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PCle clock distribution
In embedded systems

he PCle (peripheral-component-interconnect

express) protocol is highly desirable for communi-

cation across backplanes in embedded and other

system types. However, for an embedded-system

environment in which backplane connector pins

are often at a premium, PCle’s preferred clock-
distribution scheme—using a star configuration of point-to-
point connections—is less than ideal. You can distribute a
PCle-compatible clock using a single multidrop signal and
still meet the tight jitter requirements of the PCle Generation
2 specification.

CLOCKING IN PCle

PCle Base Specifications 1.1 and 2.0 define three clock-dis-
tribution models for the 2.5- and 5-Gbps signaling rates (fig-
ures 1 through 3). The common-clock architecture is the com-
mon method for a variety of reasons. First, most of the commer-
cially available chips supporting PCle interfaces use only this
architecture. Second, this architecture is the only one that di-
rectly supports spread-spectrum clocking, which can be impor-
tant in reducing EMI (electromagnetic-inter-
ference) peaking and, hence, simplifies the task
of meeting electromagnetic emissions limits for
the system (Figure 4). Finally, this architecture

governing specifications for reference-clock jitter are PCle
Base Specifications 1.1 and 2.0, and PCle Jitter-Modeling Re-
vision 1.0D and PCle Jitter and BER (bit-error-rate) Revision
1.0 detail the method for verifying jitter compliance. The elec-
tromechanical specifications provide mechanical-form-factor
information, electrical-signal definition, and functional defini-
tions. Some of these specifications, such as Card-Electrome-
chanical Specifications 1.1 and 2.0, also provide jitter budget-
ing among the reference clock, transmitting PLL (phase-locked
loop), receiving PLL, and media. Strictly speaking, the Card-
Electromechanical Specification applies only to PC-, server
ATX- (advanced-technology-extended), and ATX-based form
factors. Industry groups have published additional electrome-
chanical specifications to cover other form factors, such as
Mini-Card-Electromechanical Specification 1.2 for mobile-
computing platforms.

For most embedded systems, these specifications provide
guidelines that designers can use in whole or in part to speci-
fy the embedded system’s PCle clock-distribution scheme. For
example, many of the Card-Electromechanical documents
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TRANSMITTING
SERIALIZER/DESERIALIZER

RECEIVING
SERIALIZER/DESERIALIZER

tribute the reference clock to each PCle end-

2.5 GHz

point in the system. The clock’s 100- or 125-
MHz frequency and the PCle protocol’s tight
jitter requirements further complicate this

PLL X25

H1(s)

MULTIPLIER

PHASE |o1{>
L1 ALIGNER

PLL x25
H3(s)

MULTIPLIER
H2(s)

2.5 GHz

task. For 2.5-Gbps operation, the limit is 86-
psec p-p phase jitter for a sample set of 106

samples. The 5-Gbps operational limit is 3.1-
psec-rms jitter. However, to operate at 5 Gbps,
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a transceiver first negotiates at 2.5 Gbps and
then moves up to the higher rate if both ends
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5-Gbps links, then the reference clock must
meet both jitter specifications.

The separate- and data-clock architectures
avoid these limitations but substantially in-
crease the complexity of the clock-system de-
sign and don’t support spread-spectrum clock-
ing without the use of sideband signaling. The
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SYSTEM-TRANSFER FUNCTION IS H(s)=H3(s) X [H1(s)-H2(s)].
OUTPUT Y(s)=X(s) XH(s).

The common-clock architecture is one of three methods for clock distribu-
tion that the PCle base specification defines.



specify the use of the HCSL (host-clock-signal-level) protocol
for distributing the reference clock. However, many embed-
ded systems use LVPECL (low-voltage-positive-emitter-cou-
pled-logic) signaling or M-LVDS (multipoint-low-voltage-dif-
ferential signaling) to achieve a greater reach, noise margin,
or both on their clock-distribution network.

Many embedded systems distribute a large number of high-
speed signals, including clocks, across their backplanes. To
deal with the often-heavy electrical loading on those back-
planes, these signals tend to have powerful drivers and, hence,
high edge rates. This situation presents the danger of crosstalk
and other signal-integrity problems, especially when the back-
plane has a lighter load than the worst-case design. Another
related design challenge is that PCle specifies reference clocks
of 100 or 125 MHz, which are difficult to distribute cleanly
over a long, heavily loaded backplane.

In addition to the PCle specifications’ tight jitter limits and
need for a longer signal reach, the number of signals that can
transit the backplane connectors and the backplane itself also
constrain embedded systems. Defining the connector pinouts
is one of the more critical tasks when specifying the system.

COMMON-CLOCK-DISTRIBUTION SCHEME

Due to the clock frequency and jitter constraints, most
common-clock-architecture designs distribute their reference
clocks using point-to-point differential-signaling pairs, one of
which goes to every PCle endpoint in the system. If your de-
sign has multiple PCle endpoints on a single card, you can
take in a reference-clock input from the backplane and pro-
vide a clock-distribution network on the card using zero-de-
lay buffers. Even this task can be difficult to design, however,
given the jitter constraints of 5-Gbps PCle operation.

Assuming that you could design such on-card distribution
schemes, they still require a point-to-point connection from
the PCle root to every card in the system. In embedded sys-
tems, this requirement adds a lot of connector pins to the root-
card slots and a lot of traces with special routing requirements
to the backplane. It also means that the slot that the root card
plugs into has a different pinout from that of the other slots.

One approach to solving these problems is to divide the
PCle reference clock on the root card and distribute it across
the backplane using a multidrop M-LVDS and then to multiply
it to the desired frequency or frequencies on the destination
cards. Although conceptually simple, this approach is tricky to
achieve within the jitter constraints of PCle (Figure 5).

This approach allows you to use an M-LVDS pair to drive or
receive a PCle-compliant reference clock. In many embedded
systems, the cards operate as roots or endpoints depending on
the application, the slot assignment, or both. A card that oper-
ates in only one of those modes would be simpler than the one
in Figure 5. One card in the system would act as the root, gen-
erating a reference clock meeting the PCle constraints from
its onboard crystal. This clock would drive any onboard PCle
devices from an internal clock-distribution network. The clock
would also go to a non-PLL divider circuit that would divide it
from 100 or 125 MHz to the backplane frequency of 25 MHz.
It would then drive the divided-down reference clock to the
rest of the cards in the system. All the other cards in the system
would disable the use of their onboard clock generators, tristate
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The PCle data-clock architecture combines the refer-
ence clock with the transmitted data.
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The PCle separate-clock architecture employs a second
reference clock in the receiver.

their drivers for the reference-clock traces, and receive the ref-
erence clock from the backplane. This clock would multiply
using a PLL-based zero-delay buffer to the required onboard
reference-clock frequency and then travel to the other cards.
The circuitry that receives and multiplies the reference clock
from the backplane would usually reside on the root card and
could generate the second reference-clock frequency, if neces-
sary. To achieve the low jitter that PCle requires, you can in-
corporate jitter attenuators for the clock synthesizer and the
zero-delay buffer.

One of the main challenges of a design such as this is that
PLLs filter high-frequency jitter higher than their loop band-
width but add jitter at modulation frequencies lower than their
loop bandwidth. PLLs also induce tracking skew because they
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do not perfectly track phase and frequency variations
of the reference-clock input. For a backplane-PCle
implementation such as this one, which involves
two or more cascaded PLLs for frequency generation
and translation, you must take great care to minimize
phase jitter and PLL-tracking skew.

PCle-JITTER MEASUREMENT

Before diving into an analysis of the performance 48
of this design, you must understand the process by
which PCle analyzes jitter performance. One of the
overarching concerns of the PCle Jitter Working
Group was to neither overspecify nor underspecify
the reference clock. To that end, the group account-
ed for the filtering effect of the transmitting and re-
ceiving PLLs and phase interpolator on the reference
clock and the peaking effects of these PLLs.

Although the group has yet to detail many por-
tions, the process now has four high-level steps. First,
determine the accumulated phase error for each cycle.
For serial-data transfer, the accumulated phase error is more
important than cycle-to-cycle jitter or period jitter, which are
important characteristics of parallel buses. Second, apply the
DFT (discrete Fourier transform) to the accumulated phase-
error data to change from time-domain to frequency-domain
analysis. Then, apply the system-transfer function to the DFT
of the accumulated phase-error data and perform an inverse
DFT to transfer the filtered accu-
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Spread-spectrum clocking can reduce EMI peaking to meet

system-emissions limits.

Use shielded coaxial cables from the device under test to the
oscilloscope, and terminate the clock to the oscilloscope input.
If using high-impedance probes, use a low-capacitance probe
and a ground clip rather than a wire. Use the highest possible
sampling rate consistent with the required sample size. Maxi-
mize the vertical scale on the oscilloscope screen for accurate
voltage measurements. Keep monitors, switching power sup-

mulated phase~err0r data back into MASTER-CLOCK CARD
the time domain. 25-MHz
o ) ICS8743008!

You perform the filtering analysis M-LVDS SVDEDY CLOCK  100-MHz LVDS 1CS841S391
of the PLL system in the complex FOUR CLOCK SPREA(D;LSOP(';EETRUM'
frequency domain by settings=jw in | | mwos MULTIPLEXER SYNTHESIZER
the system-transfer functions. This

. , 100-MHz LVDS
equation works well for continuous > cran
4 CLOCK
systems, bgt most modern PLL im- T
plementations are not pure-analog CONTROLLED | |195-MHz LVDS
systems because they have digital CHEAOR PCle SERIALIZER/
components, such as the phase RESERIEES
detector and feedback divider; thus,
Z-domain digital analysis is more
accurate. However, brief studies o SLAVE SYNTHESIZER OFF
. ‘ BACKPLANE
by the PCle Jitter Working Group OR OUTPUT DISABLED
§howed thgt S-domain analysis SECoo o
imposes minimal error, so the group "
. . 25-
used S-domain analysis for model- s ]
. i o  reveEsz ICS841532I
ing. The S-domain approximation ST SPREAD-SPECTRUM-
deviates significantly from reality [~ {MuLTIPLEXER |77 Clioreie
. SYNTHESIZER
when the reference frequency is less 1
than 10 times the PLL bandwidth, 100-MHz LVDS
and designers must keep that fact CLOCK FPGA
. . . VOLTAGE-
in ;mnd when selecting a PLL cONTROLLED [ 1 25MH: LyDS
(Reference 1). OSCILLATOR PCle SERIALIZER/
DESERIALIZER
JITTER-MEASUREMENT TIPS

An improper measurement meth-

od can easily lead to jitter meas- One technique for

meeting the jitter constraints of 5-Gbps operation is to divide the

urements that are twice as great or reference clock, distribute it across the backplane, and restore the desired frequency at the

more than you would get using cor- destination.
rect techniques. Here are a few tips:
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plies, and cell phones away from the
device under test. Use a linear power
supply whenever feasible. When pet-
forming differential measurements,
ensure that you have deskewed the
two cables relative to one another.

ANALYSIS OF IDT’S SOLUTION

Engineers built a prototype of the
circuit in Figure 5 daisy-chaining an
IDT (Integrated Device Technology,
www.idt.com) ICS841S32] character-
ization board, an IDT ICS87430081
board, and a second ICS87430081

board representing the slave card.

They took measurements at the out- - e =
put of the second ICS8743008L. They g =f——— ! R art= J —— =
then offloaded the clock-period data i' —t |"'— = ‘: "= = ,// -
from the oscilloscope and postpro- 1 }’ =
cessed the data with a jitter-analysis » g M £ e }/ 7
script, which performs the necessary o — O o o __:"“ -
frequency- and time-domain analysis

(Figure 6). The results of the jitter analysis show that the clock-division strategy meets and

The result for the 2.5-Gbps-analy- exceeds the PCle specifications for both 2.5- and 5-Gbps operation.

sis method is 18.91 psec. This result

meets the PCle peak-to-peak-phase-jitter spec of 86 psec with  results also exceeded specifications: 0.52-psec rms low-band
a factor-of-4.5 margin. For 5-Gbps operation, PCle specifies jitter and 1.47-psec high-band jitter versus a 3.1-psec speci-
rms phase jitter rather than peak-to-peak phase jitter. These fication limit.
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For 5-Gbps operation, PCle specifies two transfer functions
and two frequency ranges for analysis in the frequency do-
main. The pole frequencies for these transfer functions are 5
and 16 MHz for the first transfer function and 8 and 16 MHz
for the second transfer function. The two frequency bands
over which you analyze the jitter are 10 kHz to 1.5 MHz for
the low band and 1.5 MHz to the Nyquist frequency for the
high band. For the Nyquist frequency, you analyze as much as
half of the reference-clock frequency. For example, for a 100-
MHz frequency, the frequency-domain analysis would extend
to 50 MHz. The script reports the worst case between the two

transfer functions across each fre-
quency-analysis band.

The originators of the PCle stan-
dard defined it primarily for use in
PC systems, but, due to its low pin
count and scalable high performance,
it is rapidly becoming the I/O inter-
face of choice for components in al-
most all applications. The high speed
of the reference clock that you must
distribute, along with the option for

Go to www.edn.
com/ms4314 and
click on Feedback
Loop to post a com-
ment on this article.

For more techni-
cal articles, go to
www.edn.com/
features.

46 EDN | FEBRUARY 19, 2009

two compliant

reference-clock speeds, poses some chal-
lenges for embedded-system designers
who want to use PCle components.

One tested approach allows a system
to use components supporting the 100-
and 125-MHz reference-clock options
and allows you to distribute this clock
over an M-LVDS differential pair to all
cards in the system. This approach also
allows you to configure cards so that they
can act as a root or an endpoint as the
application dictates and can reside in
any slot in the system. Furthermore, the
approach lowers the operating frequency
for the reference clock on the backplane,
easing the routing constraints and cross-
talk performance for that signal.
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