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This paper details new simulation techniques forakknk Signal Integrity analysis at data rates
above 6 Gbps. Proper modeling techniques for thatlactive (SerDes, AMI, transistor-level,
etc) and passive (3D extraction, S-parameterssjiasg etc) devices are described, along with
solutions for making progress when desired modelfat available. Sensitivity analysis
reveals variables that limit system performanceguides design choices to optimize the link —
adding as much as 50% more system margin. Witlablas and tolerances understood,
exhaustive worst-case analysis is performed to tifyanticipated design margin.
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Though proprietary solutions have been availabigéo, open-market impulse response based
channel simulators have now been available for ba#fra decade [1,2]. During that time,
industry standards have begun to require them fd]repeatable processes have emerged for
their use [4,5].

This paper describes simulation techniques thdbgléphese maturing technologies in new ways
to solve problems related to serial links operatihdata rates over 6 Gbps. Though these
techniques have been used for lower-speed Sigtegrity (S1) analysis for many years [6,7],
practices such as pre-route sensitivity analysisexthaustive worst-case analysis are now
becoming feasible with channel simulators. Corsigethat both operating frequencies and the
number of bits being simulated have increased ttaréaur orders of magnitude, this has been a
considerable challenge to overcome. In additionykation can quantify the types and amounts
of equalization required to achieve robust perfarogaacross a variety of channel lengths and
manufacturing tolerances.

Analysis is only meaningful when it is based onusate models. For passive elements, S-
parameter models [8] capture the behavior of 30csires such as vias, connectors, and their
associated grounds while 2D trace models mustifactoow their Printed Circuit Board (PCB)
materials change with frequency [9]. Since sdindis are terminated on both ends, simulations
provide meaningful results as long as accurate tsaf¢he losses and discontinuities in the
passive interconnect are in place — even when usorg approximate models of the active
devices, or SerDes (Serializer-Deserializer). The relevant and important observation, since
industry standard formats for SerDes models thahect to channel simulators are just now
coming into place [10,4]. Indeed the analog betr@avwf such models are quite simple,
particularly when compared to the equalization ssderequired for data rates over 6 Gbps
[11,12]. Simplistic SerDes models function welbyided there is a mathematical way to
overlay anticipated equalization, as will be dentiaisd.

This paper will follow a typical design processrranodeling to optimizing to verifying a 6+
Gbps channel. Once appropriate models are in pllaeeimulation effort can be divided into
the three analysis phases shown in Figure 1: BigsiSensitivity, and Exhaustive. Each
phase builds on the preceding work, and servasrtbdr understand, optimize, and quantify the
performance of the channel.

The Figure illustrates how the process begins IpZyagpg approximate models to perform
Feasibility Analysis to comprehend the boundarfethe Design Space. The items in the top
portion of the design space are challenges impbgédlde system architecture, while the items in
the lower portion are variables resolved by thageteam. Over time, the design space narrows
as Sensitivity Analysis guides design choices unfihal “channel design” is defined. Once
defined the design space widens slightly agais;tine due to fully comprehending
manufacturing tolerances during Exhaustive Analydishgineering choices made during this
phase guide the fine tuning of equalization sestiaigd finalize the simulated pre-hardware link
performance. Ideally, this process is completéar po the fabrication of hardware.
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Figure 1. Channel Simulation Phases vs. Design Sga

Figure 1 also illustrates the simulation enginessponsibility to continually refine and

improve the quality of the link models throughdug fprocess. It's important to proactively work
on this task with component and tool vendors, dsageyour own design team, as further
detailed in the next section.

Though measured post-hardware channels might tiploarepresented by a single S-
Parameter file, during system design it is necgdsarepresent a channel using cascaded
elements. In this way, contributors to system boss discontinuities can be understood,
guantified, and tuned. Figure 2 shows the elentgpisally found in a 6+ Gbps channel, along
with the likely source and type of each model. sTikia single (non-crosstalk) channel
Transmitter (Tx) to Receiver (Rx) connection, antl serve as our reference channel throughout
this paper.

From left to right, the example channel consistthaée PCBs: the Tx card, the backplane, and
the Rx card. On the Tx card is found an activdd8erTx, a model of the SerDes package, a via
down to a stripline layer, the stripline route, andia up to the backplane connector. The
backplane consists of the connector model, a wendo the routing layer, a stripline route, a via
up to the connector, and another connector. ThedRk has a connector via down to a stripline
route, a via up to an AC capacitor, a microstripteato the Rx which includes models of both
the IC package and the Rx SerDes.
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Figure 2: Cascading Models to Form a Typical SeriaLink Simulation

Figure 2 also shows the typical source for eachehiodfour horizontal rows. The top two rows
contain models that will be supplied by either comgnt vendors (top row) or trace models
derived by the simulation tool of choice (second)oSince the design process has little impact
on these items, other than component and tooltsatethey will be dealt with minimally here.
The lower two rows are more interesting, and walldovered in more detail. Aside from
connectors, vias represent the primary discontgriin a 6+ Gbps channel. As such, field
solvers are deployed to develop accurate S-parameigels of these 3D structures while
providing the ability to understand and optimizeitiperformance.

The SerDes Tx and Rx are found in the bottom rowigfire 2. While these models might be
supplied by a component vendor, the majority of el®ih existence today do not simulate fast
enough for the types of analysis described hergiarticularly if they are implemented at the
transistor-level. As such, the model must typicak abstracted into its relevant behaviors
capturing datasheet items such as edge rate, impegdand return loss. If the vendor does not
provide a transportable description of the deviegjgalization capabilities, generic Algorithmic
Modeling Interface (AMI) models [10, 13] can be bB@d to approximate device behavior.
Until the day when AMI models are as readily avalgaas IBIS models, experience working
with numerous SerDes devices is required to impigrtie simulation environment correctly.
The important point to remember is tlagiproximate SerDes models provide the ability to
understand, adapt, and tune a passive chanimeleed, even a generic simulated TDR can
provide insight into a passive channel. Howeverapproximate SerDes model additionally
provides the ability to quantify eye performance derive Bit Error Rate (BER) estimates.

It seems odd that something as simple as a viadagetlso much attention during channel
design and simulation. Indeed, not too long agy there simply represented by a 0.5pF
capacitor — if they were even acknowledged asHendircuit” at all. However, as previously



stated, in the design of 6+ Gbps channels the levalyhas become one of the primary
discontinuities. Make a mistake here, and 90%ooir wignal disappears. As will be shown,
subtle changes can improve a via 50-100% whilespedubtle changes can yield a 7x
improvement in performance. In general, the biggesblem with vias is stubs [14] (a problem
found not only in vias, but also in other structuseich as testpoints), while the subtler problem
involves balancing the metal cross-sections andd@npedances in the signal path.

So how different is the behavior of an actual vieew compared with a 0.5pF capacitor? The
answer is: it depends. Figure 3 is a comparisaheotime domain (differential TDR, at left)
and frequency domain (insertion loss, at rightpoese of a complex 3D differential via model
(in red) versus two 0.5 pF capacitors (in bluedr this particular via, the response of the simple
capacitor model is surprisingly accurate in botmdms — particularly when you consider the
complexity and the cost of derivation of the 3D mlodAlbeit the time domain response rolls off
a bit differently and the frequency domain respdedess accurate as you move away from 6
Gbps (3 GHz). Not too surprisingly, the via lookere like a transmission line and can be
approximated even closer with a 40pS 70 Ohm diffieeetransmission line shown in dashed
gray at left. So if vias can be so well represgntéh such simple models, why all the fuss
about 3D field solutions?
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Figure 3: Time & Frequency Domain Responses of (& and 3D Via Models

The answer to that question is two-fold: (1) 3&ldisolutions give you the ability to connect
design decisions with via performance, and (2)ehea significant range in the performance of
vias. The example given above was contrived becagswere able to search through a library
and find a differential via with characteristicendar to 0.5 pF capacitors. Even so the single-
ended insertion loss (green curve in Figure 3hefias is 30% greater than both the capacitor
model and the differential insertion loss. Thisiathon is typically not true of trace models, and
hence ability to see and model this differencentlaer reason for using 3D solvers. And it goes
without saying that the proper modeling of a 40E$ahtinuity is quite relevant now that it is %
of the cycle time and on par with the edge rates.

The actual impedance of vias can vary significaddpending on their construction. Figure 4
shows the simulated TDR response of various 3Dnadels from a recent channel project
superimposed on the same blue and red responsea gh&igure 3. Note that not only do
actual differential impedances range from 60 to ®bdns, but the time delays can vary
significantly as well; variations that require the of a 3D solver to quantify and understand.



A BN B IR b
Figure 4. Range of via time domain characteristics

While differential via characteristics vary sigodintly by construction, an even wider variation
might be seen if the 3D field solution is not penfed correctly. Figure 5 demonstrates potential
impedance and loss variations for 10 mil (drillegidifferential vias in a 120 mil thick PCB. The
variations shown are caused primarily by includiognot including) associated signal and
ground vias in the solution. The correct soluiieiudes both signal vias and their associated
stitching grounds for a total of four vias, angi®wn in red in both plots. The other vias were
solved by using subsets of the four vias, suchsasgde via with no ground, one via with one
ground, and both signal vias with no grounds. efttthe differential impedance is shown to vary
by up to 50%, erring on the side of higher impe@gmimarily due to the missing grounds. At
right, the loss seen by a differential signal isvgh to vary by more than 1 dB for the various
solutions. As the total loss in our reference cghis around 12 dB, incorrect via field solutions
on the six vias in the channel can cause a 50% kertotal loss (and hence simulated signal

amplitude).
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Figure 5: Impedance and Loss Variations in the SamVia Solved Different Ways

Correct setup of the 3D geometry and solution spaéso critical for correct characterization

of via structures. Special attention needs tode o the boundary conditions and the excitation
ports. Since all channels need to be dividedsmaller subsections that can be efficiently
modeled in 3D field solvers, the excitation pofnesents the point of concatenation where the
models are joined. Incorrect excitation and pedrgetries can lead to overly pessimistic or
optimistic results. The excitation of the via sture needs to closely resemble the geometry of
the interfaces that define the model. In Figueg fight, the excitation on the top of the PCB



model contains a portion of the connector pin.sTirequired to correctly model the ground
path transitions from the PCB model to connectodeho It also correctly models the impedance
around the surface pads of the PCB.

Each sub-model extracted from the interconnect patitiains artificial boundaries used to
control the numerical solution space. The boumdgorovide a way to limit the calculation and
contain the 3D geometry, yet have no true phystakture. It is critical to understand how
different boundary conditions affect the overall 8dution. For the model below, the boundary
condition on the perimeter of the model was vanredistance with respect to signal pins. As
the volume of the model is reduced by 1mm, the rhsld@ws up to 20% more insertion loss in
the graph at left. This is a result of the radiafboundary condition used in the model being in
close proximity to the field strength of the exditggnal path. This energy is absorbed by the
boundary condition in the model as radiation. Badn boundaries are commonly used for via
models to effectively make the planes infinite imes Perfect conducting walls can produce
cavity resonance within the 3D structure, sincg tten change the structure into a sealed box.
Since 3D electromagnetic modeling is a computatipiaensive task, the model is generally
reduced to minimal size for increased simulatiooualghput. This reduction is size can lead to
erroneous results when the boundary conditions@treefined correctly. Correct field solution
of differential vias with their associated groumslessential when performing channel
simulation.
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Figure 6: Boundary Condition Effects on Via Models

Via stubs cause a rapid increase in loss due liectetl energy that cancels out the signal at a
frequency related to the length of the stub. Bogderives a rule of thumb [14] that that shows
this frequency to be about equal to 1.5/stub (stubches, frequency in GHz). This typically
causes vias with shorter layer transitions (yegérstubs) to have more loss than longer vias,
which might be considered not intuitive. Figurshbws the differential insertion loss in another
set of vias from our 120 mil PCB. They represéetdame via construction connecting the top
layer to the lowest routing layer (in red), thetliegt routing layer (in blue), and various layers in
between these (greens). This causes various Eofigtubs, the longest of which causing a null
at ~12.5 GHz (=1.5/0.12, using Bogatin’s rule ofrtluabove) as seen at left. At right we see
the differential loss can vary by over 2x at 6 Glap®l even more at higher data rates.



Consequently, though they have more total leng#s to lower layers are typically a better
choice than those to upper layers.
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Figure 7: Differential Loss Variation in Vias Dueto Stub Length

In thicker backplanes the loss created by stubgisally problematic, so back-drilling is used
to remove them. To demonstrate the performanaeeddyy back-drilling, Figure 8 shows an
upper layer via in a ~1/4” backplane with and withibback-drilling. At left, the loss is shown to
improve by ~7x (single-ended and differential inegriosses shown, lighter shades are back-
drilled). At right the impedance improves by mtran 60% from 45 to 73 Ohms; significant
improvements.
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Figure 9 shows how the performance of a via caopbenized through process and design
improvements. In red - a decently accurate fieldtgon with two vias and their two grounds -
shows the starting point. Removing metal (and Bexapacitance) from the system by
elongating antipads, voiding unused power planas de-embedding trace length gained ~5
Ohms as shown in green. After further refining enial frequency dependence, connection
mechanism, and error tolerances an additional 5 @fprnovement is shown in blue. Note that
the plot includes 70 and 80 Ohm reference trachghallustrate a ~10 Ohm improvement
overall along with a general shortening of the tueéay of the discontinuity.
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This section has detailed the proper modeling a®dadl vias which must be achieved for
accurate 6+ Gbps channel simulation.

This section provides more detail on the constoumctif approximate SerDes models for rapid
simulation in a channel simulator. Note that fog types of analysis described in this paper, it is
important to have a SerDes model that simulatasisafor both impulse response
characterization and subsequent channel simulatidnypical SerDes behavioral model has two
sections: analog and equalization. The analotiguois typically relevant for impulse response
characterization, while the equalization portiodéployed during channel simulation. Both
portions of the model are detailed separately below

SerDes deployed in 6+ Gbps links typically impleméeed-Forward Equalization (FFE) in the
Tx and Decision-Feedback Equalization (DFE) inRxe This paper assumes that either generic
or vendor-provided AMI models are available to dagthese types of equalization or signal
processing. If Rx pin-level specs are availabk asignal can be extracted at that location, the
Rx DFE model may not be required. An example ABll ;m a Tx model is shown next. Six

taps are configured: 2 Pre-cursors, 1 Main cuiaod, 3 Post-cursors. Offset sets two pre-
cursors, and the values configured in this exarapePrel=-2%, Pre2=-10%, Main=100%,
Post1=-50%, Post2=-25%, Post3=-10%. They cantie say values allowed by the actual
device and the voltage swing can be adjusted tdituue settings supported by the device by
scaling the Main cursor.

(ami_ffe <path to AMI DLL file>
(fwd 6 ) (offset 2)
(fwdtaps "160e-12 6 -0.02 -0.10 1.0 -0.50 -0. 25-0.10"))

The analog portion of the SerDes model implemdrgs/arious datasheet specs shown Table 1,
and can be implemented with only a few elements.sédme SerDes specify “return loss” (a
measure of how much energy reflects off the compnestead of die capacitance, it may be
necessary to combine the analog model with thearehgackage model and adjust model
parameters until the return loss is within limiBoth higher die capacitance and larger
termination values cause greater return loss. Blstethat rise/fall times are typically specified
at the pin, and also need to be adjusted with #to&gge model in place.
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Spec Fast Typ Slow Unit
Vswing 500 500 500 mV
Tr, Tf 30 50 70 pS
p/n skew 0 2 5 pS
Z_term 80 100 120 Ohms
C_die 0.5 0.75 1 pF

Table 1: Typical 6+ Gbps SerDes Behaviors

The Rx model would implement only Z_term and C_di¢hile Vswing can be varied in the
analog model, it is held constant here anticipativag it will be adjusted using the AMI model
instead for greater flexibility. Other SerDes spsuach as Tx jitter (Rj, Dj, DCD) are typically
implemented in other places in the channel simulafagure 10 shows waveforms that might be
obtained by connecting the analog portions of &6ps Serdes Tx model to an Rx across the
various device corners such as fast (red), tyggraen), and slow (blue).
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Figure 10: Typical SerDes Model Waveforms (no equiaation)

With the relevant parameters implemented in a behavSerDes model, it is now possible to
guantify the channel’s anticipated eye and BERquarénce. Note that if a more complex
SerDes model is provided by the vendor, it can bésased in the channel simulator to verify
and correlate important conclusions formed by usiregbehavioral SerDes model. Either way,
it is important to understand that valuable chasimallation can be performed even though
there is a present lack of efficient and transet&endor-supplied SerDes models.

Traces are another important element of the chaiiheir geometry affects the interconnect
electrical characteristics, like insertion loss anoksstalk. When choosing the trace width, trace
to trace and pair to pair spacing, dielectric mateype, thickness and weave style complex
trade offs must be made to optimize the stackuppdtin cost and performance. Parameters like
routing density, board thickness, loss and crds$iglires, to name just a few, need to be
guantified. This aspect of system design, indeey meportant, is not the focus of this paper as
it has been addressed from a variety of perspectisewhere [17-21].

In addition, the modeling, impedance control, amdrig of the AC coupling capacitors and their
associated break out pattern can be easily ovexthols with all via and pad structures, this

11



region needs to be tuned for optimal performanidee location of the AC coupling capacitors in
relation to the SerDes package makes this of atitmportance. Reflections between the Serdes
receiver, package, BGA footprint, and AC coupliagacitor have very little dissipation

between the elements due to the tight spacingcandbecome problematic. As will be shown
later, the physical structures close to receiveeltbhe highest level of sensitivity in relationtto
link performance.

| n
With all the passive components of the link modeled assembled, it's important to quantify
the end-to-end loss. This can be done both by sngithe individual elements, or extracting
the end-to-end S-parameters of the channel.

Figure 11 shows the cascaded elements in the neieghannel, followed by a differential loss
summation of the individual elements to 12.11 dte that the Tx and Rx packages are not
included since they are not considered part otHannel loss under control of the system
designer.
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Figure 11: Differential Loss Summation of Modelsn a Reference Channel

The summation above agrees with an insertion ltmgsopthe same circuit in Figure 12. Red is
SDD21, green is SSE21 (SE=Single-Ended), blue SAC This also shows 12.1 dB for our
reference channel. This raises confidence thatlihenel model is functioning correctly, and
also suggests that we should only see 25% of th@ghal at the Rx. Note that although most
trace models propagate differential and commonadsgequivalently, other components in the
channel in our example such as vias and connegtesent less loss to the differential signal
than the common signal. As such a variation is se¢he red and blue plots.
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Figure 12: Loss in Reference Channel
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It is critical to analyze the differential SDD2lsponse of channel as opposed to the SSE21
response. An ideal interconnect could be descmagdhighly linear low loss SDD21 and
strongly dissipative SCC21; such a system woulgseune to common mode influences and
skew along the path. The response of SSE21 aloeentt accurately describe these elements
and sometimes is mistakenly the focus of systengdess. While stripline and other trace
geometries show common performance between SSER$@DB21 responses, connectors and
vias typically have significant difference in tresponses of these different modes. More
complex 3D structures, such as connector and k&g strong coupling between the halves of
the differential pair, while strip-line geometrigisongly to couple to reference planes.

Depending on the targeted link type, it may alsodbevant to compare the channel’s loss
against various pre-defined masks and standarttbough it is not a direct measure of
performance, it is becoming typical to compare clehfoss against masks found in Annex 69B
of the 802-3ap standard [15]. Examples of thesepawisons for the reference channel are
shown in Figure 13 for the channel’'s Max Inserti@ss (left), Insertion Loss Deviation (center)
and Return Loss (right). Defined mathematical ypvetessing of the loss data is required to
generate these plots.

Figure 13: Reference Channel Loss Compared to Defd Masks

#

With an accurate channel model in place, and losssecorrelated, eye and BER performance
can be measured and compared against various Eiomstof the channel. In this way, design
choices, materials, and component trade-offs candme to influence and minimize loss and
discontinuities.

Standard metrics for quantifying channel perforneaaie signal eye height and width at the RXx,
as shown in Figure 14. Eye height is a bit leas tifhe 250 mV that might be expected in a
channel with 12 dB of loss due to various reflazsiérom channel discontinuities (a source of
ISI, or Inter-Symbol Interference) as well as exdss in the SerDes package. Furthermore, the
hour-glass shape of the outer eye suggests thaighal arrives at the Rx somewhat over-
equalized. Eye width is often assessed with $i@lgitter sources applied (as shown at right),
from which the width is extracted at different gtities of bits that imply a certain BER. In the
Figure the width is determined at a typical valbiéeil?2 bits, but other values could be used as
well. The values shown here apply simple FFE egatibn, and will provide a baseline
measure of performance against which system vasatan be tested.

13



Figure 14: Eye Height and Width are Standard Meastes of Channel Performance

Before detailing the various types of analysishibuld be noted that — while we typically use
millions of bits for analysis — variation in theos of data patterns used also has a significant
effect on eye performance. For a given link, gipes of data encoding and/or the patterns
against which performance should be measured isajypwell-defined. Figure 15 shows that
while eye height may vary up to 25% with changeammon data patterns, no substantial
change in eye width was noted for our referencemdla In the Figure, eye height is normalized
to the compliance jitter pattern (CJTPAT) and dexdi with larger PRBS values, as might be
expected. The performance of 64b/66b encodingaw/s to lie somewhere between PRBS11
and PRBS23.
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Figure 15: Eye Performance vs. Common Data Pattem
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There are many variables in a manufactured chaahef which are subject to certain
tolerances. To gain an understanding of whichaides might be more relevant than others,
“Sensitivity Analysis” identifies the primary vab&s in a channel and then varies them one at a
time to better understand the system’s sensittaityach.

Table 2 lists the primary variables associated wiébh PCB in the reference channel. For
example, the routes on the Tx Card have an impedaherance, route length range, and might
be on upper or lower layers (this primarily affettts via stub length). Furthermore, the Tx
SerDes might be operating at various corners {y@gslow). The Rx Card and the Backplane
have similar variables, while connector pin vadatis associated with the Backplane.
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Tx Card Backplane Rx Card
TX Card Length Layer 'xConn Bp Layer Length  RkConn ard Lgngt h Layer RXx
Typ NomZ Max Lower Connl NomZ Lower Max Connl NomZ Max Upper Typ
Fast HighZ Min Upper Conn2 Highz Upper Min Conn2 Highz Min Lower Fast
Slow LowZ Cpnn3 LowZ Typ Conn3 LowZ Slow

The row of variables highlighted in yellow estabbs a “baseline” configuration against which
all variable corners will be compared. As sucler¢hare six variations associated with both the
Tx and Rx Cards, and seven for the backplane siiec€onn values track each other.

Table 2: Primary Variables in Reference Channel, ad Baseline Configuration

The eye performance (height and width) for eachuktion are graphed in Figure 16. The
points furthest to the left marked as “Baselinedypde the reference simulation to which all

other variations are compared. The rows in thplgeae configured so that the middle band is

centered on the Baseline values for both heightvadth. This allows us to quickly observe

which variations stay within a 10% variation (thenter band) and which ones cause data in the

outer bands. The outer bands help determine wadhbles cause the most improvement
(upper bands) or degradation (lower bands) to yee e
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Figure 16: Eye Performance Results from SensitiwtAnalysis

and discontinuities on the Rx card. As such, ogzimy and controlling the Rx design has the

greatest potential for contribution to the ovesgtbtem design. This will be discussed in more

detail later.
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Before discussing the variables that cause theswideiation, it’s instructive to examine which
variables remain within the center band and helcd@T cause much variation. These are not
all intuitive. Most notably (from left to right):

a. Tx Discontinuities. All discontinuities on the Tx card (higher/lowerpedance traces,
less desirable upper-layer vias) have a slight tnegyaffect — even the minimum length
trace to the connector. As such, there is likelyreferred direction to intentionally
skew manufacturing variables to improve performantieough not a major contributor
to system-level performance, it's worth our effiarreduce Tx card discontinuities
whenever possible.

b. Backplane Impedance.Backplane trace impedance variations show a mealsuyat
not too significant change from the baseline, coselg affecting height and width (ie,
height gains are at the expense of more jitterevidight loss improves jitter). These
can likely be tolerated without paying extra foeger impedance control.

c. Backplane Layers. Changing backplane routing layers had no measweedtact on
our reference ~1/4” thick backplane. Due to a iesit stackup and via back-drilling
only the via length changes, and that change (siegt additional delay and loss) is
not perceptible in the Rx_input eye shape. Theabeh we observe in this example
simplifies the backplane routing task since angtayan be selected.

All other variations cause data excursions beybedcenter band, and hence need to be
understood and managed more carefully. Obsensfrom these variables include:

1. Tx Swing. Tx corners (impedance, edge rate, etc.) affectyleeas expected (voltage
scales across channel) yet have little effecttberji Figure 17 shows that scaling the Tx
was found to linearly improve eye height at thevigthout introducing jitter. This raises
confidence that the Tx amplitude can be scalederSerDes without introducing adverse
effects - such as non-linear eye shape or exdéss-jin order to gain more Rx eye
opening if necessary. The down-side to this sgasirprimarily increased power.

Eye Shape vs Tx Voltage Swing
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Figure 17: Eye Performance vs Tx Amplitude

2. Connector Impact. Changing connector pins has more effect on perfocaghan
expected, and is worth examining in more detaijufe 18 shows little difference
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between the SDD21 insertion loss of two differemgth pins for connector only
simulations, especially around 3GHz. However, witenvias are added, the insertion
loss of the two pins can vary by up to 1dB. Thenaxtor is attached to the PCB through
via structures which are typically not an ideal @edpnce match. The ability to tune the
impedance of these vias is often constrained byufaaturing and cost constraints.
Reflections from these impedance discontinuitigsaaate a cavity resonance or
standing wave. The frequency at which this reso@acurs is dependent upon the
delay of the connector pins. Longer pins haveagtdrequency resonance. It is
important to sweep the different length pins indlrerall channel analysis to understand
the interaction of the connector system and ite@ated vias.

Insertion Loss By Connector Pin Length

Magnitude (dB)
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Figure 18: Insertion Loss Effect by Pin Length, wth and without Vias

Backplane Lengths. Shortening backplane lengths causes an anticipatesbse in eye
height (less loss) at the expense of increased (lver-equalized signal, hence greater
ringing). There is benefit from defining route dgim/ Tx_tap_setting signal bundles,
which will be discussed more detail later.

Rx Discontinuities. Discontinuities on the Rx card are more signifiddain those on
the Tx. Routing on the lower layers (less via digmuity) improves performance as
shown. Short lengths on the Rx card adversely&figerformance, and controlling the
minimum length will be shown in the next sectioratitl over 40% more margin to the
system. This is not intuitive, since we might estg@at minimizing lengths would
reduce loss and provide for a better eye. Howekiex s not true on the Rx card where
the relationship between eye performance and teatgh is quite complex. To illustrate
this, consider the impulse responses of two charindfigure 19. The total Tx and Rx
card lengths remains constant so the overall lengftthe channels are the same,
however eye performance in the channel with thetsh&x card length (in red) is 20%
worse. The impulse responses reinforce that thatian is due to Rx discontinuities
since the two plots are identical until the rouipdtime to the Rx connector (~1.5nS
later) where the primary Rx discontinuities arerfdu Since the channels have the same
overall length, the noise after a complete roupdwithe Tx is similar and in phase (but
note that the noise from the Tx connector interfacaut of phase due to the length
variations).
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Figure 19: Impulse Responses for Channels with Saariength but Different Performance

5. Rx Analog Parameters. Rx die analog corners (impedance and die capaeildrave
the most significant effect on performance when gared to all the other variables -
~35% increase/decrease from baseline for both hamghtvidth. Further analysis
reveals that the variation is linear and hence sdmépredictable, with the impedance
change having the greater influence (~3x in heighsymilar in width) as shown in

Table 4.

Simulation Height (mV) |% Change Width (Ul) 9% Change

SlowCorner 102 -35% 0.3 -25%

SlowlmpOnly 114 -27% 0.34 -15%

SlowCapOnly 142 -10% 0.36 -10%

Baseline 157 0% 0.4 0%

FastCapOnly 173 10% 0.46 15%

FastimpOnly 207 32% 0.45 13%

FastCorner 221 41% 0.52 30%

Table 3: Eye Performance Variation vs Rx Analog Pameters

# % &'( )

The previous section determined the system’s seityito assorted system variables, and found
that performance improvements can be achieved fayinig net_length/equalization_setting
signal bundles while controlling lengths on thed&xd. It is not surprising that different channel
lengths have different optimal equalization setirgince more length brings more loss — and
loss is the primary phenomenon equalization is itneaovercome. This section illustrates a
process for bundling varying channel lengths wihadization settings.

It's not uncommon for a system to have a varietpadkplane trace lengths ranging from the
minimal slot to next-slot lengths to much longerdths in the order of 20” or even 30”. Even in
a backplane using good PCB materials with trace &bs-0.2 dB/inch such length difference
may easily result in a variation of 5 dB, or upl@® of our system loss. In addition, the
length/loss variations on the cards of ~1.5 dB mélamSerDeses may encounter a 70% change
in loss throughout all the nets in the fabric. Matvariation this wide it is difficult to pick a
single tap setting that will perform well for akkts. As such, it’s likely we can improve design
margin by defining “net bundles” that have differéap settings in the Tx.
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For the discussion that follows we will limit ouhges to a single post tap, or the ability to “de-
emphasize” a non-transition bit by a certain petags of the transition bit. To understand the
relationship between this post tap setting and jpladle length (card lengths held constant),
consider Figure 20. The ideal setting for tfietst tap as a percentage of the main cursor (most
simulators include a tap optimizer that calculadkes value) is plotted on the y axis. From the
plot, we see the increase in the tap’s percentafgrly linear with increasing backplane length.

1st Post Tap % vs Backplane Length (Tx=Rx=5.5")
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40.0 /
./
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Backplane Length (inches)

Figure 20: Optimal Post Tap Values vs Backplane Legth

While the plot above assists with a conceptual tstdeding of the relationship of tap weight
versus trace length, it is overly simplistic sittisere are many other variables in the system.
Figure 21 plots 22 channel simulations of the \xiee channel using optimal post-tap settings
with variations in the primary lengths. All thrB€B lengths are varying, and the pink line
“Tot_Len” is a summation of BP_len (purple), Tx_lglark green), and Rx_Len (light green).
The plot at left is sorted by total channel lenigitrease, from 8 to 39 inches. The plot reveals
that, among other things, for this channel optipwat taps (dark blue) might range from 22% to
47% - more than a 2x increase due to variatioemgth.

Optimal 1st Tap and Eye Performance vs Length Optimal 1st Tap and Eye Performance vs Length

240
—=—Tot_Len —=—Tot_Len

—e— Opt Post %

1 20 Width (%UI)

—%—BP_Len
Rx_Len

4 200 | ——Tx_Len

Height (mV)

o
=]
a
S

240

—e— Opt Post %

L 500 Width (%UI)

—%—BP_Len
Rx_Len

4 200 |——Tx_Len

Height (mV)
fine

N - 140
100 o +—+—+—+—+—+—+—+—+++—+—+—+—+—+++—+—+++-+ 100

1234567 8 910111213141516171819202122 1234567 8 910111213141516171819202122
Simulation Case Simulation Case

~
o

IS
S

}‘
E\

Length (in), Tap (% of main), Eye Width (%UI)
w
&

\
=

W
S

‘\
L

\ T 180

]
o

-+ 160

Eye Height (mV)
Eye Height (mV)

N
o
N
3

N
o
i
o

[
=
S

=
o
=
o

Length (in), Tap (% of main), Eye Width (%UI)
N
]
-
n
o

o
o

o

Figure 21: Eye Performance vs Varying Channel Lertfps and Post Tap Values
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Aside from getting a glimpse into the range of i post tap settings, the plot at left also
reveals that eye height is swinging inconsistefath50mV around 170 mV — and the variation is
not related to total length or optimal tap valuésterestingly, all the minimum eye height values
are related to the minimum lengths (primarily oa Bx card). This can be seen in the plot at
right which sorts the simulation data by eye heighiiis again underlines the relevance of Rx
discontinuities on eye performance.

Knowing the range of optimal tap settings (22 t&},/the first step at deriving net bundles

would be to test two tap ranges: 22-34, and 354#vo bundles are sufficient, we have greatly
simplified system configuration. Since knowing tbh&l length of a channel is difficult in

practice, configuration is further simplified ifdke ranges can be based solely on the backplane
length. Averaging the optimal settings in theseyes suggests we should test the shorter bundle
(backplane lengths up to 12”) at 28% and the lohgedle (lengths over 12”) at 40%.

Simulating the channels with these settings yidtesresults shown in Figure 22, sorted by eye
height margin. This figure illustrates that — ewath non-optimal taps — the lowest margins still
are associated with minimum lengths on the Rx c&mm this we can hypothesize that if the
Rx minimum length is raised to 3.5” the low margimgases 15 to 22 would be removed and
we’d gain at least 50 mV of margin. If more margmesired, observe that — with cases 15 to
22 removed — the lowest margins now corresponbedangest channels. This is a “desirable”
problem that can be fixed by either raising theaimplitude or creating a third net bundle with a
larger post tap (~47%) for the longest channels.

Pin-level Eye Margin vs PCB Lengths
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Figure 22: Eye Height Margin Using Two Net/Tap Bunlles

This section has conjectured that good margin eafobnd by using backplane route lengths to
define two tap weight net bundles, assuming themum length on the Rx card can be better
controlled. These are likely good assumptionsilyey need to be further verified by exhaustive
analysis that stresses all system variables asibedmext.
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It has recently become possible to perform exhaegisinalysis of 6+ Gbps channels that
comprehend system-wide channel variations acrossifacturing tolerances and process
corners. This has been achieved by reducing e tid simulate 100k bits in a channel
permutation to ~2 minutes (including impulse resjgoeizaracterization) and automating the data
extraction from batch simulations. More detailshan to achieve this with various tools is
explained elsewhere [16].

While the analysis in the previous section (Fig22¢ guided us to design decisions that create
margin against length variation using typical imgeckes and process corners, it's necessary to
test the robustness of our design against the rahg@nufacturing tolerances anticipated in the
final product design. Figure 23 plots the eye heigargin against a random collection of
manufacturing variations for the derived desigfivag process corners: FastTx/FastRx (FF),
FastTx/SlowRx (FS), SlowTx/FastRx (SF), SIowTx/SRxSS), and TypTx/TypRx (TT). This
particular scenario utilized 27 channel characttians with 5 jitter/data_pattern scenarios each,
for a total of 135 simulations per process corn&fhile the Figure shows that the majority of the
typical (TT) simulations do indeed have 50mV or enof eye height margin, there are a few
permutations that do not. Furthermore there aneanaus permutations at the FS and SS corners
with even worse margins, as might be expected.

Eye Margin Across Five Corners
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Figure 23: Eye Margin vs ~700 Simulations at Fiverocess Corners

This data guides us to focus on the FS and SS isotmé&nd ways to create margin across an
even more robust set of channels. As shown preiyjaarious solutions can be utilized such as:
increase Tx amplitude to create height margin withiacreasing jitter
adjust equalization to compensate for additionss ldue to manufacturing tolerances
move shorter channels into the shorter net buridlasoid over-equalization.

After implementing various changes and testing tlagiinst a larger set of channels, the revised
eye performance results are shown in Figure 24 nEw set of channels systematically captures
five impedance corners against five card lengtimages, superimposed upon twelve backplane
lengths for a total of 300 (=5x5x12) channels psseel at each corner with worst-case jitter.
Measuring the results in two ways across threega®corners results in 1,800 channel
simulations requiring ~2.5 days to complete. Thsilts show the desired improvement in

height margin and the width margin is found to &#ey stable across process corners.
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Eye Margin, Short Net Bundle Eye Margin, Long Net Bundle
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Figure 24: Exhaustive Analysis of Eye Margin vs 800 Simulations

The tails/range on the eye heights and the widtiatran can be narrowed further as desired by
creating more than two net bundles, at the costaéasing system configuration complexity.
In some cases, it may be necessary to additiobaliynd the maximum eye height, which —
though not addressed here — could be pursuedimilarsfashion.

When balancing these trade-offs against increasyatem complexity and power, the best
answer becomes a matter of sound engineering jutigamel experience. Thankfully, with a
properly implemented simulation environment, th@lgare in place to quantify performance
and add the necessary data to the engineeringgsoce

+ "
This paper has detailed simulation and modelingrtegies relevant for 6+ Gbps channel design.
While accurate trace modeling is taken as a gitrenrelevance of careful via modeling is
discussed in detail. Nimble and efficient SerDexleis are chosen in order better understand
and constrain variables under the control of tretesy designer, trading model complexity for
design insight. The design of a reference chaisngded to illustrate ways to use sensitivity
analysis to isolate important variables and imprdesign margins by 10 to 50%. With an
accurate and well-tuned simulation environmentlatg, exhaustive analysis provides the ability
to balance equalization options and design marg@mnat design and manufacturing variations.
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