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Treat pc-board traces as
transmission lines to
specify drive buffers

Donald Telian, Intel Corp

The Peripheral Component Interconnect (PCI)
specification simplifies the design of buffer
circuitry in high-speed interface systems. By
using transmission-line concepts and employ-
ing ac specifications in place of dc values, PCI
lets designers more accurately define a
buffer’s drive capability.

By employing transmission-line models and terms, the
PCI specification developed by Intel Corp can thor-
oughly characterize the dynamic effects that result
when you switch large distributed loads with a under-
specified drive buffer. Because many designers over-
simplify this problem, designing buffers with appro-
priate drive strength turns into a difficult task.
Historically, designers have assumed that buffers
work into simple capacitive loads. This assumption cre-
ated few problems when system clock rates loafed
along in the 1-MHz range. In today’s world of 30-MHz-

plus clock rates, however, real system loads are far
from purely capacitive. In fact, even pe-board trace
lengths can dramatically change the makeup of a
buffer’s load.

Viewing the buffer load as a simple capacitor can
lead to many erroneous conclusions. The most com-
mon mistake designers make is to assume that an
interconnect with many loads is like a large capaci-
tor, which must therefore require a buffer with a
large drive capability. It turns out that this is not the
case, and designers must understand the transmis-
sion-line mechanisms involved here. To better under-
stand the difference in driver response between
a capacitive load and a true systeem load, consider
Fig 1a.

Here, a system load is actually made up of numerous
devices interconnected through traces that you can
model as transmission lines. Aside from their clamping
characteristics, the receiving devices are predomi-
nately capacitive. However, the system model repre-
sents a distributed capacitance and yields waveforms
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g 1—A system load is made up of multiple devices interconnected through pc-hoard traces, which you can treat as transmission lines (a).
1is distributed capacitance yields waveforms very different from those of the lumped-capacitance model (b).
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very different from those of the lumped-capacitance
model (Fig 1b).

Fig 1b is the output of an HSpice simulation of the
models in Fig 1a. To contrast the difference between
the two models, identical drivers applied identical sig-
nals to points A and B in Fig 1a. The generator syn-
chronized the two drivers by applying the same square
wave to their inputs. For this simulation, the total
capacitance at each of the 10 devices is 10 pF. Neglect-
ing trace capacitances, the total capacitance is 100 pF.
However, notice the marked difference between the
waveform of the 100-pF distributed-capacitance sys-
tem model and that of the 100-pF lumped-capacitance
model.

Neglecting actual system electrical effects can cause
serious problems in the design of a pe-board local bus
or any high-speed digital interconnect. A closer look at
Fig 1b shows that the actual waveform passes the 1.5V
mark (the switching threshold) 6 nsec after the time
predicted by the lumped-capacitance model. For a 33-
MHz cycle time, a 6-nsec oversight could cause a signal
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Fig 2—Because the drive-level requirement is higher in incident-
wave switching schemes (a), the technique places a higher stress on
system components. The output performance for an 8-mA ASIC
buffer (b) shows a large disparity between actual ac values and dc
specifications.
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to miss its entire setup time. Furthermore, the capac-
itive-load model does not show any of the odd signal
properties inherent in an actual system. For example,
why does the system waveform in Fig 1b sit at 2V for
5 nsec? There’s a simple way to answer this and relat-
ed questions: Dispense with the capacitive-load model
and adopt a transmission-line model of the high-speed
system interface.

Modeling board traces

Transmission lines are typically modeled as an
impedance and a time delay. It is important for digi-
tal designers to develop at least an intuitive under-
standing of these two properties and how they might
affect a design. Also, designers should keep in mind
that the environment of interest is pe-board traces
and integrated circuits, not coaxial cables or power
lines.

A printed-circuit trace’s impedance begins as a
function of the fabrication of the board itself. Today’s
fabrication methods commonly yield trace impedances
anywhere from 50 to 110Q. The primary factors caus-
ing this variation are the width of the trace and the dis-
tance from the trace to a ground plane. If a trace is
wide and close to a ground plane, it is more capacitive
and has an impedance close to 50Q). Conversely, if the
trace is narrow and a good distance from a ground
plane, it is more inductive and its impedance approach-
es 110Q). Now consider what happens to trace imped-
ance when the trace is driving multiple ICs. Because
the extra load of each device is primarily capacitive,
the trace impedance decreases.

A transmission line’s time delay is easier to under-
stand. It takes time for the charge an IC supplies to
travel down a pe trace. For example, if driver 1 in Fig
la switches from low to high, time will pass before this
transition reaches load 10. You must take this time, or
system-propagation, delay into account for boards hav-
ing many loads or long traces.

Follow some switching techniques

Given that a signal must propagate down the board
trace, two questions arise: Is the signal strong
enough to change logic levels at all the devices as it
passes by? And what will happen when the signal
reaches the end of the trace? Let’s address the first
question first.

Fig 2a shows a simplified representation of two 10-
load systems. In both systems, device 1 drives the
interconnect from low to high. In the top system, the
driver is strong enough at incidence (when it first
starts to drive) to pull the voltage above the high-level
input voltage (V) of all the other components. Com-
ponent 2 is the first to see this valid voltage level, fol-
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lowed by component 3, and then 4, and so on. In this
type of implementation, component 10 is the last device
to see a valid high level after one full system-propaga-
tion delay, which is the time required for the signal to
travel from one end of the trace to the other. Because
the incident voltage wave was strong enough to switch
each device as it passed by, this switching technique is
called incident-wave switching.

At first glance, this implementation seems ideal
because it accomplishes the switching task in the
shortest amount of time. But congider the implica-
tions. The extra devices on the pe-board trace add
capacitance and lower the impedance presented to
the driver. In such configurations, it’s not uncommon
for the loaded impedance to drop to 30Q. Now, when
you consider the load as a transmission line, you can
figure out exactly how the system will behave under
these circumstances. For example, the moment a 5V
device switches from low to high, it creates a voltage
divider between its own output impedance and the
transmission-line impedance. If the line is 30(}, a 20}
driver would drop 2V inside the component and
inject a 3V incident wave into the system. The cur-
rent surge the driver sources during this process
would be 100 mA.

The problem with this 100-mA surge current
becomes apparent when you try to use it as a source
for a complex device. A typical 32-bit interface might
have 40 signals trying to switch instantaneously.
Thus, up to 4A of dynamic current passes through
the device, possibly in as short a time as one nanosec-
ond. This type of current surge is extremely difficult
to decouple. The surge causes spikes on internal bond
wires, increases EMI, causes crosstalk in and out of
the package, and is the reason why most strong
buffers come in 8-driver packages. Furthermore, the
20Q) driver requires a lot of silicon space and will get
fairly hot at high frequencies. Note also thatina TTL
environment, these problems are generally twice as
great on high-to-low transitions because the inci-
dent-wave magnitude must be even larger. All things
considered, this switching method is not preferable
from a device standpoint.

In addition to being hard on components, incident-
wave switching also has negative effects in the system.
These effects are related to the second question: What
happens to the propagating signal when it reaches the
end of the trace? The end of a normal, unterminated
trace presents a high impedance and leaves the signal
no options; it must turn around and go back. The trans-
mission-line world calls this signal return a reflection.
At the site of the reflection, the wave begins propagat-
ing back to the driver, doubling the voltage on the line.
If the incident-wave voltage is large (as in the case of
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Fig 3—You can quickly estimate a driver’s ability to meet the spec-
ified V,, (ac) and [, (ac) levels by examining its V/I curve.

incident-wave switching), this reflection quickly
becomes unwieldy. Designers often place terminating
devices at the ends of traces. However, this technique
requires more components, and the terminating
devices draw too much dc power and are difficult to
tune.

Introducing reflected-wave switching

The PCI specification takes advantage of these
inherent reflections by introducing reflected-wave
switching. Reflected-wave switching achieves full
voltage transitions from currents that are much
lower than those required in incident-wave switching
schemes.

To understand how reflected-wave switching works,
consider the lower example in Fig 2a. The driver
(device 1) needs to switch on incidence only half the
voltage required for incident-wave switching. This
lower voltage then propagates past device 2, then past
3, and so on, until it reaches device 10. At device 10, the
reflection doubles the voltage level, causing device 10
to be the first to experience a valid high level. The wave
then propagates back past device 9, then past 8, and so
on, until it is absorbed in the low impedance of the dri-
ver. For reflected-wave switching, the last receiver to
see a valid voltage level is device 2. To ensure proper
operation, it is essential that you budget time for the
reflected-wave propagation.

Besides taming the reflection problem, reflected-
wave switching also cuts driver size and surge cur-
rents in half. In fact, reflected-wave methods can
switch an entire 10-load, 33-MHz PCI subsystem with
what the high-integration ASIC world might call a 12-
mA (dc) pull-down current and a 6-mA (de) pull-up
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current. However, because you're trying to guarantee
an ac phenomenon, PCI departs from standard de spec-
ification methods.

Choosing an appropriate driver

Reflective-wave switching lets you connect highly
integrated devices to a local bus without using exten-
sive glue logic, but you still have to choose a buffer.
Standard ASICs offer a variety of choices with values
ranging from 1 to 24 mA and various slew options and
pull-up voltages. But how do these choices map to a
dynamic switching environment? Which one will guar-
antee reliable reflected-wave switching, or should you
just use the buffer with the largest available current
value? There are straight-forward answers to these
questions, but once again, you’ll have to adjust the way
you look at the design problem.

First, understand that buffers are normally speci-
fied by their dc capacity. For example, a 24-mA buffer
can sink 24 mA of direct current without raising its
output voltage above V  (the guaranteed low-state
output voltage). Historically, this specification was
important because inputs sourced appreciable current
and using terminations and pull-up resistors was com-
mon. However, today’s CMOS inputs have leakage cur-
rents on the order of only a couple of microamps or even
nanoamps. Consequently, the de specification has little
value today and has become an inappropriate quantifi-
er of ac drive strength.

To illustrate the disparity between actual ac values
and dc specifications, consider Fig 2b, which shows
waveforms of a typical 8mA ASIC buffer driving the
10-load system model of Fig 1a. The top waveform is
the voltage at the driver’s output; the bottom wave-
form is the output’s dynamie current. This waveform
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Fig 4—The blve waveform is the output of a PCl driver switching a
10-load system model like that of Fig Ta. The signal propuﬂales
throt:’gh the system; the waveform observed at device 10 is shown
in red.
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plainly shows that the actual ac switching currents are
approximately 80 mA—a full order of magnitude
greater than what you might expect from an 8-mA
buffer.

Note also that the signals in Fig 2b spend about one
third of the cycle, or 10 nsec, at the higher dynamic-
current level. Indeed, at a 30-nsec cycle time, the sig-
nals spend little time in a static de condition. Thus, the
bulk of the cycle time is exhausted in an unspecified
condition and hardly understood. When typical oper-
ating speeds were only 1 MHz, you could overlook that
10-nsec dynamic operation because it represented only
1% of the cycle. The other 99% of the cycle was care-
fully specified by de parameters. But at today’s higher
speeds, these figures no longer hold, and correct buffer
design (as well as reliable operation) is largely a func-
tion of understanding and specifying the ac character-
isties of an interconnect, which is difficult to do with
only de specifications.

Specifying in reliability

To overcome this problem, the PCI specification lets
you establish the minimum dynamic-current levels
required to ensure reliable ac operation. New quanti-
ties I, (ac) and Iy, (ac) guarantee adequate switching
current for high-to-low and low-to-high transitions,
respectively. When paired with the required trans-
mission-line step voltages, V; (ac) and V , (ac), these
values guarantee successful reflected-wave switching.
You can derive I ;; (ac) and I ; (ac) for any interconnect
based on the interconnect’s input voltages and the sys-
tem impedance.

Simulation shows that 0.8V is a sufficient noise
margin for transient voltage ringing. This ringing
oceurs at the point of reflection (device 10 in Fig 2a)
and must be within the allowed margin by the time
the wave traverses all the loads on the return trip.
Because V., is always 2V, a 100% reflection must
achieve a level of 2.8V. This implies that the driver
must supply an initial step of only 1.4V. Consequent-
ly, V, (ac) is 1.4V.

To determine the required value for Iy, (ac), use
I=V/R, where V=1.4V, and R is the acceptable loaded
impedance of the pe-board trace. PCI designers found
32() to be an acceptable lower bound for loaded trans-
mission-line impedance for a variety of layouts. Equa-
tions in the PCI specification enable you to ealculate
the loaded trace impedance for a given layout. In the
past, interconnects with multiple loads used a lower
bound of 25Q) when the average unloaded pe-boarc
trace impedance was 500). However, today’s average
unloaded trace impedance is closer to 650 because or
the industry-wide use of narrower traces.

Given values for R and V , (ac), you can determine
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the required dynamic current level as I, (ac)=V
(ac)/R, or 1.4V/3200=44 mA. Consequently, for a driver
to comply with PCI, it must be able to deliver at least
44 mA when its load drops to 32Q2. This requirement
ensures that the initial voltage step is at least 1.4V,
which will reflect to 2.8V and provide a 0.8V ac noise
margin.

You can quickly determine a driver’s ability to meet
the calculated V , (ac) and I (ac) levels by examining
its V/I characteristic—normally a curve that describes
the output’s current capabilities across all voltages of
interest. Such curves have been used for years to
describe the characteristics of transistors and diodes
and serve well to quantify the analog effects of digital
signals. Fig 3 shows the V/I characteristics of three
typical 5V CMOS pull-up drivers, labeled A, B, and C.
A large “X” marks the PCI-specified V, (ac) and I,
(ac) values for the three drivers and establishes a base-
line for the exact strength of all PCI drivers.

In Fig 3, driver B is the optimal PCI driver because
it meets the required specification without overdriving
the interconnect. The plot shows that driver B will
slightly exceed the specification by supplying about 50
mA at 1.4V. To illustrate the inadequacies of drivers A
and C, a 32Q) impedance line is superimposed on the
CMOS curves of Fig 3. Graphical techniques show that
each driver will switch (at incidence) the voltage pre-
dicted by the intersection of its V/I curve and the 32Q-
load line. Driver A will switch to only 0.5V at inci-
dence, and its reflection could achieve only 1V. A driver
this weak would require multiple system-propagation
delays to achieve a stable logic high and would not work
at the required frequencies.

The intersection of driver C’s V/I curve shows that
it would switch almost 3V at incidence. This driver cer-
tainly satisfies the 44-mA requirement but is not opti-
mized for a reflected-wave interconnect. It would
require too many grounds and too much silicon. This
type of driver could probably never be integrated into
a low-cost, highly integrated device.

Because driver B sources enough current to satisfy
system needs without overdriving the system, it is the
optimal driver. Designers could easily integrate this
driver and could connect peripheral chips to a local bus
without needing glue logic. Reflected-wave switching,
guaranteed by dynamic-current levels, provides inte-
grated devices a low-current mechanism to drive an
entire high-speed I/0 subsystem.

Simulation proves the concepts

These concepts could not have been reduced to spec-
ifications or implemented in hardware without first
thoroughly testing them through simulation. The
advanced features of HSpice from Meta-Software
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Fig 5—Signal measurements on a board made up of the exact same
butfer, loads, and frace dimensions as those of the circuit simulated
in Fig 4 show the high accuracy of the pc-board simulation.

(Campbell, CA) were particularly well suited for this
task. Intel engineers logged more than 5000 hours of
HSpice simulation in the process of defining the PCI
specification and ensuring its robustness. Fig 4 shows
a plot of one PCI simulation.

The blue waveform is the output of a PCI driver
switching a 10-load system model similar to the model
of Fig la. Because reflected-wave switching is in use
here, the output switches the trace only half way to the
desired potential of 0V. The signal propagates through
the system, and the waveform observed at the end of
the trace (device 10 in Fig 1a) is shown in red. Because
the trace is intentionally unterminated, the signal
reflects and achieves the desired 5V transition. After
reflecting, the signal propagates back to the driver
(device 1) causing it to be the last device to observe the
full transition.

Careful simulation shows that this round-trip
propagation requires 10 nsee, worst case. The PCI
specification refers to this time as T}, and builds it
into the base cycle-time parameters. This time delay
clearly arises because of the transmission-line
nature of the long trace. HSpice lets you simulate
these effects by providing a proprietary element that
derives a lossy transmission-line model from the fab-
rication geometry of the pe-board trace. Obviously.
ignoring this 10-nsec phenomenon would jeopardize
the operation of the system, because 10 nsec equals a
third of the cycle time.

To prove the validity of the electrical design and
simulations, PCI designers created an interconnect
topology they called the PCI Speedway—a recom-
mended layout approach with built-in signal integri-
ty. Further, the designers created an actual pec
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board—an implementation of the PCI Speedway in
hardware. The designers fully tested the board’s
complete 10-load, 33-MHz PCI electrical design prior
to the specification’s publication. More than 100
types of ASICs and discrete buffers were electrical-
ly tested on the PCI board.

Measuring the actual hardware proved the accuracy
of the simulations. Fig 5 shows a signal measured on the
Speedway board. This signal provides a hardware test
of the exact same buffer, loads, and trace dimensions of
the cireuit simulated in Fig 4. Careful comparison of
Figs 4 and 5 reveals the aceuracy of the simulation.

Demonstrated correlation, as Fig 5 showed, proved
that the concepts set forth in the PCI specification are
both practical to implement and reliable long before actu-
al PCI systems were built. In addition, the notion of pre-
dicting ac drive performance from a buffer’s V/I charac-
teristics was thoroughly tested and verified. This
process was accomplished by first obtaining the physical |
device’s V/I curves on a standard curve tracer, then
attaching the device to the Speedway hardware, and
finally verifying that the PCI driver gave the correct
step voltage into the known impedance. Being able to
predict the minimum step realized by a PCI driver was
critical to ensure reliable reflected-wave switching.
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