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1. Introduction to High-Speed PCB Design

In the modern world, complexity of electronic products has increased due to the
demand for higher performance such as faster data transfers, better image
processing, higher computing power, and greater functionality. This has resulted in higher
componentcountinPCBs, highersignalfrequenciesoftheorderof5GHzandmore, high -speed
interfacessuchasHDMI,DDR3/4,Gigabitethernet,andHDI(HighDensityInterconnect)PCB
technologies having blind and buried microvias. In the future, the demand for even higher
performance from computers, mobiles, and communication devices would require PCBs to
be designed to cope with even higher speed of operation and higher component densities.

This booklet addresses the high-speed PCBdesign challenges and the best practices to
be followed to meet those challenges.

It may seemobviousto statethat high-speeddesignrequiresspecialcare which is generally not
neededin low speeddesign.High-speeddesignsare also usually morecomplexnowadays.

1.1 PCBDesign Flow in General

To state very briefly, an electronic product goes through different stages from product de -
sign concept, to product requirements andspecificationsdocument(includingthelist of key
electronic components/devices and key communication interfaces to be used), to circuit
schematic design, to PCBdesign, and finally to the PCB manufacturing and PCBassembly.
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Definition of product concept, writing the detailed product requirements, and de-
sign of the circuit schematics are mainly the responsibilities of a system designer.

During schematic entry, care needs to be taken while breaking up the design into
functional blocks, bringing all related components on one page and also clear-ly
marking the high-speed connections and power connections. For example, Ethernet
related components, which run typically at 50MHz or more, are accu- mulated on one
page of the schematic design. The differential and single end- ed impedance
controlled lines must be clearly marked on the schematic. Also, the high current
traces and voltages need to be designated. This will help the PCB designer to
decide the component placement strategy and routing strategy.

As schematics are finalised, the BOM should also be validated and approved by the
system designer.

Once these are done and made available to the PCB designer, then the PCB de-
sign plan needs to be worked out. As a first step, the high-speed nature and
complexity of the design must be properly assessed. Based on these assess- ments,
the appropriate PCB technology is chosen and a stackup is designed.

The PCB layout design is the next stage which includes components foot- prints

creation, setting of the DRC parameters such as trace width, trace spac-ing, via
padstacks, identifying controlled impedance traces and setting their rules,
component placement, and routing. As the placement and the routing aredone,
all the best practices to reduce signal integrity problems and EMI are con- sidered.
All these concepts will be discussed in detail in subsequent sections.

Once the PCBdesign is complete, reviewed, and approved by all the stakeholders, it
goes for PCBfabrication and ultimately PCBassembly.

It is extremely important that the PCB designers ensure that the design is man-
ufacturable and can be successfully assembled. So, before committing to
manufacturing, the designers should thoroughly review the design from a De- sign
for Manufacturability (DFM) and Design for Assembly (DFA), perspective.
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1.2 How Does OneDecideif it is a High-Speed Design?

To execute a successful PCBdesign for a circuit board, one has to first determine ifit
is in fact a high-speed design. If it is a high-speed design, then the PCBdesigner
would needto take special care during the design process; and we would call them
as high-speed design considerations p the main subject of this booklet.

1. In most cases, based on their past experience, the system design engineering
team may determine that this would be a high-speed design. The design team must
accept this, and can verify it by means of the process described below.

2. Occasionally, it might not be explicitly stated that the design is a high-speed one;
in that case the design team should determine if the design involves high-speed.

In order to decide if the PCBrequires high-speed design, we follow a two step
process:

Firstly, the system designers must state the values of one or more of the following
parameters of design (these characterise the high-speed nature of the circuitry):

Nj The maximum frequency (Fm)content in the highest speed signals in the circuit.
Nj The fastest rise (or fall) time (Tr) of the digital signals in the circuit.
Nj The maximum Data Transfer Rate (DTR)applicable for signals in the circuit.

A good news is that one does not need all the above three parameters, even one will

be sufficient, as it is possible to make an approximate estimate of the remaining two
parameters by using the following formula:

F,DD.5/T D2.5DTR
Ourobjective hereis to determine the highest signal frequency content i.e. F .

Examples:

(Ex.1) Letthe fastest rise time of the digital signals be given as: Tr = 100ps (pi-
co-seconds). Then, F_=0.5/ (100 x 10*?sec.) = 5 x 10° Hz = 5GHz.

(Ex.2) Let the highest data transfer rate be given: DTR=5.0Gbps (Gigabits per sec-
ond). Then F,=2.5xDTR=2.5x5.0x10°bps =12.5GHz.

Asaroughrule of thumb, if the highestfrequencycontentin thesignalsi F 1 is
greaterthan 50MHz, it shouldbetreatedasa high-speediesign.




While the above rule of thumb is fine in most cases, there are special cases where
evenF_=60MHz may not need high-speed design considerations, and there may be
some cases where even 40MHz F_ may need high speed design care.

If we want to be more certain, we carry out the following additional steps:

Secondly, we need to determine the wavelength ) A on the PCBof the electrical
(electromagnetic to be precise) signals for a given frequency, in our case Fm.

Wavelength for Fm: A =v/ F_
Where:v = speed of signals onaPCB DZ ) 2nzh/n9) |
Where: E_, = Effective dielectric constant of the PCB material
Propagation Delay: t,,=1/v
The speed and propagation delay for some of the commonly used PCB materials are
mentioned in the following table:

Material Er (for Er. (for \' v s to
Stripline) microstrip) (microstrip) | (stripline) = microstrip = stripline

Vacuum or air 11.8 in/ns 11.8in/ns | 85 psfin
Isola 370HR : g 6.90 inins 59in/ns | 145 psfin | 170 psfin
Isola I-SPEED 3 d 7.20in/ns | 6.18in/ns | 139 psf/in | 162 psfin

Isola |-Tera 4 ; 7.36in/ns | 6.35in/ns = 136 psfin | 158 psfin
MT40

Isola MT77
7.8 in/ns 6.8 in/ns 128 psfin | 147 ps/in

/ Rogers 3003

Rogers 4000 3.55 - 263-27 | ~7.20in/ns ~6.20 ~139 ps/in
series 3.66 in/ns

Knowing speed # fwrdm above,we can calculate the wavelength # Afor a given
frequency F_ .

Nowtherule of thumb: If thelengthof aninterconnectionl <a; /12,thenwedonot needto
considerit asa high speednterconnection If | Oa. /12,thenwedoneedtoconsiderit asa
high speednterconnection.
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There is one caveat here: while mostly, we would be considering | here
for the length of PCBinterconnection, it may happen the particular inter- connection
goes outside the PCB through a connector to a long cable; in that case we
need to consider the entire length of the interconnection.

Let us illustrate by some examples:

Assuming PCB material FR4(370HR), we have v =6.9 in/ns (microstrip) and 5.9 in/
ns (stripline).

For F, =50MHz, minimum A =5.9in/ns / 50MHz =118 inch. Here Minimum A_/12
=9.8in. Hence,if interconnection length 1 <9.8 in, (which is likely to be the case if PCB
size is <9 LY )dve may consider it as low speed, but if | G9.8 in, which maybe the
case for a PCBsize of Geven 7 L3 lile must consider it as high-speed one.

For F_=100MHz, minimum A =5.9in/ns / 100MHz =59 inch. Here Minimum A_

/12 =4.9in. Hence, if interconnection length 1 <4.9in, (which is likely toi be the case if

PCBsize is around 3 Lay\dve may consider it as low speed, but if | G4.9 in, which will
be likely for a PCBsize of around 5 LJyd8 dréater, we must consider it as high-speed
one.

For F, G1GHz,minimum A _ d%.9 in/ns / 1GHz=5.9 inch. Here Minimum A_ /12 dz
0.5in. In any PCB,the interconnection length is likely to exceed this; Hence,we must
consider it as high-speed one.

We thus see that the PCB size and therefore the interconnection lengths also play
an important role in determining which interconnections are to be treated with high -
speed design considerations.

1.3 Complexity of Design

In addition to high-speed design considerations, we also need to  assess the
complexity of the design since it also requires special design considerations.

The prime factors that play a crucial role in the design complexity are:

Nj Component density components count/size of board
Nj Routing density required
Nj Pitch of high pin count devices like BGAs:
& Fine pitch BGAs (0.5mm, 0.4mm pitch) with >16 pins count. These invariably
require blind and buried vias for proper IO fanouts.
& Number of pins in a BGAexceeds 250

Nj Types of interfaces: HDMI, Gigabit ethernet, DDR3 etc.
Nj PCBtechnology to be used:




Small form factor board) 2 RJpdfith more than 50 components

Larger size boards with more than 500 components

Designs requiring impedance control 2 1 1 differential lines, 6 1 gingle-
ended lines, and more than 500 components

Any design which takes more than two weeks to layout

The density of component pins exceeds 110 pins per square inch (17 pins
per square cm)

The density of component parts exceeds 10 parts per square inch (1.55per
square cm)

The circuit requires mixed technology of digital, radio frequency (RF),or
analog

The board requiring mixed materials for construction

The board has which has stringent electrical constraints

Boards having layers 8 to 12 layers or more, depending on the complexity

R Q&
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1.4 High-Speed Design Considerations

There are special considerations one needs to take when designing a high-speed PCB:

1. All high-speed interconnections need to be designed as transmission lines and not
just as point to point interconnections to reduce signal distortion, crosstalk and
electromagnetic radiation.

2. All causes of signal degradations needto be kept under control within acceptable
limits.

3. Adequate PCBtechnology is to be chosen so as to meet the demands of compo-
nent density, wiring density, communication protocols, and complex devices.

4. All causes of unacceptable levels of electromagnetic radiation needto be kept
under control.

5. Adequate power integrity has to be maintained in spite of high-frequency noise
on power and ground rails in high-speed circuits p ensuring adequate power supply
voltages are maintained at all the electronic devices and components for them to
function properly.

6. Adequate and special PCBrouting schemes needto be adopted to meet the de-
mands of component density, wiring density, communication protocols, and complex
devices.

The first three of the above points are usually covered under the disciplines called
Signal Integrity and PCBstackup design, the fourth point is covered under the disci-
pline called EMI,

the fifth is covered under Power Integrity, and the sixth under Special layout routing
techniques.

Wewill now discuss these in requisite details in the following sections and chapters
of this booklet.
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Signal Integrity for PCBDesigners

The moment you hear the term signal integrity, you might start yawning. But once you
have an understanding of it, you will be a master in this field for sure.

Mf gét straight to the point.

2.1 Whatis Signal Integrity?

Tjihobm! Joufhsjuz! )TJ*! tjhojgjft! uif! tgidnabm
integrity is nothing but the quality of the signal passing through a transmission line.

Fundamentally, signal integrity issues must be taken care of during the PCB design
phase. Once the PCB has been designed, there is little one can do to improve signal

integrity.

A simple analogy for your understanding:

AM signal -> not so clear (distorted signals)

FM signal -> more clear (better signal integrity)

To be more descriptive, signal integrity is the measurement of the quality of an elec -
trical signal typically in electronic printed circuit board. In digital electronics, a stream
of binary values is represented by a voltage (or current) waveform. However, digital

signals are fundamentally analog in nature, and all signals are subject to effects such
as noise, distortion and loss.

NOISE |
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Over short distances and at low bit rates, a simple transmitting line can transmit with
sufficient fidelity. At high bit rates and over longer distances, transmitting lines can
have different effects and degrade the electrical signal to the point where errors occur
and the system or device fails.

However, as speed increases, highfrequency effects take over and even the short- est
lines can suffer from problems such as ringing, crosstalk, reflections, and ground
bounce, seriously hampering the integrity of the signal.

Figure A above shows an ideal signal. Figure C shows the effect of noise on an ideal
signal. In the following sections, we discuss the effects of a noisy signal on data integ-
rity. In short, a noisy signal could result in bad data and therefore faulty operations.

2.2 Need for Signal Integrity

Signal integrity signifies the t j h odbility tb propagate without distortion.

When we have signal integrity issues in a PCB, it may not work as desired. It may work
in an unreliable manner p works sometimes and sometimes not. It may work in the pro -
totype stage, but often fail in volume production; it may work in the lab, but no reliably
in the field; it worked in older production lots, but fails in new production lots, etc.

A signal is said to have lost its integrity when:

Nj It gets distorted, i.e. its shape changes from the desired shape

Nj Unwanted electrical noise gets superimposed on the signal, degrading its signal to
noise (S/N) ratio

Nj It creates unwanted noise for other signals and circuits on the board

A PCBis said to have requisite signal integrity when:

Nj All signals within it propagate without distortion

Nj Its devices and interconnections are not susceptible to extraneous electrical noise
and EMI p electromagnetic interference p from other electrical products in its vicin - ity
as per or better than regulatory standards

Nj It does not generate or introduce or radiate EMI in other electrical circuits/cables/
products either connected to it or present in its vicinity, as per or better than regula-
tory standards



http://www.protoexpress.com/

2.3 What Leads to Signal Integrity Issuesin a PCB?

Perhaps the most important cause of signal integrity issues in a PCB is faster signal
rise times. When circuits and devices are operating at low-to-moderate frequencies
with moderate rise and fall times, signal integrity problems due to PCB design are rarely an
issue. However, when we are operating at high (RF & higher) frequencies, with much
shorter signal rise times, signal integrity due to PCBdesign becomes a very big issue.

SIGNALEDGEMOVINGACROSSA TRACEIN HIGHSPEED

ﬁ shot compared

. to time of flight

Factors that contribute to signal integrity degradation:

Generally speaking, fast signal rise times and high-signal frequencies increase signal
integrity issues.

Foranalytical purposes, we can divide various signal integrity issues into the following
categories:

2.3.1 Impedance discontinuities

As we mentioned earlier, if the signal encounters a discontinuity in impedance during
its travel, it will suffer reflections which cause ringing and signal distortion. Discontinu -
ities in the mj oirhpedance will occur at the point of encountering one of the following
situations:

Nj Whena signal encounters aviain its path.

Nj Whena signal branches out into two or more lines.

Nj Whena signal return path plane encounters a discontinuity, like a split.

Nj When line stubs are connected to signal lines and are 1/4th the wavelength of the
switching speed of the driver.

Nj Whena signal line starts at the source end.

Nj Whena signal line terminates at the receiver end.

Nj Whensignal and return paths are connected to connector pins.

And, faster the signal rise time, greater will be the signal distortion caused by imped -
ance discontinuities.




We can minimize signal distortion due to line impedance discontinuities by:

Nj Minimizing the effects of discontinuities caused by vias and via stubs by using
smaller microvias and HDIPCBtechnology.

Nj Reducingtrace stubs lengths.

Nj Routing traces in daisy chain fashion rather than multi-drop branches when a signalis
used at more than one place.

Nj Properterminating resistors at the source.

Nj Using differential signaling and tightly coupled differential pairs, which are inherent-ly
more immune to discontinuities in signal return path planes.

2.3.2 Reflections, Ringing, Overshoot and Undershoot

What is Reflection?

When a signal is transmitted in a transmission line, some of the signal power may be
reflected back to its transmitter rather than being carried all the way along the trace to
the far end. Whenever the impedance changes in a circuit, some amount of reflection
will happen. The reflected signal will travel back until it encounters another change in
impedance and gets reflected again.

Influence of reflection:

Nj Signaldistortion caused by reflection
Nj Overshooting and undershooting caused by reflection

How to reduce reflection noise:
Nj Maintain the constant impedance

Nj Maintain good ground grading
Nj Useseries termination resistor and place near the source point

What iS Rlng|ng’) Effect of output network

f\
Ringing is a voltage or current output | \ N A A 22 miroFarad
that oscillates like a ripple on a pond ) \/ VY% " Noolpnetwork
when j usken on an oscilloscope. The [l A
oscillation is a response to a sudden wd AWAN
change in the input signal, like turning 1 / \/ VY
it on or switching. ' B v

100
time (microseconds)
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farther away from the receiver than 1/4th wavelength. This results in a first order reflec -

tion of more than the incident wave that returns to the driver and becomes a depletion
wave at a lower voltage going back to the receiver, until all of the energy finally either
goes into the receiver, is converted to heat in the conductors and dielectric or mostly
sbejbuft/ LI

Influence of ringing:

Nj Increased EMI

Nj Increased current flow
Nj Decreasedperformance
Nj Audible feedback

What is Overshooting and Under-
Shooting? 100% amplitude
0% amplitude —
A theoretical instantaneoustransition 50% AmpntudeAf Pulse Width — |
of signal allowed maximum upper . . 3

1—-10% amplitude

and lower amplitude. - r— T
Distartion .—| (Decay Time) i Backswing
Rise Time

[Attack Time)

Overshoot:

When the signal transits from lower
value to higher value and the value
of the transit signal is more than the
actual value,then overshoots occur.

Undershoot:

When the signal transits from high -
ervalue to lower value and the value
of the transit signal is more than the
actual value, then undershoots
occur.




2.3.3 Crosstalk

Onesignal transmitting in one channel or circuit in a transmitting system creates an
undesired effect on another circuit or channel, as shown in the below image.

Field expansion
velocity

Field expansion velocity (Vg)

Crosstalk occurs when there is coupling of energy from aggressor signal to victim sig-
nal (typically two tracks close to each other) in terms of the interference of electric and
magnetic fields. The electric field is coupled via mutual capacitance between the sig-
nals. On the other hand, the magnetic field is coupled via mutual inductance between
the signals.

Mutual capacitance:

When two traces run parallel to each other and are separated by a dielectric they be
have as parallel plates of a capacitor and when the traces are at two different voltages
an electric field is generated between them. Any variation of voltage in one of the traces
will induce current in the other trace due to the electric field variation. This capacitance
between two traces is called mutual capacitance.

Mutual inductance:

A trace carrying current has a magnetic field around it. If there is another trace close
to the first trace carrying current this magnetic field will couple with the second trace.
ByG b s b eldwaf there is a variation in current in the first trace the magnetic field will
change which will induce a voltage in the second trace. The inductance due to magnet-ic
field coupled traces is called mutual inductance.
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Techniques for decreasing crosstalk:

Nj Increase the spacing between signal lines as much as routing restrictions allow.The
magnitude of the energy in the space is reduced by the square of the distance.

Nj When designing the transmission line, the conductor should be placed as close
to the ground plane as possible. This couples the transmission line tightly to the
ground plane and decouples it from adjacent signals.

Nj Implement differential routing techniques where possible.

Nj To avoid coupling, the signals should be routed on different layers orthogonal to
each other.

Nj Reduceparallel run lengths between signals.

Crosstalk Noise

A fast voltage or current transition on a signal line or return path plane may couple
onto adjacent signal lines causing unwanted signals called crosstalk and switching
noise on the adjacent signal lines. The coupling occurs due to mutual capacitance
and mutual inductance. In uniform transmission lines, a relative amount of capaci -
tive and inductive coupling is comparable. If there are discontinuities in transmission
lines, usually inductive coupling dominates, and switching noise results. And as al -
ways, faster rise time signals create more crosstalk and switching noise.

Crosstalk and switching noise can be reduced by:

Nj Increasing the separation between adjacent signal traces.

Nj Making the signal return paths as wide as possible, and uniform like uniform
planes, and avoiding split return paths.

Nj Using alower dielectric constant PCBmaterial.

Nj Using differential signaling and tightly coupled differential pairs, which are inher-
ently more immune to crosstalk.

2.3.4 Via Stub

When a routed signal starts from the top layer and ends with some inner layer, the
remaining portion form the inner layer to the bottom layer is a via stub.

Daniel Beekerand Rick Hartley said, dZBtub is a single piece of conductor, and unless
there is a pair of vias next to each other - one ground and one signal - or a signal via
and a ground plane, the field does not see the stub exceptasveryhighj nqf ebodf




Avia stub acts like aresonant circuit
with a specific resonant frequency

at which it stores maximum energy
within it. If the signal has a significant
component at or near that frequency,
that component of the signal will be
heavily attenuated due to the energy
demands of the via stub at its reso-

nant frequency.

2.3.5 Skew and Jitter

Signals take finite times as they travel on a PCB
from source to receiver. The signal delays are
proportional directly to signal line lengths and
inversely proportional to signal speed on the spe-
cific PCB layers. If data signals and clock signals
do not match in overall delays, they would arrive
at different times for detection at the receiver,
and this would cause signal skews; and exces-
sive skew would cause signal sampling errors. As
signal speeds become higher, the sampling rates
are also higher, and allowable skew gets smaller,
causing greater propensity for errors due to skew.

2.3.6 Signal attenuation

Signals suffer attenuation as they propagate over
PCB lines due to losses caused by conducting
trace resistances (which increases at higher
frequencies due to skin effect) and dielectric
material dissipation factor Df. Both these losses
increase as frequency increases, therefore high-
er frequency components of signals will suffer
greater attenuation than do the lower frequency
components; this causes reduction in signal
bandwidth, which then leads to signal distortion
by increase in signal rise time; and excessive
signal rise time increase results in errors in data
detection.

Skewin a group of signal
lines can be minimized
by signal delay matching,
primarily by trace length
matching.

When signal attenuation
is an important consider-
ation, one has to choose
the right type of low loss
high-speed material and
proper control over trace
geometries to minimize
signal losses.
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2.3.7 Ground Bounce

Groundbounce is aform of noise that occurs during transistor switching i.e.,when
the PCBground and the die package ground are at different voltages.

Techniques for decreasing ground bounce:

Nj Implement decoupling capacitors to local ground

Nj Incorporate serially-connected current-limiting resistors
Nj Place decoupling capacitors close to the pins

Nj Runproper ground

2.3.8 Power and Ground Distribution Network

Power and ground rails or paths or planes have very low, but FINITE nonzero imped
bodft/! Xifo! efwjdft!! pvugvu! t | ho bumdnts through |
power and ground rails/paths/planes change, causing a voltage drop in power and
ground paths. This will decrease the voltage across the power and ground pins of the
devices. Higher the frequency of such instances, and faster the signal transition times,
and higher the number of lines switching states simultaneously, greater is the voltage
efdsfbtf! bdsptt! gpxfs! boe! hspvoe! sbj mt /!
excessive, would cause devices to malfunction.

To reduce these effects, the power distribution network has to be so designed as to
minimize the powert z t u fimpedance:

Nj Power and ground planes should be placed as close together.

Nj Multiple low inductance decoupling capacitors should be used across power and
ground rails and they should be placed as close to device power and ground pins as
possible.

Nj Usedevice packages with short leads.

2.3.9 EMI Noise
EMIlincreases with frequency and faster signal rise times. Radiation far-field strength

increases with frequency linearly for singlepended signal currents, and squarely for
differential signal currents.




3. PCB Transmission Lines and
Controlled Impedance

3.1 PCBTransmission Lines

By controlling the characteristic impedance of a trace on the PCBthe signal distortion
can be reduced to acceptable levels. Such traces with controlled impedances of typ-
ically 50 ohms single-ended and 100 ohms differential behave as transmission lines.

A transmission line maintains the chosen impedance, Z0, from the source to the load.
Additionally, they do not resonate no matter how long the trace runs, unlike other inter-
connections.

Transmission lines are crafted easily on PCBs by controlling materials, dimension of
the traces, and by providing accurate termination resistances at source and/or load.

3.1.1 Whatis a PCBTransmission Line?

A PCBtransmission line is a type of interconnection used for moving signals from their
transmitters to their receivers on a printed circuit board. A PCB transmission line is
composed of two conductors: a signal trace and a return path which is usually a ground
plane. The volume between the two conductors is made up of the PCB dielectric
material.

The alternating current that runs in a transmission line usually has a high enough fre-
qguency to manifest its wave propagation nature. The key aspect of the wave propaga-
tion of the electrical signals over a transmission line is that the line has an impedance
at every point along its length and if the line geometry is the same along the length, the
line impedance is uniform. We call such a line a controlled impedance line. Non-uniform
impedance causes signal reflections and distortion. It means that at high frequencies,
transmission lines need to have a controlled impedance to predict the behavior of the
signals.

It is crucial to not ignore the transmission line effects in order to avoid signal reflec-
tions, crosstalk, electromagnetic noise and other issues which could severely impact
the signal quality and cause errors.
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Transmission line examples:

There are usually two basic types of signal transmission line interconnects used in

PCBs: microstrips and striplines. There is a third type p coplanar without a reference
plane but it is not very common in use.

A microstrip transmission line is composed of a single uniform trace p for the signal
p located on the outer layer of a PCB,and parallel to a conducting ground plane, which
provides the return path for the signal. The trace and the ground plane are separated bya
certain height of PCBdielectric. Below is an uncoated microstrip:

/

PCB Dielectric

L

Ground Plane /

A stripline is composed of a uniform trace p for the signal p located on the inner layer
of a PCB. The trace is separated on each side by a parallel PCB dielectric layer and then

a conducting plane. So it has two return paths p reference plane 1 and reference plane
2.

Reference Plane 1

e

/

PCB Dielectric

M

Reference Plane 2




In addition to conventional microstrips and striplines described above, a coplanar
waveguide structure has the signal trace and the return path conductor on the same

layer of the PCB. The signd trace is at the center and is surrounded by the two adja-

df ou! pvufs! hspvoe! gmboft<!ju!ljt!dbmmfel!l dzg
are on the same plane. The PCBdielectric is located underneath. Both microstrips and
striplines may have a coplanar structure. Below is a coplanar microstrip waveguide

with a ground plane.

Stana’ [race Return Plane 2

o~/

PCB Dielectric

L

Ground Reference Plane

Example of a coaxial cable (which is not a PCBtransmission line):

A coaxial line has a circular shape and is not a PCB transmission line. Thiscircular
cable is composed of a central wire conductor for the signal and an outer circular con-
ductor for the return path. The space between the two conductors is filled by a dielec-
tric material. The outer conductor wire completely surrounds the signal wire. Coaxial
lines are mostly used as cables for high-frequency applications, such as television, etc.A
coaxial cable must have a uniform geometry of conductors and the properties of the
dielectric material must be uniform along the entire geometry.

It is essential to keep in mind that a
PCB transmission line is composed

of not only the signal trace but also
Diarochie mataea / the return path, which is usually an

\ adjoining ground plane or a coplanar

conductor, or acombination of both.

Ground Plane
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3.1.2 Whenis an Interconnection Treated as a Transmission Line?

The set of electrical conductors (as stated above, at least two conductors are required:
one for the signal and the other one for the return path, which is usually a ground plane)
used for connecting a signal between its source and its destination is called a trans -
mission line (and not just an interconnection) if it is not possible to ignore the time it
takes for the signal to travel from the source to the destination, as compared to the time
period of one-fourth of the wavelength of the higher frequency component in the signal.

Two very important properties of a transmission line are its characteristic impedance

and its propagation delay per unit length; and if the impedance is not controlled along
its entire length, or the line is not terminated by the right value of impedance, signal
reflections, crosstalk, electromagnetic noise, etc. will occur, and degradation in signal
qguality may be severe enough to create errors in information being transmitted and
received.

When the signal frequencies (in case of analog signals) or the data transfer rates (in
case of digital signals) are low (less than 50 MHz or 20 Mbps), the time it will take for a
signal to travel from its source to its destination on a PCBwould be very small (< 10%)
compared to the time period of one-fourth of a wavelength or the fastest rise time of
a digital pulse signal. In this case, it is possible to approximate the interconnect by
assuming that the signal at the destination follows the signal at its source at the same
time. In such a low-speed scenario, the PCB signal can be analyzed by conventional
network analysis techniqgues and we can ignore any signal propagation time or trans-
mission line reflections, etc.

However, when dealing with signals at higher frequencies or higher data transfer rates,
the signal propagation time on PCB conductors between the source and the destination
cannot be ignored in comparison to the time period of one -fourth of a wavelength or
the fastest pulse rise time. Therefore, it is not possible to analyze the behavior of such
high-speed signals on PCB interconnects using ordinary network analysis techniques.
The interconnects need to be considered as transmission lines and analyzed accord-
ingly. The calculations for the impedances are discussed in the controlled impedance
section.

3.2 The Characteristic Impedance of a Uniform Transmission Line

The relationship between V(x) and I(x) as follows:
(

_v(x) _ ’R+jmf.
Z(x) = 1(x) = +JG+jwcC

This is defined as the impedance of the transmission line at location x. Units of Z are
Ohms. The parameters R,L, G and C depend on the geometry (shape, width, etc.) of the
relevant PCB conductors forming the transmission line and the properties of the con-
ductors and dielectric materials used in the PCB.




If the material and the geometrical properties are assumed to be uniform along the
length of the transmission line, and the PCB materials are considered homogeneous,
then R,L, G and C have the same value at every location along the length of the trans-
mission line. This means that the above impedance has the same value for all values
of x along the transmission line. This kind of transmission line is called a uniform trans -
mission line and its impedance is:

B+ jwl
Z = - -
s +_||uri'

This is the characteristic impedance of the uniform transmission line and it is its most
important property from the signal integrity perspective. In the PCB industry, we gener- ally
refer to characteristic impedance as just dzu | h q f e babd thd ttahsmission line. If
the PCB manufacturing process is such that we are able to control the geometry of
the PCBtransmission lines within a specified tolerance range, then we could obtain the
impedance value of the PCBtransmission line at everylocation along its length withina
specified tolerance of a desired value. This way, the PCB transmission line has a con
trolled impedance and is called a controlled impedance PCB. If we look at an infinite
transmission line of characteristic impedance Zo from the left side at any point, we
can see an impedance of Zp . Therefore, if we take a finite length transmission line of
impedance Zo and terminate it on the right by an impedance of value Zo, and if we look
at the finite transmission line from the left, it will appear as an infinite transmission of
impedance Zofrom the impedance perspective:

2o ¢ — .zo g
termination

3.3 Controlled Impedance Structures in PCBs

PCB designs are becoming smaller and faster, with each passing day. For theproper
operation of circuits, the signals between components haveto be noise-free and with-
out distortion. This can be achieved by controlling the impedance of the traces.
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What is Controlled Impedance?

Controlled impedance is the characteristic impedance of a transmission line constitut -
ed by PCB conductors. It is relevant when highfrequency signals propagate through
PCBtransmission lines. Controlling impedance of a PCBtrace is required to propagate
signals without distortion.

The impedance of a particular circuit is determined by the physical dimensions and
materials of that circuit.

Here are some of the most widely used PCB transmission lines which require controlled
impedance:

3.3.1 Single-Ended Microstrip

A single-ended microstrip is a transmissi on line composed of a single uniform conduc - tor
placed on the outer layer of a PCB. The return path for signals traveling on this lineis
usually provided by a conducting plane separated from the transmission line by a
certain height of the PCBdielectric.

H = Height of the dielectric be-
tween the trace and plane, spec

Soldermask Coated Microstrip Single-ended ified in mils

L W = Width of the copper trace,

- -

‘ Is specified in mils

l
Tsm
1 i T = Thickness of the copper
) 4__”_—I’L‘Bdtelecrnc . . .
signal trace M| & trace, specified in mils

_—reference plane Er = Dielectric constant of the
dielectric between the trace
and plane

3.3.2 Single-Ended Stripline

A single-ended stripline is composed of a uniform conductor on an inner layer of a PCBIt
is separated on each side by a dielectric layer followed by copper planes.

H = Height of the dielectric be-
tween the trace and plane, spec-
ified in mils

W = Width of the copper trace,

ws—0  ____referenceplane 1

| Q—-\ PCB dielectric

specified in mils
T T = Thickness of the copper
- reference plane 2 P . .

trace, specified in mils

Er = Dielectric constant of the
dielectric between the trace
and plane

signal trace

Copyright Sierra Circuits Inc., 2020




3.3.3 Microstrips Differential Pair

A microstrip differential pair is similar to the single-ended microstrip described earlier,
except that it has a pair of conductors separated by a uniform distance between them.

Soldermask Coated Microstrip Differential Pair
PCB dielectric

signal traces

— — _ reference plane

3.3.4 Striplines Differential Pair

H = Height of the dielectric be-
tween the trace and plane, spec
ified in mils

W = Width of the copper trace,
specified in mils

T = Thickness of the copper
trace, specified in mils

Er = Dielectric constant of the
dielectric between the trace
and plane

S = The separation between the
two traces of the differential
pair

A stripline differential pair is similar to the single-ended stripline except that it has a pairof
conductors separated by a uniform distance between them.

H2 | g2
1

H1 l En
o -— reference plane 2

signal traces

H = Height of the dielectric be-
tween the trace and plane, spec
ified in mils

W = Width of the copper trace,
specified in mils

T = Thickness of the copper
trace, specified in mils

Er = Dielectric constant of the
dielectric between the trace
and plane

S = The separation between the
two traces of the differential
pair
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3.4 How to Control the Impedance?

The factors that influence impedance are the PCB materials dielectric, the trace thick-
ness, width and height from the ground plane.

The designer should make sure that the manufacturer has the ability to provide the right
pattern size, position, and tolerance. The board might turn out to be useless if these
parameters b s f achiewed.

The two types of commonly implemented impedance controls are:

Controlled dielectric thickness:

The designer provides the controlled dielectric stack-up to the manufacturer. Since im-
pedance traces are not specified here, the manufacturing focus is completely upon
building a board within +/- 10% tolerance of the specified dielectric thickness from layer to
layer.

Impedance control:

Here the impedance is controlled through the dielectric thickness, the trace width, and
space. The manufacturer performs atest to ensure that the desired impedance can be
achieved using TDR coupons. Some adjustments are made depending upon results
from the first articles in order to meetthe e f t j h meéds and the boards are manu-
factured within the specified tolerance.

A typical tolerance on the final impedance is +/- 10%.But Sierra Circuits is capable of
achieving +/- 5%impedance tolerance.
A typical tolerance on the final impedance is +/- 10%.But Sierra Circuits is capable of
achieving +/- 5%impedance tolerance.

3.5 Design and Manufacture of Controlled Impedance Lines

3.5.1 Determining Which Signals Require Controlled Impedance

When designing a board, designers should stick to strict guidelines for controlled im -
pedance. They should study the datasheets of the integrated circuits to determine the
specific signals that require controlled impedance. Thed p n q p o datasheets pro-
vide precise instructions for impedance values for each group of signals. Usually, the
data sheets mention the spacing rules and the right layers on which specific signals are to
be routed.




3.5.1.1 Communication Protocols Requiring Controlled Impedance Lines

Type of Interface Differential Impedance Single Ended Impedance

PCI Express 900 £15% 500 £15%
SATA 90Q £15% 55Q +15%
Ethernet 950 £15% 550 +15%
USB 2.0 Signals 900 +15% 50Q +15%
USB 3.0 Signals 90Q £15% 500 £15%
Parallel RGB LCN N/A 500 £15%
LVDS LCD 100Q £15% 550 +15%
HDMI/DVI 900 £15% 50Q £15%

Analogue VGA N/A 500 +15% section B
75Q £15% section C
See Figure Below

O 00 N O & W =

Parallel Camera Interface | N/A 50Q +15%
SD/MMC/SDIO N/A 500 £15%
12C N/A 500 £15%

Display Serial Interface 900 £15% 500 £15%
(MIPI/DSI with D-PHY)

Camera Serlal Interface 900 £15% 500 £+15%
(MIPI/CSI-2 with D-PHY)

3.5.1.2 Annotate the Schematic with Impedance Requirements

In the circuit schematics, the engineer should specify the controlled impedance signals

and the nets should be classified as differential pairs ) 21 1g-! : 1g! p s-én8-éds * !
nets) 5 1&gl -6 & -1 @r 8 6 g To/Mmake things clearer, the designer can appendN

or P after the net names for differential pair signals in a schematic.

Also, the special controlled impedance layout guidelines must be specified (if any) in
the schematic or in a dedicated LJS f b fe file.

In the below Altium schematic, the differential pairs have appropriate net names.
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HDMI HPD

HDMI CEC IN

-PCle |
E RXM B.: =~ P RX N
A3 A~ HDMI CK N

iESXBT——""1 PRX P ![I; HDMICKP

HDMI DO N
HDMI DO _P

P TX N

; AS P TX P HDMI DI N
E_TXM —5% | N2__HDMI DI P

IE_TXP

HDMI D2 N
HDMI D2 P

DIFF PAIRS = 85 OHMS

100 OHM DIFF PAIRS

3.5.2 Routing Differential Pairs

The high-speed differential pair signal traces should be routed parallel to each other
with a consistent spacing between them. Specific trace width and spacing are needed
to calculate the specific differential impedance. The differential pairs should be rout -
ed symmetrically. The designer should minimize areas where the specified spacing is
enlarged due to pads or the ends. When differential pairs change layers and therefore
change reference ground planes, ground transition vias are required which connect the
two different ground references.

Route differential pairs
symmetrically and always
keep signals parallel




3.5.3 Placing Components, Vias, and Coupling Capacitors

The components or vias should not be placed between differential pairs even if the
signals are routed symmetrically around them. Components and vias between the dif-
ferential pair signals create discontinuity in impedance and could lead to signal integ-
rity problems. For high-speed signals, the spacing between one differential pair and an
adjacent differential pair should not be less than five times the width of the trace. The
designer should also maintain a keep-out of 30 mils to any other signals. For clocks or
periodic signals, the keep-out should be increased to 50 mils to ensure proper isolation.

Do not place any
components or vias
between differential pairs.

X

If high-speed differential pairs require serial coupling capacitors, they need to be placed
symmetrically. The capacitors create impedance discontinuities, so placing them sym -
metrically will reduce the amount of discontinuity in the signal.

Place coupling capacitors
symmetrical.
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The designer should minimize the use of vias for differential pairs, and if placed, they
need to be symmetrical to minimize discontinuity.

Do not route high-speed
signals at plane and PCB
borders.

X &

3.5.4 Length Matching

Propagation delay of a signal in a circuit is important and it should be within the specs
of the components. Propagation delay depends on the physical characteristics of the
trace if width, thickness, and height of the trace are the same throughout the trace then
propagation delay is directly proportional to the length of the trace. Thus, in a differen- tial
pair if the delays have to be the same then their lengths should be same/matched as
well.

Length matching will achieve propagation delay matching if the speed of the signals
on various traces is the same. Length matching may be required when a group of high-
speed signals travel together and are expected to reach their destination at the same
time (within a specified mismatch tolerance). Note that, ] ualgbod practice to keep all
the high-speed signals of the same group of signals on the same layer to avoid skew
in propagation delay.

The lengths of the traces forming a differential pair need to be matched very closely,
otherwise that would lead to an unacceptable delay skew (mismatch between the posi -
tive and negative signals) and the propagation delay for the traces should be within the
requirements of the design. The mismatch in length needs to be compensated by using
serpentines in the shorter trace. The geometry of serpentine traces needs to be careful-ly
chosen to reduce impedance discontinuity. The figure below shows the requirements for
ideal serpentine traces.

It is important to match the etch lengths of the differential pairs and add serpentine
routing as close as possible to the mismatched ends. In the image below, the serpen-
tine is added near the pads on the left side as they are farther apart from each other
and hence mismatched.




The serpentine traces should be placed as near as possible to the source of the mis-
match. This ensures that the mismatch is corrected immediately. In the figure below,
the mismatch occurs on the left set of vias, so the serpentine needs to be added on the
left rather than the right. Similarly, bends cause mismatches making the trace on the
inner bend smaller than the outer trace. Therefore, we need to add serpentines as close
to the bend area. If a pair has two bends closer than 15mm, they compensate each
other, hence, the addition of serpentines t cefuued.

Add length correction to
the mismatching point.

Place length compensa-
tion close to bend.
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When a differential pair signal changes from one layer to another using vias and has a
bend, each segment of the pair needs to be matched individually. Serpentines should
be placed on the shorter traces near the bend. The designer has to manually inspect
for this kind of violation as it will not be caught in design rule checks (DRC) since the
lengths of the total signals will be closely matched. Since the signal speed of traces on
various layers may be different, it is recommended to route differential pair signals on
the same layer if they require length matching.

Length differences need
to be compensated in
each segment.

Y ©

3.5.5 Reference Layersfor Return Path of Controlled Impedance Signals

All high-speed signals require a continuous reference plane for a return path of the
signal. An incorrect signal return path is one of the most common sources for noise
coupling and EMI issues. The return current for high-speed signals try to follow the sig - nal
path closely whereas the return current for low-speed signals take the shortest path
available. Generally,the return path for high-speed signals is provided in the reference
planes nearest to the signal layer.

High-speed signals should not be routed over a split plane because the return path will
not be able to follow the trace. The designer should route the trace around the split
plane for better signal integrity. Also, the ground plane must be minimum three times
the trace width (3W rule) on each side.

Avoid routing over split
planes.




If there is absolutely no other option and a signal needs to be routed over two different
reference planes, a stitching capacitor between the two reference planes is required.
The capacitor needs to be connected to the two reference planes and should be placed
close to the signal path to keep the distance between the signal and the return path
small. The capacitor allows the return current to travel from one reference plane to the
other and minimizes impedance discontinuity. A good value for the stitching capacitor
is between 10nF and 100nF.

Stitching capacitor is
neededwhen routed over
split planes. If both the
references are ground
then a trace bridge be-
tween the two grounds
placed below the signal
is a better option than a
capacitor

The PCBdesigner should avoid both split plane obstructions and slots in the reference
plane just underneath the signal trace. If the slots are unavoidable, stitching vias should be
utilized to minimize the issues created by the separated return path. Both pins of the
capacitor should be connected to the ground layer and should be placed close to the
signal.

Stitching capacitor need-
ed when routing over
plane obstructs.
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When vias are placed together, they create voids in reference planes. To minimize these
large voids, the designer should stagger the vias to allow sufficient feed of the plane
between vias. Staggering the vias allows the signal to have a continuous return path.

If a high-speed differential pair or single-ended signal switches the layers, the designer
should add stitching vias close to the layer change vias. This also allows the return cur-
rent to change ground planes.

Place stitching vias when signal changes ground reference. Preferably put the
ground via between the signal vias.




3.5.6 Errors to Avoid When Designingfor Controlled Impedance

3.5.6.1 Distinguishing Controlled Impedance Traces from Other Traces

The trace widths of controlled impedance traces must be distinct from the remaining
traces. This makes it easy for the manufacturer to identify them.

For example,ifa5nj m! usbdf! jt! sfrvjsfelup! bdijfw
has other traces routed with 5-mil widths, then the manufacturer will have a hard time
identifying the controlled impedance traces. Hence,j urécommended to route the 6 1 @
impedance traces to 5.1-mil or 4.9-mil wide.

The table below shows an example of a design with the trace widths and spacings for
controlled impedance on different layers. The non-impedance signal traces should not
be routed with 3.5, 3.6, 4.2,4.25, and 4.3-mil trace widths for this particular design.

50 Ohm 90 Ohm 90 Ohm 100 Ohm Trace 100 Ohm
Trace Space Space

4.3 mils 4.25 mils 6.25 mils 3.5 mils 7 mils
4.2 mils 4.4 mils 6.1 mils 3.6 mils 6.9 mils
4.2 mils 4.4 mils 6.1 mils 3.6 mils 6.9 mils
4.3 mils 4.25 mils 6.25 mils 3.5 mils 7 mils




3.5.6.2 Traces Overpassing Split Planes

The high-speed signals must be routed over a solid ground reference plane. The traces
should not be routed over a split plane or a void in the reference plane. Routing high
speed signals across split planes can produce the followi ng issues:

Nj Interference with neighboring signals
Nj Degradation of the electrical signal thus ruining signal integrity

The designer can use stitching capacitors across split planes if the signals have to
be routed over them. The capacitors contribute a return path for the high-frequency
current and minimize the current loop area along with any impedance discontinuity
created by traversing the split plane. In the image shown below, the signals are routed
around the void in the plane rather than across the split/void.

Image credit: Altium Designer

3.5.6.3 Traces with no Reference Ground Plane

The designer should route the high-speed signals either on the top or bottom layer.
Also, a complete ground reference plane on the adjacent layers must be provided. The
impedance will be quite high if there are no adjacent layers. The inner layers can be
used for power planes and other signal routing purposes.




3.5.7 Controlled Impedance Design Checklist

Nj The controlled impedance lines should be marked in the PCBschematic drawing.

Nj The differential pair trace lengths should be matched with a tolerance of 20% of the
signal rise/fall time.

Nj High-data frequency connectors should be used.

Nj For stripline construction, use ground or unbroken power, over, beneath and sides of
the differential pairs. The ground and power planes provide the return currents path.
This also reduces EMl issues.

3.5.8 Common Mistakes to Avoid in a Stack-Up for Controlled Impedance

Prepregs:

Generally,it is recommended not to use more than three different types of prepregs in
a stack-up. The dielectric thickness of each prepreg layer should be less than 10 mils,
otherwise, it increases the chance of a greater variation in the final thickness. Prepregs
with very low-resin and high-glass content should be avoided. The low-resin content
may lead to resin starvation during lamination. For example, 7628 and 2116 prepregs
have low-resin and high-glass content.

Impedance trace/space:

The spacing between two traces in a differential pair should not be more than twice the
width of the traces. For example, a 4-mil differential trace should not have more than
an 8-mil space. Also, the trace width should not exceed twice the dielectric thickness
between the target signal layer and the nearest reference layer.

3.5.9 Manufacturing Tolerances, Measurements, and Coupons

3.5.9.1 How Sierra Circuits Deals with Controlled Impedance

Equipment used by Sierra Circuits for impedance measurement:

Nj Polar CITSp coupons only
Nj Tektronix 8300 p boards as well as coupons

If an impedance test coupon is not functional or fails the impedance test, Sierra Circuits
performs impedance testing on boards to verify if the product is within the specifica -
tions. It is essential to test the impedance from the boards due to the length of the trac -
es, which depends upon the size of the board. The position of the inner layer impedance
traces in the finished product is very critical as well.




3.5.9.2 Impedance Failure Analysis During Manufacturing

Upon failure, a cross-section of the impedance coupon is taken to investigate the devi-
ation from the calculated impedance to the recorded impedance.

Then b o v g b d gress-dedtibnttechnician measures the dielectric thicknesses de-
pending upon the trace location, either the inner layer or the outer layer. Additionally, the
trace width is estimated from the bottom as well as the top of the affected impedance
trace along with the copper thickness or the trace height.

When it is a differential pair, the spacing between the two traces is measured to un-
derstand whether or not the projected impedance is in alignment with the recorded
impedance. The image shown below depicts the cross-section evaluation details on a
single-ended impedance trace.

A p Trace Width from Top
B p Copper Thickness or Trace Height
C p Trace Width from Bottom

D p Dielectric Thickness between Layer2 and Layer 3 (Trace)E
p Dielectric Thickness between Layer 3 (Trace) and Layer4

LAYER 2§
Q 0

(s Jo.66555 mil B

4.79469 mil
[ c J[3.70807 mil mil € J

To determine the acceptability of the boards, Sierra Circuits implements test coupons
to ensure there are no variations in the trace width or the trace thickness.




3.5.9.3 The Sierra Circuits Impedance Calculator

Designers can choose the type of impedance required: single-ended or differential.

Single-ended Impedance Differential impedance

" | Microstrip Single-ended A " | Microstrip Differential Pair

ended Pair

. | Embedded Microstrip Single-Ended . | Embedded Microstrip Differential Pair

: | Soldermask Coated Microstrip Single- -;’h.';_w Soldermask Coated Microstrip Differential

. | Stripline Single-ended ’ . | Stripline Differential Pair

Calculating single-ended impedance:

Next, the dielectric constant is chosen based on the materials listed in the box below.
Depending on the stack-up the dielectric height is chosen. The required single-ended
impedance, the trace width, and the trace thickness are entered (if not already pre-
filled). Finally, the impedance is calculated once the dZ2D b md ¥ mdp fu ¢ boo dfD hdnd
late U s b thdttdrds are clicked. If a specific trace width is required, the dielectric height
and the trace thickness should be adjusted until desired trace width is achieved. Note:
The impedance should not vary too much when the above values are changed.

Microstrip Single-ended Microstrip Differential Pair

Microstrip Single-ended Trace Width / Impedance Calculator

Miretip Sinele enoed Dielectric Height (H) 3.80
‘:‘ Dielectric Constant (Er) 415
Trace Width (W) mils
Trace Thickness (T) 0.0 mils
SE Impedance (Zo) ohms
Propagation delay (Pd) psfinch
Inductance (Lo} nH/inch

Capacitance (Co) pF/inch

GUIDE FOR DIELECTRIC CONSTANT VALUES FOR VARIOUS PCB MATERIALS:

I-Tera MT | N4000-132 | N4000-13EP ‘ NP175

Material | 370HR | BT (N5000) | I-Speed
Er (Dk) ‘ 4.00 | 2.60 | 2.62 ‘ 2.45 | 2.50 | 2.50 ‘ 4.15

I |
I |
| Material | P95 Polyimide | FastRise27 ‘ Megtron6 (R-5775) | N4000-13EP ST | N4000-1351 | RO 4003C | RO 43508 |
| Er (Dk) | 3.75 | 2.75 ‘ 3.50 | 3.17 | 3.7 | 3.43 | 3.53 I

Table shows average Dielectric Constant for a given material. Actual Dk in any stackup depends on parameters
like percentage of copper area, specific resin content etc
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Calculating differential impedance:

In the differential impedance calculator the trace width, the dielectric height, the dielec-
usjd!dpotubou-!boel uifltusbdf!uijdloftt!b
clicked to obtain the accurate trace width. If a specific trace width is required, then the
adjustments can be made until the desired value is obtained. Note that the impedance
tolerance +/-2%.

Microstrip Single-ended Microstrip Differential Pair
Microstrip Differential Pair Trace Width / Impedance Calculater

Microstrip Differential Pair Dielectric Height (H)

5 W
|" “'_ iy | Dielectric Constant (Er)
o "1

T Trace Width (W)
H Er

Traces Separation (S)

Trace Thickness (T)
e e R
Differential Impedance {Zd)
0Odd Mode Impedance
Even Mode Impedance
Common Mode Impedance
Fropagation Delay .00 psfinch

Inductance(Lo) 0 nH/inch

Capacitance .00 pFfinch

GUIDE FOR DIELECTRIC CONSTANT VALUES FOR VARIOUS PCB MATERIALS:

I Material | 370HR | BT (N5000) | I-Spead | I-Tera MT | N4000-13 | N4000-13EP | NP175 I
| Erol) | 400 | 3.60 [EEEE 3.45 | 3.50 | 3.50 [ aas ]

| Material | P95 Polyimide | FastRise27 ‘ Megtron6 (R-5775) | N4000-12EP SI | N4000-13SI | RO 4003C | RO 43508 |
| Er (Dk) | 3.75 | 2.75 ‘ 3.50 | 3.17 | 3.17 | 3.43 | 3.53

Table shows average Dielectric Constant for a given material. Actual Dk in any stackup depends on parameters
like percentage of copper area, specific resin content etc

Disclaimer:

In both cases, SierraD | s d stackuup team does not check the odd mode impedance,
the even mode impedance, the propagation delay, the inductance, or the capacitance.
The reason is that most boards only require one or two types of impedance: single-
ended and differential.




e
4. PCB Stackup Design & PCB Technology

4.1 PCB Stackup Design

High-speed designs demand critical signal integrity requirements and crafting a PCB
with the right stack -up becomes part of the overall signal integrity equation. The selec-
tion of the PCB materials for impedance, dissipation, and other signal characteristics
along with the right order and number of layers of the materials, needto be considered.

A stack-up, also known as build-up, is the construction of a multilayer PCB in a sequen tial
order. Almost 99% of the time, the stack-ups will be symmetrical. The stack-ups are made
up of cores, prepregs and copper foils. The majority of the products fall under 62-mil
board thickness.

4.1.1 Construction of a Stackup

Depending on the construction type,
stackups are classified into:

Nj Core construction (99% results,
employed for military and et it

Soldermask

aerospace) Top (L1) gnrenfl 0»: i5|l«—— Foil

P Prepre
Layer 2 < preg

Nj Foil construction (97%results) « — —— Core

Layer Signal
Prepr

Layer

The stackup is built around cores.

Layer Signal

Prepr

The different types of stack-ups are:
Nj Standard
NJ Hybrld p . InVOI\_/eS tWO_ dlffere_nt Taver added prepregs which are dielectric
types of dielectric material for dif - [ e material sheets. On top of the
ferent |ayerS Layer 11 S 2 prepreg the copper foil is added.
Nj HDI e C —

Total 77.6 +-10%

Cores are thin sheets of dielectric

with copper layers on both sides.

rs,.m:;. On top/below of the core are

3
4
5
Layer 6
7
8
9

A PCB stackup of layers consists of
various layers which include cores,
prepregs and foils.

4.1.2 Stackup Design

The PCB construction depends on the component packages used in the design, required
signal trace density, and impedance matching requirements. For the high-speed PCBs,
using a multilayer PCB with buried ground and power supply planes is mandatory. Solid
copper planes allow designers to keep the device ground and power connections short.
Further, the ground plane offers low inductance return paths for the high-speed signals.
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We hear from our PCBmanufacturing team that there are cases where designers spent
hundreds of labor hours on designing PCBs which ultimately had to be trashed. This
is because the designers failed to understand the manufacturability of these complex
designs.

Just sothat thise p f thappanto you, have alook at the below mentioned pointers.

Tips for an optimum design:

Nj Maintain minimum aspect ratio:
0 1:10 for through-hole
0 1:0.75 for microvias
Nj Implement microvias to bring down the board thickness.
Nj Insequential lamination, do not exceed more than 3 lamination cycles. More
than 5 or 6 laminations might create problems.
Nj When there are numerous connections through blind vias, always incorporate a
back drilling option to minimize the lamination, drill and fill cycles.
Nj Whenthe line widths are 3 mils, the start copper should be 9 microns.

4.1.3 Best Wayto Do a Stackup for High-Speed Signals

The complex components on the board, like the BGAs, determine the PCB stackup. The
complexity of the BGAand the pitch of the BGA,either 0.8,0.5 or 0.4, would determine
the stackup design. For fine pitch BGAof 0.5mm and less,j urécommended to have a
stackup of at least 10 layers with buried vias and via-in-pads. For instance, if a9 X9 ora
10 X 10 BGAIis used, then the designer needs to fan out the nets in the right manner.
Likewise, if a 0.5mm BGAIs incorporated, then through-hole vias can be used to fan it
out assuming j unbtttoo populated. But if a 0.4mm BGAIs considered, then blind and
buried vias are implemented for routing purposes. As aresult, it adds up more layers in
the stackup.

The PCB designer should figure out the number of layers required to fan out a BGA.
Consequently, the designer determines on which layers the critical signals are routed
and the number of power and ground layers required. All these parameters will deter-
mine the number of layers in the stackup.




This is what a preliminary stackup looks like:

12 |orils & g CU0z/Th. | Dk@ |Plating| 121
Layer | uvias PO/ COTe/ Prepreg Details vt ol ks u

CU Foil 0.25
| 3.6 Mil Prepreg 3.600 3,63
Copper 05
4 Mil Core 0.5/0.5 | 4.000
Copper 05
7.2 Mil Prepreg 7.200
L1 SIGNAL Coppe 05
4 Mil Core 0.5/0.5 4.000
Copper 05

L2 G N D } 7.2 Mil Prepreg 7.200

Copper 05
4 Mil Core 0.5/0.5 4.000

PREPREG '3 SIGNAL PR T st 7o

(Copper 05
4 4 Mil Core 0.5/0.5 4.000
CORE = - Copper £

7.2 Mil Prepreg 7.200

’ |Copper 05
pREPREG . L5 POWER é::::'oreo.s/u.s agts)o
LAYER 4 - 3.6 Mil Prepreg 3.600

cu Foil 0.25
L6 POWER

FINISHED PCB THICKNESS (mils)
PCB thickness after Lamination

PREPREG .7 # OF LAMINATIONS: 1

L7 GND
12-layer stackup
CORE L8 SIGNAL ) )

SE-500hms 850hms
|Outer +/-15%) Outer +/-15%

Layer Type i Wt |Inner+/-10% Inner+/-10%
L9 GND [Trace Width Tspacing
oldermas| k.

LAYER 8 Top (L1) glgna! 4 43]
CORE L10 SIGNAL —

Cayer3_|signal 12 35 a5]
Prej a1

Layer 4

Tayer5 |Signal 1.2 3]
Pre [X}

Layer 6

Tayer7_|Signal 12 9]
Prepr 0]
Layer8 |

Layerd
reg 10
Layer 10 |Signal 12

Cayer 11
Prepreg 41
Layer 12 |Signal 12

10-layer stackup with signal layers

er 13
“|Prepreg 41
[Layer 14 [Signal 12

Layer 15
Prepreg 25
Bot (L16)[Signal | 19[
Soldermask 0.5
Total| 94.8 +/-10%

16-layer stackup

Sierra Circuits provides stackup design services. In case you need help, kindly send us
your request.

The multiple metal layers in a PCB aid high connection density, minimum crosstalk, and
good electromagnetic compatibility (EMC). These factors help in achieving good signal
integrity. Ideally, all the signal layers should be separated from each other by ground
or continuous power planes. This reduces crosstalk and provides uniform transmis -
sion lines with accurately controlled characteristic impedance. Efficient performance

is achieved when using dedicated ground and power plane layers that are continuous
across the entire board area. When it is not possible to implement ground or power
planes between signal layers, care must be taken to ensure signal line coupling is min-
imized.
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4.1.4 Lamination Selection

The dielectric materials used for laminations are discussed in this section.
FR4Laminate

Nj Widelyused in the electronic industry

Nj Economical

Nj Ideal for frequencies kept below 2.5GHzto 3GHzrange

Nj Digital signal may be affected by the physical properties of the material

Rogers

Nj Dedicated high-speed laminates (Rogers RO4350)
Nj Usedin RFapplications

4.1.5 Stackup Design Material Parameter Considerations

The reason why a designer must choose the right material is stated below:

The velocity of a signal propagating through a printed circuit board is dependent on
the dielectric constant of that board. For instance, when the signal frequency exceeds
5GHz,the typical dielectric constant of FR4,say around 4.7, drops close to 4. Whereas,
the relative dielectric constant of Rogersremains constant p 3.5 from O up to 15GHz.

If the dielectric constant of the PCB changes with frequency, then different frequency
components of the signal will have different velocities. This implies that these compo-
nents will reach the load at different times. This leads to the distortion of digital signals.
Along with this, the signal losses increase with the rise in frequency. This again will add up
to the distortion of the digital signal.

4.1.6 Propagation Velocity

Electrical signals in the medium propagate slower than the speed of light in a vacuum.
The speed is proportional to square root relative dielectric constant (E,) of the medium.

\Y/

PROPOGATION: (CVACCUMO 3r)F

Referto the materials selection chapter for details on materials.




4.1.7 Planning High-Speed PCB Stackup

An accurately stacked PCB substrate will effectively reduce electromagnetic emissions,
crosstalk, and improve the signal integrity of the product. A poorly arranged stack -up
might increase EMI emissions, crosstalk and also the device becomes more suscep-
tible to external noise. These issues can cause faulty operation due to timing glitches
and interference which dramatically reduces the performance of the product.

With the right stack-up, the designer can suppress the noise at the source rather than
correcting the issues after the product is built. PCBs involving multiple planes enable
signals to be routed in microstrip or stripline controlled impedance transmission line
configurations. The signals are tightly coupled to the ground or power planes and im-
prove signal integrity by reducing crosstalk.

In high-speed PCBs,the ground and power planes perform three significant functions:

Nj Controls crosstalk amongst signals
Nj Deliverstable reference voltages for exchanging digital signals
Nj Distribute power supply to all the logic devices

While choosing a multilayer stack-up the designer should consider the following:

Nj Asignal layer should always be placed right next to a plane.

Nj The signal layers should be tightly coupled (<10 MIL) to their adjacent planes.

Nj A power plane or a ground plane can be incorporated for the return path of a signal.

Nj Determine the return path of the signals. The high-frequency signals take the path
of least inductance.

4.2 Selecting High-Speed Materials

The most common PCBmaterial is FR4.This material is used in most electronic appli-
cations. However, when it comes to high-frequency signals, especially in the microwave
domain, FR4 isnot suitable.

When designing PCB circuits at microwave frequencies, the key characteristics that
define circuit laminate performance for microwave/RF printed-circuit boards include:

Nj Dielectric constant(Dk)

Nj Dissipation factor (Df)

Nj Coefficient of thermal expansion (CTE)

Nj Thermal coefficient of dielectric constant (TCDK)
Nj Thermal conductivity

The high-frequency material perhaps most familiar to users of PCBlaminates is polytet-
rafluoroethylene (PTFE)which is a synthetic thermoplastic fluoropolymer that has ex-
cellent dielectric properties at microwave frequencies. Rogers materials are also
commonly used.

www.protoexpress.com 77y, "
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4.2.1 PCB Material Categories

When selecting high-speed PCB laminates, what are the primary concerns that must
be addressed in regards to manufacturability and cost? Mf udke a look at this chart.
Gps!zpvs!dpowfojfodf-1! xf! wf! duocketsbgseayjorftiee! |
n b uf ssjgmahidss properties against a varying frequency range .

Normal speed and loss:
Normal-speed materials are
the most common PCB ma-
terials| the FR-4 family .
Their dielectric  constant
(Dk) versus frequency re-
l sponse is not very flat and
|| they have higher dielectric
Normal Speed, | Medium Speed, High Speed, | Very High Speed, . .
NormalLoss | Medium Loss Lowloss | VerlyLowLoss loss. Therefore, their suit-
SBTTONR | NecoNTOOOZHT | tsolsiSpeeq) | S0BASD ability is limited to a few GHz
R digital/analog applications.
An example of this material
is Isola 370HR.

0

Frequency e —

The 4 Basic PCB Material Categories

Medium speed, medium loss: Medium-speed materials have a flatter Dk versus fre-
guency response curve, and have a dielectric loss about half that for normal speed

materials. These are suitable for up to ~10GHz. An example of this material is Nelco
N7000-2 HT.

Medium speed, medium loss: Medium-speed materials have a flatter Dk versus fre-
guency response curve, and have a dielectric loss about half that for normal speed

materials. These are suitable for up to ~10GHz. An example of this material is Nelco
N7000-2 HT.

High speed, low loss: These materials also have flatter Dk versus frequency response
curves and low dielectric loss. They generate less unwanted electrical noise compared
to other materials. An example of this material is Isola I-Speed.

Very high speed, very low loss (RF/microwave)Materials for RF/microwave appli ca-
tions have the flattest Dk versus frequency response and the least dielectric loss. They are
suitable for up to ~20GHz applications. An example of this material is Isola Tachy-on
100G.




Exploring materials

High Speed (500 MHz to 3 GHz)

Manufacturer

Material Name

Application Areas

Isola

FR408HR

High Speed, Low Loss

Isola

I-Speed

High Speed, Low Loss

Panasonic

Megtron6 R-5775

High Speed, Low Loss

Low/Medium Speed (Below 500 MHz)

Manufacturer

Material Name

Application Areas

FR370HR

Medium Speed, Normal
Loss

N7000-2 HT

Medium speed, Medium
Loss

Very High Speed/ Microwave (3 GHz and above)

Manufacturer

Material Name

Application Areas

I-Tera MT40

Very High Speed/Frequency,
Very Low Loss

RO3003

RO4350 B

Very High
Speed/Frequency, Very
Low Loss
Very High
Speed/Frequency, Very
Low Loss

Tachyon-100G

Very High Speed/Frequency,
Very Low Loss

Astra MT77

Very High Speed/Frequency,
Very Low Loss
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4.2.2 Signal Loss and Operating Frequency

What PCB material properties account for the difference in the PCB electrical perfor-
mance, and how do these differences affect the PCB material cost? As it turns out,

there are three main factors to evaluate when it comes to material performance for

high-speed PCB designs. What is the signal loss at the operating frequency? Should
you be concerned about the weave effect, and how easy is the material to manufacture

your stack-up in construction?

Signal Loss and Operating Frequency

Loss (dBfin)

Freq (GHz) 2 5 10
370HR 0.19 0.6 1.1
NP175 0.13 0.55 1
0.067 02 | 037
N4800-20Si | 0.0048 | 012 | 0.25
0.04 021 | 0.41
|lspeed 0.057 0.19 0.34
\R4350 0.034 007 | 0.16
I-Tera 0.015 0075 | 0.15
Meg-6 0.017 008 | 017
RF-35TC 0.018 | 0.019 | 0.047
R-3003 0.01 003 | 0.05
0.0095 | 0.04 | 0.047

Frequency (GHz)

First, mf taketalook at the relationship between signal loss and operating frequency.
Asyou can see from the graph,u i f s lirect correlation between signal loss and fre-
guency. At the same time, we can also see that certain materials are less lossy than
others. This was the basis we used to create our material classification bucket on

the previous chart. This graph shows which materials could possibly perform better
electrically at higher speeds.




Material Cost

Relative Cost

FR408HR
N4800-20Si
RO4350B
3003, 3035

Standard FR4 | Medium Loss | Low Loss Extreme Low Loss Microwave

Materials

Of yu-!mfu!t!dpngbsf! ui f! e) daksdicatonspAs you cab t
see from the chart, less lossy materials cost more. You will have to decide what mate-
rials work best for your specific project. As you can see, the Rogers 4350B material is

higher than that of Megtron 6 or Itera, eventhough electrical performance is similar. In
the microwave category, the Taconic RF35 is about 30% less expensive for the same
performance as other materials in this category.




4.2.3 Non-PTFEMaterials

Mf wd adeeperdive into the non-PTFEmaterials. We will come back to the PTFE
materials in a bit. Now, all of these materials perform somewhat similarly and at
somewhat similar costs, but what justifies the cost differences, and what is the ad-
vantage of working with higher cost materials?

Loose Weave

: Dk distribution is uneven.
- ]

Thickness of the board varies
widely.

Tight Weave i
Dk distribution is even.

Thickness of the board does
not vary.

First, we must understand material construction, and the effects of glass on character -
istic impedance must also be understood. Oneway to achieve this is by understanding
the weave effect and the different types of glass cloth. As you can see, different glass
construction will affect DK distribution. A board with a loose weave will have greater
variation in board thickness and greater variation in DK distribution. However, a tight
weave will have a more consistent board thickness and more even DK distribution. The
effective DK of the material remains the same as the signal traverses the dielectric.

What s really important to note from a manufacturing perspective is that a board witha
tighter weave is easier to manufacture. When the glass weave is more consistent,
mechanical laser drilling also becomes more consistent.

Si Glass versus E-Glass at 5 Ghz

6.5 D 0.006 Df

0.004 Df




Aside from the glass weave, there are two other types of glass to choose from, Si
glass or E-glass. E-glass is the predominant glass type. E-Glass is a low alkali glass
with a typical nominal compo sition of SiO2 54wt%, Al203 14wt%, CaO+MgO 22wt%,
B20310wt% and Na20+K20less then 2wt%. Some other materials may also be pres-
ent at impurity levels. It varies the thickness between 1.3 mils to 6.8 mils. Looking at
the chart, you can see the Dk of the E-glass at 5 gigahertz is 6.5, while the Df is .006.
Now, Si glass is much purer than Eglass, and as a result, the Dk of 5 gigahertz for
the Siglass is 4.5 and the Df is .004. The cost of the laminate compared to E-glass is
about 15% higher.

4.2.4 Stackup Guidelines for Mixed Materials

Next, we will review three stack-ups and go over some basic stack-up guidelines for
mixed materials.

Nj Stack-up #1 is a pure Rogers stack-up using Rogers 3000 materials. It is a mul-
tilayer construction that requires longer dwell times at higher temperatures. This
lamination process is known as fusion bonding. Only a select few manufacturers,
like Sierra Circuits, have the equipment and the expertise to perform this operation.

| Stack-up #2 is a hybrid stack-up using Rogers and Isola materials. Designers use
this method to save on material cost and to aid in the manufacturability of multi-
layer stack-ups. Rogers is not suitable for sequential lamination process, and there
are other material vendors, like Taconic and Isola, who make materials that perform
similar to Rogersand do not have these limitations. Inthe past,j ubken difficult to
control the press-out thickness of these B-stage materials. Now, with better equip-
ment, better process controls, customers can expect consistency and reap the
benefits.

j Stack-up #3 consists solely of Taconic materials. These materials, although based
on glass cloth, have similar performance to Rogers materials and are much easier
to manufacture. With glass cloth, materials also become dimensionally stable.

4.2.5 Hybrid Stack-up Guidelines

Opx-!mfu!t! ejtdvt-upgtigeinés! Wezracamend thei folldwing when
Opx-!mfu!t! ejtdvt-upgtigeinés! Wezracamend thei fblldwing when
dealing with a hybrid construction. Use the high-performance material as the core. Lam-
inate with FR-4 prepreg. Balance the FR4 portion, and e p oukela high Tg dielectric or
bonding film with a lesser Tg material.

So, there you haveit. We reviewed how to select high-speed materials based on perfor-
mance and cost, including manufacturability.
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4.3 Effect of Different Styles of Fibreglass Weaves on Impedance

The substrate of the PCBis made up of fibreglass material which is woven as a fabric
and hardened with resin to make a flat enduring surface for a PCB. Different types to
substrate have different weaves as shown below. Denser and closer the weave better
and even the dielectric qualities. Thus, more uniform characteristic impedance. This
results in better signal quality at high speeds.

When a set of high-speed differential signals are on the PCB, represented by the red
and blue lines in the above figure, form a pair of differential traces. If you look closely,
you will find that when one of the tracks is in the weaving space, the corresponding Er
value will be greater than the other signal line, and the Er value is different. The result is
change in the differential impedance. This phenomenon variation in impedance due to
the dielectric layer glass weave is the fibre weave effect, and if weave density of spars-
er, its impact is more serious!




Common Fibreglass Weave Styles

Count per
Glass Style Count Warp Inch Warp Yarn Yarn Fill Glass Thickness

Prepregs:

Generally,it is recommended not to use more than three different types of prepregs in
a stack-up. The dielectric thickness of each prepreg layer should be less than 10 mils,
otherwise, it increases the chance of a greater variation in the final thickness. Prepregs
with very low-resin and high-glass content should be avoided. The low-resin content
may lead to resin starvation during lamination. For example, 7628 and 2116 prepregs
have low-resin and high-glass content.
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4.4 Terms and Definitions for Stackup

Nj The dielectric constant (DKk) of a dielectric or insulating material can be defined as
the ratio of the charge stored in an insulating material placed between two metal-
lic plates to the charge that can be stored when the insulating material is replaced
by vacuum or air. It is also called electric permittivity or simply permittivity .

And, it is at times referred to as relative permittivity , because it is measured rela
tively from the permittivity of free space) y 1 * /

The dielectric constant characterizes the ability of plastics to store electrical
energy.

Nj Thedissipation factor (tan U or Df is defined as the ratio of the ESRand capacitive
reactance. The dissipation factor is a measure of loss-rate of energy of a mode of
oscillation (mechanical, electrical, or electromechanical) in a dissipative system.

j The coefficient of thermal expansion (CTE)describes how the size of an object
changes with a change in temperature. Specifically, it measures the fractional
change in size per degree change in temperature at a constant pressure.

| Circuit materials are evaluated by a number of different parameters, including
dielectric constant (D,) and dissipation factor (D). Those two parameters also
have temperature-based variants that provide insight into the expected behavior ofa
circuit material with changes in temperature, notably the thermal coefficient of
dielectric constant (TCD,) and the thermal coefficient of dissipation factor (TCD ).
The parameters detail the amounts of changeinan b u f sO, anar, tespective-
ly, as a function of temperature, with less change representing a material that is
more stable with temperature.




5. EMland EMC

EMC is the branch in electrical engineering that deals with the unintentional generation,
propagation, and reception of electromagnetic energy. These elements may cause un-
desired effects such as electromagnetic interference (EMI).

In many designs, EMC design considerations are not taken during the initial design
phase. Resolving the EMC issue after production can be a painful task. Most design-
ers are under the impression that these problems can be fixed using additional EMC
suppression components at the end of the product development cycle. However, this is
quite challenging and can be an expensive fix.

5.1 Electromagnetic Compatibility (EMC)

A full treatment of EMI/EMC is outside the scope of this book. Here, we shall only talk
of some good design practices that help towards reduction of generated EMI and great- er
immunity from received EMI.

5.2 What is EMCor EMI?

All electronic circuits generate electromagnetic interference or electromagnetic dis -
turbance (EMI), and are also affected by EMI generated by other electrical/electronic
equipment. Therefore, our goal during PCBdesign is two pronged:

Nj The product should not generate EMI disturbances exceeding acceptable levels.
Nj The product should be immune from acceptable levels of EMI disturbance.

If we achieve the two objectives above, we have implemented electromagnetic compat -
ibility (EMC) successfully.

EMC standards specify both acceptable levels: EMI generation and EMI susceptibility.
If a product is required to be EMC certifiable, then the design has to ensure that the
product will operate such that generated EMI is within specified levels, and the product
will not malfunction if specified levels of received EMI are present.

In the U.S.,FCCgoverns the EMC regime; it classifies products in several categories
p for business use (Class A) and for residential use (class B). Class B is stricter than
class A.
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5.3 Sources of EMI

Nj Radiofrequency signals, harmonics, etc.

Nj Fastsignal transitions, high frequency clock signals

Nj Transients generated by lightning, power circuits, motors, circuit breakers and
other power switching devices, etc.

EMI can occur either by radiation or conduction:

Nj Conductively through power input lines, cables, etc. This will be the predominant
EMI below 30 MHz.

Nj Byelectromagnetic radiation from power and communication transmission lines,
and power switching devices, arcing, and electrostatic discharges. These will be
the predominant EMI above 30MHz.

5.4 Best PCBDesign Practices for EMC

Proper grounding design practice:

Nj Majority of EMIproblems can be traced to bad GROUNDINGiIesign. A good
ground design will be less susceptible to EMI.
Nj Reduce current loops to minimum paying special attention to signal of high fre -

guency. Currentloops can be reduced by using solid ground references below high
speed signals.

Nj Choice of logic family: do not choose a logic family faster than required; a faster
logic family will generate more EMI.

Nj Choosethe logic family with the highest noise margin; hence less susceptibility to
EMI.

Nj Power rails are also a source of EMI problems. Use solid ground planes to avoid
EMIlissues.

Nj Impedance matching: signal ringing /distortion is less, hence less EMI.

Nj Shielding practice: Shield all very frequency circuit segments by metal enclosures.

Nj Filtering for EMC:low pass or band pass filters attenuate high frequency compo-
nents:

Nj A ferrite core inductor in series is an effective low -pass filter for input power
rails: a ferrite bead has very high impedance at high frequencies and almost
negligible impedance at low frequencies.

Nj A capacitor in parallel

Nj Mains filters

Nj IOfilters

Nj Feedthroughs

Nj Threeterminal capacitors

Nj Cable shield terminations




6. Power Integrity

BGAPackage Decoupling Capacitors Voltage Regulator Module (VRM)

T

6.1 Introduction - What is Power Integrity?

A circuit board requires one or more power supply voltages to operate. These are most-
ly generated by Voltage Regulator Modules (VRMs). These VRMs are designed to de
liver the required maximum currents at the required voltages to the various devices on
the circuit board.

Power Distribution Network (PDN) consists of all the interconnects from the VRMs to

the terminals/pads of various components and devices (ICs, etc.) including all the bulk
and ceramic decoupling capacitors, power and ground planes, the intervening vias,
traces and the relevant leads, solder balls, wire-bonds, etc. of the device packages.

A Q E O anty voltage rail is a single net but a very large one, having many components
connected to it, and is spread over almost the entire PCB.PDN is susceptible to electri- cal
noise generated by the components, and the various signal, power and ground netson
the PCB. Furthermore, faster and greater the number of the signal transitions (riseand
fall times) switching over various 1/0Os and internal circuits of the devices on the
board, greater will be the magnitude and frequency bandwidth of the electrical noise on
the PDN.

PDNnoise is injurious to the proper functioning of the board in several ways:

Nj When the magnitude of the noise on PDN exceeds a certainthreshold, it alters the
voltages delivered to the ICs below the acceptable values, causing malfunction of
the circuits on the board.

Nj Even if a PDN suppliesa voltage to the devices within tolerance, the PDN noise may
still cause other problems. It can cause or appear as crosstalk on signal lines, it can
transfer to the input power source line from where it can pass on to other VRMs
inputs, thereby to their outputs.
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Nj Furthermore, as PDN interconnects are usually the largest conducting surfaces on
the PCB and carry the highest currents, any high frequency PDN noise has the po-
tential of creating a lot of electromagnetic radiation, possibly causing failure to
pass EMC compliance.

It is therefore important to control the PDN noise, and ensure that it delivers the re-
quired voltages within acceptable tolerance limits (usually within + 2 to 5%),across the
power supply voltage and ground terminals of the various devices mounted on the PCB,
boel! uiflefwjdft!!ezobnjd! dvssfou! efnboet
functional frequency range.

Power Integrity (PI) deals with all aspects of the PDN p it is designed to control the PDN
noise.

6.2 PDNBlock Diagram
Before we analyze the PDNin greater detail, let us look at a general PDN:

POWER & GROUND SMALL HF.
DK UELOupLNG PLANES, VIAS, DECOUPLING DEVICES (ICs,

CAPACITORS TRACES CAPACITORS & THEIR TRANSISTORS, ETC.)
VIAS AND TRACES

a

fig. P-O1. PON Block Diagram

PDN starts from the various VRMs followed by bulk decoupling capacitors (usually
electrolytic p aluminum/tantalum/polymer), power and ground planes with associated via
and traces interconnects, multiple HF decoupling chip capacitors (usually ceramic
capacitors) and the associated vias and traces interconnects to power supply voltage
and ground pins of the various Devices p ICs,transistors, etc..

6.3 PDN Noise and its Causes

The control of PDN noise plays the most important role in ensuring good power integri-
ty. In order to control it, one must first understand and analyze the causes and sources of
the PDNnoise.

If there were only constant DCcurrent flow in the PDNinterconnects from the VRMsto
the ICs,that would cause a constant voltage drop, called the IR Drop, between the VRM
and the ICs:

IR Drop = (Seriesresistanceof the powerand ground rails) X (Current in the rails)

However, the current drawn by the ICs and devices on the board is never constant but
fluctuates rapidly with time. Thus, the current drawn is not DC but an AC current, and
instead of ¥ Jd&p, we will need to consider the ¥ Jdrop where Z is the AC impedance
of the PDN network:

Copyright Sierra Circuits Inc., 2020




(P1-2)

In ICs and transistors, when the digital signals, either inside the IC chip and/or on the
I/0O pins and associated circuitry, switch from one logic level to the other logic level, the
current drawn from the power supply pins of these devices also changes. This change
occurs in a very short time characterized by the rise or fall time ¥ uvbi¢h ranges from
sub-nanoseconds to a few nanoseconds in high-speed circuits.

J g! & J anmount ofi ghdnge in the current drawn by the IC from the power supply,
and 0 w=tr is the time during which this change occurs, then this change will induce a
voltageWo pj t f >! M! y ! ) 0 J laddossdhd power anel grquhd)pidis]) ohererds M !
is the inductance of the loop formed by the path of the power and ground nets i.e. the
PDN. This noise voltage is rightly a cause of the PDN noise. There are three things
apparent from this PDN noise source:

a. The greater the 0 Js, greater will the noise voltage be. So, if multiple signals, say
Fo! -1 bsf dimullapeaudlyinj oaenor more devices on the same power rail, the
current change in time # ws that rail will be 0 8 3o-that noise voltage will become # o !
times:

V isepon= L XNX(OO) Lo (P1-3)

Complex ICs p FPGASs, microcontrollers, memories, ASICs, etc.p (i) have many I/Os
and (ii) quite a lot of internal processing goes on inside them as per programs running
therein. Both these sources result in switching taking place in a tremendous amount,
and it would be very likely that a large number of signals are switching simultaneously,
resulting in a large magnitude of PDN noise.

b. Ui f!tnbmmfs! uif! wbmvf! pg! #Fus! -1 ui f! h
present era of everincreasing processing power occurring in shorter and shorter time
durations in complex ICs and transistors, we are confronted with very high data transfer
rates and extremely small rise times i.e. ¥ wsin the range of few tensof picoseconds
Obviously,these devices have potential to create very high PDN noise.

c. Gjobmmz-! hsfbufs! uif! QEO! joevdubodf! #M!
tributes to # Nh!the power delivery path? There are many sources:

I Firstly, every loop in the PDN interconnect has a parasitic inductance propor-
tional to its loop area. Thus, all the interconnects p inside the IC chip, from inside to IC
terminals, from IC terminals to PCBpads, PCBtraces and vias from pads to decoupling
caps to power and ground planes and then to the VRMsp all form current path loops
with inductances (usually in nH range).
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. Secondly,the decoupling capacitors p both bulk electrolytic and ceramic types

- are not ideal capacitors. They have inductances associated with their external and
internal leads called ESL- the Equivalent Series Inductance- which can be several
10nHs in case of electrolytic capacitors and a few nHs in case of ceramic capacitors.
Capacitors also have ESRp Equivalent Series Resistance p drop-through which adds to
the PDN noise. The equivalent circuit of a real capacitor of stated value Cis shownin
the following diagram.

Re Lc
(ESR) (ESL)
v A

Z.(f) = Rc + j2nfL. — j/(2nfc)

[ ze (D] = \/Rcz+{znch—1/(z17:fc‘)}2

fig. PI-02. Equivalent Circuit of a Capacitor

Inductance of the capacitor increases its impedance at higher frequencies where it
no longer functions as a capacitor. Every piece of conductor on the PCB and inside
the components in the power delivery path has some parasitic inductance associated
with it.

If we look at equation (PI-3), given the ICs and other active devices on the circuit
board, the only thing in our control to limit the PDNnoise is the PDNinductance L!

6.4 Analysis and Design of PDN

A circuit schematic diagram of the PDNnetwork can be represented as follows:

fig. PI-03. Equivalent Circiut Model of a typical PDN

The top and bottom lines represent the power and ground rails or planes. At P and G an
IC is connected. This network comprises mainly VRM, resistors, inductors, and capaci-
tors and its analysis is most conveniently done in frequencydomain by circuit analysis
techniques, either manually or by using SPICBVhat we need is to estimate the required
spectrum of the frequencies of interest and look at the impedance ZPDN of the PDN
network looking back from the points P and G where the devices p ICs and transistors

p are connected to the PDN,and analyze how ZPDN varies with frequency over the
bandwidth of interest.




6.4.1 Target Impedance ZPDNand its Frequency Spectrum

If I__ is the maximum current consumption rating of a particular PDN voltage rail p

max

say of V..p then the actual current drawn by V_.rail may vary, over a period of time,
from very low to almost | . depending on how many and how fast 1/Os are switching

max

simultaneously at a particular instant. If the fastest rise time is tr, then t he highest
frequency content in the current waveform is of the order of f = 0.5/t , and it would
be prudent to say that noise current waveform has a spectrum covering the frequency
range from DC to f_, and the magnitude Im of a sinusoidal current waveform at any
frequency of interest in this spectrum is dﬁm =(1/2) |

max”

If Z,,, be the impedance of the PDN network at the frequency of interest, then the
noise voltage generated on the V__rail will have a magnitude W, ... given by:

oise

=Z_ Xl

Noise PDN m

Vv

This noise voltage will occur as ripple voltage on the V__rail. In order that the ICs

connected on the V_. rail functio n properly, we need to ensure the W .., magnitude-
does not exceed the acceptable ripple voltage of the J D potver supply voltage V..

V.. OAcceptabévoltageripple =V . x Acceptabé Ripple%

Therefore, Z,.,, O(V X Ripple%)/ (1) = (V.. X Ripple%)/ (0.5x |

PDN max)

We now define the Target Impedance - Z, - of the PDN network by:

= (VX AcceptableRipple%)/ (0.5x |

ZT-F’DN

Sothat the actual PDNimpedance should be limited by:

Z..,0Z (overtheentirefrequencyspectrumof the PDN NoiseCurrent) (PI-8)

PDN T-PDN

In the picture below we show a typical good PDN impedance plot vs Frequency and
also the Target Impedance of the PDN. The actual impedance does go above the tar-
get impedance line for the entire frequency range from DCto 10GHz and that means
that it meets the condition of the above equation (PI-8).
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Thus, the design of a good PDN network involves the following steps:

(1) Determine the highest frequency f_ = 0.5/ t. where tr is the fastest signal rise or fall
time. DCto afew f_ is the frequency range of interest.

(2) Calculate the target PDN impedance Z ,,, for each voltage rail as per the above
equation.

(3) Draw the PDN network or a simplified version of it, and calculate, using SPICEor
manually, the actual PDNimpedance at various frequencies i.e. to plot the PDNimped-
ance spectrum (plot of impedance magnitude vs frequency), and to understand how
various decoupling capacitors and geometry of the PCB conductors and vias in the
PDN affect this spectrum shape.

(4) Choose appropriate decoupling capacitors and geometry of the PCB conductors
and vias in the PDNto ensure that Z__, dZ, ., for each voltage rail over the entire fre-

guency spectrum of interest.

Examples of calculation of fm and Z

T-PDN-*

(1) For V.= 3.3V rail, Let the fastest rise time be 1ns. Therefore, the highest frequen-
cyis: f = 0.5/t =0.5/ (1 ns) = 500MHz. Let |, = 3A,ripple = 3%. Therefore, Z,, .=
(83.3Vx3%)/(0.5x3A)=1/ 1779

(2) For V,,=1.2V ralil, Let fastest rise time be 0.5 ns. Therefore, the highest frequency
is:f =0.5/t =0.5/ (0.5 ns) = 1000 MHz. Let | . = 1A, ripple = 2%. Therefore, Z .=
(1.2Vx2%)/(0.5x1A)=1/ 159 g/

Generally, the target PDN Z,, ,nqf ebodf ! gbmmt ! j o! ui f! sboh

medium-to-complex requirements. And the frequency band of interest is DCto 1GHz.
Thus, the Z_,, magnitude should not go above Z, ., for the entire frequency band from
DCto 1GHz. Seethe picture below as an example:

-
5}

-

IMPEDANCE, OHMs
o
o e
2

100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz 10GHz
FREQUENCY, Hz

fig. PI-04. PDN Impedance vs. Frequency and Target impedance




6.4.2 Estimation of Actual ZPDN over the Bandwidth

To estimate the actual PDN impedance at various frequencies, we need to analyze its
equivalent circuit schematics model like the one shown in Fig. P1-03 above. The values of
the resistors are quite small as compared to the impedances of inductances and ca-
pacitances; therefore a simplified schematics of a typical PDN network can be depicted as
here under:

W%"M Uﬁ

Goe
[ crounp
17

i VRM Bulk Capacitors HF Decoupling Capacitors & | ICPackage & inside Die |
! DCto few KHz few KHz to ~100 KHz Inter Planes Capacitance : >~ 100 MHz :
H ~100 KHz to ~100 MHz H

Zt-PDN

ZPDN

0.001

100Hz 1Khz 10Khz 100Khz 1MHz 10MHz 100MHz 1GHz 10GHz

If we see the impedance of the above PDNlooking back from P and G,we realize that
the VRM, the bulk capacitors, HF decoupling capacitors, the IC package, and die playa
very significant role in determining the magnitude of ZPDN in various frequencies
zones. In PCBdesign, the IC package and die are not in our control, but the other ele-
ments are. We will therefore concentrate our analysis onthe VRM,bulk capacitors, and
the HF decoupling capacitors and their frequency zones of influence on PDN
impedance.

6.4.2.1 Voltage Regulator Module (VRM)

At low frequencies p from DC to about a few KHz, the VRMprovides a low impedance
for the PDN. The impedances looking back into VRM at 1kHz should be lower than Z/2.

Generally, a wellchosen VRM will exhibit a very low impedance in this frequency range.
For example, even for large value ofL,,dz! 4~ L DE [BLA,,x pv me! cf ! dz

1KHz frequency.
6.4.2.2 Actual Behavior of a Real Capacitor
If C, L, and R, respectively are the capacitance, Equivalent Series Inductance (ESL), and

Equivalent Series Resistor (ESR)of a real capacitor, then the impedance Z_ will have a
minimum value = ESRat the resonant frequency given by:
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If we plot the impedance Z. of a single capacitor versus frequency, we get a plot similar

to one shown by the red and green curves for the capacitors C1 andC2 respectively in
the following diagram. Note that for frequency < F, the impedance is effectively ca-

pacitive (i.e. impedance decreases as frequency increases) and for frequency >F,, it is

inductive (i.e. impedance increases with frequency). If we also draw the target imped-
ance Z, line in this diagram, this line cuts the Z_ line at two frequencies; and within the

frequency range given by them, we find that Z_. dZ,. We thus know over which frequen-

cies the given decoupling capacitor will be useful in keeping the PDN impedance within
target.

Z,,Z,, Zvs Frequency

1.00£+00

1.00€-01

1.00E-03 ' i
1.00€+04 1.00E405 1 + 1.00E+08

Cy = 2uF, Ly = 10 nH, Frenance-c1 = 1.13 Mhz : C;= 1uF, L;= 3nH, Foonance (c2= 2.91 MHz
C=C; 1 C;, Addnl. Third High Resonance Frequency = 1.71 Mhz.
FIG. PI-06. Im f Indivi i llel i requr

In the above diagram, we have also shown the case of two capacitors. Red line cor
responds to Ci, the green line corresponds to G, and the blue linecorresponds to the
effective combined C=# Din parallel with C;! We seethat for the combinedC, thereis a
impedancepeak exceedingthe Z_ line at a frequencylying in betweenthe two resonant

frequencies, , andF -c,. The height of this peak is found to be inversely proportional to
the ESRs value; therefore very low ESR values can sometimes beounterproduc- tive
in keeping Z,,, below Z,. One of the ways to remove this peak is to introduce a third
capacitance whose resonant frequency lies between the two resonant frequencies;
though we will now have 3 valleys and 2 peaks, still the magnitude of the peaks will be
lowered as aresult of the low impedance of the third capacitor in that frequency range.

If we use multiple capacitors of the same value in parallel, we may have multiple peaks
cvuluifz!xjmm!cf!dmptfluphfuifs!boel! ui fias!
capacitors in parallel has the effect of increasing the effective value of capacitor # o !
times while dividing the value of ESLand ESRby # o Hoyvever, if we have # aissimilar
dbgbdjupst! jo!gbsbmmfm-!uif!frvjwbmfou!j
mum valleys, also ¥ 8 peaks, and we need to be careful while choosing the capacitors

so that the peaks do not go above the Z_line.




6.4.2.3 Role of Bulk Capacitors

These are typically electrolytic capacitors p aluminum, tantalum or polymer types. Their
resonant frequencies range - f,,, to f, .. - from a few kHz to 100kHz, and they are thus
able to keep the PDNimpedance low in the frequency range from a few kHz to 100kHz.
Their ESLis of the order of 10 to 20nH. The bulk capacitance value is so chosen in or-
ders to make the impedance of bulk capacitor <Z. at 1kHz.

Guidelines for choosing bulk capacitors:
Let Z, be the PDNtarget impedance.

1. Do not choose a tantalum capacitor with very low ESR value as it may cause un
wanted high peaks when the effect of other capacitors in parallel - tantalum as well as
ceramic -is also taken into account. Choose a tantalum capacitor with ESRDA.5 Z...

2. As the effective frequency range of tantalum capacitors is ~ 1kHz to 100kHz, choose
the capacitor value C such that its impedance ) 2 0 ) 3 & §_ D, * tkHz is less than

3).IpPESR).

C,. Ol[2 " f bA (ZESR)] =159/ (;ZESR) (P1-10)

bulk

Example:If Z, =1/ 2E6R=1/ 1 § g,=1kHz,then,C,, G2 6 : 0 ¥ pQlOF’P=1836

MUF
So,abulk capacitor of 1840uF with an ESRDZ / 1 Wilbbe required.
ESLof atypical high value tantalum capacitor is ~ 20nH.

It will be difficult to find a tantalum or polymer capacitor of capacitance near 1800uF
withanFTS! pg! 1/ 16g/ ! Tp-!ju!xpvme!cflcftu!up
parallel.

We could use 2 capacitors of 1000uF,F T S > 1sb thad effective C=2000uF & ESR=
1/ 1éhms.

Or,we could use 4 capacitors of 470uF,ESR=1 / Zach, so that effective C=1880uF
andESR=1/ 16 g/

Or,we could use three tantalum capacitors: two p C; and C; - each of 680uF and ESR
=1/ 3Jachandone Cz of capacitance =500uF,ESR=1 / 2Aa this case involves dis-
similar capacitors, we will go for this here. Parallel of two similar capacitors - Ci 1l C2

- gives effective capacitance = 1360uF and effective ESR=1/ 2 ket C=C1 11 C2 1l C3
be the final capacitance ) D2 9 7HSR>G} / 1 Ghe plot of Z_ will look like as under:
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Zesucz » Zes » Zeancanea VS Frequency
1.00€E+01

//’

//
1.00€-01 o R Bt el /
,/ '

|
( | :
1.00E-02 | Fheloe lf'k‘y&’:

1.00€+02 1.00E+03 1.00E+Oa 1.00€+05 1L.OOE+06 1. 00E+0O7
FIG. PI-07. Impedance vs. Frequency of Three Tantalum Capacitors in Parallel,
We see that the impedance is less than p / Zog 1kHz to 2MHz.
3. We can now estimate the f, .., the highest frequency at which the bulk capacitor

impedance will be dz[. . At this frequency, the impedance will be effectively inductive in
series with ESR.This frequency will be:

fronign =8 (GZESRY/ (27 E.SuLdecceuuummmmmmmmmmmmmrmeererssssssssssssssssssssenssssesseees (PI-11)

=1/ 197 %6.§78H)\D2.1 MHz in this example as also indicated in the plot above.

As we had indicated, bulk capacitors are to ensure Z,,, dz! . in the frequencies up to a
few 100kHz, correctly speaking upto f_ ... Above f, . or 100kHz, whichever is higher,
the bulk capacitors will behave highly inductive and their impedance magnitude will be
>Z. ,therefore we need high frequency decoupling capacitors like ceramic chip capac-
itors to control the impedance of the PDN.

6.4.2.4 Ceramic Chip Decoupling Capacitor

Ceramic chip capacitors, also called as MLCCs, have resonant frequencies in the range

of a few 100kHz to a few 100MHz ( depending on value and size) and they have very
low ESRsp of the order of a few milliohms to few 10s of milliohms. They play the dom-
jobou! jo!dpouspmmjoh! uif! QEO! j ngfebodf-Ib
pedance in the frequency range of 100kHz to 100MHz. These capacitors are very small
SMT components p their individual capacitances range from a few Pico-Farads to tens,
and even hundreds of Micro-Farads.

A 0.001pF ceramic capacitor typically has a resonant frequency of ~ 300MHz (0201
size) to ~200MHz(0805).

A 0.01pF ceramic capacitor typically has a resonant frequency of ~90MHz (0201 size)
to ~70Mhz(0805 size).




A 0.1uF ceramic capacitor typically has a resonant frequency of ~30MHz (0201 size)
to ~20Mhz(0805 size).

A 1pF ceramic capacitor typically has a resonant frequency of ~10 MHz (0201 size) to
~ 6MHz (0805 size).

A 10uF ceramic capacitor typically has a resonant frequency of ~3MHz (0402 size) to
~ 2MHz (0805 size).

Guidelines for choosing ceramic capacitors:

If we continue the example given above for tantalum capacitors, we find that tantalum
capacitors are able to control the Z_,, < Z upto f,, .= 2MHz Above 2MHz, ceramic

bchigh —
capacitors control the PDNimpedance.

At 2MHz, we require a ceramic capacitance value givenby:) [ U > 1 ESRaj# capacitor
=1/ 15@*

C.OU[2 ,f. & (ZESR)] =1/) 3 A 3% ®0916) =0.87uF (PI-12)

igh

This value is in the range of 0.1 to 1uF;its resonant frequency will be about 10 to 30MHz
as per earlier data.

At 100MHz, the impedance of this ceramic capacitor will be largely inductive. We want
ui fluijt!joevduj wi)ipeESgflebodf LupTelfbud 211
inductance - ESL islimited by:

ESL, 04 (ZAESR)/( 2f,, )=0.0916/(2 Ax 100 x 10¢) =0.146nH (PI-13)

cerhig

It would be more than safe to assume an effective ESL = 1nH per ceramic capacitor.
Therefore, to keep ESL < 0.146nH, we require at least 1nH/ 0.146nH = 7 capacitors in
parallel. As the total value requis f e! t i pvme! cf ! G! 1/ 98" G-!fb
value =0.87/ 7 =0.124pF.

The nearest available standard value is 0.1uF. They have a typical ESR=1 / 1 S@we
will require 9 such capacitors in parallel. There effective ESL will be 1nH/9= 0.11 nH,
and effective ESR willbe 0.04/9 =1/ 1 1 Slgege/will result in the Z,,, at 100MHz =
3) ) 3’ABI®W) DZ / 1 &edl within the Z_limit. In fact, these will keep the Z,,,, within

Z_limit for up to 145MHz.
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In this way, one can decide on the value and number of ceramic capacitors required to
keep the PDNimpedance below target for frequencies up to 100MHz or even higher.

The most widely used ceramic decoupling capacitors are of values 0.1uF. To extend
the low PDN impedance range beyond 100MHz, one uses capacitors of values 0.01pF
(=10nF=10,000pF)Z, limit and 0.001pF (=1nF=100pF).

Onething that we should look out when paralleling different value ceramic capacitors.

This was discussed in section 2.4.4.2.2 (Actual Behavior of a Real Capacitor) above. Do
not choose two different values only; choose 3 different values to avoid high resonant
peaks.

These decoupling capacitors are installed on the PCB very close to IC power and ground
terminals so that parasitic trace inductance from capacitor pad to the IC terminal pad
is very low. The inductance of the vias from the power and ground planes needed to
connect to the capacitor terminals also add to the overall inductance of the capacitor.
Thus, we need to take into account not only the ESL of the chip capacitor but also the
loop inductance of the vias and the traces that connect the J D potver and ground pins
to the capacitors and to the power and ground planes.

6.4.2.5 Trace Loop Inductance

Trace loop inductance is given by :

L

AZXT =Zy xIxt, (P1-14)

Iptr

Here Z, is the characteristic impedance of the trace loop, ¥+ m! ! j t ! ui f ! mf o
and t , is the propagation delay per unit length, which depends on the effective dielec-
tric constant E_, of the PCBmaterial.

To keep it low we need to make ¥ as!well as # [!low. Hence, we can formulate the fol-
lowing design rules to keep traces loop inductances low:

1. Keep# lenigth as short as possible. Place decoupling ceramic capacitors as close
to the IC as possible.

2. Keepthe width of the traces as wide as possible. This will keep Z, low.

3. Keep the height between the component layer and ground and power planes as low
as possible. This will also keep Z, low.




6.4.2.6 Via Loop Inductance
For a pair of vias (of height h, via diameter d, and center to center distance D), the via
loop inductance L, is given by:

vaé 0.4x hx[In(2D/d) +1/4]nH € é wherehisin mm.................... (P1-15)

ZD) 1
4

Lloop = 0.4h [ln (7 +—} nH

(hinmm)

fig. PI-08. Loop Inductance of Vias

Example:8mil ¥ &i&, with D=40mils and h =60mils =1.5mm, va =1.53nH.

6.4.2.7 Planes Loop Inductance
If w is the width, | the length and h the separation between two planes, the loop induc-

tance is given by

L. =(1.28h1/w)nH; hisin mm (P1-16)

ploop —

Example:If | =5,w and h =10mils =0.25mm, L =1.6nH.

POWER PLANE

GROUNDPLANE

fig. PI-09. Loop Formed by Power & Ground Planes

All the above come into play when considering the total inductance in the path of IC
power supply ground pins connections to the power and ground planes and the decou-

pling capacitors.
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DEC. CAPACITOR

Ground Via Power Via Ground Via

fig. PI-10. Inductance Loops of an IC & Capacitors

In the above example, the IC and decoupling capacitor connections to the ground and
power planes are shown.

Loop 1 and Loop 3 are via loops, Loop 2 is a plane loop or via to plane spreading loop.
6.4.2.8 Spreading Loop Inductance

Spreading loop inductance between two vias (diameter ¥ ewith separation # Enlthe
loop of two planes of vertical separation ¥ iis!given by

L =0.84h In(D/d) nH; hisin mm P1-17)

The overall inductance in the above scenario of a decoupling capacitor can be of the
order of a few nH as compared to ~1nH for the internal ESLof the capacitor.

To keep via related inductance low, we should use the following rules:

Designvias with larger diameters

Keepthe distance between vias small

Keepthe height of vias and the distances between power and ground
planes small

6.4.2.9 Capacitance of a Pair of Planes

Inherent capacitance between power and ground planes plays an important decoupling
role at high frequencies to keep the PDN impedance under control.

Capacitance between two planes ( like shown in figure PI-9 earlier) is given by

Cplane= 10 _f 225(A/h) pF (P1-18)




Where A is the area of the coupling planes in square inches, h is the separation height in
mils in between the planes, and U_, is the dielectric constant ( or relative permittivity)

of the dielectric material between the planes.

Example:If A=5 J7 ER4t r andh =4 mils, and U s 3.8, then

C e = (225 x 3.8 x 24) x 4 = 5130pF = 5.13nF.

If we calculate the inductance of these planes loop as per equation PI-16, we get:

L .., =1.28x(4/40) x 6/4 = 0.192nH.

ploop

This gives the resonant frequency of the planes as:

f =20) 3 A 3)160BHz*

r_planes

So, this will play a useful role in the frequency range of 100 to 200MHz.

6.4.2.10 IC Package and Internal Die

Beyond a few 100MHz, the parasitics inside the IC package and inductances and ca
pacitances in the semiconductor die dominate in determining the Z__ and they practi-
cally limit the safe highest frequency beyond which the IC should not be used. However,
control of this is beyond the scope of the PCBdesigner, so we shall not go into further
details of this topic.

6.5 Power Integrity, Signal Integrity, and EMI are related

We observed that in order to keep ZPDNwithin control, we need to keep the dielectric
height low between a ground plane and components, and also between power and
ground planes. This is also required to reduce crosstalk and maintain good signal in-
tegrity. Thus, good power integrity also leads to better signal integrity. Furthermore, if
noise on the PDN is controlled, then the PDN noise coupled onto signal nets will also be
reduced and furthermore EMI will also be controlled.
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The high-speed board layout design requires careful planning of footprint design, com -
ponent placement, and routing of the traces. This chapter discusses the essential lay-

out design requirements in a high-speed design.
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7.1 Footprint Design for High-Speed Boards

7.1.1 Component Footprint Shapes

During a PCB design, a lot of thought is put into the schematic organization, board
materials, layer configuration, critical component placement, and routing of high -speed
signals. But one thing e p f t getlasimuch attention as the rest of the design aspects

is the footprint shapes. Although the components used in the high-speed designb s f o !
much different from the conventional design, there are some minute changes that can
help in creating a high-speed design.

7.1.2 Pad Shapesfor High-Speed PCB Design

In high-speed design, the primary thing to consider during the evaluation of footprint
shapes is the size of the footprint pad shapes.




The pad shapes are the bare metal pads where the component pins will be soldered to
once the PCB is manufactured. Generally, some of the pad shapes are replicated to pre
duce an entire component footprint shape. Approximately, the PCB pads are 30% larger
than the pins. The pad sizes are carefully calculated considering the manufacturing

issues that could arise during the fabrication process. Issues like tombstoning, where
the surface mount devices like capacitors and resistors flip up one side can ruin the

functionality of the board. With the right pad size, these kinds of issues can be resolved
with manual rework.

Despite all these benefits, for a high-speed design, the extra metal can increase para-
sitic capacitance and increase the connection length between critical components. In
order to suit the high-speed needs, the pad sizes must be reduced to avoid the parasitic
capacitances. Instead of enlarging the pad size by 30% of the actual pin size, it would
be beneficial to increase it only by a small margin of 5%.

Additionally, the connection lengths can be reduced by decreasing the spacing between
components. Implementing smaller pad sizes does not affect the mechanical strength
since the contact area between the pins and the PCBremains the same. Smaller pads
occupy less space on the board but the manufacturing cost goes up. The designer
should understand the manufacturing capabilities of a PCB manufacturer before reduc -
ing the footprint pad sizes.

Another design technique that can help in high-speed design is rounding the corners of the
pads. Incorporating rounded pads will enable the designer to route traces closer tothe
pads. This will reduce connection lengths creating a compact circuitry.

7.2 Component Placement

7.2.1 Component Placement Strategy

The systematic placement of components plays a prominent role in high -speed PCB
design. Here are some strategies to consider for high-speed circuits.

7.2.2 Floor Planning

The first step in PCB layout design is to have a floorplan. A floorplan is a sketch that
allocates general areas where blocks of circuitry are to be placed on the board.




7.2.2.1 Wonders that a Floorplan can do

The floorplan links the schematic drawing and the layout. It provides a head start
to the designer on component placement. A pre-placement floorplan will allow the

designer to optimize the component placement for signal integrity goals. Also, the

small components, like bypass capacitors and termination resistors, will be placed
at an early stage instead of getting squeezed into the design at the end. The func-
tional blocks of circuitry like power conditioning, RF, digital, analog, etc., should be
arranged as groups to reduce signal crossing.

A floorplan gives an insight into how the signals flow between functional blocks. For
an efficient board, group the power conditioning together so that their signals do not
have to cross through sensitive areas of RF circuitry. Plan your placement to main-
tain the connection lengths as short as possible. The components that are part of
high-speed signal paths where multiple nets connect a series of components should be
placed as close together. The designer has to consider the routing channels while
planning the component placement to ensure there is adequate space. The require-
ments of power and ground planes should also be considered when planning out the
placement of functional blocks of circuitry.

Always implement continuous power planes unless there is a scenario where the de-
sign demands a split power plane. When dealing with split power planes, be cautious

while placing the connected components across the split. The high-speed transmis -
sion lines should not cross the splits in power planes since it will break up the return
path for those signals. Finally, avoid placing components of a different functional
group in the midst of another circuit. Even this will affect the return path of the
circuit.

7.2.2.2 Component Placement Considerations in High-Speed PCBs
As a first step, the designer should read the schematic and breakdown into sub-sec-

tions depending on the circuit function. For instance: analog, digital, high-speed,
high-current, power supply, etc..

Power
Circuits

Connector




Apart from the circuit function, the voltage and current levels should be analyzed.
Circuits with similar VCCand GNDshould be grouped and placed together.

Example of circuit segregation for a single-PCB product Concept of Partitioning Circuit Functions

‘Inside world’ ) ‘Outside world’ Digital Motor Power Filters
e 3 Control Supply
Digital zone

Sensitive

l«—s| analogue |
[**| zone [+

P 3 ] Power Input
| «——» Transducers b Wi [
! Motor | ! Supplyi
Control |1 H

i
: |
:I: Cables ' T IO Connectors
T i
i

<«—— Comm’s

<¢————— Control

Zones for filters,
II cable screen bonds, 1. Keep Analog section away from motor control and digital sections.
cable connectors 2. Keep power conversion and motor control near power entry point.
g . 3. All power and VO connectors should be filtered and transient-protected.
Switch-mode power conversion P 4. All power and VO connectors should be grouped together on one edge
[ -+— Power 3 e
zone of the board, if possible for minimum EMI.

Refer to the schematic circuit diagram while placing the components. Identify the

main components of the circuit such as microprocessors, ethernet chips, memories
etc. Place these as per the floorplan and with shortest traces between these main
chips as per the datasheet guidelines and which makes the signal flow smooth and
unidirectional as far as possible. Next, place the components associated with the
main components such as crystal oscillators, decoupling capacitors, termination

resistors.

Some of the component placement considerations are discussed below.

Nj To begin with, avoid placing sensitive high-speed devices close to the edge of
the board. This is because the edge of the board possesses different impedance
characteristics and also there is a higher chance of electromagnetic interference
(EMI). On top of this, connectors that connect the PCB can radiate EMI. In view
of these factors, it will be a good practice to place sensitive high-speed devices
close to the board center to reduce the influence of EMI.

j The thermal effect is another crucial aspect to be considered. In high-speed
boards, the devices may run at a higher temperature than standard board com-
ponents. To ensure that these hot components stay cool, implement a place -
ment strategy in which these components receive an unrestricted airflow. For
instance, do not place bigger components like connectors in the path of airflow
to a hot BGA.




7.2.3 Termination Resistors

In high-speed PCBs,the termination resistors must be placed along with the rest of
the components instead of squeezing them in the end. These resistors are usually
addressed at the end once the main parts of the circuitry have been placed. Since
termination resistors are part of the circuit as a whole, their placement is critical for
the accurate operation of the circuit.

Here are two commonly used schemes for placing termination resistors:
Simple parallel termination:

A termination resistor is placed on the end of the circuit nearest to the receiver while
the other side is attached to power or ground plane. The greater the trace length
from the load pin to the resistor, the higher the circuit susceptible to signal reflection.

Hence, the designer should place the resistor as close as possible to the load pin of
the receiver to minimize the stub length of the connecting trace.

Series termination:

The series resistor is attached inline immediately after the driver pin of the circuit.
Sincethesftjtups!jt!bo!jomjof!qgbsu-"!ju!epft
like in a parallel termination resistor. After figuring out the right strategy for placing

the termination resistors, the designer can include it in the floorplan.

In view of the above strategies, along with circuitry path and power and ground re-
quirements, a commendable design can be drafted for high-speed layouts.

While the whole component placement process is challenging, the way in which it is
done will determine the manufacturability of the boards.




7.2.4 Component Orientation

Align similar components in the same direction. This helps in effective routing in
PCBdesign and ensures an error-free soldering process during assembly.
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7.2.5 SMT and Through-Hole Component Placement

J uadvisable to place all the surface mount devices (SMD) on the same side of the
board. All through-hole components should be placed on the top side of the PCBto
reduce the assembly steps.

7.2.6 Via Shapes Considerations

In a high-speed circuit, any mental on the PCB should be considered as part of that
circuit. The trace lengths, the via size, and the via depth should be taken into account
for high-speed circuit calculation. The designer should understand that the via drill
size impacts the size of the via. Smaller the vias, the better will be the performance
of the circuit. Oncethe designer decides the vias sizes, the right placement of these
vias close to their respective pads should be considered.

In high-speed design, the vias are placed closed to the pad to avoid parasitic capac-
itance. Sometimes they are placed partially on the pad or entirely within the pad.
These adjustments require DRCadjustments.




7.2.7 Component Selection and Placement

It is good practice to minimize the use of sockets since they can introduce inductance.
The designer should select the correct package, and accompanying component foot -
print while designing for high-speed. Components like op-amps are available in differ -
ent packages. One type of an op-amp may support shorter trace lengths in a circuit
than the other. Finally, the component footprint shapes should be optimized for thermal
considerations. The best way to dissipate heat is to place power pads right under the IC
footprints that are connected to an internal plane. Eventhe smallest change in the pad
shapes can tighten up the routing and decrease the connection lengths. This will result
in a compact design.
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7.2.8 Separating Analog and Digital Circuits

The placement routing topologies should be implemented in a way where the analog
and digital GND do not mix up. The block diagram below shows the component place-
ment. As we can observe in the first placement scheme, the analog and digital reverse
currents overlap each other. This degrades the analog signals since the reference is
disturbed. The PCB designer must avoid such practices. In the second scheme, we can
see the GND paths for analog and digital are isolated. Here, the digital reverse current
does not interfere with the analog reference GND. The designer should adopt a place-
ment strategy such that evenif the GNDis not isolated (same net), the reverse currents
of either section do not interfere with each other.
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7.2.9 Ground Plane Isolation

Isolate the ground planes when required in the digital section. The figure presented
below shows the necessity of isolation within the digital sections. The USB and RJ45
connectors communicate externally. The board GND needs to be isolated to avoid any
noise or interference from external chassis/body GND.

0.1 oF Capacitor

athl
B B4
Gigabit
PHY

IM Resistor

{.1uF Capacitor

Typical Chassis/Digital Ground Planes for
Separated R1-45 and Magnetic

RJ45 Connector and USBConnector

7.2.10 Surge Suppressors Placement

To protect circuits from external voltage surges often surge suppressing diodes and
inductors are provided in the circuits. Place these surge suppressors close to the in-

coming signal connectors and avoid vias connecting these surge suppressors and vias
have parasitic inductances.




7.3 High-Speed Routing Strategy

In a high-speed design, a wellorganized trace routing after the placement of compo -
nents is necessary for a circuit to operate without any signal integrity issues. The first
step in routing is stack-up design. Stack-up design is an important part of routing strat -
egy and needs to be planned before routing traces. Oneof the key factors in routing
controlled impedance traces is to have unbroken ground planes below and above the
top and bottom layers. For inner signal layers carrying controlled impedance traces in-
corporate ground planes on either side of the controlled impedance traces.

The design rules are next set in the PCB design tool. The differential pair and singleend-
ed traces are identified and the classes are defined. In the classes, the trace widths and
spacings are determined. Additionally, the via sizes are also specified.

The routing is done in stages and the strategy is to route critical traces first. The design - er
should route crystals to the devices they are associated with first with the shortest

routes. The decoupling capacitors are placed close to the power pins of the ICs and
they are routed first. Also the gnd vias for the decoupling capacitors are placed. Care
is taken to keep place for the trace routing. Later, the controlled impedance traces are
routed. The routing is then completed.

7.3.1 Best Routing Practices for High-Speed Routing

7.3.1.1 Ground and Power Planes

One of the most usual problems in PCBdesign, and also in the system design, is the
lack of a good ground structure.

As a rule of thumb, j umost beneficial to have a solid-rock common ground. For best
results, a designer should incorporate at least a four-layer PCB. A fourlayer PCB allows
devoting one of the inner layers to a full ground plane. A ground plane composed of a
full, plain, sheet of copper, as large as the PCB, ensures minimal impedance between
any couple of grounded points. This ground plane should never be broken by routing
any small track in it. There should exist only one ground plane on that layer.

When some of the copper is removed on this ground plane, parasitic impedances are
introduced immediately on the neighboring tracks. In this kind of a design, usually, the
side nearest to the ground plane is used to mount all the high-speed components like
RF components using microstrip techniques. The opposite side is used for mounting
less critical components. The second inner layer is used for power distribution and
different power islands are placed in this layer such as 3.3V, 1.8V, 5V, etc. The power
islands are made as large as possible in order to reduce the impedance.




Top layer : critical RF components
and microstrip copper tracks

+ Inner1 layer : full ground plane

+ Inner2 layer : power planes

Bottom layer : non critical
components and tracks

Power via, from top layer Ground via, from top layer
to power plane on inner2 to ground plane on inner1

A double-sided PCBmay be the right choice for economical use when it comes to cost
minimization. Achieving this is quite difficult. When there is a requirement to route
tracks on both sides of the PCBin the same areathen a good ground plane is no longer
guaranteed. The only solution is then to implement huge ground planes on both sides
that are interconnected by plenty of vias.

Designing a double-sided PCB can get complex
since the ground plane gets shared between the
top and bottom layers. The designer should en-

sure that there is at least a full ground plane un-
der the most critical section. The top side must
be used for routing as much as possible with a
few traces on the bottom side.

Lots of interconnecting vias are needed to inter-

connect the top and the bottom grounds.
Groundstitching vias

Split ground planes are sometimes implemented in critical cases. For instance, a
ground plane for the logic sections and a ground plane for the analog components,
interconnected at a single point. The concept is to reduce the noise through the ground
planes. Sadly, it is quite challenging to accurately implement such an idea. In particular,it
is then mandatory to route all the traces going from one region to the other exclusive- ly
above this interconnecting point. If not then this gives a very good antenna which will
either transmit or receive spurious signals. In most cases, a full single ground is more
reliable and provides better results than split grounds, as long as the placement of the
components is adequate.




Large current loop area Small current loop area
Strong radiated field Low radiated field

Usually, a split ground plane is avoided unless there is a specific need like strong ESD
risks. Or else, any track going from one ground area to the other should cross the
boundary just under the interconnecting point. If not, then there will be a current loop

leading to EMC problems.

7.3.1.2 Polygon Voids

The signal vias produce voids in the power and ground planes. Improper positioning
of vias can create plane areas in which the current density is increased. These re-

gions are called hot spots. These hot spots must be avoided. The best solution is to
place the vias such that there is enough space between the vias for the power plane
to pass through. As a thumb rule, place vias 15 mils apart wherever possible.

Power Plane
Power Source

High Current Density

Power Plane Power Plane

Avoid copper plane hot spots.




7.3.1.3 Trace Bend Geometry

The bends should be kept minimum while routing high-speed signals. If the bendsare
required, then 135° bends should be implemented instead of 90°.

Use 135 bends instead of 90 .

To achieve a specific trace length, serpentine traces are needed. A minimum dis-
tance of 4 times the trace width must be maintained between adjacent copper in a
single trace. Each segment of the bends should be 1.5 times the trace width. Most of
the DRCsin CADtools do not check these minimum distances as the traces are part
of the same net.

Keep minimum distance and segment length at bends.




7.3.1.4 Signal Proximity

A minimum distance should be maintained between traces to minimize the crosstalk.
The crosstalk level depends on the length and the distance between two traces. In
some areas, the routing of traces reaches a bottleneck where the traces are closer
than the allowed distance between them. In such situations, the distance between the
signals outside the bottleneck should be increased. Even if the minimum requirement
is met, the spacing can be increased a little further.

Increase the spacing between traces wherever possible.

Trace stubs:

The long stub traces may act as antennas and consequently increase problems com-
plying with EMC standards. Stub traces can also create reflections that negatively af-
fect signal integrity. Pull-up or pull-down resistors on high-speed signals are common
sources of stubs. If such resistors are required then route the signals as a daisy chain.




7.3.1.5 Differential Pair Signals

When routing high-speed differential pairs parallel to each other, a constant distance
should be maintained between them. This distance helps to achieve the specified dif-
ferential impedance. The designer should minimize the area in which the specified

spacing is enlarged due to pad entries. The differential pairs should be routed symmet -
rically.

Route the differential pairs symmetrically and keep the signals parallel.

The designer should not place any components or vias between differential pairs even
if the signals are routed symmetrically. Placement of components and vias between
differential pairs could lead to EMC problems and impedance discontinuities.

Do not include any components or vias in-between a differential.




Some high-speed differential pairs need serial coupling capacitors. These capacitors
should be placed symmetrically. The capacitors and the pads produce impedance dis-
continuities. Capacitor sizes such as 0402 are preferable, 0603 are acceptable. Larger
packages such as 0805 or C-packs must be avoided.

Place coupling capacitors symmetrically

Since the vias introduce an enormous discontinuity in impedance, the number of vias

must be reduced and should be placed symmetrically. If the signals change the planes
then the ground transition vias are required.

Place vias symmetrically.




While routing a differential pair, both the traces should be routed on the same layer so
that the impedance requirements are met. Also, the same number of vias should be
included in the traces.

Route pairs on the same layer and place the same number of vias.
7.3.1.6 Length Matching

The high-speed interfaces have additional requirements concerning the time of arrival
clock skew between different traces and pairs of signals. For instance, in a high-speed
parallel bus, all data signals need to arrive within a time period in order to meet the
setup and hold time requirements of the receiver. The PCB designer should ensure that

such permitted skew is not exceeded. To achieve this requirement, the length matching
is necessary.

The differential pair signals demand a very tight delay skew between the positive and
negative signal traces. Hence, any length differences should be compensated by using
serpentines. The geometry of serpentine traces should be carefully designed in order to
reduce impedance discontinuity.

Use this recommended serpentine trace geometry.
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The designer should place the serpentine traces at the root of the length mismatching.
This ensures that the positive and negative signal components are propagated syn-
chronously over the connection.

Add length correction to the mismatching point.

The bends are usually the source of length mismatches. The compensation should be
planted very close to the bend with a maximum distance of 15mm.

Compensate close to bend
(max 15 mm)

Place length compensation close to the bends.

Generally,two bends compensate each other. If the bends are closer than 15mm then
no additional compensation with serpentines are necessary. The signals should not
traverse asynchronously over a distance more than 15mm.




No compensation needed if
distance between two

compensating bends are closer

than 15 mm

Bends can compensate each other.

The mismatches in each segment of a differential pair connection should be matched
individually. In the figure shown below, the vias separate the differential pair into two
segments. The bends needto be compensated individually here. This ensures that the
positive and negative signals are propagated synchronously through the vias. The DRC
overlooks this violation since it only checks the length difference over the whole
connection.

Length differences should be compensated in each segment.

The signal speed is not the same in all the layers of a PCB. Since it is hard to figure
out the difference, it is preferable to route signals on the same layer if they need to be
matched.
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