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Dr. Bogdan Adamczyk 
GRAND VALLEY STATE UNIVERSITY

DR. BOGDAN ADAMCZYK is professor 
and director of  the Grand Valley State 
University (GVSU) Electromagnetic 

Compatibility Center where he regularly teaches 
college-level EMC courses and EMC certificate 
courses for industry. He is an iNARTE certified 
EMC Master Design Engineer. He was a founding 
member and chair (2011-2020) of  the IEEE EMC 
Chapter of  West Michigan.

In 2012 he established the GVSU EMC Center 
and became its director. The EMC Center is a 
unique facility where GVSU collaborates with 
EMC practitioners from the community. This 
collaboration provides GVSU students with 
the opportunity to co-op and gain hands-on 
experience in the field of  regulatory testing for 
EMC pre-compliance. The Center supports the 
local industrial community with design/re-design 
assistance and pre-compliance testing for products 
during the development cycle. 
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The joint EMC research between GVSU and 
its industrial partner, E3 Compliance LLC, has 
provided rich educational material that has  
been widely disseminated and incorporated in the 
EMC courses for both the GVSU students  
and industry. 

Prof. Adamczyk authored or co-authored over 
60 papers on EMC education, measurement, 
and testing. He 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 2022).

227 Winter Ave. NW, 136 IDC,  
Grand Rapids, MI 49504
(616) 331-7286 
https://www.gvsu.edu/emccenter

https://www.gvsu.edu/emccenter


Daniel D. Hoolihan 
HOOLIHAN EMC CONSULTING

DAN HOOLIHAN is the Founder and 
President of Hoolihan EMC Consulting; 
a 20-year old EMC-Engineering 

consulting firm. He specializes in EMC 
Laboratory Accreditation; EMC Standards 
Development, and EMC Education.

He has been assessing EMC Laboratories to 
International Standards for over 30 years. 
His major emphasis has been on laboratories 
involved in the United States Department of 
Commerce’s National Institute of Standards 
and Technology (NIST) National Voluntary 
Laboratory Accreditation Program (NVLAP) 
relative to ISO/IEC 17025:2017 – General 
Requirements for the Competence of Testing 
and Calibration Laboratories.

Presently, he is Chairman of the ANSI-
associated C63-Committee, which develops 
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EMC standards for ANSI and IEEE. Some 
of the approximately twenty C63-standards 
are “adopted by reference” by United 
States Government Agencies to be used by 
manufacturers to show compliance to regulatory 
requirements.

With over fifty (50) years of experience, 
Hoolihan teaches courses in EMC Engineering 
in conjunction with ETS-Lindgren, the IEEE-
EMC Society, and the C63-Committee.

Hoolihan is Past-President of the IEEE-EMC 
Society (1998-1999) and is presently Chairing 
the History Committee of the EMC Society.

32515 Nottingham Court 
PO Box 367
Lindstrom, MN 55045
(651) 269-3569



Raymond EMC 
Enclosures Ltd.

RAYMOND EMC is a Canadian 
company dedicated to providing 
quality state-of-the-art EMC 

Chamber solutions. Acquired by President 
Bruce Alexander in 2012, their core values of 
excellence, adaptability, integrity, and fun are 
truly a reflection of their team.

Jason Harrison, Head of  Engineering, says: 
“Every project has its unique challenges and 
obstacles as each project is tailored towards the 
unique requirements of  our customers. I am 
constantly learning new things about not just our 
industry, but those of  our clients.”

José Burgos, Shop Technician, added “After 
hearing about the company’s mission, 
vision, and goals for the future, it made me 
want to be a part of it. In the short time I’ve 
been working here, we’ve grown so much, and 
it’s only the beginning.” 

“Being in a supportive and collaborative 
environment with everyone moving towards 
the same goal of  excellence is something that I 
appreciate daily.” says Eric Wanamaker, Head 
Project Manager.

“Our supportive and welcoming work 
environment has made my time here equally 
as enjoyable as educational. It is this attitude 
and dedication that makes REMC standout 
not only as a leader in product quality, but in 
customer satisfaction.” adds Malika Goodman, 
Engineering Student.

Overall what makes Raymond EMC successful 
is their people, and one needs simply to read the 
above to believe it.

5185 Dolman Ridge Road, Ottawa, Ontario 
Canada K1C 7G4
(800) 362-1485 | http://www.raymondemc.ca
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George M. Kunkel
SPIRA MANUFACTURING CORP. 

GEORGE M. KUNKEL,  
EMI shielding expert, inventor, and 
author, has been an EMC design 

engineer for over 50 years of his life. George is 
the inventor of Spira’s unique, patented spiral 
EMI gasket. Known as the gold standard in the 
industry for over 40 years, the entire family of 
EMI products–including EMI/RFI shielding 
gaskets, shielded honeycomb filters, and other 
products–are expertly crafted and designed to 
last the life of a system.

With B.S. and M.S. degrees in engineering 
from UCLA, George served as Chairman of the 
Technical Committee on Interference control for 
18 years, and Chairman of a Shielding Theory 
and Practice working group of the EMC Society 

of the IEEE for 6 years. He also taught courses 
on EMC System Design at UCLA extension.

Last year, George’s groundbreaking new book 
on EMI Shielding was published: Shielding of 
Electromagnetic Waves–Theory and Practice. 
This book is the culmination of practical and 
theoretical research over the course of his 
career. It provides a new, more accurate and 
efficient way for design engineers to understand 
electromagnetic theory and practice as it relates 
to the shielding of electronical and electronic 
equipment.

650 Jessie Street, San Fernando, CA 91340
(888) 98-SPIRA | http://www.spira-emi.com
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OUR GLOBAL TEAM OF EXPERTS  
hails from every part of the Earth, 
providing best-in-class services to 

meet the challenges of launching products into 
the marketplace. Our unique proposition is our 
industry experience to meet time-to-market 
needs in a rapidly-evolving environment. 

From wired to wireless, consumer to commercial, 
energy to environmental, we work across 
industries that connect our world, making it a 
better place, and maintaining the rhythm of  our 
linked societies. Diverse in that we are dancers, 
artists, engineers, chefs, farmers, mothers, 
fathers, sisters, brothers, aunts, uncles, brewers, 
carpenters, mechanics, hunters, fishers, preachers, 
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American Certification Body

Washington Laboratories 



electricians, beauticians, runners, makers of  
things, and makers of  music. We share a bond that 
reaches across oceans and airspace that connects 
our customers and our community—and we are 
grateful for that.

We strive to provide the highest class of  support 
to meet your compliance needs. But, more than 
that, we’re a network of  families, caring for our 

loved ones and children—mending skinned knees, 
checking homework and educating the next 
generation—nurturing hopes and aspirations for a 
better planet.

Connect with us and we’ll connect you to the World.

Locations in the United States, Asia, and Europe
https://acbcert.com | https://wll.com
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TRANSMISSION LINE REFLECTIONS  
AT THE RL AND RC LOADS
By Bogdan Adamczyk

This article discusses the reflections on a 
transmission line terminated with either an RL 

or an RC load. The detailed analytical derivations 
are verified through the HyperLynx simulations and 
laboratory measurements.

1.1 REFLECTIONS AT THE RL LOAD - ANALYSIS

Consider the circuit shown in Figure 1.1, where the 
transmission line of length d is terminated by an RL 
load. (Reflections at the purely inductive load are 
discussed in [1]).

Note that the load resistor value is equal to the 
characteristic impedance of the transmission line; it 
is also assumed that the initial current through the 
inductor is zero, iL(0

_
) = 0.

When the switch closes at t = 0, a wave originates at 
z = 0, [2], with

	 (1.1a)

	 (1.1b)

and travels towards the load. When this wave arrives 
at the load, (at the time t = T), the reflected waves, vr 
and ir are created. This is shown in Figure 1.2.

The reflected current wave is related to the reflected 
voltage wave by

	 (1.1c)

KVL and KCL at the load produce

	 (1.2a)

	 (1.2b)

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 2022). He can be reached at adamczyb@gvsu.edu.

Figure 1.1: RL termination of a transmission line

Figure 1.2: Incident and reflected waves at the RL load

http://www.gvsu.edu/emccenter
mailto:adamczyb@gvsu.edu
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Now we are ready to solve Eq. (1.9), subject to the 
initial condition in Eq. (1.12):

	 (1.13)

First, let’s rewrite this equation in a standard form:

	 (1.14)

or

	 (1.15)

where

	 (1.16)

The solution of Eq. (1.16) was derived in [3] as

	 (1.17)

Utilizing Eqns. (1.12) and (1.16) in Eq. (1.17), we 
obtain

	 (1.18)

The total voltage across the RL load is

	 (1.19a)

or

	 (1.19b)

Equation (1.19b) predicts that at t = T, the voltage 
at the load rises from zero to VG, and then decays 
exponentially to VG/2. Let’s verify these observations 
through simulations and measurements.

1.2 REFLECTIONS AT THE RL LOAD - 
SIMULATION

Figure 1.3 on page 42 shows the HyperLynx 
schematic of the transmission line terminated in an 
RL load.

Our initial goal is to determine the reflected voltage 
vr(t) at the location z = d, i.e., vr(d,t). The ultimate goal 
is to determine the total voltage at the load, vRL(d,t). 
From Eq. (1.2a) we obtain the inductor voltage as

	 (1.3)

The load resistor voltage can be obtained from

	 (1.4)

Using Eqns. (1.1a) and (1.4) in Eq. (1.3) produces

	 (1.5)

The differential v-i relationship for the inductor is

	 (1.6)

Utilizing Eqns. (1.2b) and (1.6) in Eq. (1.5) we get 

	 (1.7)

Using Eq. (1.1b) and (1.1c) in Eq. (1.7) we have

	 (1.8)

Since VG and ZC are constant Eq. (1.8) reduces to

	 (1.9)

This differential equation needs to be solved for vr(t), 
for t > T, subject to the initial condition vr(t = T). Let’s 
determine this initial condition. Using Eqns. (1.1a) 
and (1.1c) in (1.2b) gives

	 (1.10)

Evaluating it at t = T, we get

	 (1.11)

Since the current through the inductor cannot change 
instantaneously, we have iL(T), and thus

	 (1.12)
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The simulation results are shown in Figure 1.4.

1.3 REFLECTIONS AT THE RL LOAD - 
MEASUREMENTS

The measurement setup and the results are shown in 
Figure 1.5.

The measurement results are shown in Figure 1.6. 

Note that the measurement results verify the 
simulation and the analytical results.

2.1 REFLECTIONS AT THE RC LOAD - ANALYSIS

Consider the circuit shown in Figure 2.1 where the 
transmission line of length d is terminated by an RC 
load. (Reflections at the purely capacitive load are 
discussed in [1]).

Note that the load resistor value is equal to the 
characteristic impedance of the transmission line; it is 

also assumed that the initial voltage across the 
capacitor is zero, vC(0

_
) = 0.

When the switch closes at t = 0, a wave originates at 
z = 0, with the initial voltage and current values given 
by Eqns. (1.1a) and (1.1b); this wave travels towards 
the load. When the wave arrives at the load, (at the 
time t = T), the reflected waves, vr and ir are created. 
This is shown in Figure 2.2.

The reflected current wave is related to the reflected 
voltage wave by Eq. (1.1c). KVL and KCL at the load 
produce

	 (2.1a)

	 (2.1b)

Our initial goal is to determine the reflected voltage 
vr(t) at the location z = d, i.e., vr(d, t). The ultimate 
goal is to determine the voltage at the load, vC(d, t). 

Figure 1.3: RL load - HyperLynx schematic 

Figure 1.4: RL load - Voltages at the source (z = 0) and the load (z = d)

Figure 1.5: RL load – Measurement setup

Figure 1.6: RL load – Measurement results
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From Eq. (2.1b) we obtain the capacitor current as

	 (2.2)

The load resistor current can be obtained from

	 (2.3)

Using Eqns. (1.1b), (1.1c) and (2.3) in Eq. (2.2) 
produces

	 (2.4)

The differential v-i relationship for the capacitor is

	 (2.5)

Utilizing Eqns. (1.1a) and (2.4) in Eq. (2.5) we get 

	 (2.6)

Since VG is constant Eq. (2.6) reduces to

	 (2.7)

This differential equation needs to be solved for vr(t), 
for t > T, subject to the initial condition vr(t = T). Let’s 
determine this initial condition.  Using Eq. (1.1a) in 
(2.1a) gives

	 (2.8)

Evaluating it at t = T, we get

	 (2.9)

Since the voltage across the capacitor cannot change 
instantaneously, we have vC(T) = 0, and thus

	 (2.10)

Now we are ready to solve Eq. (2.7), subject to the 
initial condition in Eq. (2.10):

	 (2.11)

First, let’s rewrite this equation in a standard form:

	 (2.12)

This equation is in the form of Eq. (1.15), with

	 (2.13)

The solution of Eq. (2.13) is of the form presented in 
Eq. (1.17). Utilizing Eqns. (2.10) and (2.13) in Eq. 
(1.17) we obtain

	 (2.14)

The total voltage across the RC load is

	 (2.15a)

or

	 (2.15b)

Figure 2.1: RC termination of a transmission line

Figure 2.2: Incident and reflected waves at the RC load
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Equation (2.15b) predicts 
that at t = T, the voltage at 
the load is zero and increases 
exponentially to VG/2. Let’s 
verify these observations 
through simulations and 
measurements.

2.2 REFLECTIONS AT THE 
RC LOAD - SIMULATION

Figure 2.3 shows the 
HyperLynx schematic of the 
transmission line terminated in 
an RC load.

The simulation results are shown in Figure 2.4.

2.3 REFLECTIONS AT THE RC LOAD - 
MEASUREMENTS

The measurement setup and the results are shown in 
Figure 2.5.

The measurement results are shown in Figure 2.6. 

Note that the measurement results verify the 
simulation and the analytical results. 

REFERENCES

1.	 Adamczyk, B., “Transmission Line Reflections 
at a Reactive Load,” In Compliance Magazine, 
December 2018.

2.	 Adamczyk, B., “Transmission Line Reflections at a 
Resistive Load,” In Compliance Magazine, January 
2017.

3.	 Adamczyk, B. Foundations of Electromagnetic 
Compatibility with Practical Applications, Wiley, 2017. 

Figure 2.4: RC load - Voltages at the source (z = 0) and the load (z = d)

Figure 2.5: RC load – Measurement setup

Figure 2.6: RC load – Measurement results

Figure 2.3: RC Load - HyperLynx schematic 
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TWO-PIN HBM TESTING: A NEW OPTION?
By Robert Ashton for EOS/ESD Association, Inc.

Founded in 1982, EOS/ESD Association, Inc. is a not for profit, 
professional organization, dedicated to education and furthering the 

technology Electrostatic Discharge (ESD) control and prevention. 
EOS/ESD Association, Inc. sponsors educational 

programs, develops ESD control and measurement 
standards, holds  international technical symposiums, 

workshops, tutorials, and foster the exchange of 
technical information among its members and others.

Robert Ashton is the Chief Scientist at Minotaur 
Labs. He received his BS and PhD degrees in 
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in which a number of pins were ganged together on 
the low side of the pulse source, while a single pin 
was stressed on the high side of the pulse source. 
These are the traditional pin combinations, now in 
Table 2B of JS-001. [4] To accommodate these pin 
combinations HBM testers were designed to facilitate 
the pin combinations in both manual and automated, 
relay-matrix based, configurations. Relay matrix-based 
testers have been the mainstay of HBM testing of high 
pin count for some time, but there have occasionally 
been issues related to parasitic circuit elements within 
the matrix, which have resulted in false failures. The 
next section will discuss how parasitics can lead to 
distorted waveforms. We will then discuss how a new 
generation of the two-pin testers has come on the 
market, such as the Grund Technical Solutions Pure 
Pulse HBM system and HPPI’s HBM option for 
their Transmission Line Pulse (TLP) systems. These 
systems are insensitive to tester parasitics but have a 
number of other advantages that will be discussed.

TESTER PARASITICS

Relay matrix-based testers have been found to have 
significant parasitic circuit elements, particularly the 
capacitance across open relays [5,6]. An example is 
shown in Figure 2 on page 46. If the stressed pin is a 
supply group with many pins, or an Input or Output 
with diodes to a power rail, many open relays with 
parasitic capacitance will be stressed. The result can 
be that the actual waveform exiting the DUT can 

Human Body Model (HBM) is the original ESD 
test method for semiconductor devices and is still 

the most widely used ESD test [1]. This article will 
discuss the old, but now new two-pin HBM tester. Not 
only are the new two-pin testers not subject to one of 
the drawbacks of today’s high pin count testers, they 
provide additional testing convenience and diagnostic 
options not available in traditional HBM testers. 

BACKGROUND

The basic HBM circuit diagram is shown in Figure 1. 
A 100-pF capacitor is charged to a voltage and 
then discharged across the device through a series 
1500-ohm resistor. This produces the classic HBM 
waveform, a rapid rise in current followed by a 150 
ns exponential decay, with a nominal peak current of 
about VHBM/1500 ohms. Developing an HBM tester 
based on Figure 1 is not as straightforward as it might 
seem. Details of the high voltage relay to initiate the 
pulse have led to unintended consequences and false 
failures which have been documented in the literature. 
Ionized gas in the relay after the pulse created 
sustained low currents after the main pulse [2] and 
rapidly changing relay capacitance created voltages 
before the pulse [3]. These artifacts have been rectified 
with simple modifications of the pulse source. 

Delivering the pulse to the device under test (DUT) 
can also be a challenge. The very earliest HBM tester 
was undoubtedly a very simple RCL circuit with a pair 
of clip leads, a Two Pin Tester. As integrated circuits 
became more complicated, the test method evolved. 
To save test time, pin combinations were developed 

Figure 1: Basic HBM circuit model where DUT is the device under test, 
conventionally an IC package 
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