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Who Should Read This 
Application Note?

Digital design engineers working
on high-speed buses. This appli-
cation note covers new tools and
measurement techniques for vali-
dating general high-speed buses
and specifically covers DDR 
(double data rate synchronous
dynamic random access memory).

High-Speed Design Requires 
New Techniques

The obvious technology trend
today is higher clock speeds. But
the many related changes have an
equal or greater impact on
designs. Faster clock speeds
require smaller voltage swings
and shorter setup and hold times.
Suddenly, data-valid windows are
orders of magnitude smaller. The
decreasing size of the data-valid
window means that jitter-induced
noise, crosstalk, and intersymbol
interference further reduce its
size, creating errors. Because the
noise margins are so small, noise
and timing budgets can no longer

tolerate phenomena that were
previously ignored. LVDS (low
voltage differential signaling),
double-pumped clocks, and 
point-to-point designs can also
create new challenges.

Other improvements have resulted
in yet more design challenges.
Clock speeds are now reaching
frequencies formerly used only by
RF and microwave engineers.

Higher frequencies result in
shorter wavelengths, so board
layout becomes critical. Designers
have to watch for breaks in the
ground plane, match impedances
to reduce reflections, and worry
about trace separation, trace
length, and even discontinuities
in the FR4 material.

Today’s high-speed bus designer
needs to carefully consider proper
termination of signals and correct
impedance matching. Buses are
no longer clocked with one or two
signals; source-synchronous bus
designs create situations where
there can be a dozen or even
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more clocks or strobes moving
the data. Rambus® designers have
to deal with training or calibra-
tion algorithms to compensate for
thermal drift. With InfiniBand
and RIO (rapid IO), buses are
moving from traditional mul-
tidrop buses to switched fabrics.
While this may be common to
ATM (asynchronous transfer
mode) switch designers, for many
this is a major shift in technology.
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DDR SDRAM (double data rate
synchronous dynamic random
access memory) is quickly becom-
ing an accepted technology in the
PC (personal computer) industry.
Its low cost, high performance,
and increasingly wide availability
make it very desirable for PC
memory buses and embedded
designs such as high-end graphics
systems. As more key industry
players announce their intention
to support DDR, you may find the
need to implement such a memory
system in your future.

DDR SDRAM dramatically
increases DRAM bus speeds to
266 MHz by activating data output
on both the rising and falling
edges of the system clock rather
than on just the rising edge. This
potentially doubles the data out-
put rate. However, the design and
validation of DDR buses present
new challenges to design teams
and tool developers; the tech-
niques used for slower buses,
such as PCI-X, will not work 
for DDR.

Unlike PC100 and PC133, which
have a common clock, DDR is a
source-synchronous bus. Instead
of one clock, the bus now has 
19—one for the control signals
and 18 strobes (or clocks) for the
data groups. Each data group has
its own strobe that is most likely
skewed from the other data
groups. To make things even more
interesting, DDR write data is
shifted 90 degrees from the read
data. The only similarity between
PC133 and DDR is that they are
both multipoint buses (there are
multiple devices on the bus that
have to arbitrate for bus access).

The New Challenge of DDR

PC133 DDR

Speed 100/133 MHz 200/266 MHz+

# Clocks 1 Up to 19

Eye Size 2V x 4 ns 700 mv x 1.5 ns

Clock Edges Single Double

Clock Method Common Source Synchronous

Interconnect Multipoint Multipoint

Timing Centered Centered / Straddle

Table 1. PC133 versus DDR SDRAM.

Table 1 shows the similarities and
differences between PC133 and
DDR. The key difference is the
size of the “eye”, or data-valid
window. The DDR eye is 700 mv
by 1.2 ns, resulting in a data-valid
window that is only one fourth
the size of PC133’s data-valid
window, so it takes significantly
less energy to distort a signal and
create a glitch on the DDR bus. 

Figure 1 is an eye diagram of a
single data channel. The first data
bit has a data-valid window with
an amplitude of 700 mV and a
data-valid time of 1.5 ns, which is
within the specification. But a
few bits later, a small amount of
jitter has reduced the data-valid
window to 1 ns.

1.0 nS

700 mV

Figure 1. This eye diagram of a single data
channel shows how the data-valid time
can shrink from 1.5 ns to 1.0 ns with just a
small amount of jitter.
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With the reduced size of the data-
valid window, events that create
jitter need to be dealt with. One
cause of jitter is intersymbol
interference (ISI). At higher fre-
quencies the voltage may not have
time to reach its maximum ampli-
tude, as when a 0 changes to a 1
and then back to 0. But when a
series of 1s occurs, for example
01110, the voltage does have 
time to reach the maximum 
voltage (figure 2).

ISI also causes jitter on the falling
edge. A data pattern of 01110 is
going to take longer to go from
the maximum voltage to the
threshold for a 0 than a pattern
of 010, which never achieved the
maximum voltage and will reach
the threshold faster. For example,
pattern 010 takes 1 ns for the 
signal to go from a high (1) volt-
age level and cross the voltage
threshold, whereas a pattern of
01110 takes 1.5 ns to go from the
maximum voltage to the thresh-
old for a 0. This example results
in 0.5 ns of jitter. Since the data-
valid window for DDR can be as
little as 1.2 ns, a jitter of 0.5 ns 
is significant. 

Another source of jitter is
crosstalk. Higher frequencies
cause even small amounts of
inductive and capacitive coupling
to transfer a significant amount
of energy between traces. The
energy coupled into the victim
line acts as a voltage offset and
results in jitter.

Causes of Jitter

"01110"

"0110"

"010"

Bit Pattern

1 bit

2 bit

3 bit

Next bit:

Jitter

Sequence:

Figure 2. Intersymbol interference occurs
when the signal may not have time to
reach its maximum amplitude. A bit 
pattern with more consecutive 1s results
in a higher maximum voltage.
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At DDR speeds the effects of
stubs cannot be ignored. Figure
3a shows a classical load-termi-
nated bus. At frequencies below
100 MHz, the stubs are short rela-
tive to the edge speed of the sig-
nals on the bus. This design
works fine because any ringing
has time to settle out before
reaching the device. 

Even at frequencies of 133 MHz,
damping resistors must be pro-
vided, as shown in figure 3b. The
value of 22 ohms is listed in the
DDR specification. The 10-ohm
termination on the backplane is
not a set value and is best deter-
mined by SPICE modeling.

Clock signals should look like the
one on the left of figure 4, which
was measured at the DRAM. The
signal on the right is obviously
not desirable, but the reality is
that even a small amount of
reflection can cause distortion
like this. This distortion could be
caused by reflections from
improperly terminated stubs.

DRAM DRAM DRAM

12 cm

12 cm

10

50

50

5050

Vtt

4 cm

Control

Stubs

DRAM DRAM DRAM

12 cm

12 cm

10 22

22 22 22

50

50

5050

Vtt

4 cm

Control

Figure 4. A properly designed signal path results in a clean signal as shown on the left. The distortion of the signal on the right is
caused by a small amount of reflection.

Figure 3b. At DDR speeds, you cannot
ignore the effects of stubs.

Figure 3a. At frequencies below 100 MHz,
the stubs are short relative to the edge
speed of the signal.
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Via 1 Via 2 Via 3 Via 4 Via 5 Via 6

Test Point Stub No Stub

Beyond 266 MHz

As bus speeds move beyond
266 MHz, there will be even more
challenges to overcome. For
example, the specification for
Rambus running at 800 MT/s
(megatransfers per second)
requires that traces must be 
routed like Via 5 and Via 6 in 
figure 5. If a signal is routed as
shown between Via 2 and Via 3, 
a stub is created, violating the
Rambus specification and causing
unwanted reflections. At
InfiniBand and RIO frequencies,
test points as illustrated with Via
1 turn into antennas, creating
more signal integrity problems.

To optimize a design with a high-
speed memory bus, it is neces-
sary to run full SPICE simula-
tions of the bus with 3D modeling
software. There is never one 
perfect value; all choices are
tradeoffs between noise margin
and timing.

Figure 5. As bus speeds increase beyond
1 GHz, vias can become stubs and test
points can become antennas.

Higher-performance buses are
driving changes in debugging, 
verification, and validation
methodologies. With DDR imple-
mentations, signal integrity is
critical because of the small size
of the data-valid window. As 
frequencies increase, designers
need to be aware of how jitter fur-
ther reduces its size. Phenomena
such as crosstalk and intersymbol
interference need to be taken into
account. The higher frequencies
mean shorter wavelengths, so
traces need to be treated as trans-
mission lines and even package
leads need to be considered as
potential antennas.

So an increase in bus speeds
requires many changes to design
methods. These same changes
affect the way buses are tested
and measured.
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Minimizing the Effects of Probing

200K
90K
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100K
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Input Circuit

@ 10 - 20 MHz
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@ >50 MHz

@ 266 + MHz

100K
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Large

100K (eff)

5 pF (eff)

200K

Solution

One serious issue affecting testing
is probing. Everyone is familiar
with how the Heisenberg uncer-
tainty principle applies to meas-
urements: whenever a measure-
ment is made, the connection of
the test equipment affects the
measurement to some extent. 
The effect of probing on a circuit
becomes more pronounced as 
the frequency increases. A good
test design must minimize the
impact of the test probing on 
the measurement.

Figure 6 shows circuit models of
passive probes and how each
impacts the edge of a signal. As
the signal frequency (or the fre-
quency components of the signal
edge) increases above 50 MHz, 
the stray inductance of the probe
lead has a greater effect on the
circuit. Combined with the capac-
itance of the probe, this causes
the signal to start to ring. At 
higher frequencies such as
266 MHz, you can’t just connect 
a typical probe; you need to probe
with a properly terminated 
transmission line. Probing and
proper termination are critical 
to accurate measurements. 

Vref

Reflected WaveIncident Wave

Figure 7. Test equipment must be able to
accurately clock data even when the 
signal is distorted.

Test tools need to be able to accu-
rately clock the data even when
the signal is distorted. The data
strobe in figure 7 is used to clock
the data into the logic analyzer.
The Vref line shows where the
standard transition between 0
and 1 is detected. If the probe
uses only Vref to determine the
transition point on the rising and

falling edge, it will clock 
improperly. This is due to the
wide shoulders on the signal
causing a false clock because the
output of a comparator glitches.
To solve this problem and capture
accurate data, the probe should
use a dual-threshold trigger (a
Schmitt trigger). This probe has
special circuitry that causes it to
wait, ensuring proper clocking.

Figure 6. As frequencies increase, you
eventually have to resort to transmission
lines to probe your circuits.
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To accurately measure a high-
speed bus, engineers need tools
that can help them quickly see
the behavior and performance of
the system under test without
affecting system behavior or 
creating problems that aren’t
there. Advanced analysis probes
are an important component of
the tool set.

Probes

Analysis probes can be designed
as either active or passive. As
with everything else in engineer-
ing, this means making tradeoffs.
The ideal analysis probe would be
easy to set up, have powerful trig-
gering, and be able to properly
clock on small data-valid win-
dows (advantages of an active
probe). At the same time it would
be reasonably priced and, most
importantly, would be available
as soon as silicon was available
(advantages of a passive probe).
It must also provide accurate tim-
ing information and accurate
state data by dealing with the
clock issues, and should not 
create reflections on the bus.
Moreover, it must combine the
power of an active probe and the
flexibility of a passive one.

Eye Finder Measurement Technology

Source-synchronous data buses
create an entirely new challenge.
Unlike the good old days of the
Motorola 6800, valid data cannot
simply be clocked on the rising
edge of Address Strobe (AS). For
example, the DDR bus uses 18
source-synchronous clocks or
strobes. Each strobe has 4 data
lines assigned. However, a logic
analyzer cannot sample using 19
clocks—only one can be chosen.
Furthermore, skews between 
sections may be large, and the

data-valid windows are tiny.
Realigning the data bus and
clocking the data in at the right
time are challenges for both the
high-speed bus designer and for
the test equipment measuring the
bus (figure 8a). It is possible to do
this manually but it would take
many hours, even days, to accom-
plish. Technology to automate
this process would greatly speed
up testing.

Advanced Tools Provide a Clear View
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Figure 8b shows how Agilent
Technologies’ automated “eye
finder” technology can solve in a
matter of minutes, with 100-ps
resolution, the channel-to-
channel skew problem created 
by a source-synchronous bus. The
sample and hold setting for each
channel is aligned with DQS0.

Figure 8a. It is not possible to sample with
all 19 clocks of the DDR bus to compensate
for the skew between sections. Using a 
single clock to sample all the skewed bus
data can be a challenge.

Figure 8b. Agilent’s eye finder technology
automatically solves the channel-to-channel
skew problem in a matter of minutes.
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Advanced Tools Provide a Clear View (continued)

There is an added benefit to using
the eye finder feature. Because
the user can see the size of the
eye and can visually compare it to
all the other channels, detection
of potential problems is easy. If
one eye looks much smaller than
other eyes it might be a problem
area. The user can then take a
scope and make an exact meas-
urement of the size of the eye to
obtain more detailed and quanti-
tative information about the 
possible problem.

Summary

Probing is no longer just clipping
a probe to a test point. The prob-
ing system must be specifically
designed for the bus under test.
New tools such as eye finder tech-
nology are needed to deal with
source-synchronous buses.

An additional challenge is that a
bus does not operate in a vacuum,
but is always interacting with
other buses. The CPU front-side
bus (FSB) may request data from
a SCSI disk drive and place that
data in memory. If a problem
occurs in getting that data into
the memory, discovering the
problem’s source can become a
quagmire. Obviously it is not
enough to look at just the DDR
memory bus or just the SCSI bus.
The ideal solution would be to
look at all of the buses involved,
determine if they are working,
and even look for performance
issues. This capability is referred
to as cross-bus analysis.

So system and tool developers
must cope with a myriad of
changes in design and testing
techniques when they begin work-
ing with advanced high-speed
buses. Leading-edge engineers
need to seek out the most
advanced probing and logic
analysis tools to solve today’s 
and tomorrow’s complex 
design challenges.
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Probe and Logic Analyzer Team Up to Tame DDR

Analyzing a bus such as DDR is
simplified with a combination of
the Agilent 16700 Series logic
analysis system and the
FuturePlus FS2330 DDR DIMM
(dual in-line memory module)
probe. Since DDR is a complex
source-synchronous bus, it is
important that the analysis probe
and logic analyzer manage the
complexity for the user. The
FS2330 provides all of the setup
files for the clocking protocols. It
also provides full inverse assem-
bly of the data and command
lines. In addition, Agilent’s
patented eye finder technology
provides automatic alignment 
of the clock and data with 
100-ps resolution.

Because the probe provides 
termination as close to the DIMM
slot as possible, the impedance

mismatches between the probe
and the DUT (device under test)
are minimized, and the need for
active probing is eliminated.
Because there are no active cir-
cuits in the path, accurate timing
can now be measured. The logic
analyzer cable connections and
terminations are directly connect-
ed to the board. This simplifies
the connection to the logic ana-
lyzer, provides proper impedance
matching, and creates a reliable
mechanical connection. 

The FS2330 provides full-speed,
266-MHz state capture and timing
information at 2 GHz on a single
data capture. Simultaneous cap-
ture of state and timing data pro-
vides quick and easy insight into
the behavior of the DDR bus. In
addition to passively probing all
of the signals, this analysis probe

has the flexibility required to deal
with many of the different 
DDR configurations. 

The most important feature of the
FS2330 analysis probe is its size,
both physical and electrical.
Physically it is the same size as a
standard DIMM. Because the flex-
ible cable comes out of the top, it
can be placed in any slot. More
importantly, its effect on the bus
is the same as a registered DIMM,
so it does not impact the behavior
of the bus. Not only does the bus
run at full speed; it behaves the
same with or without the FS2330
analysis probe. If your design
uses unregistered DIMMs, a
switch is provided on the probe
to accommodate the change in
clock latency.
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