The Curse of the

Board

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

At DC and low frequencies, the inductance
of transmission line paths can be ignored.
However, as the frequency and rise time in-
crease, we soon realize that the multilayer PCB
is not an ideal environment to transfer high-
speed data. Here, parasitic capacitance and in-
ductance plague the most basic of designs. In-
ductance, in particular, impacts on virtually all
signal and power integrity issues.

To optimize the physical layout for accept-
able performance, inductance must be mini-
mized:

1. The mutual inductance between signal
paths intensifies switching noise

2. The inductance of the power distribution
network (PDN) bypass and decoupling
capacitors dramatically affects product
performance and reliability

3. The effective loop inductance of the
return current paths impacts on
electromagnetic (EM) emissions
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By understanding how the physical PCB
layout influences the degree of inductance,
the PCB designer can triumph over their arch-
enemy.

Electric fields and magnetic fields play an
equal role in moving energy in a multilayer
PCB. EM fields also move energy in free space
but not at DC. The presence of voltage implies
that there is an electric field, and the changing
of that electric field creates a magnetic field.
What may not be appreciated is that moving
a voltage between two components requires
moving energy (not a signal), which requires
the existence of both electric and magnetic
fields. When energy is not moving, the mag-
netic field is zero.

1. Mutual Inductance Between Signal Paths

When current flows in a conductor, there is a
magnetic field. When a second conductor, car-
rying current, is brought into close proximity,
there is a force between the two. If both cur-



rents flow in the same direction, then they are
additive (think two parallel trace segments).
When the currents flow in the opposite direc-
tion (think a trace over a return plane), the
currents cancel. This implies that two individ-
ual traces should be kept well apart to reduce
crosstalk whilst a signal trace should be tightly
coupled to its return path (plane) to increase
coupling and reduce inductance.

Parasitic inductance is often an afterthought
in high-speed design. A substrate consisting of
conducting and dielectric materials will have
some parasitic inductance, possibly leading
to problems like crosstalk, induced currents,
noise coupling, and other effects that degrade
signal quality.

Unfortunately, parasitic capacitance and in-
ductance in a PCB are unavoidable. A PCB is
composed of a number of parallel conducting
elements that are separated by an insulator, ba-
sically forming a capacitor. Likewise, conduc-
tors on a PCB will inevitably form complete
loops, creating an equivalent inductor. While
making dielectric layers in the stackup thin-
ner will decrease the loop area and the para-
sitic inductance, it will also increase parasit-
ic capacitance. Therefore, one needs to choose
the sweet spot where inductance is minimized,
and capacitance is maximized.

In high-speed digital applications where mul-
tiple data lines can run at tens of Gbps, parasit-
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Figure 1: Near and far-end crosstalk for
microstrip (simulated in HyperLynx).
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ic capacitance and inductance can produce im-
pedance mismatch along the signal path. Any
mismatch caused by parasitics will produce re-
flections along the transmission line, ultimate-
ly increasing timing jitter and bit error rates.

Figure 1 shows the near (NEXT) and far-
end (FEXT) crosstalk for the victim traces ad-
jacent to the aggressor trace (1.5V at 1 GHz).
In this case, the traces are 4 mils wide with
4-mil spacing and have a 40-ohm impedance.
As the victim trace gets farther away from the
aggressor, the crosstalk decreases. The self-in-
ductance line rings are those field line rings
around a trace that arise from its own current
only, whilst the mutual inductance line rings
are the magnetic field line rings complete-
ly surrounding a trace that arise from anoth-
er trace’s current; these cause the crosstalk.
Crosstalk creates ringing, which creates elec-
tromagnetic radiation.

2. Inductance of the Power Distribution

Network

Also, as the frequency and rise times in-
crease, the AC impedance of the PDN increases
due to the inductance of the bypass and decou-
pling capacitors attached to the planes. Every
capacitor has an equivalent series inductance
(ESL), which causes its impedance to in-
crease at high frequencies. Bulk bypass capaci-
tors provide low impedance up to ~ 10 MHz.
High-frequency decoupling is provided by ce-
ramic capacitors up to several hundred MHz,
but above that, only the planar capacitance
can reduce the PDN impedance. The power-
to-ground plane capacitance of the PCB pro-
vides an ideal capacitor in that it has no series
lead inductance and little equivalent series re-
sistance (ESR), which helps reduce noise at ex-
tremely high frequencies, providing tight cou-
pling (<5 mils) between planes creates valu-
able capacitance at high frequencies.

Capacitors reach their minimum impedance
at their resonant frequency (Figure 2), which is
determined by the capacitance, ESR, and ESL.
To meet the PDN target impedance at a par-
ticular frequency, a capacitor is chosen so that
when mounted on the PCB, it will resonate at
the desired frequency and have an impedance



— Ctarget
= Zpdn
A | R
10- -
Resistive at
resonant
- Downward frequency Upward
= slope is slope is
é 01~ Capacitive Inductive
001~ V
[2€1=00050, Freg |
0.001 -
00001 T T T T T
10K 100K ™ oM 100M 1G 106

Fregquensy (Hz) o ied Com sy

Figure 2: A capacitor has series capacitance, resistance,
and inductance (iCD PDN Planner).

that is equal to its ESR. Then, a sufficient num-
ber of those capacitors are placed in parallel so
that the accumulated ESR’s approach the de-
sired target impedance.

In addition, the mounting inductance of a
capacitor is comprised of three components:
capacitor footprint, capacitor height above or
below the plane, and power plane spreading
inductance. These three elements describe the
loop that current must flow; the bigger the loop,
the more the inductance. The footprint (land
pattern) for a capacitor dominates the ESL. It
consists of via placement with respect to the

pad, the length and width of traces connected
to the pad, and the way the vias are connected
to the power and ground planes. The location
of the power/ground planes in the PCB stack-
up controls the length of the vias; this is why it
is always best to place the decoupling capaci-
tors on the same side of the board as the BGA
for high layer-count stackups. Inductance di-
rectly depends on the magnetic field, so reduc-
ing the energy associated with the loop area re-
duces overall inductance.

Figure 3 illustrates 0402 capacitors with dif-
ferent fanout patterns. End vias are the worst
case where the loop area (inductance) is the
largest. This loop area can be reduced by plac-
ing the vias closer to the land side and even
more so by placing double vias either side of
the pad basically halving the inductance. The
final case is that of via-in-pad, which reduces
the loop area dramatically, but caution should
be used as not all assembly shops support this.
Placing double vias has approximately the
same inductance as using the via-in-pad. Also,
vias should be directly connected to the plane
rather than by thermal reliefs, which adds to
the inductance.

3. Loop Inductance of the Return Paths
PCB designers, generally, take great care to
ensure that critical signals are routed exactly to
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Figure 3: Capacitor mounting and via fanout.
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length from the driver to the receiving device
pins but take little care of the return current
path of the signal. Current flow is a round trip,
and the important issue is delay, not length.
If it takes one signal longer for the return cur-
rent to get back to the driver—such as around
a gap in the plane—then there will be skew be-
tween the critical timing signals. Return path
discontinuities (RPDs) can also create large
loop areas that increase series inductance, de-
grade signal integrity, and increase crosstalk
and electromagnetic radiation.

Small discontinuities, such as vias and non-
uniform return paths on a bus, are becoming
an important factor for the signal integrity and
timing of high-speed systems. RPDs produce
impedance discontinuities due to the local re-
turn inductance and capacitive changes. Im-
pedance discontinuities create reflected noise,
contribute to differential channel to channel
noise, and may promote mode conversion. In
the case of differential pairs, the transforma-
tion from differential-mode to common-mode
typically takes place on bends, and non-sym-
metrical routing near via and pin obstructions,
but can also be caused by small changes in im-
pedance due to RPDs.

Common mode radiation is the result of
parasitics in the circuit, which emanate from
the unwanted voltage drops in the conduc-
tors. As the signal is driven down the trans-
mission line, capacitive coupling between the
trace and plane conductors completes the loop
and displacement current flows through the
capacitance which returns to the source. The
common-mode current that flows through the
ground impedance produces a voltage drop in
the digital logic ground system and generates
magnetic radiation.

To control common mode radiation, it is im-
portant to minimize the common mode ground
voltage at the source. Also, good grounding
minimizes noise sources by presenting com-
mon mode currents with a low impedance
path to ground potential. If the return path of
a common mode current is far from the signal
path, then the common mode current will ra-
diate. However, if you engineer the return path
to be in close proximity to the source current,
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then the loop area will be small; therefore, the
common mode current will not radiate.

In conclusion, parasitic effects can be min-
imized by separating traces as much as pos-
sible, coupling signal traces close to the refer-
ence planes, reducing the loop area of return
current, using good stackup design practices,
and lowering the AC impedance of the PDN by
minimizing the decoupling capacitor mounting
inductance.

Key Points

¢ Inductance, in particular, impacts virtually
all signal and power integrity issues

¢ Moving a voltage between two compo-
nents requires moving energy (not a sig-
nal), which requires the existence of both
electric and magnetic fields

¢ Two individual traces should be kept well
apart to reduce crosstalk whilst a signal
trace should be tightly coupled to its re-
turn path (plane) to increase coupling and
reduce inductance

e Parasitic capacitance and inductance in a
PCB are unavoidable

® Parasitic capacitance and inductance can
produce impedance mismatch along the
signal path

¢ As the frequency and rise times increase,
the AC impedance of the PDN increas-
es due to the inductance of the bypass
and decoupling capacitors attached to the
planes

¢ The power to ground plane capacitance,
of the PCB, provides an ideal capacitor in
that it has no series lead inductance and
little equivalent series resistance, which
helps reduce noise at extremely high fre-
quencies

¢ Capacitors reach their minimum imped-
ance at their resonant frequency

® A capacitor is chosen so that when mount-
ed on the PCB, it will resonate at the de-
sired frequency

¢ The footprint (land pattern) for a capacitor
dominates the ESL

¢ The location of the power/ground planes
in the PCB stackup controls the length of
the vias; this is why it is always best to



place the decoupling capacitors on the
same side of the board as the BGA for high
layer-count stackups

¢ Capacitor mounting loop area can be re-
duced by placing the vias closer to the
lands

¢ Vias should be directly connected to the
plane rather than by thermal reliefs, which
adds to the inductance

¢ Current flow is a round trip, and the im-
portant issue is delay, not length

® Return path discontinuities can also create
large loop areas that increase series induc-
tance

¢ RPDs produce impedance discontinuities
due to the local return inductance and ca-
pacitive changes

e If the return path of a common mode cur-
rent is far from the signal path, then the
common mode current will radiate
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Cooling for Quantum Electronics

The startup kiutra GmbH is the first company in the world
to have succeeded in developing a permanent magnet-
ic cooling system to reach temperatures close to absolute
zero. Such temperatures are, for example, required for the
operation of quantum computers. The system was set up by
a team of researchers from the Physics Department at the
Technical University of Munich (TUM).

TUM researchers Alexander Regnat, Jan Spallek, Tomek
Schulz, and Professor Christian Pfleiderer are seeking to
meet that demand. All four are currently working on their
prototype at the TUM Physics Department. According to Al-
exander Regnat, there is already the prospect of taking on
more staff and setting up separate headquarters.

The team of scientist came up with the idea during their

work at the TUM. Again and again, they were faced with the
limits of conventional methods for reaching such low tem-
peratures. Therefore, the group developed its own technol-
ogy to ensure permanent cooling and founded kiutra GmbH
in the summer of 2018.

Concepts for permanent magnetic cooling have been
around for many years. “However, technical implementation
is extremely challenging, and this has previously prevented
the development of a product for widespread use,” explains
Schulz.

“We are the world’s first commercial supplier of a cooling
system that can magnetically achieve temperatures close
to absolute zero (near -273°C) on a permanent basis,” says
Regnat. (Source: Science and Technology Research News)
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ICD Design Integrity

iCD Stackup Planner

Precision 2D (BEM) field solver
Controlled impedance analysis
Relative signal propagation delay
iCD Termination Planner

iCD Materials planner

Multiple differential technologies
Heads-up impedance plots
Dielectric Materials Library >33,000
Interfaces to Allegro, Altium, Excel,
HyperLynx, OrCAD, PADS, Xpedition,
Zmetrix TDR, Zuken and IPC-2581B

Offers Engineers and PCB Designers unprecedented simulation
speed, ease of use and accuracy at an affordable price
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iCD PDN Planner

AC impedance analysis with resonance
Integration of stackup plane data

Definition of voltage regulator, bypass/
decaps and mounting loop inductance

Extensive Capacitor Library >5,650
Capacitor S-Parameter model import

PDN EMI Plot with FCC and CISPR Limits | j’w*‘

Analyze multiple power supplies to maintain low impedance over
entire frequency range dramatically improving product performance
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iCD CPW Planner

Reduces radiation loss

Fast Coplanar Waveguide analysis
Model single and dual (differential)
CPWs plus a dual Coplanar Strip (CPS)
Characteristic impedance and
edge-coupled differential impedance
Optional Dielectric Materials Library

Model microstrip Coplanar Waveguides to reduce radiation loss, of
high-speed serial links, significantly improving product performance
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1CD

Intuitive software tools for high-speed PCB design

In-Circuit Design Pty Ltd"

www.icd.com.au
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