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ABSORBING
MATERIALS

Enhancing EMC with
Informed Ferrite Application

BY DON MACARTHUR

During critical moments, like when you're racing
against a tight deadline and your product fails an EMC
emissions test, have you ever turned to ferrite beads

or other RF-absorbing materials to suppress unwanted
RF emissions? Sometimes, despite our hopes, these
ferrite beads don't seem to work as expected. In those
moments, we playfully dub them ‘prayer beads,’ hoping
for a miraculous solution. However, perhaps the issue lies
not with the ferrite itself but with our understanding of
how and when they are most effective.

Background Information

Before delving into the intricacies of why ferrites often
fall short of our expectations, let’s start with a brief
review of what ferrites are and how they function.

A ferrite bead, also called a ferrite choke or ferrite
core, serves as a passive electronic component used
for noise suppression and filtering in circuits. It achieves
this by dissipating high-frequency currents within

a ferrite ceramic. When installed on power pins of
digital circuits, ferrite beads effectively suppress high-
frequency signals.

Ferrites consist of alloys containing iron/magnesium

or iron/nickel. These materials are selected for their
high permeability at high frequencies and high
impedance. At low frequencies, ferrites primarily exhibit
inductive behavior; at high frequencies, they behave
predominantly as reactive components. Conceptually,
they can be considered a parallel combination of a
resistor and an inductor, dissipating high-frequency
energy in the form of heat.

Ferrite beads find applications in three main areas:

¢ External Cabling: Large ferrite beads are commonly
used on external cables.

e Internal Circuits: Smaller ferrite beads are employed
internally around pins of components such as
transistors, connectors, and integrated circuits.

* DC Conductors: Beads can block low-level
unintended radio frequency energy on wires intended
for DC signails.

Reasons Why They May Not Work When We
Need Them To

Ferrite beads may not always meet expectations due to
several factors:

*  When attempting to suppress noise using a ferrite
bead, we often find ourselves in a situation where we
don’t fully understand the source of the noise. In such
cases, we're essentially guessing its location.

In arecent personal experience, | encountered two
different end-products that incorporated similar

TFT liguid crystal displays. Both devices exhibited
excessive RF emissions in the 30 to 50 MHz range.
Attempts were made to suppress these emissions by
placing a properly selected ferrite sleeve around
the display’s I/O cable. Interestingly, the outcomes
differed significantly:

1. First Case: The ferrite effectively did its job,
reducing emissions below Class B levels.

2. Second Case: Surprisingly, nothing changed.
The ferrite appeared ineffective.



Upon investigation, it became clear that the source
of emissions in the second case was not the display
itself, nor did they radiate from the display’s cable.
Instead, they originated from another source entirely.
Consequently, the ferrite's lack of effectiveness was
justified.

Side Note: In the first scenario, high-frequency probing
techniques were employed to successfully pinpoint the
problematic display I/O cable. However, in the second

case, no efforts were made to identify the precise source

of emissions.

e Circuitimpedance is too high.

A ferrite bead or choke behaves like a lossy inductor.

Consequently, it is effective primarily between low-
impedance circuits. If placed in a high-impedance
circuit or transmission line, it provides minimal
attenuation.

* An application note or other outdated advice may
contain errors.

Perhaps you've followed conventional wisdom and
added a few ferrites to your design as a precaution.

However, the current advice suggests refraining from

adding ferrites unless you're specifically addressing
a problem. When attempting to create proper
filtering in the power delivery network (PDN) on a
printed circuit board (PCB), adding ferrites

can inadvertently disrupt the network’s
impedance. The ferrite's impedance may
resonate with the network’s capacitance,
leading to significant voltage spikes. By

adding the ferrite, you prevent digital

circuits on the PCB from drawing power at

high frequencies. Interestingly, this wasn't a
concern a decade ago where the ferrite's

gain at resonance wasn't a problem.

I Pro Tip: If you need filtering in a PDN, there
are better options available:

1. Use a m-filter with inductors and
capacitors.

2. Use an RC filter with resistors and
capacitors.

3. Use aninductorinstead of a ferrite.

¢ The incorrect ferrite was used.

Typically, when we use ferrites to address a
problem, it's for a specific frequency range.
Various materials are employed to make
ferrites, each offering attenuation over
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specific frequencies. Haphazardly grabbing any
available ferrite from the test lab and hoping for the
best can lead to errors. It's crucial fo invest extra time
in researching and selecting the right ferrite material
tailored to your specific situation.

Summary

The era of casually slapping a ferrite onto a circuit and
expecting miracles is behind us. Ferrites are intricate
components that require thoughtful consideration to
achieve the desired performance. Interestingly, there
are cases where adding ferrites can exacerbate noise
issues. However, when used appropriately, ferrites remain
valuable tools that will perform as we expect.

Resources

1. Montrose, M.I., EMC and the Printed Circuit Board:
Design, Theory, and Layout Made Simple, IEEE, 1999.

2. Altium Academy, “Ferrites in PCB Design: What the
Experts Say.”

3. Altium Academy, “Ferrites as a Filtering Element -
Are They Effectivee”

4. Altium Academy, “Ferrites in Power Delivery Networks -
Part One.”

5. Altium Academy, “Ferrites in Power Delivery Networks -
Part Two.”




AMPLIFIERS

Amplifier Operational Classes
and Important RF Amplifier
Specifications

BY DON MACARTHUR

Because the typical RF amplifier costs a considerable
amount of money, it is important to gain at least a
rudimentary understanding of amplifier operational
classes and other important specifications before
selecting one for a specific application. Not performing
some type of “"due diligence” could cost dearly. As such,
the following provides rudimentary knowledge and
additional references should one decide to dig deeper
into this very important subject.

Pro Tip: No matter what — always carefully read the
datasheet/specifications before deciding to purchase
any amplifier!

Amplifier Operational Class Types

Some of us with education or backgrounds in
electrical/electronics may recall studying transistor
bias modes or the percentage of the time during which
the amplifier is *amplifying” or conducting power and
different operational classes of amplifiers. The idea is
the same here:

e Class A: Conducts over the entire (360°) of the input
power cycle.

Class B: Conducts (with large nonlinearities) over half
(180°) of the input power cycle. Not suitable for RF
applications.

e Class C: Conducts over less than half (< 180°) of the input
power cycle. Primarily used for pulse applications and
not addressed in this article.

e Class A/B: Compromise between Class A and Class B
where the conduction angle is infermediate; each of the
two active elements conducts more than half the fime.

From the above list of amplifier operational class types, the
fwo most widely used in RF applications are Class A and
Class A/B.

Class A and Class A/B Amplifier Types, Pros
and Cons

Class A ampilifiers provide the most accurate reproduction
of the input signal, have lower harmonics, have no
cross-over distortion, and are robust fo any impedance
mismatches between their outputs and the load (VSWR).
However, Class A amplifiers are less efficient, requiring
greater power requirements and producing more heat than
their Class A/B counterparts.

Specification Class A Class A/B
Linearity Excellent Poor
Harmonics Low High
Cross-over distortion None Present

VSWR Capabilities (High reflected power conditions can

Excellent (Implemented with

Poor (Software controlled VSWR foldback

damage the amplifier) hardware) protection required)
AC Power Requirements High Low

Efficiency Low High

Junction temperatures High Low

Size Medium to Large Small
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On the other hand, Class A/B amplifiers are more efficient, produce

lower junction temperatures, and are physically smaller than their Class

A counterparts. However, Class A/B amplifiers do have some drawbacks.
These drawbacks include less-than-ideal linear performance, susceptibility
to damage from mismatches between their outputs and the load (VSWR),
and can suffer from cross-over distortion.

Other Important Amplifier Specifications

Other important specifications to consider include gain (dB), gain flatness
(+/- dB), harmonics (dBc), saturated power (dBm), linear power (dBm), and
load Voltage Standing Wave Ratio (VSWR).

Linear Power (P1dB)

Although it is very important to pay attention to all of these specifications

in relation to your application, one of the most important to understand

is linear power, also known as P1dB. This specification is described as the
output power at which the gain has varied by +/- 1dB from its small signal
level. If the gain varies by more than +/- 1dB, then the amplifier is not able

to reproduce the input signal faithfully, and the signal integrity of the output
waveform is suspect and cannot be relied upon. In some instances, this may
be okay, butitis notin other areas, such as fully compliant EMC testing to

RF immunity standards like IEC 61000-4-3.

Voltage Standing Wave Ratio (VSWR)

Another important specification when researching RF amplifiers is Voltage
Standing Wave Ratio or VSWR. When connecting an amplifier’s output to
aload, the ideal condition is when the impedance of the output matches
the input. When both impedances match, the load absorbs all the power
generated by the amplifier, and none is reflected into the amplifier. The
problem is that this ideal condition does not exist in real life. The load to

the amplifier is typically an antenna, and the input impedance changes
depending on frequency. If the VSWR is severe enough (load is completely
open or short), then the amount of power reflected into the amplifier is
extreme and damages it, rendering it inoperable until repaired. Even when
used with extreme care, preventing connection to high VSWR loads is nearly
impossible. It is, therefore, important that amplifier manufacturers design their
amplifiers to handle (continue to operate without damage) situations where
VSWR is severe.

Summary

In summary, this arficle has covered why amplifier class is important
depending on the application and reviewed the pros and cons of Class A
versus Class A/B amplifiers. It further described the meaning and usefulness
of P1dB and Voltage Standing Wave Ratio capabilities when choosing an
RF amplifier.

References
1. Jones, N., “"Amplifier Selection: What You Need to Know”

2. Amplifier Research, Orange Book of Knowledge, 9™ Edition.

Tips for Selecting

AMPLIFIERS

Determine the frequency range of
operation needed, sometimes more
than one amplifier is required.

Determine if you need a Pulse or CW
type of amplifier. Example: HIRF EMC
applications require high power pulse
amplifiers.

Determine the minimum acceptable
linear or saturated power needed from
the amplifier. Harmonics should be
considered based on the frequency
range. Example: As you go up in
frequency antenna gain improves

so a lower power amplifier may be
acceptable but the higher gain of the
antenna may affect the Harmonic
Level.

Assess the system losses between
the amplifier and the antenna/DUT.
Example: If the test setup has 6dB of
losses then the Amplifier power needs
to be 6dBm higher.

Some modulations if required for
the test application, would require
a higher power amplifier. Example:
When performing an 80% AM
modulation test the amplifier
needs to have 5.1dBm of margin to
accommodate the peak.

Antennas, cables, DUTs, and rooms
have cumulative VSWR, it is best

to allocate for some power margin.
Example: working into a 2:1 requires
12% more forward power.

Consider the application, is this
a single test or will it be used
repetitively?

Consider your desired RF connection
types and locations to be optimal for
your application.

Consider if automation will be used so
the appropriate remote capability is
included.

Courtesy of
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ANTENNAS

AF, specified in dB/m (decibel per meter), is the antenna
calibration mentioned in the previous paragraph. The
antenna manufacturer provides it as a table of dB/m
Antenna FaCtor versus frequency, so it is convenient to plug its value
info the calculation that obtains the E-field strength
from the measured voltage. It is a necessary element of
BY DON MA°ARTHUR conducting a valid radiated emissions test. AF is simply
way to convert measured voltage in dBuV to measured
E-field strength in dBuV/m. The value obtained is then

easy to compare with the E-field limits specified in FCC,
There are many properfies of antennas used to describe CISPR, IEC, MIL, and other standards.

their performance. These include gain, directivity,
beamwidth, radiation resistance, polarization, input
power, VSWR, antenna factor, etc., to name a few. Out
of all these properties, antenna factor (AF) is most useful
to those performing electric (E) field radiated emissions
measurements. The following describes why.

Converting Measured Voltage to
E-field Strength

To obtain the desired E-field strength at a particular
frequency, three pieces of information are required:
1) the voltage in dBuV obtained from the measuring

Definition device; 2) the AF provided in dB/m (provided by the
antenna manufacturer); and 3) the cable loss (CL)

Before going much further, let us define what AF is, in dB of the coaxial cable connecting the output of

assuming a 50 O measurement system (a valid assumption the antenna fo the input of the measuring device

since 50 O is standardized worldwide throughout the EMC (self-explanatory).

measurement community). According to reference 1, AF

is the ratio of the magnitude of the E-field incident upon a Given a value in dBmV obtained from the measuring

receive antenna divided by the voltage developed at the device, an AF in dB/m from the antenna calibration

antenna’s coaxial connector. report, and cable loss in dB, then the E-field (E) in
dBuV/m emanating from the EUT is easily calculated

To calculate AF, two pieces of information are required: 1) as follows:

A which is wavelength in meters, and 2) antenna gain (G)

as a power ratfio. Once this information is known, then AF is E @dBuV/m) =V (dBuV) + AF (dB/m) + CL (dB)

calculated using this basic formula: 9.734
= m E (dBuV/m) is then compared with the specified limits
to determine if the EUT complies with the requirements
Why is Knowing the Antenna Factor Helpful? or not. Due to uncertainties in the measurement from
test facility to test facility, adding some margin to E
Since AFis a voltage ratio, it is more convenient to use it (dB(V/m] result obtained is highly recommended to
instead of gain when calculating E-field emissions received help ensure all products tested in different facilities and
by the measurement system during a radiated emissions test. at different fimes pass emissions festing. The amount of

margin is an internal management decision.
Recall that the purpose of the antenna in a radiated
emission test is to couple the E-field emanating from the I Pro Tip: Apply 6 dB for Class A limits and 3 dB for
equipment under test (EUT) to the measuring device Class B.
(measuring receiver or spectrum analyzer). Since E-field

strength limits are provided in terms of volts per meter (at a summary

specific distance from the EUT), and the measuring device is

calibrated in volts, then the antenna must be calibrated in Antenna factoris one of the most important

terms of volts output for a given E-field strength at each test properties of antennas used for radiated emissions

frequency. Makes perfect sense, right? measurements. It is a calibration provided by suppliers

of antennas used in EMC measurements. It provides

Pro Tip: Think of AF simply as a loss that the antenna a convenient way of calculating the E-field strength
infroduces into the measurement that must be added obtained from a voltage measurement, making
back into the calculation that provides the correct it easy to determine whether a product complies

E-field value emanating from the EUT. with the limits.



CHAMBERS

The Sources of Uncertainty
in Radiated Emissions Tests

BY DON MACARTHUR

Radiated emissions tests are crucial for ensuring that
electronic devices comply with electromagnetic
compatibility (EMC) standards. However, several sources
of uncertainty can affect the accuracy and reliability of
these tests. These sources of uncertainty are described
briefly in this article.

Measurement Equipment

Variations in the performance of antennas, receivers,
and other test equipment can infroduce uncertainty.
Calibration and maintenance of these instruments are
essential to minimize this uncertainty.

Test Environment

The physical environment where the test is conducted,
such as an anechoic chamber or open area test

site, can impact results. Factors like reflections from
nearby objects, ambient electromagnetic noise, and
temperature fluctuations contribute to uncertainty.

Test Setup

The positioning and orientation of the device under test
(DUT) and the test equipment can affect measurements.
Consistency in setup is crucial to reduce variability.

Operator Skill

The experience and skill of the test operator can influence
the outcome. Proper fraining and adherence to standardized
procedures help mitigate this source of uncertainty.

Device Variability

Differences in the equipment under test (EUT or DUT)
itself, such as manufacturing tolerances and component
variations, can lead to inconsistent emissions.

External Interference

Uncontrolled external electromagnetic interference from
other devices or sources can affect the test results.

Uncertainty Versus Error

Uncertainty is not the same as error. Uncertainty
is the upper limit for expected measurement error
(error < uncertainty), as shown in Figure 1.

Measured Value (X)

True Value
Measurement Measurement
Error Uncertainty
4 el -
- Ll B »
X-U X X+U
Figure 1

Measurement Uncertainty Budget

Professional test laboratories document the sources

of uncertainty in their radiated emissions test setups

in what is called an uncertainty budget. The data

is usually input into a spreadsheet or other similar
program which not only helps keep things organized
but also allows for easy computation of values. The
measurement uncertainty budget includes a list of
contributors or sources of uncertainty (as described
above), measurement system repeatability, the value
of uncertainty, the probability distribution (rectangular,
normal, tfriangular, U-shaped, etc.), the divisor
associated with the probability distribution, the result
of dividing the value by the divisor (u) - this is called
the "standard uncertainty” and it is uncertainty of an
individual measurement result, expressed as a standard
deviation, and the result of the division squared (uiN2).

All the p/'s are root-sum-squared to obtain a
“combined standard uncertainty” (u_). This is the
uncertainty that results from combining all individual
uncertainties (u,'s).

U, = (U +u2 +u +ux+ ...)



Tips for Selecting

CHAMBERS

Since chamber selection is primarily driven by
testing requirements, clearly define applicable
test standards, operating frequency range,
and whether the chamber will be multi-
function.

Consider the shape, size, weight, type, and
heat generation of devices intended to be
tested. Ensure that the chamber dimensions
can comfortably accommodate the devices
under test.

If the chamber will be installed in an existing
facility, choose a layout that conforms to
space limitations and constraints imposed by
the parent room.

A chamber manufacturer can help
navigate local permitting requirements, fire
suppression systems, seismic approvals,
structural supports, emergency features,
safety systems, and design for extreme
environmental conditions.

The type, size, placement, and number of
RF shielding doors should be decided based
on frequency of personnel access and the
expected movement of devices under test.

Explore options for chamber accessories and
test equipment including turntables, antenna
masts, test tables, crane or hoisting systems,
shielded cameras, ramps, and more.

Assess connections to the parent building
for electrical, HVAC, and fire suppression
systems.

Determine if a control room, raised floor, or
other custom configuration is required for
cable management.

A modular chamber design that allows for
customization, expansion, upgrades, or
potential relocation, can help expand test
capabilities and adapt to future needs.

To extend the usable lifetime of the chamber
and to ensure performance, regular
preventative maintenance and chamber
validation testing are essential.

Courtesy of
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An “expanded uncertainty” (U) is then calculated using a coverage
factor (k), which is typically set equal to 2. The result of the
uncertainty calculation is reported in ferms of a confidence interval.

If you're already familiar with the normal distribution and standard
deviations, then the coverage factor (k) is the same as the Z-score.

A Z-score of 2 means there is a 95.45% probability that the true

value obtained lies within the limits. In the metrology world, since
calculating measurement uncertainty is just an estimate anyway, we
just round down to 95% when we specify k=2. U =k * p_.

Here are some other values for k:

e k=2resultsin a 95% (or more precisely 95.45%) confidence
interval

e k=26resultsin a 99% confidence interval

e k=3resultsin a 99.7 % confidence interval

From personal experience, the two distributions shown in Figure 2
are the most widely used in measurement uncertainty analysis.

Normal Rectangular
I I = +a
-0 +c R
Type A evaluations and Type B Type B evaluations when
when standard deviations are variation limits are known

estimated directly a e
u=— = 0.ba

Uu=ao ]
Figure 2

Note: Probability density refers to the shape of the distribution or

more precisely the change in probability as we move away from the
mean value. With a normal distribution, the probability decreases

with deviation from the mean, while with the uniform distribution the
probability remains constant up to the limit where it sharply falls to zero.

Expanded Uncertainty (U) Visualized

Figure 3 is what the expanded
uncertainty (U) looks like with the
coverage factor k included:

Expanded uncertainty (U):
Often written with * sign in front
so it takes the same form as

a tolerance or specification.

Use divisor k to yield a quantity s +k
expressed as equal to one ]
standard deviation (u_ = U/ k). Figure 3



OCTOBER 2024 IN COMPLIANCE | 45

Measurement Uncertainty Notes Section

Some say that the most important part of the uncertainty budget is
the notes section. This is where you document your thought process
and how you made the decision to include or exclude certain
sources of uncertainty. If you're going through an audit, the assessor
will likely ask you about how you developed your uncertainty
budget and the notes section is a good way to remind yourself why
you decided to do certain things the way that you did.

Measurement Uncertainty Training

Figuring out all the sources of uncertainty and then calculating the
total measurement uncertainty for any type of measurement is a
complex topic, too deep to fully cover in this brief article. If you're
interested in learning more, the following entities provide some
excellent in-depth training:

¢ Rick Hogan (highly recommended)
https://www.isobudgets.com

¢ HN Metrology Consulting, Inc.
https:// www.hn-metrology.com

e A2LA Workplace Training
https://a2lawpt.org/training2gad_source=1

e QuametecTM Institute of Measurement Technology
https://www.gimtonline.com

See also the references and further reading for more information.

Summary

Understanding and controlling sources of uncertainty is vital for
obtaining reliable and repeatable results in radiated emissions
testing. Calculating measurement uncertainty is an important
skill that most compliance professionals should carefully consider
adding fo your ‘bag-of-tricks.”

Resources
1. Williams, T., EMC for Product Designers, 5™ Edition, Newnes, 2017.
2. Fluke Corporation, Calibration: Philosophy in Practice.

3. Certified Calibration Technician Primer by Quality Council
of Indiana.

4. Measurement Uncertainty Analysis Fundamentals by
James D. Jenkins.

5. The Metrology Handbook, 2nd or 3rd Editions.

Tips for Selecting

AUTOMOTIVE
CHAMBERS

Know your automotive EMC standards:
what standards do you want to test in
accordance with to attract customers/
meet your company’s requirements?

Consider the size of the device under test
(DUT) as full vehicle DUTs vs component
level DUTs influence the chamber size and
cost.

Consider the frequency range when
looking at test chambers for ADS, V2X,
and OTA applications.

Become familiar with and follow the
automotive industry trends to be prepared
for future test requirements.

Consider a retrofit/upgrade of an existing
chamber.

If a new chamber, evaluate design options
for various component or full vehicle test
needs.

Be aware of the challenges associated
with current and quickly developing sensor
and antenna technologies extending
traditional automotive EMC testing.

Don’t overlook anechoic absorber:
consider options for optimal performance,
durability, and cost-effectiveness.

Don’t underestimate the importance of a
dynamometer.

Use BIM to facilitate design and
construction, stay on budget, and meet
schedule deadlines.

Courtesy of

SNETS-LINDGREN

An ESCO Technologies Company


https://www.isobudgets.com
https://www.hn-metrology.com
https://a2lawpt.org/training?gad_source=1
https://www.qimtonline.com

COMPONENTS

Non-ldeal Behavior of
Passive Components

BY DON MACARTHUR

Parasitics refers to undesirable characteristics and
unwanted effects that deviate from ideal behavior
in electronic components and circuits. These
characteristics are often modeled using equivalent
lumped elements, which include Resistance,
Capacitance, and Inductance.

It is crucial to account for their non-ideal, parasitic
characteristics when using passive components to
mitigate electromagnetic interference (EMI). You might
encounter situations where you initially attempt to
employ a component to suppress an unwanted signal,
only to discover that it does not yield the expected
results. This discrepancy often arises due fo the
component’s non-ideal behavior.

Forinstance:

¢ Beyond their self-resonant frequency, capacitors
cease fo function purely as capacitors and start
behaving more like inductors.

e Conversely, inductors may exhibit capacitive
behavior above their self-resonant frequency.

In your exploration of system components for EMI
management, understanding how each behaves
beyond its self-resonant frequencies is essential.
This knowledge ensures that you recognize when
a component no longer adheres strictly to its ideal
characteristics as a capacitor, inductor, or resistor.

The following outlines the parasitic behavior exhibited by
a select few passive components:

Wires

Wires, often underestimated, wield substantial influence
over circuit performance. The internal impedance of
along cylindrical conductor—such as a wire—hinges

on factors like radius, permittivity, permeability, and
conductivity. When scrutinizing these conductors, we
observe deviations from ideal models due to material
properties and construction techniques. These natural
deviations occur beyond the scope of commonly
accepted approximations.

At radio frequency (RF) levels, the skin effect becomes
significant. High-frequency AC currents predominantly flow
on the outer layer (skin) of wires, increasing AC resistance.
Remember that this phenomenon also manifests in other
components constructed with wires, including inductors,
transformers, and common mode chokes.

Transformers

While ideal transformers are a theoretical concept,
real-world transformers exhibit parasitic resistances,
inductances, and capacitances.

These parasitic elements arise due to the physical
construction of tfransformers and their materials.

Here are some key aspects of the non-ideal behavior of
fransformers:

¢ Resistance (Rp and Rs): The winding resistance in both
primary (Rp) and secondary (Rs) coils contributes to
power loss and affects efficiency.

¢ lLeakage Inductance (LIk): Some magnetic flux does
not link both windings directly, leading to energy
losses.

* Magnetizing Inductance (Lm): This inductance is
essential for energy transfer but can also infroduce
non-ideal effects.

e Core Loss (Rc): The magnetic core material
experiences hysteresis and eddy current losses.

¢ Self-Capacitance (Cp and Cs): Capacitance
between windings and within each winding affects
high-frequency performance.

¢ Primary-to-Secondary Capacitance (Cm): Infer-
winding capacitance influences frequency response.

¢ Core Materials: The choice of magnetic core material
greatly impacts tfransformer performance. Materials
like powdered metals, ferrite ceramics, and air allow
optimization for various applications but introduce
non-ideal effects

Due to their non-ideal characteristics, transformers
operate within a restricted bandwidth, exhibit
insertion loss, adhere to a maximum power rating,
and manifest other frequency-, temperature-, and
power-dependent behaviors.
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Capacitors

No discussion of the non-ideal parasitic behavior of
passive components would be comprehensive without
acknowledging capacitors. These components play a
pivotal role in low-pass filters, the most widely employed

filter type for electromagnetic interference (EMI) mitigation.

¢ Resistance (ESR): Real-world capacitors possess a
small amount of equivalent series resistance (ESR).
This resistance emerges from imperfections within the
capacitor's material, leading to energy dissipation.
Essentially, ESR impacts the capacitor’s overall
performance.

¢ Inductance (ESL): Equivalent Series Inductance (ESL)
arises from the physical construction of capacitors,
encompassing factors like leads and internal
connections. As frequencies escalate, ESL becomes
increasingly significant, impacting the overall
performance of the capacitor.

¢ Self-Resonance: Capacitors possess a self-resonant
frequency where their inductive and capacitive
behaviors reach equilibrium. Beyond this frequency,
capacitors cease to function purely as capacitors
and instead exhibit inductive characteristics.

¢ Lead Inductance: Lead inductance, arising from
the connections between traces, can profoundly
affect the frequency response of capacitors in
real-world circuifs.

common Mode (CM) Chokes

Another powerful player in EMI suppression is the
Common Mode (CM) choke. These chokes find
application in mitigating electromagnetic interference
(EMI) from switched-mode power supplies (SMPS) and
other circuits where CM noise suppression is essential. By
incorporating CM chokes, designers ensure compliance
with electromagnetic compatibility standards.

However, there is a caveat: parasitic capacitances
associated with CM chokes can detract from their
high-frequency filtering performance. If this limitation

goes unnoticed, it can lead to extended design cycles
and escalated filter costs. To address this, modeling their
non-ideal behavior involves considering parameters like
equivalent series inductor (ESL) and equivalent series
resistor (ESR), both stemming from parasitic effects.
Understanding these nuances is critical for effective EMI
management and optimal system performance.

Other Components Impacted by
Parasitic Effects

Resistors

e Real-world resistors have a small amount of inductance
due to their physical construction. At high frequencies,
this inductance becomes significant, affecting
impedance.

¢ 1/f Noise: Resistor noise increases with frequency,
impacting performance.

Inductors

¢ Inductors have inherent (parasitic) capacitance due
to winding geometry. This affects their high-frequency
response.

e At high currents or frequencies, inductors may
saturate, altering their behavior.

Summary

This article provides a succinct overview of the non-ideal
behavior exhibited by passive components. However, |
recommend delving info specialized arficles and book
chapters that go much deeper into this captivating
subject for a more in-depth exploration.
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EMI/RFI SHIELDING

Shielding at the PCB Level

BY DON MACARTHUR

This article provides insight intfo how shielding is used in
product development, in particular the effectiveness of
shielding when it is applied at the PCB level.

A Proper Approach to Shielding

In product development it is usually most beneficial from
a cost, schedule, quality and performance standpoint
to carefully consider and implement proper design as
early as possible in the project development cycle.
Add-ons and other “quick” fixes implemented laterin
the project are more often than not non-ideal solutions
functionally, are of inferior quality and reliability, and are
more costly than if they had been implemented sooner
in the process. A lack of forethought in the early design
stages of the project usually results in late shipments

and potentially unhappy customers (both internal and
external). This problem applies to any design, whether it
be analog, digital, electrical, or mechanical, etfc.

The cost of the shielding increases the further away it
is applied from individual ICs or small areas on a PCB.
Compared with shielding of individual ICs and small
areas of a PCB, it costs roughly 10x to shield an entire
PCB, 100x to shield a complete product, and 1000x o
shield and entire assembly or compartment. The cost
is really astronomical if shielding of an entire room or
building is required because improper shielding (or no
shielding) was implemented at lower levels.

A "nested” shielding approach is a possible solution. A
nested approach is one where shielding is applied at
each of the lowest possible levels of a product design.

For example, shielding is first applied to:

individual ICs/small area of the PCB, followed by
entire PCBs, then
sub-assemblies, and finally

to complete products.

A nested shielding approach is one that results in the
lowest overall cost to manufacture a quality product, on
fime, and within performance specifications.

Shielding at the Lowest Possible Levels

Shielding at the lowest possible levels (individual ICs,
small areas of the PCB, and the PCB level), makes a lot of
sense for several reasons:

Enclosure shielding does not help attenuate
interference between individual ICs located on a PCB
whereas, PCB level shielding does help attenuate
interference between individual ICs.

From a practical/cost-efficiency level, typical
enclosure shielding technology is incapable of
providing significant attenuation performance at
higher (GHz) frequencies, whereas PCB level shielding
does provide this performance.

Cost and weight of shielding at higher levels is
minimized through effective use of shielding at the
PCB level.

From a susceptibility stand-point, modern ICs with
their ever-shrinking silicon features, faster rise-times,
and lower noise margins, can be made to function



dependably in the noisy atmosphere that they are
often required to operate in, simply by employing
shielding af the PCB level.

e Integratfion of intenfionally noisy wireless
communication modules within products can cause
harmful inference to other sensitive analog and
digital components located in close proximity. This
noise can also be mitigated through use of PCB level
shielding.

e Enclosure shielding is often compromised to a point
of total ineffectiveness due to the need to have
holes and slots added for the penetration of input /
output cables, displays, ventilation, access to removal
media, etc. This situation becomes less of a problem
when PCB level shielding is utilized.

e Effective enclosure shielding usually requires
substantial filtering of all cables which pass in and
out of the product, right at the point where they
penetrate the enclosure shield. It's possible to lessen
the need for this extra filtering when PCB level
shielding is utilized.

Whether you design a cell phone, tablet, portable
computer, or some other form of electronic product,
good PCB layout in addition to PCB level shielding is
critical fo keeping EMI to a minimum. Ground (return)
and power planes can be utilized as EMI shields of high-
threat noisy signals and this technique is a good first step
towards minimizing noise from these high-threat signals.
One problem with this approach is that RF energy can
still radiate off component leads and packages and a
more complete solution is required. This is where a PCB
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level shield (a.k.a. “a shielding can”) can be utilized to
attenuate the noise emanating from these noisy devices.

In order to provide the most benefit, a PCB level shield
must form a complete six-sided metallic enclosure. This is
accomplished by soldering the shield to a solid ground
plane which lies underneath all the components that
require shielding. To be most effective, the ground plane
must not have any substantial slots or openings in it. The
real-world performance of all shielding and ground
planes is always compromised by apertures such as
holes for adjustments, indicators, wires, construction
seams and the gaps between a shielding can’s ground
plane connections, so whenever possible these items
should be avoided.

The goal of an EMI shield is to create a Faraday cage
around the enclosed RF noisy components using the six
sides of a metallic box. The top five sides are created
using a shielding cover or metal can, while the bottom
side is achieved by using the ground plane within the
PCB. In an ideal enclosure, no emissions would entfer

or exit the box. Unwanted emissions from these shields
does occur, such as from holes perforated into soldered
cans that allow thermal heat tfransfer during solder
reflow. These leaks can also occur from imperfections
along an EMI gasket or solder attachments. Noise can
also escape from the spaces between ground via-holes
used to electrically connect the shielding cover to the
ground plane.

PCB shields are fraditionally attached to the PCB using
through-hole solder tails, manually soldered after the
main assembly process. This is a time-consuming and
costly process. If maintenance is required during setup
and servicing, access to circuitry and components under
the shields requires de-soldering. In densely populated
PCB areas containing highly sensitive components,

there is a high risk of expensive damage. There are
manufacturers of shield cans that provide solutions
which mitigate these problems.

Typical Attributes of PCB Level Shield Cans

¢ Small footprints;

e Low-profile configurations;

e Two-piece design (fence and cover);
¢ Through-hole or surface mount;

* Multi-cavity patterns (isolate multiple components
using the same shield);
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e Virtually limitless design flexibility;

e Ventilation holes;

¢ Removable covers for quick access to components;
e /O holes;

e Connector cutouts;

¢ Enhanced shielding with RF absorbers;

e ESD protection with insulator padding;

e Reliable protection from shock and vibration using
secure locking features between the frame and
cover.

Typical Shielding Materials

A wide range of materials are generally available for

shielding, including brass, nickel silver and stainless steel.

The most common types are:

¢ Tin plated cold rolled steel (cheapest option)
e Tin plated copper

e Nickelsilver

¢ Stainless steel

¢ Tin plated phosphorous bronze

In general, tin plated steel is the best choice for shielding
below 100 MHz while tin plated copper is best above
200 MHz. Tin plating allows for the best soldering
efficiency possible. Because aluminum on its own is not
easily soldered to a ground plane with its heat-sinking
properties, it is not generally used for PCB level shielding.

Depending on the regulatory burden of the end-
product, all materials used for shielding may need to
be RoHs compliant. In addition, if a product is infended
for hot and humid environments, galvanic corrosion
and oxidation may be of concern. If in doubt, check
suitability of the shielding material with the supplier.
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FILTERS

Understanding Capacitor
Frequency Characteristics

BY DON MACARTHUR

When dealing with noise problems, having a solid grasp

of capacitor characteristics is crucial. Let’s break it
down:

Capacitor Impedance and Frequency

¢ The relationship between capacitorimpedance (Z)
and frequency (f) is fundamental. Impedance refers
to the opposition a capacitor offers to the flow of
alternating current (AC).

¢ Asfrequency changes, so does the impedance of a
capacitor. This behavior is depicted in Figure 1.

¢ Keep in mind that impedance is not just about the
electrostatic capacitance (denoted as C). Other
factors or components come into play.
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Additional Components

Beyond the basic electrostatic capacitance, there are
three key components:

e ESR (Equivalent Series Resistance): This is the resistive
component that exists in series with the electrostatic
capacitance. ESR accounts for energy losses due to
internal resistance within the capacitor.

e ESL (Equivalent Series Inductance): ESL represents
the inductive component also in series with the
capacitance. It arises from the physical layout of the
capacitor and the leads.

e EPR (Equivalent Parallel Resistance): EPR is a parallel
resistance that exists alongside the electrostatic
capacitance. It's related to insulating resistance (IR)
between the capacitor's electrodes or any leakage
current.

Series Resonance Circuit

¢ When you combine the capacitance (C) and the
inductance (ESL), you get a series resonance circuit.

¢ Up fo the resonance frequency, the capacitor
behaves primarily as a capacitive element, and its
impedance decreases.

* The exactimpedance at resonance depends on
the ESR.

¢ However, beyond the resonance frequency, the
impedance characteristic shifts fo an inductive
behavior. As frequency increases further, impedance
rises due to the inductance effect.



Pro Tip: Choosing capacitors with lower ESR
and ESL values results in lower noise reduction.

Filtering Unwanted Frequencies

Capacitors can act as filters to attenuate specific
frequency components. For example:

Low-Pass Filters: Use capacitors in conjunction with
resistors to create low-pass filters. These filters allow low-
frequency signals (such as DC or slow-changing signals)
to pass while attenuating high-frequency noise.

Other Filter Types: Although not often used in EMC work,

capacitors are also used as high-pass filters (allow high-
frequency signals to pass while blocking low-frequency
noise) and band-pass filters (allow a specific range of
frequencies to pass through).

Cchoose the Right Capacitor Type

Different types of capacitors have varying
characteristics. Here are a few considerations:
Ceramic Capacitors, Tantalum Capacitors, Electrolytic
Capacitors, and Film Capacitors. See reference 2 for
more information on capacitor types.

Placement and Layout

Proper placement of capacitors matters when trying

to suppress unwanted noise. If proper placement is not
carefully utilized, the filtering ability of the capacitive
filter is compromised. Remember that noise mitigation is
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a holistic effort. It involves not only capacitor selection
but also proper grounding, shielding, and overall circuit
design. See references 3 and 4 for more information on
proper placement and layout of filters.

Summary

In summary, understanding a capacitor’s frequency-
dependent characteristics helps engineers design
effective circuits and manage noise issues. It's like
knowing the dance moves of a capacitor—when

to waltz (capacitive behavior) and when to tango
(inductive behavior)!
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AK-40G Antenna Kit 20 Hz- 40 GHz

A.H. Systems’ AK-40G Portable antenna kit offers the best frequency range and
performance in one case. This is the antenna kit you need for everyday testing.
Just grab it and go. Inside the case is all the reliable antennas, current probes, and
cables needed to satisfy a wide array of customer requirements. The antenna kit
also comes with a tripod with azimuth and elevation head for antenna positioning
and a tripod carrying case. Excellent performance, compact size and a lightweight
package make this kit a preferred choice for field-testing and can ship with
next-day, on-time delivery. Other antenna kits available.

250 W Class A Solid State Design for EMC Testing

AR’s new 250S6G18C achieves 250 W CW minimum rated output power
across its operating bandwidth of 6 — 12 GHz and 200 W CW from

12 — 18 GHz. The 100% air-cooled design with low acoustic noise and

100% mismatch tolerance is designed for applications where instantaneous
bandwidth, high gain and linearity are required. For more information visit us at
https://www.ar.ametek-cts.com.

Precision Common Mode Choke Search Tool for EMI Solutions”

Coilcraft’'s MAGPro® Common Mode Choke Finder is a powerful search and
analysis tool for finding the optimal off-the-shelf common mode chokes. It
allows you to search for your desired impedance, attenuation, or inductance, as
well as specific current rating and frequency range. Whether you are designing
a line filter, or addressing a specific EMI issue, this search and analysis tool
provides the analysis you will need to find the right part in the shortest time,
reducing your design cycle time.

Worry-free testing for automotive, military and aerospace

Next to the plug-and-play LUF1000 reverberation chamber in our ad, we offer

a larger chamber that can be used from 200MHz up to 40GHz for testing
components on a test table. It complies with ISO11452-11, EN61000-4-21,
Mil-Std 461G, and RTCA-DO160G. You can also use a LUF200 reverberation
chamber to perform total radiated power testing or shielding effectiveness
testing of materials. Go to www.comtest.com for more information about testing
in reverberation chambers.
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For your next project, look for products and services from these leading companies.

Exodus,
Another

L3 Industry
4 First!

AMP2074P-LC-BKW
1.0-2.5GHz, BKW

m KITAGAWA INDUSTRIES
America, Inc.

IPX1 / IPX2 Drip Box System

Products intended for outdoor environments, or wet environments, often require
Ingress Protection (IP) Code testing. ED&D’s cutting-edge solution for the IPX1 and
IPX2 tests is the DBX Series Drip Box Test Systems. ED&D also invented IP Code
Turntables, including a mini-turntable (shown) that allows for meeting requirements
of the IP Code. ED&D also offers the device mounted in a chamber or it can be
offered in combination with the Spray Test Chamber (STC-DBX Series). Other
products for the IP Code include Dust Chambers, Spray Test Chambers, Spray
Nozzles, Jet Nozzles, Accessibility Probes, and Oscillating Spray Testers.

Fast Track to the Future of EMC Compliance

The future is now! As technology in our homes and industries becomes
increasingly sophisticated, the potential for electromagnetic interference
grows significantly. In the automotive world, where vehicles are essentially
computers on wheels with varying levels of automation, ensuring the
safety and reliability of these emerging technologies is more critical—and
more challenging—than ever. With decades of expertise, ETS-Lindgren is
Committed to a Smarter, More Connected Future.

1.0-2.5GHz, 8KW Pulse Solid State LS-Band Amplifier

Exodus Advanced Communications’ AMP2074P-LC-8KW Pulse Amp is
designed for Pulse/HIRF, EMC/EMI Mil-Std 461/464 and Radar applications.
Providing Superb Pulse Fidelity 1.0-2.5GHz, 10KW Typical and up to 100usec
pulse widths. Duty cycles to 6% with a minimum 69dB gain. Available
monitoring parameters for Forward/Reflected power in Watts & dBm,

VSWR, voltage, current, temperature sensing for outstanding reliability and
ruggedness in a compact configuration.

Automotive SMT Grounding Contact: 0G-453239-A

+ Made of durable Beryllium Copper and surface treated with Tin reflow plating
(primary plating is Copper).

+ High operating temperature (-40°C - 150°C) to withstand harsh automotive
environments.

« Tested for 10 million deflections at 100 compressions/second.

« Connectors are prone to static electricity, when the contact is placed near the
connector a ground connection is created with the chassis to release the static
electricity.
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Raymond EMC’s QuietChambers enable measurements for a wide range
of testing programs and applications, compliant to industry standards.
Raymond EMC provides full turnkey, tailored solutions starting with design
through to installation, testing and verification to satisfy each client’s
unique requirements. Elevate your testing capabilities with a Raymond
EMC QuietChamber—contact us now to create a customized solution that
exceeds your expectations.
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EVTS 150G10 E-vehicles HV Test System

The EVTS 150C10 E-vehicles HV Test System is designed according to

ISO 21498 - 2, LV123, VW80300, with test voltage up to 1500V, current up
to 840 A. Max. ripple signal is 160 Vp / 120 Ap (10 kW). The whole system
includes a 4-quadrant power supply, artificial networks, coupling transformer
and control software. higher configuration can be achieved by adding
extendible power sources. The system equips with safety protection design
and over-voltage and over-current protection function.

GENESYS+™ - Advanced Programmable DC Power Supplies

The GENESYS+TM Series offers Advanced Programmable DC power from
1kW to 22.5kW (with active PFC) and Output voltages from 10V to 1500V
(with Output current up to 1500A). Interfaces include LAN, USB, RS-232/
RS-485 and Iso-Analog along with optional IEEE, EtherCAT or Modbus-TCP.
Advanced features include a Waveform Generator, Slew-Rate Control, and
Resistance programming. All models are 61010-1 approved, CE/UKCA
marked with a five-year warranty.

Wiirth Elektronik: Consulting and testing for your EMC challenges

Wirth Elektronik offers a broad portfolio of EMC components, and we
share our knowledge with EMC services. We even help you to get your
products through the EMC test in accordance with Directive 2014/30/EU:
Pre-compliance tests are carried out in our own EMC laboratories, and
targeted suggestions for improvement in the event of problems. The actual
testing by an accredited laboratory is then just a formality.




OCTOBER 2024 IN COMPLIANCE | 57

A.H.
% Systems, Inc.

A.H. Systems, Inc.
https://www.ahsystems.com

AR RF/Microwave
Instrumentation

https://www.ar.ametek-cts.com

)

Coilcraft
http://www.coilcraft.com

@ element

Element
https://www.element.com

ogo

FRANKONIA

Frankonia Group
https://frankonia-solutions.com

TEST

Suzhou 3ctest Electronic
Co, Ltd.

https://www.3c-test.com

FEATURED

SUPPLIERS

COMTEST

Comtest
https://comtest.com

SVETS-LINDGREN

ETS-Lindgren
https://www.ets-lindgren.com

y /17

Kitagawa Industries
America, Inc.

https://kgs-ind.com

S&TDK

TDK-Lambda
https://www.us.lambda.tdk.com

[E|D|&|D

E.D. &D., Inc.
http://www.productsafet.com

Exodus Advanced
communications

https://www.exoduscomm.com

RAYMONDEMC

Raymond EMC
https://raymondemc.com

WURTH
wi ELEKTRONIK
MORE THAN

YOU EXPECT

Wiirth Elektronik
https://www.we-online.com


https://www.ahsystems.com
https://www.ar.ametek-cts.com
https://raymondemc.com
https://www.ets-lindgren.com
https://www.exoduscomm.com
http://www.coilcraft.com
https://www.we-online.com
https://kgs-ind.com
https://comtest.com
https://www.element.com
https://frankonia-solutions.com
https://www.3c-test.com
https://www.us.lambda.tdk.com
http://www.productsafet.com

58 | EMC concepts explained

ANALYSIS OF TRANSMISSION LINES IN
SINUSOIDAL STEADY STATE

Different Circuit Models and Their Applications: Part 1

By Bogdan Adamczyk

his is the first of three articles discussing four
different circuit models of transmission lines
in sinusoidal steady state. All four models, while
equivalent, serve a different purpose. Model 1 is
used to present the solution of the transmission line
equations. It serves as the basis for the remaining three
models. Model 2 is best suited for the introduction
of the standing waves. Evaluation of the minima and
maxima of the standing waves is mathematically most
expedient using Model 3. The location of the minima
and maxima of the standing waves is determined using
Model 4. This article discusses Model 1 and Model 2
and their usefulness.

1. TRANSMISSION LINE MODEL 1

Model 1 is best suited for the straightforward derivation
of the transmission line equations and their solutions.
These solutions are obtained in the most natural and
mathematically least complicated way. The solutions
reveal that voltages and currents travel as waves on
transmission lines. It is also the easiest model to obtain
the expressions for the magnitudes of the voltages and
currents at any location away from the source. These
expressions, shown at the end of this section, provide a
starting point for subsequently discussing Model 2.

Model 1, shown in Figure 1, was discussed in [1, 2]
and is briefly reviewed here.

Y:.\' .f(z)
LR Zc +
05 @ ?(2) DZ’
z2=0 z=2z — s z=1

Figure 1: Transmission line circuit — Model 1
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A sinusoidal voltage source 1% ¢ with its source
impedance ZS drives a lossless transmission line with
characteristic impedance Z, terminated in an arbitrary
load Z ,- In this model, we are moving away from the
source located at z = 0 towards the load located at
z = L. The voltage and current at any location z, away
from the source, are given by:
D) = eIt + - elb 119
i(2) = % e-ibz _VZ gipz
Zc Zc (1.1b)

where the IvA’ZJ' and IvA’Z' are constants [2] and f is the

phase constant of the sinusoidal voltage source, related
to the wavelength by:

2n
B=7 1.2)

'The solutions in Eqns. (1.1) consist of the forward-
and backward-traveling waves [3].

V(2) = Vs (2) + Vy(2) (1.3a)

I(2) = I;(2) + I,(2) (1.3b)
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'The forward-traveling waves are described by:

Vp(2) = Vre/be (1.42)

- T
= _p-iBz
If(2) =7 (1.4b)

while the backward-traveling waves are given by:

V,(2) = V-elf? (1.52)

i =—E jBz
ly(z) = -7 (1.5b)

'The voltage and current at any location z, away from
the source, given by Eqns. (1.1), can alternatively be
expressed by [2]:

V(2) = Ve iP2[1 + [,e/2F 1] (1.62)

_ vr .
=z ,—-jBz[1 — j2B(z-L)
1@2) =5 e /P[1- e ] (1.6b)

where I, is the load reflection coefficient. The

magnitudes of the voltage and current at a distance z
away from the source are:

7@ =[]

[1 + nejzp(z_m” (1.72)

o -

74
Zc

[1 - ﬁeﬂﬁ(Z—L)]

(1.7b)

2. TRANSMISSION LINE MODEL 2

Circuit Model 2, shown in Figure 2, is best suited for
introducing the concept of standing waves.

Z.\' }‘(d)
‘ VYL Z; F
0 @ 40) "
d=1 d=d — d=0

Figure 2: Transmission line circuit — Model 2
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In this model, the load is located at 4 = 0, and the
source is located at & = L. The voltage and current are
now a function of the distance variable 4 when moving
from the load towards the source. The two distance
variables are related by:

d=L-z (2.1a)

reo] = 2

[1 - ﬂe‘fzsd]

(2.1b)
Utilizing Eq. (2.1b) in Eqns. (1.3) gives the

magnitudes of the voltage and current at a distance o
away from the load as:

@] = 17|

14 e

(2.2a)
vy i
|I(d)| = |z_(:.~ [1 ~lie JZBd]l (2.2b)
where [3]:
D = Ore-ift (.30
[Vd] = |+e /Pt| = |0] (2.3b)

When the load is short circuited, the magnitudes of
the voltage and current in Eqns. (2.2) become [1]:

|l7(d)| = 2|0 |sin (2 )]

(2.4a)
|f(d)| = 2% o5 (2n£)|
Zc A (2.4b)
and are shown in Figure 3.
z V@)
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Figure 3: Magnitudes of the voltage and current for a short-
circuited load
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When the load is open circuited, the magnitudes of
the voltage and current in Eqgns. (1.2) become

[7@)| = 210 | |sin (2n%)|

(2.52)
i) = 2 1%l d
|I(d)| =2 % |cos (an)l (2.5b)
and are shown in Figure 4.
A 7))
2 5 _
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ff// \,/ . \”.-'/ \ \\
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Figure 4. Magnitudes of the voltage and current for an open-
circuited load

When the load is matched, the magnitudes of the
voltage and current in Eqns. (1.2) are constant

|V(d)| =021 (2.62)

@] = ] (2.6b)

and are shown in Figure 5.

For an arbitrary load (other than short, open, or
matched), the magnitudes of the voltage and current
at a distance & away from the load are obtained from
equations (2.2). Figure 6 shows a sample plot of
these magnitudes.

The locations (distance from the load) of the voltage
maxima and minima are determined by the actual load

|'?(d)| s ZA'£=Z(.
|7 |
d 37 54 2 3 2 A ds0
B r T z 4

Figure 5: Magnitudes of the voltage and current for a matched load

impedance. In all cases (other than the matched load),
the distance between two adjacent voltage maxima or
minima is one-half wavelength (same for the current),
while the distance between a voltage maximum and its
closest minimum is one-quarter wavelength (same for
the current).

We also observe that the voltage and current do not
travel as the time advances, but stay where they are,
only oscillating in time. In other words, they do not
represent a traveling wave in either direction.

'The resulting wave, which is a superposition of two
traveling waves with opposite direction of travel is a
standing wave.

In the next article, we will introduce two remaining
circuit models of transmission lines in sinusoidal
steady state. These models will be used to determine
the locations and values of the standing waves voltage/
current maxima and minima. @
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Figure 6: Magnitudes of the voltage and current for an arbitrary load
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