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Preface

Today’s emerging high-speed digital applications require a special kind
of design engineer who understands the subtle signal integrity issues at
hand. Although a classical electrical and computer engineering education
is helpful, it is the high-frequency microwave effects that normally cause
the most problems within telecommunications and computer systems,
channels, and components. Reflections from impedance discontinuities,
crosstalk, intra-line skew, and a multitude of other problems can
immediately stop a system from working properly.

Clearly, there is a gap in the college electrical engineering courses
between the traditional digital and microwave curricula. This is why
learning never stops for signal integrity engineers. This book addresses
this gap with a focus on a practical and intuitive understanding of signal
integrity effects within the data transmission channel. High-speed
interconnects such as connectors, printed circuit boards (PCBs), cables,
integrated circuit (IC) packages, and backplanes are critical elements of
differential channels that must be designed using today’s most powerful
analysis and characterization tools. Both measurements and simulation
must be done on the device under test, and both activities must yield data
that correlates with each other. Most of this book focuses on real-world
applications of signal integrity measurements.

Since the most intuitive measurements for digital engineers are usually
done in the time domain, this book starts with a fundamental understanding
of single-ended and differential time domain reflectometry (TDR)
measurements in chapters 1 and 2. Chapters 3, 4, and 5 complete the
first major section of this book by describing vector network analyzers
(VNASs) and S-parameters (including 12-port S-parameters).

Section 2 of this book delves into the longest, densest, and highest-
bandwidth application for interconnects: the backplane. While many
high-speed PCBs exhibit difficult signal integrity problems, none can
compare with the typical backplane for design challenges.

The sheer number of layers and signal channels in a backplane create
a design challenge most microwave engineers would find daunting. In
section 2, we describe a methodology for characterizing even the most
complex backplanes.
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Section 3 of this book advances the discussion of linear passive
device characterization with the implementation of sophisticated error
correction techniques. One of the main advantages of using a VNA is
the ultra-precise calibration and de-embedding capabilities. Hence, we
cover this information in great detail in this section of the book.

Section 4 covers various jitter measurements, including such diverse
topics as laser transmitter driver circuitry jitter and a novel statistical
jitter measurement methodology called STATEYE.

New measurement technologies co-evolve with design and technology
innovation within the engineering communities, so the authors wanted to
inspire some new thinking in sections 5 and 6. Analyzing some of these
new technologies can provide valuable insight into the future direction
that our fast-paced world takes us. Solving today’s problems can teach us
valuable lessons indeed, but investigating the future trends is sometimes
akin to viewing a crystal ball. Our hope is to trigger inspiration to learn
more about signal integrity and the high-speed technology around us.

Second Edition Additions

An additional section at the end of the book entitled, “Future Technology
Trends” has been added. This includes such interesting topics as
microprobing, new calibration methods and de-mystifying PCB
channel design. Some new authors are introduced that should enhance
the education value of the book by bringing new insights into the
characterization of signal integrity phenomena.

New graphics were added to reflect newer test equipment brought to
market after the publishing of the first edition. Examples of this are the
N1930B Physical Layer Test System 2015, the M9375A 32-port 26.5
GHz PXI Vector Network Analyzer and the N1055A 9 picosecond Time
Domain Reflectometry module. These novel test systems have industry-
leading performance and therefore merit the addition of their capabilities
into today’s signal integrity reference books.

A few chapters have become outdated due to the previously mentioned
advancements of technology, so these were deleted from the second
edition printing. They have been replaced with appropriate technology
topics that should stimulate the thinking process of the reader even
further than the first edition chapters. At least, that is the hope and desire
of the authors.
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Chapter 1

Single-Port TDR, TDR/TDT, and Two-Port TDR:
Interconnect Analysis Is Simplified with
Physical Layer Tools

1.1 Introduction

The time domain reflectometer (TDR) has come a long way since the
early days when it was used to locate faults in cables. Time domain
reflectometry can be used for more than 40 characterization, modeling,
and emulation applications, many of which are illustrated in this
application note series.

If your applications involve signals with rise times shorter than
one nanosecond, transmission line properties of the interconnects
are important. TDR is a versatile tool to provide a window into the
performance of your interconnects to quickly and routinely answer the
three important questions: does my interconnect meet specifications,
will it work in my application, and where do | look to improve its
performance?

The TDR is not just a simple radar station for transmission lines, sending
pulses down the line and looking at the reflections from impedance
discontinuities. Itisalso an instrument that can directly provide first-order
topology models, S-parameter behavioral models, and with up to four
channels, characterize rise time degradation, interconnect bandwidth,
near- and far-end crosstalk, odd mode, even mode, differential and
common impedance, mode conversion, and the complete differential
channel characterization.

To provide a little order to the wide variety of applications explored in
this signal integrity book, the series is divided into the following three
parts covering four general areas:

e Part 1 (Chapter 1)—Those that use a single-port TDR, those that
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use TDR/time domain transmission (TDT), and those that use two-
port TDR.

* Part 2 (Chapter 2)—Those that use four-port TDR or four-port
vector network analyzer (VNA) with physical layer test system
(PLTS).

e Part 3 (Chapter 10)—Those that use advanced signal integrity
measurements and calibration.

The principles of TDR and VNA operation are detailed in other chapters
in this book and references listed in the bibliography. This application
note series concentrates on the valuable information that can be quickly
obtained with simple techniques that can be used to help get the design
right the first time.

1.2  Single-Port TDR

Overview
This section will look at the seven most important applications of one-
port TDR. The first two refer to the complete characterization of a
uniform transmission line, extracting the characteristic impedance and
time delay.

But we can get more than this with specially designed test structures.
We can also get a fundamental, intrinsic property of the transmission
line, the velocity of a signal, and from this, the intrinsic bulk dielectric
constant of the laminate.

When the line is not uniform and has discontinuities, we can build
first-order, topology-based models right from the front screen. If this
is not high-bandwidth enough, we can bring the measured data into a
simulation tool such as Keysight’s Advanced Design System (ADS)
and build very-high-bandwidth models, which can then be used in
simulations to evaluate whether this interconnect might be acceptable in
a specific application.

Finally, we can emulate the final application system’s rise time with
the TDR to directly measure the reflection noise generated by physical
structures in the interconnect and whether they might pose a potential
problem or, equally of value, might be ignored.
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Measuring Characteristic Impedance and Uniformity of
Transmission Lines

Historically, the most common use of the TDR has been to characterize
the electrical properties of a transmission line. For an ideal, lossless
transmission line, there are only two parameters that fully characterize
the interconnect: its characteristic impedance and its time delay. This is
the easiest and most common application for TDR.

The TDR sends a calibrated step edge of roughly 200 mV into the device
under test (DUT). Any changes in the instantaneous impedance the edge
encounters along its path will cause some of this signal to reflect back,
depending on the change in impedance it sees. The constant incident
voltage of 200 mV, plus any reflected voltage, is what is displayed on the
screen of the TDR.

Figure 1.1: Measured TDR Response from a Microstrip Transmission
Line. Top Trace Is the Reflection from the End of the Cable; Bottom Trace
Is the Reflected Signal from the DUT

In Figure 1.1, the bottom line is the measured TDR response when
the DUT is the microstrip trace shown. The first two inches of the
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transmission line has a characteristic impedance of roughly 50 Ohms,
while the next four inches of the transmission line has a characteristic
impedance of roughly 40 Ohms. The far end of the line is open.

The voltage displayed on the screen is the total voltage: the incident,
constant 200 mV, plus the reflected voltage. Note on the bottom of the
screen, the vertical voltage scale is 100 mV/div. The top line is the TDR
response for the cable not connected to the transmission line. This defines
the beginning of the cable, which is an open. On the bottom line, at this
instant of time, is the small reflected voltage from the surface-mounted
assembly (SMA) launch, followed by the roughly 50 Ohm section of
the line, and about one division later, the small drop in voltage from the
lower-impedance second half of the transmission line.

Contained in this reflected signal is the information about the impedance
profile of the transmission line. We could read the voltages off the front
screen and use pencil and paper to back out the impedance of the line,
or we can take advantage of some of the built-in features of this TDR.

We can use the two markers, which will automatically perform the
calculations to back out the instantaneous impedance from the measured
data. There are clearly two regions of relatively uniform impedance on
this transmission line. We move the markers so that one is in each region,
as shown in Figure 1.2, and then we can read the impedance of each
region from the screen.
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Figure 1.2: Using Markers to Measure the Characteristic Impedance of a
Transmission Line

The impedance of the first region, read from the solid-line marker, is
48.3 Ohms. The impedance in the second region, read from the dotted-
line marker, is 37.7 Ohms. The nominal design impedances were 50
Ohms and 40 Ohms, so we see that actual and fabricated impedances are
off by about 3.5 and 6 percent, respectively.

The one caveat when using markers is to watch out for masking
effects. The impedance read by the marker can be interpreted as the
instantaneous impedance of the transmission line at the location of the
marker, as long as it is the first interface, or there have been only small
impedance discontinuities up to the location of the marker. This feature
makes extracting the instantaneous impedance of a uniform transmission
line almost trivial. In addition, we can see that the impedance in each
region is relatively uniform, as there is little deviation in the reflected
voltage up and down the line segments.

In addition to using the marker to identify the specific instantaneous
impedance of the transmission line, we can also convert the vertical
voltage scale into an impedance scale.
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Figure 1.3: The Advanced Settings Function Can Adjust the Vertical Scale
to Display the Impedance Directly

By selecting Time Domain Displays, then Ohms, then new chart, we can
choose to display T11 in ohms to see the impedance profile as shown in
Figure 1.3. When we select the Ohms scale, the TDR will convert every
point of the reflected voltage into an equivalent instantaneous impedance.

Effectively, the TDR takes each measured voltage point, subtracts 200
mV to get the reflected voltage, then takes the ratio of this voltage to the
200 mV of incident voltage to get the reflection coefficient, and from the
reflection coefficient, uses the simple relationship: Z =50 Q x (1 + rho)/
(1 - rho) to calculate the instantaneous impedance of each point. Finally,
this extracted instantaneous impedance is plotted on the screen.

The offset and scale settings, now calibrated in Ohms, can be used to
adjust the scale for our application.
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Figure 1.4 is the same TDR data for this two-segment transmission
line but now with the instantaneous impedance displayed directly on
the vertical scale. In this case, the scale is 10 Ohms/div with the center
location set to 50 Ohms. On this scale we can literally read off the screen
the impedance of the first section as about 48 Ohms and the impedance
of the second section as about 38 Ohms.

Figure 1.4: The Same Transmission Line Displayed on the Impedance
Scale at 10 Ohms/div, with 50 Ohms in the Center

This scale setting allows a direct and effortless graphical display of the
impedance profile of a transmission line, with the one caveat that we are
assuming all the measured voltage coming back to the TDR is due to
reflections from impedance discontinuities. This is a good assumption as
long as the impedance changes up to each point are small.

It looks like, for this transmission line, the impedance of the first section
is decreasing slightly down the line, while the impedance profile of the
second section is mostly constant. We can use this technique to evaluate
how uniform the impedance of a transmission line is.
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Figure 1.5: High-Resolution TDR Profile of a Nominally Uniform
Transmission Line, at 2 Ohms/div and 50 Ohms in the Center of the Screen

Figure 1.5 shows the measured TDR response of a nominally uniform
transmission line on an expanded scale of 2 Ohms/div. The impedance at
the center of the screen is set at 50 Ohms. This scale information can be
read next to the channel 1 button of the screen.

The large peak at the beginning of the line is the inductive discontinuity
of the SMA launch that, on this high-resolution scale, looks huge. At 2
Ohms/div on the vertical scale, it looks like this uniform transmission
line is not so uniform. It appears to have a variation of as much as 1 Ohm
from the beginning to the end of the line. This is roughly 2 percent.

Is this variation real, or could it be some sort of artifact? There are two
important artifacts that might give rise to this sort of behavior. It could
be there is rise-time degradation in the incident signal. It may not be
perfectly flat, like an ideal Gaussian step edge. After all, the reflected
signal displayed on the TDR is really the reflection of the incident signal.
If the incident signal has a long tail, we will see this long tail in the
TDR response and may mistakenly interpret this as an impedance profile
variation.

10
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One way around this problem is to use the calibrated response feature of
the DCA 86100C TDR, which is being done in this case.

Other sources of artifact can be either distributed series resistance in
the trace or distributed shunt conductance in the trace due to the lossy
nature of the line. The series resistance will cause the reflected voltage
to increase down the line, while the shunt conductance will cause the
reflected TDR response to decrease down the line, as in this case.

One way to evaluate whether an impedance profile is really showing a
variation in the instantaneous impedance of the transmission line or an
artifact is to measure the TDR response of the line from both ends. If it
is real, we should see the slope of the response change, depending on
which end of the line we launch from. If it is one of the two artifacts, the
response will look the same on the screen, independent of which end we
launch from.

Figure 1.6: High-Resolution TDR Response from Each End of the Same
Uniform Transmission Line, Verifying the Impedance Variation Is Real

1"
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Figure 1.6 shows the measured TDR response launching from each end
of the line where the scale is 2 Ohms/div in both cases.

The TDR from left end launch line shows the left side of the line is
the higher impedance. While the TDR from right end launch line also
confirms that the impedance of the trace is higher on the left side. This
variation in the instantaneous impedance is confirmed to be real and is
not due to the series resistance, shunt conductance, or non-ideal step
edge. Using the technique of comparing the launches from both ends,
we can unambiguously identify real, nonuniform impedance effects in a
transmission line.

In this example, the microstrip is showing a variation of about half a
division, or 1 Ohm out of 50 Ohms, or 2 percent, from one end to the
other. This could be due to a variation in the laminate thickness, the
slight drift in the alignment of the trace width over a fiber bundle in the
glass weave, or a variation in the etching of the line due to photo resist
developer variation across the board.

By measuring the variation in other lines across the board or inspecting
the dimensions of the board, the root cause might be identified and the
process stabilized.

Measuring Time Delay of a Transmission Line

The second important property of a transmission line is the time delay
from one end to the other. This can also be measured directly from the
screen of the TDR using markers. However, to get an accurate measure
of the time delay, we need to know the starting point of the transmission
line.

By removing the DUT and recording the TDR response from the open
end of the cable, we can use this as a reference to define the beginning of
the line. This is the top line in Figure 1.7. When we reconnect the DUT
and record the TDR response, we see the reflection from the open at the
far end of the transmission line, just visible at the far right edge of the
screen.

12
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Figure 1.7: TDR Response of a Uniform Six-Inch Transmission Line
Open at the Far End

The total round-trip time delay is the time interval from the beginning
of the reflection from the open end of the cable to the reflection from the
open far end of the DUT. To increase the accuracy, we use the time from
the midpoint of the two open responses. This can be measured simply
and easily using the vertical markers directly from the screen.

13
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Figure 1.8: TDR Response of the Reference Open and Uniform Six-Inch
Transmission Line, with Markers Showing the Beginning and End of the
Traces

Using the marker buttons below the screen, we can position the markers
in Figure 1.8 so that they define the midpoint-to-midpoint distances. We
can read off the screen that the total time delay is 1.87 ns. This is the
round-trip time delay. The one-way time delay is half of this, or .935 ns.
This is the time delay (TD) of the transmission line.

From the physical length of the transmission line, six inches, and the
time delay, 0.935 ns, we can also calculate the speed of the signal down
this transmission line. The speed is 6 in/0.935 ns = 6.42 in/ns. This is
an intrinsic property of the transmission line and would be true for any
transmission line of the same width built on this layer of the board,
independent of the length of the line.

One of the artifacts in this measurement is the uncertainty of how much
of the total TD is due to the connector at the front of the line. Is the open
reference really the beginning of the line, or is there some contribution
to the launch into the transmission line of the circuit board? We can take

14
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advantage of a simple test feature to get around this artifact and extract a
more accurate value for the speed of a signal on the trace.

This trick is useful only if we have the option of designing the test line to
aid in the characterization of the circuit board and each particular layer.
The secret is to add small imperfections to the line such as reference pads
at two locations with a known separation.

Figure 1.9: TDR Response of a Uniform Transmission Line with
Two Small Reference Pads Located on Four-Inch Centers

Figure 1.9 shows an example of a six-inch-long transmission line with two
reference pads (in close-up), located with a center spacing of four inches.
These pads can be easily detected with the TDR. The TDR response is
displayed on a scale with 2 Ohms/div. This is a high-sensitivity scale.
On the far left, it shows the beginning of the line with a few ripples from
the SMA launch. About two divisions from the beginning is the dip from
the first pad, which acts as a small capacitive load, a lower impedance.

Some time later, the TDR signal shows the response from the second
reference pad.

15
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Accurate Measurement of Signal Speed in a Transmission Line

The time difference between these two negative dips is the round-trip
time difference between the pads separated by four inches. By measuring
this time delay from the screen, we can get an accurate measure of the
speed of the signal, independent of the nature of the launch into the
transmission line.

We can measure the time delay between the dips using the onscreen
markers. By aligning each marker with the center of the dip, we can
measure this location within a few picoseconds’ accuracy. We can see
from the screen in Figure 1.10 that the round-trip time delay is 1.238 ns.
From this round-trip delay, we can calculate the one-way time delay as
half this, or 0.619 ns.

Figure 1.10: TDR Response from a Microstrip with Two Reference Pads
Using Markers to Measure the Round-Trip Time Delay

Given the physical distance between the two reference pads as four
inches, the speed of the signal down the microstrip can be calculated as
41n/0.619 ns = 6.46 in/ns. This is very close to the 6.42 in/ns calculated
as the speed of the signal using the end-toned method.

16
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Using this value of the speed of the signal, we can extract the laminate’s
dielectric properties.

Extracting the Bulk Dielectric Constant of the Laminate

The speed of the signal down a transmission line is directly related to the
dielectric constant the signal sees. In a stripline structure, such as shown
in Figure 1.11, the signal sees a uniform, homogeneous material with
a composite dielectric constant that is made up of a combination of the
resin dielectric constant and the glass weave dielectric constant. Small
variations in the local relative combination can affect the local dielectric
constant, which is an important source of skew between adjacent lines in
a differential pair.

Figure 1.11: A Stripline Construction and Extracting the Bulk
Dielectric Constant

From a measurement of the speed of a signal down a stripline transmission
line, the effective dielectric constant the signal sees, DK, can be extracted
using the simple relationship shown. The 11.803 number is the speed of
light in air, in the units of inches/ns.

However, in a microstrip, the effective dielectric constant the signal sees
is not the bulk value of the laminate.

17



Signal Integrity Characterization Techniques

In a microstrip, some of the electric field lines are in the bulk laminate,
and see the laminate composite dielectric constant, but some of the field
lines, as shown in Figure 1.12, are in the air, with a dielectric constant of
one. The signal sees a composite of these two materials, which creates an
effective dielectric constant, Dk . It is this value that affects the signal
speed and can be extracted from the measured speed of the signal.

Figure 1.12: Effective Dielectric Constant in Microstrip

In this example, the speed is 6.46 in/ns. The extracted effective dielectric
constant would be 3.34. This is unfortunately not a very useful number.
It is not the bulk dielectric constant of the laminate. We cannot use this
value of the effective dielectric constant in a field solver or approximation
to help us calculate the impedance of any other geometries, for example.
We really need to convert the effective dielectric constant into the actual
bulk dielectric constant.

This conversion is related to the precise nature of the electric field lines,
and what fraction is in the air and the bulk laminate. It also depends very
much on the cross-section geometry of the microstrip. The only way to
convert the extracted, effective dielectric constant into the bulk laminate
dielectric constant is to use a 2D field solver.

18
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Figure 1.13: Using a Field Solver to Back out the Bulk Dielectric
Constant from the Effective Dielectric Constant

In Figure 1.13, a 2D field solver is used to calculate the effective
dielectric constant for different bulk values, using the same geometry
as the trace that is measured. We set up the field solver with the cross-
section information about the specific microstrip that was measured
and use the field solver to calculate the effective dielectric constant for
different bulk dielectric constant values.

When we plot up the bulk dielectric constant versus the effective
dielectric constant, we get a relatively straight line, as shown in Figure
1.13. We use this curve to back out the bulk dielectric constant, given
the effective value of 3.34 that was measured. This analysis gives a bulk
dielectric constant for this laminate of 4.48.

The TDR enables the measurement of the effective dielectric constant,

while the 2D field solver enables the conversion of the effective dielectric
constant into the bulk dielectric constant.

19



Signal Integrity Characterization Techniques

Building a Model of a Discontinuity Such as a Corner, Test Pad, Gap
in the Return Path, SMA Launch, or Terminating Resistor
Extracting a Model for Capacitive Discontinuities

Not all interconnect structures are uniform transmission lines. As much
as we might try to eliminate them, there will often be discontinuities that
are unavoidable. For example, test pads, component leads, 90-degree
corners, gaps in the return path, or even engineering change wires will
all create discontinuities. These structures, by their nature, are non-
uniform and often difficult to calculate other than with a 3D field solver.
Sometimes, the quickest way to evaluate their impedance is to build a
structure and measure it.

From the measured response, we can empirically evaluate the impact
on the signal if we match the TDR’s rise time to the rise time of the
application. We could then directly measure off the screen of the TDR
the amount of reflected voltage noise we might see in the system.
Alternatively, we could use the TDR to extract a simple, first-order
model for the structure and use this model in a system-level simulation
to evaluate the impact of the discontinuity. Finally, if we need more
accuracy or a higher-bandwidth model than what we can get directly
from the screen, we can take the measured data from the TDR and bring
it into a modeling and simulation tool such as SPICE or ADS to fit a
more accurate model. These processes are illustrated in this section.

20
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Figure 1.14: TDR Response from a Uniform Transmission Line
Having a Small Test Pad

Let us start with a simple test pad on an otherwise uniform line, as show
in Figure 1.14. The TDR response is shown as the yellow line on the
screen, displayed in an Ohms scale, with 2 Ohms/div. The small dip near
the beginning of the line is due to the SMA launch. The large dip about
three divisions from the left edge is from the test pad.

On this scale, the reflected signal from the small test pad looks huge, but
is a discontinuity of only 4.5 divisions or about nine Ohms. This can be
interpreted as the instantaneous impedance a signal would see, if it had
the rise time of the TDR, in this case, about 40 ps. Since this test pad
is not a uniform transmission line, the instantaneous impedance is not
related to a characteristic impedance, and the impedance a signal would
see is going to depend on the rise time of the signal. We can use the TDR
to directly emulate any rise time from as fast as 20 ps up to longer than
one nanosecond, to directly evaluate the impact of the discontinuity on
the system rise time.

21
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Using the built in calibration feature of the DCA 86100C, we can change
the effective rise time of the stimulus and directly display the response
from this small discontinuity. The structure is the same, and the scale is
the same for each of the four rise times of 40, 100, 200, and 500 ps.

Figure 1.15: TDR Response for a Uniform Transmission Line with a
Small Test Pad, at Four Rise Times of 40, 100, 200, and 500 ps

Figure 1.15 clearly shows that the instantaneous impedance a signal
would see encountering this test pad is strongly dependent on the rise
time of the signal. If the rise time were 40 ps, the signal would see an
impedance discontinuity of about nine Ohms. At 100 ps, this is only
about five Ohms; at 200 ps, it is 2.5 Ohms; and at 500 ps, it is less than
one Ohm, hardly noticeable to the signal. Based on the noise budget
allocated for discontinuities, we could determine the shortest rise time
at which this discontinuity would begin to cause problems or could be
ignored.

22
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For example, if three Ohm discontinuities were allowable, this particular
test pad could be used for rise times as short as 250 ps. Much below this,
and the impact might be felt. The way to know for sure would be to build
a model for the discontinuity and use it in a simulation.

By inspection, the simplest model for this discontinuity is a single lumped
capacitor. At 40 ps rise time, the TDR response is close to that from
an ideal lumped capacitor. We can use the built-in “excess reactance”
feature to build a model and extract the parameter values directly from
the screen using markers.

The excess reactance feature built into the DCA 86100C will model
the DUT as a uniform transmission line having a single discontinuity—
either a lumped inductor or lumped capacitor. The software will use the
position of the two vertical markers to define the region of the response
where the capacitance or inductance will be extracted.

To use this feature, position the markers on either side of the discontinuity
and read the amount of capacitance or inductance from the “excess
reactance” value on the screen. One hint in using this feature is to
position the markers so that they have roughly the same impedance value
on either side of the discontinuity. It does not matter what the vertical
scale is when the excess reactance function is used.

23
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Figure 1.16: Using the Excess Resistance Feature to Extract the
Capacitance of a Test Pad

In Figure 1.16, the markers are used to extract the capacitance of the test
pad. The model we are assuming is a single lumped capacitor. The value
of this capacitance is read off the screen as 236 fF. This capacitance,
plus the impedance of the uniform part of the line, 49 Ohms, provides a
complete model for this transmission line structure.

24
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Figure 1.17: Using Markers to Extract the Excess Capacitance of the
SMA Launch

While we are at it, we can also extract the capacitance associated with
the pads used on the end of the transmission line for the SMA launch at
the beginning of the line. Using the markers in Figure 1.17, we get 84
fF of capacitance. It is clear that the TDR has a very high sensitivity for
extracting discontinuity values. On this scale, 84 fF of capacitance is a
very large and easily measurable effect.

25
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Figure 1.18: Using Markers to Extract the Excess Capacitance of
Two Corners

We can apply this technique to measure the capacitance associated with
a corner. Corners, or 90-degree bends on traces, have stimulated a lot
of discussion and concern over the years to signal integrity engineers.
Figure 1.18 shows a simple, uniform transmission line structure built as
a microstrip that has two small jags in it. Each jag is a combination of
two 90-degree bends.

On this scale of 10 mV/div, it is absolutely clear that a corner causes
an impedance discontinuity that is easily measured. On this scale, each
division is a reflection coefficient of 10 mV out of 200 mV incident
signal, or 5 percent. The two corners in each jag together create a
reflected signal on the order of 4 percent, so each corner creates about a
2 percent reflection at a rise time of 40 ps.

This is in a 50 Ohm line with a line width of about 60 mils. In many
analog radio frequency (RF) circuits where a flat response over a narrow
frequency range is important or a return loss below - 40 dB is sometimes
required, a corner can introduce big problems. Historically, many RF
and microwave circuits were built on thick ceramic substrates where line
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widths were 100 mils or wider. This would almost double the impact
from a corner. This is one of the reasons why corners have developed a
reputation as a potential problem and should be avoided.

Using the TDR measurement, we can build a model for a corner and use
this model in a system simulation to evaluate whether a corner might pose
a potential problem or can be ignored. Clearly, from the TDR response,
we can see that the impact of the two corners in this jag looks like the
response from a single lumped capacitor. Using the two markers, we can
measure the excess capacitance from the two corners as 107 fF. Since
this is from two corners, this corresponds to about 53 fF of capacitance
per corner. This value can be put into a circuit simulation tool such as
SPICE or ADS to simulate the impact from a 53 {F capacitor.

Itis also important to note that the amount of capacitance in a corner will
scale with the width of the line, for the same impedance traces. If a 60
mil wide line has a capacitance in one corner of roughly 60 fF, then a 5
mil wide line will have a capacitance of roughly 5 fF. This is a good rule
of thumb to remember: the capacitance of a corner is about 1 fF per mil
of line width for a 50 Ohm line.

Extracting a Model for Inductive Discontinuities

The second type of discontinuity is an inductive discontinuity. These
arise, for example, when the line width of a trace necks down, as when
passing through a via field; if the return path is disturbed, such as when
the trace crosses a gap; or when there is an engineering change wire. An
inductive discontinuity will look like a higher impedance and give a peak
reflection as the TDR response.
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Figure 1.19: Using Markers to Extract the Excess Inductance of a Short
Gap in the Return Path

Figure 1.19 is an example of the TDR response from a uniform
transmission line with a signal line that passes over a very short gap
in the return path. This commonly occurs when passing through a field
where the clearance or antipads are large enough or on tight enough
centers to overlap, inadvertently creating a gap.

The TDR response is a positive peak, just as we would expect from
a lumped inductor. We can position the markers on either side of the
discontinuity and read the lumped inductance right off the screen as 1.8
nH. For this gap, roughly 100 mils long, the loop inductance created is
about 1.8 nH.

If the gap length were increased, the inductive discontinuity created
would increase as well. Figure 1.20 is an example of the TDR response
from two return path gap structures. The smaller line trace is the response
described previously, from a 100 mil long gap. The inductance was about
1.8 nH.
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Figure 1.20: Using Markers to Extract the Excess Inductance of a Large
Gap in the Return Path

The longer trace in Figure 1.20 is the TDR response from a longer gap
of 500 mils. Using the markers, we can measure this lumped inductive
discontinuity as 6.3 nH. If we were concerned about the impact from
these features, we could easily use the model of the uniform transmission
line with these lumped series inductors in a circuit simulation to
determine if the additional noise or impact on timing was sufficient to
warrant attention.

Modeling Termination Resistors

It is not just interconnects that can be characterized and modeled with
a TDR. We can also use a one-port TDR to build a model for discrete
components such as termination resistors. Figure 1.21 is an example
of the TDR response from a 50 Ohm axial lead termination resistor
connected to the end of a 50 Ohm transmission line.
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Figure 1.21: Using Markers to Extract the Excess Inductance of an Axial
Lead Termination Resistor

On the left side of the peak is the transmission line going to the resistor,
which, on this scale of 50 Ohms per division, has an impedance of
about 50 Ohms. The resistor itself also has an impedance on the order
of 50 Ohms. This is seen on the right side of the peak. It is just that
it also seems to have some lumped inductance associated with it. This
series inductance arises from the long body of the resistor and the leads
connecting the signal to the return path.

Using the excess reactance function, we can read the excess lumped
inductance of this resistor by positioning the markers on either side of
the discontinuity and reading the series loop inductance off the screen as
about 4.8 nH. The equivalent circuit model we are assuming is a uniform
transmission line with an ideal 4.8 nH series inductor, followed by an
ideal resistor of 50 Ohms.

With a rise time of 40 ps, the signal sees a peak impedance of about 200
Ohms. This is the 150 Ohms discontinuity in addition to the 50 Ohms
of the line. Of course, as we saw earlier, the impedance a signal would
see when it interacts with this inductance will depend on the rise time of
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the signal. A longer rise time will see a lower impedance; however, the
excess inductance of this resistor will not change with the rise time. It is
only a function of the geometry of the device.

This is a huge amount of inductance and would probably limit the
operation of any circuit it was used in to rise times greater than about 1
ns. At 1 ns rise time, the roughly 5 nH inductance would create a noise
level of about 10 percent.

Of course, for high-speed circuits, axial lead resistors are out of
the question. Surface mount technology (SMT) resistors, which are
physically smaller and can be mounted with much less equivalent series
inductance, are required. Figure 1.22 is an example of an 0603 SMT
resistor soldered between the signal and return path on a signal integrity
test board, available from BeTheSignal.com. On the top side of the board
is an SMT SMA connector, which is connected to the TDR.

Figure 1.22: Using Markers to Extract the Excess Inductance of an SMT
Termination Resistor Mounted to the MCW620 Test Board
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The TDR response from this component is also shown in Figure 1.22,
using a scale of 10 Ohms per division, much more sensitive than for the
axial lead example.

On the left side of the peak is the transmission line and connector going
to the resistor, which has an impedance of about 50 Ohms. The resistor
also has an impedance on the order of 50 Ohms, within about 1 percent.
This is seen on the right side of the peak. The small peak is the reflection
from the series inductance arising from the resistor body, the surface
trace, and the vias going to the top layer. The design for the attach of this
particular SMT resistor has been optimized for low mounting inductance.

Using the marker function, we can read the excess lumped inductance
of this resistor as about 480 pH. This is about an order of magnitude
lower series loop inductance than an axial lead resistor and is typical
of what can be obtained with an optimized mounting design for a body
size of 0603. This applies to resistor components as well as capacitor
components.

With a rise time of 50 ps, it looks like it has a series impedance of about
11 Ohms. Of course, as we saw earlier, the impedance a signal would
see when it interacts with this inductance will depend on the rise time of
the signal. A shorter rise time will see a higher impedance. However, the
excess inductance of this resistor will not change with the rise time. It is
only a function of the geometry of the device.

Using the marker function to read the excess inductance off the
front screen assumes a simple model for the DUT. In the case of this
terminating resistor, we assume the model is a single, series lumped
inductor. The excess inductance we read off the screen is then the series
loop inductance of this resistor. However, we do not have any clear sense
from looking at the screen how high the bandwidth is for this simple
model, nor can we build more sophisticated models of components
easily from just the front screen. This is a case where switching to the
frequency domain can get us to the answer faster.

In TDR measurements, a time domain, fast-rising step edge is sent into
the DUT and the reflected signal measured. In addition, we can look at
the signal that is transmitted through the DUT. This is the time domain
transmitted signal, TDT.
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If we look at the signal incident into the DUT, it can be thought of as
being composed of a series of sine waves, each with a different frequency,
amplitude, and phase. Each sine wave component will interact with
the DUT independently. When a sine wave reflects from the DUT, the
amplitude and phase may change a different amount for each frequency.
This variation gives rise to the particular reflected pattern. Likewise, the
transmitted signal will have each incident frequency component with a
different amplitude and phase.

There is no difference in the information content between the time
domain view of the TDR or TDT signal, or the frequency domain view.
Using Fourier transform techniques, the time domain response can be
mathematically transformed into the frequency domain response and
back again without changing or losing any information. These two
domains tell the same story, they just emphasize different parts of the
story.

Figure 1.23: TDR and VNA Techniques

TDR measurements are more sensitive to the instantaneous impedance
profile of the interconnect, while frequency domain measurements are
more sensitive to the total input impedance looking into the DUT. To
distinguish these two domains, we also use different words to refer to
them. Time domain measurements are TDR and TDT responses, while
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frequency domain reflection and transmission responses are referred
to as S (scattering) parameters. S11 is the reflected signal, S21 is the
transmitted signal. They are also often called the return loss and the
insertion loss. This is illustrated in Figure 1.23.

Depending on the question asked, the answer may be obtained faster
from one domain or the other. If the question is, what is the characteristic
impedance of the uniform transmission line, the time domain display of
the information will get us the answer faster. If the question is what is the
bandwidth of the model, the frequency domain display of the information
will get us the answer faster.

In the DCA 86100C, the frequency domain response of the TDR or
TDT waveform can be instantly displayed by pulling down the S-Param
window, located in the upper right-hand corner of the screen.

Building a High-Bandwidth Model of a Component

To evaluate the bandwidth of the model for this SMT resistor, we can
bring the measured S11 data of the DUT into a simulation tool such
as Keysight’s ADS and perform more sophisticated modeling. The
corresponding frequency domain response is S11, the return loss. This is
one of the S-parameter matrix elements.

By selecting the S-param tab on the upper right corner of the screen,
we can bring down the converted time domain response as a frequency
domain response, S11. This is still the reflection coefficient, but now it is
displayed in the frequency domain and is related to reflections, not from
instantaneous impedances, but from the total, integrated impedance of
the entire DUT, looking into its input.
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Figure 1.24: Converted S11 of the SMT Termination Resistor

Displayed in Figure 1.24 is the measured S11 of this terminating resistor
component, up to about 10 GHz. At low frequency, the magnitude of S11
is very low; not much of the signal comes back because the impedance the
TDR sees is a pretty good match to 50 Ohms. As we go up in frequency,
the impedance of the terminating resistor increases due to the higher
impedance of the series inductance, causing more signal to reflect, which
we see as a decrease in the negative dB values.

We can save this data in a .s1p Touchstone formatted file and bring it into
ADS for further analysis.

ADS is a powerful analysis and modeling tool. In this example, we are
interested in how well this simple model of the SMT resistor, being a
series resistor and inductor, fits the actual, measured response and up to
what bandwidth it is accurate.
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Figure 1.25: ADS Model of Resistor and the Measured and Simulated
SParameters

In ADS, we build a circuit topology to match what we think this DUT
is. This simple circuit is shown in Figure 1.25. We start with an ideal,
lossless, uniform transmission line with an ideal resistor in series
with an ideal inductor, which terminate the end of the line. There are
four parameters that fully characterize this circuit—the characteristic
impedance and TD of the line, the resistance, and the inductance. We
just do not know what their parameter values are.

However, we can take advantage of the built-in, powerful optimization
features in ADS to find the best set of parameter values that gives the
closest agreement between the actual measured S11 values from the
TDR to the simulated S11 values of this circuit model. We perform the
optimization for the measured data at 4 GHz and below and find the best
set of parameter values is a characteristic impedance of 48.8 Ohms, a
time delay of 0.06 ns, a resistance of 48.5 Ohms, and an inductance of
0.489 nH.

Also shown in Figure 1.25 is the comparison of the measured return
loss, as red circles, and the simulated return loss, as solid lines, up to 15
GHz. We see that the simulated return loss of this simple model matches
the actual, measured return loss of the component very accurately up to
about 7 GHz. The bandwidth of this model is 7 GHz.
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We also find that the extracted value of the equivalent series inductance
of this SMT resistor is 0.489 nH. Using the markers on the screen, we
estimated it to be 0.481 nH. This estimate from the excess reactance
is within 2 percent of what we get using higher bandwidth modeling
techniques.

It is also important to note that the actual frequency values that are
measured by the TDR are rather sparse. In the time domain response,
the scale was 200 ps per division. This scale gave a comfortable time
resolution to see the inductive spike, using the 50 ps rise time. With 10
horizontal divisions full-scale, the entire time sweep was 2 ns. When
we convert this measured data from the time domain to the frequency
domain, the 2 ns window converts to a first harmonic frequency value
of 1/(2 ns) or 500 MHz. This is the step size used for all the frequency
values.

We see in the display of the measured data in Figure 1.25 that there is
a circle at every 500 MHz. This is the frequency resolution of the TDR.
If we wanted finer frequency resolution, we would have had to use a
longer time window and a larger number of picoseconds per division.
For example, if we use 1 ns per division for a total of 10 ns full scale, the
frequency resolution would have been 1/(10 ns) or 100 MHz.

Directly Emulating the Impact on a Signal with the System Rise
Time from a Discontinuity

A short discontinuity will look like either a lumped capacitor or inductor.
The impact on the reflected signal will depend on the rise time of the
incident signal. A shorter rise time will create a larger reflected signal.
This means that the instantaneous impedance of a discontinuity, as
measured off the screen of a TDR, is rise-time— dependent. It really does
not mean anything to describe the impedance of a discontinuity unless
we also specify at what rise time. Even then, we cannot do much with
this information.

One way of evaluating the impact of this discontinuity in a particular
application is to build a model for the structure, using excess reactance,
and bring it into a circuit simulator. We could then use the driver models
to simulate signals at the system’s rise time and calculate the amount of
reflection noise based on this interconnect model.
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Another way of evaluating the expected reflection noise is to use the TDR
to emulate the system rise time. After the TDR stimulus is calibrated, we
can change the rise time of the stimulus to match any rise time from
as low as 20 ps to well above 1 ns. We can then directly measure the
reflected noise for different rise times and measure the impact on the
signal a specific interconnect discontinuity would have.

In Figure 1.26 is an example of a uniform 50 Ohm transmission line that
has a region about 200 mils long that necks down. This is what typically
occurs when a line has to pass through a via field associated with a
connector footprint. The impedance of this line goes from 50 Ohms up
to about 70 Ohms and then back to 50 Ohms.

Figure 1.26: Emulating System Rise Time Responses for a 200 mil Long
Neck Down Region with RT = 40, 100, 200, and 500 ps

By changing the rise time of the stimulus, we can directly measure the
reflected noise at rise times of 40, 100, 200, and 500 ps. The vertical
scale is 10 mV/div. In the region of the discontinuity, the peak reflected
noise is about 37, 22, 11, and 5 mV, respectively.
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This is with an incident signal of 200 mV or a reflection coefficient of
18, 11, 5.5, and 2.5 percent. The decrease in reflected amplitude does not
scale directly with rise time because of the complication of the finite size
of the discontinuity and the rise time of the signal. This complexity is
automatically taken into account in the TDR measurement.

For example, if a 500 ps signal were to encounter this 200 mil long neck
down, it would see a reflection, but it would only be 2.5 percent, which
might be acceptable. This would demonstrate the advantage of necking
down the line to get through the via field is a reasonable compromise,
compared with possibly adding more layers in the board to keep the line
width uniform.

Alternatively, if the system rise time were 100 ps, we would see that the
reflection noise of 11 percent might exceed the typical 5 percent noise
budget allocated to refection noise, and it might not be acceptable to
neck down the trace, but may require a rerouting around the connector
field.

Using the built-in adjustment of the rise time of the stimulus, we can
emulate the actual system’s rise time for a specific application and directly
measure the performance of an interconnect in the specific application
without having to first build a model and run a simulation. This can save
a lot of time and help us to get to an acceptable answer faster.

1.3  Two-Port TDR/TDT

Overview

As seen in the previous section, a TDR generates a stimulus source that
interacts with an interconnect. With one port, we were able to measure
the response from one connection to the interconnect. This limited us to
just looking at the signal that reflects right back into the source. From
this type of measurement, we got information about the impedance
profile and properties of the interconnect and extracted parameter values
for uniform transmission lines, with discrete discontinuities.

By adding a second port to the TDR, we can dramatically expand the sort

of measurements possible and the information we can extract about an
interconnect. There are three important new measurements that can be
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performed with an additional port: the transmitted signal, coupled noise,
and the differential or common signal response of a differential pair. The
most important applications that can be addressed with these techniques
and examples of each are illustrated in this chapter.

Introduction to TDR/TDT

When the second port is connected to the far end of the same transmission
line and is a receiver, we call this TDT. A schematic of this configuration
is shown in Figure 1.27. The combination of measuring the TDR response
and TDT response of an interconnect allows accurate characterization of
the impedance profile of the interconnect, the speed of the signal, the
attenuation of the signal, the dielectric constant, the dissipation factor of
the laminate material, and the bandwidth of the interconnect.

Figure 1.27: Configuration for TDR/TDT Measurements

The TDR can be set up for TDR/TDT operation by selecting TDR Setup,
choosing Single Ended Stimulus Mode, selecting Change DUT Type and
choosing a 2-port DUT. You can assign any available channel to Port 2
or click Auto-Connect. This is shown in Figure 1.28.
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Figure 1.28: TDR Setup Screen for TDR/TDT Operation

Measuring Insertion Loss and Return Loss

In the simplest application, the ports of the TDR are connected to each
end of the single-ended transmission line. Port 1 is the TDR response
we are familiar with, while channel 2 is the transmitted signal. In the
TDR response of a uniform, eight-inch microstrip transmission line, as
shown in Figure 1.29, the end of the line is seen as having an impedance
of 50 Ohms. This is the cable connected to the end of the DUT, and then
ultimately, the source termination inside the TDR’s second channel.
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Figure 1.29: Example of TDR/TDT Response from Eight-Inch-Long
Microstrip Transmission Line on 20 mV/div and 500 ps/div Scales

The time base in this application is 500 ps/div, with the vertical scale
at 20 mV/div. The marker is being used to extract the impedance of the
line as 47.4 Ohms. Note that the top trace, the signal transmitted through
the interconnect, on 100 mV/div scale, shows the signal coming out
exactly halfway between the time the signal goes into the front of the
line, reflects off the back end, and is received at the source.

The TDR signal looks at the round-trip time of the flight down the
interconnect then back to the front, while the TDT signal sees the one-
way path through the interconnect. In the time domain display, we can
see the impedance discontinuities of the SMA launches on the two ends
of the line, and see that the line is not a perfectly uniform transmission
line. On this scale of 20 mV/div or a reflection coefficient of 10 percent/
div, the variation in impedance is about 1 Ohm down the line.

The transmitted signal is a relatively fast edge, but it is difficult to get
much information off the screen from this received signal.
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Though we could measure the 10/90 or 20/80 rise time directly off the
screen, it is not clear what we would do with this information, as the
interconnect distorts the edge into a not really Gaussian edge. This is a
case where we can take the same information content but change how it
is displayed to interpret it more quickly and easily.

Figure 1.30 shows the same measured response as shown in the time
domain, but now transformed into the frequency domain. This screen is
accessed by clicking on the S-Param tab in the upper right-hand corner
of the TDR response screen. In the frequency domain, we call the TDR
signal S11 and the TDT signal S21. These are two of the S-parameters
that describe scattered waveforms in the frequency domain. S11 is also
called return loss and S21 is called insertion loss. The vertical scale is the
magnitude of the Sparameter, in dB.

Figure 1.30: TDR/TDT Response Converted into Frequency Domain:
Return Loss/Insertion Loss

The top trace is the insertion loss for a reference thru. Of course, if we
have a perfect thru, every frequency component will be transmitted with
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no attenuation, and the amplitude of the received signal is the same as the
incident signal. The magnitude of the insertion loss is always 1, and in
dB, is 0 dB. This is flat across the entire 20 GHz frequency range.

The return loss of DUT trace, starting at about -30 dB at low frequency, is
the return loss for this same transmission line, which is really S11 in the
frequency domain. The insertion loss of DUT trace is the insertion loss of
this transmission line, or S21. On this display, we are only showing the
magnitude of the S-parameters; the phase information is there, it is just
less important to display.

The return loss starts at relatively low values, near —30 dB, and then
creeps up, eventually reaching the —10 dB range, above about 12 GHz.
This is a measure of the impedance mismatch of this transmission line
and the 50 Ohm connections on either end.

The insertion loss has immediately useful information. In a highspeed
serial link, the transmitters and receivers work together to enable
high-bit-rate signals to be transmitted and then received. In simple
CMOS drivers, an insertion loss of —3 dB might be acceptable, before
a significant bit-error rate. With simple serializer/deserializer (SerDes)
chips, an insertion loss of -10 dB might be acceptable, while for state-of-
the-art, high-end SerDes chips, -20 dB might be acceptable. If we know
the acceptable insertion loss for a particular SerDes technology, we can
directly measure off the screen the maximum bit rate an interconnect is
capable of.

As a rough rule of thumb, if the bit rate in Gbps is BR and the bandwidth
of the signal is BW, the highest sine wave frequency component is
roughly BW = 0.5 x BR, or BR =2 x BW. The BW is defined by the
highest frequency signal that can be transmitted through the interconnect
and still have less attenuation than the SerDes can compensate for. Using
low-end SerDes, the acceptable insertion loss might be —10 dB, and
the bandwidth for this eight inch long microstrip, we can read right off
the screen in Figure 1.30, would be about 12 GHz. This would allow
operation well above 20 Gbps bit rates. But, this is for a wide conductor,
only eight inches long. In a longer backplane or motherboard with
connectors, daughtercards, and vias, the transmission properties are not
as clean.
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Figure 1.31: Return and Insertion Loss of a 24-Inch Interconnect on a
Motherboard with Two Daughtercards

The TDR/TDT response of a 24-inch-long stripline interconnect in a
typical motherboard is shown in Figure 1.31. In this example, an SMA
launch connects the TDR cable to a small card, through a connector, a
via field, back through a connector, and into the second channel of the
TDR.

The insertion loss of DUT trace is the insertion loss displayed as S21.
For this interconnect, the -10 dB insertion loss bandwidth is 2.7 GHz.
For this interconnect, the maximum transmitted bit rate would be about
5 Gbps, using low-end SerDes drivers and receivers.

Interconnect Modeling to Extract Interconnect Properties

The ability to take the measured data and display it as either time domain
responses or frequency domain responses means we can easily extract
more information than if we were limited to just one domain. Further, by
exporting the frequency domain insertion and return loss measurements
as a Touchstone formatted file, we can use sophisticated modeling tools
such as Keysight’s ADS to extract more information than we could get
off the screen.
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In this example, we will look at the uniform, eight-inch-long microstrip
and how we can use modeling and simulation tools to extract material
properties. The simplest model to describe this physical interconnect is
an ideal transmission line. We can use the built-in multilayer interconnect
library (MIL) of ADS to build a physical model of this very microstrip,
with the material properties parameterized, and extract their values from
the measurement.

Figure 1.32: ADS Modeling of a Uniform Eight-Inch-Long Microstrip
Showing the Bandwidth of the Simple Model to be ~12 GHz

Figure 1.32 shows the simplest model to describe this transmission
line, as a single trace on a substrate, with a length of eight inches, a
dielectric thickness of 60 mils, and a line width of 125 mils. These are
parameters measured directly from the physical interconnect. What we
do not know initially are the laminate’s bulk dielectric constant and its
bulk dissipation factor. However, we have the measured insertion loss.
Figure 1.32 displays the measured insertion loss of the interconnect as
red circles. This is exactly the same data as displayed previously, from
the screen of the TDR. The phase response is also used in the analysis, it
is just not displayed in this figure.

Given this simple model, with the two unknown parameters, the
dielectric constant, and dissipation factor, we use the built-in optimizer
in ADS to search all parameter space for the best-fit values of these two
terms to match the measured insertion loss response to the simulated
insertion loss response. The diagonal line in Figure 1.32 is the final value
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of the simulated insertion loss using a value of 4.43 as the dielectric
constant and 0.025 as the dissipation factor. We can see from this display,
the agreement between the measured and simulated insertion loss is
excellent, up to about 12 GHz. This is the bandwidth of the model. There
is even better agreement in the phase not shown in this figure.

By building a simple model, fitting parameter values to the model, and
taking advantage of the built-in 2D boundary element field solver and
optimization tools of ADS, we are able to extract very accurate values for
the material properties of the laminate from the TDR/TDT measurements.
We are also able to convince ourselves that, in fact, this interconnect is
very well behaved. There are no unusual, unexplained properties of this
transmission line. There are no surprises, at least up to 12 GHz.

Identifying Design Features That Contribute to Excessive Loss
Being able to quickly and easily bring measured TDR/TDT data from
the TDR instrument directly into a modeling tool can sometimes cut the
debug time from days to minutes by helping us unravel the root cause
of surprising or anomalous behavior. Figure 1.33 is an example of the
measured TDT response from three structures. The top horizontal line is
the insertion loss measured from a reference thru, showing the very flat
response when the interconnect is basically transparent. This is a direct
measurement of the capabilities of the instrument.
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Figure 1.33: Measured Insertion Loss of a Reference through a Uniform
Line (DUT-1) and a Uniform Line That Is Part of a Differentiated Pair
(DUT-2)

The second line from the top is the insertion loss of the eight-inch, single-
ended microstrip we saw before. The third line is the measured insertion
loss of another nine-inch-long, uniform microstrip transmission line.
However, this transmission line has a very large dip in the insertion loss
at about 6 GHz. This dip would dramatically limit the usable bandwidth
of this interconnect. The - 10 dB bandwidth of the first transmission
line is about 12 GHz, while the -10 dB bandwidth of the second line is
about 4 GHz. This is a reduction of a factor of three in usable bandwidth.
Understanding the origin of this dip would be the first step in optimizing
the design of the interconnect. What could cause this very large dip?

In this second transmission line, there are no vias. It is a uniform
microstrip. The SMA launch is identical as in the first transmission line. It
happens that, though this is a single-ended measurement, there is another
transmission line physically adjacent and parallel to this measured
transmission line, with a spacing about equal to the line width. However,
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this adjacent line is also terminated with 50 Ohm resistors on its ends.
Is it possible that the proximity of this other trace could somehow cause
this large dip? If so, what feature of this other line influences the dip
frequency?

One way we can answer this question is by building a parameterized
model for the physical structure of the two coupled lines, verifying that
its simulated insertion loss matches the measured insertion loss, and then
tweaking terms in the model to explore design space.

Figure 1.34: ADS Model of the Nine-Inch-Long Trace, Modeling the
Coupling to the Adjacent Quiet Line, Showing the Bandwidth of the Model
to be ~8 GHz

Figure 1.34 shows the simple model of two coupled transmission
lines using the MIL structures in ADS. All the physical and material
properties are parameterized so that we can vary them later. We assume a
simple model of two uniform, equal width lines, with a spacing, length,
dielectric thickness, dielectric constant, and dissipation factor. We use
all the geometry terms as measured with a micrometer from the structure
and use the same dielectric constant and dissipation factor as measured
from the uniform transmission line.

The integrated 2D field solver in ADS will automatically take these
geometry values and calculate the complex impedance and transmission
properties of the line and simulate the frequency domain insertion and
return loss performance, configured exactly as in the actual measurement.
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We bring the measured insertion loss data in Touchstone format from the
TDR into ADS and compare the measured response and the simulated
response. Shown in Figure 1.34 is the magnitude of the insertion loss in
dB and the phase of the insertion loss. The red circles are the measured
data, same as that displayed on the screen of the TDR instrument. The
lines are the simulated response based on this simple model, with no
parameter fitting.

The agreement is astonishingly good up to about 8 GHz. This indicates
there is nothing anomalous going on. There is nothing that is not expected
from the normal behavior of two coupled, lossy lines. In this case, the
second line, which is not being driven, is terminated by 50 Ohm resistors
at the ends. The model is set up to match this same behavior. That we see
this anomalous dip in the insertion loss in a single line when it is part of
a pair of lines, but not when a similar line is isolated, and that we confirm
this with the field solver, suggests there is something about the proximity
of the adjacent line that causes this dip.

The effect that gives rise to this disastrous behavior is not anomalous,
it is just very subtle. We could spend weeks spinning new boards to test
for one effect after another, searching for the knob that influences this
behavior. For example, we could vary the coupled length, line width,
spacing, dielectric thickness, and even dielectric constant and dissipation
factor, looking for what influences the resonance frequency. Or we
could perform these same experiments as virtual experiments using a
simulation tool such as ADS. It is only after we have confidence the tool
accurately predicts this behavior that we can use it to explore design
space.
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Figure 1.35: Changing Separation between the Two Transmission Lines
Showing the Impact on the Insertion Loss Dip

One obvious virtual experiment to try is varying the line spacing. What
happens to the resonant absorption dip in the insertion loss of one line as
the traces are moved closer or farther apart? Figure 1.35 is the simulated
insertion loss of one line in the simple twocoupled line model, when we
use separations of 50, 75, 100, 125, and 150 mils. The red circles are
the measured insertion loss for the single-ended trace. Each line is the
simulated response of the insertion loss with a different separation. The
trace with the lowest frequency resonance has a separation of 50 mil,
followed by 75 mil, and finally 150 mil.

As the separation distance increases, the resonance frequency increases.
This is almost counter-intuitive. Most resonance effects decrease in
frequency as a dimension is increased. Yet, in this effect, the resonance
frequency increases, as the dimension—the spacing—increases. If we
did not have the confirmation of the very close agreement between the
simulation and measurement in the previous figure, we would possibly
begin to doubt the results from the simulation.

The explanation of the dip is clearly not a resonant effect. Its origin is
very subtle, but is intimately related to far-end crosstalk. In the frequency
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domain, when the sine wave enters the front of the first line, it will couple
into the second line. As it propagates along, there is a frequency where
all of the energy couples from the first line into the adjacent line, leaving
none in the first line, and hence, the large dip.

As we increase frequency more, the energy will couple back to the first
line. This process will repeat. This is a fundamental property of modes
and tightly coupled systems. It is ultimately related to the fact that the two
modes, which propagate down the pair of lines, the odd and even modes,
travel at different speeds in microstrip. If this were the true explanation,
and if the two coupled lines were constructed in stripline, where the even
and odd modes travel at the same speed, there would be no dip.

Also shown in Figure 1.35 is the simulated insertion loss of a single
stripline transmission line, with the same line width, having an adjacent,
terminated trace with a spacing of 115 mils. There is no dip at 6 GHz and
the insertion loss is smoothly decreasing with frequency, all due to the
dielectric loss of the laminate.

This suggests an important design rule: To get the absolute highest
bandwidth in a single-ended transmission line, you want to avoid having
a closely spaced adjacent line, however terminated it may be.

14 Two-Port TDR/Crosstalk

Overview

So far, we have evaluated the electrical performance of single
transmission lines. When an adjacent transmission line is present, some
of the energy from one line can couple into the second line, creating
noise in the second line. To distinguish the two lines, we sometimes call
the driven line the active line or the aggressor line. The second line is
called the quiet line or victim line. This is illustrated in Figure 1.36.

One end of the active line is driven by the TDR stimulus. We get the TDR

response of the active line for free. If we connect the second port to the far
end of the active line, we can measure the TDT response. If we connect
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the second port to the end of the quiet line adjacent to the stimulus, we
can measure the noise induced on the quiet line. To distinguish the two
ends of the quiet line, we refer to the end near the stimulus as the near
end, and the end far from the stimulus as the far end.

The ratio of the voltage noise measured on the near end of the quiet line
to the incident stimulus voltage going into the active line is defined as
the near-end crosstalk (NEXT). The ratio of the farend voltage noise on
the quiet line to the incident stimulus voltage going into the active line is
defined as the far-end crosstalk (FEXT). These two terms are figures of
merit in describing the amount of crosstalk between two parallel, uniform
transmission lines. They can be measured directly by a two-port TDR.

Figure 1.36: Configuration for Two-Port TDR Measurements

Measuring NEXT

As a simple example, the NEXT in a pair of tightly coupled microstrips
was measured and is displayed in Figure 1.37. These are two, roughly 50
Ohm microstrips, nine inches long, with a spacing about equal to their
line widths. The bottom line is the measured TDR response of one line
in the pair. The vertical scale is 5 Ohms per division. The large peak on
the left edge of the trace is the high impedance of the SMA edge launch,
while the far end shows a smaller discontinuity at the launch.
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Figure 1.37: Measurement of the NEXT on a Quiet Line Using the
Marker

The top trace is the measured voltage picked up on the near end, while
the far end is terminated into 50 Ohms. We can use the markers to read
the near-end noise directly from the screen as 5.22 mV. This is with an
incident signal going into the active line of 200 mV. The NEXT is 5.22
mV/200 mV = 2.6 percent. It turns on with the rise time of the signal
and lasts for the same amount of time as the TDR response, a round-trip
time of flight.

Measuring FEXT

By connecting the second channel of the TDR to the far end of the
quiet line, the far-end noise can be measured. At the same time, a 50
Ohm terminating resistor is added to the near end of the quiet line. The
measured far-end and near-end noise on the quiet line is shown in Figure
1.38. Both are on the same scale of 20 mV/div. This corresponds to 10
percent crosstalk per division. The white line is the near-end noise, while
the bottom line is the measured far-end noise.
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Figure 1.38: Measuring the NEXT and FEXT with the Second Channel
inthe TDR

In this example, while the NEXT is only 2.6 percent, the FEXT is seen
to be about 30 percent, a huge amount. It appears to be coming out of the
quiet line at a time equal to half the round-trip time of flight, which is the
one-way time of flight, the time it takes the signal to propagate from the
input to the output.

The width of the far-end noise is the rise time of the signal. In fact, the
shape of the far-end noise is roughly the derivative of the rising edge of
the signal.

These values of NEXT and FEXT are defined for the special case of all
ends of the two lines terminated, so there are no reflections of the signals
or noise. Normally, performing these measurements of NEXT and FEXT
requires connecting and disconnecting the second port of the TDR to
each of the two ends of the quiet line, while connecting a termination
to the unused end. By taking advantage of reflections, we can actually
perform both measurements of near- and far-end noise from one end
only. We just need to understand that changing the terminations will
change the noise voltages picked up.
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Emulating FEXT for Different System Rise Times

If we measure the noise voltage coming out of the near end, we will
obviously pick up the near-end voltage. However, if we keep the far end
of the quiet line open terminated, the far-end noise propagating down the
quiet line to the far end will reflect at the open and head back to the near
end, where it can be measured from the near-end side of the quiet line.

In addition, if we keep the far end of the active line open terminated,
the signal will also reflect. As it heads back down to the source end of
the active line, it will be generating additional far-end noise in the quiet
line, but it will be heading in the direction back to the near end. This will
increase the amount of far-end noise picked up in the quiet line, at the
near end.

Figure 1.39: Emulating the FEXT with Different System Rise-Time
Responses with RT= 100, 200, 500 ps and 1 ns

In Figure 1.39 is the measured noise at the near end of the quiet line,

showing the initial near-end noise, followed, one round-trip time of flight
later, with the reflected far-end noise.
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The signature of the far-end noise is the derivative of the rising edge of
the signal. This means that as the rise time changes, the peak value of the
far-end noise will change. However, the area under the curve of the far-
end noise will always be constant, as long as the signal voltage transition
levels are the same.

In Figure 1.39 is an example of the combination of near- and farend
noise, measured at the near end, as we change the rise time of the signal.
We see two important features. The magnitude of the near-end noise
is independent of the rise time. Second, the peak value of the far-end
noise decreases as the rise time increases, but the area under the far-end
noise voltage is constant. As the rise time decreases, the peak decreases,
but the far-end noise spreads out, since the derivative of the rising edge
spreads out with longer rise time.

Understanding the impact of terminations on the measured noise at one
end or the other of a quiet line can often help resolve the interpretation
of the noise picked up.

Identifying Design Features That Contribute to NEXT

For this example, we will look at the measured noise between two
parallel interconnects in a motherboard with two plug-in cards. In this
case, the lines are stripline, but the dielectric distribution is not uniform,
so there will be some far-end noise. The total parallel run length is about
24 inches, including the path on the motherboard. The TDR response of
one of the single-ended lines is shown in

Figure 1.40. The scale is 10 Ohms/div. We see the very first peak at the
SMA launch. The constant impedance region, with an impedance value
we can read off the first, solid marker as 56.8 Ohms, is the interconnect
on the daughtercard.
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Figure 1.40: Measured TDR Response of 24-Inch-Long Trace in a
Motherboard Using Markers to Measure the Impedance in the
Daughtercard and Motherboard

The first dip is the via field on the daughtercard where the connector
is. This short uniform region is inside the connector, followed by the
second dip of the via field in the motherboard. The long region of
uniform impedance, with a value read from the second, dashed marker,
about 59 Ohms, is the interconnect in the motherboard. At the end of
the motherboard trace is the second daughtercard. Because of the lossy
interconnects, the initial rise time of the TDR stimulus has increased by
the time it gets to the far end of the active line, and the spatial resolution
has decreased.

This incident signal from the TDR will be used as the active signal, while
we measure the near- and far-end noise on the adjacent quiet line.

The near-end noise on the quiet line is shown in Figure 1.41 as the
NEXT trace, on a scale of 10 mV/div. This is with a signal magnitude of
200 mV, so the scale is really 5 percent per division. We see that in this
case, the near-end noise has a peak of about 11 percent. With a typical
crosstalk noise allocation in the noise budget of about 5 percent, the 11
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percent near-end noise can be considered a lot. In order to even consider
how to reduce it, the first step is to identify where it is coming from.

Figure 1.41: Measured NEXT and FEXT in a 24-Inch-Long Trace on a
Motherboard with All Ends Terminated

By comparing the location of the near-end noise with the TDR response,
we can quickly identify where in the interconnect path this noise is
created. As the active signal propagates down the active line, the TDR
response picks up reflections from impedance changes. The time at
which these reflections are picked up at the near end of the active line is
the round-trip time from the source to the discontinuity.

Likewise, the time value when we pick up the near-end noise at the near
end of the quiet line corresponds to the time it takes for the signal to hit
that region of the interconnect, plus the time it takes for the generated
noise to propagate back to the near end of the quiet line. This is the round-
trip time of flight. This means that by comparing the time response of
the near-end noise to the TDR response, we can identify which specific
interconnect features in the active line might have generated the near-end
noise.
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Looking at the NEXT line in Figure 1.41 and comparing it to the TDR
response line of the TDR response, we can see that the near end noise in
the daughtercard trace is small, only about 4 percent. The very large peak
corresponds to the connector between the daughtercard and motherboard.
We see the double peak corresponding to the via field in the two boards,
and a large contribution from the connector itself.

The near-end noise from the traces in the motherboard is also high, on
the order of 5 percent, followed by a peak in near-end noise from the
connector on the other end of the interconnect. This says, to minimize
the near-end noise in this motherboard application, the place to look
is in the design or selection of the connector. For single-ended signal
applications, we would want to use a connector with lower coupling than
this particular one. The coupling between signal lines in the motherboard
interconnects is high but probably would meet a typical noise budget.

Also shown, as the FEXT line in Figure 1.41, is the measured farend
noise on the quiet line. We see on this scale, the far-end noise is only
about 4 percent. Even though the interconnects are stripline, any
inhomogeneities in the dielectric distribution will generate far-end noise.
This is low enough to not really cause a problem.

Exploring the Impact of Terminations on NEXT and FEXT

Given these noise levels on the quiet line when all the ends of the lines
are terminated, we can also evaluate what would be the impact if the ends
were not terminated, as would be the case if the receivers were tri-stated.
Because of the high impedance, any voltages hitting these open ends
will reflect. There is one situation in particular that can cause significant
problems.

If the far end of the active line is tri-stated and open and the far end of
the quiet line is a receiver, while the near end of the quiet line is tri-stated
and open, as illustrated in Figure 1.42, the noise picked up at the far
end of the quiet line can exceed 15 percent, a very large amount. In this
configuration, the signal propagating down the active line will generate
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near-end noise in the quiet line, which will propagate back to the source
end of the quiet line. But, if this end of the quiet line is tri-state and open,
the near-end noise will be reflected and head back to the far end of the
quiet line.

Figure 1.42: Measured Crosstalk in Quiet Line with Worst-Case
Termination

The front edge of the reflected, near-end noise will be coincident with the
front edge of the signal heading down to the receiver on the active line.
When this signal hits the far end of the active line and the receiver there
is still tri-stated, the signal will see an open and reflect. This reflected
signal will be heading back to the driver and generate in the quiet-line,
near-end noise that is heading to the far-end receiver.

The near-end noise generated on the quiet line that reflected hits the far
end of the quiet line at the same time the active signal hits the far end and
reflects, generating another round of near-end noise. This means there
will be almost twice the near-end noise picked up by the receiver on the
far end of the quiet line.
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In Figure 1.42, the measured at far end (port 2) line is the measured
noise picked up on the far end of the quiet line when the far end of the
active line is open and the near end of the quiet line is open. This is a
noise value with a peak of 15 percent. It is not the 20 percent double of
the NEXT, mostly because of the smearing out of the near-end noise
across the short length of the connector, compared to the rise time of the
signal.

This example points out that the actual measured noise is related to
not just the coupling between the lines, but also to how the ends of the
lines are terminated. When measuring crosstalk, care should be taken to
consider the termination configuration for worst-case coupling.

Measuring Ground Bounce

Crosstalk is created by capacitive and inductive coupling. In uniform,
adjacent transmission lines, the capacitive and inductive coupling is
uniformly distributed along their length. In addition, coupling can be
localized. In particular, any discontinuities in the return path under signal
conductors can dramatically increase the inductive coupling. We call the
noise generated by inductive coupling switching noise. A special case of
switching noise is when the return currents of multiple signal paths share
the same return paths. We call the noise generated in this case ground
bounce.

Ground bounce occurs mostly in connectors and packages, where multiple
signal lines typically share the same return pin. Ground bounce can also
occur in board-level interconnects if there are any discontinuities in the
return path that force return currents to overlap. This happens if there is a
gap in the return plane and return currents are confined to narrow paths.

Figure 1.43 is an example of two gaps in the return path underneath
two coupled microstrip lines in FR4. Each transmission line is about 50
Ohms, and the spacing is about equal to the line width. The dark color
adjacent to the copper traces is the circuit board color when there is a
solid ground plane underneath. In the two regions marked by arrows, the
copper plane has been removed, making the area light in color.
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Figure 1.43: Tightly Coupled Pair of Transmission Lines with Small Gaps
in the Return Path That Will Generate Ground Bounce

In this configuration, the near-end noise is about 2.5 percent, an
acceptable level in most applications. However, where the gap is under
the traces, the return currents will have to meander around the gap. This
will increase the loop inductance in this section of the transmission line
and increase the mutual inductance between the two lines. The noise
generated on the quiet line due to the higher mutual inductance in this
region is called ground bounce and can be measured at the near end of
the quiet line.

One of the lines in the pair is used as the aggressor. The TDR response
of this line is shown in Figure 1.44. We see an initial peak from the SMA
launch, another reflection peak from the first gap, a uniform region, then
another peak from the second gap, a uniform region, and then the open
at the far end.
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Figure 1.44: TDR of a Single-Ended Transmission Line Crossing Gaps in
the Return Path, Showing the Inductive Discontinuities

Identifying Design Features That Contribute to Ground Bounce
While the signal is propagating down the active line, noise is being
generated on the quiet line from the capacitive and inductive coupling.
In Figure 1.45, we show the measured noise on the near end of the quiet
line, with the far end of the quiet line open terminated. The near-end
noise is on a scale of 20 mV/div or 10 percent noise per division.
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Figure 1.45: Measured Ground Bounce on the Quiet Line from Gaps in the
Return Path

Initially, the small near-end noise of roughly 2.5 percent is from the
uniform section of the transmission lines. The first peak in the near-end
noise of roughly 11 percent is due to the small gap in the return path.
This is a direct measure of the ground bounce voltage generated across
the gap that is picked up in the adjacent, quiet line.

On the other side of this gap is the 2.5 percent near-end noise from the
uniform region, followed by another 11 percent of near-end noise from
the second gap. Then comes the near-end noise from the uniform section
and finally, we see the reflected far-end noise at the end of the quiet line.
The ground bounce also contributes to an increase in the far-end noise.

Emulating Ground Bounce Noise for Different System Rise Times

All switching noise is generated because of a switching current through
some mutual inductance. The peak value of the switching noise is related
to the mutual inductance times the dl/dt. This magnitude will depend on
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the rise time of the signal. If we can slow the edge down, we can reduce
the magnitude of the switching noise. If the rise time can be increased
enough using slew rate control in the driver and not impact timing, the
switching noise might be reduced below a problem level.

Using the rise time control feature of the DCA 86100C, we can change
the rise time of the stimulus and measure the resulting ground bounce
when the rise time is longer. Figure 1.46 shows the TDR and near-end
crosstalk response for these two coupled lines with the two gaps in the
return path. The bottom line details the response we saw before, with a
rise time of 100 ps. The top trace details it for a rise time of 500 ps, while
the near end noise trace shows the noise measured on the near end with
a rise time of 500 ps.

Figure 1.46: Emulating Impact of Rise Time on the Ground Bounce Noise
in a Pair of Coupled Lines with a Rise Time of 500 ps

We see that in each case, the magnitude of the noise peak has been

dramatically reduced. The ground bounce has been spread out over a
larger area, to a level that could be perfectly acceptable. The far-end
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noise has been significantly reduced by the increase in system rise time
but is still large, approximately 15 percent. However, we are measuring
the far-end noise from the near-end side. In this configuration, the
magnitude of the measured far-end noise is actually twice what would
appear at the far end if there were a receiver present, so in fact, the far-
end noise may also be acceptable with a 500 ps rise time. If we know
the final application system’s rise time, we could emulate the system’s
signal and empirically determine if the switching noise generated in the
interconnect was acceptable or if it had to be reduced.

In the previous example, the gap in the return path was very slight, and
the ground bounce noise generated was small. We could probably find
this level of ground bounce acceptable. But often, the gap in the return
path is large. In the next example, the gap has been increased to be a
large, wide slot. Figure 1.47 shows the top view of a pair of 50 Ohm
microstrip transmission lines with a solid plane as the dark tan region. In
the middle of the board, the copper return plane has been removed in a
region about an inch long and an inch wide. The region with no copper
plane is the top line.

Figure 1.47: Measured TDR Response of a Single Line Crossing a Large
Gap in the Return Path and the Ground Bounce Noise in the Quiet Line
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The TDR stimulus launches into one of the lines and the second channel
is used to measure the noise on the near end of the trace. The two far ends
of the transmission lines are left terminated in an open. As the TDR signal
propagates down the line, it is sensitive to impedance discontinuities.
The top trace on a 50 mV/div scale in Figure 1.47, shows the small
inductive peak at the beginning of the line from the SMA launch. The
very large peak midway down the line is from the gap in the return path.
The gap dramatically increases the loop inductance of the signal path, as
the return current must make a large detour around the gap to reach the
source. This extra path length increases the series loop inductance of the
signal path. Just before the reflected voltage settles down, the open end
of the line is reached.

At the same time the TDR stimulus is propagating down the active line,
the second channel is measuring the near-end noise on the quiet line, the
bottom trace, also on a 50 mV/div scale. We see the very slight near-end
noise initially due to the tight coupling between the uniform transmission
line segments. On this scale it is barely at the detectable level. However,
as soon as the TDR signal hits the inductive discontinuity and generates
the ground bounce voltage across the two regions of the circuit board,
this voltage is picked up in the quiet line. In fact, we see that the ground
bounce voltage in the quiet line is just about the same magnitude as the
reflected voltage in the active line. All the reflected voltage was really
ground bounce voltage, shared by the quiet line.

This amount of noise in the quiet line, about 75 mV out of 200 mV, or
37 percent of the incident signal, is far higher than any reasonable noise
budget and would be a disaster. In fact, every trace in a bus that shared
this return path, meandering around the gap, would see the same ground
bounce. The more lines that switched simultaneously, the more dl/dt
ground bounce would be generated, and the larger the switching noise
would be on the quiet lines.

One way to identify switching noise is to look for narrow, isolated regions
where the near-end noise dramatically increases. The TDR response of
the active line can be used to guide us to the physical location where the
near-end noise is being generated.

While increasing the rise time will decrease the magnitude of the
switching noise, sometimes it can still be too large. Figure 1.48 is an
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example of comparing a 100 ps rise time and a 1 ns rise time as the
system rise time for this large gap.

Figure 1.48: Emulating Ground Bounce Noise from Large Gap at Rise
Times of 100 ps and 1 ns

Though the ground bounce voltage does decrease a little when we
increase the rise time by an order of magnitude, the amount of ground
bounce is still too large. This is an example of using the TDR to emulate
the system rise time and evaluate the impact of a discontinuity on the
amount of crosstalk generated. This suggests that no amount of slew
rate control would have a hope of getting around this problem. Instead,
it would be necessary to identify the source of the ground bounce and
either remove the gap or route the signals around the gap, rather than
letting them cross it.

1.5 Two-Port Differential TDR (DTDR)

Overview
Previously, we explored two single-ended lines with coupling. Each line
had its properties of an impedance profile and TD and there was near-
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and far-end noise on one line from the signal on the other line. This is
one way of describing these two individual lines.

An equivalent way of describing these same two lines is as a single
differential pair. Two types of signals can propagate on a differential
pair: a differential signal and a common signal. In a differential signal,
the voltage on one line is the negative of the other. The differential signal
component on a differential pair is the difference in voltage between
the two lines. This means in a differential signal, the voltage on one
line, measured with respect to the return plane, is the negative of the
other. Most high-speed serial links use a differential signal to transmit
information. Because of the nature of the receivers, a differential signal
can have much better signal-to-noise ratio and noise immunity than a
single-ended signal.

The common signal component is the average of the two signals on
each line of a differential pair. This means a common signal is really a
measure of how much voltage the lines in a pair have in common. While
a common signal is rarely used to carry information, it can sometimes
cause complications if it becomes so large as to saturate the differential
receivers or if it gets out of the product on external cables, as it would
contribute to electromagnetic interference (EMI).

When a differential signal propagates on an interconnect, it drives the odd
mode of the differential pair and the differential signal sees the differential
impedance of the interconnect. When the common signal propagates on
an interconnect, it drives the even mode of the differential pair and the
common signal sees the common impedance of the differential pair.

To characterize a differential pair, the TDR must drive either a differential
signal or a common signal, and measure the response as the reflected
differential signal or common signal. This requires two channels to be
connected to the same end of the differential pair and have the equivalent
of two simultaneous stimuli—either launching a differential signal or
launching a common signal into the DUT. This is done with a differential
TDR (DTDR).
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When set for differential stimulus, as shown in Figure 1.49, the stimulus
from the two channels is exactly opposite, while, when it is set for
common stimulus, the output voltages are exactly the same.

Figure 1.49: Configuration for Differential Pair Characterization

In application, the DTDR is set up for one operating mode or the other.
To adjust the DTDR for the differential stimulus operating mode, the
TDR setup window is opened by clicking TDR Setup and then select
Differential for TDR Stimulus Mode.
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Figure 1.50: DTDR Setup Screen for Differential Measurements

Figure 1.50 shows the setup screen when the operating mode is adjusted
for differential operating mode. As a side note, though it is sometimes
confusing, do not mix up the common mode of operation with the even
mode in which the differential pair can be driven. The mode in the screen
label with common refers to the mode of operation, not a mode in which
the differential pair is driven.

Measuring Each of the Five Impedances Associated with a
Differential Pair

If we have a single-ended transmission line that is part of a differential
pair, it really has three different impedances that characterize it. It has
a single-ended impedance, its instantaneous impedance when the other
line in the pair has a constant voltage on it; an odd-mode impedance, the
instantaneous impedance of the line when the pair is driven in the odd
mode; and an even-mode impedance, the instantaneous impedance of the
line when the pair is driven in the even mode.

In Figure 1.51 is an example of the measured TDR response from a single
line in a differential pair. The lines are nine inches long, roughly 50 Ohm
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microstrip traces, with a spacing about equal to their line width. On this
scale of 20 mV/div, one division corresponds to a reflected voltage of 10
percent.

Figure 1.51: Measured TDR Response of a Single Transmission Line
Configured for the Even Mode

When the DTDR is set up as single-ended, the response is the single-
ended impedance. When it is set up as differential, the TDR response
from each channel is the odd-mode impedance of the line, and when
the DTDR is set up in the common mode of operation, the TDR
response from either channel is the even-mode impedance of the line.
While we could take the measured reflected voltages and calculate the
corresponding impedances, it is much easier to let the TDR do it for us.

The vertical scale can be changed to Ohms so that the first-order
impedance is directly displayed. Figure 1.52 is the same measured
response as previously, but the reflected voltage has been converted into
the instantaneous impedance. The scale has been expanded to 2 Ohms/
div with 50 Ohms right at the center.
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Figure 1.52: The Three Impedances of a Single Line Displayed Directly on
an Impedance Scale

We can now read the three impedances of this line directly off the screen.
In each case, the impedances start high on one end and drop about 1 to
2 Ohms by the other end. The even mode drops 2 Ohms, while the odd-
mode impedance changes by only 1 Ohm. This suggests it is probably a
dielectric thickness variation that causes the small change in impedance
across the length of the board, as the even-mode impedance is more
sensitive to dielectric thickness than the odd-mode impedance.

Everything we ever wanted to know about the impedance properties of
the differential pair is contained in these three impedance values of each
line.
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Figure 1.53: Measured Odd-Mode Impedance of Each Lineina
Differential Pair, Displayed Directly on an Impedance Scale

In DTDR measurements on a differential pair, the odd mode impedances
of both lines are measured simultaneously. Previously, we displayed the
impedance of just one line. Figure 1.53 is the odd mode response of both
lines on a 2 Ohms per division scale. This is the individual response from
each channel. In this case, we see the differential impedances of the two
lines are matched to within a small fraction of an Ohm.

75



Signal Integrity Characterization Techniques

Figure 1.54: Measured Even-Mode Impedance of Each Line in a
Differential Pair, Displayed Directly on an Impedance Scale

Likewise, when the stimulus is set for the common mode of operation,
the even mode of each line can be measured as the responses from the
two channels. Again, we see from Figure 1.54 that for this differential
pair, the even-mode impedances are matched to within a small fraction
of an Ohm.

The odd- and even-mode impedances are only part of the story. Though
each line may have an odd-mode impedance when a differential signal
propagates down the differential pair, the differential signal itself sees
a differential impedance. It is numerically equal to the sum of the odd-
mode impedances of both lines. When the odd-mode impedances of the
two lines are the same, the differential impedance of the pair is just twice
the oddmode impedance of either line.
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Figure 1.55: Measured Differential Impedance of a Pair of Microstrip
Traces, Displayed Directly on an Impedance Scale

The DTDR can simply and easily display the differential impedance
profile of the pair of lines. With the stimulus set for differential mode
of operation, the differential impedance is selected in the Response 2
setting. As shown in Figure 1.55, the differential impedance profile can
be plotted directly from the screen. In this case, it is on a 5 Ohms per
division scale with 100 Ohms at the very center. The marker can be used
to read the differential impedance as about 91 Ohms.
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Figure 1.56: Measured Common Impedance of a Pair of Microstrip
Traces, Displayed Directly on an Impedance Scale

In the same way, the common impedance profile can be displayed
directly on the screen. The stimulus mode is set for common mode of
operation and the common impedance is selected for Response 2. Figure
1.56 shows the common impedance profile on a scale of 2.00 Q/div. The
marker is set to read the common impedance off the front screen as about
25.5 Ohms. In this way, we can extract the complete impedance profile
characterization of either line or both lines in a differential pair.

Measuring the Degree of Coupling between Lines in a Differential
Pair

The differential impedance of a pair of lines is twice the odd-mode
impedance. When there is very little coupling, the single-ended
impedance of one line is the same as the odd-mode impedance of that
line, and the differential impedance is really twice the single-ended
impedance of the line.

However, if there is any coupling, the single-ended impedance is not
the same as the odd-mode impedance. The odd-mode impedance of that
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line will be reduced by the coupling. We cannot easily and accurately
measure the odd-mode impedance or differential impedance of a pair of
lines unless we drive the pair in the odd mode with a differential signal.

The difference between the odd-mode impedance and the single-ended
impedance for a typical trace on a motherboard is shown in Figure
1.57. The top line is the single-ended TDR response of one line on the
motherboard. On the scale of 5 Ohms/div, the single-ended impedance
of the trace on the daughterboard and motherboard is seen to be about
58 Ohms.

Figure 1.57: Comparison of the Measured Single-Ended Impedance and
Odd-Mode Impedance of a Single Line in a Long Motherboard Trace

When the pair is driven with a differential signal, the odd-mode
impedance of the same line is seen to have dropped in some cases by as
much as 5 Ohms. The daughtercard trace is still a little high, at about 55
Ohms, while the connector is seen to be very close to 50 Ohms, though
still with large capacitive dips from the via field. The long line on the
motherboard is about 53 Ohms.
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If the odd-mode impedance is 53 Ohms, the differential impedance of
the pair would be 106 Ohms, close to the target value of 100 Ohms.

Measuring the Differential Impedance of a Twisted-Pair Cable

Many applications require a differential signal to be transported from
one board to another through twisted-pair cables. The DTDR can be used
to measure not only the differential impedance of a differential pair on a
circuit board, but also the differential impedance of a twisted-pair cable.

In this case, there is no return plane in proximity. However, as long as
the coupling between the two lines in the pair is much tighter than either
line to an adjacent plane, the return currents for each line, when driven
with a differential signal, will exactly overlap in the adjacent plane and
the presence of the plane will be irrelevant. In a twisted pair, any plane,
or literally the ground that could act as a return path, carries no current
and will not play a role in determining the differential impedance of the
pair or in a measurement of the differential impedance.

To measure the differential impedance of the twisted pair, we have to
connect each of the lines in the twisted pair to the signal lines in the
cable. This establishes a 100 Ohm launch into the twisted pair. In this
example, we look at the measured differential impedance of two types
of twisted-pair cable. The first case is a two-foot length of twisted-pair
cable taken from a low-cost, plain old telephone service (POTS) cable.
The second case is a two-foot length of twisted pair taken from a CatV
Ethernet cable.

In Figure 1.58, the DTDR responses from these two twisted pairs are
shown. The top line is the DTDR response from a twisted pair of wires
as found in a low-cost POTS hook-up cable. On this scale of 20 Ohms
per division, the differential impedance of the cable can be seen to be
relatively constant, but on the order of 125 Ohms. This impedance
is related to the precise wire diameter and dielectric thickness of the
insulation. This cable is typically specified for 120 Ohms and is not rated
for high bit rate. As we can seg, it is a relatively controlled impedance.
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Figure 1.58: Measured Differential Impedance of Two Twisted-Pair
Cables Connected to a Coax Launch

The bottom line is the measured differential impedance of the CatV
twisted pair. It is specified for 100 Ohms, and we can read its impedance
with the marker as 94 Ohms. It is also seen to be a very constant,
controlled impedance.

The large peak at the beginning of the DTDR response is due to the poor
launch into the twisted pair. In both cases, the wires were pulled apart
in order to solder two separate SMA connectors, which connected to the
coax cables from the DTDR. Part of the twisted-pair connector design is
optimizing this launch to minimize the discontinuity.

In this example, we are measuring the reflected differential signal.
Once it gets through the connector, the differential impedance of the
twisted-pair cable is very close to the differential impedance of the two
coax cables. What about the common impedance? While the signal is
in the two coax cables, the common impedance is half the even-mode
impedance of either cable, which is about 25 Ohms. What is the common
impedance of the twisted pair?
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The common impedance is the impedance between the two signal lines,
with respect to the return path, which in the case of a twisted pair, is
literally the floor. As we might imagine, when the return path is far away,
this common impedance can be pretty high, easily a few hundred Ohms.
To the TDR, it will look like an open.

In addition to measuring the differential impedance profile of the twisted
pair, we can also measure the common impedance profile as the common
signal travels from the coax cable to the twisted pair. In Figure 1.59, the
measured differential impedance profile on a scale of 25 Ohms/div is
shown as the bottom trace.

Figure 1.59: Measured Reflected Common Signal from a Coax to Twisted
Pair Transition with an Incident Common Signal

The DTDR was set up to use a common signal as the stimulus and then
the reflected common signal is measured. The impedance was so high,
we changed the scale format to voltage scale and recorded the reflected
voltage of the common signal on a scale of 100 mV/div. The incident
common signal is 200 mV. We can see in this plot that the reflected
common signal is almost 200 mV. In the transitions from the coax cable
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to the twisted pair, other than the discontinuity of the connector, the
differential signal is able to transition to the twisted pair and propagate
down the twisted pair, but virtually all of the common signal is reflected
due to the very high common impedance of the twisted pair. The little
bit of common signal that does get out on the cable will contribute to
radiate emissions. This is why it is important in the design of twisted-pair
connections to make the impedance the common signal sees as high as
possible, so there is little common signal on the external cable to radiate.

Measuring the Reflected Noise of a Differential Signal Crossing

a Gap

When a single-ended signal encounters a large gap in the return path, it
will see a large inductive discontinuity and generate ground bounce in the
plane, which will be picked up by any adjacent signal traces. Crossing a
gap in a single-ended transmission line can be a disaster.

However, the same gap can be crossed with less of a problem by a
differential signal. Figure 1.60 shows an example of a microstrip
differential pair crossing a gap in the return path. The gap is the top trace
in the board where the copper plane has been removed. The bottom trace
represents the single-ended TDR response for the signal on one of the
lines crossing the gap. There is a huge reflected signal, which affects the
reflected signal for the duration of the TD down the line.
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Figure 1.60: Measured Differential Impedance Profile of a Differential
Pair Crossing a Wide Gap in the Return Path

The white trace is the DTDR response for a differential signal on this
same pair of traces, crossing the large gap. The differential signal sees a
differential impedance of about 100 Ohms in the region where the plane
is continuous. In the region where the plane is removed, the differential
impedance of the pair is about 130 Ohms, as read by the dotted marker.
Where the plane is removed, the differential impedance is uniform, it
is just high. This 130 Ohm discontinuity lasts for the time of flight of
the gap, and then the differential impedance the signal sees comes back
down to roughly 100 Ohms.

Like all discontinuities, if we keep the length of the discontinuity short
compared to the rise time of the signal, the impact of the discontinuity
can be reduced.

The impact of this gap on the system’s rise time can be emulated by
changing the DTDR rise time. For this same differential pair with the
one-inch-long gap, the DTDR response was measured for rise times of
100, 200, and 500 ps and 1 ns. Figure 1.61 shows the DTDR response of
this discontinuity for these rise times, on a scale of 10 Ohms/div.
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Figure 1.61: Emulating the Differential Impedance Profile of a
Differential Signal Crossing a Large Gap at Four Rise Times

The longer the rise time, the lower the effective impedance the gap
appears as. When the rise time is 1 ns, the impact of the gap has almost
disappeared. This suggests an important design rule: if a signal must
cross a gap, keep the length of the gap short, keep the rise time of the
signal as long as possible, and use a tightly coupled differential pair to
cross the gap.

Using the DTDR adjusted to the system rise time would allow a quick
and simple evaluation of the impact on the signal’s reflected noise from
this gap.

Measuring the Mode Conversion in a Differential Pair

In addition to the impedance profiles outlined so far, there is another
problem a DTDR can assist in debugging. When a differential signal
enters a differential pair, some of the differential signal can reflect back
to the source, due to discontinuities in the differential impedance of the
interconnect. Of course, these reflected differential voltages are detected
by the receiver in the TDR, and we use this received differential voltage
to extract information about the differential impedance profile of the
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interconnect. Under some situations, not only will differential signals
reflect and head back to the source, but the incident differential signal
can be converted into a common signal and head back to the source as
well.

The generation of a common signal, sent back to the source, when a
pure differential signal is incident, is called mode conversion. In mode
conversion, some of the differential signal is converted into common
signal. The presence of the converted common signal is only an issue if the
common signal level is large enough to saturate a receiver or if any of the
common signal gets out on an external twisted pair, where it can radiate
and cause the product to fail the Federal Communications Commission’s
(FCC’s) electromagnetic compatibility (EMC) certification testing.

Otherwise, itis not the converted common signal that causes a problem but
the distortion of the differential signal, because of the mode conversion.
After some of the differential signal is converted into a common signal,
what is left of the differential signal will have a distorted rise time that
can cause inter-symbol interference, deterministic jitter, and collapse
of the eye diagram. All these factors will limit the maximum bit rate
through the interconnect.

Identifying Specific Physical Features That Contribute to Mode
Conversion in a Differential Pair

Identifying the physical sources that cause mode conversion will be the
first step in eliminating them and enabling higher bit rates and lower
radiated emissions.

The fundamental cause of mode conversion is an asymmetry between
either the individual signal launches into each line of the differential pair
or an asymmetry between the two lines that make up the pair. When the
differential signal source is the DTDR stimulus, the asymmetries in the
signals can be reduced to below - 40 dB. Using the Keysight DCA 86100C
DTDR, we are mostly sensitive to asymmetries in the interconnect.
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By using the timing information of when the converted common signal
returns, we can identify physically where, down the line, the asymmetry
might be located. As an example, Figure 1.62 shows in the bottom line
the differential TDR response from a symmetric microstrip differential
pair, with a differential impedance of about 90 Ohms. We see a small
peak at the beginning of the measurement, corresponding to the SMA
launch into the differential pair, and a small dip about midway down the
line and then the open of the line. In this example, the signal was a + and
—200 mV differential voltage launched into the differential pair.

Figure 1.62: Measured Mode Conversion from Differential to
Common Signals Due to an Asymmetry on One Line in a Pair

The dip in the middle was caused by adding a small capacitive load to
one of the lines. This caused the differential impedance of the pair to
decrease a small amount and reflect some of the differential signal. In
DTDR operation, the receivers are sensitive to the reflected differential
signal. In addition, while the stimulus is set to the differential mode of
operation, we can adjust the receivers to measure the common signal by
selecting the Response 2 and setting it for the common mode of operation
so it measures the common signal, which reflects back.
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The detected, received common signal voltage is displayed in Figure
1.62 as the top line. If there was no common signal reflecting back, the
top trace would have registered as zero common voltage. The scale for
the common signal is 5 mV per division.

Instead, we see that near the beginning of the line, there is a small
common signal generated where the SMA launches are and very little
common signal except in the middle, where the asymmetric capacitive
load is. Finally, we see an additional common signal detected, coincident
with when the signal has hit the end of the line and reflected back. This
last peak in the common signal is the common signal generated by
the asymmetry, moving in the forward direction that hit the end of the
differential pair, where the common signal saw an open and reflected
back to the source.

The sign of the reflected converted common signal depends on whether
the discontinuity occurred on the + or the — line of the pair. If we move
the asymmetry to the other line, we change the sign of the converted
common signal.

In Figure 1.63 is the measured common signal at the receivers, for the
same capacitive discontinuity, first on line 1 and then taken off line 1 and
placed on line 2. We see that the time at which the converted common
signal is detected is the same, which means the physical location of the
discontinuity is the same.
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Figure 1.63: Measured Mode Conversion on a Differential Pair When the
Capacitive Asymmetry Is Moved from One Line to the Other

At the discontinuity, the common signal is converted and scatters
backward, back to the source and the detectors in the DTDR, and
forward. The forward-traveling common signal propagates down the
differential pair and hits the open at the far end, where it reflects with a
reflection coefficient of 1.

This reflected wave heads back to the receiver, where it is detected as a
common signal, one round-trip time of flight later. We see that both the
backward- and forward-scattered common signals have the same sign
when we place a capacitive discontinuity alternatively on one line and
then the other.
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Chapter 2

4-Port TDR/VNA/PLTS - Interconnect Analysis Is
Simplified with Physical Layer Test Tools

2.1 Introduction

The vector network analyzer (VNA) has come a long way since it was
used to test antenna arrays for military applications. VNA can be used to
perform more than one-hundred critical characterization, modeling, and
emulation applications for highspeed digital design, many of which are
illustrated in this signal integrity book.

If your application requires the measurement of very low-level signals
such as near-end crosstalk (NEXT) and far-end crosstalk (FEXT), using
a test system with high dynamic range becomes very important. Unlike
a wide-bandwidth time domain reflectometer (TDR), a VNA allows the
user to set a narrow receiver bandwidth (known as intermediate frequency
[IF] bandwidth). This highly accurate tool provides a window into the
performance of highspeed digital interconnects that propagate signals
with rise times of 500 ps or shorter. The VNA will expand the design
validation capability of all signal integrity laboratories around the world
and answer important questions such as what is the limitation of my
current design, where do I need to focus my attention to increase my data
rate, and will my interconnect survive the next-generation application?

The VNA is no longer limited to microwave applications traditionally
utilized for aerospace and defense work. Today’s commercial electronic
designs push the limit of what can be achieved on copper, and the power
of scattering parameters (Sparameters) are critical to assure proper
performance of these components and systems. Interconnect analysis
using a VNA is now simplified with a popular software application called
physical layer test system (PLTS). Utilizing a graphical user interface
designed for digital designers enables the power of the VNA with the
ease of use of a TDR. The ultimate in test accuracy can be provided
for topology models, S-parameter behavioral models, characterization
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of rise-time degradation, interconnect bandwidth, NEXT and FEXT,
odd mode, even mode, differential and common impedance, mode
conversion, and the complete differential channel characterization.

To provide a little order to the wide variety of applications explored in
this signal integrity book, the series is divided into three parts: part 1
(Chapter 1): those that use a single-port TDR, those that use TDR/time
domain TDT, and those that use two-port TDR; part 2 (Chapter 2): those
that use four-port TDR; and part 3 (Chapter 10) : those that use advanced
signal integrity measurements and calibration. The principles of TDR,
VNA, and PLTS operation are detailed in other chapters of this book and
references listed in the bibliography. We concentrate this application note
series on the valuable information we can quickly obtain with simple
techniques that can be used to help us get the design right the first time.

2.2  Four-Port Techniques

Complete Differential Pair Characterization

Howa TDR can provide valuable signal integrity characterization information
about interconnects was reviewed in Part 1. Figure 2.1 summarizes the
various applications for one-port and two-port TDR configurations. Though
we are able to obtain some information about a differential pair from two-
port measurements, the complete characterization of a differential pair
requires four ports.
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Figure 2.1: TDR Configurations and Applications

In a four-port configuration, each of the instrument’s ports is connected
to each end of the transmission lines in the differential pair. In practice,
it is a coaxial connection made at each end of each transmission line, so
that each port has a signal and return connection to the transmission line.

Figure 2.2: Differential Pair Characterization

In the configuration shown in Figure 2.2, everything important about
a differential pair can be extracted. This includes the differential and
common return and insertion loss and all forms of mode conversion. From
these measurements, details of the differential or common impedance
profiles, material properties, and asymmetries can be extracted.
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A four-port measurement can be performed in the time domain using a
four-port TDR or in the frequency domain using a fourport VNA. There
is exactly the same information content in both measurements. There are
differences in the dynamic range, or the noise floor of the measurement,
so if higher-accuracy measurements are required, you should use a VNA.

Figure 2.3: Time and Frequency Domains

As illustrated in Figure 2.3, we can take the measured data from either
domain and, using Keysight’s N1930 PLTS, translate it mathematically
using Fourier transform techniques to display the same data in the time
or the frequency domain. These two domains tell the same story. They
just emphasize different parts of the story. With PLTS, the display and
analysis of the information is completely independent of the instrument
used to collect the data. What is important is the information we extract.
The flexibility of moving back and forth between the time and frequency
domains gives us the flexibility of extracting the most information as
quickly and easily as possible. The proliferation of high-speed serial
links has driven the widespread use of differential pairs. A differential
pair is nothing more than two single-ended transmission lines, with some
coupling, used together to carry a differential signal from a transmitter to
a receiver. Every single backplane produced today, and in the foreseeable
future, is composed of multiple channels of differential pairs.
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Figure 2.4: Typical small backplane.

Figure 2.4 shows an example of a section of a 46-layer backplane, 18
inches wide by 48 inches long, designed to test out many differential pair
cross-sections and via designs. This backplane, designed with Molex
GBX connectors, is similar to many state-of-the-art backplanes in use.
All the important properties of differential pairs in backplanes such as
these can be measured with four ports and analyzed with PLTS.

Four-Port Single-Ended S-Parameters

There are two commonly used types of four-port S parameters: single-
ended and differential. The four-port single-ended S-parameters are an
extension of one- and two-port S-parameters. In a differential pair, which
is really an example of a four-port device, we conventionally label the
ends of the device as shown in Figure 2.5, with port 1 connected through
to port 2 and port 3 connected through to port 4. This is also shown
schematically.
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Figure 2.5: Four-Port, Single-Ended S-Parameters Definition.

By definition, each S-parameter is the ratio of the voltage wave coming
out of some port to the voltage wave that was going in. For example, S21
is the ratio of the wave coming out from port 2 to the wave going in at
port 1. This is also called the insertion loss. S31 is the ratio of the wave
coming out of port 3 to the wave going in at port 1. This is a measure of
the NEXT. As the ratio of two sine waves, each S-parameter is complex
with a magnitude and a phase. The four-port, single-ended S-parameters
have become a de facto standard for describing the electrical properties
of any fourport interconnect. There are 16 possible combinations of
waves going in and waves coming out. Conventionally, these 16 terms
are described in a matrix representation. The S-parameter formalism is
not complicated. It is just confusing and somewhat anti-intuitive.

We would expect that the order of the indices that define each term
would have the first index being the going-in port and the second index
the coming-out port. For mathematical reasons, the definition is the exact
opposite. The first index is the coming-out port while the second index is
the going-in port. The first index of each element, the rows, represent the
response sources—where the wave is coming out. The second index, the
columns, is the stimulus, where the wave is going in. Figure 2.6 shows
an example of a generic, four-port S-parameter matrix, which includes
all 16 elements.
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Figure 2.6: Four-Port Single-Ended S-Parameter Matrix.

When the interconnect is two transmission lines, each element has
special meaning. The diagonal elements are the return loss or reflection
coefficients. S11 is the return loss of one line from the left end, while
S22 is the return loss for the same line from the right end. Since all
ends of the device are terminated into the measuring instrument, they
are all effectively terminated into 50 Ohms. The S21 and S43 terms are
the insertion loss of each line. This is the ratio of what gets transmitted
through the transmission line from one end to the other. S31 is the near-
end noise and S41 is the far-end noise.

Though there is no industry standard for labeling the ends of the lines,
there is a commonly adopted practice. When we describe the interconnect
as two separate single-ended lines, it is conventional to use the labeling
as shown in Figure 2.6. A signal travels from port 1 to port 2 and from
port 3 to port 4. In this way S21 is the transmitted signal coming out of
port 2 from port 1. As long as we always use this format, S21 will always
refer to a transmitted signal and S31 will be the NEXT term.

S-Parameters in the Time Domain

In the complete matrix of measured four-port S-parameters, there is a
lot of data. Figure 2.7 shows an example of the measured single-ended
S-parameters of two traces in a small backplane. There are 16 elements,
each with magnitude and phase information, for each frequency value.
Not shown in any individual plot is the phase information for each
element.
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Figure 2.7: Measured, Complete, Four-Port Single-Ended
S-Parameter Matrix

Keeping track of all the information can be a difficult task without a
tool such as PLTS. This tool will allow us to collect the data from the
instrument and display each or all of the elements in precisely the format
that will get us to the answer quickly. In this example, we could read the
insertion loss of the interconnect at any frequency from the S21 and S43
terms and the near-end noise from the S31 and S42 terms.

The same information contained in the frequency domain Sparameters
can be transformed into the time domain form of the S-parameters. The
frequency data in each element can be converted into the time domain
response of the same element. A return loss becomes a reflected signal.
An insertion loss becomes a transmitted signal.

By convention, when the S-parameters are displayed in the frequency
domain, they are called S-parameters, but when displayed in the time
domain, they are referred to as T-parameters. S11 in the frequency
domain becomes T11 in the time domain.

98



Chapter 2: 4-Port TDR/VNA/PLTS — Interconnect Analysis

Figure 2.8: Time Domain S-Parameters

With the 16 single-ended T-parameters displayed in a matrix, as shown
in Figure 2.8, many of the important performance questions can be
answered at a glance. In its simplest form, T11, when displayed as the
step response with a 200 mV incident voltage applied, is identical to
the TDR response we are used to seeing on the front screen of a TDR
instrument. Figure 2.9 shows an example of the T11 step response for
one trace in a short backplane, on a time base of 1 ns/div, with 10 mV/div
on the vertical scale. While the general features can be seen, it is difficult
to quantify the impedance profile on this scale.
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Figure 2.9: T11 as Reflected Voltage and Impedance Profile.

However, the reflected voltage can be converted into a reflection
coefficient, and from this, the first order impedance profile can be directly
displayed so that the general features of the interconnect can be extracted
right from the screen. In the example shown in Figure 2.9, the scale is 5
Ohms per division. We can see the impedance of the daughtercard trace
is about 55 Ohms, while the single-ended impedance of the backplane
trace is about 58 Ohms.

Everything we ever wanted to know about the behavior of these two
single-ended lines can be found in one form or another in the S-parameter
matrix or the T-parameter matrix

Four-Port Differential S-Parameters

As demonstrated in Figure 2.10, two individual transmission lines with
coupling are also, at the same time, a single, differential pair. As two
single-ended transmission lines, we described their electrical properties
in terms of their single-ended characteristic impedance and time delay
and their NEXT and FEXT.
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Figure 2.10: Two Equivalent Views

As a differential pair, we are interested in how differential and common
signals interact with the pair. When we look at these same two lines as
a single, differential pair, we describe the differential pair in terms of
differential impedance, common impedance, and differential or common
time delay. Since we are describing the exact same interconnects, these
two views must be exactly equivalent. For linear, passive devices, which
includes all interconnects except ferrites, the single-ended S-parameters
can be mathematically transformed into differential S-parameters.

When describing a single differential pair, the stimulus and response
can only be a differential signal or a common signal. There are four
possible outcomes. A differential signal enters the differential pair and a
differential signal comes out, a differential signal enters and a common
signal comes out, a common signal enters and a common signal comes
out or a common signal enters and a differential signal comes out.
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Figure 2.11: Differential S-Parameters

Each of these four outcomes is partitioned into a different quadrant
of the differential S-parameter matrix, as shown in Figure 2.11. To
distinguish these quadrants, we use the same index format as the single-
ended S-parameters, using a D or C to designate differential or common,
stimulus or response. The first index is the coming-out index, while the
second index is the going-in index.

The SDD quadrant describes differential signals going in and coming
out, and the SCC quadrant describes common signals going in and
coming out. The SCD quadrant in the lower left corner of the matrix
describes differential signals going in and common signals coming out,
a form of mode conversion, and the SDC quadrant, in the upper right,
describes common signals going in and differential signals coming out,
a form of mode conversion.
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Everything you ever wanted to know about the electrical properties of a
differential pair is contained in these 16 differential S-parameter matrix
elements. They are also sometimes called the balanced or mixed-mode
S-parameters. These are all different names for exactly the same set of
terms.

Figure 2.12: Balanced or Differential S-Parameters.

When all 16 elements are displayed as in Figure 2.12, it is conventional
to display them in the same orientation as the matrix elements previously
described. The four elements that make up the upper left quadrant are the
SDD terms, the four on the lower left are the SCC terms, the four in the
upper right are the SDC terms, relating mode conversion, and the four in
the lower left quadrant are the SCD terms.

Since these are S-parameters, in addition to having a magnitude for each
S-parameter plotted as a function of frequency, we also have the phase of
each term. For compactness, the phase terms are not displayed in this set
of plots but are easily accessible, when needed.
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Of course, just as we were able to convert the single-ended S-parameters
into the equivalent time domain, T-parameters, each of these differential
S-parameter elements can be converted mathematically into their
equivalent time domain T-parameters.

The resulting matrix is the balanced or differential T matrix. An example
of the differential T matrix for a 16-inch differential pair through a
motherboard, and two daughtercards, is shown in Figure 2.13. The
diagonal elements are all reflection terms and relate to the differential or
common impedance profiles.

Figure 2.13: Balanced Time Domain Matrix Elements

It is important to keep in mind that the various formats to display the
S-parameters are all completely interchangeable. As illustrated in Figure
2.14, the measurements can be taken in either the time domain with a
TDR or in the frequency domain with a VNA and mathematically, using
PLTS, converted equivalently into the four formats and two special
conditions, and displayed in the time or frequency domains, or as single-
ended or differential parameters.
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Figure 2.14: Summary of Measurement and Display Options

Depending on the question we are trying to answer, one format or a
specific element might be more efficient at getting us to the answer faster.
In this application note, we focus on those formats that can provide the
most valuable information about differential channels used in high-speed
serial links.

High-Speed Serial Links Applications

The information provided by four-port differential S-parameters, either
in the time domain or the frequency domain, is ideally suited to analyzing
the performance of the differential channels used in high-speed serial
links. Figure 2.15 lists some of the most important problems that can be
solved using the techniques outlined in this application note.

Figure 2.15: Some of the Problems That Can Be Solved
Using S- and T- Parameter Analysis
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In addition to just the general characterization of the interconnect, by
using the information contained in the four-port S- and T-parameters, the
resulting performance of the differential channel can be emulated. Direct
measurements of the interconnect bandwidth and expected eye diagram
can be evaluated.

The rise time of a transmitted signal will be degraded due to loss in the
interconnect from the dielectric and conductors, and from impedance
discontinuities. By looking at the differential impedance profile, the
discontinuities can be isolated and their root cause identified.

If the information displayed by PLTS cannot answer every question
directly, the behavioral model of the channel, described by the 16 element
differential S-parameter matrix can be used directly in some circuit
simulators such as Keysight’s ADS or the circuit simulator HSPICE.
Using the actual device driver models and the behavioral model of
the interconnect, the system performance can be evaluated. Likewise,
if a circuit simulator is used that cannot input S-parameter behavioral
models, a simplified, uniform differential transmission line model can
be exported based on RLGC matrix elements. This can be used by most
circuit simulators.

The combination of features in PLTS is a powerful tool to extract the
most possible information from any differential channel used for high-
speed serial interconnects.

Differential Impedance Profile

Inthisfirst application example, we will look at the differential impedance
profile of a differential pair, using the differential time domain response.
The first DUT is a uniform differential pair four inches long, fabricated
in FR4 as a microstrip, and shown in Figure 2.16. This particular pair
was designed with very tight coupling, having a spacing of about one
half the line width. Data is courtesy of GigaTest Labs.
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Figure 2.16: Differential Time Domain Response for Uniform Tightly
Coupled Differential Pairs

All the balanced time domain measured data is displayed in Figure 2.16.
All the information about how differential and common signals interact
with this differential pair in the time domain is contained in these 16
elements. The upper left quadrant has information about how differential
signals enter and come out. The lower right quadrant has information
about how common signals enter and come out. The two off-diagonal
guadrants have information about how differential signals or common
signals enter the differential pair and are converted to the opposite type
of signal and come out of the differential pair.

To describe the differential impedance profile, we would want to send
a differential signal into port 1 and measure the reflected differential
signal coming back out of port 1. The reflected signal would be due to
encountering changes in the instantaneous differential impedance along
the way. This information is found in the TDD11 matrix element, in the
upper left quadrant.
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The source impedance of each channel of a VNA or a TDR is 50 Ohms.
However, when they are sourcing a differential signal, the source
impedance is now the series combination of the two impedances, or
100 Ohms. This means that any reflected signal is due to encountering a
differential impedance other than 100 Ohms.

The TDD11 term can be displayed with three scales: as the reflected
differential voltage, assuming a 400 mV incident differential signal;
as the reflection coefficient; or as a first-order calculation of the
instantaneous impedance. In Figure 2.17 is an example of the measured
TDD11 element, first as the reflected voltage on a scale of 20 mV/div
out of 400 mV incident signal, or 5 percent reflection coefficient per
division, and then as the extracted impedance on a scale of 10 Ohms/div.

Figure 2.17: TDD11 of Uniform Pair

The differential impedance profile of this interconnect can be read off
the right impedance screen as about 77 Ohms—very constant from
the beginning to the end of the interconnect, as expected for a uniform
differential pair.

The beginning of a 22-inch differential channel on a motherboard is

shown in Figure 2.18. The impedance profile can be read directly off the
screen with the aid of the markers.
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Figure 2.18: TDD11 of Motherboard Trace.

The very first peak is due to the inductance of the surface-mount assembly
(SMA) launch. With too much antipad area around the signal pin, it has
a higher impedance. The flat region, which marker M1 intersects, has an
impedance read on the scale to the right of 108 Ohms. This is the trace on
the daughtercard, which is relatively constant in impedance.

The first large dip, going as low as 75 Ohms on this scale, is the capacitance
of the via field where the connector attaches to the daughtercard. The
next dip is the capacitance of the via field where the connector attaches
to the motherboard. The region between them, where marker M2 spans,
shows an impedance of roughly 95 Ohms. This is the region through the
connector itself.

The rest of the trace, to the right of the last dip, is the trace on the
motherboard, showing an impedance of roughly 108 Ohms. This is
the typical performance of a motherboard, which shows an impedance
within 10 percent of the target impedance of 100 Ohms. The connector
itself is a well-matched connector. It is just that the vias the connector is
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inserted into have an excess capacitance that dramatically degrades the
performance of the differential channel. It is not the component causing
the problem, but how it has been designed into the board.

Impact from Stimulus Rise Time

The same differential channel is shown in Figure 2.19 on an expanded
scale of 1 ns per division, now showing the connector on the other end
of the channel. However, the right end of the differential channel clearly
does not match the left end. The impedance mismatch is clearly larger on
the left end. Is it possible the connector is different on each end and has
a different impedance profile?

Figure 2.19: TDD11 of Motherboard Trace on Expanded Scale

When the time delay of the impedance discontinuity is short compared
to the effective rise time of the incident signal, the magnitude of the
reflected signal will depend on the rise time. Referring to the peak value
of the reflected signal on the impedance scale, and interpreting this as an
impedance, is only meaningful if the rise time of the signal at that point
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is known. To interpret impedance, it is important to know the rise time
of the system.

When the data is taken in the time domain with a TDR, the 10-90 rise
time of the stimulus entering the DUT can often be read right from the
screen of the TDR. When the data is taken in the frequency domain with
a VNA and transformed to the time domain, it is not always obvious what
the rise time of the signal is that is entering the DUT.

There is a simple way of estimating it, but it will depend on the setting
under the time domain window, as shown in Figure 2.20. There are three
settings that affect the effective rise time of the signal. However, there is
a tradeoff between shorter rise time and artificial ripple. This is a natural
consequence of the digital filter that is part of the Fourier transform that
translates the frequency domain data into the time domain.

Figure 2.20: Time Domain Window
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In this example, a thru measurement was measured on a VNA with a
frequency range up to 20 GHz. The 10-90 rise time of the received
signal, TDD21, was measured using markers, on the screen. As a rough
approximation, the 10-90 rise time for the “flat” setting is 46 ps. This
corresponds to roughly RT = 0.9/BW. For the nominal setting, which is
the default setting for PLTS, the RT = 0.7/BW and for the fast rise-time
setting, the RT = 0.54/BW.

While a rough approximation to the rise time of a signal, given the
bandwidth of the signal is RT = 0.35/BW, the effective rise time is
actually longer in PLTS because of the bandwidth overhead of the digital
filter.

This approximation allows us to estimate the rise time entering the DUT
if we know the highest frequency in the VNA measurement. Using a
nominal setting and a measurement bandwidth of 20 GHz, the rise time
entering the DUT is 35 ps. Though this is the rise time entering the
DUT, as the incident signal travels down the interconnect, the rise time
quickly increases due to the impedance discontinuities and the losses in
the channel. Past the first discontinuity, it is not possible to interpret the
impedances with any meaning from the screen because the rise time at
the location of the discontinuity is unknown. If a faster rise time than
35 ps is desired, then a VNA with higher bandwidth can be used in the
measurement (i.e., 50, 67, or 110 GHz).

One way to verify the connectors are identical on the two ends is to
compare the TDD11 response with the TDD22 response. This is the
differential TDR response, looking from the other end of the differential
channel. In Figure 2.21, the TDD11 response and the TDD22 response
are both displayed superimposed on the same scale of 1 ns per division.
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Figure 2.21: Differential TDR Response of Both Ends of the Interconnect

We see that the TDD response for each daughtercard and connector are
almost identical when viewed from the closest end. The connector on
the far end of the interconnect also appears identical. In this particular
interconnect example, the interconnect is symmetrical. It can look
like the connectors are different on the two ends because of the rise-
time degradation of the signal in propagating down the length of the
interconnect, smearing out the reflected signal.

Differential or Single-Ended Measurement

It is often believed that a single-ended measurement is good enough
and the extra effort of a differential measurement is not necessary. By
comparing the TDD11 response with the T11, single-ended response,
we can do a direct comparison of the signal-ended and differential
response. By definition, the differential impedance is twice the odd-mode
impedance. If there were no coupling between the two lines that make
up the differential pair, the odd-mode impedance of either line would be
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identical to the single-ended impedance of either line. How different the
two impedances are is a measure of the degree of coupling.

Figure 2.22 shows the same motherboard trace displayed as the
differential response, TDD11, and the single-ended response, T11. The
time base is identical in the two plots, and the impedance scale for the
differential signal is 10 Ohms/div, while the single-ended response is on
a 5 Ohms/div scale.

Figure 2.22: Differential and Single-Ended Impedance Profiles

The odd-mode impedance of the daughtercard is 108/2 = 54 Ohms. The
single-ended impedance of the daughtercard is seen to be 56 Ohms. This
suggests that the 2 Ohm lower impedance of the odd mode is due to the
coupling on the daughtercard.

The odd-mode impedance of the connector is seen to be about 100/2
= 50 Ohms, a well-matched connector. The single-ended impedance of
the same path is roughly 59 Ohms. If we had used this single-ended
measurement to evaluate the connector for differential applications and
incorrectly called this impedance the odd-mode impedance, we would
have estimated the differential impedance was 59 x 2 = 118 Ohms. This
large difference is an indication of the strong coupling in the connector.
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Connectors used in differential applications are typically designed for
tight coupling. To get a realistic measure of the differential impedance
of a connector, it would be terribly misleading to use a single-ended
measurement. The error in this case would have been about 18 percent.

The odd-mode impedance of the trace on the motherboard is about
110/2 = 55 Ohms. The single-ended impedance of the same trace on the
motherboard is about 59 Ohms. The 4 Ohm reduction in the odd-mode
impedance suggests tight coupling of the traces on the motherboard
interconnect. If the single-ended impedance were used to characterize
the motherboard, there would be an error of about 4 Ohms out of 55,
or 7 percent. This is why differential impedance measurements are so
important in coupled, differential pairs.

Common Impedance Profile

When the stimulus is a common signal, the two ports on each side of the
DUT are in parallel and the effective source impedance is 25 Ohms. The
TCCL11 response can be converted into the common impedance profile.
It will be sensitive to impedance changes from the 25 Ohm reference
impedance.

Figure 2.23: Common Impedance Profile
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Figure 2.23 shows the common impedance profile for the differential
channel through the motherboard. The daughtercard is roughly at 28
Ohms, the connector is at 35 Ohms, and the motherboard differential
pair is at 32 Ohms. Though it is straightforward and easy to display
the common impedance profile of a differential pair, rarely is it of any
consequence.

Time Delay and Dispersion

Due to the finite speed of light, there is a time delay between the signal
entering a differential channel and that same signal appearing at the far
end. This is the second important parameter for a differential channel.
The time delay is related to the length of the interconnect and the speed
of light in the interconnect medium, and the speed of the signal is due to
the dielectric constant of the material. The time delay can be measured
in both the frequency domain and the time domain, returning a slightly
different piece of information in each domain.

In the frequency domain, the time delay is related to the phase delay of
a sine wave entering the interconnect at the reference plane (determined
by the calibration setup) and being received at the second differential
port. The total phase delay is the number of “unwrapped” wave cycles
through the interconnect. The phase delay divided by the frequency is the
time it takes for that individual sine wave frequency to travel from one
end to the other.

The derivative of this sine wave time delay is called the group delay.
It is the time it takes for the shape of a combination of sine waves to
travel down the interconnect. Group delay is the term that most closely
corresponds to the time delay of a signal through the interconnect and
can be displayed directly by a PLTS for any differential channel.

Inan interconnect composed of alaminate material that is nondispersive—
where the dielectric constant is constant with frequency—the derivative,
or slope of the phase delay to the frequency, is exactly the same as the
group delay. All frequency components travel at the same speed. Group
delay is constant at all frequencies for virtually all differential channels.
If the interconnect has a constant impedance and is perfectly matched
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at the ends to the measuring instrument, the measured group delay is
exactly related to the time delay of a signal entering the interconnect and
appearing at the far end. It would be constant at all frequencies.

However, if there is any impedance mismatch at particular frequencies,
resulting in reflections of the sine waves, the time delay for the reception
of the phase at that frequency will be distorted. The measured, transmitted
phase is no longer due to just the speed of light in the medium, it is also
related to the multiple reflections.

In the frequency domain, the multiple reflections will give rise to
variations in the group velocity. In the time domain, the multiple
reflections will give rise to a distortion of the leading edge of the signal
as it comes out of the interconnect. Some frequency components will
arrive at different times compared to others.

In Figure 2.24 is an example of the measured group delay for a onemeter-
long backplane differential channel composed of two daughtercards and
28 inches of backplane trace. The vertical scale is 1 ns delay per division,
and the horizontal scale is 2 GHz/div. We see the typical delay is about
6.7 ns for the 40 inches, which is 6 in/ns, exactly the same as the rough
rule of thumb that the speed of a signal in an interconnect is 6 in/ns.

Figure 2.24: Group Delay of One-Meter-Long Backplane Channel in the
Frequency Domain.
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However, it is not perfectly constant. The rapid noise and variation after
about 13 GHz is due to the large attenuation. After 13 GHz, there is not
much signal coming through to be able to measure the phase delay. In
addition, there is some noise on the group delay even above 2 GHz. This
is due to the multiple reflections from the elements of the differential
channel such as the connectors and SMA launches. These multiple
reflections will contribute to some distortion of the transmitted signal.

None of these features arise from the natural dispersion of the dielectric
material that makes up the multilayer backplane. There is, in fact,
dispersion in the laminate, but it occurs only at very low frequencies and
has a very small magnitude. By expanding the scale, as on the right side
of Figure 2.24, and zooming in on the first 2 GHz, we see a small dropoff
of the group delay.

At 50 MHz, the group delay is about 6.9 ns. By 500 MHz, the group
delay has dropped to 6.75 ns and is relatively constant thereafter. This is
a change of about 0.15 ns out of 6.8 ns, or 2 percent. Of course, by 500
MHz, the multiple reflections in the differential channel totally swamp
any dispersion in the laminate. This is why worrying about dispersion
and frequency dependence to the dielectric constant is often more of
a distraction from worrying about the real problems that will cause
performance complications.

The time delay through the interconnect can also be measured in the time
domain by observing the received differential signal. This is the TDD21
term of the T-parameters. Figure 2.25 shows an example of the measured
TDD21 signal coming out of the same 40-inch backplane trace that was
shown previously in the frequency domain.
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Figure 2.25: Time Delay of One-Meter-Long Backplane Channel

In this example, the bandwidth of the measurement is 20 GHz and
the setting for the time domain window was nominal. This means the
effective rise time of the incident signal is 0.7/20 GHz, or 35 ps. On this
scale of 200 ps per division, the input stimulus would have a 10-90 rise
time of less than 0.2 divisions. Clearly the rise time of the leading edge
of the output signal has increased considerably. This is due mostly to the
attenuation, and to a lesser amount, the group velocity dispersion created
by the multiple reflections.

Where do we draw the line to say the time delay of the signal is some
value? Which part of the rising edge do we use to measure the time
delay? In the frequency domain, we were able to get an average value of
6.8 ns, even though there was as much as + 0.5 ns of noise. In the time
domain, what part of the wave do we use to measure as a reference to
arrive at one value for the delay of the signal?
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This is why the delay of a signal is only a rough metric of performance.
The delay will depend on where we define the reference level of the
received signal. This will vary depending on the pattern of bits in the
stream and gives rise to a form of jitter classified as deterministic jitter.

As a rough approximation to the delay, we can use the midpoint of
the signal as the reference level. This is where the received signal will
cross the 50 percent voltage point. With a 400 mV incident signal, this
threshold is 200 mV. Using markers on the front screen, we can directly
read the time delay to the 50 percent point as 6.84 ns. This is very close
to our estimate of 6.8 ns from the frequency domain.

The previous example determined the time delay associated with the
differential signal. For high-speed serial interconnects, the differential
signal is the only component that the receiver is sensitive to. However,
another term that also characterizes the interconnect is the time delay for
the common signal component.

While this is typically an unimportant term, it is trivial to measure and
might sometimes offer insight into the interconnect with a quick look.
In a uniform differential pair with homogenous dielectric, the common
signal and differential signal will see the same dielectric distribution,
and hence the signals will travel at the same speed and have the same
group delay.

Figure 2.26 shows the group delay of the differential and common signal
as having exactly the same delay. With a few minor variations due to
the different impedance profiles and different multiple reflections, the
general features of the group delay are identical for the differential and
common signals, as expected for stripline interconnects.
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Figure 2.26: Group Delay of Differential and Common Signal

In the time domain, the received signals will appear at the receiver at
roughly the same time as well. In a homogenous material, the two signals
are impacted exactly the same way by the dielectric.

Figure 2.27 shows the measured received signal for the differential and
common signal in the time domain. This is the TDD21 and TCC21 terms
in the differential T matrix elements. On this scale of 200 ps per division,
the two received waveforms are virtually identical.
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Figure 2.27: Time Delay of the Received Differential and Common Signals

However, if there were any asymmetry in the distribution of dielectric
materials, so that the electric fields associated with the common signal
saw a different effective dielectric constant than for the differential
signal, there would be a difference in the group velocity and time delay
for the two types of signals.

For a microstrip differential pair, the differential signal will have more
field lines in air than the common signal. This will give the differential
signal a lower effective dielectric constant, a higher speed, and a lower
group delay, compared to the common signal.

Figure 2.28 shows the measured group delay of the common signal
transmitted through the four-inch microstrip differential pair, as SCC21,
and the group delay of the differential signal, SDD21. We see the general
features of the noise from the non-100 Ohm differential impedance and
the non—-25 Ohm common impedance.
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On top of this is the clear offset between the average group delay of the
common signal at about 680 ps and the group delay of the differential
signal of about 600 ps.

Figure 2.28: Group Delay in a Microstrip Differential Pair

Based on these delays and the four-inch-long interconnect, we can
estimate the speed of the common signal as 4 in/0.68 ns = 5.9 in/ns,
while the speed of the differential signal is 4 in/0.6 ns = 6.7 in/ns. While
this difference does not affect the differential signal, it is the effect
that ultimately gives rise to far-end noise when this differential pair is
considered as two single-ended transmission lines with crosstalk.

Viewed in the time domain, the different arrival times of the common
signal and the differential signal in a microstrip is very clear. Figure
2.29 shows the TDD21 term and the TCC21 term for the four-inch-long
microstrip.
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Figure 2.29: Common and Differential Time Delay in Microstip

This time delay difference can be read off the screen using the markers
as 54 ps, out of a total delay of 600 ps.

The Bandwidth of an Interconnect

The most important role of an interconnect is to transmit a signal from
one point to another with acceptable distortion. It is impossible to
transmit a signal with no distortion, so it is often a question of how much
is too much.

One metric of the distortion imposed by the interconnect is the attenuation
of the signal, and how much amplitude is left coming out of the
interconnect. Because the attenuation is different at different frequencies,
it is often easier to evaluate the attenuation in the frequency domain.
The term that most effectively characterizes the signal degradation in
transmission through the interconnect is the SDD21 term. This is also
called the differential insertion loss.

Figure 2.30 shows the measured differential insertion loss of a 22-inch
channel on a motherboard up to 20 GHz. This defines the behavior of the
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interconnect. This plot also indicates the noise floor of the measurement
as about —70 dB.

Figure 2.30: Differential Insertion Loss in 22-Inch
Motherboard Differential Channel

From this insertion loss, we can estimate the highest usable frequency,
or the bandwidth of the interconnect. To do this, we need to know how
much attenuation is acceptable. This depends on the type of drivers and
receivers used in the application. These devices are typically called
serializer-deserializer (SerDes) chips.

A low-end driver might work with a differential insertion loss of — 10 dB.
A mid-range SerDes with some pre-emphasis capability might require at
least —20 dB, while a high-end device, with integrated pre-emphasis and
equalization, might allow as much as — 30 dB. Which device family is
used will ultimately determine the usable bandwidth of the interconnect.
This is why it is conventional, when referring to the bandwidth of the
interconnect, to refer to the —10 dB or —20 dB or the —30 dB bandwidth
of the interconnect.
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In this example of the 22-inch-long motherboard trace, the —10 dB
bandwidth is 2 GHz, while the —20 dB bandwidth is about 4 GHz and the
-30 dB bandwidth is 7 GHz.

There are three critical terms that influence the differential insertion
loss of a differential channel: the length, the dissipation factor of the
laminate, and the presence of impedance discontinuities.

Figure 2.31: Differential Insertion Loss of Two Length
Motherboard Traces

Usually, there is little that can be done in the design to change the length.
This is fixed by the system architecture selected. All things being equal,
a longer length interconnect will result in higher insertion loss and lower
bandwidth. Figure 2.31 shows an example of two differential channels
on the same motherboard, using the same daughtercards, but with total
lengths that are 22 inches and 36 inches. The drop in —20 dB insertion
loss is not 60 percent lower in the longer interconnect compared to the
shorter one. It is only about 10 percent lower. This is because a large
fraction of the insertion loss is due also to the impedance discontinuities.
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Rise-Time Degradation

The dropoff in insertion loss with frequency is a direct measure of
the higher attenuation seen by the higher-frequency components. The
effective rise time of the signal incident to the device is 35 ps for a
measurement bandwidth of 20 GHz and time domain window setting of
nominal. If this rise time came out, the insertion loss would be above -3
dB all the way through to almost 20 GHz. The losses in the interconnect
remove the highest-frequency components of the signal and decrease the
bandwidth of the signal.

By the time the signal comes out of the interconnect, the -3 dB frequency
has shifted from 20 GHz to closer to 1 or 2 GHz. This means the rise time
of the signal will be significantly increased from 35 ps to much higher,
into the 200 to 500 ps range.

Figure 2.32 shows an example of the transmitted differential signal in
the time domain, the TDD21 term, on a scale of 100 ps per division.
When the edge is no longer close to a Gaussian shape, it is difficult to
use one number to describe the rise time. The 10-90 rise time has little
significance since the tail is so long. The 20-80 rise time or the time to
reach the 50 percent point might have more meaningful significance,
though both values are only rough approximations to the actual behavior
of the edge.
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Figure 2.32: Rise-Time Degradation of Transmitted Signal Through
22-Inch-Long Motherboard.

What is more significant is how far the signal rises during a bit period.
This will strongly influence the amount of inter-symbol interference
(1S1) and collapse of the eye to be expected. For example, a 1 Gbps bit
stream will have a bit period of 1 ns. From the measured TDD21 display
in Figure 2.32, we see that in 1 ns, the received signal will reach more
than 85 percent of its final value in one bit period. There will be virtually
no ISI and the bit quality should be excellent.

A 5 Gbps signal will have a bit period of 200 ps. In this short a time,
the final signal will reach only 250 out of 400 mV, or 62 percent of the
final value. This is 50 mV above the midpoint voltage. If the bit pattern
had been all highs for a long period, the next low bit would extend only
50 mV below the midpoint. The combination means the maximum eye
opening we would expect to see is 100 mV. This is probably below the
noise margin of most receivers. This interconnect would have a problem
supporting a 5 Gbps bit stream.
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As was apparent looking at the SDD21 differential insertion loss term,
all things being equal, a longer interconnect means a higher insertion
loss. This will also result in a longer rise time of the transmitted signal
and offer worse high—bit-rate performance.

Shown in Figure 2.33 is the measured signal at port 2 for a 22-inch-long
interconnect with a 36-inch-long interconnect superimposed to begin at
the same location. The much longer rise time, on the order of 300 ps, for
the longer interconnect is all due to the dropoff of the insertion loss from
dielectric loss and impedance mismatches. The longer rise time will have
a bigger impact on high—bit-rate signals than the shorter rise time signal.

Figure 2.33: Rise-Time Degradation of Transmitted Signal
After 22 and 36 Inches
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A signal with a rise time of 300 ps has an equivalent bandwidth of
roughly 0.35/0.3 ns or about 1 GHz. This is a pretty good estimate of the
-3 dB insertion loss of the interconnect as seen in Figure 2.32. Of course,
the concept of bandwidth is inherently an approximation. If knowing the
bandwidth to 10 percent accuracy is important, one should not use the
concept of bandwidth, but the entire spectrum of the signal.

Eye Diagrams

One of the most important ways of evaluating the performance of a high-
speed serial signal is converting the data stream into an eye diagram.
A bit stream is a series of high and low signals, synchronous with a
clock. Using the clock as the trigger, each bit is extracted from the stream
and superimposed. The resulting combination of all possible bit patterns
looks a little like a human eye and has been called an eye diagram. An
example of an eye diagram is shown in Figure 2.34. This is created
from the measured TDD21 element of a 34-inch-long motherboard
interconnect.

Figure 2.34: Eye Diagram of 34-Inch-Long Motherboard Interconnect
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The two most important features of an eye diagram are the height of the
opening on the vertical scale and the width of the cross-over regions on
the horizontal scale. Depending on the noise margin of the receiver, the
opening of the eye must be at least 150 to 200 mV, while the cross-over
widths should be only a small fraction of the period. This width is often
called the deterministic jitter. These two terms fundamentally limit the
highest bit rate that can be transmitted down an interconnect.

The eye diagram of a pseudo-random bit stream (PRBS) can be simulated
for an interconnect based on the measured S-parameter behavior model.
PLTS can synthesize a PRBS signal and simulate the impact on this
signal from the interconnect and display the output signal in the form of
an eye diagram.

In generating the PRBS signal, one of the parameters is the number of
bits that should appear in the signal before it repeats, or the word length.
In principle, it could be infinite, but there is always a tradeoff between
how accurate the answer needs to be and how long to run the simulation.

Figure 2.35 illustrates the difference in the simulated eye diagram for
a 2.5 Gbps PRBS signal, with 27 — 1, 29 — 1 and 211 - 1 as the word
length. Based on this analysis, as a good rule of thumb, 29 — 1 bits in the
pattern is a good value to start with and take quick looks, while a final
simulation might be done with 211 — 1 bits. The computation time is only
a few minutes for most situations.

Figure 2.35: Eye Diagram and PRBS Word Length
For the same 36-inch-long motherboard interconnect, the eye diagram

for different bit rates can be simulated to identify the performance of
the interconnect. It is important to note that in this simulation, there is
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no pre-emphasis or equalization of the signal. It is only a simulation of
the eye diagram performance of the interconnect, assuming a PRBS bit
stream is incident with a rise time, based on the measurement bandwidth.
For 20 GHz, it is roughly 35 ps. The rise time is dramatically increased
by the interconnect and contributes to the deterministic jitter and the
collapse of the eye diagram.

Figure 2.36: Bit-Rate Collapse of the Eye

This particular interconnect would be perfectly suitable for XAUI-
type signals at 3.125 Gbps, but would probably not work for XAUI 2
interfaces at 6.25 Gbps. As can be seen from Figure 2.36, it is completely
unusable for 10 Gbps signals unless pre-emphasis or equalization was
used in the SerDes chips.

The differential insertion loss is a good indication, but not a total
indicator, of the collapse of the eye diagram. The larger the insertion
loss, the more the eye will be collapsed. However, it does not directly
indicate the impact from the deterministic jitter that will close the eye in
from the sides.

Figure 2.37 shows an example of the differential insertion loss of three
differential channels in various backplanes. The lowest loss is for an
interconnect eight inches long, the next greater loss is from a 25-inch
interconnect, and the highest insertion loss is from a 40-inch-long
backplane.
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Figure 2.37: Insertion Loss of Three Different Length Interconnects.

By taking the measured S-parameter data from these three interconnects,
the PRBS eye diagram can be simulated for a bit rate of 6.25 Ghps.
This corresponds to the increasingly popular XAUI 2 interface. It is clear
from Figure 2.38 that at this bit rate, the 40-inch backplane has no hope
of supporting XAUI 2 without the use of SerDes features such as pre-
emphasis and equalization.

Figure 2.38: Eye Diagrams for PRBS Patterns at 6.25 Gbps
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In general, the shorter the interconnect and the lower the insertion loss,
the higher the bit rate that can be supported. Even with the insertion loss
measurement, there is no substitute to simulating the eye diagram itself.

Impulse Response and Pre-Emphasis Taps

Typical backplanes can exceed 40 inches. This includes six inches on
both daughtercards and 36 inches on the backplane itself, for a total of
48 inches. As illustrated earlier, even a 40-inch interconnect can have
100 percent eye closure at 6.25 Gbps. This would seem to limit the use
of FR4-based backplanes to applications less than 6.25 Gbps.

One solution is to use lower loss laminates. This will increase the cost
of the backplane but may also increase the usable bit rate by 50 percent,
depending on the material selected. Another popular method of increasing
the bit rate while still using a low-cost laminate is by using pre-emphasis
in the SerDes driver. This method adds extra high-frequency components
to the signal launched into the interconnect. It is implemented by adding
an extra amplitude to the bits based on the specific bit pattern in the
signal.

In some versions of SerDes drivers, pre-emphasis is added to not just the
first bit in the sequence, but to the next one, two, or three bits, either as
positive or negative signals to compensate for multiple reflected signals.
Using the TDD21 signal, displayed as an impulse response, we can
estimate which consecutive bits should have additional signals added or
subtracted to them to compensate for the interconnect.
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Figure 2.39: Impulse Response of the Incident Signal, Time Domain
Window Set to Nominal.

The time domain response of the interconnect can be simulated as either
a step response or an impulse response. The frequency components
of a step response drop off like those of a square wave, inversely with
frequency. The frequency components of an impulse response are
constant with frequency. The full width, half maximum (FWHM) width
of the impulse response is the 10-90 rise time of the incident signal. For
a 20 GHz measurement bandwidth, the impulse response of the incident
signal into the interconnect is about 35 ps. Figure 2.39 shows an example
of the incident signal impulse response having a FWHM of 35 ps.

Of course, due to the losses and impedance discontinuities in the
interconnect, this 35 ps wide impulse signal quickly spreads out by
the time it exits the interconnect. Shown in Figure 2.40 is an example
of the output impulse response from traveling through 36 inches of a
motherboard, on a scale of 200 ps per division. The incident signal would
be less than a fifth of a division wide on this scale.
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Figure 2.40: Impulse Response After 36 Inches Through a Motherboard.

In addition to a spreading out of the pulse, there are multiple steps
appearing after the main peak, due to the multiple bounces of the signal
against impedance discontinuities. If the bit rate were 5 Gbps, the bit
period would be 200 ps. This profile of the impulse response is a rough
measure of what one bit of data would look like at the far end of the line.

If this response is known ahead of time, the data stream can be modified
to minimize the amount of crosstalk between successive bits, or ISI,
generated due to the multiple reflections. Different SerDes technologies
allow adding or subtracting voltage levels to successive bits in the series.
Each successive bit is called a tap, and three taps is the typical limit.

For example, if the first bit has pre-emphasis added to it, we would want
to subtract about 20 percent of the signal amplitude to the first tap, the
second bit, nothing on the second tap, and subtract possibly 10 percent of
the signal to the third tap. With this sort of signal, the pulse propagating
through the interconnect will have components that help to cancel out
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the multiple reflections. Using the impulse response of the transmitted
differential signal can help guide the design process to quickly reach the
optimum preemphasis and tap pattern for minimum ISI and maximum
opening of the eye.

Mode Conversion and EMI

One of the most difficult problems to fix in high-speed product design
is electromagnetic interference (EMI). The largest source of EMI is
radiation from common currents that get out on unshielded twisted pair
cables, such as cat5 cables.

Normally, the signals launched on twisted-pair cables are supposed to be
differential signals. A pure differential signal on an unshielded twisted
pair will not radiate very much at all. It poses no problems for EMI. It
is when unwanted common signals get into the twistedpair cable that
radiated emissions can happen. As a rough rule of thumb, the radiated
field strength, at the three-meter distance in an FCC class B type open
field test, from common current on a twisted pair, is about 40 mV/m x V
x f, with V the voltage of the common signal and f the frequency in GHz.
The typical Federal Communications Commission (FCC) certification
failure threshold near 1 GHz is a field in excess of 0.4 mV/m. This
suggests that to pass an FCC certification test, the maximum allowable
common signal on an external twisted pair should be less than 10 mV at
1 GHz.

In principle, if the drivers produce a perfect differential signal with no
common signal and it passes through an ideal differential pair, there
should be no common signal generated. In practice, any asymmetry in the
interconnect, such as non-equal line widths in the pair, different lengths
in the two lines, or different local effective dielectric constant due to the
glass weave of the laminate, will convert some of the differential signal
into common signal. We call this process mode conversion.

As long as none of this common signal gets out of the box, it will not
affect EMI. Of course, if the mode conversion is significant, it may affect
the quality of the differential signal’s edge, which will have an impact on
the eye diagram. But, the common signal will do no harm. It is only if
some of this converted common signal gets out on twisted pairs that an
EMI problem might arise.
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Figure 2.41: Mode Conversion

The amount of common signal converted from the differential signal
by asymmetries in an interconnect can be measured directly by one of
the differential T-parameters. This is illustrated in Figure 2.41. Mode
conversion is measured by sending a differential signal in at port 1 and
looking at how much common signal comes out of port 2. This is the
TCD21 term. Measuring the magnitude of TCD21, compared with the
400 mV incident signal, is a measure of the common signal converted.

For the case of a 20-inch backplane, Figure 2.42 shows the measured
TCD21 signal. This is the signature of the common signal that comes
out of the interconnect, with a pure 400 mV differential signal step edge
going in. This suggests about 1.2 percent of the differential signal is
converted into common signal.
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Figure 2.42: TCD21 From 20-Inch Backplane

Every bit edge that gets transmitted to external cat5 cable will have 1.2
percent of the differential signal as common signal and contribute to
EMI. If the incident voltage is 1 V, approximately 12 mV of common
signal may get on the external twisted pair. By itself, this is close to
the threshold that would fail FCC certification. In addition, any skew
between the drivers will also convert the differential signal into common
signal and add to the radiated emissions. This amount of mode-converted
common signal might cause a problem.

The first step to solve any design problem is to understand the root cause
and optimize the design to fix this problem. To fix this problem, we
would like to find out where in the interconnect path is the asymmetry
that might be generating this common signal. To find this, we can take
advantage of another one of the differential T-parameters.
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As illustrated in Figure 2.43, if we send a differential signal into port
1, we can look at the converted common signal that comes back out of
port 1 as TCD11. The key feature of this signal that enables us to use it
to debug the root cause of the mode conversion is its time dependency.

Figure 2.43: Mode Conversion

We are effectively launching a step edge into the interconnect. As
this edge propagates down the differential pair and encounters any
asymmetry, a common signal will be generated. Some of this common
signal will propagate in the forward direction, and will be picked up at
port 2 as the TCD21 signal, but at the same time, some of this common
signal will be sent in the backward direction, back toward port 1. This is
the TCD11 signal.

The time between sending the signal into port 1 and picking up the
common signal that comes back is the round-trip time of flight for the
incident differential signal to reach the asymmetry and then for the
common signal to travel back to port 1. By comparing the time response
of the TCD11 signal to the TDD11 signal, we can look for what features
of the interconnect that we can identify in the TDD11 signal are
coincident with the TCD11 signal.

In Figure 2.44, the bottom trace is the TCD11 response. The top trace
is the TDD11 response. In this signal, we can identify the negative
dips from the via fields of the connectors in the daughtercard and the
motherboard. The region between them is the connector.
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Figure 2.44: 20-Inch Motherboard TDD11 Response

The TCD11 response shows a large peak in the generated common signal
coincident with the via field in the daughtercard and a smaller one in the
motherboard side. In addition, a negative common signal is generated
and sent back to port 1 by the connector itself. This suggests that an
improvement could be made by minimizing the capacitive discontinuities
of the connector attach region and adjusting the connector design to be
more symmetrical.

Most differential channel interconnects composed of daughter cards and
backplanes, will show the dominant source of mode conversion to be
in the via field of the connectors. Figure 2.45 shows another example
of a 25-inch backplane interconnect. The common voltage signal as
measured by TCD21 is almost 8 out of 400 mV, or 2 percent.
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Figure 2.45: 25-Inch Backplane Example

The comparison of TDD11 and TCD11 shows the source of the common
current to be the via field in the connectors. Unless they are optimized
to minimize the impedance discontinuity of the excess capacitance of
the vias and pads, there will always be asymmetries in the signal-return
current flow. These asymmetries will convert the differential signals
into common signals. By minimizing the impedance discontinuity by
backdrilling the via stub, for example, the bandwidth of the interconnect
will be increased and the converted common signal will be decreased.

Modeling Differential Channel Interconnects

The S-parameters of an interconnect, whether measured in the time or
the frequency domain, represent a behavioral model of the interconnect.
They contain all the information about how a signal entering one port
will behave when it exits another port. Depending on the question we
are asking about the interconnect, one or more of the S- or T-parameters,
either as single-ended or balanced, might get us close to the answer.
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In those cases where more detailed information is needed, we can use
the exported S-parameters as a behavioral model and integrate them
directly into some circuit simulators. This would allow us to perform a
system-level simulation of the behavior of the drivers, interconnect, and
receivers.

Not all EDA tools allow the use of S-parameter behavioral models.
Instead, a commonly used model format to approximate a real differential
pair is as two lossy, single-ended, coupled transmission lines. This model,
sometimes called a W element model, as it is referred to by HSPICE,
describes a pair of coupled transmission lines in terms of their RLCG
(resistance, inductance, capacitance, conductance) elements. This model
assumes a uniform, coupled, lossy, pair of lines. The distributed elements
are defined as their per unit length values. The default units are Ohms/m,
H/m, F/m, and S/m.

Figure 2.46: Modeling a Real Interconnect as an Ideal, Uniform
Interconnect

It is important to keep in mind, as illustrated in Figure 2.46, that what
we are doing is taking the real, measured S-parameter behavior of the
differential channel and approximating it as a single, uniform pair of
coupled lines. This is not always a good assumption but can sometimes
help get us a satisfactory answer quickly.

The W element model can be generated and exported from the
Sparameters with one click of the mouse. As illustrated in Figure 2.47,
there are a few intermediate steps that might sometimes offer useful
information.
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Figure 2.47: Modeling Process

From the measured S-parameters, an ideal, uniform, symmetric, pair
of coupled transmission lines is used to analytically extract the model
parameters of the ideal line. These parameters can be combined
transparently back and forth into a number of formats to describe either
a pair of single-ended coupled lines or one differential pair. However,
in all cases, the model is simplified to assume the lines are perfectly
symmetric. This means mode conversion cannot be simulated by this
model.

From the extracted circuit element terms, a simple frequency-dependent
model is fit for each of the elements based on the assumption of skin
depth-limited currents and constant dissipation factor material. This
results in the resistance varying like a constant term, plus a term that
increases with the square root of frequency, and the conductance being
a constant term, and a term that increases proportional to frequency. The
capacitance per length and inductance per length are both assumed to be
constant with frequency.

It is these terms, as the single-ended and coupled terms, that are exported
as the W element. In addition to approximating the real differential
channel interconnect as a uniform differential pair with no asymmetry,
the additional assumption to generate the W element is the simple
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frequency dependence, as shown in Figure 2.47. In fact, these are often
very good assumptions for most real backplane interconnects.

The measured S-parameters are used to extract the line parameters for
an ideal, uniform, symmetrical pair of coupled transmission lines. This
model can be used to extract a description in terms of the differential or
common signal behavior of the ideal transmission line. The assumption
made is that the line being measured is uniform.

Figure 2.48 shows the parameters extracted for the case of the differential
signal behavior. Of these, the term that has the most value is the real
part of the complex impedance. This term is a direct indication of the
average differential impedance of the trace. In this example of a uniform
differential pair, the extracted differential impedance is seen to be very
constant with frequency, up to the full 6 GHz of the measurement. We
can read right off the screen that the equivalent differential impedance of
this line is 77 Ohms.

It is no coincidence that when this same line is displayed as the TDD11

element, on an impedance scale, that we also measured a uniform
differential impedance of 77 Ohms.

Figure 2.48: Uniform Four-Inch-Long Differential Pair
When the interconnect is not a uniform differential channel, the extracted

real part of the complex differential impedance term can be used to fit,
directly from the screen, the effective, average differential impedance.
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Figure 2.49: Extracted Differential Impedance of 40-Inch-Long
Backplane Interconnect.

Figure 2.49 is an example of the differential impedance extracted
from a 40-inch-long backplane. The average differential impedance is
about 102 Ohms, very close to the target of 100 Ohms. However, this
includes the effects of the daughtercards and connectors in addition to
the long trace on the motherboard. From the extracted values of the line
parameters, the W element terms are fitted. By comparing the actual
extracted parameters based on modeling the real interconnect in terms of
a uniform, symmetrical, coupled pair of transmission lines, we can get
an estimate of how well the interconnect obeys the frequency dependent
description used by the W element.

In the ideal model, the R11 term, often referred to as the selfresistance, is
the resistance per length of one of the lines that makes up the differential
pair. Both lines are assumed to be identical as part of the approximation.
The self-resistance is extracted from the measured S-parameters, based
on assuming a uniform pair of coupled transmission lines. It is extracted
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at each frequency value. If the interconnect were really a uniform
line, the self-resistance would increase smoothly with frequency. The
nonuniformities such as connectors, vias, and different traces on the
daughtercard and motherboard give rise to the jaggedness of the extracted
value of the self-resistance.

As shown in Figure 2.50, the extracted self-resistance shows some
frequency dependence. For this 40-inch backplane, it has a very low
resistance, at close to 5 Ohms/m at the lowest frequency, but steadily
increases with frequency through 12 GHz, the limit to the display. This
increase in resistance can be explained if we assume the current is skin
depth—limited. In this case, we would expect the resistance to behave as
the W element model being a constant term plus a term that increases
with the square root of frequency.

Figure 2.50: Extracted Series Resistance Per Length of Either Line in the
40-Inch-Backplane Interconnect Compared with the W Element Model for
Resistance.
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When we use this model and find the best values of the DC term and the
AC term that fits the data, we get a resistance behavior, shown in Figure
2.50 as the smooth curve. This model is a very good approximation to the
extracted resistance. This suggests that the series resistance of the actual
differential channel really is skin depth—limited.

We see that the W element for the self-resistance is a very good
approximation for this real interconnect.

The second loss term in the W element model is the conductance per
length. This is the leakage conductivity through the dielectric from the
dissipation factor of the material. If the dissipation factor of the laminate
is constant with frequency, the conductance will, by definition, increase
linearly with frequency.

Figure 2.51: W Element Model for the Conductance per Length
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Figure 2.51 is an example of the extracted and fitted value for the
conductance per length for the 40-inch backplane trace. The units are
milliSiemen/meter. Two qualities are evident from the extracted terms;
it fits the model of an ideal, lossy transmission line with constant
dissipation factor really well, and it is a very low value, roughly 50 mS/m
at 2.5 GHz.

The W element model of an ideal, lossy, coupled pair of transmission
lines assumes the inductance per length and the capacitance per length
are both constant with frequency. From the measured performance of a
40-inch-long interconnect in a motherboard, as displayed in Figure 2.52,
we see that this is a pretty good assumption.

Figure 2.52: Frequency Dependence of L and C

The extracted capacitance per length and inductance per length show a
small amount of frequency dependence at the lowfrequency end, but it
quickly reaches a constant value and stays there up to the 12 GHz span
of the display.

The loop self-inductance per length of one line in the pair can be read off
the screen as 350 nH/m, while the self-capacitance per length of one line
in the pair can be read off the screen as 130 pF/m. These are the terms
that are exported as the W element coefficients.

The six parameters that define the W element, the two for the resistance,
the two for the conductance and the capacitance and inductance terms,
can be exported into a text file that can be read directly by HSPICE or
other compatible circuit simulators.
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Figure 2.53: W Element Model for the 40-Inch-Backplane
Differential Channel

Figure 2.53 shows an example of the W element model for the 40-inch
backplane trace described previously. Because of the limitation that
this model must be symmetric, the diagonal elements of each term are
identical. For each of the six elements, there are only two unique terms,
the self values and the coupled values. The lower the coupling is, the
smaller these off-diagonal terms will be. The units used to describe each
term are the default units in SPICE.

150



Chapter 2: 4-Port TDR/VNA/PLTS — Interconnect Analysis

2.3  Summary

Everything you ever wanted to know about the electrical properties of a
differential channel is contained in the four-port S parameters. These can
be transformed into the time or frequency domain, either as single-ended
or balanced terms. The variety of options means we can usually find a
format that will display the data so that we can extract the most valuable
information quickly and effortlessly.

In this application note, we have described nine applications for the
analysis of a differential channel to characterize its performance and
optimize its design. As the final approach, if we cannot get the required
information directly off the screen of the analyzer, we can always use
a system simulation tool to predict the precise behavior of a real signal
using the measured S-parameters as a behavioral model.

¢ Characterizing the differential and common impedance profile of a
differential channel

* Characterizing the time delay and group delay of the differential
and common signal in a differential channel

* Measuring the bandwidth of a differential channel

* Measuring the rise time degradation of a differential channel

* Direct simulation of eye diagrams

* Estimating taps for pre-emphasis from transmitted impulse
response

* Estimating possible EMI resulting from mode-converted common
signal on external cables

* Identifying the root cause of mode conversion in a differential pair

* Extracting first-order transmission-line models of a differential
pair in RLCG format
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Chapter 3

Differential Impedance Design and Verification
with Time Domain Reflectometry

3.1 Abstract

Differential impedance circuit boards are becoming more common as
low voltage differential signaling (LVDS) devices proliferate. Yet, there is
much confusion in the industry about what differential impedance means,
how to characterize its performance, and how to leverage its benefit for
noise rejection. This paper reviews the general features of differential pair
transmission lines and how they can be characterized with novel time
domain reflectometry (TDR) instruments. In particular, some of the real
world effects, such as asymmetries in time delays are illustrated.

The behavior of differential transmission lines is analyzed by a high
speed digitizing oscilloscope utilized in both TDR and time domain
transmission (TDT) mode. These techniques are used to extract circuit
model parameters and to emulate performance in a high speed digital

system. Measurements on a specially design PCB test vehicle with a gap
in the return path is used to illustrate the robustness of differential pairs.

3.2 Overview

. Basic TDR/ DTDR Measurement Processes
. Differential Impedance: a simple perspective
. Coupled Transmission line formalism

. Measuring differential impedance elements
. Emulating received differential signals

. Emulating effects of a split in return path

Figure 3.1: Overveiw
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Early Applications for Differential Pairs

MECL I 1962
MECL II 1966
MECL III 1968
MECL 10k 1979
MECL 10kH 1981

ANSI/TIA/EIA-644-1995 is the generic physical layer standard
for LVDS. It was approved in November of 1995, and first published
in March of 1996.

Example: high speed serial transmission

Figure 3.2: The Growing Importance of Differential Pair Use

Though differential pairs have been used for high speed interconnects
since the early 60’s, it is only in the last few years the introduction of Low
\oltage Differential Signaling (LVDS) technology that has accelerated
their use. Differential pairs have proliferated into almost every high-
speed application. In addition to their use in many common board level
technologies, such as SCSI and Rambus RDRAMs clocks, they are
used in virtually all high-speed serial links, such as gigabit Ethernet and
IEEE 1394. However, even with this wide spread use, the properties of
differential pairs are often poorly understood by designers.
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Physical Design

. Balanced or unbalanced wrt return path

. Symmetric or asymmetric geometry

. Homogeneous or inhomogeneous dielectric
. Tightly coupled or weakly coupled

Application use

d Single ended vs. differential

. Differential drive with virtual ground
. Differential signal with DC ground

d Common signal with DC ground

Figure 3.3: What’s a Differential Pair Transmission Line?
Answer: Any two, coupled transmission lines (with their return paths).

A differential pair is simply two transmission lines that are coupled in
some way. The formalism for dealing with any arbitrary combination of
transmission lines will be developed later in this paper.

There are a number of ways of distinguishing the various types of coupled
transmission lines, based on their modal properties. For example, a pair
of balanced lines are when the signal paths have the same electrical
properties as the return paths. Twisted pairs are balanced lines, while
microstrip pairs are unbalanced. The pairs can be strongly coupled or
weakly coupled. When each of the two lines have the same cross sectional
geometry, they are often called symmetric and their electrical description
is simplified.

Finally, when the dielectric is homogeneous, i.e., all field lines see
exactly the same dielectric constant, as will be shown latter in this paper,
each of the two modes will propagate at the same speed. This is the case
for stripline pairs, for example.
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In addition to the intrinsic fundamental electrical properties of the
interconnects themselves, the nature of the signals on the pair of lines
can be described in terms of the voltage patterns applied. When the
signal on one line is independent of the signal on an adjacent line, the
transmission lines are not really being used as a differential pair. Each
line is really being used as a single ended line.

When the lines are differentially driven, but no DC connection to ground
exists, the external plane acts as a virtual ground. Its voltage reference is
capacitively tied to the mid point of the two voltages on the signal lines.
Alternatively, the plane can be DC connected to ground, as is commonly
implemented in high speed differential signaling.

Figure 3.4: Exploring single ended and differential impedance
with a TDR

To begin thinking about what makes a differential pair different from
a single ended transmission line, it is useful to consider the case of a
coplanar microstrip with a floating plane below it. In this configuration,
the coplanar traces compose a single ended transmission line.

They are a balanced transmission line, with one trace the signal path and
the other the return path. The impedance of this line will depend on

the line parameters of the capacitance per length and the loop inductance
per length of the coplanar pair.

Merely by bringing a floating metal plane underneath this coplanar line,
the impedance of the line will be changed. How this third conductor
influences the single ended impedance, is the basis of understanding
what differential impedance really means.
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In starting out with this simplified view, a TDR will be used as a tool to
measure the impedance of the lines, as the plane is moved in proximity.

Figure 3.5: The early 83480/54754A TDR used in gathering data for
this paper has been superseded by a newer and higher performance
TDR shown above. This picture shows the Keysight N1055A
50 GHz 4 Port TDR Remote Sampling Head for the 86100D DCA-X
Oscilloscope that has 16 channels and 9 picosecond TDR step.

For all the work described in this paper, an HP 83480A Mainframe, with
an HP 54754A Differential TDR plug in has been used. This module
allows operation as a single channel TDR as well as a dual channel TDR
with the step waveforms from each channel adjusted for differential drive
or common drive. This module allows complete characterization of any
two transmission lines, including the odd and even mode impedances
and the calculation of differential and common impedances.

The addition of a HP 83483A (two channel 50 GHz module), allows
measuring the waveforms that appear at the far end of the transmission
line pair. With this plug in, the actual signal a differential receiver would
detect after transmission through the pair can be emulated.
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Figure 3.6: Conventional Single Channel TDR

One channel of the Differential TDR plug in can be used to perform
conventional TDR analysis. A 35 psec, fast edge step signal is generated
and launched through a 50 Ohm source impedance to the device under
test (DUT). The voltage launched into the internal 50 Ohm transmission
line connecting from the internal source to the SMA connector on the
front panel, is measured with a very fast sampling scope and displayed.

Reflected voltages from impedance discontinuities are displayed as
increasing voltages (for higher impedances) or decreasing voltages
(for lower impedances). In this way the TDR can act as a very fast time
domain impedance analyzer. The reflected voltage is a direct measure of
the impedance of the DUT.

For example, the measured TDR response from three different microstrip
interconnects is displayed in the above TDR plot. In the top trace, the
line width is equal to the dielectric thickness. The impedance is about 70
Ohms. In the middle trace, the line width is twice the dielectric thickness.
Since there is almost no reflected voltage, the impedance is measured as
just slightly less than 50 Ohms. In the bottom trace, the fabricated line
width is 8 x the dielectric thickness. This is a very wide line and the
impedance is measured as very low, less than 20 Ohms.
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Figure 3.7: Converting Reflected Voltage into Impedance

The time dependent impedance of the DUT can be extracted directly
from the measured voltage. The HP 83480A Mainframe can perform this
analysis automatically, displaying not only the three different microstrip
transmission lines measured above, but also their impedance, on the
screen. They are seen to be 70 Ohms, 47 Ohms and 17 Ohms.

What is also of interest to note is that each line has the same physical
length of nine inches, yet, their electrical lengths are different. The highest
impedance line has the shortest electrical length. This is due to the lower
effective dielectric constant of the narrow microstrip line. The narrowest
line has more fringe fields in air, contributing to a lower effective dielectric
constant and hence shorter round trip time delay. The widest line has the
lowest impedance, and least amount of field lines in air, resulting in higher
effective dielectric constant and longest round trip delay.
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Figure 3.8: Conventional Dual Channel TDR/TDT

The use of a second TDR channel opens up the application possibilities.
When the second channel is just used for input, it can measure either
the transmitted response of a single line, as in conventional TDT (Time
Domain Transmission), or the response of an adjacent quiet trace due to
cross talk.

In TDT, the first channel generates the exciting source into one end of
the transmission line and the second TDR channel is the receiver at the
other end. In this way, simultaneously, the TDR and TDT response of the
DUT can be measured.

The TDR response gives information about the impedance of the DUT
and the TDT gives information about the signal propagation time, signal
quality and rise time degradation. In this mode, the TDT is emulating
what a receiver will see at the far end.

One limitation of all TDR/TDT instruments is that the source and receiver
have impedances of 50 Ohms. This may not match what the actual
end use application is. However, many of the commonly encountered
signal integrity effects can be illustrated with this impedance and these
measurements can be used to create or verify interconnect models, which
can then be used in simulations with real device models as the sources
and loads.
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Figure 3.9: Using Dual Channel TDR/TDT to Measure Cross Talk

The configuration of dual channel TDR can also be used to measure
cross talk between two adjacent traces. The first TDR channel can be
used to generate the exciting waveform for the active line. The voltage
induced on the quiet line is then measured with the second channel by
alternately connecting one end and then the other to this second channel.
At the same time, the unattached ends of the two transmission lines
should be terminated in 50 Ohms to keep the loads the same as when the
cables are attached.

In the example displayed above, the near end cross talk (NEXT) and far
end cross talk (FEXT) of two closely spaced microstrip lines is measured.
The line width was 2x the dielectric thickness, h, and the space was equal
to the line width. The saturated NEXT is seen to be about 7mV, which
is 3.5%. The far end noise is a peak of 63mV, strongly dependent on the
rise time and coupled length.
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Figure 3.10: Coplanar Transmission Line

The simplest way of thinking about differential impedance is to consider
first a coplanar transmission line composed of two traces on an FR4
substrate. With no metal plane beneath them, they represent a simple
coplanar transmission line. The impedance of this transmission line will
depend on the line parameters of the capacitance and loop

inductance per length.

What will happen to the impedance a signal sees if the coplanar pair
passes over a floating metal plane?

To explore this scenario, a simple test board was built up with a coplanar
pair of traces mounted to an FR4 substrate. For the first four inches, there
is no plane on the backside of the board. For the second four inches, there
is a continuous plane.

The front end of the coplanar pair has an SMA connector which is then
interfaced to the TDR through a 50 Ohm coax cable. In this way, the
TDR can drive a signal into the coplanar pair, with one trace acting as
the signal and the other trace acting as the return path. Since this is a
balanced pair, it doesn’t matter which line is which.

The TDR allows us to measure directly the impedance the signal sees in
propagating down the line.
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Figure 3.11: TDR of Coplanar Transmission Line

In the first four inches, the impedance is rather high, at about 150 Ohms.
This is because of the relatively large separation of the traces, having
higher inductance per length and lower capacitance per length than
typical of microstrips. This is to be compared with the typical 115-120
Ohm impedance of twisted pair lines which have an aspect ratio similar
to the coplanar lines.

In the second half of the trace, where the plane extends beneath the
traces, the impedance the signal sees is dramatically reduced to about 100
Ohmes. This drop in impedance is due to the change in the line parameters
caused by the proximity of the plane below. The total capacitance
between the two lines is dominated by the series combination of the
coupling capacitance from one line to the plane and the capacitance of
the plane up to the second line. This series capacitance is much larger
than the direct line to line capacitance.

In addition, the loop inductance is reduced due to the induced eddy
currents generated in the plane by the signal edge propagating down
the transmission line. The combination results in a reduction of the
impedance to only 100 Ohms.
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Even though there is no direct electrical connection between the two
coplanar lines and the plane below, the electromagnetic coupling has
a significant impact on the impedance a signal sees moving down the
coplanar lines. It is not a coincidence that the geometry of the second
half corresponds to two single ended lines, each with a single ended
characteristic impedance of 50 Ohms.

Figure 3.12: Differential Impedance: The Simple View

This experiment leads to the simplest possible description of differential
impedance. When the two coplanar lines were driven as a single ended
transmission line, the signal was the voltage difference between the two
lines. The impedance the signal saw was 150 Ohms where there was no
plane and 100 Ohms where there was a plane. In the region where there
is a plane below, the transmission line looks like two coupled microstrip
lines as part of a differential pair.

When the two transmission lines are driven by single ended signals that
are exactly out of phase, we call this differential driving. As the signals
propagate down the differential pair, there is a voltage pattern between
each signal line and the reference plane below. In addition, there is a
signal between the two signal lines. This is called the difference signal
or differential signal. If the differential pair is driven symmetrically, the
differential signal voltage is twice the single ended signal voltage.
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The difference signal is the same signal as when the two coplanar
traces are driven as a single ended line, in the previous example. In this
case, the impedance the signal saw was 100 Ohms in the region where
there was a plane. If the two microstrips were driven differentially, the
difference signal would see an impedance of 100 Ohms as well. We call
the impedance the difference signal sees, the difference impedance or
differential impedance.

Differential impedance is really the impedance the difference signal sees
that is driven between the two signal lines in the differential pair. The
impedance the difference signal sees is the ratio of the signal voltage
(difference voltage) to the current in the line. The difference voltage is
twice the voltage of the edges driven into each line. The current into
each line is related to the impedance of each individual line in the pair.
There is an additional current between the signal lines that is due to
the coupling between the traces themselves. This is in general a small
amount, but cannot be neglected.

In this simple perspective, differential impedance is seen to be the
impedance the difference signal sees when opposite polarity edges are
launched in a differential pair of transmission lines. And,

as we illustrated before, this is also the impedance a signal would see if
it were launched between the two signal lines, keeping the external plane
as a floating plane.

To quantify the concepts of differential impedance, it is important to
introduce the formalism of describing the nature of the coupling between
transmission lines. In this way, any arbitrary pair of coupled lines can be
analyzed with the same methods.
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Figure 3.13: Formalism #1: The Characteristic Impedance Matrix

If there were no coupling between transmission lines, the impedance of a
line, as defined by the ratio of the voltage across the paths and the current
through them, would be dependent on just the line parameters of the one
line. However, as soon as coupling is introduced, the voltage on one line
may be dependent on the current in an adjacent line. To include these
effects, the concept of impedance or characteristic impedance must be
expanded to allow for one trace interacting with another. This is handled
by expanding the impedance into an impedance matrix.

Any two transmission lines, each with a signal path and a return path,
can be modeled using an impedance matrix. The diagonal terms are the
impedance of the line when there is no current in the adjacent line. This
is sometimes called the self impedance. The off diagonal elements
represent the amount of voltage noise induced on the adjacent trace when
current flows on the active line. If there were little or no coupling, the off
diagonal impedance would be near zero.

As the coupling between the lines increase, the off diagonal terms will
increase. For example, if the microstrip traces, as illustrated above, were
moved closer together, the diagonal impedance would not change very
much, but the off diagonal terms would increase.
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Alternatively, if the plane were to be lowered, the diagonal elements
would increase and the off diagonal elements would increase. When
the off diagonal impedance elements are a large fraction of the diagonal
elements, the lines would be very strongly coupled.

The definition of the characteristic impedance matrix between any two
transmission lines does not in any way depend on assumptions about
their size, shape, material composition or the signals imposed. Of course,
the values of the matrix elements themselves will strongly depend on the
geometry and material properties. For identical signal lines, the matrix is
symmetric. This is why this special configuration of transmission lines is
often called symmetric lines.

Figure 3.14: Formalism #2: Mode Pattern for Identical Traces

For a pair of transmission lines, any arbitrary voltage pattern may be
imposed. However, certain patterns have special properties in that they
will propagate down the line undistorted. These patterns are called
modes. When the dielectric is inhomogeneous, and the conductors are
identical, the mode patterns that propagate undistorted are the same
voltage patterns as when driven differentially, with opposite edges or
driven in common, with the same voltage edge polarity. We give these
two modes the special names of odd and even modes.

When the impedance matrix is symmetric, the odd mode is excited when

the pair is driven with a differential signal. The even mode is excited
when the pair is driven with a common signal.
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It is important to keep in mind that the modes are intrinsic features of the
transmission lines. They depend on the precise geometry and material
properties. The voltage imposed on the lines are dependent on how the
drivers are configured.

Figure 3.15: Definition of Odd and Even Mode Impedance

Based on the definition of the impedance matrix, and the definition of
odd and even modes, the impedance of each mode can be calculated.
The odd mode impedance is the impedance a driver would see, looking
into one of the lines, when the pair of lines is driven in the odd mode,
or with a differential signal. Likewise, the even mode impedance is the
impedance a driver would see, looking into one of the lines, when the
pair of lines is driven in the even mode, or by a common signal.

If there were no coupling, both the odd and even mode impedances would
be equal, and equal to the impedance of just one isolated line, as expected.
However, with coupling, there are additional current paths between the
signal lines in odd mode, and the odd mode impedance decreases. Some
current will flow not only from the first signal line to the return path,
but through to the second signal line and then into the return path. This
increased current through the coupling path results in a decrease in the
odd mode impedance of one line with increasing coupling.
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The even mode is also affected by the coupling. When driven with a
common signal, there is no voltage difference between the two signal
traces. There is thus no coupled current between the signal lines and the
even mode impedance is higher than the odd mode.

When the differential pair is driven with a differential signal, the
impedance of one line, the odd mode impedance, defines the current
from one trace ultimately into the plane. The voltage difference between
the two signal lines, when driven differentially, is twice the voltage of
one line to ground. Thus, the differential impedance, as defined by the
ratio of the voltage between the two lines to the current between them,
is seen to be simply twice the impedance of the odd mode impedance.
This quantifies the differential impedance in terms of the characteristic
impedance matrix elements.

Figure 3.16: The Impedance of One Line Depends on
How the Other Is Driven

From this analysis, it is clear that when there is coupling between
transmission lines, as in a differential pair, referring to the “impedance”
of one line is ambiguous. The impedance will change depending on how
the adjacent line is driven.

When both lines are driven in common, the impedance of one line will be

the even mode impedance. When both lines are driven differentially, the
impedance of one line will be the odd model impedance.
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To measure the odd and even mode impedances requires applying
simultaneous signals to each of the two lines. This requires using a dual
channel TDR that can be configured for differential drive and common
drive. With this instrument, the even and odd modes can be measured
and the characteristic impedance matrix elements can be extracted.

Figure 3.17: Two Channel Differential TDR:
Differential or Common Driven

The HP 54754A plug in module has two independent TDR step
generators that can be synchronized. There are four modes of operation:
channel 1 on only, channel 2 on only, both channels in phase- common
signal, and both channels out of phase with each otherdifferential signal.

The TDR response from each channel can be measured separately
independent of what the other channel is doing. This allows the
measurement of the odd mode impedance separate from the even mode
impedance, for each line in the pair.
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Figure 3.18: Measuring Odd and Even Impedance of
Tightly Coupled Lines

In the example above, the TDR response of one trace of a closely
coupled differential pair of microstrips is measured. The other trace is
driven by channel 2 of the HP 54754 module. The TDR response has
been converted from a voltage scale directly into an impedance scale to
facilitate direct read out of impedance.

When channel 2 is driven in phase with channel 1, the differential pair
is driven with a common signal. The impedance measured by the TDR
for one of the microstrip traces is the even mode impedance of that line
and is seen to be about 52 Ohms. Merely by changing the signal on the
second trace to out of phase, or driving the pair with a differential signal,
the impedance of the line under test decreases. The odd mode impedance
is seen to be about 45 Ohms.

Finally, when the second channel is turned off, and the voltage on line 2
is zero, the impedance of line 1 is measured as the self impedance, which

is the diagonal element of roughly 48.5 Ohms.

From the measurements of the odd and even mode impedances, the
characteristic impedance matrix elements can be extracted.
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Figure 3.19: Direct Measurement of Differential Impedance

When the differential pair is driven differentially by the DTDR module,
the impedance measured by each channel is the odd mode impedance of
each line. These can both be displayed directly on the screen. Though for
symmetric lines, the odd mode impedance of each line is nominally the
same, in the real world, there are always some asymmetries. These show
up as slightly different odd mode impedances for line 1 and line 2.

In the example above, for two microstrip lines, one line has an odd
mode impedance of 46 Ohms and the other is 47 Ohms. There is some
variation across the length of the trace, due to line width variations in the
tape used to fabricate the trace. When the two traces have different odd
mode impedances, the differential impedance is just the sum of the two
different odd mode impedances. After all, the difference signal will see
the series combination of the impedances of each line to the plane below.

The differential impedance can be displayed directly on the screen as the

sum of the two odd mode impedances. In this example, it is seen to be
about 93 Ohms, with some variation across the length.
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Figure 3.20: Measuring Differential Impedance of
Low Impedance Traces

The same measurement technique can be applied to low impedance
traces. In this example, the two traces each have an odd mode impedance
of about 30 Ohms. The differential impedance is calculated and displayed
as 60 Ohms. Right near the beginning of the differential line, there was
some lifting of the trace from the board. Tape was applied to minimize
this problem. The higher impedance due to larger distance between the
signal line and the return path is evident in the measured response of the
odd mode impedance. The impedance is elsewhere very uniform, as the
natural line width variation is a small relative amount.
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Figure 3.21: DTDT: Four Channel Operation Differential Time
Domain Transmissions

A dual TDR module allows the measurement of the impedance
characteristics of any coupled differential pair. With the addition of an
HP 83484A 2 channel 50 GHz plug in module, the signals propagated
to the end of the differential pair can be measured. This is an emulation
of what the actual far end receivers might see, given the caveat of 50
Ohm termination.

In this example, the signal at the far end when the pairs are driven
differentially is measured. In the upper left screen shot, the TDR response
without the DUT connected is shown. This highlights that one channel
is driving a signal of 0 to 400 mV, while the other channel is driving a
signal of 0 to —400 mV. What gets launched into a 50 Ohm load is 0 to
200 mV in channel 1 and 0 to =200 mV in channel 2.

At the far end of the roughly 50 Ohm differential pair the two channels of
the HP 83484 A measure the received voltage, into a 50 Ohm load. This
shows the roughly 100 psec rise time from propagating down 8 inches of
FR4. The individual channels are displayed as directly measured.

In addition, the common signal, being the average of the two and the

differential signal can be automatically displayed. All received signals
are displayed on the same scale. When driven differentially, very little
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common signal is created by the transmission down the pair. When the
pair is driven with a well balanced differential signal, the common signal
is virtually non existent.

Figure 3.22: Received Signal with Delay Skew in a Differential Pair

A common problem with differential drivers for differential pair lines is
skew between the two channels. This arises due to mismatching of the
drivers, different rise and fall times or different interconnect delays due
to routing differences or different loads on the two lines of the differential
pair. Any imbalanced in the signals at the receivers will create a common
signal.

A variable skew can be introduced between the two driven TDR step
generators. This emulates what would happen if there were a skew in the
drivers. In this example, the common signal is increased steadily as the
skew increases from zero to 100 psec, comparable to the rise time.

Longer than 100 psec, the common signal at the receiver is basically

constant. This suggests to minimize the common signal, the skew should
be kept under just a small fraction of the rise time.
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Figure 3.23: Full Characterization of a Differentially Driven,
Differential Pair

The full characterization of the performance of a differentially driven,
differential pair, includes the TDR response of each channel, which
relates to the odd mode impedance of each line, and the received signals
of the two channels at the far end, combined as the differential and
common signals.

In the example, above, the measured response of a uniform differential

pair is shown, illustrating all six measurements. In this case, the common
signal is very small since the differential drivers are well balanced.
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Figure 3.24: Full Characterization of a Single End Driven,
Differential Pair

This response should be compared to the behavior of the same pair when
one line is driven single ended, while the other line is held low. In this
case, TDR channel 2 is measuring the NEXT and the channel 4 receiver
is measuring the FEXT.

When a signal is launched into only one line of a symmetric line, there
are equal parts odd mode and even mode signal created. These propagate
to the end and are received, where they are calculated from the voltages
in the two receiver channels and displayed as the differential signal and
common signal. As can be seen, the differential signal, corresponding
to the odd mode, arrives at the receiver before the common signal,
corresponding to the even mode.

This is a direct measure of the difference in velocity of the odd and
even modes. The odd mode, having more fringe fields in the air, has a
lower effective dielectric constant and hence higher propagation speed.
The even mode has more fields in the dielectric and a higher effective
dielectric constant, and takes longer to reach the receiver. From this
measurement, the connection between cross talk and modes is also
apparent. The common mode signal is delayed due to the FEXT.
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In this example, the differential and common signals are displayed
using the Math function of the HP 8§3480A Mainframe, so that the TDR
response can be switched between single output and dual output.

Figure 3.25: Differential Pair Over Split in the Return Path

With this perspective, we can look at the response of a differential pair
that crosses a gap in the return path. The traces are about 8 inches long,
each about 50 Ohms with weak coupling between them. The gap in
the return path is about 1 inch wide. The time delay across this gap is
comparable to the rise time of about 100 psec.

In the same way as before, the response at the near end and far end of

each line can be measured when one line is driven signal ended and when
both lines are driven differentially.
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Figure 3.26: Full Characterization of a Single End Driven,
Differential Pair Over a Split in the Return Path

As expected, the TDR response of channel 1 shows the uniform
transmission line until the gap is reached. Electrically, the gap looks
like a large inductive discontinuity and the reflection is a large positive
value. The second TDR channel is measuring the reflected NEXT noise.
Initially there is the saturated near end noise, until the gap is reached.
The mutual inductance between the two traces in the vicinity of the
gap is almost as large as the self inductance that causes the reflection
of channel 1. This results in induced noise generated in trace 2 that is
almost as large as the reflected signal in trace 1.

The enhanced near end and far end cross talk between the two adjacent
traces is due to the high mutual inductance of the return paths around the
gap. This is the reason to carefully route signal paths over continuous
planes and avoid crossing gaps.

The inductively generated noise in trace 2 propagates down the trace 2
transmission line in both directions, and appears at the far end as much
enhanced far end noise. From the time constant of roughly 400 psec, the
inductance of the discontinuity can be extracted as roughly 40 nH. This
corresponds to the self inductance of the perimeter of the current path
around the gap, which is about 3 Y2 inches, or roughly 15 nH/inch.
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The common and differential signals are also greatly distorted from the
case of no gap in the return path. This sort of discontinuity would cause
major problems for most single ended driven transmission lines, and is
why design rules recommend routing adjacent traces over continuous
return paths.

Figure 3.27: Full Characterization of a Differentially Driven,
Differential Pair Over a Split in the Return Path

However, when both lines are driven with a differential signal between
the pair of traces, the reflected noise from each line is in the opposite
direction and the resulting reflection is reduced considerably. Likewise,
since the gap offers a nearly balanced discontinuity to each of the two
signal lines, the effect on the common signal is almost negligible. This
illustrates a chief advantage of transmitting signals on differential
pairs- differential signals are much more robust to imperfections in the
propagation paths that are common to both lines. The effects on each line
will be better balanced, with less common signal noise generated, as the
lines are routed closer to each other and the coupling is larger.
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Figure 3.28: Measured Impedances

Another way to look at the gap in the return path is in terms of what
impedance the differential signal sees. This can be measured directly
with the DTDR module. The differential pair is driven differentially, and
the DTDR measures the odd mode impedance of each line. Their sum is
the differential impedance, also displayed.

Before and after the gap, the differential impedance is about 97 Ohms.
In the region of the gap, the differential impedance is about 150 Ohms.
This corresponds to the impedance that was measured for two coplanar
transmission lines, with no conducting plane beneath them, which is
exactly what the region of the gap appears as. The gap acts as a high
impedance region for the differential signal. This will create a reflection.
However, if the lines are terminated at both ends, this reflections may not
cause signal integrity problems.

This illustrates that if signals must cross gaps in the return path, routing

the signals as differential signals on closely coupled differential pairs is
the way to do it.
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Figure 3.29: Summary

In this presentation we have presented a simple and intuitive way of
thinking about differential impedance. We have expanded this simplified
view to include the characteristic impedance matrix formalism for two
lines and illustrated how odd and even mode impedance can be directly
measured using a DTDR module. With coupled transmission lines, the
impedance of one line will depend on how the adjacent line is driven.

Finally, by using a dual channel TDR and dual channel amplifier, we
illustrated how we can emulate some of the unique features of signals in
a differential pair of transmission lines.

« www.keysight.com/find/plts

« www.youtube.com/user/keysight

Figure 3.30: Resources
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For more information and training about signal integrity and interconnect
design, please contact Bogatin Enterprises. Our web site is a resource
center for many topics related to signal integrity and interconnect design,
including a bibliography, list of relevant conferences and trade journals
and a listing of important webs sites and vendors.

For information about instrumentation used in this study, contact
Keysight Technologies.
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Chapter 4

Accuracies and Limitations of Time and Frequency
Domain Analyses of Physical-Layer Devices

4.1 Introduction

The time domain reflectometer (TDR) has long been the standard
measurement tool for characterizing and troubleshooting physical layer
(PHY) devices and is common in all signal integrity labs. With the push
toward higher-speed differential signaling and the need for more accurate
characterization and modeling of differential interconnects (e.g., cables,
connectors, packages, printed circuit boards [PCBs]) the vector network
analyzer (VNA) is becoming more common in signal integrity labs as
well. The VNA brings more accuracy, dynamic range, and frequency
coverage (faster rise times) to this characterization and modeling. It can
cost more than a TDR and is not as familiar to use for the signal integrity
engineer.

Depending on the dataratesand complexity of the structure, measurements
and modeling can be done in either the frequency domain using a VNA
or the time domain using a TDR. With commercially available software,
it is easy to move between the time and frequency domains and between
single-ended measurements and differential measurements, including
measurements of mode conversion.

This chapter is a summary of more than a year’s work trying to fairly
compare and contrast the capabilities of the TDR and VNA. The original
work [1] was presented at Design Con 2005 but has been updated
and summarized for this chapter. How to perform comprehensive
measurements for complete and accurate device or interconnect
characterization with either system will be addressed.

To get high-quality measurements, an understanding of the instruments’
architecture, calibration, and specifications such as dynamic range,
accuracy, noise, and stability will be presented. How each of these affects
or limits the quality of the measurement will be addressed in detail.
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Several calibration techniques are available to remove sources of error in
making measurements. These techniques will be compared using results
of actual measurements. The differences between the TDR and VNA will
be used to show the limitations of specific measurement techniques as
well as their impacts on developing models for these structures.

4.2 Equipment Setup

The measurement equipment used in this paper consists of a four channel
TDR with an 18 GHz bandwidth and a four-port 20 GHz VNA. High-
quality phase stable cables were used to connect to the devices under
test (DUTS), and comparable settings were used on each measurement
instrument to achieve as fair a comparison as possible. A typical setup
is shown in Figure 4.1. The specific description and setup is as follows:

* Keysight N1930B Physical Layer Test System Software (PLTS)

* Keysight Infiniitum DCA 86100C with 54754 A Differential TDR
Modules

¢ All TDR measurements were taken with a time base of 5 ns,
varying rise time, ~2000 pts, and 16 averages.

* All VNA measurements 10 MHz to 20 GHz measured on an
E8362B 