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Metallization

Signal integrity and additive manufacturing, particularly
metallization, are hot topics in PCB design and fabrication.
PCB layouts are carefully engineered to achieve specific
electrical and power performance targets. Once the design
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moves into fabrication, metallization—particularly the plating =
of traces to precise specifications—is what enables the L
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MARCY'S MUSINGS

BY MARCY LARONT, I-CONNECTO0O07

ignal integrity and additive manufacturing, par-

ticularly in metallization, are defining themes in

modern PCB design and fabrication. PCB lay-
outs are meticulously engineered systems designed
to meet strict electrical and power performance
targets. However, achieving those targets does
not end at the design stage. Once a design enters
fabrication, metallization processes—the precise
plating of conductive traces—play a critical role in
ensuring that signal speed, reliability, and integrity
are achieved in the final physical board.

As increasingly smaller electronic devices be-
come more complex and performant, maintaining
signal integrity becomes significantly more chal-
lenging. Higher data rates, tighter geometries, and
denser routing all introduce new risks, from imped-
ance mismatches to electromagnetic interference.

The industry is increasingly turning to modified
semi-additive processing (mMSAP) and semi-additive
processing (SAP) to address these challenges,
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as these advanced approaches allow for finer
feature definition, improved line-edge precision,
and tighter tolerances than traditional subtractive
methods. The result is better control over electrical
performance and a pathway to supporting next-
generation applications. At the same time, these
technologies represent a fundamental shift for PCB
fabricators because they require new materials,
processes, and ways of thinking about production.
This issue of I-ConnectO07 Magazine explores
these developments in depth, beginning with
contributions from PCBOO07 authors focused on
additive technologies. Columnist Don Ball provides
a foundational overview, starting with conventional
electroplating methods and progressing through
mSAP and SAP processes. He examines how
these approaches influence etching performance
and highlights which techniques have proven
effective and which have not. Expanding on the
chemistry of metallization, Melbs LeMieux of
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MARCY'S MUSINGS

Electroninks offers insight into complex metal inks
and discusses how his company is rethinking ma-
terials at the molecular level.

Carmichael Gugliotto of MacDermid Alpha Elec-
tronics Solutions writes about the importance of
direct metallization as a key enabler of advanced
PCB manufacturing. He cites the growing demands
placed on PCBs and substrates used in Al infra-
structure and high-performance computing, where
reliability and performance margins are increas-
ingly tight. The engineering team at MKS’ Atotech
addresses enhanced mSAP processes with a focus
on microvia reliability, an area of critical concern in
high density interconnect (HDI) designs, while also
considering manufacturing efficiency. Notion Sys-
tems rounds out the semi-additive discussion with
its inkjet solder mask technology, highlighting how
digital deposition methods can improve precision
and flexibility in PCB production.

Our Design007 contributors tackle the evolving
challenges of signal integrity. Stephen V. Chavez
writes about return-path discontinuities, while Kris-
tin Moyer addresses common-mode and differen-
tial-mode noise in routing and signal integrity, as
well as strategies for ensuring signal survival in
increasingly hostile electromagnetic environments.

In his column, Barry Olney succinctly captures
the shift in design philosophy: “Modern PCB
design is no longer just about routing signals but
about engineering transmission lines, maintaining
continuous return paths, and managing resonant
structures within multilayer boards.” Columnist
John Watson reinforces this perspective by urging
designers to move beyond schematic-level think-
ing and consider the electromagnetic fields sur-
rounding traces, dispelling the notion that signal
integrity is somehow “black magic.”

Meanwhile, Kelly Dack explores how Al-driven
design tools are pushing boundaries, transforming
signal integrity from a niche concern into a deci-
sive factor in determining product success, and
shares a list of PCB designers who have had the
most influence on him and the industry.

This issue also features a range of forward-
looking discussions tied to advanced manufac-
turing. Anaya Vardya focuses on integrating flex
circuits into advanced packaging solutions. A hew
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contributor, Flexiramics, introduces innovative ap-
proaches to reinforcement materials for electronic
packaging. Mike Carano contributes insights into
the role of organic solderability preservatives
(OSPs) in advanced packaging and where they
provide the most value. Chandra Gupta of Remtec
examines RF design and integration, emphasiz-
ing that true performance gains often occur at

the interfaces, where components either work in
harmony or conflict.

Additional design-focused content includes
a conversation between Paul Cooke and Kelly
Dack on designing for reliability, as well as Matt
Stevenson’s overview of conductive via fill and
what designers need to understand. Tracy Riggan
interviews the leaders of the IPC-2581 Consortium
about progress toward replacing Gerber files with
a more secure and comprehensive data standard.

Happy Holden bridges the gap between design
and fabrication by reviewing the growing role of
digital twins, which integrate design and manu-
facturing data to improve outcomes, particularly
as access to experienced manufacturing experts
declines. In PCB fabrication, Richard Nichols
continues his ongoing exploration of zero liquid
discharge. We spotlight a roundtable discussion
on cybersecurity and CMMC certification, and |
explore the implications of the e-glass shortage in
the Al era.

Together, these perspectives highlight, once
again, that our industry is in transition, where inno-
vation in materials, processes, and design meth-
odologies is essential to meeting the demands of
increasingly complex electronics systems.
I-CONNECTO007

Marcy LaRont is the managing
editor of I-Connect007 Maga-
zine and executive director of
IPC Publishing Group. Marcy
started her career in PCBs in
1993 and brings a wide array
of business experience and
perspective to I-Connect007.
To contact Marcy, click here.
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THE CHEMICAL CONNECTION

The Cosequenc's of Additive

ks

Metallizing on Etching Steps

BY DON BALL, CHEMCUT

rI1 his month, I'm taking another look at addi-
tive manufacturing. What does mSAP, SAP,
and additive metallizing (plating) look like in
today’s advanced PCB fabrication? | must confess |
don’t have a lot of insight, as my whole career has
been devoted to removing copper from panel sur-
faces in even and controlled ways, and not to put-
ting copper back on the panel. However, at some
point in the additive process, especially in additive
plating, copper must be removed from between
the conducting surfaces to complete the circuits.
Here, | can address some of the consequences of
additive metallizing on subsequent etching steps.
Traditional additive metallization, or pattern plat-
ing, has been the primary way to get taller conduc-
tor heights for higher current capacities and less
heat generation than is possible with just subtrac-
tive etching. The traditional process starts with
a thin laminated foil (one-quarter or one-eighth
ounce), then laminate and develop a plating resist
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with the desired circuit layout. The panel is put in
an electroplating bath, and copper is plated until
the desired circuit height is reached, followed by a
solder or tin coating to serve as an etch resist. The
base foil is etched with an alkaline etchant, leaving
behind the desired circuit design.

A more recent technique is to sputter or flash
plate an even thinner base copper, usually 2 to 4
microns, and electroplate the circuit lines to the
desired thickness, but with no tin or solder. Then
the panel goes through a flash etch in an acid
etchant (usually cupric) at such a speed that etches
away the base copper while having a minimal ef-
fect on the plated circuit lines.

Obviously, before the base copper can be
etched away, the plating resist must be removed,
and this is where problems can arise. Getting even
plating over a large format panel, with several of
these large format panels on a vertical flight bar, is
difficult at best. It is not uncommon for areas of the
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THE CHEMICAL CONNECTION

panels to be over-plated, trapping resist under the
over-plated areas that interfere with the etching of
the base copper.

The first thought is to increase spray pressures
in both the stripper module and rinses, but it turns
out that this is not as simple as it seems. One
customer was using a power wash at 400 psi after
stripping and requested a 400-psi rinse after the
strip chamber for their proposed new stripper. This
would involve special high-pressure pumps with a
very high flow rate, stainless steel plumbing, very
good filtration (it would have to have a recirculat-
ing sump to keep water consumption at a reason-
able level), etc. When all is said and done, it is very
expensive. We decided to put together a 400-psi
test stand to get an idea of what would be involved
in actually putting one of these things together,
which turned out to be a good idea.

We got some test panels from the customer, and
to my surprise, the 400-psi rinse seemed to have
no effect whatsoever. Somewhat apprehensively, |
stuck my hand under the spray and felt hardly any
impact even though the pressure gauges were
reading 400 psi. To achieve 400 psi with the pump
they had available, our engineers kept reducing
the nozzle openings until they reached 400 psi.
Unfortunately, the opening size was so small that
spray droplets were broken up into such tiny drop-
lets that they had hardly any impact force at all,
even at 400 psi.

We had invented a “velvet touch” high pressure
spray system. A bigger pump was obtained, add-
ing nozzles with a more reasonable opening size,
and found that the customers’ objectives could be
reached with a 150-psi rinse—a much more rea-
sonable proposition, but still requiring more effort
than expected.

Another unanticipated consequence occurred
when people started flash etching to remove very
thin base copper from their boards. It should have
been a simple proposition, a quick spray of etchant
to remove two or three microns of base copper
and on to the next process. However, we started
getting reports of residues of base copper left on
the panel in long strips, like tiger stripes. This did
not occur on their normal copper weight panels (1-
ounce, half-ounce, etc.), just their flash etch panels
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run at high conveyor speeds, so it was not due to
clogged nozzles or misaligned conveyor wheels.

Measurements showed that the distance between
the stripes was about the same as the distance
between the spray tubes, so we speculated that the
conveyor speed needed for the flash etch might
result in a harmonic being reached with the spray
tube oscillation rate. Most etchers and developers
use some type of spray tube oscillation to sweep
etch solution back and forth across the board sur-
face as it travels through the etch chamber.

At the end of each oscillation stroke, even
though it doesn’t look like it, the tube must decel-
erate to a stop, then accelerate in the opposite
direction. There is a brief time when the tube is
stopped and, at this moment, the area directly
under the spray gets a little more etch time. At the
oscillation rates and conveyor speeds used for
normal copper weight boards, these areas tend
to even out as the panel goes through the etcher,
as a different part of the panel is below the spray
tube at the end of each oscillation stroke.

It is conceivable, however, that at the high con-
veyor speed needed for flash etching, a harmonic
could be reached where the same part of the
panel could be under the spray tube at the end
of each oscillation stroke and that little bit of extra
etching could accumulate and cause striping. This
proved to be the case when altering the oscillation
speed by 25% in either direction caused the tiger
stripes to go away.

| doubt there is anyone who could have antici-
pated a harmonic relationship between conveyor
speed and etcher oscillation rate when flash etch-
ing was first thought of (anyone who could have
thought of it would probably not be working in the
PCB business anyway). So, when taking another
look at additive manufacturing, keep in mind that
there will be consequences further down the pro-
cess line. -FCONNECTO007

Don Ball is a process
engineer at Chemcut.
To read past columns or
contact Ball, click here.
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FEATURE INTERVIEW

BY MARCY LARONT, I-CONNECTO0O07

Rewriting Metallization

ONE INKAT ATIM

dditive manufacturing has long promised
Ato reshape how electronics are built, but

that promise has remained just out of reach
for many in the PCB industry who are limited by
materials, performance trade-offs, and real-world
manufacturability. Electroninks aims to change
that equation by rethinking metallization at the
chemical level by developing metal-complex inks
that challenge established approaches and open
new possibilities for advanced packaging, inter-
connects, and beyond. Co-founder and President
Melbs LeMieux discusses the evolution of the
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technology, the realities of bringing new materials
to market, and where additive manufacturing may
finally begin to deliver on its potential.

Marcy LaRont: Melbs, please tell us a little bit
about yourself and how Electroninks got started.
Melbs LeMieux: | grew up in Michigan and later
earned my PhD in Materials Science from lowa
State, followed by a postdoc in chemical engineer-
ing at Stanford. Around 2013, | connected with our
co-founder and CEO, Brett Walker. He was bring-
ing some really strong chemistry to the table, and
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Reference Source: Advanced Materials Interfaces, Volume: 6, Issue: 20, First published :04 September 2019

This simplified illustration depicts printing, sintering processes for both types of ink, possible problems that may arise
during printing (nozzle clogging of particle ink), and sintering (substrate degeneration upon sintering at high temperature

for particle ink).
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| had already spent time scaling metal-
lization technologies commercially, so
there was a natural fit.

From there, the idea behind Elec-
troninks really took shape. We saw
an opportunity to develop materi-
als that could be deposited in a
much more agile, additive way, es-
pecially for semiconductor metalliza-
tion, advanced packaging, substrates,
and PCBs. That combination of chemistry
and manufacturability became the foundation
for the company.

Melbs
LeMieux

Let’s talk about your product, which is described
as “particle-free metal complex inks.” Is that a
fundamental shift from nanoparticle-based
systems? Please explain its significance.
“Particle-free” is really more of a marketing term.
Technically, these are metal complex conductive
inks. With nanoparticle inks, the particles have

to fuse together, and to keep them stable in
solution, you need organic components to prevent
agglomeration. The challenge is those organics
remain in the printed film, and unless you cure

at high temperatures, they can limit performance
and reliability.

What we've done is take precursor chemistries—
similar to what’s used in ALD (atomic layer depo-
sition) or CVD (chemical vapor deposition)—and
adapt them into a printable ink. That allows you to
metallize surfaces without vacuum processing or
high-temperature deposition.

The key advantage is that these metal complex
inks don’t rely on those organic stabilizers, so the
resulting film behaves much more like a pure metal
layer, similar to what you’d see with electroless
deposition or PVD (physical vapor deposition) in
semiconductor backend processes.

Is it a purer ink with better metallization because
of it, and is that why you can reach 90% bulk
metal? Does it reach a higher concentration
without other additives?

Yes, but the overall performance depends upon
many other process factors. In general, we can
reach higher levels of conductivity and reliability

18 [-CONNECTOO7 MAGAZINE | MAY 2026

at the same, or even lower, curing tem-
peratures. That is the best way to look
at it. They offer lower, faster-curing
profiles than conventional nanopar-
ticle links.

In the past, Electroninks has given
presentations aboutmetal complex
inks, but are you also talking about
equipment in your suite of solutions
for additive manufacturing?

Yes, we partner with many printing compa-
nies, including spray coaters, inkjet, and aerosol
jet companies. We make sure our materials are
compatible with their tools, and then customers
can have a full solution with the tooling and inks.
There are a few integrators that pull it all together.
Primarily, our customers will be the OSATs or the
IDMs, but you know the story: OSATs and IDMs
may not work well with ink/materials companies
directly. They need total solutions, someone to tie
everything together.

Will you talk about a couple of your process
platforms: Circuit Jet and Circuit Shield?

Circuit Shield is the trademark name for the silver
metal-complex ink used in our EMI shielding solu-
tion. Circuit Jet is our all-in-one, standalone PCB
printer, now marketed to the defense and aero-
space industry. It's a standalone, not a production
line. It’'s used to make or repair specialized boards.

Everything you’re doing seems like a natural
evolution, but was there a specific impetus that
led to creating a printer?

The company started with CircuitScribe, a kit
that helps students learn the basics of electron-
ics—the breadboard back in our day. Along similar
lines, CircuitScribe uses a conductive ink pen to
help teach the basics of electronics. So, at our
core, we’ve always looked to build products and
have a consumer-facing business. The next step
up was Circuit Jet. Originally, the idea was a very
basic printer for DIY printing of simple circuits
and boards. However, some customers picked it
up and asked us to build a printer specifically
capable of handling advanced aerospace and
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strengths of their products, along with a complete R&D facility in the US,
new tool manufacturing capability, and local technical resources, all

available to support customer needs.

Kyocera designs and
manufactures tight
tolerance precision
carbide cutting tools for
PCB applications.
Products include dfrills,
routers, end mills, and
specialized cutting tools
ranging from: 0.05mm to
6.70mm diameters

(0.0020" - 0.2638").

REPOINTING will be a
new service offered by

Insulectro through

Kyocera. The company

has recently invested in
automated, state-of-the-art
equipment and all
repointing will be done in
Southern California.

INSULECTRO 20362 Windrow Drive, Lake Forest CA 92630 ¢ 949.587.3200 e insulectro.com
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defense boards, so we have focused on that
industrial market with this product, rather than
direct to consumer.

The very best way to get into having an equip-
ment line is when your customers ask you to do it.
That’s right, because it wasn’t our expertise and we
didn’t originally set out to do this technology, but it
has grown into a powerful standalone system, with
capabilities unmatched here domestically.

How did you originally begin to work with your
customers? What does that partnership look like?
It boils down to finding some early champion cus-
tomers, ones willing to spend time working with us,
because they see the value and differentiation this
technology can provide. Once you reach a critical
mass of champion customers, you take things to a
commercial level. It’'s tough because it's genuinely
new technology, and you teach your customers as
you go. We've traveled the world over the past six
years, focused on educating the market, and now
we have trust and some understanding of the tech-
nology. Metal complex inks are just now starting to
reach the level of mainstream commercialization.

Are education and awareness the hardest and
longest parts of the cycle?

Yes, but it comes down to two key elements: Does
it provide new functionality, and does it break
down a brick wall that customers are hitting? What
problem does it solve? You don’t want to be just

a me-too product, but something that moves the
needle on performance and works from a cost
modeling standpoint.

Bringing new materials to market is obviously
difficult, but we’re in a very exciting space. We're
entrepreneurs who want to bring new technology
forward, and are driven by wanting to build new
economic ecosystems.

Tell me about the silver metal ink for EMI shielding.
Our silver product line is very mature at this point,
with 12 to 15 commercial ink products and two sys-
tems based on either different deposition methods or
the different substrates and stackups they go into.
We also have gold, platinum, nickel, palladium,
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and copper metal-complex inks. Currently, we’re
focusing on copper, which customers like for vari-
ous reasons: It's found in many places, and is cost-
effective compared to silver, gold, platinum, and
palladium. Obviously, copper has certain oxidation
issues, but we’ve developed two distinct copper
technologies, one of which is compatible with

an ambient environment. To print copper and
achieve good electronic performance at ambient
temperature is a big win. The other copper tech-
nology we developed is better suited to a nitro-
gen-based environment, which is commonly used
in assembly processes.

An initial focus for copper is on metallizing
surfaces and vias with it to create a very thin seed
layer that can be plated on directly. That’s an im-
portant use case right now.

Additive technology offers sustainability benefits,
with inherently lower waste and fewer processes,
while achieving very fine features. But is sustain-
ability a big selling point?

Certainly, OEMs want to tell that story about their
supply chain. It’s becoming increasingly important
at the highest levels of manufacturing. People will
talk about the importance of water and energy
usage and even CapEx, but the manufacturing
footprint is also a big issue. Additive tools gener-
ally have a much smaller factory footprint and
offer flexibility in repositioning the line. Typically, a
standard line is dedicated to a single technology,
but with additive, you can change the printing or
deposition patterns. You can reposition an additive
line for different products relatively quickly. That
eases the burden and the risk of a factory buying
a specific tool set for a specific product that might
go out to production in a relatively short timeline.

Electroninks has been growing rapidly. What does
your global footprint look like today?

Even with the onshoring push, we must still have a
very global supply chain to remain competitive. We
have a manufacturing site in the Asia Pacific region
and one in Delaware. We also have overseas sales
offices. We are a company of just 50 people, so

it is challenging to operate on a global scale. Our
approach has been to choose our locations and our



partners wisely. Right now, we have outlets in the
U.S., Taiwan, Korea, Japan, and, most recently, India.

Are you seeing more receptivity or enthusiasm in
one region over another, or is it pretty even across
the world?

Certainly, the domestic market has picked up in
the last five years. But as the single global source
for our portfolio of metals and technologies, we’re
getting interest everywhere.

That is good to hear. Do you see additive technol-
ogy fitting within the spectrum of electronics and
manufacturing several years out?

Obviously, there are different products for different
markets, but we also see some growing trends. The
first is the need to get around Moore’s Law with more

2.5D or 3D IC stacking and advanced chips. The
ability to perform additive metallization is becoming
increasingly important for 2.5D and 3D architectures.
Another trend is the big partnerships happening
in big tech with the hyperscalers and the Al ecosys-
tem. Everyone wants their own custom chip, and for
that, you have to understand its end use. The days of
common chip types used across different platforms
are waning, and you have to understand the applica-
tion and the ecosystem it’s going into. The flexibility
and manufacturing capability of additive will become
more prominent as a manufacturing method for
these high-end, application-specific chips.

Melbs, this has been very interesting. Thank you
for taking the time.
You’re welcome, Marcy. FCONNECTO007

Inkjet Solder Mask:
Notion Systems Takes the Mic

BY MARCY LARONT, I-CONNECT007

Additive manufacturing offers clear
advantages in material efficiency,
process simplification, and design
flexibility. By depositing material only
where needed, additive approaches
reduce waste and enable new ge-
ometries not possible with traditional
subtractive methods. However, challenges
remain, including material formulation
constraints, process control complexities,
and the need to meet long-established reliability
standards in high-volume manufacturing.

Notion Systems, based in Germany, has already
established itself as a leader in industrial inkjet
technology for functional materials, with a strong
focus on electronics manufacturing. Its core plat-
form, the n.jet system, is designed to enable fully
digital, additive processes for applications such
as solder mask, legend printing, and etch resists.
Its inkjet solder mask solution stands out as a
significant advancement in PCB fabrication.

Design flexibility is a key advantage of the
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Notion system. Because the process is
Par digital, manufacturers can eliminate pho-
SYST. tomasks and quickly adapt to design
{ 'ESL changes, making it ideal for high-mix,
& pc low-volume production. The system

A also enables variable thickness control,

allowing engineers to selectively build
up insulation in critical areas while keeping
other regions thin or uncovered.

The platform, focused on reliability, sup-
ports high precision and repeatability through
optical alignment, automated calibration, and inte-
grated curing, ensuring consistent coating quality
and reliable circuit protection. It also aligns with
Industry 4.0 initiatives by enabling data integra-
tion, traceability, and automation, while reducing
chemical use and waste.

WATCH
NOW!
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Celia’s ‘Take the Mic?’
interview from APEX EXPO
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The Role of Organic
Solderability Preservatives
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BY MICHAEL CARANO, GLOBAL ELECTRONICS ASSOCIATION

echnology trends shaping the electron- ability preservatives (OSP) on the BGA side of the

ics industry supply chain—Al, loT, ADAS, substrate and precious-metal-plated finishes on

and high-performance computing (HPC)— the top side, which facilitate wire bonding. This is
are driving finer circuit features and higher layer essentially a process of selective surface finishing.
counts. Advanced packaging drives the selection The OSP is particularly useful for fine-pitch BGAs
of surface finishes depending on the application. with pitches below 1.0 mm. In addition, the solder

Typical designs require excellent solder joint joint formed with an OSP finish is quite strong, as

reliability and wire bondability. It is not uncom- the tin in the solder forms a direct intermetallic
mon for designers to specify the organic solder- bond with the copper.
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TROUBLE IN YOUR TANK

The Trend Toward Mixed-metal Finishes
To achieve high-density surface mounting on
printed wiring boards (PWBs), the number of termi-
nals on circuit components has been increasing,
and the pitch has been significantly reduced. With
the trend toward increased packaging density has
come the use of chip-on-board (COB), flip chip,
and tape automated bonding (TAB).

In many instances, the surface mounting of
such components may be required on PWBs with
copper pads and other features plated with gold,
silver, tin, or solder. These mixed-metal finish
boards are becoming increasingly common, and
the surface treatment of such circuits is becom-
ing more important. The demand was such that
a water-soluble surface-treating agent capable
of protecting bare copper from oxidation without
leaving a film on other metals needed to be devel-
oped and implemented. In other words, the need
for an OSP that selectively bonds to the copper
without adversely affecting other metals, such as
gold or solder, was established (Figure 1).

Conventional OSP processes, based on long-
chain alkylimidazole compounds and substituted
benzimidazole compounds, have functioned ade-
quately to protect the bare copper. However, these
materials also deposited a significant film on other
metals such as gold, tin, and solder. This additional
film interfered with subsequent operations, such
as wire bonding and surface mounting of quad flat
packs on solder surfaces.

In addition, the contact resistance on the gold in-
creased to unacceptable levels. Thus, when PWBs

Molding Compound
Die Attach

Trace

are fabricated with multiple metal finishes, the
metals (such as gold or solder) must be masked

to prevent OSP film formation on their surfaces. In
some instances, the coating must be removed with
alcohol, adding additional labor and cost to the
fabrication process.

One factor in promoting this film formation on the
metal surfaces is the copper present in many organic
solderability formulations. The copper
ions form a complex with the active azole ingredient
in the OSP chemistry and actually help to promote
film growth. When a copper-solder mixed-metal
board is processed through such a process, the OSP
forms on the solder and discolors it, making long-
term solderability virtually impossible to achieve.

It has also been determined that the copper ions
in the OSP protective film contribute to ionic con-
tamination, a situation that is constantly scrutinized
by assembly houses and end users. It is desired to
keep ionic residues as low as possible. It has been
demonstrated that the copper contributes to the
staining/darkening of the solder and causes undue
build-up of residue on the gold.

The Solution

The optimal solution to prevent OSP deposition
on gold and improve solderability under lead-free
assembly conditions is based on a unique organic
compound: an imidazole synthesized as the active
ingredient in the OSP (US Patent 5,795,409). This
unique compound is solubilized in water and a
nominal amount of acetic acid. Acetic acid helps
maintain a buffered pH in the OSP process.

Die Wire Bond

Substrate

Solder Mask Solder Ball

Plated Through-hole

Figure 1: An advanced package with wire bonding (top side) and OSP processed copper on bottom side!
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TROUBLE IN YOUR TANK

Alkylimidazole
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Figure 2: Evolution of OSP technology.

This process employs a combination of a phenyl-
imidazole compound mixed in an aqueous solution
with acetic acid, a complexing agent, and a water-
soluble iron compound. The combination of these
additives allows the uniform coating of the organic
film on the copper without building any appre-
ciable amount on the non-copper surfaces. After
the PWB has been prepped in an acid cleaner, fol-
lowed by a micro-etch, the OSP coating is applied
to the PWB by dipping, spraying, or flood coating.

Figure 2 illustrates the latest generation OSP
active compound. The substituted phenylimidazole
represents a significant improvement in solder-
ability protection as well as preventing subsequent
OSP film deposition on other metals such as gold.

Therefore, it was imperative to develop an
OSP process that would selectively deposit on
the bare copper surfaces only, with low residual
ionics. However, a film that forms on the copper

Figure 3: OSP deposit on gold: Conventional OSP (left), as
plated center), and improved OSP (right).

26 [-CONNECTO07 MAGAZINE

Substituted Benzimidazole

I MAY 2026

Substituted Phenylimidazole
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5NH

must have sufficient ability to maintain the solder-
ability of the base copper through multiple thermal
excursions and with a variety of low-activity wave
soldering fluxes and pastes.

The efficacy of this process is demonstrated in
Figure 3. Note the discolored gold deposits on
the left with the benzimidazole compound. The
as-plated coupon is shown in the middle, and the
gold-plated coupon processed through the im-
proved OSP is shown on the right.

We should not underestimate the importance of
minimizing organic deposits on gold, as they can
interfere with successful wire bonding.

In a future column, we will take a more detailed
look at OSP technology for advanced packaging.
I-CONNECTO007
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FEATURE ARTICLE

BY CARMICHAEL GUGLIOTTI, MACDERMID ALPHA ELECTRONICS SOLUTIONS
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Direct Metallization

A Strategic Enabler for
Advanced PCB Manufacturing

The increasing power and complexity of
electronics systems are intensifying the demands
on printed circuit boards and IC substrates. Ap-
plications that include Al infrastructure, high-
performance computing, electric vehicles, and
next-generation consumer electronics require
higher interconnect density and uncompromising
reliability. At the same time, PCB fabricators are
navigating a manufacturing environment shaped
by supply chain volatility, sustainability mandates,

and ongoing cost constraints.

These forces prompt a broader reassessment of
fabrication processes, particularly primary met-
allization, a critical step that directly influences
reliability, yield, environmental impact, and opera-
tional resilience.

For decades, electroless copper plating has
been the industry standard for primary metalliza-
tion. However, as high-density interconnect
(HDI) complexity increases and sustainability
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pressures grow, more fabricators recognize direct
metallization not just as an alternative process,
but as a strategic enabler for future ready PCB
manufacturing.

Primary Metallization: The Foundation of
PCB and IC Substrate Fabrication
All multilayer PCBs and IC substrates rely on inner
layer connections, typically created by buried
through-holes, blind vias, or stacked microvias, to
transmit electrical signals between layers. These
vias are formed through mechanical or laser drill-
ing. Primary metallization, commonly called “mak-
ing holes conductive,” prepares these non-conduc-
tive hole walls for electroplating.

The PCB industry currently utilizes two different
processes for primary metallization: electroless
copper and direct metallization.

As stacked microvia
architectures become more
common, particularly in

advanced packaging and IC
substrate applications, this
reliability margin becomes
increasingly valuable.”

Electroless copper plating, the traditional primary
metallization method, uses a chemical reducing
agent (typically formaldehyde), along with multiple
cleaning and plating baths, along with a palladium/
tin catalyst to deposit a thin, conductive copper
layer on via hole walls before electroplating.

While effective for conventional multilayer PCBs
and some high-aspect-ratio through-holes, the
process becomes increasingly difficult to control
as feature sizes shrink and HDI complexity increas-
es. The palladium-activated electroless copper
interface introduces a distinct material boundary
between deposited copper layers. Under re-
peated thermal cycling, this interface can become
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a mechanical weak point, particularly in stacked
microvias. Failures may manifest as voids, cracks,
or intermittent electrical connections.

In addition, electroless copper plating involves
multiple chemical baths, tight process control
windows, and ongoing bath maintenance. As
feature sizes shrink, maintaining uniform deposi-
tion becomes more challenging, increasing the risk
of defects and scrap. With rising board complexity
and cost, yield losses carry increasingly significant
financial implications.

The process also depends on palladium catalysts
and other metal precursors, which are subject to
price volatility and availability constraints. Further-
more, electroless copper plating consumes sub-
stantial water, energy, and hazardous chemicals.
Aggressive sustainability targets and regulatory
scrutiny around chemical handling, wastewater
treatment, and worker safety continue to intensify
globally, adding operational complexity and cost.

These factors are prompting fabricators to
evaluate whether legacy primary metallization ap-
proaches remain optimal for the next generation of
electronics manufacturing.

Direct Metallization: Enabling High
Density Designs

Direct metallization is an attractive, technically
robust alternative to electroless copper that offers
reliable microvia performance, stable processing,
and compatibility with today’s high-density de-
signs. Rather than chemically depositing a copper
interface layer, the process applies a thin conduc-
tive carbon- or graphite-based coating to via walls.
After selectiving microetching the exposed copper
surfaces, electrolytic copper plating proceeds,
forming a direct copper-to-copper bond.

Direct metallization delivers key reliability advan-
tages over electroless copper for advanced HDI
applications. By removing the electroless copper
interface, the copper structure within microvias
becomes more resistant to mechanical stress and
thermal fatigue. These improvements have been
consistently validated through industry standard
tests, including via pull, IST, TCT, OM, CITC, and
simulated reflow.

Reliability is further enhanced by optimizing the
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Figure 1: Comparing the metrics for a single-pass production line, using Blackhole® direct metallization and Via Dep® 4550

electroless copper.

interaction between direct metallization and via fill
plating. Recent studies' show that improved control
over direct metallization and electrolytic copper
deposition reduces etching, lowers total copper
consumption, and supports finer line and space
capability. Next generation direct metallization sys-
tems, such as Shadow® Plus, paired with advanced
via fill chemistries like MacuSpec™ VF TH 500, con-
sistently exceed IPC reliability requirements. These
chemistries demonstrate strong performance
across IPC Class Il testing, including solder dip, IR
reflow, and OM tests, above the targets for IPC-
TM-650 2.6.8, 2.6.26, and 2.6.27 specifications.

As stacked microvia architectures become more
common, particularly in advanced packaging and
IC substrate applications, this reliability margin
becomes increasingly valuable.

Yield, Throughput, and Process Stability
Beyond reliability, direct metallization delivers
significant gains in yield and manufacturing effi-
ciency. Defects in the interfacial electroless copper
layer can lead to separation failures, resulting in
intermittent or open circuit failures during electri-
cal testing. Direct metallization requires fewer
processing steps and has a faster throughput than
electroless copper. It simplifies quality control and
increases yields.

The direct metallization process is highly stable,
allowing for easy start-and-stop production, is non-
dynamic, and has a longer bath life than standard
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electroless copper processes.

Direct metallization also supports a wide range
of materials and design architectures and is suit-
able for both rigid and flex materials. It can work
with small feature sizes, including microvias with
an aspect ratio approaching 1.2:1 on thin substrates
(V3 um foil). It can also be applied to thicker boards
with through-holes with an aspect ratio up to 20:1
without equipment modifications.

The technology is compatible with major HDI and
IC substrate material sets, enabling fabricators to
adapt quickly to evolving customer requirements
without introducing new supply chain dependen-
cies. Its lower copper etch factor supports tighter
line and space geometries—a critical advantage
for advanced designs.

Additionally, direct metallization is compat-
ible with most existing electrolytic copper plating
products. This enables efficient production across
a wide range of designs, supporting supply chain
resilience and adaptability.

Sustainability and Supply Chain
Resilience
Environmental regulations, water scarcity, and ma-
terial restrictions are increasingly influencing global
PCB manufacturing strategies. As production foot-
prints diversify geographically, sustainability and
compliance are crucial factors for cost and risk
management.

In this context, direct metallization stands out as



a superior, sustainable, and cost-effective alter-
native to electroless copper plating. It offers key
environmental and operational benefits, including:

e Up to 90% reduction in rinse water consump-
tion and operator labor costs

® No continuous generation of by-products in
the process tank

e Elimination of precious metal precursors such
as palladium

® Removal of hazardous chemicals, such as
formaldehyde

These advantages translate into significant sav-
ings in water, waste treatment, power, chemicals,
and labor costs. Figure 1 provides a comparison
of these metrics for a single-pass production line,
using Blackhole® direct metallization and Via Dep®
4550 electroless copper, operating at 200,000
sq.ft./month.

Reducing the environmental footprint gives manu-
facturers more flexibility in choosing production
sites, reducing their vulnerability to material, water,
labor, and energy shortages. As companies priori-
tize sustainability and environmental regulations
tighten, direct metallization allows manufacturers
to remain compliant without compromising cost,
efficiency, or quality.

Looking Ahead

As electronic devices shrink and functionality ex-
pands, PCB fabrication must support finer features,
thinner layers, and higher interconnect densities

DIRECT METRLLIZATION

The Next Evolution in PCB Technology

“This book provides the definitive view on the use of direct
metallization for advanced printed circuit boards and IC
substrates.” —Mike Carano, Global Electronics Association
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without sacrificing reliability. In a volatile manufac-
turing landscape, constraints on materials, water,
energy, and regulatory compliance are as critical as
electrical performance.

Direct metallization addresses these challenges
head on. It improves reliability, increases yield,
enhances process stability, and reduces environ-
mental impact, all while strengthening supply chain
resilience. By eliminating interfacial failure points,
supporting diverse materials and designs, and
enabling more sustainable manufacturing, direct
metallization provides a robust foundation for ad-
vanced HDI and IC substrate production.

Its ability to support both high and mid com-
plexity designs on a single production line makes
direct metallization a strategic enabler for long
term competitiveness in the evolving electronics
manufacturing landscape.

For more information on direct metallization for
HDI PCBs and IC substrates, please contact Mac-
Dermid Alpha Electronics Solutions. FCONNECTO07
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HAPPY’S TECH TALK #48

DIGITAL TWINS

Integrating Design and Manufacturing

BY HAPPY HOLDEN, I-CONNECTO007

ew product realization and design for
N manufacturing and assembly (DFM/A) are
becoming increasingly visible as programs
that can improve time-to-market and reduce prod-
uct costs. These simulations of real-time manufac-
turing are now referred to as digital twins. While
many companies are developing such programs,
a unifying framework is needed to coordinate
their application.
Concurrent engineering has been the basis
for electronics design, but its one-way interactions
with manufacturing constitute the old way
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of thinking. This column proposes a new frame-
work based on digital twins, enabling manufactur-
ing constraints to be incorporated earlier in the
design process.

The capabilities of electronic technologies are
growing at an ever-increasing rate. Unfortunately,
we have also seen a corresponding increase in the
complexity of packaging. Modern EDA tools and
concurrent engineering are primary drivers of this
phenomenon. What we have not yet developed is
an effective way to feed manufacturing experience
and knowledge back into design.
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The Nature of the Problem

Experienced manufacturing personnel are becom-
ing increasingly scarce, and developing that ex-
pertise takes years. In many cases, manufacturing
is also geographically distant, making knowledge
transfer even more difficult. As a result, input is
often reduced to opinion rather than data, making
it difficult to defend or apply consistently.

MANUFACTURING

Figure 1: Current product data movement.

While this might be a viable solution for small,
vertically integrated companies with extensive
manufacturing experience, printed circuit packag-
ing has advanced significantly. Not only is surface
mounting now very fine-pitch, but we have ball grid
arrays, flip-chip, and chip-scale packages.

These challenges have led to widespread adop-
tion of DFM/A approaches, but they remain frag-
mented. They focus on separate domains, ranging
from minimization of assembly and substrate costs,
optimization of printed circuit design and layout,
and analysis of test coverage.

The Opportunity of Design for
Manufacturing (DFM/A)

There are four compelling reasons why predictive
engineering is essential to the design of electronic
products:

1. Products have become increasingly complex.
Not only must products meet higher cus-
tomer expectations, but they must also be
environmentally friendly, energy-efficient, and
resource-conserving in ever-shrinking prod-
uct lifecycles.

2. Minimizing cost is imperative. DFM/A has
been shown in benchmarking and case stud-
ies to reduce assembly costs by 35%', PWB
costs by 25%,%2 and 75% of a product’s manu-
facturing cost is determined by its design
drawings and specifications.

3. Inthe electronic product design process,

60% of the manufacturing cost is determined
in the first stages of design when only 35%

of the design cost has been expended. The
product definition process includes specifica-
tions and partitioning. This is a technology
tradeoff analysis (the balance of loss and gain
in various domains’ performance vs. costs).

4. Manufacturing should be linked to design
and R&D through a common language that

Graphical

DFM/A
metrics

PDM
product
database

PDM data
importer

Price/performance
information

Predictive
engineering
tradeoff models

user interface

CAD
program
generator

CAD
technology
files

Design
information

Figure 2: For the digital twin of a PCB, there should be simulations and tradeoffs that cover all the domains that a user finds
critical, including costs, manufacturability, density, signal integrity, and reliability.
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defines producibility as an intrinsic charac-
teristic of a design. It is not a manufacturing
inspection milestone. Producibility scores
provide a non-opinionated basis for a team
approach that results in a quality, cost-com-
petitive product.

What they all have in common is metrics. But the
design community is suspicious when the entire
system is not considered. They are afraid of sub-
optimization, where the cost of a particular domain
is lowered, but the total system cost goes up. The
industry does not lack DFM/A tools or metrics; it
lacks a way to integrate them across the full de-
sign and manufacturing process.

Digital Twins

Digital twins (DT) enable systematic trade-off analy-
sis across multiple design and manufacturing do-
mains. It brings together product definition, fabri-
cation, and assembly considerations into a single
trade-off environment.

A digital twin of the performance and costs
(vields) based on predictive models and simula-
tions can be coded to allow the designer to see
the effects of various parameters on the PCB with-
out ever actually building it. As shown in Figure
3, this allows the user to improve on any product
development or product change process.

One key element that’s missing is the global

Figure 3: Proposed digital twin framework.
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assignment of custom ASIC pin locations. This
would help to reduce PWB and assembly complex-
ity and costs, while assuring better system perfor-
mance and the best “time-to-profits.”

The DT framework (Figure 3) imports critical met-
rics and data from manufacturing through the PDM
database.?

The DT software architecture of tradeoff models
and supporting software provides the user with
global information. As features are selected, they
can be placed back in the PDM database. Selec-
tion of layout factors, sizes, and design rules can
be used to create technology files that drive mod-
ern CAD programs.

Digital Twins’ IPC-2551

IPC-2551 is the digital twin standard for assembly
automation that provides all DT developers with
the information and guidance necessary to under-
stand a full DT implementation. It also provides
information and guidance on how manufacturers
can benefit from digital twins, how to assess DT
readiness levels, and how to prepare a factory of
any size or production volume to implement a full
DT approach to its factory and/or products.

The effect is that physical prototypes of any de-
scription can be avoided, including trial and error,
resulting in vastly reduced lead-time, elimination of
mistakes, and lower costs.

CONCURRENT
MANUFACTURING
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System inputs
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Figure 4: Proposed digital twin architecture.

Conclusion

To reduce time-to-market and production costs,
companies must integrate DFM/A into a cohesive
product generation framework that includes DT
predictions, concurrent manufacturing, and PDM
systems. This integration is essential for develop-
ing competitive electronic products. Typical digital
twin software development tools are available
from companies such as ScaleOut software.*

The tools, software, and elements of such a vi-
sion are shown in Figure 4. The remaining chal-
lenge is integrating these capabilities into a unified
software environment that fully supports digital
twin implementation. I-CONNECTO007
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Editor’s note: This paper was first presented
at IMPACT 2025 in Taiwan.

The continuous push toward higher func-
tionality, miniaturization, and performance in mod-
ern electronic devices—such as smartphones, wear-

ables, and advanced computing platforms—has
intensified the demand for high-density interconnect
(HDI) printed circuit boards. Central to HDI perfor-
mance is the reliable formation of blind microvias
(BMVs), which serve as critical interlayer connec-
tions in modified semi-additive processes (MSAP).
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- Innovative Flash Copper
Plating Technology * *

For Enhanced mSAP Via Reliability, HDIManufacturing
Efficiency, and Advanced Production Control

As BMV geometries shrink and core materials
become thinner (25 um), conventional electro-
lytic copper plating systems encounter significant
challenges: achieving sufficient copper coverage
inside the via while minimizing unwanted surface
deposition that inhibits fine line/space (L/S) capa-
bilities. Furthermore, inconsistencies arising from
glass fiber protrusions, copper overhang, wedge
formations, and drilling variability can negatively
impact via reliability.

To address these challenges, a newly developed
electrolytic flash copper plating system introduces

-
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major innovations in anode design, electrolyte
distribution, contamination control, and transport
precision. These advancements collectively de-
liver superior uniformity, improved microvia cop-
per structure, enhanced system sustainability, and
lower cost of ownership.

Figure 1: Low copper thickness (on top) for good L/S capabil-
ity and high copper thickness (on bottom) for good reliability.

Process Background and Core
Advantages of Flash Plating

The previous generation of flash copper plating
systems gained substantial industry adoption due
to an efficient wet in wet integration between
electroless copper deposition and electrolytic flash
copper reinforcement. Key advantages of this ap-
proach include:

1. Prevention of oxidation: Direct transition be-
tween process steps avoids drying-induced
oxidation on electroless copper, preserving
interface quality and improving metallurgical
bonding.

2. Enhanced BMV reliability: The process effec-
tively reinforces copper in BMV wedges, masks
glass protrusions, and levels irregular drilling
defects, leading to durable via structures.

3. Superior copper-to-copper epitaxy: A highly
uniform crystallographic transition between
electroless and electrolytic copper improves
electrical and mechanical reliability.

These strengths form the performance baseline
for the newly enhanced plating system.
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Next-generation Plating System Design
To better meet the stringent technological require-
ments of advanced HDI manufacturing, the system
was optimized to ensure uniform surface copper
distribution. This was achieved through a compre-
hensive redesign of the anode system, focusing on
fluid dynamics and electric field control.

Redesigned Anode Box for Superior
Uniformity

The newly engineered anode box increases flow
rate by more than 130% and triples the number of
spray nozzles, producing a far more uniform and
controlled spray pattern. At the same time, the up-
graded filter pump circuit boosts energy efficiency,
cutting power consumption by over 40% per cubic
meter of transported fluid.

To enhance electric-field control, the anode was
resegmented to provide 50% more independently
controlled zones within the same footprint, sig-
nificantly improving copper uniformity, especially
behind the clamp area, where thinner copper-clad
is prone to edge etching. A redesigned clamp with
advanced 3D printed shielding further redirects
field lines and improves electrolyte exchange.
Together, these upgrades minimize edge etching
and ensure more consistent plating quality across
the entire panel.

Advanced Particle Control for High-yield
Manufacturing
Effective particle control is essential for maintain-
ing high yields in advanced plating. To prevent par-
ticle ingress at known generation points—such as
the clamp’s sliding contact—a targeted extraction
system was added to capture debris immediately
and route it to a dedicated collection chamber,
keeping contaminants out of the electrolyte. The
anode box was fully enclosed with glass lids to
block airborne particles from settling on its surface.
Electrolyte management was also strengthened
through a major upgrade of the filter pump circuit,
increasing filtration efficiency by 210%. A new
catwalk behind the filtration unit allows for quick,
convenient filter changes, minimizing downtime
and supporting stable, high quality production.
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Inline Optical Quality Control (IOQC) for
Closed-loop Process Stability

Inline optical quality control (I0OQC) complements
next-generation flash plating by adding objective,
image-based verification of panel condition be-
fore and after critical steps. High-resolution inline
inspection can flag and empower the prediction
of surface anomalies and handling-related de-
fects (e.g., scratches, clamp/edge marks, localized
stains, or particle-related artifacts) early enough to
prevent yield loss downstream.

When linked to product traceability, IOQC en-
ables trend monitoring across lots and supports
faster root-cause analysis by correlating visual sig-
natures with process conditions (transport, filtration
performance, and local uniformity effects).

Used as a “digital layer” around the plating
module, IOQC strengthens process robustness by
turning sporadic defects into measurable signals
that can be acted on promptly, supporting stable
high-yield manufacturing in advanced HDI and
mSAP production.

Continuous image acquisition
enables reaktime quality monitoring .

Edge analyticsmodels generate
insights and panel overview .

lloT Process Process
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early and mitigated through targeted
data-driven process adjustments.

Figure 2: Precision transport for ultra-thin cores.

As HDI designs advance, particularly with mSAP,
inner layer thicknesses are dropping to 30-50 um,
and in leading-edge cases to <25 um. Combined
with thin copper-clad, this creates growing chal-
lenges for horizontal transport. To address this,
specialized guiding zones were added at the
plating unit’s inlet and outlet to ensure stable and
reliable panel handling.

Compact, Energy-efficient System Design

To support sustainable production, the plating
unit was redesigned to reduce material use and
improve energy efficiency. A lower housing height
decreases material consumption while improving
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maintenance access. A more compact internal
layout cuts electrolyte volume by 24%, reducing
both heating demand and holding tank capacity,
and enhancing overall environmental and op-
erational efficiency. These improvements reduce
energy, water, and chemical consumption while
simplifying maintenance.

Performance gains (%):
Uniplate IP3 vs Uniplate IP2

350%

250%

150%

50%

0%

Anode Soray Flow Fluid Chamber Bath Filtration
segmentation  nozzles rate efficiency size wvolume rate
increase increase increass increase reduction  reduction increase

Figure 3: Improvement of new copper plating line: New vs. old.

Results of the Upgraded System
The upgraded flash plating system underwent
extensive evaluation, comparing its copper deposi-
tion performance to the previous Process of Record
(POR). The goal was to improve copper’s physical
properties while preserving the POR’s strengths, in-
cluding BMV reliability and wet in wet compatibility.
The upgrade focused on three key objectives:

* Improved material performance through
better copper uniformity, grain structure, and
adhesion for higher interconnect reliability.

® Greater process efficiency by lowering
chemical consumption, shortening process
times, and enhancing bath stability.

* Maintain BMV integrity, ensuring strong cop-
per fill and leveling for robust mechanical
performance.

Initial results show that the upgraded system
not only meets but surpasses the previous POR,
delivering a more cost effective and technically
advanced solution for high density interconnect
manufacturing.
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Minimal Surface Copper Formation
Surface copper thickness is a critical factor, as
excessive surface buildup limits achievable line
and space resolution. To demonstrate the perfor-
mance of the new flash plating system, a PCB with
substantial copper overhang was used, as shown
in Figure 4 (left).

P A S : . RS PR
Figure 4: As received condition of BMV with @75 pm, 45 pm

depth with a) big copper overhang; b) big glass protrusions;
and c) wedge formation.

BMVs with this shape are very difficult to plate.
With the newly developed flash plating system,
excellent results could be achieved as illustrated in
Figure 5.

Figure 5: BMV after flash plating with only 1 um of plated
copper on the surface.

These results clearly demonstrate the system’s
excellent flash copper plating capability. Drilling de-
fects such as wedge voids, copper overhangs, and
glass protrusions can be effectively masked while
keeping surface copper buildup to a minimum.

Flash Plating of Small BMVs
We also evaluated plating on smaller BMVs. Even
at reduced diameters, the system achieved very

BMV @ 40 ym /_depth 40 pm lwosolu.rdwnpn
B m l l
CCL / electroless 2pm [ 0.6 pm 2 pm / 0.6 pm
Plating time & min & min
BMV Pitch 250 pm 250 pm
CuT BMV dense area ~1.8 pm ~1.8 pm

Figure 6: BMVs with 40 and 50 um opening plated with the
new system.
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good BMV reinforcement with minimal surface
copper thickness.

Copper Crystal Structure and Epitaxy Analysis
The copper crystal structure was analyzed using
Scanning Electron Microscopy (SEM) at two via
diameters: 40 um and 50 um.

The evaluation showed a well formed epitaxial
interface between the electroless copper and the
new flash copper layer at the BMV capture pad, in-
dicating excellent metallurgical continuity for strong
mechanical and electrical reliability. Distinct copper
twin boundaries were also observed, confirming a
robust copper to copper bond and high integrity
grain growth. This improved epitaxial alignment is
expected to support superior NCL test performance,
further enhancing long term via reliability.

Figure 7: Crystal structure of 50 um BMV corner (left) and
center (right).

Normalized Tentative Crack Length (NCL)
Method
Assessing copper epitaxy is often subjective, relying
heavily on expert interpretation of SEM images. To
provide a more objective and quantifiable evalua-
tion, the Normalized Tentative Crack Length (NCL)
Method' can be used. This approach enables direct
comparison between the current POR and the new
flash plating process through standardized image
analysis and scoring criteria, ensuring consistent
and reproducible assessment of interfacial integrity.
Figure 8 and Table 1 illustrate the evaluation
framework used to determine NCL values.



structure promotes superior metallurgical bonding,
further improving long term performance.

In addition, the technology introduces major
improvements in particle control, resulting in higher
yield stability and more predictable production
outcomes. Enhanced transport precision supports
the handling of ultra thin cores with greater accu-
racy and reduced risk. Beyond performance gains,
the system also lowers chemical, water, and energy
consumption, making the process more sustainable.
Together, these advancements provide a substantial
reduction in total cost of ownership and establish a
new benchmark for next generation PCB fabrication.

Figure 8: Used evaluation framework to determine NCL values.

TABLE 1: DESCRIPTION OF NCL NUMBERS

NCL Result Degree of epitaxy m

. Potentially high
< <
1T<NCL<13 Low degree of epitaxy risk of cracks
. Potentially
13<NCL<15 Medium degree medium risk of
of epitaxy
cracks
. . Potentially low
1.5 <NCL High degree of epitaxy risk of cracks
Figure 10: Horizontal desmear, electroless copper deposition,
Using this method, and electrolytic copper plating line featuring next-generation
we analyzed 36 . horizontal copper plating technology.

BMVs plated with
both the legacy and
upgraded flash pro-
cesses. The results,
summarized below
and shown in Fig-
ure 9, demonstrate a 1 New Flash Process
clearimprovementin = o ot References
NCL values with the

Building on a POR already regarded as best-in-
class, this upgraded system further advances uni-
formity, L/S capability, and sustainability. It provides
PCB manufacturers with a robust, scalable solution
12 tailored to the stringent demands of next-genera-
tion electronics. FCONNECT007

1. “Innovative Flash Copper Plating Technology for

new system. These kg re 9: Results of NCL for Enhanced mSAP Via Reliability, HDI Manufacturing
findings confirm that  POR vs. the new flash process. Efficiency, and Advanced Production Control,” by

the upgraded flash M. Ozkok, A. Ozkdk, T. Sponholz, H. Hiibner, A. Schatz,
plating enhances copper to copper bonding and im- P. Brooks, IMPACT Conference 2025, Taipei, Taiwan.

proves the mechanical reliability of the plated vias.
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Conclusion

The newly developed electrolytic flash copper
plating system represents a major technological
advancement in HDI and mSAP PCB manufacturing.
It delivers exceptionally uniform copper distribution
while minimizing surface buildup, ensuring consis-
tent layer quality even in demanding designs. The electronic plating
system significantly strengthens BMV structures, re- solutions, for MKS’
liably compensating for severe drilling defects and Atotech. Andreas Schatz Mustafa Ozkok
enhancing overall reliability. Its optimized crystal
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FEATURE ARTICLE BY MARCY LARONT, I-CONNECTO007

Transforming Global Material Supply Chains

While the Al revolution has the world PCB industry expert Mark Goodwin, COO of
focused on the promise of solving our most Ventec International, is among a growing handful
complex challenges, some laminate and PCB of suppliers who have been vocal in expressing
fabricators are raising concerns that the high-per- their concerns about the critical shortage of glass
formance materials used to build Al data centers and copper, which they believe will only get worse.
will gobble up the precious resources needed to Mark has specifically emphasized that copper-clad
produce them. laminates (CCLs), the foundational substrate for
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PCBs, are closely linked to macroeconomic forces,
including fluctuating copper prices and demand
from data centers and advanced electronics. High-
end Al applications absorb a disproportionate
share of materials, manufacturing capability, and
supply chain attention.

So, what happens to everything else that re-
quires a PCB when the market cannot secure
supply at a viable cost or to a scale matching
consumer demand? We know that the demand for
these products will not disappeatr, but the capacity
to support them will be squeezed significantly.

After China entered the WTO, the rebalancing

of the world’s manufacturing base accelerated,
and the reshaping of some of the world’s largest
economies. Major OEMs and manufacturers—HP,
Dell, Motorola, Flex, and Apple—migrated their
manufacturing operations to Asia, which had a sig-
nificant effect on PCB manufacturing in the United
States. In 1990, there were roughly 1,500 PCB
fabrication shops in North America. By 2010, that
number had dropped to 300, and today, there are

an estimated 150 or fewer PCB shops.

Al is, unarguably, the next tipping point. It will
bring sweeping transformation to the global supply
chain and the world economic balance. Chips are
at the core of the Al era, and the PCBs that support
them have become central to one of the industry’s
most significant growth opportunities in decades.
PCBs are finally getting their due, viewed now as
critical, even strategic.

However, this rapid rise of Al infrastructure
means capacity will be reallocated across the PCB
supply chain. According to QYR Research, “The
global market for PCB in Al Servers was esti-
mated to be worth US$7452 million in 2024 and
is forecast to reach a readjusted size of US$11252
million by 2031 with a CAGR of 6.8% during the
forecast period 2025-2031."" Al server boards use
more layers, higher-speed/low-loss laminates, and
heavier board content per system than mainstream
electronics, thus their share of laminate glass and
copper is higher than may be indicated by the
number of PCB units purchased. Within the global
CCL market, estimated at $16—%$19 billion, Al is a
dominant consumer.?

CUMULATIVE PRICE INCREASES OVER TIME (by Company)
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Note: Cumulative increase is calculated from the first price increase date for each company.
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Over the past several months, there have been
rapid, repeated price increases across the base
materials supply chain, driven by rising copper
costs (see sidebar) and an industry-wide fiberglass
shortage. Given current resource scarcity, a partial
summary of recent price increases based on cor-
porate announcements is as follows (Table 1).

The pace and frequency of these increases
point to more than normal market fluctuation,
which ranges between 5 to +15% year over year,
according to data from the London Metal Ex-
change (LME), the U.S. Geological Survey (USGS),
and the World Bank Commodity Price Data. We're
likely to see more price increases in the coming
months, with no forecast for when market stasis
might be reached.

At the same time, changes in the global supply
base are reinforcing this strain. Japanese glass
manufacturers, for example, are pivoting toward
higher-value glass semiconductor substrates,
further narrowing the glass supply available for
supporting products that are less complex to build.
Geopolitical risks such as the ongoing U.S. con-
flict with Iran have introduced volatility, not only
into energy markets, but also global logistics with
blocks and delays at the Strait of Hormuz, adding
further uncertainty to an already stressed electron-
ics supply chain.

High-end and Al applications are not only driv-
ing growth but competing for and often securing
the materials and capacity the rest of the industry
depends on. So, there is an incentive to secure

a position within the Al ecosystem. The margins,
growth, and visibility are all there. But what hap-
pens to everything else?

A significant portion of the global PCB market
supports applications beyond Al and high-speed
computing, conservatively estimated at over
50%.3 These include automotive systems (non-
autonomous or EV), industrial controls, consumer
electronics, appliances, and so many other every-
day products. While some of these segments are
evolving to incorporate more advanced electron-
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The Copper Conundrum

Copper prices have climbed sharply over the
past year due to both structural and short-term
market forces. Supply has been constrained by
mine disruptions, declining ore quality, and a slow
pipeline of new projects, while demand is surg-
ing from electrification, renewable energy, elec-
tric vehicles, and expanding digital infrastruc-
ture such as Al data centers. This imbalance has
pushed the market into a sustained deficit.

Financial dynamics, including investor flows into
commodities and favorable macro conditions,
have resulted in a broad repricing of copper as a
critical global material.

For the PCB industry, rising copper prices directly
translate into higher costs for copper foil and
laminates, the foundational materials of circuit
board fabrication. As copper has become more
expensive and volatile, laminate suppliers are
passing through the increases. This puts pressure
on fabricators’ margins and complicates quoting
and long-term pricing agreements.

Tight supply conditions also affect availability and
lead times for copper-clad materials. At the same
time, the same demand drivers pushing copper
prices higher—electronics, data infrastructure,
and electrification—are increasing PCB demand,
creating a dual pressure of rising input costs and
high demand.

Resources

« “Copper Prices Have Hit Record Highs, but
Smelters Face Mounting Strategic Pressures,”
International Energy Agency, 2024.

“Copper Outlook: Structural Deficits to Support
Prices,” JPMorgan Global Research, 2025.

“Copper Prices Hit Record Highs as Demand
from Al and Data Centers Surges,” Business
Insider, 2026.

“Global Copper Supply Shortage Driven by Pro-
duction Disruptions,” ABC News, Oct. 7, 2025.

“Copper Reaches Record $12K per Ton as De-
mand Surges,” New York Post, Dec. 23, 2025.




ics, many will never require the highest-end materi-
als or designs that drive today’s supply constraints.

Should manufacturers shift their focus entirely?
Will lower-margin segments face chronic short-
ages? Will prices for everyday goods rise to
untenable levels that the market cannot easily
absorb? Will we see many manufacturers shut
down once again?

These questions are the logical extension of a
system already under strain. Al may be the in-
dustry’s greatest opportunity in decades, but it is
exposing the limits of the systems that support it.

Just as Apple and its contemporaries reshaped
global manufacturing decades ago, Al is doing it
faster, and with more immediate consequences.
This transformation is already revealing strain
within the systems that support it, particularly
across materials, manufacturing capacity, and
global supply chains.

More than just growth, we see a reallocation of
resources, priorities, and ultimately, of opportunity.
However, that reallocation will not be evenly felt.
Some segments will expand rapidly, while others
may struggle to maintain footing. Some companies
will successfully adapt, while others may be forced
to rethink their place in the market.

| anticipate another busy era of mergers and
acquisitions, and some companies will even close
their doors. Entire portions of the supply chain
will likely be reshaped in ways we do not yet fully
understand. We may see a rebalancing of global
production and economic influence as regions and
companies adapt to shifting priorities and domestic
incentives to bring manufacturing closer to home.
But even in the best-case scenario, the transition
will not be smooth or evenly distributed.

Al may well become the most transformative
force our industry and our world has ever experi-
enced, but it will not be painless. How much dis-
ruption can the system absorb, and who will bear
the weight of that change when it does? These
answers are just beginning to emerge, and they
won’t be for the faint of heart. -CONNECT007
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ARTICLE

BY RICHARD NICHOLS, GREENSOURCE ENGINEERING

From Dilutionto ZLD
Optimizing Used Process
Water Management

Last month, we began discussing the jour-
ney from dilution to zero liquid discharge (ZLD).
I highlighted that approximately 70% of the used
process water (UPW) is generated from the dilute
stream. This significant volume underscores the
necessity for effective treatment processes that
ensure the safe return of water into the production
cycle while minimising environmental impact.

To this end, a multi-faceted approach is em-
ployed to treat the UPW and reclaim it for reuse.

The treatment process begins with advanced oxi-
dation (AOX), a sophisticated technology designed
to break down organic pollutants in the water.

This method utilises powerful oxidising agents to
generate hydroxyl radicals, which are highly reac-
tive and effectively decompose organic contami-
nants. By deploying AOX, facilities can significantly
reduce the levels of chemical oxygen demand
(COD) and other harmful substances often found in
process water.

ZLD Concept

OVERVIEW OF GREENFIELD SOLUTION
Concept:

* The system has two distinct components that work in harmony as a closed loop system.

* The concept starts from the rinsing concept!
Sizing:
* The required throughput equates to a required water volume.

+ A water balance calculation based on % efficiency dictates the optimum size and amount of equipment required

Concentrate Treatme
Distillation

Vertical rack drag out :
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Vertical basket drag out:
I/

|
| Chemical Maintenance
i

0,
70A’ 3 Cascade 27 Cascade *10k:1 v/v
UPW D
i
*Proprietary formula

Dilute treatment: Process Water
Generation/Purification

34 Rinse

1% Rinse 2™ Rinse 1% Cascade

\ 4

used

Transfer of

water and

treatment

Membrane treated

distillates to Dilute

» Collection Diluted Wastewater
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Figure 1: An overview of the major components to design a ZLD, closed-loop, water recycling system.

54 |-CONNECTO07 MAGAZINE

| MAY 2026



Panasonic

Multi-layer & Flex
Laminates

c [
r CIRCUIT FOIL

Electro-deposited
Copper Foils

,,,,,

{11) PERFECT POINT

)/ PRECISION CARBIDE TOOLS

Drills & Routers

AN

IRON MOUNTAIN

PCB Press Plates
& Tooling

N

Hakuto

Dry Film Resist
Lamination

and more....

Supplier to the North American
Circvuit Board Industry since 1977

peters

Printed Circuit
Coatings

KINGBOARD
Rigid &
Multi-layer CCL

AAPEX

ALUMINUM

Q) COOLSTRIKE

LUBRICATED BACKUP MATERIAL

Drills Entry & Backup

PPPPPPPPPPPPPPPPPPPPPP

PCB Lamination
Assist Products

PCB Automation
Solutions

MATRIX

CIRCUIT BOARD MATERIALS

1-800-668-5447

TORONTO ¢ SANTA ANA ¢ SANTA CLARA ¢ CHICAGO e« MINNESOTA ¢ OSAKA


https://www.matrixusa.us

30% UPW = 150 m3/day

Concentrate Treatment: Dewatering and
distillation

Metal Batch Treatment:

precipitation of metals, suspended solids and
dissolved solids

Membrane Technology: RO treated H,0

concentration of effluent to minimize investment and
optimizer regeneration of water from effluent

Thermal Treatment Technology:

Distillate

red process water: 500 m3/day

70% UPW = 350 m3/day

Dilute treatment: Process Water
Generation/Purification

Advanced Oxidization Process:
Sterilization of organics from dilute waste and from
Conc RO and distillates

Active Carbon:

Remove remnant organic molecular chains

Membrane Technology:
Cleaning function rather than a concentrating

Creation of solid e for land fill and removal of

9 lus of water

g% Solids to land fill (£8% moisture content)
OoO—0O |

Figure 2: The planning of a 500m3/day ZLD system.

Case Study

Following AOX treatment, water is purified using
granular activated carbon (GAC) and/or ion ex-
change (IX) media. The use of GAC is particularly
noteworthy; the granules possess excellent adsorp-
tion properties, which allow them to attract and
hold onto a broad spectrum of impurities, including
dissolved organic compounds and chlorine, making
it more suitable for various applications.

IX media, on the other hand, provide a different
mechanism for water treatment. By exchanging
undesirable ions in water with more benign ones,
these systems can effectively reduce hardness
and remove specific contaminants, such as heavy
metals. The combination of GAC and IX media
ensures a comprehensive treatment solution,
capable of tackling a wide range of pollutants that
may be present in the UPW.

Once through these initial purification stages,
the water is subjected to reverse osmosis (RO)
membrane technology, and is, by necessity, com-
plemented by electro-deionization (EDI). RO is a
highly effective method of filtration that uses
a semi-permeable membrane to separate contami-
nants from water. It operates under pressure,
allowing only water molecules to pass through
while retaining larger molecules, ions, and impuri-
ties. The integration of EDI technology further
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function and final polish to create regenerated
process water

Regenerated process water

purifies the water by continuously removing
ionised species, producing ultra-pure water that
meets stringent quality standards. The step has
generated DI water with TOC>1 ppm and conduc-
tivity> 1 uS/cm at a flow rate of 18 m3/hour. These
values meet even the most stringent PCB water
quality requirements.

An essential aspect of this treatment process is
managing waste. The reject streams generated by
the GAC, IX media, and RO processes are returned
to the concentrate waste stream evaporators. This
step is critical to completing the overall water bal-
ance within the facility and ensures that the opera-
tional workflow is both efficient and sustainable. By
recycling and managing waste effectively, indus-
tries can significantly reduce their environmental
footprint, cutting down on the quantity of water
extracted from natural sources and minimising the
discharge of pollutants.

The entire process not only enhances water
quality but also underscores the importance of
sustainable practices in industrial settings. With
increased regulations surrounding water usage
and waste management, industries must adapt to
these challenges while still maintaining operational
efficiency. Implementing advanced water treat-
ment technologies is no longer just an option; it is
a necessity for any operation that values sustain-
ability and regulatory compliance.
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Figure 3: Flow diagram of the used process water treatment.
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Conclusion

The treatment of used process
water, particularly the 70% gen-
erated from the dilute stream,
involves a sophisticated series of
steps, from advanced oxidation
to granular activated carbon and
ion exchange media, ultimately
culminating in reverse osmosis
technology. Each stage plays a
pivotal role in ensuring that the
water is not only treated effec-
tively but is also suitable for reuse
in the industrial process.

For PCB or IC substrate fabri-
cators looking to optimise their
water management systems or
seeking more information about
implementing these advanced
technologies, we invite you to
reach out for further support.
Embracing innovative water treat-
ment solutions is essential for
fostering a sustainable future, and
we are here to help you navigate
this vital journey. I-CONNECTO007

Richard Nichols is technical
marketing director at GreenSource
Engineering. He can be reached at
Richard.n@greensourceeng.com.
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TARIFF TERMINAL BY JAMES KIM, ARENTFOX SCHIFF LLP

How New Metals Tariffs Impact
the Electronics Industry

On April 2, President Trump signed a sweeping
new proclamation that fundamentally restructures
how Section 232 “national security” tariffs apply to
steel, aluminum, copper, and their derivative prod-
ucts. The changes took effect on April 6, and the
ripple effects are headed straight for the electron-

Editor’s note: Tariff Terminal is a new series exploring
how trade policy, tariffs, and customs developments

impact the electronics manufacturing industry. This is

the first installment.

If you work in surface mount assembly, ics industry.

EMS, or anywhere along the electronics supply . . .

chain, you probably think of tariffs as something A Quick Primer on Section 232

that happens upstream: raw materials, bulk com- Since 2018, the U.S. has imposed tariffs on imported

modities, maybe the occasional headache with steel and aluminum under Section 232 of the Trade

Chinese imports. Steel and aluminum tariffs? Expansion Act of 1962, a statute that allows the

That's someone else’s problem. President to restrict imports that threaten national
Not anymore. security. Over time, the program expanded to
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include copper and hundreds of “derivative” prod-
ucts: Goods that contain these metals but aren’t
raw metal themselves, such as cables, transformers,
connectors, enclosures, and circuit board materials.

Under the old rules, importers of derivative prod-
ucts paid tariffs only on the metal content portion
of the product’s value. That meant if you imported
a cable harness worth $100 and the copper inside
it accounted for $30 of that value, you paid the
tariff on $30. It was complicated to calculate, but
for many electronics importers, it kept the duty bill
manageable.

That system is gone.

Full Value, Full Impact

The new proclamation eliminates the metal-
content methodology entirely. Now, Section

232 duties apply to the full customs value of the
imported product. That same $100 cable harness?
The 25% tariff now applies to the full $100, not just
the $30 of copper. For products where the metal
is a relatively small share of total value, which
describes a lot of electronics, this is a significant
increase in duty exposure.

The administration has organized covered prod-
ucts into a tiered structure. Primary metals and
closely related articles are subject to a 50% tariff. A
large category of downstream derivatives, includ-
ing many electronics components, falls under a
25% rate. A temporary category of metal-intensive
industrial and electrical grid equipment is eligible
for a reduced 15% rate through Dec. 31, 2027, be-
fore stepping up to 25%.

So, What’s Actually Affected?

For the SMT and EMS worlds, the new tariff lists

capture a surprisingly broad range of products that

move through electronics assembly operations

every day:

® Wire, cable, and harnesses. Insulated con-

ductors (the copper and aluminum wiring
that connects everything) are now squarely
in scope at 25% on full value. This includes
everything from winding wire used in coil
assemblies to finished cable harnesses with
connectors.

¢ Transformers and power conversion. Both
liquid-filled and dry-type transformers are
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covered at 25%. Power supply printed cir-
cuit assemblies, ferrite cores, and inductor
components are on the temporary 15% list
through 2027, a meaningful but time-limited
reprieve.

e Connectors, switches, and enclosures. A
wide swath of switching and connection
devices, terminal blocks, boards, panels, and
control cabinets now draw 25% on full value.

e Copper foil and clad laminates. This is the
upstream gut punch. Copper foils and cop-
per-clad laminates, foundational inputs for
PCB fabrication, face the top-tier 50% rate
with no de minimis escape. That cost pres-
sure will flow through to laminate pricing
across the industry.

The 15% Weight Escape Hatch

There is one important relief valve. For derivative
products classified outside the primary metal chap-
ters of the tariff schedule, which includes most elec-
tronics, Section 232 duties apply only if the covered
metal accounts for at least 15% of the product’s total
weight. If the product falls below that threshold, the
tariff doesn’t apply.

This matters for mixed-material electronic assem-
blies. A data cable with lightweight copper con-
ductors wrapped in heavy polymer jacketing might
qualify. A printed circuit assembly where the FR-4
substrate dominates the weight could also clear
the bar, but it’s not likely for a power harness with
heavy-gauge copper.

The catch is that you need to prove it. Import-
ers claiming this exemption should expect scrutiny
from U.S. Customs and Border Protection, includ-
ing requests for a bill of materials and detailed
weight breakdowns.

Supply Chain Tremors Ahead

These changes will reshape sourcing decisions.
Electronics supply chains have been diversify-

ing toward Southeast Asia and Mexico for years,
driven by the China Plus One strategy. But Section
232 tariffs apply on a most-favored-nation basis.
Unlike the China-specific Section 301 tariffs, these
tariffs generally apply to imports regardless of
origin. Moving production to Vietnam or Thailand
doesn’t sidestep Section 232.



That said, the temporary 15% rate on power
supply PCAs and magnetics components creates
a narrow window for companies to adjust. If your
sourcing strategy includes products on the tempo-
rary list, the clock is already ticking toward 2028
when those rates jump to 25%. Now is the time to
evaluate designs, classify your products accurately,
and model cost scenarios under both the current
and future rate structures.

What Comes Next

The new Section 232 framework is broader and
simpler in some ways, and more expensive in
many others. For an industry that already operates
on thin margins, the shift from metal content to
full-value assessment is not a rounding error but a
material change in the cost of doing business.

In the next installment, I'll dig deeper into com-
pliance strategies, documentation best practices,
and how the new tariffs interact with other trade
measures affecting electronics imports. In the
meantime, if you haven’t already mapped your
product lines against the new tariff annexes, that
should be at the top of your to-do list. The rules
have changed, and for this industry, the stakes are
higher than most people realize. -FCONNECTO07

James Kim is an international
trade lawyer at ArentFox
Schiff LLP.

Roundtable: Data Protection Lays the

Groundwork for Cybersecurity Strategies

OB SR NE

This multi-expert roundtable explores cybersecurity measures specific to electronics manufactur-
ing. NEC’s Hiroyuki Watanabe, Divyash Patel, CEO of MX2 Technologies, and Ali Pabrai, CEO at EC First,
join moderator Nolan Johnson for a deeper discussion on cybersecurity certifications.
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Parts 1-3 of this series examined the
technical foundations, application landscape,
and strategic imperatives surrounding the conver-
gence of flexible PCBs and advanced semicon-
ductor packaging. Part 4 turns to the factory floor:
What must change in manufacturing processes,
equipment, and quality systems to bring this con-
vergence from prototype to production scale?
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Manufacturing Readiness and
Scaling Flex-Packaging Inte

gration

VIEW PARTS 1,2 & 3HERE

Process Readiness at the Flex—Package
Interface

The assembly of advanced packages onto flexible
substrates demands process controls that exceed

conventional PCB manufacturing norms. Fine-pitch
solder deposition, controlled-atmosphere reflow,
and precision placement must all be adapted for
inherently compliant substrates.
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thermal conduction.
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Stencil Design for Ultra-
Fine Pitch

CHALLENGE 81 CHALLENGE ©92

Paste Volume Control

Key process gaps that manufacturers must
address include:

e Stencil design for ultra-fine pitch on flex,
where substrate deflection affects paste
volume consistency

® Fixture and carrier systems that maintain
dimensional stability during reflow without
constraining flex behavior

e Underfill dispensing processes calibrated for
the compliance mismatch between silicon
packages and polymer substrates

Equipment Investment and Qualification
Scaling flex—packaging integration requires tar-
geted capital investment. High-accuracy pick-
and-place systems with active vision correction,
laser-based soldering for heat-sensitive areas,
and advanced AOI systems capable of inspecting
warped or curved surfaces are among the equip-
ment upgrades most commonly required. Qualifi-
cation of this equipment against hybrid assembly
specifications, not traditional PCB or package-level
standards, is essential before production launch.

Quality Systems and In-Process Control
Quality management for hybrid flex—package as-

semblies must evolve beyond legacy approaches.
Effective in-process control strategies include:

e 3D SPI (solder paste inspection) adapted for
flex substrate topology

e Post-reflow X-ray inspection of BGA and LGA
joints on compliant surfaces
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Carrier & Fixture Systems

Reflow Warpage
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03 ENCAPSULATION

Underfill Dispensing

CHALLENGE ©3

Joint Fatigue

® Mechanical bend and thermal cycle qualifica-
tion protocols specific to the flex—package
assembly

Conclusion

The technology case for flex—packaging integra-
tion is well established. The remaining challenge
is execution at volume. Manufacturers who invest
now in process development, equipment qualifi-
cation, and adapted quality systems will be po-
sitioned to serve the growing wave of demand
from automotive, medical, and high-performance
computing customers. Production readiness, not
just design capability, is the next frontier for this
convergence. FCONNECTO007

Anaya Vardya is president
and CEO of American
Standard Circuits; co-author
of The Printed Circuit
; Designer’s Guide to... Fun-
> 7 damentals of RF/Microwave
t : PCBs and Flex and Rigid-Flex
Fundamentals. He is the author
of Thermal Management: A Fabricator’s Perspec-
tive, The Printed Circuit Designer’s Guide to DFM
Essentials, and The Companion Guide to Flex and
Rigid-Flex Fundamentals.

Visit I-007eBooks.com to download

these and other free, educational titles
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Manufacturer of IPC4562
B Grade HTE Copper Foils

CCP is a leader in the
manufacture of high-quality
electrodeposited copper for the
printed circuit board industry.
This privately held and
Taiwanese owned has been
supplying foil since 1987. They produce a full range of
grade 3 HTE foils in both matte side and shiny side (RTF)
treatments for high performance markets covering HSD
and RF with foil profile options as smooth as <1 micron.

.m F

TECHNOLOGIES:

A Complete Line
CUSZLC/OA/ of Chemistry & Controllers
™ used in PCB Manufacture
FOCUSTECH™ was founded on the & Metal Finishing
Conformal - belief that chemicals and control

Rel Fil systems must work together to
elease riim provide the most consistent and

i

Pacothane provides efficient manufacturing processes and
innovative lamination | has always taken a process control
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decouples PCB panel from FOCUSTECH™ is the only supplier to
lamination separators, simplifies the PCB industry that designs and
layout, improves scaling manufactures both process chemicals
predictability, and improves yield | and control systems. Products include
for cap lamination, thin core cleaners, etchants, developers, and
multilayer, and sub laminations. strippers plus control systems.
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Rethinking Reinforcement Materials
for Advanced Packaging

BY IVANA IVANOVIC, FLEXIRAMICS

Materials that once quietly sup-
ported the industry are now be-
coming limiting factors. The electronics
industry is experiencing unprecedent-
ed pressure as RF systems push into
mmWave frequencies, high-speed
digital architectures advance into their
next performance generation, and power
densities climb across automotive, telecom,
aerospace, and computing. Reinforcement
materials, long treated as a background detail in
laminate design, are suddenly at the centre of per-
formance, reliability, and supply chain discussions.

For decades, glass fiber has been the default re-

Frequency
loss

Thermal
~—. /) bottlenecks

Supply chain
fragility

2 flexiramics
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inforcement platform for substrates and
laminates. It is familiar, available, and
deeply integrated into manufacturing.
But the demands placed on electronics
are no longer aligned with the proper-
ties of glass. Thermal bottlenecks, fre-
quency-dependent loss, dielectric vari-
ability, and supply chain fragility are forcing
engineers and material suppliers to reconsid-
er what reinforcement should be, and what it
must enable.

This article explores why reinforcement materials
are under scrutiny, how thermal and frequency chal-
lenges are reshaping substrate design, and why the
industry should evaluate new reinforcement plat-
forms, including flexible ceramic nonwovens, as a
path forward for next-generation electronics.

Reinforcement as a Performance Driver
When engineers think about improving signal in-
tegrity or thermal performance, they often focus
on resin chemistry, copper roughness, or stackup
design. Reinforcement rarely gets top billing, yet
reinforcement fibers influence nearly every critical
property of a laminate, such as dielectric constant
and loss, thermal conductivity and heat spreading,
mechanical stability, dimensional control, manufac-
turability, and yield.

Glass fiber has supported the industry for de-
cades, but RF/mmWave and high-speed digital sys-
tems are pushing materials into new performance
regimes. As frequencies rise and thermal densities
increase, reinforcement becomes an active design
parameter rather than a background choice. This is
why the industry is exploring new materials.

Click here to read the full article
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Everspin Executes $40M Agreement for
Mil-Aero MRAM Applications »

Everspin Technologies, Inc., the world’s leading
developer and manufacturer of Magnetoresis-

tive Random Access Memory (MRAM) persistent
memory solutions, announced an agreement with
a U.S. prime contractor to provide state-of-the-art
Toggle MRAM process technology capabilities and
engineering services for U.S. Defense Industrial
Base customers.

AMETEK Announces Agreement to Acquire
First Aviation Services »

AMETEK, Inc. announced that it has entered into

a definitive agreement to acquire First Aviation
Services, a leading provider of highly engineered,
mission-critical defense and aviation maintenance,
repair and overhaul (MRO) services and a manufac-
turer of related proprietary components.

RTX’s Raytheon Delivers Second
Missile-warning Sensor to U.S. Space
Force »

Raytheon, an RTX business, has delivered its
second sensor to Lockheed Martin for the U.S.
Space Force’s Next-Generation Overhead Persis-
tent Infrared (Next-Gen OPIR) Geosynchronous
Earth Orbit (GEO) Block O satellite program. The
satellites, commonly referred to as NGG, will
provide enhanced missile warning and tracking to
address evolving space-based threats.

NASA’s Perseverance, Curiosity Panoramas
Capture Two Sides of Mars »

NASA's Curiosity and Perseverance rovers have
captured two 360-degree landscapes that highlight
how the missions are revealing details of the Red
Planet’s formation, watery past, and potential for
life. Located 2,345 miles (3,775 kilometers) apart
from each other on Mars—about the distance from
Los Angeles to Washington, D.C.—both rovers are
exploring areas that are billions of years old. But
as the nearly 15-year-old Curiosity reaches ever-
younger terrain in the foothills of Mount Sharp, the
5-year-old Perseverance is venturing into some of
the oldest landscapes in the entire solar system.
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Sikorsky, Robinson Unmanned Win U.S.
Marine Corps Autonomous Logistics
Contract »

The U.S. Marine Corps awarded a $15.5 million
contract to Sikorsky, a Lockheed Martin company, for
the Medium Aerial Resupply Vehicle—Expeditionary
Logistics (MARV-EL) Increment 2 program. The offer-
ing selected for award is the R66 TURBINETRUCK,
an autonomous cargo helicopter commercially
developed by Sikorsky and Robinson Unmanned
that combines Sikorsky’s proven MATRIX™ autonomy
system with the rugged R66 airframe from Robinson
Helicopter Company to provide flexible, affordable
and rapid combat sustainment.

Peru Selects Lockheed Martin F-16 Block
70, Strengthening Sovereignty and U.S.
Partnership »

Lockheed Martin welcomes the Government of
Peru’s announcement to purchase 12 new F-16
Block 70 aircraft to modernize the nation’s fighter
fleet and strengthen its national defense capa-
bilities. The F-16 will provide Peru with a proven,
highly capable, and interoperable multirole fighter
aircraft that enhances air sovereignty, supports
regional security, and enables long-term opera-
tional readiness.

Boeing, U.S. Navy Achieve Successful
MQ-25A Test Flight »

Boeing and the U.S. Navy have successfully
completed the first test flight of an operational
MQ-25A Stingray™. The milestone advances the
Stingray closer to aircraft carrier operations and
marks the beginning of a new era in naval aviation.

Meet Emerging Engineer Dennis Donovan,
Kratos Space Commercial »

Like many of today’s engineers, Dennis Donovan
grew up interested in how things worked. He
wanted to see what was inside and how to make
it better. Now, he has three bachelor’s degrees,
is earning his master’s, and works as an electri-
cal engineering technologist. He aspires to work
in PCB assembly with a particular focus on aero-
space electronics.
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The roadto
American
manufacturing
IS paved
with PCBs.

PCBs make modern life possible. Every
semiconductor needs a printed circuit
board and IC substrate to function.

Over the past 20 years, PCB production
has moved away from the United States at
an alarming rate. PCBAA is the industry’s

voice in Washington, DC, leading a
bipartisan coalition to advocate for
investments in this critical industry. CIICk to Wat Ch

The New
Frontier

The Documentary

JOIN US TODAY
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PCBAAORG

F PCBAA

Printed Circuit Board Association of America
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https://www.linkedin.com/company/printed-circuit-board-association-of-america/

AMERICAN MADE ADVOCACY

Five Years of Educating,
Advocating, and Influencing
Legislation and Policy

BY SHANE WHITESIDE, PCBAA

F ive years ago, five companies decided that tive positions dug in and put PCBs on the map. At

the PCB industry needed its own voice in PCBAA, we are grateful to everyone who has par-
Washington. The Printed Circuit Board As- ticipated and made our first five years a resounding
sociation of America was created largely in re- success.
sponse to the fact that PCBs were not included in Getting attention is not easy for an electronic
the CHIPS Act legislation. component that is not known or understood out-
Starting an advocacy organization from scratch, side the industry. Our core strategies have been
attracting members, and making an impact in delivering the industry trade and mainstream media
Washington’s crowded infosphere is no small feat. a steady flow of information resulting in supportive

A small core team and volunteers serving in execu-  coverage, educating our elected representatives
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AMERICAN MADE ADVOCACY

on the criticality of PCBs, participating in PCB trade
shows, activating members to write opinion editori-
als in regional newspapers, appearing on influential
podcasts, writing and submitting draft legislative
language for major bills, and drafting and manag-
ing the introduction of the Protecting Circuit Boards
and Substrates (PCBS) Act in the House of Repre-
sentatives which will soon have a Senate compan-
ion bill.

PCBAA executives have met with the Senate
Armed Services Committee staff and Department
of Defense (War) officials responsible for the health
of the Defense Industrial Base to provide factual
data to inform policy. PCBAA has also made signifi-
cant inroads with the Department of Commerce to
educate and advocate for supportive policy for our
industry by inviting staff to visit member companies
to get a firsthand look at what happens on the front
lines of the PCB industry, and by providing access
to our members to participate in extensive studies
by the Department of Commerce.

We have grown from the original five members
to almost 100 because the value proposition of
PCBAA membership is worth the investment. We
provide members with weekly industry intelligence,
periodic video meetings with government officials,
a monthly newsletter, and help with their outreach
with elected officials. PCBAA holds a first-class
annual meeting in Washington each year, featur-
ing high-level speakers from Congress, think tanks,
and government agencies, along with a day on
Capitol Hill meeting with our members’ representa-
tives. This year’s Annual Meeting is June 16-18, and
we encourage you to join our team and attend.

Industry news. Real time.
On LinkedIn.
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This year, PCBAA collaborated with the Alliance
for American Manufacturing to produce “The New
Frontier,” a documentary film on the PCB industry,
which has drawn more than 3,000 viewers, gained
significant notice in the trade press and has been
submitted for several awards. Our movie premiere
in Washington, D.C., at The Miracle Theatre was
well attended by Congressional staff, media, and
members.

The business and political environment is in the
midst of radical change. There are strong tailwinds
for Defense as we support restocking the muni-
tions expended in the Iran war. Advanced PCBs are
also critical for Al data center servers, and there
is significant interest and analysis ongoing by our
government to assess our nation’s PCB manufac-
turing capacity to support these initiatives.

Challenges remain, and through the efforts of
our PCBAA staff and dedicated members, we have
seen significant traction for our call to reshore and
restore the PCB industry to support our national
and economic security. To learn more about our
mission and consider joining this growing coalition,
| encourage you to visit pcbaa.org. -FCONNECTO007

T
Shane Whiteside is presi-
dent and CEO of Summit
\ Interconnect and current
chair of the Printed Circuit
Board Association of
America. To read past
columns, click here.

The Global Electronics Resource
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ARTICLE BY SEAN PATTERSON, CROSSGEN Al

=

Don’t Buy Al, Learn It
A Fabricator’'s Guide to
Getting Started

The first hard truth about Al in PCB fab- In our industry, we have seen plenty of software
rication is that you can buy software, but you promises, where we bought into systems that were
cannot buy capability. supposed to make quoting easier, communication
You can sign a contract, schedule demos, put a tighter, or production more predictable. Sometimes
few logos on a slide, and tell your team you now they helped, but sometimes they also created new

have an Al strategy. Plenty of companies are doing ~ work. | understand the skepticism, and | am not
some version of that right now. But if the people in ~ asking you to suspend that skepticism for Al.

your plant do not know how to use Al in real work, I want to point you in the right direction, so

then your purchase was more akin to buying a instead of asking, “What Al package should we
gym membership and never going. (Don’t take that ~ buy?” say, “How do we help the people in our

as criticism; it’s just how it works.) plant become more capable with the tools that are
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already available to them?”

Over the coming months, I will walk you through
this in a practical way. I'll show you how to use
Al in a real fab for a better RFQ review, cleaner
shift handoffs, stronger CAPA drafts, clearer sup-
plier comparisons, faster SOP cleanup, and better
thinking when something starts going sideways in
the process.

Remember, I'm learning, too. Even though I've
spent a lot of time using and teaching Al in manu-
facturing environments, | still find new ways to get
an edge every week. Those getting the most from
Al are usually not the ones making the biggest
claims. They are the ones using it daily, checking
its work, and getting better.

The Moment Most Fabs Will Recognize
Picture a typical morning in a PCB shop. A cus-
tomer package came in late yesterday. The print
is not terrible, but it leaves enough ambiguity to
create risk. One person in receiving is deciding
whether the board really fits your standard capabil-
ity window. Someone else is drafting clarification
questions. Operations wants to know whether this
job will become a hot lot in three days. Quality is
already thinking ahead to what could go wrong
if the requirements get interpreted differently by
different people. Meanwhile, there’s an open de-
fect investigation from yesterday, a supplier email
waiting on a response, a shift handoff note written
too fast, and an operator instruction that everyone
“knows” but nobody has cleaned up in writing.
That’s a PCB fabrication workday, and it is exact-
ly why Al matters here. Not because it should run
your process, tell you what the IPC specs say from
memory, or replace the judgment of your best pro-
cess engineer, quality manager, buyer, or ops lead,
but because a plant produces a constant stream of
work that must be interpreted, summarized, clari-
fied, structured, and communicated effectively. It's
where Al is immediately useful.

What Most People Miss

Most Al conversations in manufacturing start too
high. They jump straight to automation, platforms,
big roadmaps, and enterprise rollouts. That is un-
derstandable. Leaders are supposed to think at the
system level. Most people miss that Al adoption
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is personal before it is organizational. It is non-
delegable.

If you are a VP of operations, learn Al yourself.
The same goes for the process engineer, quality
engineer, buyer, and production control lead. Don’t
outsource your own understanding. Develop the
habit of knowing when to use it, how to frame a
problem, how to spot a weak answer, and how to
ask a better follow-up question.

It's why | keep coming back to this phrase: Don’t
buy Al, learn it. Two fabs might pay for the same
tool, but the difference will come from the people
who know how to use it on their own work.

Start Where the Risk Is Low, and the
Value Is Visible

For Month 1, don’t use Al to set process param-
eters, interpret customer requirements without
review, or quote IPC criteria from memory. Use it
where the work is real, the output is reviewable,
and the risk is low. Here are a few fabrication-spe-
cific starting points that make sense right now.

1. RFQ Clarification and Requirement Review
A surprising amount of pain in a plant starts before
the job ever hits the line. Ambiguity early becomes
scrap, delay, rework, or customer frustration later.
Al is useful here because it can help you read a
package, summarize what is being asked, and sur-
face missing information. It’s not deciding for you,
but helping you think.

2. CAPA (Corrective Action, Preventive
Action) and 8D First Drafts

Most quality teams do not struggle because they
lack structure. They struggle because they have
rough notes, incomplete facts, too many inter-
ruptions, and not enough time to turn those into
a clean draft. Al is very good at helping you turn
messy input into an organized first version, and
that matters because a first draft is often the
hardest part.

3. Troubleshooting Checklists

When an issue arises in imaging, etching, plating,
solder mask, or electrical testing, the first chal-
lenge is the structure. What changed? When did it
start? What products are affected? Which equip-
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Your Assignment: Try One of These Four Prompts This Week

Prompt 1: RFQ Clarification

e Context: | work at a PCB fabrication shop, and I’'m reviewing a new customer package for a

multilayer rigid board.

Role: Act like a senior PCB fabrication product engineer.

Interview: Ask me questions one at a time before making recommendations.

Task: Based on the information | provide, summarize the board requirements and generate a

list of clarification questions before quoting.

This prompt works because it helps sales, engineering, quality, and operations all at once, and it
reduces the odds that important ambiguity gets buried in email.

Prompt 2: CAPA First Draft

e Context: I'm a quality engineer in a PCB fabrication shop. | have rough notes from a defect

investigation and a customer complaint.

Role: Act like an experienced PCB quality engineer familiar with CAPA and 8D structure.

Interview: Ask me for missing facts one at a time before drafting.

Task: Turn my notes into a structured first draft of a corrective action report. Clearly mark as-
sumptions, missing information, and open questions.

This prompt works because it turns scattered information into something usable without pretending

the answer is finished.

ment, chemistry, maintenance, material lots, or
handling conditions align with the timing? Al can
help build a disciplined investigation outline, so
your team starts stronger.

4. Supplier Comparisons

Buyers and engineers spend a lot of time compar-
ing laminate options, chemistry notes, technical
data, lead-time communication, change notices,
and basic commercial differences. Al can organize
this faster and often more clearly than we can by
hand on a rushed Tuesday. That matters to more
than procurement; better supplier comparisons
improve risk visibility for engineering, operations,
and leadership before a material or vendor deci-
sion turns into a schedule problem.

5. Shift Handoffs and Production Summaries
This one is more powerful than it sounds. A rough
handoff can create a bad day for the next shift. Al
can take shorthand notes and turn them into priori-
ties, risks, open issues, and escalation items. That
is not flashy. It is useful.
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6. SOP Cleanup and Tribal Knowledge Capture
Many fabs are full of instructions that exist partly

in a binder and partly in someone’s head. Al can
help rewrite procedures into clearer language,
identify steps that need clarification, and even help
you interview your veterans so the real know-how
becomes easier to document. That is a meaningful
use of Al because it strengthens the organization
without pretending the tool is the expert.

A Simple Way to Prompt: CRIT
In this series, | will be using a prompt structure
called CRIT:

e Cis for Context: What kind of fab, role, or
problem?

®* Ris for Role: What expertise do you want the
Al to bring to the conversation?

e |is for Interview: Asking the Al to ask you
questions one at a time before answering.

e Tis for Task: What output do you want?



Prompt 3: Shift Handoff Cleanup

® Context: | manage PCB plant operations and need to hand off critical issues from one shift to
the next.

Role: Act like an operations coordinator in a PCB fabrication environment.

Interview: Ask me what jobs, delays, equipment issues, and quality concerns matter most.

Task: Convert my raw notes into a clear shift handoff with priorities, risks, and escalation items.

This prompt works because small communication improvements often have bigger operational value
than people expect.

Prompt 4: Supplier Comparison

¢ Context: I'm comparing two laminate or chemistry suppliers for a PCB fabrication shop.
Role: Act like a supply chain leader who understands PCB plant constraints.

Interview: Ask what attributes matter most to us before evaluating.

Task: Build a comparison table and flag where | still need to verify manufacturer data.

This prompt works because it gives supply chain, engineering, and leadership a common starting
point without hiding the need for human review.

That third step matters more than most people
realize. If you skip the interview step, people often
use Al like a search engine: They throw a question
over the wall and hope for something useful. But
Al gets much better when it becomes a thought
partner. That means it should ask you questions,
pull context out of you, and make you think more
clearly before it drafts anything.

The Rule You Cannot Skip: Verify
Everything That Matters

Al is useful, not authoritative, and that matters a
lot in PCB fabrication. If the output touches IPC
criteria, customer requirements, process limits,
chemistry targets, equipment settings, acceptance
criteria, or anything else that can affect quality,
compliance, or yield, you must verify it against the
real source. Check the actual standard, customer
spec, and your actual process sheet and equip-
ment documentation.

Use Al to structure your thinking, draft your com-

munication, and help you ask better questions. Do
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not treat it like a final authority on your shop. This
is one of the reasons | believe Al can fit manufac-
turing well when used correctly.

In Part 2, I'll provide a fabricator’s guide to get-
ting started with Al. FCONNECT007

Sean Patterson is the founder
of CrossGen Al. He previ-
ously served as COO and
CTO at Summit Intercon-

nect, held senior multi-
site roles at TTM Tech-
nologies, and was CRO of
Nano Dimension, a former
Amazon executive and U.S.
Navy Submarine Veteran.
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How Signals Survive

the HOostile PCB
Environment

BY BARRY OLNEY, IN-CIRCUIT DESIGN PTY LTD | AUSTRALIA

odern digital signals exhibit behavior current paths, and controlling the resonant struc-
M more characteristic of RF waveforms tures that naturally form within the multilayer PCB.

than the slow logic transitions of the Rise time, not clock frequency, is the real driver
past. With fast rise times, a PCB is no longer a col- of signal behavior, dictating when reflections,
lection of copper traces, but a distributed electro- ringing, and RF-like effects emerge. At fast edge
magnetic system. Successful design isn’t about speeds, every trace becomes a transmission line
routing signals anymore; it's about engineering with its own characteristic impedance and propa-

transmission lines, preserving uninterrupted return  gation behavior. Understanding these interactions
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BEYOND DESIGN

is essential for optimizing high-speed digital de-
signs, ensuring reliable performance, and minimiz-
ing electromagnetic interference. This approach
shifts the design paradigm from simple routing to
sophisticated electromagnetic management, cru-
cial for modern high-speed electronic systems.

Arguably, the most critical factor in high-speed
PCB design is the impedance of the interconnect.
Controlled impedance is the foundation of the de-
sign’s integrity. It forms the essential baseline, as
reflections, terminations, return-current behavior,
and even plane interactions all assume a stable,
controlled impedance along the interconnect.

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

1. Signal quality issues arise because voltage
signals reflect and are distorted whenever
the impedance changes along a transmission

line.

Crosstalk arises from the coupling of elec-
tric and magnetic fields between adjacent
traces or between traces and return paths.
The inductance and capacitance between the
traces establish an impedance that deter-
mines the amount of coupling.

Differential-mode propagation can be con-
verted to common mode by parasitic capaci-
tance or by any imbalance caused by im-
pedance variation, signal skew, rise/fall-time
mismatch, or channel asymmetry. Common-
mode currents are the main source of electro-
magnetic radiation.

12/2/2019
Differential Pairs > 50/100 Digtal  40/80 DDR3

UNITS: mil

Constant Thickness Thickness Clearance

The iCD Stackup Planner, in Figure 1, illustrates
the three most common transmission line struc-
tures of a multilayer PCB. For embedded microstrip
(solder mask-coated microstrip), the electromag-
netic field propagates partially in the dielectric
material, the solder mask, and the air. Whereas, in
both stripline structures, the electromagnetic field
propagates in the dielectric material sandwiched
between the planes.

A characteristic impedance of 40—-60 ohms is
typically used for a digital design. However, this
value becomes more critical as the edge rates
become faster. Also, different technologies have
their specific impedance requirements. For ex-
ample, Ethernet is 100 ohms differential, USB is 90
ohms differential, DDR2 memory is 50/100 ohms
single-ended/differential impedance, and DDR3-5
is 40/80 ohms single-ended/differential imped-
ance. So, controlling impedance simultaneously
across each signal layer with multiple technologies
can be challenging. Also, as operating voltages are
reduced, the associated noise margins are also
reduced, making it even more important to match
the impedance.

Once we define the characteristic impedance,
the next challenge is ensuring the signal actually
sees that impedance along its entire path. When a
transmission line is perfectly matched to the driver
and load, the signals propagating electromagnetic
(EM) energy are totally absorbed by the load. This
is the perfect scenario that all electronics design-
ers strive for.

Total Board Thickness: 44.2 mil

ouse |9

Trace
Width

Copper Trace Current  Characteristic Edge Coupled Broadside Coupled

(Amps) Impedance (Zo) Differential (Zdifffy Differential (Zdbs)

Embedded

Microstrip

22 043 51.67 98.65
14

Asymmetric
14 031 Stripline

53.26 99.85

14
Dual 43.89

Symmetric
Stripline 48.89

14 031 51.23 9963

14 0.31 51.23 99.63

Layer Via Span&Hole Description Layer Material Type Dielectric Dielectric
No Diameter Name

Soldermask PSR-4000 HFX Satin / CA-40 HF LPI ... 35 05
1 8 8 4 |4  Signal Top Conductive

Prepreg 370HR ; 1080 ; Rc= 66% (1GHz) 397 29
2 Plane GND Conductive

Core 370HR: 1-7628; Rc=42% (1GHz) 44 7
3 Signal Inner3  Conductive

Prepreg 370HR; 7628; Re= 50% (1GHz) 419 8
4 Plane PWR Conductive

Core 370HR ; 1-1652 ; Rc=43% (1GHz) 44 5
5 Signal Inner5  Conductive

Prepreg 370HR : 2116 ; Rc=56% (1GHz) 4.14 48
6 Signal Inner6  Conductive

Core 370HR ; 1-1652 ; Rc=43% (1GHz) 44 5
7 Plane GND Conductive

14

Figure 1: Microstrip, asymmetric and dual symmetric stripline configuration. (Source: iCD Design Integrity)
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OSCILLOSCOPE
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Figure 2: Unmatched (red) vs. matched (blue) transmission lines.

Unfortunately, drivers do not have the same im-
pedance as the transmission line (typically 10-35
), so series terminations are used to balance the
impedance, match the line, and minimize reflec-
tions, particularly on long traces where on-die
termination is not provided. Impedance matching
slows down the rise and fall times, reduces the ring-
ing (over-/undershoot) of signal drivers, and enhanc-
es the quality of a high-speed signal. The ringing is
dramatically reduced by adding a series terminator
as in Figure 2. From this, we can see that the imped-
ance has to be matched, but to what value?

In Figure 3, using a 12 mA LVCMOS 1.8V driver
of a Spartan 6 FPGA, an 18.7 Q) series resistor is
required to match the driver to the 51.67 Q) trace
on the outer layer. This is automatically derived
from the IV curves of the Spartan 6 IBIS model by
the iCD Termination Planner.

When a signal’s electromagnetic energy propa-
gates from the driver to the receiver along a
transmission line, it changes along its length. The
original signal will be received with varying de-
grees of distortion and degradation. This signal
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distortion happens due to factors such as imped-
ance mismatch, reflections, ringing, crosstalk,
dielectric loss, jitter, and ground bounce. The PCB
designer’s primary objective should be to minimize
these issues at the source, so that any signal dis-
tortion is eliminated. But unfortunately, even with
perfect impedance and termination, a signal can
still be corrupted if its return current is forced to
take a detour.

Another culprit is crosstalk, particularly on long
parallel trace segments. Crosstalk arises as a result
of the unintentional coupling of electromagnetic
fields and causes both forward and reverse reflec-
tions. The easiest way to reduce crosstalk from a
nearby aggressor signal is, of course, by increas-
ing the spacing between the signals in question.
Crosstalk falls off very rapidly with distance, plum-
meting roughly quadratically with increased sepa-
ration. Doubling the spacing cuts the crosstalk to
roughly a quarter of its original level. A good rule
of thumb for this is Gap = 3x trace width. However,
in today’s complex designs, it is not always pos-
sible to use up valuable real estate to satisfy the
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Figure 3: Matching the Spartan 6 driver to the transmission line. (Source: iCD Termination Planner)

above. Reducing the signal trace to reference
plane dielectric thickness can also reduce cross-
talk while not requiring additional space. Also, dif-
ferent technologies should not be mixed as higher
voltages create higher crosstalk, and long parallel
trace segments should be avoided.

Crosstalk also depends on the load, which may
vary considerably when driving banks of memory
modaules, for example. Keep in mind that the total
crosstalk on a victim trace is the sum of the cross-
talk from each of several nearby aggressors.

Small discontinuities, such as vias and non-uni-
form return paths on a bus, are also becoming an
important factor for the signal integrity and timing
of high-speed systems. They produce impedance
discontinuities due to the local return inductance
and capacitive changes. Impedance discontinuities
create reflected noise, contribute to differential
channel-to-channel noise, and may promote mode
conversion. In the case of differential pairs, the
transformation from differential-mode to common-
mode typically occurs on bends and non-symmet-
rical routing, near via and pin obstructions, but can
also be caused by small changes in impedance
due to return path issues.

One must also understand the importance of
referencing and how to control the return displace-
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ment current flow of a signal. Each signal layer
should be adjacent to and closely coupled to a ref-
erence plane, creating a clear, uninterrupted return
path and eliminating broadside crosstalk. As the
layer count increases, this concept becomes easi-
er to implement, but decisions regarding returning
current paths become more challenging.

The return current of a high-speed, fast-rise time
digital signal will always follow the path of least
inductance, which is directly beneath the signal
path, as in Figure 4. However, discontinuities tend
to divert the return current, increasing the loop
area, inductance, and delay. The best way to iden-
tify the discontinuities is to follow the signal path
and imagine the return path closely coupled on the
nearest plane. If multiple planes are present in the
layer stack, the displacement current will still take
the path of least inductance and closely follow the
signal trace. If a discontinuity (e.g., split plane) in-
terrupts this return flow, then the return current will
be forced into a distant plane where it has a clear
run, creating increased loop area and hence more
inductance.

A via that connects signal traces referenced to
different planes also creates discontinuities. In
other words, the return current has to jump be-
tween the planes to close the current loop, which



in turn increases the inductance of the
current loop, affecting the signal integrity.
This return current also excites the paral-
lel plate mode of the planes, causing
significant EMI. If the reference planes
are at the same DC potential, then they
can be connected by stitching vias near
the signal via transition to provide shorter
paths for return currents. However, if the
planes are at different DC potentials,
then decoupling capacitors must be
connected across the planes at these
points to create a path. In addition, some of
the return current flows through the interplane
capacitance to close the loop.

Unfortunately, discontinuities can never be to-
tally eliminated, but we can take steps to minimize
their effects significantly. It is all about inductancel!
If the return path loop area is increased in any way,
then the inductance will also increase. When re-
turn currents are disrupted, the energy they shed
doesn’t disappear; it often couples into the planes
themselves.

Plane pairs in multilayer PCBs are essentially
unterminated transmission lines, just not the usual
traces or cables we may be accustomed to. They
also provide a very low impedance path, which
means they can present logic devices with a stable
reference voltage at high frequencies. But as with
signal traces, if the transmission line is mismatched
or unterminated, there will be standing waves
(ringing). The bigger the mismatch, the larger the
standing waves, and the more the impedance will
be location-dependent.

When the cavity has open-end boundary con-
ditions, resonances arise when a multiple of
half-wavelengths can fit between the ends of the
cavity. When the clock or data harmonics overlap
with the cavity resonant frequencies, there is the
potential for long-range coupling between any
signals that run through the cavity, thus affecting
signal integrity as a consequence of inadequate
power integrity.

High-speed signals behave like RF, turning the
PCB into a distributed electromagnetic system.
Rise time is the real driver of signal behavior, as
every trace becomes a transmission line with its
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Figure 4: HFSS simulation of return paths. (Source: Ansys)

own characteristic impedance and propagation
behavior. Variations in impedance, crosstalk, and
disrupted return paths distort signals and can
excite resonances in the power-ground cavity,
making stable impedance, proper termination,

and continuous return paths essential for reliable
performance. With all these interactions, Sl is not a
set of isolated problems. It’s a system of controlling
electromagnetic energy. -CONNECTO007

Resources

e Beyond Design by Barry Olney: Interconnect
Impedance, Controlled Impedance Design,
The Fundamental Rules of High-Speed PCB
Design Part 2, Reflecting on Reflections, Re-
turn Path Optimization.

Barry Olney is managing
director of In-Circuit Design
Pty Ltd (iCD), Australia, a PCB
design service bureau that
specializes in board-level
simulation. The company
developed the iCD Design
Integrity software incorporating
the iCD Stackup, PDN, and CPW
Planner. The software can be downloaded at
www.icd.com.au. To read past columns, click here.
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FEATURE INTERVIEW

BY TRACY RIGGAN, GLOBAL ELECTRONICS ASSOCIATION

A Necessary Shift From
Gerber to IPC-2581

exchange standard developed by the Global

Electronics Association to streamline the ex-
change of PCB design information across fabrica-
tion, assembly, and test. It replaces multiple legacy
formats—including industry standards, Gerber, and
ODB++—with a single, comprehensive, XML-based
dataset that captures all manufacturing details.

By enabling a unified digital product model,
IPC-2581 has been shown to reduce errors, elimi-
nate ambiguity, and improve efficiency across
the electronics manufacturing process. It is a key
enabler of modern, data-driven, and Industry 4.0
manufacturing workflows. As OEMs, such as Cisco

I PC-2581is an open, vendor-neutral data

Systems and Amazon, push this forward, the IPC-
2581 Consortium, led by Hemant Shah, chair, is
working to educate a reluctant industry to help
them help themselves by adopting the IPC-2581
data format. IPC-2581 was created by merging two
previous formats: ODB++ and IPC’'s GENCAM (back
in 2004). It has been used to fabricate, assemble,
and test boards since Jan 1, 2016.

In this interview, Hemant and consortium col-
league Terry Hoffman, technical leader in product
operations at Cisco Systems, explain how IPC-
2581 is an unavoidable solution for superior data
integration and communication as manufacturing
moves forward.

Global Electronics
Association™

[N

N\

Hemant Shah and Terry Hoffman
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Hemant, you led a full-day summit on the adop-
tion of IPC-2581 at APEX EXPO this year, focused
on getting more companies to adopt this stan-
dard. What topics were covered during the sum-
mit, and what do you hope attendees gained from
participating?

Hemant Shah: We hold these summits to bring
together companies from the design and manufac-
turing sides to learn from each other and under-
stand their challenges in adopting the standard. In
some cases, as Terry presented, they’ve success-
fully replaced Gerber with 2581 on their designs.
What did they learn and how did they go through
the process of adopting it?

Many companies have been using IPC-2581
since 2016. This was a follow-up to the October
summit and was intended to provide them with an
update and several other presentations, including
one from Cisco talking about its migration from
Gerber. Another was from Aegis discussing how
their contract manufacturing customers use 2581.
Dana Korf of Victory Giant spoke about why manu-
facturers should use 2581, showing that much of
the data passed to manufacturing is defective and
needs correction. A presenter from Amazon spoke
about how the company is using 2581 for stackup
exchange and what challenges they’re facing get-
ting it to fabrication.

Two very interesting things came out of the dis-
cussions. First, a request to validate the output of
their tools that produce data files to 2581, to con-
firm whether the files produced by their tools are
correct against the schema. That was a hot topic.

Next, to our surprise, was that many companies
are interested in using Al with the 2581 data to
develop their own tools to get work done faster.

Terry Hoffman: IPC-2581 is inherently Al-enabled,
so it’s a very good format for doing that.

Shah: It’s everything in one file, so you don’t have
to train the Al to understand multiple files, missing
data, and so on. You just feed it the 2581 file, and

Al can do the check.

What are the next steps to ensure this becomes
the global standard for data transfer?
Shah: One recurring theme from the summit was
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how companies are requesting educational ma-
terials they can pass to suppliers or their design
houses, so the design houses can send them to
their manufacturers to learn about 2581, and vice
versa. We need a best practice for spreading

the message about the benefits of IPC-2581 and
broadening our reach, with the help of the Global
Electronics Association.

Hoffman: The enhancements that we make in the
standard as we progress are important. Version 4
has several enhancements that we’ve requested
over the past couple of years. We need to let
people know what it supports today vs. what it
supported even just last year, and make sure they
know they can ask for changes to be included as
we continue to update the standard.

Are there any major hurdles to adoption that
you’re still facing?

Hoffman: The industry has been using Gerber data
for decades, and people don'’t like to change. The
PCB industry is just as bad as the power indus-

try. They just don’t want to spend the money to
change. I'm trying to break that down.

Some OEMs are asking whether 2581 is support-
ed, and they’re being told no, so they just give up.
But Cisco, on the other hand, found that it would
protect their IP. Now we’re telling our vendors that
we’ll be sending you 2581 data, and it’'s good data.
It has everything the vendors need to build and
assemble boards.

Shah: Changing over from Gerber to 2581 is a
process, not a light switch. When Terry said he told
his suppliers, they worked together to develop a
process and made sure the transition would go
smoothly before they actually switched formats.

Hoffman: Yes, and we did extensive testing ahead
of time to ensure the data was being exported
properly. There are ways to compare the Gerber
to the IPC-2581 data output and demonstrate that
the data is good. If it wasn’t, we’d go back to our
CAD vendor and have them update their software.
It's important to make sure that everybody is good
with it. You have to prove it to them.



Shah: But the key to migrating is for a design
house to make the decision that they want to mod-
ernize how they communicate with their manu-
facturing partners for their own benefit, as well as
for the manufacturing companies to realize that
2581 saves them time, improves their efficiency,
and gives them data to work on to improve that
process in the future. Then they must educate their
customers and say, “If you give me 2581, it’s better
for you and for me. It works for both sides.” Both
sides win by using 2581.

Do you have any closing comments about IPC-
2581 or, specifically, the work of the consortium?
How can industry members support this effort?
Shah: Yes, we’re an open consortium, and there’s
no fee to join. Participate as little or as much as
you want, but as a consortium member, the more
you participate, the more you can influence the
direction of the standard and the decision-making.

Hoffman: You can also attend just to ask questions
about problems you’re having.

Shah: There are two email addresses they should
remember. TC@ipc2581.com is for technical ques-

tions about the format, the schema, the usage, and
info@ipc2581.com is for all other questions regard-
ing adoption.

Those email addresses go to multiple people,
so you not only get somebody to respond quickly,
but you also get multiple perspectives if there are
multiple perspectives to the answer.

Hoffman: That’s the nice thing about having mul-
tiple people. There are different opinions for differ-
ent things. Hopefully, we can all come to the same
conclusion eventually. Sometimes we differ, but
that’s the way things happen, so it’s all good.

Thank you so much for your contributions to this
effort and for joining the Technology Conference.
Hoffman: Thank you.

Shah: Thank you for having us. FCONNECT007

Tracy Riggan is senior direc-
tor, Community Technology
Solutions, Global Electron-
ics Association.

Reliability by Design

Aligning Intent With Fabrication Reality

At APEX EXPO, Kelly Dack
caught up with Paul Cooke,
director of engineering at Sum-
mit Interconnect, following Paul’s
well-attended presentation on
design for reliability. Paul shared
practical insights on how reli-
ability expectations shift across
industries, from commercial appli-
cations to high-stakes aerospace
and defense. He discusses the
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critical role of communication between designers and fabricators, the importance of
understanding evolving materials and processes, and the challenges posed by legacy

designs and incomplete documentation.
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The Modern Masters
of Signal Integrity
andAl-driven Design

BY KELLY DACK, CIT CID+, PIONEER CIRCUITS, INC.

from a niche engineering concern to the de-  ties, and propagation delay. Even small imperfec-

S ignal integrity (SI) in PCB design has moved structure governed by field behavior, discontinui-
fining factor in whether modern electronics tions in routing, stackup design, or return path

succeed or fail. As data rates push beyond PAM4 management can lead to timing errors, signal
(4-level 112G) gigabit territory and SerDes com- distortion, electromagnetic interference, and, ulti-
ponents exhibit edge speeds as fast as 50-100 mately, system failure.

picoseconds, PCBs behave less like collections of

simple traces and more like complex electromag- , ] ) ) )
netic systems. I've compiled a list of contributors to the signal

integrity evolution (see sidebar). It isn’t meant to

At these speeds, a trace is no longer just a con- oY
be comprehensive; it reflects my personal recollec-

nection between two points, but a transmission
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The Masters of Signal Integrity

These individuals helped define Sl before it
was widely formalized.

Early Foundations (1980s—mid-1990s)
L L o o @ L
Both Morrison’s grounding in electromagnetic
principles and Johnson’s early work translat-
ing high-speed behavior into practical PCB
design rules laid the intellectual foundation for
Sl as a discipline.

AN

Ralph Morrison
Ralph Morrison estab-
lished many foundational
principles that under-
pin modern PCB design.
His work on ground-
ing, shielding, and current
flow emphasized that electri-
cal behavior is fundamentally about loops and
fields rather than isolated conductors. Morri-
son’s teachings clarified that ground is not a
physical destination but a reference system,
and that shielding effectiveness is entirely
dependent on how currents are controlled
and returned. These ideas are now so embed-
ded in engineering practice that they are often
repeated as rules of thumb without attribution
to their origin. He died in 2019.

Howard Johnson

One of the earliest and

most influential figures

in this transformation

was Howard Johnson.
When many engineers

still viewed digital signals as

idealized voltage transitions moving through
perfect wires, Johnson reframed the entire
mental model. He insisted that high-speed digi-
tal signals must be understood as electromag-
netic waves traveling through a transmission
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medium. His work, most notably High-Speed
Digital Design: A Handbook of Black Magic,

helped engineers recognize that reflections,
impedance discontinuities, and propagation
delays are not secondary effects but funda-

mental design constraints.

Formalization and Expansion
(mid-1990s-2000s)

@ @ @ @ @ O
This group brought Sl into mainstream engi-
neering practice through books, seminars, and
early EDA alignment. This era marks the explo-
sion of Sl education: Design rules became
teachable, measurable, and repeatable.

N
7

Lee Ritchey
While foundational think-
ers established the phys-
ics, engineers like Lee
Ritchey brought struc-
ture and repeatabil-
ity to real-world design.
Ritchey’s philosophy, devel-
oped through decades of consulting and train-
ing at the Speeding Edge, is grounded in the
belief that system success is determined early
in the design process. In his view, stackup plan-
ning and architectural decisions made at the
beginning of a project dictate signal integrity
outcomes more than any later routing optimi-
zation. His “right-the-first-time” approach has
influenced countless high-speed designs by
emphasizing prevention rather than correction.

Doug Brooks
Doug Brooks has contrib-
uted extensively to
education in PCB design
and electromagnetic
compatibility. Through
decades of teaching and



writing, he has helped engineers understand the
behavior of currents in practical PCB structures.
His work consistently emphasizes clarity and
accessibility, translating complex electromag-
netic interactions into actionable design guid-
ance that engineers can apply immediately.

Eric Bogatin

Building on this shift

in thinking, Eric Boga-

tin expanded the disci-

pline into a measure-
ment-driven science.

Through his work in industry

and academia, including Bell Labs, Sun Micro-
systems, and the University of Colorado Boul-
der, Bogatin emphasizes that intuition alone
is insufficient without validation. His philos-
ophy centers on the idea that engineers do
not design signals themselves, but rather
design for the behavior of energy in a system.
His teaching style, which blends theory with
experimental validation, has become a corner-
stone of modern signal integrity education.

Industry Scaling and Power Integrity Era
(2000s—early 2010s)

® @ @ @ @ @ >

The focus expanded from signals alone to full-
system behavior, including power distribution.

Istvan Novak
Istvan Novak has played
a central role in defining
modern power integrity
as a foundational disci-
pline that directly impacts
signal integrity. His work
demonstrates that without a stable and well-
designed power distribution network, even the
most carefully routed signals will fail to perform
reliably. His contributions have helped formal-
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tion of experts I've read about or had the pleasure
of meeting. I've loosely organized them by decade,
though there is significant overlap. It is not a

tidy relay race where one group hands the baton
to the next.

These engineers worked concurrently, challeng-
ing, debating, and refining one another’s ideas,
collectively pushing the industry (sometimes
reluctantly) toward a deeper respect for physics. |
struggled to organize their contributions chrono-
logically, and that difficulty itself may mirror how Al
is now learning from them faster, and perhaps with
greater precision, distilling decades of human trial,
error, and hard-earned intuition into algorithms.

Signal integrity did not evolve in isolation. It was
built gradually over decades, drawing on insights
from a diverse group of engineers who trans-
formed abstract electromagnetic theory into a
practical design discipline. They translated physics
into intuition, and then into repeatable engineer-
ing practice. Today, as Al absorbs the accumulated
knowledge of the field, Sl is transitioning from
something engineers learn through experience
into something that can be partially encoded,
simulated, and scaled.

PCB design engineers have learned that, at high
speeds, digital design is no longer dominated
solely by logic behavior. Rather, it is by energy
traveling through a physical medium. Every transi-
tion on a line is subject to reflection if impedance
is not controlled. Every return current must find a
path, and if that path is disrupted, it creates loop
area expansion and radiated emissions. Even a via
is no longer electrically transparent; it introduces
frequency-dependent impedance changes that
must be accounted for.

These effects are no longer “edge” cases.
Engineers are realizing that they define system
behavior. As a result, modern PCB failures fre-
quently manifest not as functional design errors
but as subtle physical-layer issues, such as bit
errors, electromagnetic compatibility violations,
degraded timing margins, or unexpected coupling
between adjacent structures. In many cases, these
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The Masters of Signal Integrity

ize decoupling strategies, PDN design method-
ologies, and noise analysis techniques that are
now standard practice in high-speed systems.

Larry Smith
Larry Smith contributes to
this ecosystem through
modeling and simula-
tion methodologies that
allow engineers to predict
behavior before fabrication.
By applying SPICE-based analysis, IBIS models,
and transmission line theory, he helps engi-
neers understand how interconnect structures
will behave under real operating conditions. His
work enables a shift from reactive debugging to
predictive design validation.

Mike Resso
Mike Resso similarly
bridges the gap between
theoretical models and
physical behavior through
advanced measurement
techniques. His work with
S-parameters, de-embedding, and time-domain
analysis allows engineers to extract meaningful
insight from complex interconnect systems. By
connecting RF measurement rigor with digital
design challenges, he ensures that theoretical
models remain grounded in physical reality.
These experts pushed Sl into the realm of
power integrity, measurement, and compli-
ance, especially as data rates and edge speeds
accelerated.

Modern High-Speed and Application-
Focused Era (2010s—present)

@ @ @ O O @ >
These voices dominate current conferences,
real-world design training, and emerging
applications. They emphasize practical imple-
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mentation, layout discipline, EMI control, and
translating Sl theory into designs that pass the
first time, especially in today’s dense, high-
speed systems.

Rick Hartley
Rick Hartley has contrib-
uted another critical
layer of understanding
by focusing on the rela-
tionship between signal
integrity and electromagnetic
compatibility. His teaching consistently rein-
forces that signal quality is not defined solely
by the trace itself, but by the integrity of the
return path. By translating electromagnetic
theory into practical layout guidance, Hart-
ley helped engineers understand that current
does not simply travel forward, it completes a
loop, and that loop defines the system’s elec-
tromagnetic behavior.

Daniel Beeker
Daniel Beeker adds a
more visual and intuitive
dimension to this under-
standing by demonstrat-
ing that signal integrity is
fundamentally about elec-
tromagnetic space. Through
live demonstrations, he reinforces that signals
do not exist solely in copper traces, but in the
fields surrounding them. His perspective helps
engineers move beyond schematic thinking
into spatial electromagnetic awareness.

Ken Wyatt
Ken Wyatt is a highly
respected indepen-
dent consultant, instruc-
tor, and author in the
field of electromagnetic



compatibility (EMC) and electromagnetic
interference (EMI). Often referred to as “The
EMC Doctor,” he is known for helping engi-
neers diagnose and fix noise problems early
in the design process. His work empha-
sizes hands-on troubleshooting, practical
pre-compliance testing, and effective PCB
design practices to prevent issues before
they reach the lab.

Karen Burnham
As signal integ-
rity matured, vali-
dation became as
important as design.
Karen Burnham repre-
sents this shift toward
measurement-first engi-
neering. Her work emphasizes that simula-
tion alone cannot guarantee performance,
and that confidence in a design must ulti-
mately be earned through measurement
and validation. In her view, verification is not
a final step but an integral part of the design
process itself.

Stepping back, the pattern
seems clear:

Morrison and Johnson taught us why
signals misbehave

Ritchey, Brooks, and Bogatin taught
us how to design around it

Novak, Smith, and Resso taught us
you can’t ignore power anymore

Hartley, Beeker, Wyatt, and Burn-
ham are showing us how to actually
get it right in today’s designs

problems are discovered late in the design cycle,
making them expensive and time-consuming to
resolve. This reality forced our industry to rely
heavily on a group of engineers who could explain
not just what was happening, but why it was hap-
pening at the physics level.

Al-Sl is not a replacement for engineers, but a
compressed, scalable extension of their expertise.
It unifies signal integrity, power integrity, EMC, and
manufacturability into a single system that delivers
real-time design feedback.

Instead of analyzing these domains in isolation,
Al-Sl evaluates them together, flagging impedance
issues, return path disruptions, and stackup risks
during design, not after. It also links layout deci-
sions directly to manufacturing outcomes, closing
the long-standing gap between design intent and
physical reality.

Its evolution is straightforward: assistant, co-de-
signer, optimization engine, and ultimately a digital
twin capable of predicting failures before a board
is ever built.

Across generations, engineers have clarified how
currents truly behave, validated theory through mea-
surement, and translated complex electromagnetics
into practical design rules. They also elevated power
integrity into a core discipline, forming the foundation
for modern high-speed systems.

Now, Al is entering signal integrity, scaling decades
of accumulated knowledge into faster analysis and
design iteration. But Al didn’t invent this body of
work. Every model, rule, and insight traces back to
engineers who discovered, tested, and refined these
principles in the real world. We can automate the
knowledge, but not the gratitude. I-CONNECT007

Kelly Dack, CIT CID+,
specializes in DFx-driven
PCB design and applica-
tions engineering at
Pioneer Circuits, Inc.
To read past columns,
click here.
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FEATURE ARTICLE

BY KRISTIN MOYER, GLOBAL ELECTRONICS ASSOCIATION

Common vs. Differential Modein

In high-speed designs, the distinction
between common-mode and differential-mode
is becoming increasingly critical in PCB routing.
While most designers are familiar with differential
routing as a technique for certain signals on the
PCB, many may not realize its underlying purpose.
Differential routing is used to mitigate differential
mode noise in the system. To understand this, we
need a bit of electrical engineering background on
signal and current flow in a system.

The current that flows from the source (driver)
down the positive trace to the load (receiver) flows
in a loop, and within that loop, the current is con-
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stant. This current must return (RTN) from the load
(receiver) back to the source (driver). Because the
current flows in one direction from the driver to the
receiver and then in the opposite direction from
the receiver back to the driver, these two currents
are thought to be equal in magnitude and opposite
in polarity. This means any noise from the sources
is moving in different directions, creating differen-
tial noise.

Common-mode noise, on the other hand, occurs
when noise (current) from an external source, such
as EMI, appears on both the signal line and the re-
turn line traveling in the same (common) direction.
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Because an external source affects different sig-
nals by slightly different amounts, common-mode
noise usually manifests as an unwanted voltage in
the signal, since the voltage seen at any node with
respect to a different node is simply the difference
between the two voltages.

For example, if the voltage on node A (V,) is 15
Vdc and the voltage on node B (V,) is 10 Vdc, and
you are measuring V, with respect to V, then the
difference (V) is V, =V, or 15 Vdc — 10 Vdc for a
result of V. =5 Vdc. Since common-mode noise is
usually generated by external sources, the primary
method to mitigate it is shielding, and for wires in a
cable, twisted pairs can be helpful.

For differential-mode noise, differential can help
mitigate it. Three common routing techniques used
in PCB design:

¢ Single-ended mode is the most common
style. It uses a single wire or trace from the
driver to the receiver. The signal propagates
from the driver to the receiver on this con-
ductor and returns to the driver using the
GND/RTN system of the design.

e Differential-mode, more properly called odd-
mode, is the next most common style. This
uses a pair of wires or traces from the driver
to the receiver. One trace carries the posi-
tive signal and the other carries the negative
signal. The negative is equal in magnitude
and opposite polarity to the positive signal.
Since signals are equal and opposite, no cur-
rent flows in the GND/RTN system, creating
an ideal case.

e Common-mode is more properly called even-
mode, and is the least used style. It still uses
two wires/traces, but current flows in the
same direction on both conductors. This is
typically created by unwanted noise or other
variations caused by unintended or unex-
pected conditions.

When considering differential routing as a noise-
reduction solution, there are pros and cons to
consider. One major con is that differential routing
requires two traces, in addition to the RTN, to route
the signal from point A to point B. This means the
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board area required for differential routing is twice
that for single-ended routing.
The pros significantly outweigh the cons:

* In low-voltage/signal-level designs, you ef-
fectively get double the signal level. If you
have the same voltage (V), one positive (V+),
and one negative (V-), then the difference be-
tween them is (V+) — (V-) = 2V since V- = -V+.
This, in turn, effectively doubles the signal
voltage, giving you better immunity to low-
voltage noise.

® Thereis no RTN current (in an ideal system).
Since differential signals are by definition
equal and opposite, there is no return current
through any path other than the two signals
of the pair.

e Differential receivers are typically designed
to be sensitive to the differential mode but
are designed to ignore the common mode.

e Switching timing is usually more precise. This
is because the signals are referenced to each
other, and the crossover point is tightly con-
trolled. On the other hand, single-ended sig-
nals reference some other signal in the design
(CLK, EN, etc.) and therefore their crossover/
transition points are subject to noise, thresh-
old level shifts, threshold detection, etc.

Since devices and ICs can convert single-ended
signals to differential signals, using differential
routing instead of traditional single-ended routing
is an excellent way to mitigate noise in our system.
This is especially true if you need to route your
traces a long distance on your PCB. With common-
mode noise, converting the two signals to differ-
ential to route over any significant distance, then
converting back to single-ended at the destination,
may help mitigate that noise as well.

Kristin Moyer is an
instructor at Sacramento
State University and for
the Global Electronics
Association.
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When ‘Connecting the Dots™ .
Stops Working

BY JOHN WATSON, PALOMAR COLLEGE

engineering masterpiece, “High-Speed Dig- drew. That disconnect is what creates the “black

ital Design: A Handbook of Black Magic”, magic” feeling.
by Howard Johnson and Martin Graham. So, is the But nothing mystical is happening. Signal integ-
discussion on high-speed or signal integrity really rity follows physics that are consistent, predict-
talking about black magic? Yes, and at the same able, and fully explainable. But those rules don’t
time, absolutely not. show up in the schematic. Instead, they live in the

| agree that Johnson and Graham nailed the electromagnetic fields around the traces, in the

experience every first-time designer goes through:  stackup, and in the relationship between conduc-
You follow the rules, the schematic looks clean, tors and their return paths. The authors weren’t
layout passes checks, and then the signal misbe- claiming black magic; they were calling out how it
haves. It reflects, rings, and does things that seem feels until you learn what’s going on. The fact that

q [l designers should be familiar with the 1993  completely disconnected from the lines you just
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ELEMENTARY, MR. WATSON

they said it more than 30 years ago only reinforces
how fundamental and enduring these concepts
really are.

If it sometimes feels like black magic, we should
be asking: How do we make the invisible visible?
How do we take something that behaves in fields
we can’t see and turn it into something intuitive,
something we can design with confidence instead
of guesswork? Because once you can see it, even
conceptually, the mystery disappears, the reflec-
tions make sense, the behavior becomes pre-
dictable, and what once felt like magic becomes
something you can control.

Just the term “controlled impedance” sends
shivers down a designer’s spine, the kind where
a perfectly clean layout suddenly feels haunted.
Nothing’s broken, but everything’s reacting, and
for a moment, you understand exactly why it was
called “black magic.”

Why do so many designers struggle with con-
trolled impedance? It’'s not because the math is dif-
ficult; it’s because the concept is counterintuitive.
You see, we’re taught to think of traces as simple
connections. Early on in my career, | was told rout-
ing was “connecting the dots,” and that worked
right up until my first high-speed design, when
reality said otherwise. The problem now lies in
physics at higher speeds, where traces stop being
simple paths and become part of the system itself.
You can see a connection, but you can’t see the
impedance that lives in the relationship between
the trace, the plane, and the surrounding material.
That ma it harder to grasp.

Additionally, most designers encounter it only
when something goes wrong, so it feels like a fix
rather than a foundation. The real shift in the qual-
ity of my designs came when | stopped thinking
of a signal as just voltage and started seeing it as
energy moving through a controlled environment.
Once that clicks, controlled impedance starts to
make sense.

Imagine driving down a highway at a steady
speed, with a smooth road, consistent lanes, and
everything is predictable. You don’t even have to
think about moving. Suddenly, the lane narrows,
then widens, and the pavement shifts from smooth
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asphalt to gravel and back again. You're still mov-
ing forward, but now you’re reacting—slowing
down, adjusting, and hesitating.

A properly designed PCB trace is like that
smooth highway, providing a consistent environ-
ment so the signal moves cleanly from one point
to another. But when impedance changes, whether
from variations in trace width, distance to the refer-
ence plane, or inconsistencies in the surrounding
environment, it’s like the changing road conditions.
The signal doesn’t just continue unaffected,; it re-
acts. Part of it keeps moving forward, but part of it
reflects, as if the signal momentarily hits the brakes
and questions what just changed. Those reflec-
tions then interfere with the original signal, distort-
ing its shape and timing. The more inconsistent
the path, the more the signal is forced to respond
rather than travel. Bottom line: The smoother and
more consistent the path, the less you notice it
because everything works.

The $64,000 question: How do we make the
PCB “road” smoother and more consistent?

You do it by following a few fundamental prin-
ciples and removing surprises from the signal’s
path. It’s that simple. In PCB terms, that starts with
consistency, keeping the trace width uniform,
maintaining a solid, continuous reference plane
beneath the route, and preserving a constant
spacing between the trace and that plane. Each
element defines the environment the signal expe-
riences. The moment one of them changes even
slightly, the signal notices and hits the brakes hard.

Think about what happens when you neck a
trace down to get around a component, let it
wander over a split plane, or change layers with-
out providing a clean return path. From a layout
perspective, those might feel like small, practical
decisions. From the signal’s perspective, they are
abrupt changes in its environment, and when the
environment changes, the signal reacts. Part of it
continues forward, and part of it reflects. That’s
physics doing exactly what it's supposed to do.

Furthermore, the stackup matters because it’s
not just a manufacturing detail; it'’s the foundation
of your electrical design, the controlled environ-
ment for the energy to live. The dielectric thick-
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ness, material properties, and copper geometry all
contribute to defining the impedance. If you treat
the stackup as an afterthought, you’re essentially
designing a road without knowing its width, sur-
face, or even its makeup. But when you define it
intentionally, you're setting the rules of the envi-
ronment before a single trace is routed.

Most assume this is about perfection. It's not.
The goal is predictability. You don’t need every
trace to be identical, but you do need every critical
signal to see a consistent environment along its
path. That means minimizing unnecessary width
changes, avoiding breaks in the reference plane,
controlling layer transitions, and being deliber-
ate about how signals move from one part of the
board to another.

ELEMENTARY, MR. WATSON

When you do that, something interesting hap-
pens: The signal stops reacting, reflecting, distort-
ing, and fighting the path you’ve created. It simply
moves and flows.

That'’s really the point of controlled impedance
design: not to perform engineering “black magic,”
but to create a path so consistent that the signal
has no reason to do anything unexpected.
I-CONNECTO007

John Watson is a professor
at Palomar College, San
Marcos, California. To read
past columns, click here.

Below the Surface
Looking Ahead to Where Integration Actually Happens

BY CHANDRA GUPTA, REMTEC

Progress in RF rarely arrives and suddenly
rewrites the rules. What actually moves perfor-
mance forward almost always happens in the
seams, the interfaces, the choices that determine
whether individual parts are allowed to work to-
gether, or forced to fight one another.

So, when we look ahead in RF systems—from
DC through millimeter-wave—the most impor-
tant conversations aren’t about isolated materi-
als or heroic devices. They’re about integration,
and more specifically, about how ceramic-based
RF packages and module architectures shape
system-level behavior long before the signal ever
reaches free space.

At high frequencies, the package ceases to be a
container. It is a participant.

The Shift From Components to Ecosystems
For much of electronics history, it made sense
to think in terms of discrete building blocks.
A component had a defined function where a
package protected it, and a board connected it.
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Performance was largely a matter of selecting the
right parts and assembling them correctly.

That mental model breaks down as frequency
increases. At RF and microwave frequencies, es-
pecially as we push into millimeter-wave, the
boundaries between components, packages, and
systems begin to dissolve. Parasitics stop being
second-order effects. Thermal paths become sig-
nal integrity decisions. Mechanical tolerances turn
into electrical variables.

In this environment, performance is emergent. It
arises from interactions, not specifications.

Ceramic-based RF packages sit where materials
science, electromagnetic behavior, thermal man-
agement, and manufacturability converge. The
architectural decisions made here ripple outward,
sometimes amplifying system performance, some-
times quietly limiting it.

Click here to read the full column
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CONNECT THE DOTS

What Designers Should Know About
Non-conductive Via Fill

BY MATT STEVENSON, ASC SUNSTONE CIRCUITS

T he rapid advance of technology is driving
changes in electronics that require increas-
ingly smaller boards capable of handling
higher signal speeds and supporting more robust
software applications.

Manufacturers are increasingly called upon to pro-
duce ultra high density interconnect (UHDI) PCBs,
so it’'s important to tune our production capabilities
and customer service models to this trend. Non-

conductive via fill (NCVF) offers a cost-effective,
reliable manufacturing method that accommodates
the densely packed, fine-pitch ball grid array (BGA)
components present in UHDI designs.

Not all PCB manufacturers approach NCVF in the
same manner. Designers who thoroughly under-
stand the process will have more confidence that
their designs will be manufactured to meet re-
quirements.
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Benefits of Non-conductive

Via Fill

Primarily used to prevent solder wicking
into vias, NCVF is the process of filling
drilled holes with a specialized, non-con-
ductive, low-shrinkage epoxy. Boards can
have a higher component density because
manufacturers use a technique called via-
in-pad, plated over (VIPPO). This involves
placing a via used to conduct signals
between layers into the same real estate
as a surface mount pad. VIPPO eliminates
the need to route a trace from the compo-
nent lead to a via nearby, provides a nice
flat pad for assembly, and prevents solder
from wicking through the via and weaken-
ing the solder joint.

The epoxy inside the holes makes the
vias more reliable by limiting expansion
during heat exposure. It enhances me-
chanical strength, prevents solder wicking
into vias, and enables via-in-pad technol-
ogy. By filling voids with epoxy, vias are
sealed and protected from contaminants.
NCVF creates superior structural integrity
against stress fractures compared to con-
ductive fills and offers a better coefficient
of thermal expansion (CTE) match with the
surrounding laminate.

Submitting a Quote: Manufacturer
Capability and Process

What do designers need to know? First,
can the manufacturer accommodate your
needs if you call out NCVF for a design
with smaller pitch components? Manu-
facturers often publish specs that inform
designers of their capabilities, making it
easier to assess them before submitting

a quote.

If a manufacturer does not make it clear,
contact them directly to confirm they have
experience with NCVF. Manufacturers
unable to meet design requirements in-
house may still provide a quote, either to
engineer NCVF capability on the fly or to
farm out production to a subcontractor.

Breaking down the NCVF process

If you’ve had a chance to read my columns or

my book about designing for the reality of PCB
manufacturing, you know | think it’'s important for
designers to have a good working knowledge of
each stage of the manufacturing process. This
knowledge can be quite useful both during design
and when it is time to create a quote request for

your manufacturer.

Following is a high-level breakdown of the
NCVF process:
1. Drill the holes that require via filling.

2. Clean the holes to remove any debris
present from the drilling.

3. Plate electroless copper across the entire
panel and inside the holes to provide
connectivity within the holes
for electroplating.

4. Electroplate ~0.5 mils of copper across the
panel and into the holes.

5. Laminate photoresist and image for button
plating. This exposes just the holes and a

little more of a pad on the surface.

6. Button plate. Plate another ¥0.5 mils of
copper into the holes. Remove the resist.

7. Planarize the buttons off the surface of
the panels.

8. Using vacuum filling or screen printing, force
non-conductive epoxy into the via holes.

9. Thermal cure the epoxy.

10. Sand the surface of the panels to remove
any via fill epoxy and copper buttons on the
surface. This surface planarization restores a
flat copper surface.

11. Parts from here are returned to drill
to have the rest of the holes drilled
and panels follow standard
manufacturing process.

108 [-CONNECTOO07 MAGAZINE | MAY 2026


https://iconnect007.com/my-i-connect007/books/dfr
https://iconnect007.com/my-i-connect007/books/dfr

We DREAM Impedance!

Did you know that two seemingly unrelated concepts are the foundation of a product’s

performance and reliability?

* Transmission line impedance and

DISCOVER MORE J

* Power Distribution Network impedance

iCD software quickly and accurately analyzes impedance so you can sleep at night.

iICD Design Integrity: Intuitive software for high-speed PCB design.

“iCD Design Integrity software features *‘:‘7?;?\

a myriad of functionality specifically NS
developed for PCB designers.”
— Barry Olney

In-Circuit Design Pty Ltd WWW. icd.com.a u



https://icd.com.au/DI.html
https://icd.com.au

CONNECT THE DOTS

This can create challenges with lead times and
yield, and potentially jeopardize production of the
boards. Designers should clearly define the non-
conductive via filling requirement in the Gerber
files and confirm the manufacturer has the proven
ability to build the PCB to specs.

More information is always better when submit-
ting quotes. We encourage designers to include
as many specifics as possible in their quote re-
quests. This can include specifying non-conductive
material used for via filling, identifying the type of
surface finish needed to ensure a flat pad for as-
sembly, and defining any other key manufacturing
considerations.

Working Closely With Your PCB
Manufacturer

When designers call out production specifications
in detail, manufacturers do not have to guess what
the designer wants. Collaboration also serves to
minimize ambiguity about expectations during

the quote process and before PCB manufacturing
takes place. Open communication helps the de-
signer and manufacturer align priorities based on
what is required at any given stage of the lifecycle,
from early prototyping to final prototype to full
production.

Collaboration also helps the designer under-
stand the experience level and capabilities a man-
ufacturer possesses regarding a capability such
as NCVF. Not all manufacturers take the same

More reach, greater impac_ig;f'
More reasons to ch

I-Connect007
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approach to the process. Don’t be afraid to ask to
speak to members of the production team. Doing
so can help you better understand the manufac-
turer’s approach and align expectations for things
like lead time, cost control, and board functionality.
Talking to individuals on the production floor, such
as engineers or team leaders, will give you more
confidence in the manufacturer’s ability.

The more designers know about a manufactur-
ing technique like NCVF, the better they can craft
quotes that ensure their designs are built to spec.

For a deeper dive into the wide
range of surface finish options,
listen to the Designing for
Reality: Surface Finish episode
of On the Line With... .

Matt Stevenson is vice
president and general
manager of ASC Sun-
stone Circuits. Matt is
also the author of The
Printed Circuit Designer’s
Guide to... Designing for
Reality To read past col-
umns, click here.
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Electronics U

by Global Electronics Association

Build Skills. Earn Credentials.
Advance Your Career.

Upcoming Learning Opportunities for PCB Design

Live, expert-led courses designed to help you build real-world PCB design
skills and advance your career.

EXPLORE UPCOMING COURSES

COURSE DATE DAY TIME
' PCB Design | (Europe) 'May 25-May 29 M-F  3amEST/9amCET 1
Printed Board Assembly: Jun 1-Jun 3 M/W | 11amPT/2:00pmET 1
' Designing for Assembly .
PCB Design | Jun2-July9  T/TH 11amPT/2pmET 6
Introduction to Conformal Jun 2-Jun 25 T/TH 12pmPT/3pmET/9pm CET 4
' Coating | _
' PCB Design Il Jun 2-July 9 T/TH 2pm PT/5pm ET/11PMCET = 6
' PCB Design for Signal Integrity ' Jun 8-Jul 1 'M/W  8amPT/11amET/S5PM CET = 4
Advanced Packaging: HDI Jun 8-Jun 17 M/W  8amPT/11amET/5PM CET 2
' Enabling Technology .
' PCB Design | (SE Asia) Jun16-Jul23  T/TH 10amSGT/10pmET 6
IPC Standards: A Guide forthe Jun16-Jun18 T/W/ 8amPT/11amET/5PM CET 1
' Electronics Industry TH

STUDENT TESTIMONIALS

‘ ‘ | have learned new things, which | need to
implement in my designs so that we can
improve the standards.

‘ ‘ The course kept the content at a high enough level
where | could follow along without getting lost in
very detailed spec sheets.

=]

easy to connect IPC standards with practical design and
manufacturing applications.

E E ‘ ‘ | liked how clearly the instructor explained complex Flex-
Rigid concepts using real examples and visuals, making it
sl-;_ é Set Yourself Up for 2026 Success g g 2 . 4
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FEATURE ARTICLE BY STEPHEN V. CHAVEZ, SIEMENS EDA AND PCEA

Mastering Return Path
Discontinuities for

In the race toward higher bandwidth, tighter form return path. Return path discontinuities are a leading
factors, and faster time-to-market, engineering teams  cause of late-stage failures, unexpected EMl issues, and
focus heavily on device performance, routing density, ~ costly respins. Our challenge is not a lack of awareness,

and advanced materials. Yet one of the most critical but a lack of visibility, continuity, and enforcement of

determinants of system success remains largely invis- ~ return path intent across the design lifecycle.

ible and too often underestimated: the integrity of the ~ This article reframes return path discontinuities,

return path. not as isolated layout mistakes, but as a systemic design
Signal integrity (Sl) failures rarely originate solely risk. I'll also provide practical strategies to eliminate

from the signal trace. More often, they stem from what them before they impact performance, compliance,

designers don’t see: the disruption of the signal’s and schedule.
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Return Path Reality: Designing the
Electromagnetic System

At high speeds, signals do not behave as simple
point-to-point connections. They propagate as
guided electromagnetic waves. Their behavior is
defined not just by the signal conductor, but by the
structure formed between the signal and its refer-
ence plane.

Signal and return currents are part of the same
electromagnetic loop and cannot be separated.
The distribution of return current is not arbitrary; it
is governed by the electromagnetic fields between
the signal and its reference. At high frequencies,
these fields concentrate in a way that minimizes
loop inductance and stored energy, causing the
return current to flow directly beneath the signal
trace on a continuous reference plane.

A critical implication follows:

When the reference plane is continuous, fields
remain tightly contained, loop inductance is mini-
mized, and signal behavior is predictable

When the reference plane is disrupted by splits,
voids, vias, or layer transitions, the fields spread,
forcing the return current to redistribute and in-
creasing the loop area

This increase in loop area directly increases loop
inductance, which is the primary driver of EMI, volt-
age noise, and signal integrity degradation.

The relationship between the signal and its
return path governs three fundamental aspects of
performance:

1. Impedance stability: Defined by the geom-
etry of the signal-return structure.

2. Field containment: Determines EMI and
crosstalk behavior.

3. Loop inductance: Drives noise, reflections,
and power integrity interactions.

A useful way to think about it is that the signal
trace defines intent, but the signal-return loop
defines reality. The core principle is that when you
control the return path, you control the signal:

® The signal does not define performance; the
signal-return loop does

MAY 2026 |

e Discontinuities in the return path create dis-
continuities in impedance

e Every signal transition is a loop transition, not
just a routing event

Designs that preserve return path continuity
behave predictably. Those that do not will exhibit
instability across SI, Pl, and EMI domains.

Return Path Discontinuities: Small Gaps,
System-level Consequences

A return path discontinuity occurs when the natural
flow of return current is interrupted or forced to
redistribute due to a break in the reference struc-
ture. While these disruptions may appear minor in
layout, their electrical impact is significant.

Return path discontinuities have some common
origin points. First is plane splits and voids, where
routing across gaps in reference planes forces
return current to redistribute around the disconti-
nuity, increasing loop area and inductance. A clas-
sic failure mode is high-speed interfaces crossing
analog/digital ground splits.

Another origin is in layer transitions without
return continuity. When signals change layers
without nearby stitching vias, the return path must
transition through higher inductance paths, creat-
ing localized impedance discontinuities.

In via-induced disruptions, signal vias introduce
anti-pads that locally interrupt current flow. In
dense via fields, these effects accumulate into
measurable discontinuities.

Component-induced blockages, such as large
packages, connectors, and mechanical keep-outs,
can unintentionally obstruct return current paths,
forcing field spreading. Finally, weak plane stitch-
ing results in insufficient inter-plane connectivity,
increasing inductive impedance between reference
regions, and degrading return path continuity.

A Common Failure Scenario

Consider a high-speed SERDES lane routed across

a split between digital and analog ground regions.

The signal path appears continuous and imped-

ance-controlled, yet the reference plane is not.
The electromagnetic fields can no longer remain
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tightly coupled to a local return path. Instead, the
return current redistributes around the split, signifi-
cantly increasing loop area and loop inductance.
The result is often unexpected EMI radiation, de-
graded eye margins, and intermittent compliance
failures. This occurs despite the signal trace itself
appearing “correct.”

The System-level Impact: Why
Discontinuities Are So Costly
Return path discontinuities trigger cascading ef-
fects across multiple domains: Impedance disconti-
nuities lead to reflections, which in turn cause eye
closure. Increased loop inductance results in EMI
radiation and can ultimately lead to compliance
failures. Field spreading contributes to crosstalk,
creating a risk of data corruption. Inductive return
paths (L-di/dt) generate voltage noise, which can
introduce PDN-induced jitter and overall system
instability.

These effects are tightly coupled, which is why
return path issues are often discovered late, during
lab validation, when they are most expensive to fix.

Designing for Continuity: Turning Risk
Into Control

Avoiding return path discontinuities requires a shift
from reactive debugging to intentional, physics-
driven design.

1. Prioritize Continuous Reference Planes
A solid reference plane is the foundation of
controlled electromagnetic behavior. Don’t
ask: Where can | route? Ask: Where can the
return current and fields remain contained?

2. Co-design Signal and Return Paths
Every signal transition is a loop transition.
Place stitching vias adjacent to signal vias,
ensure short, direct return transitions be-
tween planes, and maintain symmetry for
differential structures.

3. Avoid Routing Over Discontinuities
Try to avoid routing critical signals over plane
splits, voids and cutouts, and connector
escape regions. If unavoidable, intentionally
engineer a return path using stitching vias
and adjacent copper.
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4. Optimize Via Structures
At high data rates, vias are part of the trans-
mission structure, so minimize unnecessary
layer transitions, use back-drilling to remove
stubs, and evaluate via fields collectively, not
in isolation.

5. Align Stackup and PDN Strategy
A well-designed PDN inherently supports
low-inductance return paths. Maintain tight
power-ground plane coupling, provide dense
stitching between reference regions, and
avoid isolated plane islands.

6. Shift Left with Simulation and Analysis
Simulation should guide design decisions, not
validate them after the fact. Early identifica-
tion of return path discontinuities prevents
late-stage redesigns, lab debugging cycles,
and compliance failures.

Return path discontinuities are not just techni-
cal issues. They are indicators of design maturity.
Organizations that proactively control return paths
achieve faster design convergence, higher first-
pass success rates, reduced EMI risk, and more
predictable system behavior.

From Layout Issue to Lifecycle Insight:
The Digital Thread Advantage

Return path discontinuities are rarely caused by a
single mistake. They emerge from disconnected
decisions across the design lifecycle, which could
look like a plane split defined during stackup plan-
ning, a via transition introduced during layout, or a
mechanical constraint creating a void in a reference
plane. Individually, these decisions may be valid.
Collectively, they can disrupt return path continuity.

Connecting Intent to Implementation

A model-based, digital thread approach enables
return path requirements to be explicitly defined
and enforced by constraint-driven rules for refer-
ence plane continuity, signal-class-specific return
path requirements, via transition and stitching
policies, and stackup-aware coupling definitions.
These become active elements of the design pro-
cess, not passive documentation.
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Continuous Verification Across the Flow
Traditional workflows treat Sl analysis as a late-
stage checkpoint. By then, discontinuities are
embedded. A connected design flow enables
real-time evaluation of layout decisions, immediate
identification of return path disruptions, and cross-
domain analysis of SI, PI, and EMI interactions. This
shifts Sl from validation to design guidance.

Bridging Domains: Electrical,
Mechanical, Manufacturing
Many return path issues originate outside electri-
cal design, where mechanical keep-outs create
plane voids, connector constraints force routing
compromises, and manufacturing limitations affect
via structures. A connected workflow makes these
interactions visible early, enabling informed trade-
offs and preventing unintended discontinuities.

By embedding return path best practices into
constraints and reusable methodologies, organiza-
tions can:

e Standardize high-speed design practices
® Reduce variability across teams
® Accelerate onboarding

® Improve first-pass success rates

Looking for talent?

Looking for a job change?

johCONNEC
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This reduces dependence on individual exper-
tise and increases predictability at scale.

Conclusion

In high-speed PCB design, electrical performance
is not determined solely by the signal trace, but

by the continuity, geometry, and integrity of its
return path. The most advanced routing strategies,
materials, and components cannot compensate for
a broken return path or for a design process that
allows those breaks to occur.

By grounding design decisions in electromagnet-
ic principles and reinforcing them through a con-
nected, constraint-driven workflow, engineering
teams can move from reactive problem-solving to
predictable, scalable design excellence. Because
in the end, successful systems are not defined by
the paths you route, but by how well you preserve
the paths you don’t see. -CONNECT007

Stephen V. Chavez is
principal technical prod-
uct marketing manager at
Siemens EDA and chair of
PCEA.
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CAREER OPPORTUNITIES

BURKLE

NORTH AMERICA,

Field Service Application Engineer
- PV/PCB Equipment

Position Overview

We are seeking a Field Service Application Engineer
to install, calibrate, and service advanced PV and PCB
manufacturing equipment at customer sites.

Responsibilities

Install and commission PV and PCB machinery,
including mechanical assembly, electrical wiring, and
software configuration. Perform precision calibra-

tion and performance testing using diagnostic tools.
Troubleshoot mechanical, electrical, and software is-
sues on-site. Train customers on equipment operation,
maintenance, and safety procedures. Maintain service
documentation, interpret technical drawings, and en-
sure compliance with safety and PPE requirements.

Qualifications

Strong knowledge of electronics and mechatronics,
with hands-on experience installing and servicing
industrial equipment. Proficiency in diagnostics,
calibration, and pneumatic and hydraulic systems.
Familiarity with PCB lamination press systems pre-
ferred. Strong problem-solving skills and ability to
work independently in field environments.

Education & Experience

Associate’s degree or equivalent experience; 1-3
years of relevant experience. Valid driver’s license,
passport, and willingness to travel frequently, including
internationally.

BURKLE North America is the U.S. subsidiary of Robert
Birkle GmbH, a global leader in press, laminating, and
coating technologies. We support manufacturers in the
PCB and photovoltaic industries with precision-engi-
neered equipment and expert field service.

To apply, please send your resume to
jobs@burkleamerica.com.

Apply Now!

INC.

/1RLON

ELECTRONIC MATERIALS
Multiple Positions

At Arlon EMD, we support aerospace,
defense, and next-gen technology. We're
looking for people who show up, take
ownership, and get the job done on the
production floor and beyond. No fluff. Just
real work, real impact, real opportunity.

Now hiring for roles like:

- Field Application Engineer

- Technical Sales Manager

+ Maintenance Technician

« Machine Operator

« Customer Service Representative
« Accounting Manager

« Senior Accountant

« Entry level Sales Engineer

Arlon is a major manufacturer of specialty
high performance laminate and prepreg
materials for use in a wide variety of PCB
(printed circuit board) applications. Arlon
specializes in thermoset resin technology
including polyimide, high Tg multifunction-
al epoxy, and low loss thermoset laminate
and prepreg systems.

View all open roles and apply here:
https://www.linkedin.com/company/
arlon-emd/jobs/

Apply Now!
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CAREER OPPORTUNITIES

M-E-T-A-L
Independent Sales
Representatives Wanted

P. Kay Metal / MS2 Technologies, headquar-
tered in the United States, is seeking estab-
lished independent sales representative firms
to add a proven, patented product to their
portfolio.

We manufacture and supply MS2® Molten Sol-
der Surfactant, a patented solution designed
for both Tin/Lead and Lead-Free soldering
processes, delivering measurable performance
and cost benefits to electronics manufacturers.

MS2@ already has successful customer instal-
lations throughout the United States, as well
as a growing international footprint with active
customers in Mexico, El Salvador, Honduras,
Ecuador, and the Dominican Republic. We ship
globally and support customers worldwide.

This opportunity is ideal for rep firms currently
calling on electronics manufacturing, PCB as-
sembly, soldering, or process engineering ac-
counts who are looking to expand their offering
with a differentiated, high-value consumable.

Strong technical products, international growth
potential, and factory support provided.

To learn more about our company and technol-
ogy, visit www.pkaymetal.com.

Interested firms are encouraged to reach out
for additional details to Gladys Flores at
gladysflores@pkaymetal.com.

Apply Now!

=, eptac

Instructors—Anywhere in
the US and Canada

EPTAC is hiring experienced electronics manufacturing
professionals to join our team as Instructors. This flex-
ible role (part-time or full-time) is ideal for individuals
with backgrounds in soldering, quality control, PCB
design, or related fields. Current or past IPC certifica-
tion is required.

We’re seeking hands-on, motivated individuals ea-
ger to grow while sharing their expertise. Responsi-
bilities include managing logistics for training kits and
supplies, supporting new classroom setups across
North America, and driving continuous improvement
in operations. You'll be a key team player—supporting
instructors, tracking performance metrics to ensure
consistent quality, delivering hands-on demonstrations,
maintaining a positive learning environment, and
staying current on industry trends.

Candidates must have:
« 10+ years in electronics manufacturing

« IPC certification (current or past)
- Bachelor’s degree or equivalent

« Strong communication, teaching, and
organizational skills

« A practical, problem-solving mindset and
commitment to student success

You’ll deliver hands-on demonstrations, maintain a
positive learning environment, and stay current on
industry trends.

About EPTAC:

With 24 locations across North America and head-
quartered in Salem, NH, EPTAC is a leading provider
of Electronics Manufacturing Training and Certification.
We offer a strong team culture, modern work envi-
ronment, and benefits including healthcare, PTO,
retirement savings, and professional development.
Join us in shaping the next generation of electronics

professionals!
Apply Now!

118 |-CONNECTOO07 MAGAZINE | MAY 2026



https://www.eptac.com/
mailto:careers@eptac.com?subject=Jobs%20ad%20seen%20in%20PCB007%20Magazine
https://www.pkaymetal.com/
https://www.pkaymetal.com/
mailto:gladysflores@pkaymetal.com

CAREER OPPORTUNITIES

. TECHNICA, U.S.A.

Various Positions

For 40 years, Technica USA has been
providing products, equipment, and
services to the printed circuit board
fabrication and assembly markets.
Working with our worldwide partners,
we offer our customers solutions
through best-in-class product lines.
Technica has offices in San Jose, Calif,
and Rancho Cucamonga, Calif.

We are expanding and looking for
highly qualified Business Development/
Account Managers for both the PCB and
PCBA markets.

We are adding to our growing
national equipment service coverage
and looking for experienced Equipment
Service Technician/Engineers.

Are you a PCBA equipment
applications expert with experience in
component placement and inspection?
We are looking for Equipment Product
Specialists to work within our San Jose,
Calif., PCBA Equipment Demo center.

Please visit www.technica.com/careers
to learn more about these positions
and submit your resume today!

Apply Now!

The Test
Connection, Inc.

Sr. Test Engineer (STE-MD)

The Test Connection, Inc. is a test engineering firm. We
are family owned and operated with solid growth goals
and strategies. We have an established workforce with
seasoned professionals who are committed to meeting
the demands of high-quality, low-cost and fast delivery.
TTCl is an Equal Opportunity Employer. We offer ca-
reers that include skills-based compensation. We are al-
ways looking for talented, experienced test engineers,
test technicians, quote technicians, electronics interns,
and front office staff to further our customer-oriented

mission.

. Candidate would specialize in the development of
in-circuit test (ICT) sets for Keysight 3070 (formerly
Agilent & HP), Teradyne/GenRad, and Flying Probe
test systems.

- Strong candidates will have more than five years
of experience with in-circuit test equipment. Some
experience with flying probe test equipment is
preferred. A candidate would develop, and debug
on our test systems and install in-circuit test sets
remotely online or at customer’s manufacturing loca-
tions nationwide.

« Proficient working knowledge of Flash/ISP program-
ming, MAC Address and Boundary Scan required.
The candidate would also help support production
testing implementing Engineering Change Orders
and program enhancements, library model genera-
tion, perform testing and failure analysis of assem-
bled boards, and other related tasks. An understand-
ing of stand-alone boundary scan and flying probe
desired.

« Some travel required. Positions are available in the
Hunt Valley, Md., office.

Contact us today to learn about the rewarding careers
we are offering. Please email resumes with a short
message describing your relevant experience and any
questions to careers@ttci.com. Please, no phone calls.

Apply Now!
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CAREER OPPORTUNITIES

The Tesft
Connection, Inc.

ACCURATE

Rewarding Careers
g CIRCUIT
Take advantage of the opportunities we are offering ENG'NEER'NG
for careers with a growing test engineering firm. We
currently have several openings at every stage of our Qua"ty Assurance SDec|a||s_t_Bare
operation Board PCB Manufacturing

Accurate Circuit Engineering seeks an organized, techni-
cally proficient Quality Assurance Specialist dedicated to
bare board PCB production. You will champion compli-
goals and strategies. We have an established work- ance with industry standards, lead internal audits, manage
certifications, and drive continuous improvement based
on product performance data and customer feedback.

The Test Connection, Inc. is a test engineering firm.

We are family owned and operated with solid growth

force with seasoned professionals who are committed

to meeting the demands of high-quality, low-cost and

fast delivery. Key Responsibilities:
. . « Standards Compliance & Certification: Enforce
TTClis an Equal Opportunity Employer. We offer ca- IPCA600, IPC6012 (CIS/CIT preferred), and I1SO 9001
reers that include skills-based compensation. We are al- quality standards throughout fabrication

« Internal Process Auditing: Conduct scheduled and
ad hoc audits of incoming materials, fabrication
stages, testing protocols (etest, AOI), and documen-

and front office staff to further our customer-oriented tation traceability

- Employee Training & Development: Create and

ways looking for talented, experienced test engineers,

test technicians, quote technicians, electronics interns,

mission.
deliver training programs for inspectors and produc-
tion staff on IPC standards, quality procedures, and
Associate Electronics Technician/ inspection tools to maintain certification
Engineer (ATE-MD) « Failure Analysis & Corrective Actions: Investigate
nonconforming boards—including internal findings
TTCl is adding electronics technician/engineer to our and customer returns/RMAs—analyze root causes,

and lead corrective/preventive actions (83D/CAPA)
« Procedure Optimization: Analyze quality trends and
RMA data to update processes, inspection checklists,
-+ Candidates would operate the test systems and and control plans

team for production test support.

inspect circuit card assemblies (CCA) and will work Qualifications:

under the direction of engineering staff, following es- - Associate degree or equivalent experience in
tablished procedures to accomplish assigned tasks. electronics manufacturing
) ) « 3+ years in bare board PCB QA, with IPCA600/
« Test, troubleshoot, repair, and modify developmental CIS and IPC6012 certification
and production electronics. « Strong auditing, training, documentation, and

cross-functional collaboration skills
- Proficient in rootcause failure analysis

- Working knowledge of theories of electronics, electri-

cal circuitry, engineering mathematics, electronic and
electrical testing desired. Join us to ensure rigorous compliance, elevate fabrication

n ) quality, and continuously improve manufacturing standards.
. Advancement opportunities available.

- Must be a US citizen or resident. Contact brandon@ace-pcb.com and
James@ace-pcb.com to apply.

Apply Now! Apply Now!
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CAREER OPPORTUNITIES

T —

Are You Our Next Superstar?! AVA' LABLE

Insulectro, the largest national N ow

distributor of printed circuit
board materials, is looking to
add superstars to our dynamic

technical and sales teams. We are

always looking for good talent

to enhance our service level

to our customers and drive our
purpose to enable our customers

to build better boards faster. Our

nationwide network provides
many opportunities for a rewarding

career within our company.

We are looking for talent with

solid background in the PCB or

PE industry and proven sales

experience with a drive and | | I

attitude that match our company | |
culture. This is a great opportunity

to join an industry leader in the For information, please contact:

PCB and PE world and work with BARB HOCKADAY

a terrific team driven to be vital barb@iconnect007.com

in the design and manufacture of
I-Connect!07
The Global Electronics Resource
Apply Now!
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DESIGNER'S GUIDE “A great read on materials and processes that help
‘electronics succeed in harsher conditions.”
: —Jason Keeping, Celestica -

° o
- b 7T

EBOOKS

Encapsulating Sustainability for Electronics

by Beth Turner, MacDermid Alpha Electronics Solutions
This book discusses the growing demand for sustainable solutions in the market and highlights
examples of bio-based resins and the demand from emerging technologies. Read it now!

DFM Essentials

DFM Essentials
o by Anaya Vardya, American Standard Circuits, ASC Sunstone Circuits

One of the biggest challenges facing printed circuit board designers is not understanding

the cost drivers in the PCB manufacturing process, particularly the manufacturing of

advanced technology PCBs. The guidelines offered in this book are based on both ASC

i recommendations and IPC standards. Download your copy today.

[INE

‘WiITH... I-Connect07

CB Materials:

Ultra HDI k : ackbone.and

, FutlireYof Electronics
] with John Johnson, ith S Mirshafiei. Isol
with Team MKS : American Standard Circuits Wi ean Mirsnariel, 1sola
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The Modern Masters
of Signal Integrity
andAl-driven Design

BY KELLY DACK, CIT CID+, PIONEER CIRCUITS, INC.

from a niche engineering concern to the de-  ties, and propagation delay. Even small imperfec-

S ignal integrity (SI) in PCB design has moved structure governed by field behavior, discontinui-
fining factor in whether modern electronics tions in routing, stackup design, or return path

succeed or fail. As data rates push beyond PAM4 management can lead to timing errors, signal
(4-level 112G) gigabit territory and SerDes com- distortion, electromagnetic interference, and, ulti-
ponents exhibit edge speeds as fast as 50-100 mately, system failure.

picoseconds, PCBs behave less like collections of

simple traces and more like complex electromag- , ] ) ) )
netic systems. I've compiled a list of contributors to the signal

integrity evolution (see sidebar). It isn’t meant to

At these speeds, a trace is no longer just a con- oY
be comprehensive; it reflects my personal recollec-

nection between two points, but a transmission
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