Interconnect

Beyond Design
by Barry Olney, IN-CIRCUIT DESIGN PTY LTD / AUSTRALIA

Arguably, the most critical factor in high-
speed PCB design is the impedance of the in-
terconnect. We know that transmission line
drivers must be matched to the impedance of
the line for the perfect transfer of energy. En-
ergy is never lost but rather transforms into
other forms of energy. Specifically, in the case
of an unmatched transmission line, energy
can be transferred into heat, coupled into ad-
jacent elements, reflected, or radiated. In this
month’s column, I will look at why intercon-
nect impedance is so important to the correct
performance of the system.

Impedance is an extension of the definition of
resistance to alternating currents (AC). Imped-
ance includes both resistance (the opposition of
the electric current) and reactance (the measure
of opposition as the current alternates). Reac-
tance also includes the effects that vary with
frequency due to distributed parasitic induc-
tance and capacitance of the transmission line.

Impedance is at the core of the methodology
that is used to solve signal integrity issues:

1. Signal quality issues arise because voltage
signals reflect and are distorted whenever
the impedance changes along a transmis-
sion line.
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2. Crosstalk arises from the coupling of
electric and magnetic fields between
adjacent traces or coupling between
traces and return paths. The inductance
and capacitance between the traces
establish an impedance, which determines
the amount of coupling.

3. Differential mode propagation can be
converted to common mode by parasitic
capacitance or any imbalance caused by
impedance variation, signal skew, rise/fall
time mismatch, or asymmetry in the chan-
nel. Common mode currents are the main
source of electromagnetic radiation.

Not only are the problems associated with
the signal integrity best described by the use of
impedance, but the solutions and design meth-
odology for good signal integrity are also based
on the use of impedance. The two key process-
es—modeling and simulation—are based on
converting electrical properties into an imped-
ance and then analyzing the impact of that im-
pedance on the signals.

The iCD Stackup Planner in Figure 1 illus-
trates the three most common transmission line
structures of a multilayer PCB. For embedded
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Figure 1. Embedded microstrip, asymmetric, and dual symmetric stripline configurations.

20 DESIGNOO7 MAGAZINE 1 JANUARY 2020



microstrip (solder mask coated microstrip),
the electromagnetic field propagates partially
in the dielectric material, solder mask, and air.
Whereas in both stripline structures, the elec-
tromagnetic field propagates in the dielectric
material sandwiched between the planes.

Interconnect impedance is a function of the
geometry of the conductors and the dielectric
constant of the material adjacent to or sepa-
rating them. For PCB traces, the most criti-
cal dimension is the ratio of trace width to
height above/below the reference plane(s).
Impedance is also inversely proportional to the
square root of the dielectric constant. Clearly,
the accurate control over impedance requires
precise management of both the physical ge-
ometries and the material characteristics along
the entire length of the interconnect.

Figure 2 illustrates the variation of imped-
ance with the three most influential variables:
trace width, dielectric thickness, and dielectric
constant. These impedance plots were simulat-
ed by multiple passes of the field solver in the
iCD Stackup Planner. Note that the microstrip
impedance (top row) varies almost twice as
much as the stripline impedance (bottom row)
to the same changes in the variables. Conse-
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quently, microstrip transmission lines are more
vulnerable to change in impedance, which is
another good reason not to route critical sig-
nals on the outer layers. Any slight variation
in any of the total of five variables (including
copper thickness and differential clearance)
will dramatically change the localized imped-
ance of a microstrip interconnect. These are
physical properties of the multilayer PCB that
the fabricator must control to maintain a con-
stant impedance.

Having a PCB fabricated to controlled imped-
ance specifications does not necessarily control
the impedance of your routed traces; it only con-
trols the impedance of the test coupons. Only
you can control the impedance of the signal in-
terconnect. As technology progresses, develop-
ers are specifying controlled impedance boards
more frequently. The PCB fabricator does their
best to control the impedance, of the bare board,
given all the manufacturing variables. The fab-
ricator will initially predict the stackup trace im-
pedance using a field solver. They should then
place impedance test coupons on the outer edge
of the PCB to check that the manufactured prod-
uct matches the predicted impedance using a
time-domain reflectometer (TDR).
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Figure 2: Comparison of microstrip and stripline impedance variations. (Source: iCD Stackup Planner)
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Figure 3: Free-form schematic model of a DDR2 address signal (simulated in HyperLynx).

Impedance variations along the transmission
line are much more critical than a precise val-
ue of impedance. A flat impedance profile is
vital, and it is the PCB designer’s responsibility
to ensure that there is no impedance disconti-
nuity due to inadequate signal routing. Unfor-
tunately, differential mode propagation can be
converted to common mode by any imbalance
caused by impedance variation.

Having a PCB fabricated to controlled im-
pedance specifications does not necessarily
control the impedance of your routed traces;
it only controls the impedance of the inactive
test coupons. The impedance test coupons do
not take into account all of the possible issues
that can occur throughout the maze of routing
from driver to load. Only you can control the
impedance of the signal interconnect. If you ex-
tract the interconnect topology (Figure 3), from
a PCB layout to free form schematic models,
the result can be terrifying—not quite that sim-
ple trace that was routed. In this case, any of
the 15 individual transmission lines that form
the entire interconnect can create issues if in-
correctly routed.

The key to controlled impedance design is
to maintain consistency along the entire length
of the interconnect, providing a flat impedance
profile.

1. Reflections occur whenever the imped-
ance of the transmission line changes
along its length. This can be caused by
unmatched drivers/loads, layer transitions,
dissimilar dielectric materials, stubs, vias,
connectors, and IC packages. Terminate
transmission lines, avoid layer transitions
that don’t have a common reference plane,
and reduce the length of stubs.

2. These reflections augment crosstalk that
is caused by close coupling of signal trac-
es to other structures. Designers should
couple traces close to the reference plane,
avoid long parallel trace segments, and
increase spacing to aggressor signals.

3. There are a number of recommendations
to control skew caused by a glass-weave
effect. But the simplest by far is to use two
combined layers of 1067-style prepreg
dielectric material between the signal and
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reference plane. This ensures a constant
percentage of resin to glass fiber in the
dielectric material and controls the com-
parative propagation delay to <2 ps/12 in.

4. Signal skew also occurs when differential
pairs are not properly matched. Differen-
tial skew refers to the time difference
between the two single-ended signals in
a differential pair. Any mismatch in delay
will result in changing part of the differen-
tial signal into common-mode current. If
there is a mismatch (e.g., on a bend),
it should be balanced by lengthening the
appropriate trace where the bend occurs.

5. Do not route critical signals on the outer
(microstrip) layers, as these are more
vulnerable to change in impedance and
also difficult for the fabricator to control
the plating thickness.

6. Avoid placing copper pours next to
signal traces, as the copper pour will
lower the impedance on the adjacent
trace segment. Use three times the dielec-
tric height as an effective copper pour to
trace clearance rule.

Establishing comprehensive design con-
straints can prevent many of the above issues
from occurring in the first place and will cer-
tainly warn you when not enforced, depending
on the level of your tool’s electrical rule check-
ing (ERC). (In addition, you could download
the free HyperLynx DRC add-on, which can
be used to identify PCB design issues affecting
EMC and signal and power integrity.)

Key Points

® Energy is never lost but rather transforms
into other forms of energy

¢ An unmatched transmission line’s energy
can be transferred into heat, coupled into
adjacent elements, reflected or radiated

¢ Impedance is at the core of the methodol-
ogy that is used to solve signal integrity
issues

¢ Interconnect impedance is a function of
the geometry of the conductors and the
dielectric constant of the material adjacent
to or separating them
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e The most critical dimension is the ratio
of trace width to height above/below the
reference plane(s)

® Microstrip transmission lines are more
vulnerable to change in impedance, which
is another good reason not to route critical
signals on the outer layers

¢ Impedance variations along the transmis-
sion line are much more critical than a
precise value of impedance

e A flat impedance profile is vital, and it is
the PCB designer’s responsibility to ensure
that there is no impedance discontinuity
due to inadequate signal routing

® Having a PCB fabricated to controlled
impedance specifications does not neces-
sarily control the impedance of your rout-
ed traces; it only controls the impedance
of the inactive test coupons

¢ The key to controlled impedance design is
to maintain consistency along the entire
length of the interconnect, providing a flat
impedance profile DESIGNOO7
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