20 Ul, which is acceptaldethis type of analysis. At right below is the
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1e6 bit eye height (CIJTPAT, Ref Tx) of 172mV whadrates to 95 mV of margin at 1e15 given
a 10% reduction and 60mV target. As such, WClgoasl margin against worst-case analysis.
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Figure 27: WC1 Channel Eye Width and Height
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2 3 4
A drawing/shorthand description of the WC2 chansishown in Figure 28.
— IBM Tx/Rx

HBATX/Rx — 4” tr — 16” cbl — 6” ipsr - Cn — BpV — 10" tr — BpV — Cn — 1” HDD stri

pline trace — Pkg

Figure 28: WC2 Channel System Configuration

This channel has an overall length of 37” and sgacsnnectors. It includes 16” of differential
flat cable (model includes mated connectors on batls), a 6” legacy interposer PCB, and a
10” backplane. The backplane, though shorteim#a to the one in WC1. The interposer uses
717 (trace/space widths) for a differential impeckaonf 85 Ohms. This channel is contrived for
lots of loss, many impedance changes/reflectioms islikely well beyond the worst system
design the 6 Gbps HDD might be connected to intpec

24 +
After confirming proper operation for the majoraf/the WC2 models during the previous two
sections, confidence is high that they are opegatorrectly. As shown in Figure 29, for WC2
even a short time domain simulation reveals theagyke Rx input is basically closed without
any equalization applied. This channel represaignificant challenge for the Rx DFE.

300

200
100 =
0

-100 {3

Voltage [mV)

N 8 0 8 PR P R R R R PR O A I P P
010 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time [ps]

Figure 29: WC2 Channel Initial Simulation
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Figure 30 (left) plots the loss in the WC2 Rx (tagst) channel as -16dB, significantly higher
than the spec’s stressed Rx LDP at -13dB and glightre than the RTTL at -15dB. Crosstalk
induced in the quiet channel by the active chaappkars as shown at right. The red waveform
is the Rx pins, green after the die routing (furth@mped). The RMS voltage of the crosstalk
for WC2 was calculated to be 7.4mV rms.

Figure 30: WC2 Channel Loss and Crosstalk

2 . ( 3.
Figure 31 shows the active channel (left) and ¢atlsshannel (right) impulse response.

Figure 31: WC2 Channel Impulse Response

The end-to-end propagation of WC2 is ~6nS, hencértteoffset of the NEXT and the 12nS
round-trip settle time in both plots. The longettke time suggests that a larger quiet time of
30nS should be used for WC2 during Characterizatidme ISP of 2.1 nS (12 bits) is longer than
WC1 and the overall ringing lasts longer likely daemore discontinuities. Equation (4) in [5]
suggests that 100k bits would be necessary to beya@pening behavior for this channel,
similar to the other channels.

2 6 %+ 7+
Based on the ISP shown/calculated above, we expeeye shape to continue to change as the
number of bits increases. Figure 32 confirms ¢hsnnel converges similar to the others.

Figure 32: WC2 Channel Eye Convergence
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The worst-case parameters for WC2 are the santess for TYP. Refer to TYP step 6.

82 +
Applying corner case analysis decreases the ejidather as shown in Figure 33 in red.
Adding in the Dj of 0.14Ul narrows the eye furtlasrshown in black to 0.22 Ul for 1e15 bits.

This reveals that WC2 has little margin to the gegsarget of 0.20 Ul minimum and represents a
marginal system configuration.

Figure 33: WC2 Channel Eye Width and Height

/- + + +

To summarize our system analysis we have tested gystem configurations: TYP, WC1, and
WC2. These systems have been described previ@mlycan be characterized by the basic
metrics repeated in Table 7 below. Though alldlegstems performed decently in a typical
analysis using 1 million bits, corner case analgbisws design margin becomes minimal at 1e15
bits for WC2 as shown. To the IBM Rx DFE’s credityas able to compensate for the loss and
ISI in all channels showing positive margin in@dlses. Clearly the boundary of acceptable
system configuration lies somewhere near WC2. 8aungineering judgment can determine the
boundary as guided by the design process and erudsproper hardware verification.

Parameter TYP WC1 WC2 Unit
PCB & Cable Length 13 21 37 inches
# of Connectors 2 2 4 #

# of Vias 4 4 4 vias
Propagation Time 2.5 4 6 ns

6 Gbps bits in channel 15 24 36 bits
Channel Loss (SDD21 @ 3 GH2z) -8.9 -13.6 -16 dB
Crosstalk 9.1 5.6 7.4 mV rms
ISP 15 1.6 2.1 ns
#bits for Coverage led 1leb5 1leb5 bits
Corner Eye Height (1e6 bits) 244 172 103 mV
Eye Height Margin (60 mV -10%) 160 95 30 mV
Typ Eye Width (1e6 bits) 0.72 0.59 0.52 Ul
Corner Case Width (1e15 hits) 0.344 0.252 0.218 Ul
Margin in Ul 0.144 0.052 0.018 Ul
Margin in pS 24 9 3 pS

Table 7: Design Margins for Analyzed System Configrations
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To further illustrate the system configuration desboundary, consider the plot of design
margin versus channel length in Figure 34. Eveungh there are many factors involved besides
length, we can extrapolate the lines in the plagtmate where all margin might be consumed.
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Figure 34: Design Margin vs. Channel Length

The data presented in this section suggests ttdBt¥! Rx DFE in the HDD can compensate for
a minimal fixed-tap Tx on the other end of the Jieken in the presence of crosstalk. However,
the boundary for robust system performance is dioslee system configuration and loss of
WC2. This correlates well with the SAS-2 Specitiica’s view that Tx and Rx components
must work together to overcome a channel lossairad -15dB.

-+ )
Throughout this case study we have determinedalt®@ning items:

1. Itis possible to construct a useful 6 Gbps SASuation environment using open market
tools [6] and IBM SerDes AMI models. The perforroamf this environment appears to
align well with both SerDes vendor and the SAS djpation’s expectations.

2. As shown through simulation, the HDD implementat@on IBM SerDes performed well
with good margin against both compliance testsatdal system loads.

3. More margin can be obtained by routing the Rx cke&nat 85 Ohm (instead of 100
Ohm) differential impedance. The Tx channels canduted either way.

4. Even against worst-case tolerances, decent maxgtsen applications around -14 dB
(SDD21 @ 3 GHz) channel loss. Worst-case margagsine questionable around -16
dB. Typical applications are likely less than -BOd

5. The SAS Specification’s physical Rx stress tesirenment can be implemented through
simulation. In this setting, the HDD SerDes’ DR&fprmed exceptionally well with
margins in the 20% (or better) range.

6. Spec-level Tx testing also performed well. Althbugye width measurements were
marginal to the current spec, this is not belieteelde an issue due to the reasons stated.

7. Spec-level passive S-Parameter limits were achiéweall ports, as verified through
simulation.

In conclusion, we have seen that as serial lingUiemcies continue to increase so do system loss
and IC integration complexity. These changes hmagaired new types of models, tools and
specifications, and even a new approach to sigiwedyiity engineering in general. This paper
has shown that AMI models are starting to appedrilarstrated how they can be used in

practice to perform both specification complianegting and system design margin analysis.
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