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Abstract: This recommended practice is a companion document for IEEE Std 1597.1™-2008.
Examples and problem sets to be used in the validation of computational electromagnetics (CEM)
computer modeling and simulation techniques, codes, and models are provided. It is applicable to
a wide variety of electromagnetic (EM) applications including but not limited to the fields of
antennas, signal integrity (Sl), radar cross section (RCS), and electromagnetic compatibility
(EMC). This document shows how to validate a particular solution data set by comparing it to the
data set obtained by measurements, alternate codes, canonical, or analytic methods.
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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of
the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the
Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote
fairness in the consensus development process, the IEEE does not independently evaluate, test, or verify the accuracy
of any of the information or the soundness of any judgments contained in its standards.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other
damage, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly
resulting from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly
disclaims any express or implied warranty, including any implied warranty of merchantability or fitness for a specific
purpose, or that the use of the material contained herein is free from patent infringement. IEEE Standards documents
are supplied “AS I1S.”

The existence of an IEEE Standard does not imply that there are no other ways to produce, test, measure, purchase,
market, or provide other goods and services related to the scope of the IEEE Standard. Furthermore, the viewpoint
expressed at the time a standard is approved and issued is subject to change brought about through developments in the
state of the art and comments received from users of the standard. Every IEEE Standard is subjected to review at least
every five years for revision or reaffirmation, or every ten years for stabilization. When a document is more than five
years old and has not been reaffirmed, or more than ten years old and has not been stabilized, it is reasonable to
conclude that its contents, although still of some value, do not wholly reflect the present state of the art. Users are
cautioned to check to determine that they have the latest edition of any IEEE Standard.

In publishing and making this document available, the IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other
person or entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon his or
her independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate, seek the
advice of a competent professional in determining the appropriateness of a given IEEE standard.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received the concurrence of a balance of interests. For this reason,
IEEE and the members of its societies and Standards Coordinating Committees are not able to provide an instant
response to interpretation requests except in those cases where the matter has previously received formal consideration.
A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations Manual
shall not be considered the official position of IEEE or any of its committees and shall not be considered to be, nor be
relied upon as, a formal interpretation of the IEEE. At lectures, symposia, seminars, or educational courses, an
individual presenting information on IEEE standards shall make it clear that his or her views should be considered the
personal views of that individual rather than the formal position, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Recommendations to change the status of a stabilized standard should include a
rationale as to why a revision or withdrawal is required. Comments and recommendations on standards, and requests
for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board

445 Hoes Lane

Piscataway, NJ 08854

USA
Authorization to photocopy portions of any individual standard for internal or personal use is granted by The Institute
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center.
To arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood

Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual standard for
educational classroom use can also be obtained through the Copyright Clearance Center.
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Introduction

This introduction is not part of IEEE Std 1597.2-2010, IEEE Recommended Practice for Validation of Computational
Electromagnetics Computer Modeling and Simulations.

The development of standards and recommended practices for computational electromagnetics (CEM)
computer modeling and simulation and code validation has been a topic of much interest within the
electromagnetics (EM) community primarily since the mid 1980s. This has been due to advancements in
computer hardware and software technologies as well as the arrival of new CEM codes and applications as
we know them today. The areas of concern include, but are not limited to, analyzing printed circuit board
(PCB) radiated and conducted emissions/immunity, system-level electromagnetic compatibility (EMC),
radar cross section (RCS) of complex structures, and the simulation of various EM environment effects (E’)
problems. In particular, there are concerns regarding the lack of well-defined methodologies to achieve
code-to-code or even simulation-to-measurement validations within a consistent level of accuracy.

IEEE Std 1597.2-2010 is a companion document to the IEEE Std 1597.1™-2008." The scope of
IEEE Std 1597.1 is to develop a standard for the validation of CEM computer modeling and simulation
techniques and codes in differing EMC applications. The standard provides a basis for analytical and
empirical validation of CEM codes and configurations focusing on several key areas.

The scope of this recommended practice is to develop a recommended practice for use in CEM computer
modeling and simulation applications to guide the EMC design of PCBs to large, complex systems. Areas
to be addressed include the following:

— General guidelines for creating CEM models

— Development of modeling methodologies for small-to-large scale canonical, standard validation,
and benchmark problems

— Reducing uncertainty and errors in modeling applications

— Developing fundamental modeling techniques that are consistent with collaborative, multi-
disciplinary engineering applications

The recommended practice will aid modelers and analysts in the selection and application of appropriate
modeling and simulations methodologies, physics, and solution techniques to achieve accurate results and
to complement measurements and EMC design tasks for a range of progressively complex problems.

Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard does not imply compliance to any applicable regulatory requirements.
Implementers of the standard are responsible for observing or referring to the applicable regulatory
requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

* Information on references can be found in Clause 2.
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Copyrights

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users of IEEE standards should be aware that these documents may be superseded at any time by the
issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect. In order to determine whether
a given document is the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE Standards Association web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA web site at http://standards.ieee.org.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL
for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

Patents

Attention is called to the possibility that implementation of this recommended practice may require use of
subject matter covered by patent rights. By publication of this recommended practice, no position is taken
with respect to the existence or validity of any patent rights in connection therewith. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this recommended practice are expressly
advised that determination of the validity of any patent rights, and the risk of infringement of such rights, is
entirely their own responsibility. Further information may be obtained from the IEEE Standards
Association.
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IEEE Recommended Practice for
Validation of Computational
Electromagnetics Computer
Modeling and Simulations

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or
environmental protection. Implementers of the standard are responsible for determining appropriate
safety, security, environmental, and health practices or regulatory requirements.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http://standards.ieee.org/IPR/disclaimers. html.

1. Overview

1.1 Scope

This recommended practice is a companion document for IEEE Std 1597.1-2008." It provides examples
and problem sets to be used in the validation of computational electromagnetics (CEM) computer modeling
and simulation techniques, codes, and models. It is applicable to a wide variety of electromagnetic (EM)
applications including but not limited to the fields of electromagnetic compatibility (EMC), analysis of
radar cross section (RCS), signal integrity (SI), and the analysis of antennas. This document shows how to
validate a particular solution data set by comparing it to the data set obtained by measurements, alternate
codes, canonical, or analytic methods.

1.2 Purpose

This recommended practice serves as an aid to CEM modelers and analysts in the selection and application
of appropriate computer modeling and simulation methodologies, physics, and solution techniques to
achieve accurate results. It also serves to complement measurements and EM design tasks for a range of

! Information on references can be found in Clause 2.
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progressively complex problems through the use of modeling problem examples for small-to-large scale
canonical, benchmark, and standard validation problems. Finally, this recommended practice provides a
detailed description of a validation process, i.c., the Feature Selective Validation (FSV) method, which
compares a particular solution data set to a reference data set.

1.3 Background

In general, CEM techniques and codes, and the manner in which they are used to analyze a given problem,
can produce quite different results. These results are affected by the way in which the underlying physic
formalisms have been implemented within the codes including the mathematical basis functions, numerical
solution methods, numerical precision, and the use of building blocks (primitives) to generate
computational models.

Despite all CEM codes having their basis in Maxwell’s equations of one form or another, their accuracy
and convergence rate depends on how the physics equations are cast (e.g., integral or differential form,
frequency or time domain), what numerical solver approach is used (full or partial wave, banded or
partitioned matrix, non-matrix), inherent modeling limitations, approximations, and so forth. The physics
formalism, available modeling primitives (canonical surface or volumetric objects, wires, patches, facets),
analysis frequency, and time or mesh discretization further combine to affect accuracy, solution
convergence, and overall validity of the computer model.

The critical areas that must be addressed include model accuracy, convergence, and techniques or code
validity for a given set of canonical, benchmark, and standard validation models. For instance, uncertainties
may arise when the predicted results using one type of CEM technique do not agree favorably or
consistently with the results of other techniques or codes of comparable type or even against measured data
on benchmark models. Furthermore, it can be difficult to compare the results between certain techniques or
codes despite their common basis in Maxwell’s equations. Exceptions can be cited, in particular, when
comparing the results of “similar” codes grouped according to their physics, solution methods, and
modeling element domains. Nevertheless, disparities even among codes in a certain “class” have been
observed. Many examples can be cited where fairly significant deviations have been observed between
analytical or computational techniques and empirical based methods. Differences are not unexpected, but
the degree of disparity in certain cases cannot be readily explained nor easily discounted, which has led to
the often asked question: “Which result is accurate?”

The annexes at the end of this document supplement the main body by providing more detailed
information, data sets, and guidelines. Annex A is the bibliography for the overall document and allows the
interested reader to pursue more detailed information on a given topic. Annex B provides a brief summary
of over twenty-five CEM techniques, allowing the reader to gain insight into some of the possible methods
that can be selected for validation. Annex C describes some of the more common CEM techniques and
provides guidelines on how to match the appropriate CEM techniques or codes to the CEM modeling and
simulation problems being faced. Annex D gives some special case validation problems involving complex
systems. Annex E identifies many common sources of errors that can be introduced into the CEM modeling
and simulation process. By understanding how and why these errors may occur, it is sometimes possible to
prevent these errors. If the errors cannot be corrected, this knowledge provides valuable insight into why a
specific simulation does not match expected validation results. Annex F provides guidelines for reporting
solver performance, an aspect of CEM modeling and simulation that is closely related to accuracy
validations. Because accuracy and performance are related and are frequently reported together, this annex
provides information necessary to uniformly report performance. Annex G outlines several combinatorial
modeling rules to follow when performing piecewise simulations in order to ensure the highest level of
accuracy in the ultimate result. Annex H provides the data used to perform the FSV validation process in
Clause 7. Annex I is the glossary and includes the definitions of many terms that are specific to this
document.
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2. Normative references

The following referenced documents and URLSs are indispensable for the application of this document (i.e.,
they must be understood and used, so each referenced document is cited in text and its relationship to this
document is explained). For dated references, only the edition cited applies. For undated references, the
latest edition of the referenced document (including any amendments or corrigenda) applies.

AFRL-DE-TR-2003-1092, “Vlasov Antenna Data for Electromagnetic Code Validation,” Air Force
Research Laboratory (AFRL) Directed Energy Directorate Final Report, Greenwood, A., and Hendricks,
K., June 2003. (See 5.5.4.)

Archambeault, B., and Ruehli, A., “Introduction to 2001 special challenging EMC modeling problems,”
IEEE International Symposium on Electromagnetic Compatibility, vol. 2, pp. 799-804, Aug. 2001. (See
5.4.3)

Archambeault, B., et al., “A proposed set of specific standard EMC problems to help engineers evaluate
EMC modeling tools,” IEEFE International Symposium on Electromagnetic Compatibility, vol. 2, pp. 1335—
1340, Aug. 2001. (See 5.4.1.1,5.4.1.2, and 5.4.2.1.)

Balanis, Constantine A., Antenna Theory: Analysis and Design, Second Edition, John Wiley & Sons, Inc.,
1996. (See 5.2.1.1,5.2.1.2, and 5.2.1.4))

IEEE EMC-S TC-9, Standard Modeling Problems.?
IEEE German EMC Chapter, AG Numerische Modellierung.”

IEEE Std 1597.1™-2008, IEEE Standard for Validation of Computational Electromagnetics Computer
Modeling and Simulation.**

Rajamani, V., et al., “Validation of Modal/MoM in shielding effectiveness studies of rectangular enclosures
with apertures,” IEEE Transactions on Electromagnetic Compatibility, vol. 48, pp. 348-353, May 2006.
(See 5.4.2.2))

Woo, A. C,, et al., “Benchmark Plate Radar Targets for the Validation of Computational Electromagnetics
Programs,” IEEE Antennas and Propagation Magazine, vol. 34, no. 6, pp. 52-56, Dec. 1992, and vol. 35,
no. 1, pp. 84-89, Feb. 1993. (See 5.5.4.)

3. Acronyms and abbreviations

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary: Glossary of Terms & Definitions, Annex I, and ANSI C63.14-1998 [B2] should be consulted
for terms not defined in this clause.® ’

ABC absorbing boundary condition
ADM Amplitude Difference Measure

2 Available at http://www.ewh.ieee.org/cmte/tc9/Problems/index.html.

? Available at http://www.ewh.ieee.org/r8/germany/emc/ag_num/index.html.

* IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,
USA (http://standards.ieee.org/).

3 The IEEE standards or products referred to in Clause 2 are trademarks of the Institute of Electrical and Electronics Engineers, Inc.
® The IEEE Standards Dictionary: Glossary of Terms & Definitions is available at http://shop.ieee.org/.

7 The numbers in brackets correspond to those of the bibliography in Annex A.
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CEM computational electromagnetics

E electric field

EM electromagnetic

EMC electromagnetic compatibility

EMCC Electromagnetic Code Consortium

EMC-S Electromagnetic Compatibility Society (of the [EEE)
EMI electromagnetic interference

FDM Feature Difference Measure

FDTD finite-difference time-domain

FSV Feature Selective Validation

GDM Global Difference Measure

MoM method of moments

NASA National Aeronautics and Space Administration
NEC Numerical Electromagnetics Code

PCB printed circuit board

PEC perfectly electrically conducting

PEEC partial element equivalent circuit

RCS radar cross section

SE shielding effectiveness

TC-9 Technical Committee 9 (on CEM, of the IEEE EMC-S)
TEM transverse electromagnetic

TLM transmission line method

TSAM Transformable Scale Aircraft-like Model

4. CEM modeling and simulation validation process

4.1 General

The validation process for modeling and simulation results is dependent on exactly what is being validated
and what data is available to support the validation. The preferred process is to validate the unknown case
against a known reference. To this end, standard problems and other means of obtaining a reference are
described in IEEE Std 1597.1™ -2008 together with a procedure to compare the resulting data sets. Where
no suitable reference case can be obtained, validation is possible by using self-referencing schemes. While
less encompassing, these schemes still permit a high level of confidence to be achieved. The flow chart
shown in Figure 1 provides the route that is taken.

NOTE—The terms modeling and simulation can, in most places, be used interchangeably.®

¥ Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.
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Levels of model validation
1. Computational technique
2. Specific code implementation
3. Individual model

A

Engineering judgment

External or
Self-
reference

External

A 4

Select external reference
1. Standard problem
2. Closed form equation
3. Measurement
4. Alternate modeling technique

Self-referencing methods
1. Convergence effects
2. Geometry effects

FSV Evaluation and
Validation Rating Scale

Figure 1—Validation flow chart

This recommended practice provides a wide variety of reference problems that are similar to the types of
problems encountered at the work place, and the results of these given problems can be used to compare to
the user’s problem and hence validate a modeling or simulation tool. The FSV method is a means to
consistently compare the model being validated to the reference data, and Clause 7 contains additional
information to support the implementation of the FSV method and to provide assistance in the
interpretation of the results produced by the method.

4.2 Levels of model validation

There are three different levels to a complete model validation. When deciding how to validate a model, it
is important to consider which levels of validation are needed. The levels are as follows:

a) Mathematical level: Computational technique validation
b) Implementation level: Individual software code implementation validation

¢) Model level: Specific model validation
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The first level determines if the underlying computational technique is correct. The second expands this to
include a particular code implementation, and the third includes the specific details of a model. For a
complete model validation, all three of these levels are required to be correct. See IEEE Std 1597.1™-2008
for more details on these three levels of validation and how they are analyzed and compared using external
and self-references, and the FSV procedure.

NOTE—The term numerical could be used equally in place of computational—the authors of this document have
chosen to use the term computational.

5. Problem sets

5.1 Problem categories and validation problems

There are many different types of EM modeling and simulation problems, and the use of well-defined cases
with known solutions are an excellent means of validating a modeling tool or procedure. However, it is
impossible to define every possible case and create a suitable reference problem. Therefore a variety of
validation cases were created to span the range of problems that may be encountered. Users are encouraged
to select validation cases that most closely match their types of problems, recognizing that more than one
validation case may be needed to cover the range of problems they are interested in. It should be noted that
the library of standard cases is dynamic and additional materials will be added over time.

This recommended practice defines three types of validation cases: canonical, benchmark, and standard. In
the following subclauses, multiple problems of each of the three types are provided, along with a final
subclause, 5.5, that points to an alternate “living” source (continuously updated) of validation problems
from which users may choose.

The simplest problems are straightforward canonical problems, which often provide significant challenges
for full-wave EM techniques and codes due to the need to “break” the physical geometry into small parts.
The input impedances (real and imaginary) and far-field radiation patterns are detailed for each problem.
These canonical validation problems have a closed form solution that will allow comparison of the user’s
simulation results to the theoretical results.

The next level in complexity is benchmark validation problems. These problems tend to have a simple
geometry with only a few objects, so they represent specific types of problems often encountered in the
field of EMC. Although these problems do not have closed form solutions, many of them have been
previously solved by a number of different codes and techniques. Thus, the user’s simulation results should
be compared against these previously obtained results.

The highest level of complexity is standard validation problems. These problems have a complex geometry
and are intended to represent real-world scenarios. As with the benchmark validation problems, no closed
form solution is available but many of these problems have been solved by a number of different codes and
techniques. Once again, the user’s simulation results should be compared against these previously obtained
results.

NOTE 1—In order to keep each validation problem self-contained, and for ease of reading, every validation problem
includes a mini reference clause at its end.

NOTE 2—Unless otherwise specified, all equations in this document are MKS rationalized.
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5.2 Canonical validation problems

5.2.1 Antenna canonical validation problems

5.2.1.1 Finite length dipole antenna input impedance

The dipole antenna is one of the simplest structures in EMC problems, as shown in Figure 2. The values of
the real and imaginary input impedance are well known for a dipole antenna; the impedance varies versus
frequency (wavelength compared to the antenna physical length).

F—

—p j—

Za

Figure 2—Dipole antenna geometry (where a << /)

Assuming the antenna is located in free space, the real and imaginary parts of the input impedance at the
input terminals are given by Equation (1) from Figure 2.

Rin = R”
sin? (k1/2) 0
Xm
X =

R;,,  isthe input resistance at the input (feed) terminals
X;, s the input reactance at the input (feed) terminals
R. is the radiation resistance at the current maximum
X is the radiation reactance at the current maximum
k is the wave number

/ is the length of the antenna

NOTE—The radiation resistance and reactance for an assumed current distribution result in sine and cosine integral
expressions that are readily available in any graduate level antenna text. The radiation resistance is also the antenna
input impedance because the current maximum for a half-wavelength dipole occurs at the input terminals.
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The input impedance of a dipole for varying lengths (in wavelengths) has been computed and provided in
an Excel® file 5-2-1-1-Dipole_Input _Impedance.xls (see IEEE EMC-S Web site).’ The radius of the dipole
is assumed to be very small compared to the length.

While many different simulation techniques can be used for this problem, it is likely that a surface-based
technique, such as the Method of Moments (MoM), is best suited for this problem. This is because only a
few unknowns (surface currents) would be needed for this problem, versus a volume-based technique
where the surrounding air would be required to be part of the model.

Reference

Balanis, Constantine A., Antenna Theory: Analysis and Design, Second Edition, John Wiley & Sons, Inc.,
1996. '

5.2.1.2 Finite length dipole antenna far-field radiation pattern

Many software packages have, as an option, the capability to display antenna patterns. In order to explore
the capability of a code to predict far-field radiation patterns, it is useful to validate against a well-known
solution. The far-field pattern for a dipole in free space, as shown in Figure 3, can be useful to validate the
ability of a simulation code to correctly find far fields.

z

X v Observation
point

—
2a

Figure 3—Dipole antenna geometry (where a << )

The far field of an antenna is defined as the field for observation points sufficiently distant from an antenna
so that the field is considered to be completely transverse electromagnetic (no component of the electric
and magnetic field in the direction of propagation). This distance is commonly taken to be as shown in
Equation (2):

2D?
Rmin = 7 (2)

® Excel is a registered trademark of Microsoft Corporation.
1% Information on references can be found in Clause 2.
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where

Ruin  1s the minimum distance considered to be the far-field distance
D is the maximum dimension of the antenna
A is the wavelength

From Balanis, the far fields for a dipole antenna are given in Equation (3) and Equation (4).

E.~E;=0

ki kl
_ ik | cos| — |cos@ —cos| —
]Oe J 2 2

2nr sin&

Eg=jn

€)

So,

kl kl
I cos By cos @ —cos S
-2

2 sin @

kl kl
I cos 5 cos @ — cos 5
|H|=-L

2 sin @

“4)

where

is the electric field

is the magnetic field

is the maximum current through the antenna
is the intrinsic wave impedance

is the length of the wire

is the distance to the observer

is the wave number

is the angle from the z axis

o ™Y ~3 ST

The far-field pattern (E and H) for a half-wave dipole is calculated and a sample graph is provided in
Figure 4. The computed result can be found in the Excel file Dipole antenna far field xls (see IEEE EMC-S
Web site). The field is plotted for &= 0° to 360°. The field values are in decibels.

While many different simulation techniques can be used for this problem, it is likely that a surface-based
technique, such as the MoM, is best suited for this problem. This is because only a few unknowns (surface
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currents) would be needed for this problem versus a volume-based technique where the surrounding air, as
well as the air to the distant observation point in the far field would be required to be part of the model.

E field
H field
180 0
270
Figure 4—Far-field pattern of a half-wave dipole
References

Balanis, Constantine A., Antenna Theory: Analysis and Design, Second Edition, John Wiley & Sons, Inc.,

1996."

[B76] Kraus, John D., and Marhefka, Ronald J., Antennas for All Applications, Third edition.

5.2.1.3 Loop antenna radiation resistance

Consider the geometry of Figure 5 for a wire loop antenna in free space.

" Information on references can be found in Clause 2.
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z
A

Figure 5—Geometry for circular loop

A loop antenna can be considered equivalent to an infinitesimal magnetic dipole where the axis is
perpendicular to the plane of the loop. Invoking duality, the fields radiated by a small loop are given by
Equation (5):

o= ka’1, 0059{1 +L}e"""
J

" 272 ikr
ka)' I, cos @ .
H, =_M TPPURL BN S e (5)
4y Jkr (kr)z
2 .
E,=n (ka) I,sin@ 1+L o
4r Jkr
where
H is the magnetic field
E is the electric field
Iy is the maximum current through the antenna
n is the intrinsic wave impedance
r is the distance to the observer
k is the wave number
a is the radius of the loop
o is the angle from the normal to the loop (from z axis)

These expressions are valid everywhere except the origin.
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Loop antennas with electrically small circumferences or perimeters have small radiation resistances that are
usually less than their loss resistances. The radiation resistance of the loop can be increased and made
comparable to the characteristic impedance of practical transmission lines by increasing (electrically) its
perimeter and/or the number of turns.

Please note that the input impedance (of an antenna) is the impedance presented by an antenna at its
terminals. The radiation resistance of an antenna is the ratio of the power radiated by an antenna to the
square of the RMS antenna current referred to a specified point. The total power radiated is equal to the
power accepted by the antenna minus the power dissipated in the antenna.

For the geometry depicted in Figure 5, the radiation resistance depends on the electrical size of the loop.
When the internal radius, a, of the loop is large with respect to the wavelength, A, the radiation resistance
will vary considerably from that of, for example, a small loop. Different approximations of radiation
resistance for varying loop sizes are compared as follows:

When the radius of the loop is large (a > 4/2) R, = 60112(%]
1 2ka
When the radius of the loop is intermediate (1/6m < a < 4/2) R = E{— 2J, (2ka)+ IJ 0 (y)dy}
0
C 4
When the radius of the loop is small (a < /6m) R, = 20“2[7]
where
R. is the radiation resistance
C is the circumference of the loop
k is the wave number, 21 /A
a is the radius of the loop

Jp(») is a Bessel function of the first kind of order p

Each of the representative plots of the radiation resistance are shown in Figure 6, Figure 7, and Figure 8.
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Figure 6—Radiation resistance of a large loop antenna
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Figure 7—Radiation resistance of a intermediate size loop antenna
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Figure 8—Radiation resistance of a small loop antenna

The magnitude of the radiation resistance of a loop antenna where the radius varies from small to large
(compared to wavelength) is computed. The results are presented in an Excel file, loop antenna radiation
resistance.xls (see IEEE EMC-S Web site).

While many different simulation techniques can be used for this loop antenna problem, it is likely that a
surface-based technique, such as the MoM, is best suited for this problem. This is because only a few
unknowns (surface currents) would be needed for this problem as opposed to a volume-based technique
where the surrounding air would be required to be part of the model.

Reference

Balanis, Constantine A., Antenna Theory: Analysis and Design, Second Edition, John Wiley & Sons, Inc.,
1996."

Information on references can be found in Clause 2.
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5.2.1.4 Loop antenna far-field radiation pattern

The field pattern of electrically small antennas of any shape (circular, elliptical, square, rectangular, etc.) is
similar to that of an infinitesimal dipole with a null perpendicular to the plane of the loop and with its
maximum along the plane of the loop. The far-field pattern for a loop antenna can be useful to validate the
ability of a simulation code to correctly find far fields assuming a constant current distribution. The fields
for a loop antenna in free space are given in Equation (6).

E =E,=0
knole"
E, = “'702—064 (kasin )
r
T (6)
H, =H,=0
kI e~
Hy=-22° J (kasin6)
2r
where

E is the electric field at the center

H is the magnetic field

a is the internal radius of the loop

k is the wave number

o is the intrinsic impedance of free space

r is the distance between the observer and the center of the loop antenna
Ji is a Bessel function of the first kind order 1

1y is the maximum current through the loop

o is the angle from the normal to the loop (from z axis)

An example plot is shown in Figure 9.
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270

Figure 9—Normalized radiated field pattern

The results are grouped in an Excel file Loop Antenna Farfield.xls, consisting of five worksheets (see
IEEE EMC-S Web site). The first worksheet includes some notes about the problem; for more detail, see
Balanis. The next three worksheets have the calculated data for loop antennas whose radii are 0.1, 0.2A,
and 0.3 respectively. The final worksheet contains the comparison of the three mentioned cases and plots
for radiated field pattern and radiated field intensity. All the data presented are normalized to the maximum
value.

While many different full-wave simulation techniques can be used for this problem, it is likely that a
surface-based technique, such as the MoM, is best suited for this problem. This is because only a few
unknowns (surface currents) would be needed for this problem as opposed to a volume-based technique
where the surrounding air, as well as the air to the distant observation point in the far field, would be
required to be part of the model.

Reference

Balanis, Constantine A., Antenna Theory: Analysis and Design, Second Edition, John Wiley & Sons, Inc.,
1996."

13 Information on references can be found in Clause 2.
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5.2.2 Signal integrity canonical validation problems

5.2.2.1 Coaxial problem

The (centered, round) coaxial line is a very simple structure with well-known closed form expressions for
the fundamental transverse electromagnetic (TEM) mode. TEM mode propagation is, strictly speaking,
only possible for purely lossless, linear, and isotropic media. Therefore, in this problem, conductors are
perfectly electrically conducting (PEC) and the dielectric is free space, as shown in Figure 10.

Figure 10 —Coaxial problem geometry

Modeling and simulation results can be compared with the following theoretical results:

— Inductance per unit length (in F/m): L'= ’;l—o- In(b/a)
T
C . . . . , 2ne
— apacitance per unit length (in H/m): =——"0
In(b/a)
—  Characteristic impedance (in Ohm): Zy = 1’£ _ |[#o In®la) e In(b/a)
o £ 2n 2n
— Phase velocity (in m/s): Vo = L c
L'C" &,
where
a is the radius of the inner conductor
b is the radius of the outer conductor
Ho is the permeability of free space
& is the permittivity of free space
o is the wave impedance of free space
Co is the speed of light in free space
Reference
[B94] Pozar, David M., Microwave Engineering, 2nd edition, Wiley, New York, 1998
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5.2.2.2 Parallel wire problem

The arrangement of two parallel, round wires of equal diameter, in a homogeneous dielectric medium, is
another simple structure with well-known closed form expressions for the fundamental TEM mode. TEM
mode propagation is, again, only possible for purely lossless, linear, and isotropic media and, for this
problem, conductors are PEC and the dielectric is free space, as shown in Figure 11.

e

Figure 11 —Parallel wire problem geometry

Modeling and simulation results can be compared with the following theoretical results:

Inductance per unit length (in F/m):

Capacitance per unit length (in H/m):

Characteristic impedance (in Q):

L= cosh (D /2a)
T

- Ty
cosh™/(D/2a)

L' [uy cosh™(D/2a) cosh ' (D/2a)
Zo=y= =7 =1
C £0 i T
1 1

Cr

L'C" Ju&,

— Phase velocity (in m/s):
where
a is the radius of each wire
D is the separation between the centers of the two wires
Ho is the permeability of free space
& is the permittivity of free space
o is the wave impedance of free space
Co is the speed of light in free space
Reference

[B94] Pozar, David M., Microwave Engineering, 2nd edition, Wiley, New York, 1998.

5.2.2.3 Strip line impedance problem

The symmetrical strip line trace on a PCB is a simple structure and very common in high-speed circuit
designs. Its geometry is shown in Figure 12. The strip line characteristic impedance, which is a critical
design aspect for SI, is a closed-form formula and is given in Equation (7). However, it should be noted
that this is not a pure canonical problem, and that this equation is approximate and no exact solution is
available.
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PEC

Figure 12—Strip line problem geometry

60 42 +1)
DT 1n[0.67n(0.8w+t)} ™

Zy is the characteristic impedance of the strip line trace

w is the width of the strip line trace

t is the thickness of the strip line trace

h is the distance between the trace and the planes

& is the relative permittivity of the dielectric material
Reference

[B68] IPC-2251; “Design Guide for the Packaging of High Speed Electronic Circuits,” Association
Connecting Electronics Industries, Nov. 2003.

5.2.2.4 Microstrip impedance and attenuation validation problem

The microstrip trace on a PCB is a simple structure and very common in high-speed circuit designs. Its
characteristic impedance and attenuation, which are critical design aspects for SI, are known as closed-form
formulas. This problem is not a pure canonical problem with an exact solution; however, it can be a
meaningful validation tool, especially for PCBs.

For the microstrip geometry shown in Figure 13, the characteristic impedance, Z, is given in Equation (8)
(Wadell [B123]). It should be noted that this equation will not give an exact solution, but it will give a

useful, “good” approximation.

h
PEC
Figure 13 —Microstrip problem geometry
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where

Z is the characteristic impedance of the microstrip trace
H is the dielectric layer thickness

ey s the effective permittivity of the microstrip trace

w is an intermediate term

The w’term is a function of the microstrip geometry and the relative permittivity as shown in Equation (9):

1
I+— 4
t
w=w+| — | ZIn c ©)
2 V4 2
(L
t
()|
—+1.1
L t .
where
w is the width of the microstrip trace
t is the thickness of the microstrip trace
& is the relative permittivity of the dielectric material
e is the natural logarithm base

The effective permittivity (&,;) can be obtained from one of the two following equations, depending on the
value of w/h. Whenw/h<1

1 _1 -0.5 2
£, = ‘9"; + 8f2 (1 +%J + 0.04[1 —%j (10)
N w
Whenw/h>1
1 _1 -0.5
SEPEPETI an

The attenuation factors of the microstrip trace are also given as closed-form expressions as the
characteristic impedance. Again it should be noted that these expressions are not exact solutions but are
good approximations. The overall attenuation is caused by both conductor and dielectric losses (from
Wadell [B123]). In other words, as shown in Equation (12):

a=a,+a, (12)
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where
a is the overall attenuation factor of the microstrip trace
a, is the attenuation factor of the microstrip trace due to conductor losses

ay is the attenuation factor of the microstrip trace due to dielectric losses

The attenuation factor due to dielectric losses () is expressed as shown in Equation (13):

207 &, €4 —ltans
a, = 7 N (13)

“1nl0 ey & -1 ¢

where
tano is the loss tangent of the dielectric material
f is the frequency

c is the velocity in free space

The attenuation factor due to conductor losses (&) can be obtained from one of the two following
equations, depending on the value of w/h. When w/ h<1

(8h Wj( h  h awj
— | =+ ——
o - 10R, \w 4h w w Ot

¢ (14)
71n10 hZyexp(Zy/60)
Whenw/h>1
2 2 5
= ZgRS 1+ 0'442h +6h2 (1—£) [1+3+@j (15)
720m°hIn10 w w w h ot
where
R, is the surface resistance of the conductor
= is an intermediate term
The 9 term is determined from one of the two following expressions, depending on the value of w/h.
ot
WhenﬁﬁL then 8_w= 1 lnm
h 2rx ot V4 t
When Y L then @ = i ln%
h 2rx ot V4 t
The surface resistance of the conductor (Ry) is given as shown in Equation (16):
20 Documents
Copyright © 2011 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 20:01:04 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1597.2-2010


http://www.avadocuments.com/doc/ieee-1597-2-2010
http://www.avadocuments.com/doc/ieee-1597-2-2010

IEEE Std 1597.2-2010
IEEE Recommended Practice for Validation of Computational Electromagnetics Computer Modeling and Simulations

R = |2£ (16)
20
where
7, is the permeability of the dielectric material
o is the conductivity of the conductor

While many different full-wave simulation techniques can be used for this problem, it is likely that a
volume-based technique, such as the finite-difference time-domain (FDTD) technique, is best suited for this
problem. This is because the volume of the dielectric is important to the solution. Surface-based techniques
may be able to solve this problem using equivalent surface currents at the air-dielectric interface, or by
other methods.

References
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5.2.3 Scattering canonical validation problems

5.2.3.1 Reflection/scattering from a PEC sphere

The scattering of a plane wave by a sphere is a classic problem and is often used as the reference because of
its symmetry. This is used to measure the scattering properties like the RCS of other targets. As the
problem has been extensively studied by many authors, only an outline of the problem is sketched and
references will be provided for the interested reader. The RCS, or scattering cross section, o (in square
meters) can be defined as shown in Equation (17):

~ 2
ES
o, = lim| 4nr? (17)
r—>0 ‘ Ei‘z
where
r is the distance from the target to the observation point

E* s the scattered electric field
E' s the incident electric field

For a sphere of radius a, it can be shown that, assuming geometrical optics (a >> 1) and a perfectly
reflecting sphere, the incident plane-wave radiation is uniformly scattered in all directions (isotropic
scattering) and the RCS is given as o, = 1 a’.

When the wavelength is not small compared with the sphere radius, the calculation is much more
complicated. This region where the wavelength is not small compared to the radius is called the Mie region
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or resonance region. After several developments from different authors (Mie [B83], Stratton [B110], Kerr
et al. [B72], and Blake [B17]), the solution is given in Equation (18):

2
o 1 |
nasz =7 ;(— 1) (2n +1)a, + bn){ (18)
where

leA is the RCS

a is the radius of the sphere

k is the wave number

n is an index referring to the order of the spherical Bessel function used to express the solution
behavior

a, and b, (for a perfectly conducting sphere) are given by

y - e, (@)]

" O]
where

Jn is the spherical Bessel function of the first kind
h,?"  is the spherical Hankel function of the second kind, respectively
a is ka, the argument of the Bessel and Hankel functions

The primes denote the differentiation with respect to the argument of the Bessel and Hankel functions, a.
The plot of the RCS is given in Figure 14 (Barton [B12]).

The RCS for a sphere of radius a is calculated and the results are reported in the Excel file rcs_sphere.xls
(see IEEE EMC-S Web site). The behavior is indeed oscillatory with a peak of approximately 5.4 dB at a =
A/ 2m.

While many different full-wave simulation techniques can be used for this problem, it is likely that a
surface-based technique, such as the MoM, is best suited for this problem. This is because only a few
unknowns (surface currents) would be needed for this problem versus a volume-based technique where the
surrounding air, as well as the air to the distant observation point in the far field, would be required to be
part of the model. Another useful technique could be the Geometrical Theory of Diffraction (GTD).
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(2*m*a)/A
Figure 14—RCS of a perfectly conducting sphere
References

[B113] Sullivan, Roger J., Microwave Radar: imaging and advanced concepts, Norwood, MA: Artech
House, 2000.

[B12] Barton, D. K., Modern Radar System Analysis, Norwood, MA: Artech House, 1988. (Updated
version: Radar System Analysis and Modeling, Artech House, 2005.)

[B74] Knott, E. F., Shaffer, J. F., and Tuley, M. T., Radar Cross Section, 2nd Edition, Norwood, MA:
Artech House, 1993. (Corrected reprint: SciTech Publishing, 2004.)

[B96] Ruck, G. T., et al., Radar Cross Section Handbook, (2 Volumes), New York: Plenum Press, 1970.
(Reprinted by Peninsula Publishing.)

[B35] Crispin, J. W., and Siegel, K. M., Methods of Radar Cross Section Analysis, New York: Academic
Press, 1968.

[B83] Mie, G., “A Contribution to the Optics of Turbid Media, Especially Colloidal Metallic Suspensions,”
Annals of Physics, Vol. 25, 1908, pp. 377-445

[B110] Stratton, J. A., Electromagnetic Theory, New York: McGraw-Hill, 1941. (Re-issued by Wiley-
IEEE, Jan. 2007.)

[B72] Kerr, D. E., et al., Propagation of Short Radio Waves, New York: Dover Publications, 1965. (Rev
Sub edition by P. Peregrinus, 1987; also by IEE, 1987.)

[B17] Blake, L. V., Radar Range-Performance Analysis, Norwood, MA: Artech House, 1986. (Reprinted
by Munro Publishing, 1991.)

5.2.3.2 Transverse electric (TE) reflection/scattering from an infinitely long conducting
cylinder

The TE (magnetic field parallel to the axis of the cylinder, permitting the electric field to be considered
transverse) scattering of a plane wave by an infinitely long conducting cylinder is a classic problem and is
often used as the reference because of its symmetry. As the problem has been extensively studied by many
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authors, only an outline of the problem is sketched and references will be provided for the interested reader.
The scattering cross section, oy, or RCS, for two dimensional problems is considered a scattering width (in
meters). See Equation (19).

ES 2
o, = lim 27:,0—2 (19)
p® Ez‘
where
P is the distance from the target to the observation point

E°® s the scattered electric field
E' s the incident electric field

Cylindrical coordinates will be used in the problem description to follow.

Since the cylinder is infinitely long, the problem is two dimensional as shown in Figure 15. We can express

the time factor & throughout the analysis. For the sake of convenience, we need to express the plane wave
in terms of cylindrical waves.

The incident wave may be written as shown in Equation (20):

Bl =B =B, Y ) ke 0)

n=—ow
where

E/! is the incident wave on the cylinder

0 is the electric field, treated as a constant amplitude

is the wave number

is the cylindrical Bessel function of n™ order

is the separation between the observer and the centre of the cylinder
is the angle measured from the x-axis

*N &~ X
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Figure 15—Conducting cylinder scattering canonical problem geometry
The total field in medium 2 is shown in Equation (21):
E,=E'+E’ (21)

While the total field in medium 1 is £} = 0 since medium 1 is conducting. At p = a, the boundary condition
requires that the tangential components of £, and E, be equal. Hence, as shown in Equation (22):

E/(p=a)+E.'(p=a)=0 (22)
Substituting the values for the incident and scattered fields, where 4, is a constant,

0

> [EO (=)', (ka)+ Aan(z)(ka)]ef”“’ =0 (23)

n=-ow

From this we obtain Equation (24):

g =-Lles) ) (24)

Finally substituting 4, and introducing the time factor leads to the scattered wave as shown in

Equation (25):
I J,(ka)i,? (kp)e'”
E’'=-E,e’a, —j) 7 25
e L =
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where
E.  is the scattered wave on the cylinder
a is the radius of the cylinder
Yo is the separation between the observer and the center of the cylinder
k is the wave number
I is the cylindrical Bessel function of n™ order
H, isthe cylindrical Hankel function of n™ order

The excitation is chosen to be an incoming plane wave of unit amplitude incident normally from the left
and the monostatic backscattering angle is phi equal to 180 degrees. Figure 16 shows the bistatic RCS of an
infinite conducting cylinder with electric radius equal to one wavelength. The results are provided in an
Excel file, res_cylinder.xls (see IEEE EMC-S Web site).

While many different full-wave simulation techniques can be used for this problem, it is likely that a
surface-based technique, such as the MoM, is best suited for this problem. This is because only a few
unknowns (surface currents) would be needed for this problem versus a volume-based technique where the
surrounding air, as well as the air to the distant observation point in the far field would be required to be
part of the model. Another useful technique could be the GTD.

RCS (dB)

0 50 100 150 200
Angle (degrees)

Figure 16 —RCS of an infinitely long PEC cylinder
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5.3 Benchmark validation problems
5.3.1 Antenna benchmark validation problems

5.3.1.1 Antenna calibration

In this benchmark validation problem, the effects of imperfect ground planes on the measurement in a
typical open area test site (OATS) (as per ANSI C63.5-2006 [B1]) are found for a frequency of 600 MHz
as the receive antenna height is varied from 1 m to 4 m above the ground reference. The results of the
electric field over height are compared to the theoretical value for a perfect ground (image) plane.

The problem geometry is shown in Figure 17. The dipole antennas are aligned parallel to the y-axis and
have a length of one-half the wavelength at 600 MHz. The wire radius for the dipole is set to 4/1000. The
distance, R, from the coordinate system origin to the antennas is 3 m. The transmit antenna is at a height of
1 m, and the receive antenna height is varied from 1 m to 4 m.

observation
point

h,

[
1
1
1
1
1
1
1
|
1
1
1
1
1
1
1

R/2

Figure 17 —Antenna calibration benchmark problem geometry

The ground (image) plane conditions are varied as follows:

— Ground 1: Perfectly conducting infinite ground plane at z = 0.

— Ground 2: Perfectly conducting ground plane at z = 0 with finite dimensions of 2 m x 4 m. The
ground plane is located fromx=+2mand y == 1 m.

— Ground 3: Wet soil modeled by a homogeneous dielectric media for z < 0 with a relative
permittivity of 12 and conductivity of 0.04 S/m. The relative permeability is 1.

— Ground 4: Dry soil modeled by a homogeneous dielectric media for z < 0 with a relative
permittivity of 8 and conductivity of 0.04 S/m. The relative permeability is 1.

The excitation is applied to the transmitting dipole antenna at a frequency of 600 MHz so that a total power
of 1 pW is radiated.

The task requires the electric field (in dBuv/m) for each type of ground be plotted for the receive antenna
heights of 1.0 m, 1.5 m, 2.0 m, 2.5 m, 3.0 m, 3.5 m, and 4.0 m.
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While many different full-wave simulation techniques can be used for this problem, it is likely that a
surface-based technique, such as the MoM, is best suited for this problem. This is because only a few
unknowns (surface currents) would be needed for this problem as opposed to a volume-based technique
where the surrounding air, as well as the air between the source and observation point in the far field,
would be required to be part of the model.
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[B1] ANSI C63.5-2006, American National Standard for Electromagnetic Compatibility—Radiated
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5.3.1.2 Coupling from transmitting antenna into transmission line

In this benchmark validation problem, the effect of a nearby monopole antenna on a transmission line is
found. Figure 18 shows the physical geometry and dimensions. The entire configuration is placed above an
infinite, perfectly conducting, ground (image) plane. The transmission line represents a cable close to the
antenna and the antenna dimensions are for a typical high-frequency (HF) antenna. The conductors are
considered to be perfect conductors. The transmission line is terminated to the ground plane through a 1 kQQ
resistor at the right hand end of the transmission line, and is shorted at the left-hand end.

&
—ple
d =30 mm
12m
44— 2m 4*‘ 12m *
XSmm
S5cm
mmﬁ*m %/4
A p-iw R=1kQ

Figure 18 —Coupling benchmark problem geometry

The antenna is fed with a 1 W sine wave that varies over the frequency range of 1 MHz to 30 MHz. The
internal impedance of the antenna is assumed to be zero.

The results should include the real and imaginary part of the current at the right-hand end of the
transmission line (load end), and the real and imaginary part of the monopole antenna’s impedance.

While many different full-wave simulation techniques can be used for this problem, it is likely that a
surface-based technique, such as the MoM, is best suited for this problem. This is because only a few
unknowns (surface currents) would be needed for this problem as opposed to a volume-based technique
where the surrounding air, as well as the air to the distant observation point in the far field would be
required to be part of the model.

' Available at Web site http://www.ewh.ieee.org/r8/germany/emc/ag_num/benchmark.html. See also Clause 2.

- Documents
Copyright © 2011 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 20:01:04 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1597.2-2010


http://www.avadocuments.com/doc/ieee-1597-2-2010
http://www.avadocuments.com/doc/ieee-1597-2-2010

