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Introduction The clock signal is the most important dynamic signal in a digital
system. For proper system operation, a designer must make sure
the timing environment is correct—or risk the product schedule
and budget.

Figure 1 shows the timing environment of a digital system. The tim-
ing environment includes the clock generator, the clock distribution
network (including buffering and system intercennects), and the mem-
ory elements. The computation environment includes the remaining
logic in the system.

Consider the case of a large system of array processors using ECL
10KH131 flip-flops as the system state device, driven by a two-phase
clock. The system ran correctly at 95% of full speed, but failed ran-
domly at greater speeds. The failure location and symptoms differed
for each occurrence. Analysis showed that some segment delays were
slightly longer than the timing scheme and cycle time allowed. The
problem was corrected by replacing the 10KH131 flip-flops with
10KH 130 latches and widening the pulsewidth of both clock phases.
Total delay in the prototype schedule: 11 weeks. Compare this to a sit-
uation where timing-environment design was well understood. A
heavily-pipelined ECL system using a two-phase clock and latches for
state devices had a clock eycle time of 22.5 ns with global clock skew of
3.5 ns. In each cycle, the data must propagate through 22.5 ns of logic.
The prototype powered on and ran correctly at full speed because the
designer addressed the timing environment and state architecture
requirements. Thus, the system ran at 100% efficiency. Without
Information herein is provided by proper design, the global skew would require a cycle time of

the courtesy of Michael K, Williams, ~ 26.20 ns—wasting 17% of the cycle.
Amherst Systems Associates.
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Figure 1. Timing Environment of a Digital System




Clock Signal Distortion

Clock Skew

Four types of distortion can occur in the clock distribution network.
First are problems with the signal integrity of the clock. These are typ-
ically the result of crosstalk, simultaneous switching noise, or other
design oversights that degrade the fidelity of the signal. Second is jit-
ter, which is a deviation in the arrival time of the clock edge. Jitter
may be caused by variations in temperature or supply voltage at the
oscillator or clock buffers. The third and fourth problems, which are
clock skew and pulsewidth shrinkage and growth, are described in
more detail in the remainder of this note.

As the clock signal propagates through the distribution network, it

is delayed by the devices in the network and by the interconnection
paths. The total delay time to a particular level in the network is the
clock path delay. Clock skew is the tolerance on the arrival time of the
active edge to the inputs of state devices in the system. See figure 2.
Skew is not the same as the clock path delay. Both the devices and the
interconnects in the clock distribution network contribute to skew.
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Figure 2. Clock Skew

Delay and skew in the network can be measured by observing the
clock at several different leaves of the distribution tree. Figure 3
shows the delay between the clock (upper trace) and the output of
three different paths through the distribution network. Note that the
active edge of the distributed clock signal passes through the thresh-
old at three distinctly different times, illustrating the skew problem.
Figure 4 shows a closer look at the skew components of the system.
Both figures were created using an Amherst Systems Associates clock
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Figure 3. Path Delay in Clock Signal
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Figure 4, Skew in Clock Signal

distribution network testbed similar to figure 1. An HP 8133A pulse
generator was used as the clock source and an HP 54720A digitizing
oscilloscope recorded the waveforms.

Skew Introduced by Devices

Manufacturing tolerances in the buffers used in the clock distribution
network account for one component of skew. These include propaga-
tion delay tolerances (which may vary for positive and negative edges),
edge rate tolerances, and threshold voltage tolerances. For systems
with very aggressive timing requirements, it is best to characterize
individual devices and interconnecting components used to manufac-
ture the system, then match parts with compatible characteristics.

Skew Introduced by the Interconnect

The interconnects that route the clock signal throughout the system
also contribute to skew. As logic devices improve, these interconnects
become a larger part of the skew problem. There are three components
of interconnect-based skew. The first is the difference in capacitive
loading between the clock trace and adjacent traces, vias, IC leads,
and other signal and power planes. The second is the variation in
propagation rate because of varying dielectric constants due to incon-
sistency in the board materials. Tolerances on board thickness and
etch dimensions can affect propagation rate; also, if the clock signal
passes both on the board surface and in internal layers, the changing
propagation rate will affect the skew. The third is that variations in
the etch geometry for clock traces will contribute to skew.

Structural Errors

Various design errors can also contribute to skew. For example,
extracting the clocks for a given set of state devices from different lev-
els of the CDN means that each clock has different arrival
time—though this can also be used to advantage in solving certain
problems with unexpectedly long segment delays. Inconsistent use of
inverting and noninverting buffer outputs, overloading the buffer out-
puts, and using fanout schemes other than lumped fanout can all
adversely affect the clock skew.



Selecting Equipment for Clock
Distribution Network Testing

Test equipment that can accurately
resolve timing differences of picoseconds
is needed to accurately measure skew
and characterize device behavior in
high-speed digital systems.

HP 8133A Pulse Generator
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HP 8133A Pulse Generator HP 54720A Digitizing Oscilloscope
* 1-ps timing resolution * 2 GBals sample rate on 4 channels
* Channel deskew * Display update rate greater than
+ 1.5-ps RMS typical jitter 170 waveforms/s
¢ 4+15/-5 ns delay pulse/data mode * Channel deskew
* 32-bit data channel w/pseudo-random * Automatic measurements
bit sequences (PRBS) + User-defined measurement
parameters
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Test Setup for Characterizing a It Flip-Flop

Pulsewidth Shrinkage
and Growth (SAG)

Timing Failures

Other Components of Skew

Jitter, or “phase noise,” is the variation in the arrival time of a wave-
form event (such as the clock signal) relative to a particular point.
Such noise may come from the power supply or other sources.
Threshold voltage variations in the state devices also can contribute to
skew; these are a component of the setup and hold time.

While not as serious a problem as skew, pulsewidth shrinkage and
growth (SAG) can contribute to timing failures. SAG is caused by
asymmetrical leading and trailing edge propagation delays of the
buffers in the clock distribution network.

Exceeding the maximum permitted pulsewidth in a multiphase sys-
tem can create a race condition; in a single-phase system, faulty device
triggering can occur. Violating minimum pulsewidth constraints
(established by the device manufacturer or your own measurements)
will create marginal conditions for triggering the device.

Skew in the clock distribution network may require that you widen
the pulse. Also, the devices in the network may slow the edges of the
pulse, requiring a wider pulse at the source so that the clock at the
distribution points will meet device specifications. Another source of
SAG is unequal threshold voltages for leading and trailing edges of a
pulse (devices with Schmitt-trigger inputs).

When skew and pulsewidth shrinkage and growth are not account-

ed for in the system design, the clock may arrive at the wrong time. If
it arrives in the setup and hold time window, it is likely that the device
may lose data, oscillate, or exhibit metastable behavior. The system
may fail consistently, making the problem easy to locate, or it may fail
only occasionally, in random locations.
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Figure 5, Circuit that may Exhibit Failures due to Timing Violations

Figure 5 shows a typical situation where skew will cause a problem.
When this circuit works properly, a positive edge on CLK transfers
data from D to Q on FF1. This data propagates through a logic seg-
ment and arrives at the D input of FF2 in time for the next positive

edge of CLK. Suppose that CLK Path #1 is slower than nominal or that

CLK Path #2 is faster than nominal. Then the setup time restriction
for FF2 will be violated and the system will fail.

Metastable behavior is a common result of timing violations. The reso-

lution time is a Gaussian random variable. With many forms of signal
behavior, metastability can be difficult to capture and characterize. A
digitizing oscilloscope, such as the HP 547204, with time pattern trig-
gering, high sample and update rates, and infinite persistence, can
make it possible to capture and correctly characterize metastable
behavior. Figure 6 shows a signal with both low-grade metastability
(itter-like behavior at the top of the rising edge), which may cause
infrequent and unrepeatable failures. The figure also shows a single
fully metastable trajectory that resolves incorrectly to a low.
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Figure 6. Metastability Resulting from Setup and Hold Time Violations

Timing Environment Design

The best strategy for avoiding timing environment problems is plan-
ning. An effective strategy is to use an accurate pulse generator and
oscilloscope (such as the HP 8133A and HP 54720A) to characterize

buffer and state devices used in the design. Also, be sure to carefully
consider PCB design, including trace width, length, and routing.

Finally, for very high-performance systems, more sophisticated timing
schemes, such as multiple-clock, multiple-phase, polychronic, and tun-

able-delay, may be used to solve the problems caused by tolerance
effects, most notably skew.

HEWLETT
78 PACKARD

For more information, ¢all your local
HP sales office listed in your tele-
phone directory or an HP regional
office listed below for the location of
your nearest sales office.

United States:
Hewlett-Packard Company
4 Choke Cherry Road
Rockville, MD 20850

{301) 670-4300

Hewlett-Packard Company
5201 Tollview Drive
Rolling Meadows, IL 60008
{708) 255-9804¢

Hewlett-Packard Company
1421 8. Manhattan Ave,
Fullerton, CA 92631

{714) 999-6700

Hewlett-Packard Company
2000 South Park Place
Atlanta, GA 30339

{404) 980-7351

Canada:

Hewlett-Packard Lid.

6877 Goreway Drive
Mississauga, Ontario L4V IM8
(416) 678-9430

Euwrope:

Hewlett-Packard

European Marketing Centre
PO. Box 999

1180 AZ Amstelveen

The Netherlands

(31) 20 547 9999

Japan:

Yokogawa Hewlett-Packard Ltd.
3-29-21 Takaido higashi
Suginami-ku

Tokye 168, Japan

(813) 3335 8192

Latin America;

Latin American Region Headquarters
Monte Pelvoux No, 111

Lomas de Chapultepec

11000 Mexico, D.F.

(525) 202-0155

Ausiralia/New Zealand;
Hewlett-Packard Australia Ltd.
31-41 Joseph Street

Blackburn, Victoria 3130
Australia (A.C.N. 004 394 763)
(03} B95-2895

Far East:

Hewlett-Packard Asia Ltd.
22/F EIE Tower, Bond Centre
89 Queensway, Central

Hong Kong

(852) 848-7070

@ Hewlett-Packard 1992

Technical information in this docuwment

is subject to change without notice.

Printed in U.S.A. 9/92
5091- 5444E US





