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Collectively, these features improve aggregate throughput 
and support the increasing use of Wi‑Fi in data-heavy 
situations and in applications such as video and cloud 
access, where real-time performance and low power 
consumption for battery-powered devices are required. 
Of great importance and focus is the expectation for 
high-definition video to be the dominant type of traffic 
in many forthcoming Wi‑Fi deployments. 

WI‑FI 7: THE NEXT EVOLUTIONARY STEP 
FOR WI‑FI

Next to take center stage will be Wi‑Fi 7. 

There are numerous drivers for even faster, better 
Wi‑Fi, including the rapid growth and adoption 
of the Internet of Things (IoT), with more devices 
expanding their capabilities through connectivity. 
Sensor technology embedded in IoT devices continues 

density rather than boosting speed. The pervasive 
use of Wi‑Fi today creates issues whereby network 
performance can be degraded in areas of dense Wi‑Fi 
traffic. Examples of problem areas include sports 
stadiums, concert halls, and public transportation 
hubs. But the issue isn’t only in large venues. Homes 
are increasingly problematic due to the need for 
routers that must communicate simultaneously with a 
growing number of digital gadgets.

IEEE 802.11ax offers many enhancements including 
a multi-user mechanism that allows the 9.6 Gbit/s 
data rate to be split among various devices. It also 
supports routers sending data to multiple devices in 
one broadcast frame over the air, and it allows Wi‑Fi 
devices the ability to schedule transmissions to the 
router. Mechanisms to support longer-range outdoor 
operations are also added.

http://www.raymondemc.com
mailto:sales@raymondemc.com
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Wi‑Fi 7 also doubles Wi‑Fi 6’s eight independent 
streams of data to 16 spatial streams. It uses 
coordinated multiuser MIMO (CMU-MIMO), 
which is a significant improvement from multi-user 
multiple‑input, multiple-output.

The new Wi‑Fi 7 specification also uses multi-user 
resource unit (MRU) to avoid interference, allowing 
selective puncturing of overlapping portions of the 
spectrum to let the data flow only on frequencies that 
are clear. It can help raise data rates and reliability 
in congested Wi‑Fi environments, such as in an 
apartment building or large office environment.

Summing up, from the user’s perspective, Wi‑Fi 7 will 
be much faster, have much lower latency, will support 
many more devices, and will perform much better in 
congested Wi‑Fi spaces and where Wi‑Fi networks 
overlap. Of course, to harness the benefits, users will 
need significantly faster internet speeds from their 
service providers.

But the IEEE 802.11 series work doesn’t end here. 
The drive to improve Wi‑Fi is a continuous focus of 
IEEE SA and its army of volunteer experts.

LOOKING AHEAD: IEEE 802.11 STANDARDS 
FOR NEW AND EMERGING WI‑FI USE CASES

IEEE P802.11be, along with IEEE 802.11ax and 
future iterations of IEEE 802.11 standards, also could 
support many next-generation Wi‑Fi applications. The 
IEEE 802.11 Working Group has established several 
special-interest groups to investigate many of them. 
Here are a few examples:
•	 The Artificial Intelligence/Machine Learning 

Topic Interest Group (AIML TIG) is focused 
on describing use cases for artificial intelligence/
machine learning (AI/ML) applicability in 802.11 
systems and investigating the technical feasibility 
of features enabling support of AI/ML. Developers 
and deployers of AI/ML protocols over wireless 
networks are expected to benefit from more 

to become less expensive, more advanced, and more 
widely available. In turn, widespread availability 
and cost-effectiveness are pushing innovation of new 
sensor applications, including large-scale monitoring 
and detection.

In homes, an increasing number of commonplace 
items are transforming into connected devices every 
day. Today’s modern smart homes include IoT 
thermostats, alarm systems, smart televisions, fitness, 
and home healthcare monitors, as well as other 
devices such as gaming systems and wireless speakers 
requiring speed and low latencies. Consumers will 
benefit from Wi‑Fi 7 for gaming, AV/VR and video 
applications, and smart-home services.

For enterprises, Wi‑Fi 7 will benefit IoT and 
IIoT applications, such as industrial automation, 
surveillance, remote control, AV/VR, and other video-
based applications. Additionally, Wi‑Fi 7 brings more 
flexibility and capabilities to enterprises as they engage 
in digital transformation.

Wi‑Fi 7 is based on features defined in the 
IEEE P802.11be™ draft amendment. A major 
evolutionary milestone in Wi‑Fi technology, Wi‑Fi 7 
will provide quadruple – that’s four times – faster data 
rates (~40 Gbit/s) and twice the bandwidth (320 MHz 
channels vs. 160 MHz channels for Wi‑Fi 6). 
Wi‑Fi 7 also supports more efficient and reliable use 
of available and contiguous spectrum through multi-
band/multi-channel aggregation and other means. 
The standard features numerous enhancements to 
MIMO protocols and many other advancements and 
refinements of existing Wi‑Fi capabilities.

The Wi‑Fi 7 specification also features multi-link 
operation (MLO), which is similar to the carrier 
aggregation that mobile phone providers use to increase 
data throughput by combining the abilities of separate 
channels. MLO can elevate data rates to be seven 
times faster while also lowering latency and improving 
dependability because linked channels work in parallel.

From the user’s perspective, Wi‑Fi 7 will be much faster, have much lower 

latency, will support many more devices, and will perform much better in 

congested Wi‑Fi spaces and where Wi‑Fi networks overlap.
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optimized and efficient support for exchanging 
AI/ML-related data exchanges, such as reduced 
overhead and reduced delay. WLAN users, OEMs, 
and network operators are expected to benefit from 
improved user experience and higher efficiency of 
resources, and improved network performance.

•	 The Ambient Power for WLAN IoT Topic Interest 
Group (AMP TIG) is describing use cases for 
802.11 ambient power-enabled IoT devices and 
investigating the technical feasibility of features 
to enable 802.11 WLAN support of ambient 
power-enabled IoT devices. Battery-free IoT 
technologies are expected to significantly reduce 
maintenance efforts of IoT networks and devices 
and extend the application scenarios featured as 
more environmentally friendly and much safer. This 
technology would see application in verticals such 
as agriculture, Smart Grid, mining, manufacturing, 
logistics, smart home, transportation, etc.  

•	 The Ultra High Reliability (UHR) Study Group 
is investigating technology that may improve the 
reliability of WLAN connectivity, reduce latencies, 
increase manageability, increase throughput 
including at different SNR levels, and reduce 
device-level power consumption. Due to the 
growing importance of metaverse and AR/VR 
communications, the need for more throughput/data 
rate is in constant evolution. The study group started 
early in 2023; a task group is targeted to start in 
May 2023.

HOW IEEE SA SUPPORTS THE DEVELOPMENT 
AND LAUNCH OF WI‑FI STANDARDS

Through our IEEE 802 LAN/MAN Standards 
Committee, IEEE SA develops and maintains 
networking standards and recommended practices 
for local, metropolitan, and other area networks. As 
Wi‑Fi networks continue to progress on multiple 
fronts, so will IEEE Standards, to help to bring out 
the full potential of Wi‑Fi technology and serve the 
future industry and human needs.

We welcome the involvement of participants from 
academia, government, and industry. For more
information or to join the standards activity, 
please visit the IEEE 802 LAN/MAN Standards 
Committee webpage (https://standards.ieee.org). 

http://www.oPHirrF.coM
https://standards.ieee.org
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CPSC GETS AGGRESSIVE 
ABOUT FAILURE TO REPORT 
Civil Penalties Significantly Increase

The most important responsibility of any manufacturer or product seller under the Consumer 
Product Safety Act (CPSA) is to report product safety issues to the U.S. Consumer Product Safety 
Commission (CPSC) that meet the statutory requirements under the Act. 

In the last few years, the compliance staff of the CPSC has reached settlements with a number of companies 
over allegations that they failed to either report relevant product safety issues or failed to report them in a 
timely manner. These settlements included significant civil penalties. Before I describe some of the specific 
allegations in these matters, I want to describe the reporting requirements. 
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By Kenneth Ross

perform in accordance with, its design. In addition, the 
design of and the materials used in a consumer product 
may also result in a defect…A design defect may also 
be present if the risk of injury occurs as a result of the 
operation or use of the product or the failure of the 
product to operate as intended. A defect can also occur 
in a product’s contents, construction, finish, packaging, 
warnings, and/or instructions. With respect to 
instructions, a consumer product may contain a defect 
if the instructions for assembly or use could allow the 
product, otherwise safely designed and manufactured, 
to present a risk of injury.”

16 CFR §1115.4

The CPSC regulations say that the term “defect” 
used in this section is not necessarily the same as the 
term “defect” in product liability law. But, in general, 
CPSC regulations do require product liability law 
and lawsuits to be considered in connection with a 
determination of whether a product is defective. 

In addition, in 16 CFR §1115.4, the CPSC lists the 
following factors to determine whether the risk of 
injury associated with the product is the type of risk 
that would render the product defective.
1.	 The utility of the product
2.	 The nature of the risk of injury that the product 

presents
3.	 The necessity of the product
4.	 The population exposed to the product, and its 

risk of injury
5.	 The obviousness of such risk
6.	 The adequacy of warnings and instructions to 

mitigate the risk
7.	 The role of consumer misuse of the product, and 

the foreseeability of such misuse

REPORTING REQUIREMENTS

Section 15(b) of the CPSA requires manufacturers, 
importers, distributors, and retailers to notify the 
CPSC immediately if it obtains information that 
reasonably supports the conclusion that a product 
distributed in commerce: 1) fails to comply with a 
voluntary standard upon which the Commission has 
relied under the CPSA; 2) fails to meet a consumer 
product safety standard or banning regulation; 
3) contains a defect which could create a substantial 
product hazard to consumers; or 4) creates an 
unreasonable risk of serious injury or death.

The most important basis for reporting to the 
Commission is Section 15(b)(3), which requires 
reporting when the product has both a defect and the 
defect creates the possibility of a substantial product 
hazard. A Recall Handbook published by the CPSC 
in September 2021 provides a description of the law 
and regulations and other helpful information on 
how to analyze the need to report. (The complete 
title of the handbook is “Product Safety Planning, 
Reporting, and Recall Handbook,” and is available at  
https://www.cpsc.gov/Business--Manufacturing/
Recall-Guidance.) 

REPORTING LAW AND REGULATIONS 

Defect

The first question is whether there is a defect. To help 
a company decide whether they have a defect, the 
Commission’s regulations say:

“At a minimum, defect includes the dictionary or 
commonly accepted meaning of the word. Thus, a defect 
is a fault, flaw, or irregularity that causes weakness, 
failure, or inadequacy in form or function. A defect, 
for example, may be the result of a manufacturing 
or production error; that is, the consumer product as 
manufactured is not in the form intended by, or fails to 

mailto:kenrossesq@gmail.com
https://incompliancemag.com/author/kennethross
https://www.cpsc.gov/Business--Manufacturing/Recall-Guidance
https://www.cpsc.gov/Business--Manufacturing/Recall-Guidance
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defective product that has no risk of serious injury or 
has little chance of causing even a minor injury would 
not ordinarily constitute a substantial hazard. Also, 
the CPSC considers injuries that have occurred or 
could occur in determining severity. Last, determining 
the likelihood of future injury considers the “intended 
or reasonably foreseeable use or misuse of the 
product…” (CPSC Recall Handbook, page 13). 

Non-compliance with Standards

Sections 15(b)(1) and (2) state that a manufacturer 
has a reporting responsibility if the product does 
not comply with a mandatory standard or banning 
regulation or does not comply with a voluntary 
standard that is relied on or has been adopted by the 
CPSC. While this non-compliance is reportable, 
it is possible to argue that there is no significant 
hazard and therefore no corrective action needs to be 
undertaken with products in consumers’ hands. 

Unreasonable Risk

There is an additional reporting responsibility that 
applies even if there is no defect and the product 
complies with all CPSC standards. Section 15(b)
(4) requires a report if there is an unreasonable 
risk of serious injury or death. The critical term is 
“unreasonable,” which is defined as follows:

“The use of the term ‘unreasonable risk’ suggests that 
the risk of injury presented by a product should be 
evaluated to determine if that risk is a reasonable 
one. In determining whether a product presents an 
unreasonable risk, the firm should examine the utility 
of the product, or the utility of the aspect of the product 
that causes the risk, the level of exposure of consumers 
to the risk, the nature and severity of the hazard 
presented, and the likelihood of resulting serious injury 
or death. In its analysis, the firm should also evaluate 
the state of the manufacturing or scientific art, the 
availability of alternative designs or products, and 
the feasibility of eliminating the risk. The Commission 
expects firms to report if a reasonable person could 
conclude given the information available that a product 
creates an unreasonable risk of serious injury or death.” 

16 CFR §1115.6(b)

The applicable regulation, 16 CFR §1115.6(a), does 
not require that a product be defective before a 
reporting responsibility arises. However, for such 
reports, the regulation requires firms to consider:

8.	 The Commission’s experience and expertise
9.	 The case law interpreting federal and state public 

health and safety statutes
10.	 The case law in the area of products liability
11.	 Other information relevant to the determination

The CPSC distinguishes products that hurt people but 
aren’t defective by stating: 

“We note, however, that not all products that present 
a risk of injury are defective. A typical kitchen knife 
is one example. A knife blade must be sharp for a 
consumer to cut or slice food. The knife’s sharpness is not 
always a product defect, even though some consumers 
may cut themselves while using the knife. On the other 
hand, if the handle or blade of a particular knife is 
prone to breaking that may constitute a defect.” 

CPSC Recall Handbook, page 12

Substantial Product Hazard

The next question to be answered is whether this 
“defect” could create a “substantial product hazard.” 
The Commission starts this analysis by stating:

“Because a product may be defective even when it 
is designed, manufactured, and marketed exactly as 
intended, a company in doubt about whether a defect 
exists should still report.” 

CPSC Recall Handbook, page 12

Then the regulations provide the following factors a 
manufacturer must consider in determining if there is 
a substantial product hazard: 
1.	 Pattern of defect; 
2.	 Number of defective products in commerce; 
3.	 Severity of risk; and
4.	 Likelihood of injury. 

Concerning the severity of the risk, the CPSC has said:
“The definition of a serious injury is set forth in 16 
CFR 1115.5(c) and includes grievous bodily injuries or 
injuries requiring hospitalization, medical treatment, 
or missing work or school for more than one day.” 

CPSC Recall Handbook, page 13

In addition, some of the important limitations on 
these factors are statements to the effect that a 
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Therefore, experiences during product liability 
litigation must be considered in determining 
whether a report to the CPSC is advisable. This 
includes expert reports, deposition testimony, 
jury verdicts, judge rulings, and settlements.  
(See https://incompliancemag.com/article/product-
liability-litigation-and-its-effect-on-product-safety-
regulatory-compliance for an article on this subject.)

TIMING OF REPORT

If there is a situation that meets the threshold for 
reporting or the company does not know if they have a 
duty to report either under Section 15(b)(3) or (4), the 
CPSA requires companies to report immediately. The 
Commission defines this requirement as follows:

“A company must report to the CPSC within 24 hours 
of obtaining reportable information. The CPSC 
encourages companies to report potential substantial 

“Reports from experts, test reports, product liability 
lawsuits or claims, consumer or customer complaints, 
quality control data, scientific or epidemiological 
studies, reports of injury, information from other firms 
or governmental entities…” 

The regulations then go on to say:
“While such information shall not trigger a per se 
reporting requirement, in its evaluation of whether 
a subject firm is required to file a report under the 
provisions of section 15 of the CPSA, the Commission 
shall attach considerable significance if such firm 
learns that a court or jury has determined that one of 
its products has caused a serious injury or death and a 
reasonable person could conclude based on the lawsuit 
and other information obtained by the firm that the 
product creates an unreasonable risk of serious injury 
or death.” 

https://incompliancemag.com/article/product-liability-litigation-and-its-effect-on-product-safety-regulatory-compliance
https://www.vitrek.com/demomti
mailto:sales@mtiinstruments.com
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CIVIL PENALTIES

Manufacturers and others in the chain of production 
and distribution need to make some critical decisions 
so they can meet their statutory obligations and avoid 
being charged with violating these requirements. This 
is particularly important as the CPSC has recently 
ramped up its efforts to fine those companies that 
violate these reporting requirements. 

Since early 2021, the CPSC has significantly increased 
the number of cases where civil penalties are being 
sought. Given these efforts and statements from the 
current CPSC commissioners, manufacturers should 
assume that the CPSC will continue to look for cases 
where late reporting or failure to report might justify 
civil penalties. 

The Commission is supposed to consider the following 
in determining the amount of penalties sought: 

“… the Commission shall consider the nature, 
circumstances, extent, and gravity of the violation, 
including the nature of the product defect, the severity 
of the risk of injury, the occurrence of absence of injury, 
the number of defective products distributed, the 
appropriateness of such penalty in relation to the size 
of the business of the person charged, including how 
to mitigate undue adverse economic impacts on small 
businesses… “

15 U.S.C. §2069(b)

Since early 2021, the Commission has settled four 
civil penalty cases for late reporting with the highest 
amount being $16,025,000 (there was an additional 
penalty for selling recalled products) and others being 
$6 million, $7.5 million, and $7.95 million. 

In the case involving $16 million, the manufacturer 
reportedly received 150 reports of incidents including 
one death and 13 injuries before they reported. In 
another case, the manufacturer received reports of 
injuries for seven years before filing with the CPSC.

In 2018, there was a $27.75 million civil penalty 
agreed to but it involved multiple violations of the 
reporting requirements. Just prior to 2018, most 
civil penalties were in the range of $2 million to $5 
million. However, in 2016, there was a civil penalty of 
$15,450,000 for a particularly egregious situation that 
ultimately also resulted in criminal prosecutions. 

product hazards, even while their own investigations 
are continuing. However, if a company is uncertain 
about whether information is reportable, the company 
can take a reasonable time to investigate the matter. 
That investigation should not exceed 10 working days, 
unless the company can demonstrate that a longer time 
is reasonable under the circumstances.” 

CPSC Recall Handbook, page 8

In order to encourage manufacturers to report even 
when they aren’t sure if they are required to do so, the 
Commission has said:

“Reporting a product to the CPSC under Section 15 
does not automatically mean that the agency will 
conclude that the product creates a substantial product 
hazard or determine that corrective action is necessary. 
CPSC staff will evaluate the report and work with 
the reporting company to determine whether corrective 
action is necessary. Many of the reports received require 
no corrective action because staff concludes that the 
reported product defect does not create a substantial 
product hazard.” 

CPSC Recall Handbook, page 6 

In any report to the CPSC, the company can clearly 
state that they do not believe that the product has a 
defect that could create a substantial hazard, but that 
they are still voluntarily reporting this matter to the 
CPSC. Unfortunately, the CPSC has recently gotten 
very aggressive in requiring recalls even for situations 
where a recall is arguably not warranted. Despite that, 
the CPSC states that a significant percentage of filings 
under section 15(b) does not result in a recall. 

SECTION 37

Section 37 of the CPSA requires manufacturers 
of consumer products to report information about 
settled or adjudicated civil actions. Manufacturers and 
product sellers should be aware of the details of this 
section. However, normally a manufacturer or product 
seller will have already filed under Section 15(b) 
before the threshold for reporting under Section 37 
is met. This is because litigation and the results of 
the resolution of litigation must be considered by 
companies and significant settlements or adverse 
verdicts could result in a report. (See CPSC Recall 
Handbook, page 9, and 16 CFR §1115.7 for more 
information on Section 37.) 
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manufacturer to undertake a remedial program. Or, as 
has happened a number of times recently, the CPSC 
can issue a unilateral press release on the safety issue 
involving the specific product involved. 

Therefore, when in doubt, the prudent course of action 
may be to report early and cut off any chance of a late 
reporting fine. In that case, you are still able to argue 
that there is no defect or no substantial product hazard 
and that a corrective action on products in consumers’ 
hands is not warranted. If that argument is not 
successful and the company refuses to do a recall, they 
could wind up with a unilateral press release which 
will encourage consumers to not use a product but will 
not actually institute a recall. Or it might result in no 
further action by the CPSC. 

I reviewed a number of penalty matters for many 
years prior to 2021 and came up with some factual 
scenarios that were different than just a failure to 
report to the CPSC after learning of accidents. In 
some of these penalty cases, one of the following 
things occurred: 
•	 The manufacturer made a design or manufacturing 

change (sometimes several times) because of a 
safety issue (in the eyes of the Commission, they 
were fixing a defective product) and didn’t report 
to the CPSC or notify prior customers about the 
change.

•	 The manufacturer issued a dealer alert (sometimes 
several) concerning a safety problem but did not 
report to the Commission or alert its customers. 

•	 The manufacturer supplied incomplete or 
inaccurate information to the CPSC when they 
investigated a safety issue.

•	 The CPSC had to request the manufacturer to 
provide information.

It is easy to review the publicly available information 
concerning civil penalties. The CPSC website at 
https://www.cpsc.gov/Business--Manufacturing/
Civil-and-Criminal-Penalties shows civil penalty 
cases by fiscal year, product, and company. Therefore, 
anyone can review the facts surrounding each of 
these cases to better understand the trends and the 
facts on which these penalties were based. 

CONCLUSION

Given the significant number of fines being levied 
and the increase in the potential for fines, it is 
clear that manufacturers and others in the chain of 
distribution should, when in doubt, err on the side of 
reporting. 

As the CPSC has said over the years, a significant 
percentage of reports to the CPSC do not result in 
any corrective action. As a result, it makes sense for 
the company to seriously consider reporting to the 
CPSC even if there is a possible defect and a small 
chance of a serious injury. In that case, you can 
report, deny that it is a substantial product hazard, 
and argue that no corrective action is necessary. 

Of course, it is possible that the CPSC will disagree 
and will encourage or try to force (by litigation) a 

https://www.cpsc.gov/Business--Manufacturing/Civil-and-Criminal-Penalties
https://www.cpsc.gov/Business--Manufacturing/Civil-and-Criminal-Penalties
https://www.certifigroup.com
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This is the second of the three articles devoted to the 
topic of a Smith Chart. The previous article, [1], 

introduced the concept of normalized load impedance 
and concluded with two equations describing the 
resistance and reactance circles. This article explains the 
creation of the resistance and reactance circles which 
are the basis of the graphical operations on the Smith 
Chart, like the one shown in Figure 1 [2].

The next two sections discuss the resistance and 
reactance circles and are based on the material 
presented in [3].

RELEVANT BACKGROUND

Figure 2 shows a typical model of a lossless 
transmission line.

With this transmission line we associate the load 
reflection coefficient, , given by

	 (1.1)

This load reflection coefficient can be expressed in 
terms of the normalized load impedance by dividing 
the numerator and denominator by the characteristic 
impedance of the line, ZC.

	 (1.2)

or

	 (1.3)

where

	 (1.4)

Dr. Bogdan Adamczyk is professor and director 
of the EMC Center at Grand Valley State 

University (http://www.gvsu.edu/emccenter) 
where he regularly teaches EMC certificate 

courses for industry. He is an iNARTE certified 
EMC Master Design Engineer. Prof. Adamczyk 

is the author of the textbook “Foundations of 
Electromagnetic Compatibility with Practical Applications” 

(Wiley, 2017) and the upcoming textbook “Principles of 
Electromagnetic Compatibility with Laboratory Exercises” 
(Wiley 2023). He can be reached at adamczyb@gvsu.edu.

SMITH CHART AND INPUT IMPEDANCE 
TO TRANSMISSION LINE
Part 2: Resistance and Reactance Circles

By Bogdan Adamczyk

Figure 1: Basic Smith Chart

Figure 2: Typical model of a lossless transmission line

http://www.gvsu.edu/emccenter
mailto:adamczyb@gvsu.edu
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Equation (1.6) leads to the equation describing the 
resistance circle

	   (1.7)

and another equation describing the reactance circle, [1],

	   (1.8)

Resistance Circles

The resistance circle, described by Eq. (1.7) has a 
radius 

	   (2.1)

and is centered at

	   (2.2)

Let us calculate the radii and centers of the resistance 
circles for typical values of the normalized resistance 
rL, [3]; this is shown in Table 1. 

Figure 3 shows the plots of these circles on the 
complex Γ plane.

Observations: All circles pass through the point 
(Γr, Γi) = (1,0). The largest circle is for rL = 0, (which is 
the unit circle corresponding to ). All circles lie within 
the bounds of Γ = 1 unit circle. 

is the normalized load impedance, rL is the normalized 
load resistance and xL is the normalized load reactance.

From Eq. (1.3) we can express the normalized load 
impedance in terms of the load reflection coefficient as

	 (1.5)

or, in terms of the real and imaginary parts as

	 (1.6)

Figure 3: Typical r-circles

Table 1: Radii and Centers of r-Circles
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REACTANCE CIRCLES

The reactance circle is described by 

	   (3.1)

with the radius of

	   (3.2)

centered at

	   (3.3)

Let us identify some of these circles on the actual 
Smith Chart; this is shown in Figure 4.

The values of the normalized resistances corresponding 
to these circles are shown on the horizontal axis (and 
other places) of the Smith Chart as shown in Figure 5.

Figure 4: Selected r-circles on the Smith Chart 

Figure 5: Normalized resistance values on the Smith Chart 

Table 2: Radii and Centers of x-Circles

Figure 6: Typical x-circles
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Let us calculate the radii and centers of the reactance 
circles for typical values of the normalized reactance 
xL, [3].Note that unlike the normalized resistance 
(which is always non-negative), the normalized 
reactance can be positive (inductive load) or negative 
(capacitive load). Thus, Eq. (3.1) represents two 
families of circles, as shown in Table 2 and Figure 6.

Of interest to us is the part of a given reactance circle 
that falls within the bounds of 

Γ = 1 unit circle. 

Observations: The centers of all the reactance circles 
lie on the vertical Γr = 1 line. All reactance circles 
also pass through the (Γr, Γi) = (1,0) point (just like 
the rL circles). 

Let us identify some of these partial circles on the 
actual Smith Chart; this is shown in Figure 7.

The values of the normalized reactances 
corresponding to these partial circles are shown on 
the perimeter circle (and other places) of the Smith 
Chart, as shown in Figure 8.

When we superimpose the resistance and reactance 
circles onto each other, we obtain Smith Chart 
shown in Figure 1.

The intersection of any r-circle with any x-circle 
corresponds to a normalized load impedance, as 
shown in Figure 9.

The next article will discuss the use of the Smith 
Chart in determining the input impedance to the 
transmission line at a given distance from the source 
or the load. 
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Figure 7: Parts of the selected x-circles on the Smith Chart 

Figure 8: Normalized reactance values on the Smith Chart 

Figure 9: Normalized load impedance on the Smith Chart 
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UPDATED TRENDS IN CHARGE DEVICE 
MODEL (CDM)
By Robert Ashton for EOS/ESD Association, Inc. 

larger ESD protection circuitry and larger circuitry 
results in larger capacitance which restricts the 
bandwidth of high-speed interfaces. Since the release 
of WP2 Version 1 250 V CDM levels have largely 
been adopted by the electronics industry and there 
has been no negative impact from the adoption of 
250 V CDM qualification levels.

In May of 2021, the Industry Council updated White 
Paper 2 to Version 3 (WP2 Version 3) [3]. WP2 
Version 3 recommended a more nuanced approach 
due to advances and trends in the electronics industry. 
The Council continued to recommend 250 V CDM 
levels for most integrated circuits. For ultra-high-
speed interface pins, however, the Council proposed 
a 125 V CDM level with the caveat that making 
the passing level as close to 250 V CDM as possible 
while meeting performance goals would have benefits 
in manufacturing. Figure 1, based on a figure 
from WP2 Version 3, summarizes the Council’s 
recommendations for CDM target levels as well as 
illustrates the ESD control levels provided by  
ANSI/ESD S20.20 [5], or similar ESD control 
standards IEC 61340-5-1 [6] and JEDEC JESD625 [7] 
as well as the advanced ESD process assessment 
procedures provided in ANSI/ESD SP17.1 [8].

Charged device events are by far the leading cause 
of electrostatic discharge (ESD) damage in 

modern electronics manufacturing facilities. If an 
integrated circuit contacts a conducting surface at a 
different potential, there is a discharge of current. 
Due to very low inductance and low resistance 
the discharge is very fast, often less than a nano 
second, but the currents can be up to several amps. 
Integrated circuits are required to have a certain 
level of robustness against charged device events 
to make them manufacturable. Charged device 
event robustness is measured using the charged 
device model (CDM) described in ANSI/JEDEC/
ESDA JS-002-2022 [1]. In February 2021 Charvaka 
Duvvury and Alan Righter published an article in 
In Compliance Magazine outlining trends in CDM 
target levels and CDM testing [2]. Since that time, 
the Industry Council on ESD Target Levels released 
Version 3 of their white paper “A Case for Lowering 
Component-level CDM ESD Specifications and 
Requirements” (WP2 Version 3) [3]. This article 
provides an update on the trends discussed in the 
Duvvury and Righter article with insight from 
WP2 Version 3.

In the early days of CDM testing for reliability and 
qualification, the passing levels for qualification were 
often in the 500 V to 1000 V range. In 2009 the 
Industry Council on ESD Target Levels published 
the first version of their CDM white paper (WP2 
Version 1) “A Case for Lowering Component-level 
CDM ESD Specifications and Requirements” [4]. 
WP2 Version 1 recommended 250 V as a reasonable 
target for CDM passing levels. WP2 Version 1 
included significant data showing that with 250 V 
CDM levels integrated circuits could be handled 
in a manufacturing facility with basic ESD control 
with high yields. WP2 Version 1 also discussed how 
requiring higher passing levels restricted the level of 
performance that integrated circuits could obtain due 
to design constraints. Higher CDM levels require 
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a manufacturing environment. Integrated circuits with 
such high-speed interfaces should also be designed 
with the high-speed pins kept away from corners 
and edges of a package where they are most likely to 
experience charged device events.

WP2 Version 3 also discussed trends that are 
happening in the electronics industry that are going 
to continue to push CDM levels lower, placing more 
burden on manufacturers to control ESD to even more 
stringent levels. The remainder of this article will 
discuss those trends and the challenges they present.

ADVANCE TECHNOLOGIES 
AND ULTRA-HIGH-SPEED 
INTERFACES

Advanced technologies in the 
7 nm and below range have 
even smaller ESD design 
windows to create ESD robust 
products. The ESD design 
window is essentially the 
voltage between maximum 
operating voltage and the 
voltage that will create 
permanent damage even for 
a very brief stress. A reduced 
ESD design window requires 
ESD protection structures 
with lower resistance, but 
lower resistance invariably 
results in higher capacitance 
as structures get larger. This 
conflicts with the push for 
higher speed interfaces. 

High speed interfaces such 
as SerDes (Serializer/
Deserializer) are pushing 
to higher and higher data 
rates such as 225 Gb/s. The 
maximum data rate versus 
capacitive loading from 
ESD protection circuitry is 
shown in Figure 2 as well as 
the CDM levels that can be 
obtained in the various data 
rate ranges. There is currently 
no way to design interfaces at 
such speeds and have 250 V 
CDM levels. 

Handling integrated circuits 
with such high-speed data 
pins will require extra care in 

Figure 1: Graphical summary of the Industry Council’s CDM target recommendations from WP2 Version 3. 

Figure 2: Data Rates of single lane SERDES vs. Allowed ESD Capacitive Loading Budget of high-speed IO 
circuits using non return to zero signaling. From [3]
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tester. The method has been found to produce in 
specification waveforms but with significantly reduced 
variability at low voltages. This method promises 
to produce more reliable test results in the 100 V to 
250 V range. Unfortunately, it is not expected that 
RP-CCDM will provide reliable measurements in the 
10s of volts needed for 2.5D and 3D packaging.

Two other methods have also shown promise for low 
voltage CDM testing, low impedance contact CDM 
(LI-CCDM) [11] and capacitively coupled TLP 
(CC-TLP) [12]. Both methods use variations of very 
fast transmission line pulse testing to stress integrated 
circuit pins in which the stress is initiated in a relay 
removing the variability of air discharge. Additionally, 
both methods produce stress waveforms very similar 
to a CDM waveform but have very well controlled 
waveforms to low voltages. The two methods have 
been discussed in an earlier In Compliance article 
[13]. The challenge, especially for the Joint JEDEC/
ESDA CDM working group which is responsible for 
JS-002, is to translate these two stress methods into 
equivalent CDM voltages. This work is underway in 
the working group.

Regardless of what low voltage CDM test method is 
selected by the industry, it will also be impossible to 
stress all interfaces of a silicon die intended for 2.5D 
or 3D as is common practice for standard packages. 
Some form of statistical sampling of interfaces will be 
needed. Additionally, functional testing of individual 
die intended for 2.5D or 3D application is an issue 
and performing ATE test after CDM testing may 
not be possible without completing the full package 
integration. It may be necessary to perform inference 

2.5D AND 3D PACKAGES

Advanced packaging is presenting CDM challenges 
well beyond the 125 V CDM proposed for high-speed 
interface pins. 2.5D and 3D packages involve the 
stacking of integrated circuit dies within a package. 
The completed package will still require >125 V and 
250 V CDM levels, but the interfaces between the 
dies in the package face their own CDM risks during 
manufacture. The die in 2.5D and 3D packages often 
have 10s to 100s of thousands of connections.

The density of interconnects restricts the area available 
for ESD protection elements resulting in even lower 
CDM robustness levels as illustrated in Figure 3. 
Copper micro bumps with pitches in the 40 µm to 
10 mm range can only afford the area penalty which 
can deliver about 30 V or less of CDM robustness. 
Hybrid bonding, in which chips or wafers are bonded 
together with direct copper to copper connections, 
can be made with contact pitches well below 10 µm. 
With such fine pitches, the area available for ESD 
protection elements is reduced and it is only possible to 
provide CDM levels on the order of 5 V. Fortunately, 
these levels of factory control are only needed in a 
limited number of steps in a cleanroom environment, 
but the ESD control issues are extreme. 

CDM TESTING

CDM testing is a challenge at low voltages. Given 
et. al. [9] have shown that at low voltage, the field 
induced CDM test method specified by JS‑002 [1] 
gives very poor reproducibility in the stress waveform 
due to variability in the air discharge. Unfortunately, 
there is an increased need for accurate CDM 
measurements at low voltages. WP2 Version 3 
encourages designers of ultra-high-speed buffers 
which cannot reach 250 V CDM not to drop their 
design target all the way to 125 V but to come as 
close to 250 V CDM as much as possible. Having 
the ability to accurately measure CDM levels 
between 125 V and 250 V with 10 or 20 V accuracy is 
therefore critical. Measuring CDM levels in the 10s 
of volts for 2.5D and 3D interfaces with the current 
field induced CDM from JS-002 is impossible. 
Fortunately, there are new developing options. 

A modification of the field induced CDM has 
recently been introduced, Relay Pogo Contact CDM 
(RP‑CCDM) [10]. In this method a small relay is 
included in the pogo pin of a field induced CDM 

Figure 3: Expected die-to-die interface CDM robustness as the number of 
die-to-die interfaces in a package increases. Based on [3]
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tests on die-to-die interfaces on test chips and assume 
“correct by design” in actual products.

ESD FACTORY CONTROL

Regardless of what is done in terms of on-chip ESD 
protection design ESD factory control engineers will 
increasingly need to apply advanced ESD controls in 
assembly areas which in the past only needed basic 
ESD control. This will require additional efforts in 
terms of process assessment in all areas of a factory in 
which products with CDM levels below 250 V CDM 
are handled. The further below 250 V CDM, the more 
challenging the effort will be. The methods described 
in ANSI/ESD SP17.1 will need to be employed by a 
wider range of ESD manufacturing facilities.

SUMMARY

As long as integrated circuits migrate to new technologies  
and advances are made in packaging more integrated 
circuit dies into a single package, the CDM challenge is 
going to get harder. Circuit designers need to design for 
as high a CDM level as they can within the performance 
requirements of the product, factory ESD control 
experts will need to better understand the ESD risks 
in their processes and determine ways to maintain the 
lowest possible voltages, and ESD test engineers will 
need to develop test methods to accurately know the 
CDM robustness of the products being manufactured. 
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As long as integrated circuits migrate to new technologies and advances are made in packaging 

more integrated circuit dies into a single package the CDM challenge is going to get harder. 
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